Optimized
Energy Storage

Thirty-six percent reduction in FOB generator fuel use
by Capt David J. Chester, USMC; LtCol Torrey J. Wagner, USAF;

he DOD energy policy is to
increase energy security re-
siliency, and mitigate costs
in the use and management
of energy.! Forward operating bases
(FOBs) are remote, austere base camps
that support an operationally defined
mission with a limited or no ability to
draw from an energy grid and have
historically relied on diesel-powered
generators for the primary production
of energy.? Generators are sized to meet
a theoretical peak demand, but steady
state loads are far below this peak, re-
sulting in under-loaded generators.3
Under-loaded diesel generators de-
crease efficiency and increase the need
for maintenance, affecting the lifespan
of the systems.*>
This article analyzes the coupling
of current power generation technol-
ogy with energy storage. The addition
of optimized energy storage to current
diesel generators reduces fuel consump-
tion by 36 percent and reduces energy
system costs by 24 percent. Decreased
fuel requirements at outlying FOBs
equates to fewer resupply convoys, re-
ducing operational fuel use, time spent
outside the wire by service members and
associated combat casualties.

Background

Military operations involve the pro-
jection of military power beyond the
sovereign boundaries of the United
States. Base camps are evolving mili-
tary facilities that support deployed
units executing military operations by
providing the necessary services and
support to sustain operations. The pri-
mary purpose of a base camp is mis-
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sion support—providing survivability
and protection to the deployed forces,
managing resources and critical infra-
structure, and maintaining facilities.

Ataminimum, a forward base must
be able to power and support a combat
operations center (COC) that houses
the radio equipment, laptops, and mini-
mal lighting required to command and
control battlefield operations and sup-
port the warfighting capability of the
unit.® Additional energy can be used to
power billeting and personnel support
measures, including climate control and
lighting. The average power demand for
an Afghanistan COC is approximately
2.2 kW, with a 4.5 kW peak power de-
mand and a daily energy requirement of
53 kWh.” The average power demand
for climate control for the same platoon
patrol base is 1 kW, peaking mid-day at
1.6 kW, with a daily energy requirement
of 24 kWh.?

Figure 1 (see next page) displays the
combined COC and climate control
power demands that are combined to
create the energy requirement used in
this analysis. The daily energy require-
ment totals 77.5 kWh with 3.2 kW aver-
age power and 5.4 kW peak power.

Engineering an energy system to
provide power to an austere forward
base requires more than just selecting
a generator that can meet power de-
mands. It is essential to apply a life-cycle
analysis on the generator and consider
its total cost of ownership including
logistics and disposal, requirements
for use, and maintenance. The selected
energy system for an austere forward
base must meet the minimum COC
power demands but must also be rug-
ged and resilient, as forward deployed
platoons and companies are often not
staffed with generator mechanics. Fuel
requirements are an equally important
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Figure 1. Combined platoon patrol base power demand.

Generator Battery Inverter/charger
Component Cost [ $1,120 / kW? $490 / kWh!0 $90011
Replacement - 600 cycles!2 13 -
Weight (Ibs) 80014 30015 10016
Fuel Cost ($/gal) 1017 - -
Peak efficiency 26 percent - -
Power Output 5kW /5kwl8 5kW /7 kw12 6 kW / 6 kw20
(steady state / max)
Max Storage - 13.5 kWh?! -

Table 1. Cost and performance model parameters.

consideration, as resupply to austere lo-
cations is considered a combat operation
and requires significant commitment of
personnel and resources.

Method

The energy system modeled consists
of a generator and battery controlled
by an inverter/charger. This configu-
ration allows the generator to run at
full load, where it is most efficient,
and store the excess generated power
in a battery. Once the battery is full,
the excess energy is discharged from
the battery, allowing the generator to
shut down to conserve fuel and wear.
When the battery has discharged to its
minimum-allowable level, the generator
turns back on, and the cycle repeats.
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Cost and performance values used in
the system model for representative
generator, battery, and inverter/charger
components are shown in Table 1.
The generator efficiency curve is
modeled from the manufacturer’s speci-
fication, with an efficiency of 26 percent
at 5 kW output and 10 percent at 1 kW
output.?? It was assumed that the cost of
starting the generator was ten seconds
of fuel use. The representative battery is
advertised to fully discharge during each
cycle with a lifespan of 10 years,?? but lit-
erature shows lithium-ion batteries have
an expected life between 300 and 600
discharge cycles at 100 percent depth of
discharge.?42> The model accounts for
eight percent round-trip battery energy
loss and replacement of the battery if

it exceeds the above-noted number of
discharge cycles and increases the battery
cost accordingly. The ten-dollars-per-
gallon fuel cost is an average calculated
from historical fuel usage from Camp
Leatherneck to outlying FOBs.26 The
model used 37.9 kWh/gallon of energy
available in diesel fuel, which was con-
verted from 46 M]/kg.?”

Generator performance was mod-
eled based on the daily load from the
45-Marine patrol base shown in Figure
1 and the model parameters shown in
Table 1. The first simulation used the
26 percent maximum efficiency of the
5 kW advanced medium mobile power
sources to calculate fuel consumption
for a 24-hour period. With constant
efficiency, the daily required diesel fuel
to power the patrol base was 12.2 gal-
lons, or $122. The second simulation
added battery storage and the inverter/
charger. The daily required diesel to
power the COC was then reduced to
only 7.9 gallons, or $79, a dramatic 36
percent reduction in fuel requirements
because of intermittent generator use
at peak efficiency.

Optimization

The total cost is defined as the cost of
components and fuel over the period of
the deployment, and we assumed a 180-
day operation. The model tracked the
parameter “minutes not met” (MNM)
if the combined generator and battery
could not meet the power demand for
a specified minute. The analysis consid-
ered zero tolerance for any MNM. This
section examines variations in battery
size, generator size, and then the battery
and generator optimally sized for the
lowest cost.

As battery capacity increased, the
price of the battery also increased, but
fewer battery replacements were re-
quired to meet the 180-day deployment
demand. This created a saw-tooth varia-
tion in battery cost, as shown in Figure
2 (see next page). The cost of diesel was
relatively stable for all battery sizes. This
makes intuitive sense, as the battery is
directly charged from excess power from
the generator, and that stored power is
eventually used while the generator is
off, which does not require additional

fuel.
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As generator size increased, there
was a gradual increase in generator
cost; however, the battery cost increased
with larger generators. This is because
the larger generators charged batteries
quicker, allowing more frequent dis-
charge cycles of the batteries, hastening
their replacement. Similar to the bat-
teries, smaller generators were unable
to maintain the base load and charge
the battery, eventually unable to meet
demand.

Both battery capacity and genera-
tor size were varied and the resulting
cost and MNM were calculated and are
displayed in Figure 2. The saw-tooth
variations in Figure 2 are because of
the cost of battery replacements, and
optimal configurations are shown in

red.

Figure 2. Total cost (left) and MNM (right) while varying generator size and battery capacity.

operation, and it was small enough to
limit costs. For this configuration, Fig-
ure 3 plots the COC power demand,
the power output of the generator, and
the charge of the battery for two days
of operation.

The optimal configuration is to meet the requirement
with the smallest generator and the smallest battery
that doesn’t require replacement.

The left side of Figure 2 shows that
the lowest cost (dark blue) is a 3.6 kKW
generator paired with either 0.7, 1.1 or
2.2 kWh battery capacities. However,
this does not account for whether the
generator can meet system demands—
the right side of Figure 2 shows unac-
ceptable levels of MNM in these con-
figurations. The optimal configurations
shown in red avoid regions with high
MNM and use a 3.75 kW generator
paired with either 0.7, 1, 1.5 or 3 kWh
battery capacities. For those configura-
tions, the battery needs to be replaced
three, two, one and zero times, respec-
tively.

The optimal configuration is to
meet the requirement with the smallest
generator and the smallest battery that
does not require replacement. The 3.75
kW generator was the smallest possible
generator still able to meet steady-state
demand and contribute energy to the
battery. The 3 kWh battery was large
enough to handle any large spikes in de-
mand to not require replacement across
a 180-day deployment, and to power
the FOB for an hour of generator-free
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Conclusion

This proof-of-concept showed that
energy storage coupled with current
power generation technology for a FOB
can reduce fuel use by 36 percent while
saving 24 percent of the energy system
cost. The diesel fuel required to meet
an actual Marine patrol base energy re-
quirement for 180 days—relying solely
on a 5 kW advanced medium mobile
power sources and accounting for the

inefficiency of under-loading a genera-
tor—is nearly 2,200 gallons, with a
combined fuel and generator cost of
$27,600. It saves 760 gallons of fuel and
$6,600 to power the same FOB using
a 3.75 kW generator, a 3 kWh battery,
and a 6 kW inverter/charger. Decreased
fuel requirements at outlying FOBs will
also equate to fewer resupply convoys,
reducing fuel use further, and reducing
time spent outside the wire by service
members.

Running generators at optimal ef-
ficiency has the additional benefit of
reducing maintenance and replacement
costs. As the cost of fuel continues to
rise and technology improvements re-
duce battery costs, this cost difference
will only continue to improve.
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