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Introduction ) &

= Ground forces require electric power in expeditionary
contexts (where, by definition, a power grid is not available)

= Power must come from some combination of fuel-fired
generators, renewable energy sources, and batteries

= Problem: Determine optimal combinations of renewables and
batteries to add to a network having a given load and
generator




Modeling Assumptions ) .

= Many approximations (but they are not bad if made
judiciously)

= Abstracting away small details in this way allows derivation of
analytic formulas

= Purpose is to develop insights, not exact results (which would
require much more detailed data and calculations)




Power Network Model ) e,
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Sandia

Load Model and Generator Limits  @i==.

= Constant 24/7
= Example: L = 25 kW, P*%* = 30 kW, P"" = 7.5 kW
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Gen

erator Fuel Use Rate Model ) s,

= Linear fuel use per unit time as a function of generator power

ntercept (Fy): fuel use rate at zero power output

= Slope (Fg): fuel use rate per kW of power output
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Photovoltaics (PV) Model ) S

= Rectangular approximation
= Same maximum (which dictates correct battery use)

= Same area under the curve (which gives correct total energy output)
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Battery Model ) e,

= Characterized by a capacity (Eg) which represents the full
usable range of energy storage

= No restriction on charging and discharging rates

= Energy conversion losses occur at four stages:
(1) rectification, (2)charging, (3) discharging, and (4) inversion
= Denote the geometric mean of conversion efficiencies by n
(and assume all are equal for simplicity)
= Example:n =93%
= Therefore, the round-trip flow from generator (or PV) to the

battery to the load gives an overall efficiency of n* =
74.8% = 75% (i.e., 25% loss)
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Fuel Use (per day) via Cycle Chargingg -,
a Battery using just a Generator, no PV
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Sandia

Fuel Use with a SmaII PV System
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Sandia

Fuel Use with a Lar g PV System
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Sandia

Fuel Use with a I\/Iedlum PV System @i
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Fuel Use per Day for All Three Cases

Sandia
|I1 National

Laboratories

( FoT + F;(LTy + (L — Py)Tp) P, < L — ppn
. TD (L - Pv) .
Fo + FcL)Ty + (Fy + FgPIM™ . L—-—P" <P, <L
F=<(0 GL)Tw + (Fo + FoPg )(L—PV)+n4(Pg"m+PV—L) G v
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= Example:

L =25 kW constant load (24/7)

P*** = 30 kW generator nameplate rating

P = 7.5 kW minimum generator power

n =93% efficiency of each of the four stages of energy conversion

Fy = 0.3 gal/hr constant fuel use per unit time

F; = 0.1 gal/hr/kW variable fuel use per P; per unit time

Tp =10 hr length of "daytime"

Ty =24 hr length of "nighttime"
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Fuel Use vs. Size of PV and Battery
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Multiobjective Optimization ) .

= Want the lowest cost and the lowest fuel use

= Can’t have both at the same time, but there are many
solutions that are Pareto optimal (or Pareto efficient)

= Pareto optimal solutions are efficient in the sense that they
satisfy these properties:
= Fuel use cannot be lowered without increasing cost, and
= Cost cannot be lowered without increasing fuel use

= (Question: For a given fuel use (constant color) which point
has the lowest cost?




; Sandia

Cost vs. Size of PV and Battery )
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Pareto Frontier: Analytic Solution
(Decision Space)
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Pareto Frontier: Analytic Solution
(Performance Space)
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Conclusions )

=  Without PV:

= Due to large round-trip losses of roughly 25%, a battery does not necessarily save fuel
by allowing cycle charging

= A battery can save fuel when the load is small compared to the power rating of the
generator (e.g., less than half of the nameplate rating)

=  With PV:

= A battery typically does not save fuel when power from the PV plus the lowest
recommended generator power output never exceeds the load (unless as before, the
load is relatively small)

= A battery can save fuel when this sum exceeds the load

= |t is more fuel efficient to discharge the batteries when the PV can supply the balance of
the power than at night when the generator needs to run at higher power anyway

= There are optimal tradeoffs

= |f the goal is to save fuel, there are (high) limits to the benefits of adding PV and
batteries.
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