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Renewable energy and energy storage
to offset diesel generators at
expeditionary contingency bases

Scott M Katalenich and Mark Z Jacobson

Abstract
Expeditionary contingency bases (non-permanent, rapidly built, and often remote outposts) for military and non-military
applications represent a unique opportunity for renewable energy. Conventional applications rely upon diesel generators
to provide electricity. However, the potential exists for renewable energy, improved efficiency, and energy storage to
largely offset the diesel consumed by generators. This paper introduces a new methodology for planners to incorporate
meteorological data for any location worldwide into a planning tool in order to minimize air pollution and carbon emis-
sions while simultaneously improving the energy security and energy resilience of contingency bases. Benefits of the
model apply not just to the military, but also to any organization building an expeditionary base—whether for humanitar-
ian assistance, disaster relief, scientific research, or remote community development. Modeling results demonstrate that
contingency bases using energy efficient buildings with batteries, rooftop solar photovoltaics, and vertical axis wind tur-
bines can decrease annual generator diesel consumption by upward of 75% in all major climate zones worldwide, while
simultaneously reducing air pollution, carbon emissions, and the risk of combat casualties from resupply missions.
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1. Introduction

The US Department of Defense (DOD) is the single largest

consumer of fuel worldwide.1,2 In 2011 alone, the US mili-

tary spent a reported $20 billion on air conditioning in Iraq

and Afghanistan.3 Much of this cost was merely for trans-

porting energy:

To power an air conditioner at a remote outpost in landlocked

Afghanistan, a gallon of fuel has to be shipped into Karachi,

Pakistan, then driven 800 miles over 18 days to Afghanistan

on roads that are sometimes little more than ‘‘improved goat

trails ... and you’ve got risks associated with moving the fuel

almost every mile of the way.’’3

In fact, for every gallon of fuel used in Afghanistan,

seven gallons were needed to transport it there.4 Moreover,

18% of all US Army casualties in Iraq and Afghanistan

were related to ground resupply operations, and between

2003 and 2007 alone, attacks on logistics convoys resulted

in over 3000 wounded or killed in action.5,6 In addition,

the logistics required to assure energy security at military

contingency bases (often called forward operating bases,

or ‘‘FOBs’’) is no small measure. In the first months of

2008, over 241,000 troops and over 200,000 contractors

were deployed to the US Central Command theater of

operations, and, at various times, over 500 FOBs existed

in Iraq and Afghanistan.7–9 Approximately one-third of all

wartime fuel is used by generators at FOBs, so there exists

an opportunity to reduce the inefficiency of current energy

consumption.10 As one general implored: ‘‘unleash us

from the tether of fuel.’’11

Department of Civil and Environmental Engineering, Stanford University,

USA

Corresponding author:

Scott M Katalenich, Department of Civil and Environmental Engineering,

Stanford University, 473 Via Ortega, Stanford, CA 94305, USA.

Email: katalenich@alumni.stanford.edu

https://doi.org/10.1177/15485129211051377
journals.sagepub.com/home/dms
http://crossmark.crossref.org/dialog/?doi=10.1177%2F15485129211051377&domain=pdf&date_stamp=2021-10-22


After nearly 20 years, the United States still has FOBs

in both Iraq and Afghanistan. Based on this commitment,

the US Congress has enacted laws regarding the fully bur-

dened cost of fuel, energy resilience, and energy security.12

Briefly, the fully burdened cost of fuel is the commodity

price plus the total cost of all personnel and assets required

to move and protect the fuel from point of purchase to

point of use; energy resilience is the ability to avoid, miti-

gate, and/or recover from anticipated and unanticipated

energy disruptions; and energy security is having assured

access to sufficient energy for mission essential require-

ments when and where it is needed.12 Given this mandate

and limited resources in general, new methods are needed

to substantially reduce energy consumption and cost for

expeditionary bases.

The authors’ hypothesis is that significant reductions in

required diesel resupply at expeditionary bases can be

achieved by incorporating renewable energy, energy effi-

ciency, and energy storage. Benefits include improved

energy security and resilience, as well as reductions in

capital and operations costs, air pollution, carbon emis-

sions, and fuel-related convoy casualties. This paper pre-

sents a new optimization model that uses input data for

base parameters (e.g., size, level of service, and climate),

energy storage, solar photovoltaics (PV), Vertical Axis

Wind Turbines (VAWTs), and the US Army’s new energy

efficient building (‘‘hut’’) design based on Structural

Insulated Panels (SIPs). The model provides planners the

capability to study the impacts of building construction,

commercial energy storage systems, solar PV, wind tur-

bines, Air Source Heat Pumps (ASHPs), and scale at any

climate location worldwide.

Previous studies have investigated only specific aspects

of energy use at FOBs or unique non-military applications.

One study found that reducing energy demand, removing

the requirement for a spinning reserve, and allowing gen-

erators to operate at 100% of their rated load produced the

best results, while energy storage systems had effectively

no impact on generator run-hours or fuel consumption.13

This study drew conclusions from assessments of 2- or 24-h

periods modeled using a theoretical optimization based on

efficiency curves for a common military generator.13 A

related theoretical optimization study concluded that using

multiple sizes of generators, adding energy storage sys-

tems, and incorporating solar PV arrays all produced sig-

nificant fuel savings.14 The US Army has invested in

model FOBs where it can study innovative applications,

such as the Future Capabilities Integration Laboratory

(formerly the Base Camp Integration Laboratory) at Fort

Devens, Massachusetts. One study used both theoretical

modeling and tests at this FOB laboratory to conclude that

the most impactful technologies were smart microgrids

and energy efficient shelters, while noting that the

assumed improved baseline conditions of larger FOBs

resulted in lower savings.10 Other studies from both aca-

demic institutions and government suggest that microgrids

with energy storage and scheduling management alone

can reduce fuel consumption at FOBs by 20%–30%.15,16

In addition, researchers are developing optimization mod-

els for non-military applications, such as the Food-

Energy-Water Microgrid Optimization with Renewable

Energy (FEWMORE), which is meant to minimize capi-

tal, maintenance, and operations costs for remote Arctic

communities.17 These studies are useful, but they are lim-

ited in that they investigate a specific scenario or package

of technologies. What remains missing is a tool where

military planners can define their own combinations of

available technologies to be employed in a desired loca-

tion, be able to quantify potential benefits versus cost, and

determine the best solution for an FOB before it is built.

This study is unique from previous studies in that it

develops a new optimization model to take input data for

contingency base parameters and quantify benefits from

reduced fuel consumption to include reductions in costs,

air pollution, carbon emissions, and fuel-related convoy

casualties. Energy storage, solar PV, and climate para-

meters are found in other studies, but this model goes fur-

ther to also investigate the use of VAWTs, new ‘‘SIP

huts,’’ and expands the climates considered to include the

polar region. The model provides planners the capability

to study the impacts of building construction, commercial

energy storage systems, solar PV, wind turbines, ASHPs,

and scale. Rather than being limited to a specific time

frame, the model uses year-long meteorological data for

each of 8760 h in a year and allows planners to test their

own solutions for a potential contingency base located

anywhere in the world.

Results demonstrate the imperative of bridging the gap

between generalized planning factors and previous

research with limited time scales or pre-defined technology

packages. This model relies only on common and/or open-

source software to facilitate knowledge transfer and use by

both planners and researchers alike. Ultimately, the intent

is to develop rules of thumb for manuals such that planners

can better use energy efficiency, storage, and renewables

at expeditionary bases to improve energy resilience while

reducing air pollution, carbon emissions, and combat casu-

alties. For a list of nomenclature and an in-depth descrip-

tion of all focus areas, methods, assumptions, derivations,

and calculations, please refer the Supplementary

Information.

2. Methods

There are three major parts to this analysis: pre-processing,

the optimization process, and post-processing. Pre-process-

ing uses Microsoft Excel to receive model input for key
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design parameters and data files. The optimization process

reads specific data from the pre-processing spreadsheets

and uses IBM’s CPLEX solver within an optimization

code written using the Julia programming language. The

Julia code then passes results from the optimization pro-

cess to another Excel spreadsheet for compilation, post-

processing analysis, and graphing of results.

2.1. Pre-processing
2.1.1. FOB parameters. The pre-processing process begins

in Microsoft Excel by allowing user input for FOB para-

meters. Data for the FOB’s location come from Typical

Meteorological Year version 3 (TMY3) data files. The

model includes an example location for each of the five

major Köppen Climate Classification Zones (A–E), but it

also has a tab where users can input TMY3 data for any

other desired location. Critical information from the

TMY3 data file includes the location’s latitude and longi-

tude and hourly values for outdoor dry bulb temperature,

ground reflectance (albedo), air pressure, and wind

speed.18 Data for planning factors, to include size, building

square footage requirements, and peak power require-

ments, come from military publications.19–22 FOB size is

based on the unit, population, and land area needed. From

small to large, contingency base sizes include platoon,

company, battalion, brigade, and support area (see Table 4

in Supplementary Information). Building square footage

requirements include needs for billeting, tactical opera-

tions’ centers, dining facilities, gymnasiums, shops, medi-

cal aid stations, laundry facilities, and so on. Peak power

estimates depend upon the level of service provided at the

FOB, typically referred to as basic, expanded, or enhanced.

Data for construction type and energy efficiency of build-

ings come from studies on experimental buildings and test

facilities at the US Military Academy and the US Army

Corps of Engineers.23,24 These data permit calculation of

the thermal index of construction options using established

methods, which involves calculating the R-values for all

windows, doors, walls, ceilings/roofs, and floors compris-

ing the building envelope, as well as using blower door

test data to calculate infiltration.25,26 The unimproved

South West Asia (SWA) Hut serves as the baseline struc-

ture and the model calculates the cost of additional lumber

and insulation for improved SWA Huts as well as the cost

of specialty panels for SIP Huts.

2.1.2. Electrical load. Next, the model generates a mock

load for the analysis, relying upon previous studies with a

24-h load profile.10 However, rather than repeat the same

load every day throughout the year, this model introduces

a randomized variable that serves to vary the load from

the baseline profile within established boundaries.

Furthermore, the model decreases this load profile to make

it represent lighting and plug loads, but then also intro-

duces Heating, Ventilation, and Air Conditioning (HVAC)

loads that increase the load profile even further, while

ensuring the FOB’s location and climate impacts overall

load requirements. The model allows for a user-defined

building internal temperature set-point, which, when com-

bined with TMY3 data for ambient temperature and con-

struction type thermal index values, facilitates the

calculation of space conditioning requirements. Rather

than military-grade Environmental Control Units, this

model considers the use of more efficient civilian ASHPs.

Manufacturers of ASHPs publish values for the Heating

Seasonal Performance Factor (HSPF) and the Seasonal

Energy Efficiency Rating (SEER), which relate the aver-

age coefficient of performance over the heating and cool-

ing seasons, respectively. This model applies a correction

to HSPF and SEER values to reflect the impact of climate

on ASHP performance based on the 99% heating and 1%

cooling design temperatures for each location.27–29 This

calculates a more accurate HVAC load that is currently

absent from most planning factors.

2.1.3. Renewable energy resources available. The model next

calculates the renewable energy resources, namely, solar

and wind, available at a specified location. For the solar

resource analysis, a user can define an analysis year, from

which the model calculates the Julian day and century

(2000 standard epoch). The model uses this time data, the

location’s latitude and longitude, and astronomical equa-

tions30 to calculate the Sun’s position at every hour of the

year. The model uses three different methods to calculate

solar position;31–33 example results are compared in the

Supplementary Information. The model then calculates the

total insolation on a collector, which is the summation of

direct, diffuse, and reflected radiation, for both clear- and

all-sky insolation scenarios. By comparing the three meth-

ods and two scenarios, one can draw conclusions about

model complexity versus precision of results. Furthermore,

future application of this model to an experimental FOB

will allow the analysis of that precision against measured

data to assess model accuracy. To determine solar PV

electricity production, this model adopts the National

Renewable Energy Laboratory’s (NREL’s) PVWatts meth-

odology for calculating transmittance through anti-

reflective coatings and the glass of PV panels, as well as a

correction for the cell operating temperature.34 The model

adopts the same efficiency levels (module and inverter

efficiencies and other system losses like soiling, shading,

snow, mismatch, wiring, connections, light-induced degra-

dation, nameplate rating error, age, and availability) and

PV characteristics (nominal operating cell temperature and

power temperature coefficient) as used in NREL’s
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PVWatts program for premium PV panels. The model also

allows for user input on both rooftop and utility solar

installations. For rooftop installations, this study uses

buildings oriented with panels facing solar south (if in the

Northern Hemisphere, opposite for the Southern

Hemisphere) and the panels have tilt angles equal to the

roof pitch. Cost estimates use published data for residential

installations and include the capital cost of panels, mounts,

inverters, wiring, and all balance of plant equipment, less

any tax benefits generally included in such reported

values.

For the wind resource analysis, a user can select a wind

turbine and input manufacturer’s published data for the

power curve; rotor swept area; height; rated and maximum

power output; cut-in, cut-out, and survival wind speeds;

and efficiency.35 This study uses VAWTs, as opposed to

Horizontal Axis Wind Turbines (HAWTs), due to their

ability to achieve higher wind farm power densities and

lower hub heights.36 Using gin poles and winches, it is

likely possible to erect VAWTs in the field without lift

assets, even with turbines weighing several hundred

pounds. Alternatively, the US Army has cranes and trained

operators that could help install VAWTs. Users of the

model can define a friction coefficient from a pre-defined

drop-down list to account for surface ground conditions,

although this study uses the ‘‘1/7th rule-of-thumb’’ for

open land throughout the analysis for all locations. The

model takes hourly air pressure and wind speed data from

the TMY3 files to calculate the hourly corrected air den-

sity and wind speed at turbine mid-point height. Using an

estimated number of turbines (user-defined with consider-

ation of total FOB land area requirements from published

planning factors), spacing, an estimated utilization factor,

and an aerodynamic loss factor, the model calculates the

annual wind farm energy production and capacity factor.

Cost estimates use published manufacturer catalog prices

for turbines, controllers, inverters, towers, and ancillary

equipment.37

2.1.4. Energy storage. For energy storage, the model allows

for input on battery characteristics, to include energy

capacity, continuous and peak power, and charge/dis-

charge round-trip efficiency. These parameters can reflect

either centralized or distributed energy storage solutions.

This study uses data for distributed batteries installed in

buildings that can be connected to rooftop solar;38 how-

ever, in either case, the model treats all batteries as being

fully connected on an FOB microgrid. In addition, this

paper takes manufacturer-reported ‘‘useable capacity’’ to

mean 100% of the modeled battery’s range of charge/dis-

charge. However, users of the model can just as easily

input their own maximum depth of charge/discharge in

order to model the use of controls that can help prolong

the lifetime of batteries, which may or may not be impor-

tant to planners based upon the FOB’s purpose.

2.1.5. Diesel generators. The model uses 60-kW diesel gen-

erators for platoon- and company-sized FOBs and 840-kW

prime power diesel generators for battalion-, brigade-, and

support area-sized FOBs.39,40 Users can define a percent

overage of diesel generator capacity in order to allow for

redundancy, specifically to facilitate repairs, maintenance,

and downtime. In addition, users can input minimum and

maximum load fractions to define allowable generator

loading conditions. The cost of diesel is based on current

prices, historical trends, and studies on (and the legal

requirement to use) the fully burdened cost of fuel.12,41–44

The fully burdened cost of fuel is highly dependent upon

the costs of transport, personnel, sustainment, and air and

ground force protection in addition to the cost of the fuel

itself. Due to the large sensitivity this has on the cost anal-

ysis, this study adopts a conservative approach and uses a

dollar per gallon value that reflects only the fuel commod-

ity, transport, sustainment, and ground force protection

components. This value is just 1/3rd the estimated base

case fully burdened cost of fuel in Iraq in FY07 (or 1/4th

that value when adjusted to FY20 dollars).45 Nevertheless,

sensitivity in fuel cost only affects the estimated simple

payback results. When considering resilience, the model’s

reported percent reduction in the volume of diesel con-

sumed is unaffected by cost, which is further explained in

section 2.2.

2.2. Optimization process

A text editor (Atom), runs integrated development environ-

ment (IDE) software (Juno), which itself uses a statistical

programming language (Julia), to execute IBM’s optimiza-

tion solver software (CPLEX).46–49 All programs are open-

source, with the exception of IBM’s CPLEX, which is

offered free of charge to students and academics.

The Julia code pulls data from the pre-processing

spreadsheets for use in mixed-integer linear programming

(MILP) with binary variables for diesel generators (on/

off). The optimization program seeks to minimize the total

cost of diesel and any curtailment, subject to the following

constraints, variable constraints, and expressions (see the

Supplementary Information for mathematical representa-

tion and code):

Constraints:

1. The overall FOB energy balance at every hour is

such that that summation of the battery energy

used, the total energy produced by all diesel gen-

erators that are on, the energy from solar PV, and
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the energy from wind turbines is equal to the sum-

mation of energy demand (load), energy stored in

batteries, and energy curtailed.

2. The initial battery energy storage starts at the mini-

mum (i.e., zero).

3. The battery energy balance is such that the energy

stored at the beginning of the next hour is equal to

the battery energy stored at the beginning of the

current hour, plus battery energy stored in that

hour, less battery energy used in that hour.

4. The battery energy stored in any hour cannot

exceed the summation of the energy produced by

the diesel generators, solar PV, and wind turbines

in that hour.

5. The battery energy used in any hour cannot exceed

the battery energy stored at the beginning of that

hour.

6. The diesel generators can run only within a user-

specified minimum and maximum load fraction to

avoid wet stacking and severe underloading of

generators.

Variable constraints:

1. Diesel generator on/off is binary.

2. The energy stored in the batteries at any hour must

be greater than or equal to the minimum (zero, a

positivity constraint) and less than or equal to the

maximum battery capacity.

3. Limitations on battery charging/discharging rates

limit the energy stored/used from the batteries in

any hour.

4. Energy produced in any hour by the diesel generators

and energy curtailed have positivity constraints (the

model changes the sign for curtailment to negative

later in post-processing for graphing purposes).

Expressions calculate the:

1. Hourly energy produced by all generators turned

on.

2. Hourly diesel cost of all generators turned on.

3. Total penalty cost for any curtailment.

4. Total fuel cost and curtailment penalty.

Output from the optimization process includes hourly

energy produced by diesel generators, the energy storage

level in batteries at the beginning of the hour, the battery

energy consumed in that hour, and energy curtailed (if

any) as well as the annual volume of diesel consumed and

the corresponding annual fuel cost. The optimization pro-

gram also serves to transfer key data needed from pre-

processing spreadsheets to post-processing spreadsheets

for further analysis, to include the hourly power load, solar

and wind power production, and the additional upfront

costs for more energy efficient buildings, battery energy

storage, solar PVs, and wind farms used in each scenario.

2.3. Post-processing

Post-processing involves compiling output data from mul-

tiple runs of the optimization process in order to graph the

results. The results for each climate zone shown in section

3 required compiling a minimum of 51 different iterations,

17 per hut type (unimproved SWA Hut, improved SWA

Hut, and SIP Hut). To get a general sense of possible solu-

tions, this study assumes maximum limits for battery,

solar, and wind nameplate installations:

1. Up to 10 batteries (13.5 kWh storage capacity

each) can be installed in each building (hut).

2. Solar PV can only be installed on hut roofs with

industry-recommended offsets from roof edges.

3. Wind farms can take up no more than 10% of the

prescribed land area for each contingency base size.

These assumed maximum installations are then divided

into quarter increments to run simulations using zero, ¼,

½, ł, and 100% for batteries alone, solar alone, and wind

alone. Additional simulations use all three added to an

FOB’s energy portfolio simultaneously in the same incre-

mental amounts. Depending upon the comparison exam-

ined, a baseline scenario (generally unimproved SWA Hut

construction) defines what improvements can occur. The

calculation of simple payback lines uses projected

Consumer Price Index (CPI) values for the next 2 years.50

The model does not change the cost of diesel in future

years because data show that, for the 10 years between

2009 and 2018, the annual average global price of diesel

fluctuated (both positive and negative) between a low of

$3.22 gal− 1 and a high of $4.35 gal− 1.43 The uncertainty

in diesel cost, even without considering the fully burdened

cost of fuel, makes forecasting a diesel cost value over the

short term have little to no useful meaning.

3. Results

Figure 1 consolidates results for a battalion-sized FOB

with an expanded level of service, representing a middle

FOB size and median level of service. Figure 1 shows

three graphs for each of the five major Köppen Climate

Classification Zones (A–E), each corresponding to a

selected building construction type. Graphs at left illus-

trate the baseline condition of unimproved SWA Huts

(what the military typically builds in expeditionary envir-

onments), in the middle are improved SWA Huts (with

additional insulation), and at right are very energy efficient

SIP Huts (a new design being tested by the US Army).
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Figure 1. Potential for increased energy resilience as measured by reduced reliance on diesel generators for electric power.
Results are for a battalion-sized FOB with an expanded level of service arranged by climate zone and construction type. The
baseline business-as-usual scenario uses only diesel generators for power production and unimproved SWA Hut construction. The
cost of diesel uses a fully burdened cost of fuel of $8.32 gal− 1. Simple payback lines use a CPI of 2.4% at 2 years and 2.6% at 3 years
with no change in the cost of diesel due to typical ± price fluctuations. Solutions above (to the left) of simple payback lines
represent positive ROI within the defined time period. y-axis values change between climate zones.
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The left vertical axis reflects annual savings in diesel fuel

consumed in millions of dollars. The right vertical axis

converts this value to the annual offset of energy demand

from diesel generators. The horizontal axis reflects esti-

mates for additional upfront capital cost. In general terms,

increasing along the x-axis translates to more money

invested upfront, while increasing along the y-axis trans-

lates to more money saved. The lines radiating from each

baseline condition describe the potential benefits of incor-

porating battery energy storage alone (green), rooftop solar

PV alone (amber), wind turbines alone (blue), or all three

in combination (black). The length of the amber and blue

lines indicate design-specified limits on nameplate instal-

lations, namely, available rooftop area for PV and 10% of

estimated FOB land area requirements for wind farms.

The green lines have a point at which their slope flattens,

representing the point at which additional battery name-

plate installations continue to cost more upfront but do not

provide additional benefit in reducing diesel consumption

(batteries can only store energy, not generate it). In addi-

tion, yearly simple payback lines indicate that solutions

above (to the left) of each line represent options with a

positive return on investment (ROI) within that timeline.

Only 1-, 2-, and 3-year simple payback lines are shown,

although planners may or may not know an anticipated

lifetime for a contingency base.

Full explanations of all assumptions are in the

Supplementary Information; however, there are three

major considerations that deserve note here. First,

although the US Army estimated the fully burdened cost

of fuel in Iraq as between $9 and $45 depending upon

delivery distance and type of protection (ground or air)

used,51,52 this study uses a fully burdened cost of fuel of

just $8.32 gal− 1, which reflects only some of those costs

converted to FY17 dollars.44 This model does not include

component costs for materiel and personnel; it is assumed

the Soldiers are already deployed, their salaries are already

paid, and the military vehicles are already purchased and

transported to the theater of operations. Although there is

an opportunity cost in that the Soldiers and materiel could

be used to accomplish other tasks if they were not con-

ducting resupply convoy missions, that is beyond the

scope of this study. Second, construction labor costs are

not considered. SIP Huts are faster to build than SWA

Huts,24 but additional labor is required for unpacking and

installing batteries, solar PV, and wind turbines. Third, the

additional upfront transportation costs of additional build-

ing materials, batteries, PV panels, wind turbine compo-

nents, and all ancillary equipment are not covered here.

All of these factors are highly dependent upon the actual

location of an FOB and are best left for further analysis, if

desired. The focus here is on the energy resilience of an

FOB once it is established. The model uses cost valuation

only as a proxy for resilience due to its usefulness in the

optimization process and its proportionality to the amount

of fuel that must be purchased, transported, delivered, and

stored at an FOB in a reliable manner.

Figure 1 shows that the energy efficiency of buildings is

critically important for bases outside of the tropics,

although even the tropics can expect a positive ROI

depending upon how long the FOB is in use (see simple

payback lines). In addition, incorporating battery energy

storage is the next best investment if done alone. In each

scenario, there is a point at which additional energy storage

is no longer useful in reducing diesel consumption because,

without renewables, diesel generators must still produce

power for the FOB. The batteries provide a benefit by

allowing generators to work at their optimal capacity rather

than be forced to follow a load or even dump load.

However, once sufficient batteries are installed to reach the

potential of this benefit, additional batteries simply result

in more upfront cost with no return. Batteries can store and

release energy, but they cannot generate energy. In addi-

tion, batteries have a round-trip (charging, discharging, and

inverter) efficiency which introduces energy loss.

The results shown allow for a maximum load of 100%

rated capacity for each generator, although the model

facilitates imposing a limit (e.g., 80%) in order to leave a

spinning reserve for peak loads as done by many micro-

grid management systems.13,16 Rather than underloading a

generator, microgrid management software can divert

excess energy generation to battery storage for use later on

when generators are turned off, and batteries can serve the

role of providing peak power within their discharge limits.

One can also see in Figure 1 that the benefits of PV and

wind turbine installations are location-specific with wind

performing better in some locations and solar in others.

Which resource performs best depends upon the FOB’s

specific location (not necessarily the climate zone) and is

determined using data from each location’s TMY3 data

file. For the SIP Hut FOB in a continental climate, an

independent solution reflects nameplate installations of

6.9 MWh storage, 94 kWDC solar, and 155 kW wind.

Combinations of batteries, solar, and wind need not adhere

to the proportional increases shown by the black line

stretching from zero to the assumed maximum. This inde-

pendent solution achieves an ROI within 1 year and off-

sets 60% of annual diesel consumption. Planners can use

this model to test different scenarios and find a solution to

fit any given situation.

From any of the simulated scenarios, one can produce

graphs like those shown in Figure 2 to investigate the

FOB’s energy portfolio balance over a desired time period.

Figure 2 shows a support area-sized FOB with an
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enhanced level of service in an arid (dry) climate on 21

June, on or about the summer solstice. The time, in hours

of the year, is on the horizontal axis and power, in mega-

watts, is on the vertical axis. Lines denote the power

whereas shaded areas represent the product of power and

time, that is, energy in megawatt-hours. Figure 2(a) shows

the business-as-usual scenario, which would require up to

17× 840 kW generators running for at least 3 h of the day

to follow and meet loads. Figure 2(b) shows that this same

FOB can reduce to a maximum of just 4× 840 kW gen-

erators running for 4 h of the day with zero generators

needed for ten of 24 h. The reduction in needed generators

(a)

(b)

Figure 2. Potential for increased energy resilience as measured by reduced reliance on diesel generators for electric power.
Results are for a support area-sized FOB (6000+ people) with an enhanced level of service in an arid (dry) climate on 21 June. (a)
Uses unimproved SWA Huts and only diesel generators for power, resulting in load following with a requirement of 17× 840 kW
generators for several hours of the day. (b) Uses energy efficient SIP Huts, which decreases energy demand due to lower HVAC
loads. Adding 41 MWh battery energy storage, 11.3 MWDC solar PV, and 9.3 MW wind turbines results in a significant reduction of
diesel generators required with zero generators required for ten of 24 h.

8 Journal of Defense Modeling and Simulation: Applications, Methodology, Technology 00(0)



is due to three factors: first, a decreased load from more

energy efficient SIP Huts, which decreased HVAC

requirements; second, the application of both solar and

wind power to meet load requirements; and third, battery

energy storage facilitating the management of generators

switching on or off. Furthermore, it is interesting to note

an occurrence of wind power production exceeding the

total wind farm nameplate rating. This occurrence is the

result of wind speeds within that favorable range of the

wind turbine power curve (see Figure 12 in the

Supplementary Information) where output power exceeds

the nameplate rating, which can actually be 35% higher

for some wind turbines.35

Figure 3 illustrates a potential pitfall when incorporat-

ing renewables without energy storage. In this case, a

company-sized (300-person) FOB with a basic level of ser-

vice is in an arid climate on 21 June with 570 kWDC PV

and no battery energy storage. The result is similar to the

‘‘duck curve’’ first shown by the California Independent

System Operator in 2013,53 so-called because the line

showing net load on the generators looks like the silhou-

ette of a duck with its tail on the left, its back in the mid-

dle, and its neck, head, and bill on the right. In situations

where renewable power production exceeds load require-

ments and there is no energy storage available, the result is

curtailed energy—a reduction in energy output from what

could have been produced. Also problematic is the combi-

nation of a setting sun during the hours of typically

increased loads, which requires a rapid ramp rate for diesel

generator-supplied power in the late afternoon/evening.

Figure 4 shows the impact of scale and energy effi-

ciency of buildings for platoon, company-, battalion-, bri-

gade-, and support area-sized FOBs with an expanded

level of service in a continental (cold) climate with zero

renewables or energy storage. The size of each marker

reflects the comparative size in FOB population. Shown

are three scenarios: going from unimproved SWA Huts to

improved SWA Huts, going from unimproved SWA Huts

to SIP Huts, and going from improved SWA Huts to SIP

Figure 3. The ‘‘duck curve.’’ Results are for a company-sized
FOB with a basic level service in an arid (dry) climate on 21
June. The incorporation of solar PV without energy storage
creates a scenario where the FOB cannot use excess
production and must curtail it.

Figure 4. The impact of scale and energy efficient construction on savings. Results are for platoon-, company-, battalion-, brigade-,
and support area-sized FOBs with an expanded level service in a continental (cold) climate, each with reference to an FOB of the
same size using the baseline construction type shown. Solutions above (to the left) of the simple payback line represent positive ROI
within 1 year. Although this study uses different buildings, the concept illustrated by the difference between the middle and right
graphs agrees with PNNL’s findings in Engels et al.10 that savings will be less when a higher baseline scenario is assumed.
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Huts. For an FOB located in a continental (cold) climate,

the extra energy efficiency of SIP Huts results in annual

savings over both the unimproved and improved SWA

Hut construction options. These graphs illustrate two

important concepts. First, savings from energy efficient

buildings scale with base size. Second, the relative degree

of savings decreases when the energy efficiency of base-

line construction improves, which correlates with Pacific

Northwest National Laboratory’s (PNNL) study where

they assumed the largest bases start off with an improved

baseline condition and, consequently, their modeled sav-

ings for the largest bases were lower than all the others. In

order to maintain a constant point of comparison, this

study maintains a baseline of unimproved SWA Huts

using only diesel generators for all scenarios.

Table 1 illustrates the capabilities of this model to pre-

dict offset energy demand and reduced costs, air pollution,

carbon emissions, and casualty prevention for a specified

scenario and climate. Shown are results for a battalion-

sized FOB with an expanded level of service, SIP Hut

construction, and nameplate installations of 6.86 MWh

storage, 1.89 MWDC solar PV, and 1.55 MW VAWTs.

Such installations require significant additional upfront

transportation. Of the styles modeled in this paper, it would

take about 508 batteries, 6100 solar panels, and 774 wind

turbines, all with associated equipment (foundations, poles,

mounting hardware, inverters, wiring, etc.) to satisfy these

specifications. The extra building materials for SIP Huts

alone would require 121 additional 20 ft shipping contain-

ers. Nevertheless, reduced diesel consumption means

fewer vehicles and convoy missions later. Using values

from Eady et al.54 for the volume of fuel per truck and con-

sidering an FOB in an arid climate, 131 fewer fuel trucks

would be required over the course of a year, and this does

not include the numerous additional force protection assets

required to support those trucks on multiple convoys. Also,

this value is largely dependent upon the fuel trucks used

and their volumetric capacity. If the trucks used were a

standard military fuel servicing tanker carrying 2500 gal-

lons of fuel, the result would increase to 322 fewer fuel

trucks. In any case, additional transport upfront reduces

reliance on resupply later.

4. Discussion

With regard to previous work, these findings largely con-

firm those in the PNNL10 and Naval Postgraduate School

(NPS)13,14 studies, except for the conclusion in the NPS

study13 that energy storage systems have little impact. The

findings here suggest that, depending upon the climate zone,

incorporating energy storage is the second best improve-

ment after implementing energy efficiency measures.

With regard to energy security and energy resilience,

the findings suggest some qualitative benefits. This study

assumes that the current solution, using diesel generators,

will remain the primary means for electric power produc-

tion with little to no change in total generator nameplate

rating or on-FOB fuel storage. Once FOB commanders

gain confidence in the reliability of sustainable energy and

as storage costs decline, the military can expand this solu-

tion, potentially up to 100% clean, renewable energy. In

the meantime, if FOBs consume fuel at a slower rate by

incorporating energy efficiency and renewables, then mul-

tiple benefits will result, including the following:

1. Energy security will improve due to the additional

power generation assets on hand and the ability to

maintain fuel storage tanks at or near their full

capacity; that is, generators can be shifted from a

primary (or only) means of electricity production

to backup or peaking roles.

2. The time between mandatory fuel resupply mis-

sions will lengthen, which reduces:

(a) The risk of enemy attacks on logistics con-

voys or transportation infrastructure (bridges,

roads) to disrupt resupply.

(b) The amount of fuel consumed to deliver (and

protect the delivery of) fuel, which contributes

to the fully burdened cost of fuel.

(c) The risk of injury or loss of life for those con-

ducting dangerous resupply missions.

(d) Operations and maintenance costs for logis-

tics, to include freeing up personnel for other

missions, and reducing wear and tear on logis-

tics vehicles, vehicle maintenance, and so on.

Furthermore, incorporating additional energy storage

and renewables results in power generation and energy

storage distributed across the FOB yet managed through a

microgrid. Together, the proposed system decreases the

likelihood of outages due to generators being down for

maintenance, fuel shortages, or enemy attacks destroying

critical power nodes using spot generation configurations.

This model is at the macro level with a focus on the

microgrid’s total load. The model assumes all loads and

phases are properly balanced, and it neglects transmission

losses since generators are located near their loads. As

shown in Figure 2(b), the model does not penalize genera-

tors for having to start-up or shut-down, which would

require additional time and fuel and would increase fuel

consumption in both the baseline and diversified energy

portfolio scenarios. The model uses a constant value for

fuel consumption (gal hr− 1) as reported by generator

manufacturers, which reflects approximate consumption at

optimal or rated load. Since the baseline scenario has gen-

erators following the load, this assumption overestimates

10 Journal of Defense Modeling and Simulation: Applications, Methodology, Technology 00(0)
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fuel usage. However, because the model does not require

generators to leave a spinning reserve, the model simulta-

neously underestimates fuel usage in the baseline scenario.

In the diversified energy portfolio scenario, batteries can

reduce or even potentially eliminate the need for a spin-

ning reserve. Further refinement of the model may include

functions for decreasing generator fuel consumption at

lower loading and incorporating generator controls, specif-

ically to reduce the frequency of start-up and shut-down

and force more storage from excess generation.

The model addresses several gaps in military planning

factors. First, peak power is currently estimated based on

peak power per person planning factors, which vary

according to expected level of service (basic, expanded, or

enhanced).20 However, as shown in Figure 1, building

energy efficiency and climate also have large impacts on

energy requirements. To get a better estimate of actual

load requirements, the model takes planning factors and

separates the total load into two parts: lighting + plug

loads and HVAC loads (see section 2 and Supplementary

Information). Second, there are no planning factors for

incorporating renewables on FOBs. This model allows for

planners to download open-source solar and wind data

from online databases18,60–62 and better design FOB

energy portfolios for any desired location.

The optimization model has ‘‘perfect foresight’’

because it solves using a known load demand profile and

known environmental conditions (insolation, wind speed,

temperature, etc.) with data for every hour of the year.

The model reduces computational time required by break-

ing the optimization of 8760 h a year into 12 discrete opti-

mization problems, one for each month, of about 730 time

steps each. One drawback to this method is that the opti-

mization strives to use stored battery energy by the end of

each month. However, this also serves to limit perfect

foresight to 1-month at a time. To maximize resilience, it

is conceivable that the best course of action might be to

keep batteries near their full state of charge with variation

only to avoid curtailment of renewables or to turn off

underloaded generators. Nevertheless, in order to share the

model and facilitate planners running it on their assigned

workstations, managing computational time is imperative.

5. Conclusion

The results suggest three rules-of-thumb for planners when

incorporating energy storage and renewables for resilience

on expeditionary bases:

1. Efficiency is number one. Additional upfront capi-

tal expense for improved building construction can

significantly reduce fuel demand with rapid

payback. Planners should consider the local cli-

mate and expected FOB lifetime when determining

a strategy.

2. Invest in energy storage next. FOBs can either cen-

tralize or distribute batteries. Compatibility with

microgrid controls, deployability, and operations/

maintenance requirements may dictate the appropri-

ate choice. Even if a FOB uses no renewables,

energy storage allows for the reduction (or elimina-

tion) of a spinning reserve for peak loads; allows for

generators to work at their optimal capacity; and

reduces underloading, wet stacking, and other main-

tenance issues. Energy storage is also critical for

incorporating renewables, next, to avoid curtailment.

3. Adding renewables will help eliminate nearly all

reliance on diesel generators. Wind and solar are

complementary in nature and their combined

installations increase the annual number of hours

of renewable power production.

Acknowledgments

The authors thank S. Billington, D. Gragg, and S. Onori of

Stanford University, J. Dabiri of the California Institute of

Technology, and C. Decker of the US Army Corps of

Engineers for their collaboration, as well as S. Struckmann

and E. Romack for their assistance in developing the ini-

tial Julia optimization code.

Funding

The author(s) disclosed receipt of the following financial

support for the research, authorship, and/or publication of

this article: S.M.K. received support under the US Army’s

Advanced Civil Schooling program.

Disclaimer

The views expressed in this paper are those of the authors

and do not reflect the official policy or position of the

Department of the Army, the Department of Defense, or

the US Government. Reference to any specific commercial

product, process, or service by trade name, trademark,

manufacturer, or otherwise neither constitutes nor implies

endorsement, recommendation, or favor.

ORCID iD

Scott M Katalenich https://orcid.org/0000-0002-3300-

6922

Supplementary material

Supplemental material for this article is available online.

12 Journal of Defense Modeling and Simulation: Applications, Methodology, Technology 00(0)

https://orcid.org/0000-0002-3300-6922
https://orcid.org/0000-0002-3300-6922


References

1. Hoy P. The world’s biggest fuel consumer. Forbes, 2008,

https://www.forbes.com/2008/06/05/mileage-military-vehicles-

tech-logistics08-cz_ph_0605fuel.html#4601ba51449c (accessed

1 May 2019).

2. Warner J and Singer PW. Fueling the ‘‘balance.’’

Washington, DC, 2009, https://www.brookings.edu/wp-con-

tent/uploads/2016/06/08_defense_strategy_singer.pdf

3. National Public Radio (NPR). Among the costs of war: bil-

lions a year in A.C.? NPR, 2011, https://www.npr.org/2011/

06/25/137414737/among-the-costs-of-war-20b-in-air-condi-

tioning (accessed 21 February 2019).

4. Vavrin J. Power and energy considerations at Forward

Operating Bases (FOBs). Champaign, IL: United States

Army Corps of Engineers (USACE); Engineer Research and

Development Center (ERDC); Construction Engineering

Research Laboratory (CERL), 2010.

5. Nicholson M and Stepp M. Lean, mean, and clean II: asses-

sing DOD investments in clean energy innovation, 2012,

https://itif.org/publications/2012/10/16/lean-mean-and-clean-

ii-assessing-dod-investments-clean-energy-innovation

6. Jones-Bonbrest N. Army to deliver fuel-efficient generators

to Afghanistan. Washington, DC: United States Army, 2012.

7. Belasco A. The cost of Iraq, Afghanistan, and other global

war on terror operations since 9/11. Washington, DC:

Congressional Research Service, 2014.

8. Peters HM and Plagakis S. Department of Defense contrac-

tor and troop levels in Afghanistan and Iraq: 2007-2018.

Washington, DC: Congressional Research Service, 2019.

9. Turse N. How many Afghan bases are there? The American

Conservative, 2012, https://www.theamericanconservative.

com/articles/how-many-afghan-bases-are-there/ (accessed 9

April 2020).

10. Engels M, Boyd PA, Koehler TM, et al. Smart and Green

Energy (SAGE) for base camps final report. Richland, WA,

2014, https://www.pnnl.gov/main/publications/external/tech-

nical_reports/PNNL-23133.pdf

11. Morin J. Cutting the tether—enhancing the US military’s

energy performance. Washington, DC, 2010, https://www.

progressivepolicy.org/wp-content/uploads/2010/05/CUTTING-

THE-TETHER_Morin.pdf

12. United States Congress. 10 USC 2911—energy policy of the

Department of Defense, 2020, https://www.law.cornell.edu/

uscode/text/10/2911

13. Kiser E. The impact of technologies and missions on contin-

gency base fuel consumption. Naval Postgraduate School,

2018, https://apps.dtic.mil/dtic/tr/fulltext/u2/1053249.pdf

14. Garcia KE. Optimization of microgrids at military remote

base camps. Naval Postgraduate School, 2017, https://cal-

houn.nps.edu/handle/10945/56923

15. Ross M, Hidalgo R, Abbey C, et al. Energy storage system

scheduling for an isolated microgrid. IET Renew Power Gen

2011; 5: 117–123.

16. Rose D, Schenkman B and Borneo D. Forward operating

base microgrid evaluation and testing of energy storage sys-

tems. Albuquerque, NM: Sandia National Laboratories,

2013.

17. Sambor DJ, Wilber M, Whitney E, et al. Development of a

tool for optimizing solar and battery storage for container

farming in a remote arctic microgrid. Energies 2020; 13:

5143.

18. National Renewable Energy Laboratory (NREL). National

solar radiation database, https://nsrdb.nrel.gov (accessed 29

September 2021).

19. Department of Civil and Mechanical Engineering, United

States Military Academy. Base camp student guide. West

Point, NY: United States Military Academy, 2017.

20. United States Department of the Army. ATP 3-37.10 base

camps. Washington, DC: Createspace Independent Pub., 2017.

21. United States Department of the Air Force. Air Force

Pamphlet 10-219, volume 5: bare base conceptual planning,

2012, https://wbdg.org/FFC/AF/AFP/afpam10_219_v5.pdf

(accessed 21 February 2019).

22. United States Department of the Air Force. AFH 10-222,

volume 5: guide to contingency electrical power system

installation, 2011, https://www.wbdg.org/FFC/AF/AFH/

afh10_222_v5.pdf (accessed 21 February 2019).

23. Kreiger MA, Chu D, Shrestha SS, et al. The structural insu-

lated panel ‘‘SIP hut’’: preliminary evaluation of energy

efficiency and indoor air quality. ERDC/CERL TR-15-19,

2015. Champaign, IL, https://usace.contentdm.oclc.org/digi-

tal/collection/p266001coll1/id/3627/

24. Gebo KM. A comparison of the lifecycle cost and environ-

mental impact of military barracks huts in deployed environ-

ments constructed from structural insulated panels (SIPs)

versus traditional techniques. Rochester Institute of

Technology, 2014, https://scholarworks.rit.edu/cgi/

viewcontent.cgi?article=8849&context=theses

25. Randolph J and Masters GM. Energy for sustainability: tech-

nology, planning, policy. Island Press, 2008, https://book-

s.google.com/books?id=MwTMPRNmo0IC&printsec=front

cover&source=gbs_ge_summary_r&cad=0#v=onepage&q&f

=false

26. Pitt D, Randolph J, Jean D, et al. Estimating potential

community-wide energy and greenhouse gas emissions sav-

ings from residential energy retrofits. Energy Environ Res

2012; 2: 44–61.

27. Mitsubishi. M-series—submittal data: MSZ-GL18NA-U1 &

MUZ-GL18NA-U1, 2016, https://iwae.com/media/manuals/

mitsubishi/muz-gl18-specifications.pdf

28. Fairey P, Parker DS, Wilcox B, et al. Climatic impacts on

heating seasonal performance factor (HSPF) and seasonal

energy efficiency ratio (SEER) for air-source heat pumps.

ASHRAE Tran 2004; 110: 178–188.

29. American Society of Heating Refrigerating and Air-

Conditioning Engineers (ASHRAE). Climatic design condi-

tions 2009/2013/2017, 2017, http://ashrae-meteo.info

(accessed 26 March 2020).

30. Meeus J. Astronomical algorithms. 2nd ed. Richmond, VA:

Willmann-Bell, Inc., 1998.

31. National Oceanic and Atmospheric Administration (NOAA).

Solar calculation details. Earth System Research Laboratory,

2020, https://www.esrl.noaa.Gov/gmd/grad/solcalc/calcde-

tails.html (accessed 10 February 2020).

Katalenich and Jacobson 13

https://www.forbes.com/2008/06/05/mileage-military-vehicles-tech-logistics08-cz_ph_0605fuel.html#4601ba51449c
https://www.forbes.com/2008/06/05/mileage-military-vehicles-tech-logistics08-cz_ph_0605fuel.html#4601ba51449c
https://www.brookings.edu/wp-content/uploads/2016/06/08_defense_strategy_singer.pdf
https://www.brookings.edu/wp-content/uploads/2016/06/08_defense_strategy_singer.pdf
https://www.npr.org/2011/06/25/137414737/among-the-costs-of-war-20b-in-air-conditioning
https://www.npr.org/2011/06/25/137414737/among-the-costs-of-war-20b-in-air-conditioning
https://www.npr.org/2011/06/25/137414737/among-the-costs-of-war-20b-in-air-conditioning
https://itif.org/publications/2012/10/16/lean-mean-and-clean-ii-assessing-dod-investments-clean-energy-innovation
https://itif.org/publications/2012/10/16/lean-mean-and-clean-ii-assessing-dod-investments-clean-energy-innovation
https://www.theamericanconservative.com/articles/how-many-afghan-bases-are-there/
https://www.theamericanconservative.com/articles/how-many-afghan-bases-are-there/
https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-23133.pdf
https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-23133.pdf
https://www.progressivepolicy.org/wp-content/uploads/2010/05/CUTTING-THE-TETHER_Morin.pdf
https://www.progressivepolicy.org/wp-content/uploads/2010/05/CUTTING-THE-TETHER_Morin.pdf
https://www.progressivepolicy.org/wp-content/uploads/2010/05/CUTTING-THE-TETHER_Morin.pdf
https://www.law.cornell.edu/uscode/text/10/2911
https://www.law.cornell.edu/uscode/text/10/2911
https://apps.dtic.mil/dtic/tr/fulltext/u2/1053249.pdf
https://calhoun.nps.edu/handle/10945/56923
https://calhoun.nps.edu/handle/10945/56923
https://nsrdb.nrel.gov
https://wbdg.org/FFC/AF/AFP/afpam10_219_v5.pdf
https://www.wbdg.org/FFC/AF/AFH/afh10_222_v5.pdf
https://www.wbdg.org/FFC/AF/AFH/afh10_222_v5.pdf
https://usace.contentdm.oclc.org/digital/collection/p266001coll1/id/3627/
https://usace.contentdm.oclc.org/digital/collection/p266001coll1/id/3627/
https://scholarworks.rit.edu/cgi/viewcontent.cgi?article=8849&context=theses
https://scholarworks.rit.edu/cgi/viewcontent.cgi?article=8849&context=theses
https://books.google.com/books?id=MwTMPRNmo0IC&printsec=frontcover&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
https://books.google.com/books?id=MwTMPRNmo0IC&printsec=frontcover&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
https://books.google.com/books?id=MwTMPRNmo0IC&printsec=frontcover&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
https://books.google.com/books?id=MwTMPRNmo0IC&printsec=frontcover&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
https://iwae.com/media/manuals/mitsubishi/muz-gl18-specifications.pdf
https://iwae.com/media/manuals/mitsubishi/muz-gl18-specifications.pdf
http://ashrae-meteo.info
https://www.esrl.noaa.Gov/gmd/grad/solcalc/calcdetails.html
https://www.esrl.noaa.Gov/gmd/grad/solcalc/calcdetails.html


32. American Society of Heating Refrigerating and Air-

Conditioning Engineers (ASHRAE). 2013 ASHRAE

handbook—fundamentals (SI edition), 2013, https://app.kno-

vel.com/web/toc.v/cid:kpASHRAEC1/viewerType:toc/

33. Masters GM. Renewable and efficient electric power sys-

tems. Hoboken, NJ: John Wiley & Sons, Inc., 2004.

34. Dobos AP. PVWatts version 5 manual. National Renewable

Energy Laboratory (NREL), 2014, https://www.nrel.gov/

docs/fy14osti/62641.pdf

35. Aeolos. Aeolos-V 2kW vertical wind turbine brochure, 2018,

http://www.verdeplus.gr/files/Aeolos-V2kw Brochure.pdf

(accessed 31 January 2020).

36. Dabiri JO. Potential order-of-magnitude enhancement of

wind farm power density via counter-rotating vertical-axis

wind turbine arrays. J Renew Sustain Ener 2011; 3: 043104.

37. Aeolos. Aeolos vertical axis wind turbine EXW price list,

2019, https://www.scribd.com/document/432677719/Aeolos-

Vertical-Axis-Wind-Turbine-EXW-Price-List-2019 (accessed

30 March 2020).

38. Tesla. Powerwall, 2020, https://www.tesla.com/powerwall

(accessed 27 March 2020).

39. United States Army Acquisition Support Center (USAASC).

Advanced Medium Mobile Power Sources (AMMPS), 2020,

https://asc.army.mil/web/portfolio-item/cs-css-advancedmed

ium-mobile-power-source-ammps/ (accessed 27 March 2020).

40. United States Department of Defense (DOD). Handbook:

standard family of mobile electric power generating

sources—general description information and characteris-

tics data sheets. Washington, DC, 2010.

41. Global Petrol Prices. Diesel prices, US Gallon, 23 March

2020, 2020, https://www.globalpetrolprices.com/diesel_

prices/ (accessed 27 March 2020).

42. Defense Logistics Agency (DLA)—Energy. Standard prices

and moving average prices of diesel, 2020, https://www.dla.-

mil/Energy/Business/StandardPrices/ (accessed 28 March

2020).

43. International Energy Agency. World energy prices—an over-

view (2019 edition). Paris, 2019, https://iea.blob.core.win-

dows.net/assets/567bac7c-5b6f-4aab-8e88-90af3e464d97/

World_Energy_Prices_2019_Overview.pdf

44. Siegel S, Bell S, Dicke S, et al. Sustain the mission project:

energy and water costing methodology and decision support

tool. Final technical report, Arlington, VA, 2008, https://

pdfs.semanticscholar.org/4238/7c180b398ee54e5fcc3e31dd

f6897c4fcb3e.pdf?_ga=2.177249703.323613024.1585433324

-2071980147.1585433324

45. Deloitte. Energy security—America’s best defense. New

York, 2009, https://www.offiziere.ch/wp-content/uploads/

us_ad_EnergySecurity052010.pdf

46. GitHub, Inc. Atom—a hackable text editor for the 21st cen-

tury, 2020, http://blog.atom.io/ (accessed 9 April 2020).

47. Juno. Integrated development environment, 2020, https://

junolab.org (accessed 9 April 2020).

48. Julia. The Julia programming language, 2020, https://julia-

lang.org/ (accessed 9 April 2020).

49. IBM. CPLEX optimization studio, 2019, https://

developer.ibm.Com/docloud/blog/2019/07/04/cplex-

optimization-studio-for-students-and-academics/ (accessed 9

April 2020).

50. Congressional Budget Office. The budget and economic out-

look: 2020 to 2030, 2020, https://www.cbo.gov/publication/

56073

51. Nuttall WJ, Samaras C and Bazilian M. Energy and the mili-

tary: convergence of security, economic, and environmental

decision-making. Cambridge: Energy Policy Research

Group, University of Cambridge, 2017, https://

www.eprg.group.cam.ac.uk

52. Schwartz M, Blakeley K and O’Rourke R. Department of

Defense energy initiatives: background and issues for con-

gress. Washington, DC: Congressional Research Service,

2012.

53. Denholm P, O’Connell M, Brinkman G, et al.

Overgeneration from solar energy in California: a field

guide to the duck chart. National Renewable Energy

Laboratory (NREL)/TP-6A20-65023, 2015, https://

www.nrel.gov/docs/fy16osti/65023.pdf

54. Eady DS, Siegel SB, Bell RS, et al. AEPI report—sustain

the mission project: casualty factors for fuel and water

resupply convoys. Arlington, VA: Army Environmental

Policy Institute, 2009.

55. US Bureau of Labor Statistics (BLS). CPI inflation calcula-

tor, 2019, https://data.bls.gov/cgi-bin/cpicalc.pl (accessed 3

November 2019).

56. United States Environmental Protection Agency (EPA).

Nonroad compression-ignition engines: exhaust emission

standards. EPA-420-B-16-022, 2016. Washington, DC:

Office of Transportation and Air Quality, https://nepis.epa.-

gov/Exe/ZyPDF.cgi?Dockey=P100OA05.pdf (accessed 14

April 2020).

57. United States Environmental Protection Agency (EPA).

Exhaust and crankcase emission factors for nonroad engine

modeling—compression-ignition. EPA-420-R-10-018, NR-

009d, 2010, pp. 1–141. Washington, DC: EPA, https://nepis.

epa.gov/Exe/ZyNET.exe/P10081UI.TXT?ZyActionD=ZyDocu

ment&Client=EPA&Index=2006+Thru+ 2010&Docs=&

Query=&Time=&EndTime=&SearchMethod=1&TocRestr

ict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMon-

th=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&Xml

Query=

58. United States Environmental Protection Agency (EPA).

Direct emissions from stationary combustion sources.

Washington, DC, 2016, https://www.epa.gov/sites/produc-

tion/files/2016-03/documents/stationaryemissions_3_2016.pdf

59. United States Environmental Protection Agency (EPA).

Emission factors for greenhouse gas inventories.

Washington, DC, 2014, https://www.epa.gov/sites/produc-

tion/files/2015-07/documents/emission-factors_2014.pdf

60. National Aeronautics and Space Administration (NASA).

Prediction of Worldwide Energy Resource (POWER)

viewer, 2019, https://power.larc.nasa.gov/data-access-

viewer/ (accessed 20 February 2019).

61. National Renewable Energy Laboratory (NREL). National

solar radiation database, 2020, https://nsrdb.nrel.gov

(accessed 21 February 2020).

14 Journal of Defense Modeling and Simulation: Applications, Methodology, Technology 00(0)

https://app.knovel.com/web/toc.v/cid:kpASHRAEC1/viewerType:toc/
https://app.knovel.com/web/toc.v/cid:kpASHRAEC1/viewerType:toc/
https://www.nrel.gov/docs/fy14osti/62641.pdf
https://www.nrel.gov/docs/fy14osti/62641.pdf
http://www.verdeplus.Gr/files/Aeolos-V2kw Brochure.pdf
https://www.scribd.Com/document/432677719/Aeolos-Vertical-Axis-Wind-Turbine-EXW-Price-List-2019
https://www.scribd.Com/document/432677719/Aeolos-Vertical-Axis-Wind-Turbine-EXW-Price-List-2019
https://www.tesla.com/powerwall
https://asc.army.mil/web/portfolio-item/cs-css-advancedmedium-mobile-power-source-ammps/
https://asc.army.mil/web/portfolio-item/cs-css-advancedmedium-mobile-power-source-ammps/
https://www.globalpetrolprices.com/diesel_prices/
https://www.globalpetrolprices.com/diesel_prices/
https://www.dla.Mil/Energy/Business/StandardPrices/
https://www.dla.Mil/Energy/Business/StandardPrices/
https://iea.blob.core.windows.net/assets/567bac7c-5b6f-4aab-8e88-90af3e464d97/World_Energy_Prices_2019_Overview.pdf
https://iea.blob.core.windows.net/assets/567bac7c-5b6f-4aab-8e88-90af3e464d97/World_Energy_Prices_2019_Overview.pdf
https://iea.blob.core.windows.net/assets/567bac7c-5b6f-4aab-8e88-90af3e464d97/World_Energy_Prices_2019_Overview.pdf
https://pdfs.semanticscholar.org/4238/7c180b398ee54e5fcc3e31ddf6897c4fcb3e.pdf?_ga=2.177249703.323613024.1585433324-2071980147.1585433324
https://pdfs.semanticscholar.org/4238/7c180b398ee54e5fcc3e31ddf6897c4fcb3e.pdf?_ga=2.177249703.323613024.1585433324-2071980147.1585433324
https://pdfs.semanticscholar.org/4238/7c180b398ee54e5fcc3e31ddf6897c4fcb3e.pdf?_ga=2.177249703.323613024.1585433324-2071980147.1585433324
https://pdfs.semanticscholar.org/4238/7c180b398ee54e5fcc3e31ddf6897c4fcb3e.pdf?_ga=2.177249703.323613024.1585433324-2071980147.1585433324
https://www.offiziere.ch/wp-content/uploads/us_ad_EnergySecurity052010.pdf
https://www.offiziere.ch/wp-content/uploads/us_ad_EnergySecurity052010.pdf
http://blog.atom.io/
https://junolab.org
https://junolab.org
https://julialang.org/
https://julialang.org/
https://developer.ibm.Com/docloud/blog/2019/07/04/cplex-optimization-studio-for-students-and-academics/
https://developer.ibm.Com/docloud/blog/2019/07/04/cplex-optimization-studio-for-students-and-academics/
https://developer.ibm.Com/docloud/blog/2019/07/04/cplex-optimization-studio-for-students-and-academics/
https://www.cbo.gov/publication/56073
https://www.cbo.gov/publication/56073
https://www.eprg.group.cam.ac.uk
https://www.eprg.group.cam.ac.uk
https://www.nrel.gov/docs/fy16osti/65023.pdf
https://www.nrel.gov/docs/fy16osti/65023.pdf
https://data.bls.Gov/cgi-bin/cpicalc.pl
https://nepis.epa.gov/Exe/ZyPDF.Cgi?Dockey=P100OA05.pdf
https://nepis.epa.gov/Exe/ZyPDF.Cgi?Dockey=P100OA05.pdf
https://nepis.epa.gov/Exe/ZyNET.exe/P10081UI.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2006Thru2010&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=
https://nepis.epa.gov/Exe/ZyNET.exe/P10081UI.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2006Thru2010&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=
https://nepis.epa.gov/Exe/ZyNET.exe/P10081UI.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2006Thru2010&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=
https://nepis.epa.gov/Exe/ZyNET.exe/P10081UI.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2006Thru2010&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=
https://nepis.epa.gov/Exe/ZyNET.exe/P10081UI.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2006Thru2010&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=
https://nepis.epa.gov/Exe/ZyNET.exe/P10081UI.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2006Thru2010&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=
https://nepis.epa.gov/Exe/ZyNET.exe/P10081UI.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2006Thru2010&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=
https://nepis.epa.gov/Exe/ZyNET.exe/P10081UI.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2006Thru2010&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=
https://nepis.epa.gov/Exe/ZyNET.exe/P10081UI.TXT?ZyActionD=ZyDocument&Client=EPA&Index=2006Thru2010&Docs=&Query=&Time=&EndTime=&SearchMethod=1&TocRestrict=n&Toc=&TocEntry=&QField=&QFieldYear=&QFieldMonth=&QFieldDay=&IntQFieldOp=0&ExtQFieldOp=0&XmlQuery=
https://www.epa.gov/sites/production/files/2016-03/documents/stationaryemissions_3_2016.pdf
https://www.epa.gov/sites/production/files/2016-03/documents/stationaryemissions_3_2016.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/emission-factors_2014.pdf
https://www.epa.gov/sites/production/files/2015-07/documents/emission-factors_2014.pdf
https://power.larc.nasa.Gov/data-access-viewer/
https://power.larc.nasa.Gov/data-access-viewer/
https://nsrdb.nrel.Gov


62. National Renewable Energy Laboratory (NREL). Wind pro-

spector, 2020, https://maps.nrel.gov/wind-prospector/?aL=

p7FOkl%255Bv%255D%3Dt&bL=clight&cE=0&lR=0&m

C=28.9600886880068%2C-100.01953125&zL=4 (accessed

21 February 2020).

Author biographies

Scott M Katalenich is an officer in the US Army who

completed his doctoral research at Stanford University

and served as an assistant professor at the United States

Military Academy.

Mark Z Jacobson is a full professor at Stanford

University and is the director of the Atmosphere/Energy

Program within the Department of Civil and

Environmental Engineering.

Katalenich and Jacobson 15

https://maps.nrel.Gov/wind-prospector/?aL=p7FOkl%255Bv%255D%3Dt&bL=clight&cE=0&lR=0&mC=28.9600886880068%2C-100.01953125&zL=4
https://maps.nrel.Gov/wind-prospector/?aL=p7FOkl%255Bv%255D%3Dt&bL=clight&cE=0&lR=0&mC=28.9600886880068%2C-100.01953125&zL=4
https://maps.nrel.Gov/wind-prospector/?aL=p7FOkl%255Bv%255D%3Dt&bL=clight&cE=0&lR=0&mC=28.9600886880068%2C-100.01953125&zL=4

