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and health. Dr. Victor J. Dzauis president.
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Medicine to provide independent, objective analysisand advice to the nation and conduct other
activities to solve complex problems and inform public policy decisions. The National Academies
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Preface

I considerit anhonoranda privilege to haveservedasa memberon the National Acadenies of
ScienceskEngineeringandMedicinecommitteestudyinghowto best‘ PowertheU.S. Army of theFuture.”
Our warfighterswho put their lives on theline for our countrycertainlydeservehe very bestcapabilities
thatrapidly advancingtechnologyin a numberof areascanprovide. This is particularlyimportantaswe
move toward the Departmentof Defense’svision of a multi-domainscenariowherethe bestland, air,
spaceandsearesourcesrebroughttogetherin a coordinatedstrategicfashionagainstany adversaryfor
competitiveadvantage.

Thenumberoneobjective,consistentvith Army OperationaEnergydoctrinedevelopedLOyears
ago,is to useenergyin a mannerthat providesthe greatesnet operationaladvantagen the battlefield.
This entailsnot just energylogistics,but encompassesmorecompleteinformation-drivenunderstanding
of how energycanbestbe usedto win againsinearpeerandotheradversaries.

Supportingthis overall objective,thereare a numberof otherimportantconsiderationghat the
committeehadin providingits recommendationg.heseincludethe following

X Supplyingwhateverenergyis neededo whomevemeedst whereverandwhenevetheyneed
it. Justasonewould neverwant a soldierto run out of ammunition,food, or water, having
adequat@owerandenergysaveswarfighterlives andis essentiato their success;

X Recognizinghe needto meetgrowing powerdemands

X Supporting enhancedbattlefield situational awarenessor all our warfighters basedon
improvedcommunicationsinformationprocessingandartificial intelligence

X Reducingfuel transporineeddo savelives duringresupply;
X Reducingtheweightthatthe dismountedsoldierhasto carry;

X Reduceheweightof all typesof vehicles(i.e., groundandflight assetdbothmannedand
unmanned)

X Increasinghe Army Brigadés self-sustainmentapabilityfrom 3 to 7 days

X Providing rapid mobility acrossa variety of terrain for dismountedsoldiers,vehicles,and
forwardoperatingoasesThisincludesrapidsetup andbreakdowrtimesfor forwardoperating
bases;

X Maintainingor reducingthetime requiredto refuel,rechargeor providenewsource®f power,

X Possessing capability to utilize a wider range of globally available resources(i.e. fuel
resourcesitilized by alliesandadversaries);

X Maintaining a capability to disable or lock-out energy resourcesfall into hostile hands
particularlythosewith proprietarytechnology; and

X Employing environmentallyfriendly technologiesvhereverpracticalwithout compromising
military objectives.

FigureP.1tellsaninterestingstory.SinceWorld Warll, the Army is usingapproximateh20times

more energyper soldier, while reducingthe numberof soldiersby a roughly equivalentamount.This
directionwill likely continuein thefutureandhighlightstheimportanceof energysupplyandmanagement.
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FIGURE P.1 Advantagesin operationaledge SOURCE: R. Kidd, U.S. Army, 2012 “Army Energy and
SustainabilityPrograny’ presentatiophttps://www.asaie.army.mil/Public/ES/dogBeneral%20Presentation.pdf.

Althoughthetotal powerdemanddor an Army Brigadearemassivethe solutionsthe committee
investigatedand endorss require both a “macrd and “micra’ look, due to the significant differences
(severalbordersof magnitude)n powerrequirementgor differentusecategoriesincludingthe following

Milliwatts for distributedremotesensors;

Wattsfor smallunmannederialvehicles(UAVs) andsoldierequipmertt

Kilowatts for emergingdirectedenergyweaponssuchaslasers; and
Megawattsandmorefor groundcombatvehicles,emerging(FVL) helicopters/VTOLaircraft,
andforwardoperatingbases.

X X X X

Using a metaphor,therés a “raging river’ of power being suppliedto U.S. Armed Forces
expeditionaryand defensiveforces. Tappinginto that river to take a drink presentssomeinteresting
challengesHistory hasshownthat powerdemandsncreaseover time—a trend expectedo continueor
acceleratewith the everincreasingpace of technology,including new weapon systemsnow under
developmentsuchas electromagnetipulsetechnology lasers,andrail gunsand new communications
artificial intelligence, andataprocessingystemssuchas5G. Therefore providingtheneedegowerand
energyto our troopsusingthe bestavailabletechnologiewill remainanessentiatesponsibilityto ensure
theoverall securityof our nation.

JohnKoszewnik,Co-Chair
Committeeon Poweringthe U.S. Army of the Future
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Executive Summary

The Committee on Powering the U.S. Army of the Futtmasideredarangeof Army powerand
energyneedshrough2035,identifying the breadthof requirementsgaps,andopportunitiesherein.This
wasa challengingtask given the tremendougliversity of needsbothin termsof the quantity of power
neededandwho is usingit.

Given the rangeof technologieshat will drive future power and energy (P&E) demandsthe
committeedecidedto focusthe scopeof the studyon the powerneedssurroundingdismountedsoldiers,
existingvehicleplatforms,andforward operatingbasesaswell asinnovationsunderdevelopmenthatare
expectedo bein servicein 2035,andtechnologieshatcould enhancehe Army’s capabilitiesto fight as
partof amulti-domainforce.

The committeefurtherscopedhestudyto placea heavyfocusonthe needsof anarmoredbrigade
combatteam(ABCT) becausahey expendprodigiousamountsof energyandthe Army expectghemto
remaina primary, independentlymaneuveringunit for the foreseeablduture. The ABCT provided a
baselinethat scaledwell andallowedthe committeeto assessechnologiesacrossdismountedmounted,
andsemistationaryunits.*

Using predictionsof the OperationalLogistics (OPLOG) Plannermodelingtool providedby the
CombinedArms SupportCommand(CASCOM), the committeeanticipates that a typical ABCT will
expendl8,800megawatthours MWh) of energyovera12-daymission? Thisequateso anaveragenergy
consumptiorof roughly 1,600 MWh perday andan averagepowerlevel of 65 megawattsNIW). It must
be notedthat during mountedmaneuverpower demandsare significantly higher than during sustained
lower-intensity operations.Theseenergydemandswill only grow for the foreseeablduture as ongoing
improvementsin communications,electronic sensing, artificial intelligence processingto improve
battlefield situational awarenessjncreasedvehicle mobility, and more lethal weaponry,threatento
overwhelmanyfeasibleimprovementsn efficiency.

In finalizing its report, the committeeconcludedthat somepastpower/energystudiesadvocating
widespreadiseof purebatteryelectricgroundcombatvehiclesrechargedn thefield with mobilenuclear
powerplantsare notlikely to betechnicallyfeasiblein the timeframeof this report. To be morespecific,
the committeeconcludedhatjet propellant8 (JP8),diesel,andbiodiesetf (arenewablguel) shouldserve
asthe primary sourceof powerandenergybroughtto the battlefieldfor theforeseeabléuture. Their high
energydensity(particularlyperunit volume)is unmatchedy mostotherliquid andgaseousuels.lt is this
densitymeasurdhat defineshow many supplytrucksin convoyscarryingfuel areneededwhich in turn
increasesherisksfacedby soldiersandcontractorsaandthe integrity of the supplychainwith eachadded
convoyor truck.*

1 Army aviationaccountdor a considerablgortionof the Army’s JP8consumptionDueto time andexpertise
constraintsthe committeedid not focuson primary propulsionfor aircraft. However,manyof therecommendations
in thereportareapplicableto aviationsecondanpower.

2 SchwankhartR. 2020.EnergyConsumptiorRequirement©verview— ArmoredBrigadeCombatTeam
(ABCT) CaseStudy.Presentatiomo the studycommittee RAND Corporation.

3 Althoughbiodiesel renewableliesel,ande-dieselreferto fuels producedoy differentprocessegheir
performancepropertiesarevery similar, enablingthemto be usedinterchangeablyAs all threeareenvironmentally
friendly, asingleterm, “biodiese]” is usedto referto all threesuchfuelsthroughouthisreport.

4 Althoughthis studyconcludeghatsupplyconvoyswill continueto be neededtherearemultiple opportunities
now underinvestigationto reducetherisk of lostlivesin transportTheseincludeactiveprotectionsystems,
autonomousehiclesyvehicleplatooningminesweepingehicles,andhelicopterandgroundescorts.
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Transportatiorof energyto the battlefield presentgisksto soldiersand contractorsMinimizing
this risk must,therefore be consideredn the developmenbf any powerandenergystrategy As shownin
FigureES1, bulk petroleunrepresent89 percenof thetotal volumeof materialsandequipmentelivered
to the battlefield.

US Army Battlefield Supply Volume

Clething Repair Parts

Major End Bems - —
Comforthems 1.1% 0 T% j 0
1.1% " ! ! _ Medical
Ammunilien 0.2% Package
1.6% T ; ___—Petralzum
) " 0.2%
Barier L
materials ———
27% Food
2.7%
Water
51.1%

Bulk Petrolewm
386%

FIGURE ES.1 U.S.Army battlefieldsupplyvolume SOURCE:Adapted from J.J. Valdes,
“BiotechnologyExecutiveRoundtablg’ presentatioto GEN Paul Kern, Commander, U.S. Army

Material Command, undated, from R. Armstrong, 2003, “Biomass: A Feedstock with Growth Potential,”
pp. 15-25 in DOCFuture EnergyResources: Proceedings of Workshops Held at the National Defense
University,https://apps.dtic.mil/dtic/tr/fulltext/u2/a476355.pdf.

Dieselis avery reasonablehoicefor poweringmilitary vehiclesandcould be preferredover JP8
in selectectlimatesduring wartimeconditions.It is readily abundanin manylocations,whichin certain
situationswould enablelocal resupply.Dieselhasa 9 percenthighervolumetricenergydensitythan JP8,
making it possibleto reducethe numberof supply trucks dedicatedto fuel by an equivalentamount.
Furthermorethetechnologyexiststodayfor employingclosedloop combustiorcontrolsto allow vehicles
and generatorgo operateseamlesshbetweenJP8and dieseland any mixturesin between.This same
technologywill alsoimprovefuel economyby adjustinginjectiontimingfor JP8in recognitionof its highly
variablecetanerating?

Given the growing needto addres<limate change biodiesel(a renewablecarbon-neutrafuel)
could serveas a preferredfuel sourceduring peacetime.The sametechnologythat enablesseamless
transitionsfrom JP8to dieselwould also enableJP8to biodieseltransitions albeit potentially requiring
acceptabilitycertificationof thevariousbiodieselsourcesWhenthe United States &t peacereductionof

5> Notethatcetaneatingrefersto the easeof initiating anautoignitioncombustiorevent,analogougo octane
ratingfor gasoline.
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greenhousgasesnaybeamoreimportantconcernthanminimizing the numberof trucksin fuel convoys.
In addition,biodieselis fairly availableworldwide 8

It mustbe notedthatfuture useof multiple fuelswould violate the Army’s long-standingeliance
ona“singlefuel policy,” which providesfor acommonfuel to beusedacrossall groundvehicleplatforms,
generatorsets,and turbinepoweredaircraft. Therefore,the advantage®f using multiple fuels detailed
aboveneedto be balancedagainstthe logistic complexity challengesssociatedvith their distribution. If
suchlogisticsprovesto beexcessivelychallengingn certainsituationsthenJP8useremainghe preferred
methodof transported@nergyto the battlefield to remaincompatiblewith aircraftneeds.

Thecommitteés analysishasconcludedhatall-electricgroundcombatvehiclesandtacticalsupply
vehicles(i.e., fully reliantuponbatteryenergystorageversudiquid fuel) arenot practicalfor a majority of
battlefield vehiclesnow nor in the foreseeablduture for two reasonsOneis that the energydensity of
batteriestoday is roughly two ordersof magnitudelessthan JP8today, resultingin excessivepackage
weight and volume to meetmaneuvemeeds Advancesin batteryenergydensitywill undoubtedlytake
place,but not enoughto offsetthat magnitudeof a disadvantagelrhe secondandmoreimportant reason
from a practicality standpointis that rechargingsuchvehiclesin a short period of time would require
massivequantitiesof electricpowerthatarenot availableon the battlefield.

To put this assertionin perspectivethe committeés analysis(confirmedby the Army’s internal
analysis;seeFigure 6.5 showsthatto recharggust oneheavycombatvehicle (50 to 70 tons)within 15
minutes apowersourceof 14to 29 megawattgMW) wouldberequired Hardly practicalwhenanArmored
BrigadeCombatlTeammayhave30or moreAbramsandacomparabl@umberof othersupportingarmored
groundcombatvehicles.

Similarly, all-electric tactical vehicles have limited practicality on the battlefield given their
rechargingrequirementsFor example,the committeés analysisshowedthat eachJoint Light Tactical
Vehiclewould requireroughlya 2.6 MW powersourceto rechargewithin 15 minutes.

BecauseauclearenergydwarfsJP8anddieselin termsof energydensity somehavesuggestethat
amobile nuclearbasedoowersourcemight meetthe powerdemandneededo enableall-electricvehicles
on the battlefield. However,the latestdesignproposalsndicate that such a deviegould weigh 40 tons,
requiredelivery of two 20foot ISO’ containerdo the battlefield,andhavesetup andcool downtimesof
3 daysand 2 days, respectively.Suchoperationalconstraintsare not consistentwith the multi-domain
operationgMDO) strategyof deployingandoperatingmobile forward operatingbases.

As still anotherconstraint,the prototype nuclear power plant currently being developedfor
expeditionaryuse,with 2027 productionplanned would provideonly 2 MW of electricity, which is a far
cry from the 65 MW averageonsumptiorof onemaneuveringdArmoredBrigadeCombatTeamor the 14+
MW requiredto recharggust one heavygroundcombatvehiclein 15 minutes.Neverthelessin a more
enduringbaselocation that requiressubstantiakenergyfor sustainmenbperationssucha nuclearplant
might be attractiveasa modularcapabilityfor 24/7 power,independenbf fuel logistics for an extended
periodof atleast3 years

This assessmemtoesnot meanthatall-electricvehicleswill nothaveanencouraginduturein the
domesticconsumercommercialandtruckingworld. Ratherthe committeeconcludel thatan all-electric
tacticalforcewould notbesuitablefor the Army to adoptthrough2035.Non-tacticalelectricvehicleg EVS)
requiresignificantly lesspoweror may operateover shorterranges.They canreturnto the samelocation
with a permanentonnectiorto a highpowergrid, andcanbe fully chargedovernight.Contrastthatwith
amulti-domaincombatscenariavhere,in manycasestheenergymustbebroughtto aconstantlychanging
battlefieldlocationandrapidly resupplied.

Of patrticular significance,hybrid technologiesusing internal combustionengines(ICEs), gas
turbineenginesgeneratorspowerelectronicsandbatterystoragecandeliver manyof the electrification
advantageto thefield without the rechargingime andrangeconstraintof EVs. Of particularimportance

6 SonnichsenN. 2021.Leadingbiodieselproducersvorldwidein 2019,by country(in billion liters). Statista.
https://www.statista.com/statistics/271472/biodiggelductionin-selecteecountries/ Accessedlanuary2021.
71S0 refers to International Organization for Standaation.
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is the improvedfuel economyof up to 20 percentthat hybrids provide® The Army andits supporting
defensandustrysuppliershavealreadyinitiated muchencouragingvork in this area.

Hybrids also provide low noiseand low thermalsignatureswhile idling or traveling over short
distancesusingthe energystoredin the batterywith the onboardpowerelectronicso operatewhenthe
ICE is shutdown.With existingbatteryenergydensitiestheymayrangeupto 3to 10 mileswithoutengine
engagemengdistancehatwill increaseasbatteryenergydensityincreasesvertime. Lastly, it would be
possibleto tapinto vehiclehybrid energysystemgup to andincluding1 MW for aheavymainbattletank)
to provide powerfor a local microgrid, for a mobile weaponsystem or to rechargedismountedsoldier
powerpacks.

The committeedentifieda numberof fuel-efficiency opportunitiegshatwould enablethe Army to
further reducethe numberof presentlysizedfuel trucks and/orconvoytrips neededo bring powerand
energyto thefield. Improvementsn horizontallyopposedwo-strokepistonenginesatechnologyalready
pursuedby the Army, arepossiblein the areasof fuel efficiency, powerdersity, and heatrejection.Also
encouragingare someof the four-strokedieseltechnologiesinderdevelopmenthat offer lower friction,
bettercombustionandwasteheatrecovery aspartof the Departmentf EnergySuperTruckprograms.

Further but longerterm opportunitiesmay exist in the form of free-piston enginesand linear
generatorsA possibleadditional applicationfor theseemerginglow fuel consumptionlCE enginesis
applicability for relatively long-duration unmannedaerial/groundvehicles (UAVsS) where the fuel
consumptior{(andfuel tanksize)advantag@vercomsthepresenpower/weightadvantagef gasturbines.

To improve selfsustainability,energyconsumptiomneedsto be minimized andits counterpart
energyefficiency, needsto be maximizedthroughoutthe completechain from energystorageto power
delivery. For example,lower rolling-resistancetracks, higher temperatureeapablepower electronics,
batteries,motors, and moreefficient cooling systemstogethe could enableconsiderablereductionsin
parasiticcoolingandfriction losses.

It mustbe notedthatthe abovementionedpportunitieswvould significantly reducethe amountof
liquid heavyhydrocarboriuel thatwould needto betransportedo provideanequivaleneamountof energy.
As aroughquantification Figure ES.2s provided.

Fuel Efficiency

Internal Combustion Engine 28% improvement 39% BTE (present Army engines) to 50% BTE (SuperTruck
Hybridization 10 to 20% Opportunity size dependent upon recovery of braking energ
Diesel Fuel in lieu of JP8 9% Higher volumetric energy density

Assorted Other 510 8% Transmission/Cooling/Vehicle Parasitic Loss Improvements

Total Fuel Efficiency Improvement35 to 48%improvement  Resulting in less risk of life during fuel transportation

FIGURE ES.2 Quantifyingopportunitesfor fuel efficiency.

Notethata 48 percentmprovemenin fuel efficiencyresultsin a 32 percentreductionin thefuel
thatneed to betransportedo thefield to providean equivalentamountof energy. Thesenumbersshould
not be considereca commitmentbut a vision of whatmay be possibleandshouldbe pursued Experience
hasshownthatit maynot be possibleto realizeall of thefuel economyopportunitieson aroadmap.

The committeddentifiedsomeencouragingncrease batteryenergydensity whichwill provide
morecapablenybridsandUAVs, aswell aslightentheload of the dismountedsoldier.A numberof these
opportunitiesvherefurtherinvestmenis justified arediscussedn thereport.Particularlyencouragingre
recent developmentsshowing that zinc-based batteries with reconfigured three-dimensional 3D)

8 SeeAppendixK.
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architectures,once moved to a new performancecurve, bypassthe safety issuesassociatedwith
rechargeabl&i-ion batterieswhile providing significantimprovementsn both energyandpowerdensity
atthesystemlevel.

Direct energy conversiontechnologiesbeing pursuedby the Army continueto advance.For
example solid oxidefuel cells (SOFCs)offer promisein operationsvherealow noisesignatureoverlong
distancess desiredWork is now proceedingn onboardIP8reformerssizedto fuel L0kW SOFCauxiliary
powerunits (APUs) for groundcombatvehicles. The challengethough,is significant; SOFCrequiresthe
sulfurlevelin thefuel to be belowaboutl ppm,whereasIP8andthe ultra-low sulfur domesticdieselare
allowedto havesulfur levelsof 3000 ppm and 15 ppm, respectivelyln addition, SOFCsoperateabove
about700°C, sosomewhatengthystartup times(30 minutesto afew hours)needto befactoredinto their
deploymentProtonexchanganembrand PEM) fuel cells,which arenow beingusedto powercommercial
trucksandbusescould providefaststartup but alsointroducea new challengeof providingandhandling
hydrogenin thebattlefield.

To assessheimportanceof stealthoperationin selectedprime propulsionpowertrainsthe useof
combatforce-on-forcesimulationstudiesarerecommendedsOFCHlow acousticsignatureandPEM fuel
cells (low acousticand thermalsignatures)nay offer certainadvantages selectedapplicationsA key
guestionto consideris the following: When adversariesare employing dronesand enhancedsensor
technologiescanagroundcombatvehiclebrigadewith or without tracksevertruly beundetectable?

In termsof forwardoperatingbasesndtacticalcommandoosts thecommitteewasencouragethy
andcommendshigh-priority Army advancementsow underway on new microgrid conceptssuchasthe
SecureTactical AdvancedMobile Power(STAMP) projectusing a Tactical Microgrid Standard TMS).
The objectiveintegrationof powergenerationdistribution,batterystorage metering control systemsand
on-boardvehiclepowerfrom mobiletacticalplatformsinto an AC/DC microgridessentiallywill makeJP8
and electricity more fungible, thereby enhancing* Energy-InformedOperations”capability to manage
energymoreeffectivelyto meetbattlefieldneeds.

Consistentwith paststudies,the committeedid not find wind, hydro, large-scalesolar, or waste
recoveryto bepracticalfor battlefielddeploymentHowever aswith thecaseof smallnucleampowerplants,
they may havean appropriateplacein semistationarybasedocatedin permissivelocations.ln addition,
althoughtheywerenotafocusof this study,smallflexible roll-up solarpanelsandsmallsolartrailersnow
commerciallyavailableandcanprovideexpeditionarypersonnetith afallback batterychargeror power
sourcefor laptopcomputersandradios.

The study noted that the demandsof somefuture operatingenvironmentgsmaller formations
supportedby logistical andfire support)suggesthatthe Army’s P&E efforts shouldhavean increased
emphasi®n howto supportadistributedforce structure jncludingthe dismountedsoldier.

Forthedismountedoldier,thecommitteewasparticularlyimpressedvith someof thework under
way to adaptthermophotovoltai¢ TPV) devicesanotherdirectenergy-€onversiortechnology to tactical
application.The soldiersilent power (SSP)projectutilizes a micro-combustorto convertJP8or dieselto
heata nano-engineeredhfrared emitter, and tuned photovoltaic(collector) cells to convertthe heatto
power. This solid-stateconversiontechnologyoffers the potentialto significantly lightenthe dismounted
soldiers loadasthe Army seekdo increaseahe seltsustainmenperiod from 3 to 7 days. TPV technology
could alsobe usedfor otherArmy applicationsit hasalreadybeenproposedor smallUAV propulsion.
Furthermorejt could potentially be usedto power “mule vehicles” intendedto lighten the dismounted
soldiers weightburden.

The Army hasalreadydonemuch suchwork on mule vehiclesunderwaywith their small multi-
purposeequipmentransport(SMET) program.Eachmule hasthe capability of carryingup to 450 kg of
equipmenwwhile providingupto 3 kW of electricalpowerwhile stationaryand1 kW while moving.Other
unmannedvehiclesare actively being developedwith the capabilityto exportup to 30 kW of electrical
power.Extrasetsof rechargeablbatteriesouldtherebybecarriedandrechargednthemulevehiclewhile
the dismountedforce was moving. This ability to replenishenergystorageoff of the warfighter would
minimizethe sizeof the batteriescarriedby eachsoldierasthey could be swappedvhenevemeededvith
thereplacemenseton the mulevehicle.
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Substantiabpportunitieshavearisento enhancehe battlefieldsituationalawarenesgssentiafor
Multi-Domain Operationdy 2035,manyof whichwill requiresignificantlymorepower.Forexample5G
communicationfiasmuchhigherbandwidth but requiresgreatermpowerto providethe samerangeas4G.
Servicecoveragas a particularchallengehatneeddo takeinto accountvariedterrainandenvironmental
conditions. Energy-efficient power conversionusing advancedpower electronics,improved power
managementontrolschemeglirectionalantennasanddynamicnetworkoperationwill becritical enablers
for effective5G mobileadhocnetworks(MANETS). Specificrecommendation®r future Army MANET
studiesaredetailedwithin thisreport.

Useof nuclearisotope-decaydevices,suchasthoseusedfor spaceprobes,may be practicalfor
remotesensorstequiringextendedifetimeswith relativelylow powerdemandsHowever their relatively
low powerto-weightratio limits themto an auxiliary role (suchas batterycharging)for higher power
demandapplicationssuchasthe dismountedsoldieror handheldveaponsystems.

Thecommitteebecameawareof severatechnologieshatwould generatdiydrogenin thefield, as
an alternative taransportingit by a supply convoy. This locally producednhydrogencould thenbe used
with PEM fuel cells, providingsilentrangeoperatioroverextendedangesOneapproachinvolvestheuse
of electrolyzerswhich are commerciallyavailabletoday. In this commercialapplication,the produced
hydrogenis usedasa storagemechanisntodayfor energyproducecy renewablesources.

Anotherapproachalbeit lessdevelopedio generatinghydrogenin the field involvesthe useof
aluminumalloys that producehydrogenwhen activatedand combinedwith water. Questionsassociated
with this approachincludewhatsortof apparatusvould berequiredto generateéhe hydrogen dehumidify
it, compresst, andmanagaets flow in a givenapplication.Despitethelower level of technologyreadiness
for this technology further work including detaileddefinition of a potentialapplicationand preliminary
designis warranted.

Future P&E studieswould benefitgreatly from a seriesof detailedbattlefield scenariosagainst
which variouspower and energyalternativescould be evaluated Furthermore given the importanceof
P&E on overall operationalcapabilities,it is strongly recommendedhat the scopeof future warfare
computersimulations(i.e., tacticalexercisewithout troops)be expandedo include P&E considerations.
Thesesimulationsshouldincludeidentificationof the quantityandform of energyto betransportedo the
battlefield,how muchof this missionrrequiredenergycouldbereplacedvith local sourceswhereit would
be stored,any setup or takedowntimes,atwhatrate(i.e., power)thatenergycould be releasedandhow
theenergyneedsf operatingoasesyehicles,anddismountedoldierswould bereplenishedincludingany
refueling or rechargingtime requirementsWhen tabldop wargamesare undertakenwithout computer
simulation,personnelvith powerandenergyexpertiseshouldbe part of the adjudicationand evaluation
teans. It is worth noting thatthis is not a newinsight,asa previousstudy by the DefenseScienceBoard
recommended conductingrealistic wargamesand exercisesthat accuratelyreflect the threatsto and
capabilitiesof thejoint logisticsenterprise.®

In short the committeefound many opportunitiesto enablea more capableArmy within a very
challengingand a somewhatuncertainfuture multi-domain environment.As in any study of multiple
alternatives there are sometrade-offs.For example,if silent mobility and low thermal signaturesare
mandatorywith anextendedange theremaybeaneedto deployalimited numberof hydrogenPEM fuel
cells,albeitwith penaltiesn thenumberof convoytransportrucks.Someof thesetrade-offsfor the major
recommendetechnologiesaresummarizedn thetrade-off/decisiommatrix in TableES.1

Basedon the technologicalopportunitiespresentlybeing studiedby the Army and thosethe
committeeidentified for future study,the committeeexpectghatthis enhanceaperationakcapabilitycan
beachievedwith properlydirectedresearclanddevelopmenéefforts.

® DefenseScienceBoard.2020. TaskForceon SurvivableLogistics: ExecutiveSummary.
https://www.hsdl.org/?view&did=820550.
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TABLE ES.1 Decision/Trade-Off Matrix

Decision/Trade-off Matrix

Givens and Musts

Use energy in a manner that provides the greatest net operational advantage on the battlefield
Supply whatever energy is needed to whomever and wherever they need it

Recognize growing power demand

Support enhanced battlefield situation awareness (improved communication, Al, edge computing)

LS
ound Comba “ Other Considerations
ICE/Transmission Efficiency Improvements ++ + | + | + + | Up to 28% better fuel efficiency
Hybridization ++ + 10 to 20% fuel efficiency improvement
Diesel in lieu of IP8 (when in conflict) + + | + 9% higher volumetric efficiency
Biodiesel in lieu of JP8 (peacetime) + Carbon neutral/renewable fuel
Other Efficiency Improvements + + 5 to 8% fuel efficiency improvement
PEM Fuel Cell Hybrids using Hydrogen - - ++ | 4to 7 times more supply trucks in convoy
Dismounted Soldier/Other Low Power Needs
Solid Oxide Fuel Cells using JP8 + |+ + + ++ | Uses higher density JP8 ilo batteries
UGV "Mule" Vehicles (power export) + | + + | + | + Uses machines to handle what they do best
Silent Soldier Power (Thermophotovoltaic) + | + + + Uses higher density JP8 ilo batteries
Forward Operating Bases
Micro-Grid Technology (Multiple Sources) + 1 T+T+1+1T+1 1 Rapid set-up, integrates vehicle hybrid power
Micro-Grid Hybridization + | | | + | | [ | + | + | Ensures operation at ICE FE "sweet spot"
Applicable to All
Battery Energy Density Increases + | + | + | + | + | + [ I + | + | Important for vehicles, soldiers, and FOB's

NOTE: FE = fuel efficiency; ICE = internal combustion engine; JP8 = jet propellant 8; PEM = proton exchange
membrane; UGV = unmanned ground vehicle.
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Introduction

At the requestof the Deputy AssistantSecretaryof the Army for Researchand Technology
(DASA(RT)), the National Academief SciencesEngineeringandMedicine,underthe auspice®f the
Boardon Army Researcltand Developnent(BOARD), appoined an ad hoc committee—the Committee
on Powering the U.S. Army of the Futurd¢o conducta fasttrack studyto examineU.S. Army’s future
powerrequirements$or sustaininga multi-domainoperationatonflict; andto whatextentemergingoower
generatiorandtransmissionechnologiesanachievethe Army’s operationapowerrequiremente 2035.
The studywasbasedn oneoperationalsagecaseidentified by the Army aspartof its ongoingeffortsin
multi-domainoperations.

To facilitatetherequesfor afasttrackstudy,thedata-collectiorphaseof the projectleveragedhe
recentwork in assessin@lternateenergytechnologiesrom the DefenseScienceBoard, the Air Force
Scientific Advisory Board andthe Army ScienceBoardto surveyand collate dataon promisingpower
technologiesFollowing the guidelinesestablishedby the Decadal Survey on Astronomy and Astrophysics
2020 @stro2020)o createanopportunityfor broadparticipationfrom theresearcltommunityandidentify
emergingtechnologiesearlyin the datagatheringphaseof the project the committeeissueda requestor
white paperson activities, projects,or stateof the professionconsiderationsk-ollowing the call for white
papersthe committeeinvited the authorsof the most promisingwhite papersto participatein a public
forumto discusgheirideaswith thecommittee.

In completingthis study,the committeehas

1. Reviewedthe powerneedsasdefinedin the Army’s multi-domainoperationakcenario;

2. Assessedandidatgpowertechnologiesgainstherequirementsf theoperationalisagecase;
and

3. Recommendethetechnologieshathavethe potentialto achievethe operationatequirements
atthe scaleappropriatdor theU.S. Army in 2035.

The recommendationsontainedin this reportare meantto help inform the Army’s investment
prioritiesin technologiedo help ensurehatthe powerrequirement®f the Army’s future capabilityneeds
areachieved.

STUDY APPROACH

The studyconducteda seriesof opendatagatheringmeetingsand closedcommitteediscussions,
andwasinformedby testimonyfrom expertdn relatedfields, white-papersubmissionsandcommitteeand
staff researchEarly in the study’s datagatheringperiod, a call for white papers(seeAppendix C) was
releasedo solicit input from the broaderscientific and engineeringcommunityon candidatepower and
energytechnologiesThe committeeconductedour major data-gatheringessionsanda seriesof smaller
opendiscussionsvith expertsoverthe courseof the study.Includedin the majordata-gatheringneetings
wasapublicforumheldwith authorsof selectedvhite paperdo discusgheirconceptandinform thestudy
committeés analysis.

Theseactivitieswereconductedontemporaneouslyith theCOVID-19 pandemidrom December
2019to August 2020. As a result, the committeemet only oncein person(December2019) and all
subsequendata-gatheringneetingsandclosedcommitteesessionsvereheldvirtually via online meeting
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software SeeAppendixD for alist of thedatesandspeakershatparticipatedn thestudycommitteés data
gatheringactivities.

In orderto facilitate the evaluationof the diversepower and energiechnologiegpresentedo the
committeefor their operationakuitability for future operatingenvironmentsthe committeesvaluatedeach
acrossa threetier structure(mappingto a 5-, 15-, and 15+yearoutlook) andfor their capacityto meeta
diversesetof criteria. Finally, the committeeusedthe Army’s Armored BrigadeCombatTeamunit asa
benchmarlcasefor the systemsinderconsiderationn this report.

ROLE OF THE WHITE PAPERS

As part of the data-collectionphaseof the study, white papersrespondingto the committeés
requestprovided insightsinto the latest power and energy technologiesnow being explored,and in
particularhowtheymightbeappliedin abattlefieldscenarioThesepapersupportedhecommitteéswork
andinformedthe study. However the committeewas not beholdento the conclusionsof the papersnor
limited to themin its datagatheringefforts. Committeemembersonductedxtensivéndependentesearch
orreliedontheirownexpertisdo reachconclusionsThecommitteeheardextensivaestimonyfrom awide
rangeof expertsin variouspowerandenergyfields from acrossgovernmentjndustry,and academian
developingts conclusionandrecommendations.

A summaryof thecommitteemembebackgroundss containedn AppendixB. Thecall for white
papersis reprintedin Appendix C. A summaryof the committeemeetingat which thosepaperswere
reviewedis containedin Appendix D. Abstractsof the white papersare containedin Appendix E.
Refaencedo specificwhite papersof interestarecontainedwithin themainbody of thisreport.

PAST ARMY STUDIES—ENERGY INFORMED OPERATIONS

As part of the study developmentthe committeebuilt uponwork previouslyconductedby the
Army andpastNationalAcadeniesstudiesRecenbperationscontemporaryArmy doctrine andprojected
operationaconceptgeflecta shift in energyconceptualizatiofrom a commoditylogistic “problent to a
multifaceteddomainthat is integrally tied to operationalcapabilities.In this report the following are
consideed:energyusefor forwardbasepower,combatvehiclemobility, aircraft,unmanned aerial vehicles
andunmannedyroundvehicles,and perhapsnostimportantly, thedismountedsoldier.

Informationtechnologyhastransformedperations—not only by virtue of increased/olume, but
especiallytargetinglatency,adequacyrelevanceyeracity,concisionor otherattributesastheyarecritical
to the various applications. Similarly, energy value derives from timing, location, availability,
interchangeabilityn form, and/orotherattributesdependingipontheapplicationandsituation.In thatvein,
the Army’s “EnergyInformed Operations”(EIO) concept doesnot discourageuseof energy;rather, it
callsfor forcesto “useenergyto the greatesbenefit”

High-priority needs include support of awarenessand managementof energy, including
improvementdo sensing/reporting/predictingnteroperability,efficiency, fungibility, and exchangeln
particular,the documentdentifiestwo key technology-orientedystemicneedsthat spanthe operational
use cases:scalableenergy networksand an energyinformation and managemensystem.An excerpt
follows:

EnergyInformed Operationsaimsto provide the Soldierthe ability to interactivelymonitor and
managegowersystemsn orderto optimizepoweravailability, allowing theunit to maintainmission
critical systemaieededo achievemissionsuccess. . A battlefieldenvironmentpasedn energy

1 Barrow,A. 2015.Army Demonstrate&nergylnformedOperationsMicrogrid. CommunicationsElectronics
ResearchDevelopmenandEngineeringCenter.
https://www.army.mil/article/148287/Army_demonstrates_Energy_Informed_Operations_microgrid.
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informedoperationswill enableourforcesto bemoreagile,moreefficientandmoreableto rapidly
adaptto any missionconditions.This assessmentill resultin increasesn lethality, survivability
andmissioneffectiveness?

Presentationby Army headquarterandscienceandtechnologyrepresentativeto the committee
highlighted ongoing initiatives to meet such needs,from networks of on-Soldier systemsto tactical

microgrids.

2 |bid.
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1

The Multi -Domain Operations and the 20350perational and Technology
Environment

TODAY'S OPERATING ENVIRONMENT

Multi-Domain OperationdMDO), by definition, involve a broadrangeof coordinatedefforts
involving not only combinedarmsmaneuverput alsovariousinformation, cyber,and spaceoperations.
Moreover, the Army’s conceptemphasizesonflict avoidanceand influencing friendly, neutral, and
adversariagroups.

The Army Training and Doctrine Command (TRADOC) Definition of
Multi-Domain Operations

MDO describesiowtheU.S. Army, aspartof thejoint force, cancounteranddefeatanadversary
capableof contestinghe United Statedn all domains(air, land, maritime,spaceandcyberspacein both
competitionandarmedconflict. Theconceptdescribetiow U.S.groundforcesdeteradversarieanddefeat
highly capablenearpeerenemiesn the2025-2050timeframe MDO providescommandersvith numerous
optionsfor executingsimultaneousandsequentiabperationausingsurpriseandthe rapid and continuous
integrationof capabilitiesacrossall domainsto presentnultiple dilemmasto anadversaryin orderto gain
physicalandpsychologicahdvantageandinfluenceandcontroloverthe operationaknvironment:

Althoughthe studywasintendedto be basedon an Army MDO scenariotangiblescenariosvere
not availableat the time of the study effort. In lieu of suchscenarig, the study committeeheld a data-
gatheringsessiordedicatedo understandinghe Army’s currentthinkingon MDO andthe 2035operating
environment.The outputof that meeting combinedwith additionalinputs, mostnotably from RAND’s
Arroyo Center,guidedthe committeés assessmertf power and energyP&E) systemsThe committee
choseto focus on maneuverperationsof an Armored Brigade Combat Tea(ABCT), becausst is a
predominantcombat formation and representsone of the most challenging scenariosfrom a P&E
standpoint

Overview of Total Energy Transported To the Field

For an ABCT today, the vast majority of energytransportedo the field is in the form of jet
propellant 8 JP§ fuel, dueto its volumetricenergydensitysuperiorityovereveryothersource gxceptfor

! CongressiondResearciBervice.2020.DefensePrimer:Army Multi-DomainOperatios (MDO).
https://fas.org/sgp/crs/natsec/IF11409.pdf.

2While theU.S. Marine Corpshassimilar needgo the Army, the committeescopedhe studyto focuson the
Army specifically. FurthermorelJSMC requirementg$or mobility andtransportatioraredifferentandthe USMC
hasrecentlybegunretiring their Abramstanks,which area majorfocusof this study.For thesereasonsghe
committeehaschoserto focuson the Army.
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nuclear.To puttherelativepowerrequirementi perspectivetheenergyusagdor al2-dayABCT mission
(including defensiveandoffensiveoperations)s providedin Table1.1.2

The514,000gallonsof JP8estimatedo be usedby anABCT (shownin Table 1.] would equate
to roughly 18,800MWh of chemicalenergy.Dividing this 18,800MWh by the 288 hoursin a 12-day
mission resultsin an averagepower expenditureof 65 MW for an armoredbrigade over a typical
deploymentPeakpowerdemandsiuring the thick of combatwhile on maneuvemerenotidentified, but
are of coursesignificantly higher.As a roughcomparisonthe 69,046batteriesusedby the sameABCT
provide2.5 MWh of electricalenergy avery smallfractionof the brigades total energyconsumptiorf.

TABLE 1.1 ArmoredBrigadeCombatTeamOverview(12-Day Operation)

Fuelusage 514,464gallons of JP8
Batteryusage 69,046 batteries
Authorizedpersonnel 4,216 soldiers
Authorizedequipment 37,876 pieces

SOURCE:SchwankhartR. 2020.EnergyConsumptiorRequirement®verview—Armored BrigadeCombatTeam
(ABCT) CaseStudy.Presentatiomo the committee RAND Corporation.

Anticipated Operating Environment of 2035

To bring thejoint forcetogethetin afocused coordinatedandstrategiovay, enhancedbattlefield
awarenessis critically important. Supporting this technology, there will be improved bandwidth
communications,leveraging commercially available technologies(including 5G), but with unique
modificationsfor military use. Theseadaptationgnclude systemwide enhancementto accommodate
terraindifferences andthelack of fixed nodes.

Increaseduseof unmanned aerial vehiclesnmannedyroundvehicles,remotecontrol vehicles,
and mannedand remote sensorswill provide everincreasinginformation to be processedAvoiding
“informationoverload”to the warfighterswill be essentiallnformationalcontrolwill beaccomplishedy
providing all soldiersjust what eachneedsto know whenthey needto know it while allowing artificial
intelligenceprogramgo handletherest.

At the sametime, new weaponsystemsnow being developed,such as directed energy and
cyberwarfareweapons,may add to the everincreasingelectrical power requirementsof the future
battlefield.

Forthepurpose®f this study,the committeeassumedhatheavyarmoredyroundcombatvehicles,
bothmannedandunmannedsupportedy dismountedoldierswill continueto beanimportantcomponent
of the Army’s fighting forcesfor theforeseeabléuture. Thecommitteerecognize thattherewill alsoneed
to besomenewlight reconnaissanceshicles(mannedor unmannedapableof stealthoperationsLastly,
thecommitteesupporsthe Army’s statedobjectivefor 7-dayself-sustainmenof ourfront-line forces fully
recognizingthat this presentssignificantchallengesn termsof providing adequatgower,ammunition,
food,andwater?®

3 Volumetricenergydensityis consideredo be a moreimportantmetricthangravimetricenergydensity
becausdP8supplytrucks“cubeout’ beforethey“weighout.”

4 Note: The Operationalogistics(OPLOG)Planneiis the maintool providedby CombinedArms Support
Command CASCOM)to assessnissionequipmentindenergyneeds.

5> Williamson,M. 2020.The Army’s M1 AbramsTank ReplacementWeaponsandWarfare.
https://weaponsandwarfare.com/2020/11/16&maysml-abramstankreplacement/
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Upon reflection, the committee believesthat its work would have benefited from a better
understandingf how the Army expectsto operatewithin a multiple service,multi-domainoperational
environment.More specifically, being provided at study initiation with a set of detailedscenariosof
personnelyehicles,andequipmento bedeployedwould havebeenhelpful.

Recommendation:For future studies,the Army should make available a clearer view of

how multi-domain operationswould be conducted,suchasthrough detailed scenariosthat
describescience and technology needs féfiulti Domain Operations in 2035
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2

The Power and Energy TechnologyAssessmencCriteria

OPERATIONAL IMPORTANCE OF ENERGY ATTRIBUTES

Army Field Manual3-96 (8 Oct 2015)statesan ArmoredBrigadeCombatTeanis (ABCT’s) role
is to “concentrateverwhelmingcombatpower.Mobility, protection,andfirepowerenablethe ABCT to
conductoffensivetaskswith greatprecisionandspeed.* An ABCT’s combined-armsattalionsincludea
variety of armoredvehicles,artillery, intelligenceand signalsequipment,engineeringcapabilities,and
chemical, biological, radiological, and nuclear (CBRN) reconnaissancdn addition, ABCT’s can be
augmentedvith a variety of additionalcapabilitiesto adaptto missionrequirementssuchas aviation,
armor, air defensemilitary police, civil affairs, military information supportelements,and additional
informationsystemsassets.

The basicconceptof mobility, protection,andfirepowerapplyto higherechelonsandalsoscale
down to dismountedsmall units. For example,the 2013 National Research Council reddeking the
SoldierDecisiveon Future Battlefieldscalled out the specific attributesof situationalawarenesseffects
(lethalandnon-lethal), maneuverabilityagility, mobility), sustainability, and survivability asessentiato
smallunit success.

The wide variety of missionspresentimilar and continuingchallengego acquiringandfielding
powerandenergy(P&E) systemghatenablethe ABCT to optimally carryoutits offensive,defensiveand
sustainmentasks.DoD acquisitionpolicy continuallyevolvesin aneffort to meetthecombinedjoint, and
coalitiondemand®f themodernbattlefieldandechoessimilar attributesneededor successfuacquisition
programs.DoD Directive 5000.01 setsthe conditionsfor a responsiveacquisition policy and places
particular emphasison the overall affordability; environmental, health, and safety concerns;and
sustainability®

More thananyindividual weaponsystemijt is P&E thatenablesnaneuverabilityawarenessnd
lethality from theotheroperationatapabilitieso a degreghatensuresnissionsuccesswith thisin mind,
the committeeconsidered/ariousrelevantenergyattributesof importancancludingthe following:

Specificenergyandpoweroutput

Energyefficiency,

Weight,

Volume

Endurancétimeto refuel,rechargepr replace)

Durability (performancen austereor hazardougnvironment®r undershockor damage)

1U.S.Army. 2015.Army Field Manual3-96 BrigadeCombatTeam.
https://armypubs.army.mil/epubs/DR_pubs/DR_a/pdfiweb/fm3_96.pdf.

2 NationalResearcltCouncil.2013.Making the Soldier Decisive on Future Battlefielflse National
Academiedress Washington, DC

3 OUSD(A&S). 2020.DOD Directive 5000.01 Office of the UnderSecretaryf Defensefor Acquisitionand
Sustainmenthttps://www.esd.whs.mil/Portals/54/Documents/DD/issuances/dodd/5p@ii?ver=202@9-09-
160307310.
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Signaturgacousticthermal,radio frequency);

Vulnerability to attackanddisruption,portability/mobility, supplyand maintenanceoncerns
(e.g.,challenge®f materielandfuel sourcingandrarity of materials)
Financialconsiderations-investmentunit cost,andschedule

Safetyissues;

Personnetrainingrequirements; and

Policy andregulatoryconcerns.

Althoughthe committee did not creat&apnerTregoedecisionmakingmatrix with quantitative
assessmenter eachof theaboveparameterfor eachof thetechnologie®valuatedtheabovefactorswere
all consideredjualitativelyasthe committeedevelopedts recommendationgdditionally, the committee
consideredhefollowing subgoalgo be ofprimeimportance:

X

x

Supplyingwhateverenergyis neededo whomevemeedst, whereverandwhenevetheyneed
it. Justasonewould neverwant a soldierto run out of ammunition,food, or water, having
adequat®&E saveswvarfighterlives andis essentiato their success.

Recognizinghe needto meetgrowing powerdemands

Supportingenhancedattlefield situationalawarenessor all warfightersbasedon improved
communicationsinformationprocessingandartificial intelligence

Reducingfuel transporineeddgo savelives duringresupply.
Reducingtheweightthatthe dismountedsoldierhasto carry.

Redudng theweightof all typesof vehicles(i.e., groundandflight assetshbothmannedand
unmanned)

Increasinghe Army Brigadés self-sustainmentapabilityfrom 3 to 7 days

Providing rapid mobility acrossa variety of terrain for dismountedsoldiers,vehicles,and
forwardoperatingoasesThisincludesrapidsetup andbreakdowrtimesfor forwardoperating
bases.

Maintainingor reducingthetime requiredto refuel,rechargeor providenewsource®f power.
Possessing capability to utilize a wider range of globally available resourceg(i.e. fuel
resourcesitilized by alliesandadversaries)

Maintaining a capabilityto disableor lock-out energyresourceghat fall into hostile hands
particularlythosewith proprietarytechnology

Employing environmentallyfriendly technologiesvhereverpracticalwithout compromising
military objectives.

THREE-TIERED TECHNOLOGY STRUCTURE

In orderto providethe bestassessmemtf P&E technologiego supportArmy operationsn 2035,
the committeeadopteda threetieredview with respecto technologyeadinessevels(TRLS).

Tier 1. Systemdemonstratiorachievablewithin 5 yearsfrom TRL 5-7 to TRL 7-8, andan
operationakystemacquirableby 2035.

Tier 2. Conceptor systemdemonstrationachievablein 15 yearswith an estimateof the
additionaltime requiredfor anacquiredsystem

Tier 3. Beyondthe 15yearhorizonatthe TRL 24 level.

Tier 1 involvesP&E technologieshatwould achievea 5-yearsystemdemonstratiofirom TRL 5
7to TRL 7-8, then10yearsto acquireanoperationabystemby 2035.Tier 2 technologiesvould delivera

PREPUBLICATION COPY —SUBJECT TO FURTHER EDITORIAL CORRECTION

2-2

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/26052

Powering the U.S. Army of the Future

conceptto feasibility demonstratiorfrom TRL 4-6 to TRL 6-8 in 15 yearswith an operationalsystem
acquiredsometimeafterthe demanstration Tier 3 technologiesvould not deliver a conceptto-feasibility
demonstratiorby 2035andcurrentlyexistat the TRL 24 level. However,with investmentandresource
allocation,conceptto-feasibility or systemdemonstratiorrould beachievedn the subsequendecade.

Physicsand engineeringprinciplesare usedto judgethe credibility of the P&E sourcedor each
tier. To be considered,detailed engineeringand system descriptionsthat support the performance
characteristicef eachP&E sourcearerequired For each ofinding, conclusion, and recommendatitme
committee identified the relevant corresponding tier.

LEAD, WATCH, FOLLOW

The private sector is currently investing resourcesand personnelinto several P&E-related
technologyareasthat canbe leveragedoy the Army in the 2035timeframe.However,manytechnology
areas have commercial market demand and several technologiesrequire specific alterations and
modificationsto meetArmy operationarequirementsWith this duality in mind, the committeeoptedfor
a“lead,watch,follow” methodologyin assessingachtechnologyarea.For each finding, conclusion, and
recommendation, the committee the relevant corresponding approach.

Lead: Technologieslacking primary market value in which the Army will needto lead on
investmenbf fundingandresources.

Watch: Technologiesn which the majority of developmentwill occurwithin the commercial
sectorin responseo marketdemandsut will requireuniquecapabilitiesto meetArmy specific
operationaheeds.

Follow: Technologieghat will likely be wholly developedwithin the commercialand private
sectorthatthe Army canacquireandadopt” off theshelf’ asneeded.

DIFFERENT USESDEMAND DIFFERENT SOLUTIONS

The significant differencesin how power is provided and distributed to the battlefield are
summarizedelow.Notethatno singlesolutionworksfor all users.

Milliwatts for distributedremotesensors

Wattsfor smallunmannedherialvehicles(UAVs) andsoldierequipment

Kilowatts for emergingdirectedenergyweaponssuchaslasers

Megawattsandmorefor groundcombatvehicles,emerging(FVL) helicopters/VTOLaircraft
andforwardoperatingbases

X X X X

Thekey s to find theappropriatgpowersourcefor eachuse.In thisregard the committeechoseto
focusonthedismountedoldierandlight UAV/unmanned ground vehiclddGVs) in Chapted, onground
vehiclesandlargeweaponsystemsn Chapters, andon forward operatingoasesn Chapter6.

Thesesignificantdifferencesin usecasegwith the spanof powerrequirementsangingseveral
ordersof magnitude)ed to someinterestingchallengesn creatingthe structurefor thisreport.To address
this, Chapter3, “PowerSourcesConversiorDevices,andStorage’ containsanoverviewof variousP&E
sourcesandconversiordevicesln casesvherea giventechnologymakessensdor only onespecificuse
casemoredetailis providedin the chapteraboutthatuse.For example the detaileddiscussiorof mobile
nuclearpower plantsis containedin Chapter7, “ForwardOperatingBasePower’? Similarly, a detailed
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discussionof radioisotopedecaydevicesis includedin the Chapter5, “DismountedSoldier Powerand
Light UAVS/UGVs.”

Becausdatteryor capacitoimprovementsiaveapplicabilityto all threeusecasesthediscussion
on their potentialtechnologicalimprovementsare wholly containedwithin Chapter3, “Power Sources,
ConversiorDevices,andStoragé.
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3

Energy Sources,ConversionDevices,and Storage

ENERGY SOURCES,CONVERSION DEVICES. AND STORAGE

Powerand energy(P&E) technologyin its mostbasicform centerson energysourcesgnergy
storageconversionandmanagemerfunctions.Theoverallgoalis to useenergyto providethemaximum
operationahdvantageHow muchenergycanbestored the sourceof thatenergy how efficiently it canbe
convertednto powerto performwork arekey in the assessmentf a particularP&E technology Military
operationsstresseachof thesecriteria far beyondcommercialdemands-military vehiclesdemandfar
higher power levels while sourcesand storagecreatecritical logistical concernsFor thesereasonsthe
committeereviewedandinvestigatedseveratechnologyareadrom military staplessuchasjet propellant
8 (JP8§, to future conceptssuchasnuclearbatteriesandsmallreactorsandassessetheir viability against
thelikely demandf thefuture operatingenvironment.

Energy Density Is Critically Important

Figure3.1 providesausefulcomparisorof gravimetricenergy(functionof weight)andvolumetric
energydensity (function of volume) of the liquid and gaseouduel sourceghat could be consideredor
battlefield deploymentUsing a high energydensityfuel is critically importantfor the Army, becausat
determineghe amountof fuel thatmustbelogistically broughtto thefield andstored.

Other criteria that will be consideredin evaluating alternative energy sourcesare safety,
availability, easeof handling,andfuel conversiorefficiencies.

FIGURE 3.1 Energydensitycomparisorof transportatiorfuels indexedto jet propellant 8 JP§ = 1. NOTE: This
chartdoesnotincludeconsideratiorof the fuel tanksor otherstoragemediumfor thesefuels. SOURCE:Data from
U.S.EnergylnformationAdministration 2013.Fewtransportatiorfuels surpasshe energydensitiesof gasolineand
diesel.https://www.eia.gov/todayinenergy/detail.php?id=9991
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Liquid Energy Sources

Liquid petroleumderivedfuels havemore energyper unit volume (which determineghe number
of supplytrucks)thanany othertransportatiorfuel. This high energydensityensuresvidespreacuse of
petroleumderivedfuels throughoutthe military. In comparisonthe energydensityof batteries(roughly
0.7 MJ/kg) is significantlylessthanJP8(44 MJ/kg). In addition,aspreviouslydiscussedn the executive
summaryrefuelingtimesusingliquid fuelsaresignificantlylessthanrechargingimesfor batteries:

JP8versusDiesel

The energydensity(per unit volume) of JP8anddieselexceedghat of all othercommonlyused
transportatioriuels, suchasgasoline pbiodiesel,andcompressedaturalgas(Figure3.1). This superiority
hasa directimpacton the numberof truckspersupplyconvoy(or numberof convoys)thatdeliverenergy
to the battlefield. Minimizing that fuel transportalso minimizesthe numberof soldiersand supporting
personnehtrisk duringtransportof thatfuel.

Dieselhasroughly 2 percentmoreenergyperunit weightthanJP8and9 percentmoreenergyper
unit volume.The higherenergy-petunit-volume of dieselis dueto its higherdensity(i.e., 0.832kg/L for
dieseland 0.804 kg/L for JP8).As shownin Table 3.1, thereare also someotherimportantdifferences
betweenJP8anddiesel,particularlyin termsof cetaneratings,viscosity,andsulfur content.

Viscosity

The maximumviscosityfor JP8is specifiedat i20°C, whereaghe maximumviscosityfor diesel
fuel is specifiedat 40°C (seeFigure 3.2). Underextremelycold environmentatonditions, both dieseland
JP8cangel, with dieselbeing more susceptibleo cold weatherfailure than JP8 Waxing refersto this
situation,in which the paraffinhydrocarbong thefuel congealforming wax-like particlesthatcaneither
coatthesurfacegheycontactor plugfuelfilters. Forthisreasonthedieselfuel availableat servicestations
is typically ablendof DF1 andDF2, seasonallyadjustedbasedn local ambienttemperatureDF1is also
known aswinter dieselfuel becauset performsbetterin cold temperaturesDF2 is typically usedduring
summerconditions.

Sulfur Content

Becausenmilitary vehiclesarenot requiredto meetthe sameemissionstandardaspassengeand
commercialvehicles,they have much simpler exhaustaftertreatmensystems Whereaspassengeand
commercialehicleswith dieselengineamustuseultra-low sulfur fuel (i.e., 15 ppm) to preventdamagedo
their aftertreatmenpollution controldevicesthe JP8usedin military vehiclescanhavea sulfur contentof
up to 3000ppm.?

1 U.S.EnergyinformationAdministration.2013.Fewtransportatiorfuels surpasshe energydensitiesof
gasolineanddiesel .U.S. https://www.eia.gov/todayinenergy/detail.php?id=9991

2Muzzell,P.A. 2011.AlternativeFuelsfor Usein DoD/Army TacticalGroundSystemsU.S.Army Research,
DevelopmentandEngineeringCommandRDECOM).ARC CollaborativeResearctseminarSeries.
https://apps.dtic.mil/dtic/tr/fulltext/u2/a537892.pdf
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TABLE 3.1 Dieselversts JetFuel

SOURCE: Muzzell, P.A. 2011. Alternative Fuelsfor Use in DoD/Army Tactical Ground Systems.U.S. Army
ResearchDevelopment,and EngineeringCommand(RDECOM). ARC Collaborative ResearchSeminarSeries.
Available at https://apps.dtic.mil/dtic/tr/fulltext/u2/a537892.pdf.

CetaneRating

ThebiggestcomplaintaboutJP8is the high degreeof variability in its cetaneating, particularlyat
the lower end.Cetanes a measureof a fuel's tendencyto autaignite, with highercetanebeingeasierto
autaignite thanlower cetane As shownin Figure 3.3 cetaneratingsfor JP8vary widely with the source,
whereadDF1 and DF2 dieselfuel requirea minimum 40 cetanerating. Although the rating variability is
not a problemwith turbine-operatedaircraft (or the turbineoperatedAbramstank),it canposea problem
for internalcombustiorenginesparticularlyin cold weather.

Thecetandndexof afuel affectstheenginés ignition delay,i.e.,thetime betweertheintroduction
of fuel andthefirst indicationsof heatrelease Selectingthe optimalinjectiontiming hasa majorimpact
onfuel efficiency.Althoughthis optimizationis difficult to doondieselenginesvith pump/line/nozzlduel
injection systems optimal injection timing can be achievedwith moderndieselsemployingdirect fuel
injectionwith in-cylinderpressuresensorsAuto-ignition andtheimpactof cetaneaatingarealsoimportant
considerationgor someadvancedcombustiontechnologiessuchas homogeneougshargecompression
ignition andfree pistonengines.
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FIGURE 3.2 Kinematicviscosityby temperatureSOURCE:Muzzell, P.A. 2011.Alternative Fuelsfor Usein
DoD/Army TacticalGroundSystemsl.S. Army ResearchDevelopmentandEngineeringCommandRDECOM).
ARC CollaborativeResearctseminarSeries https://apps.dtic.mil/dtic/tr/fulltext/u2/a537892.pdf.

FIGURE 3.3 Jet propellant 8JP8 cetaneratingsby source SOURCE:Muzzell, P.A. 2011.Alternative Fuelsfor
Use in DoD/Army Tactical Ground Systems.U.S. Army ResearchDevelopment,and EngineeringCommand
(RDECOM).ARC CollaborativeResearctseminarSeries https://apps.dtic.mil/dtic/tr/fulltext/u2/a537892.pdf.
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Biodiesel

Biodiese] a renewablecarbon-neutrafuel, is usedcommerciallytoday as an alternativefuel to
diesel.lt is typically producedfrom rapeseedpredominantin Europe),soybeangpredominantin the
United Statels animalfats,andwastecookingoil. Biodieselcetaneratingstypically arearound55, while
commerciallyavailablepumpdieselcetaneratingstypically run betweerd8 and50.2

Unfortunately, pure biodiesel(i.e., not blendedas a low percentageof DF2 diesel) can pose
operationalconcernssuchasthe fuel filter pluggingor waxing experiencedn selectedvehiclesunder
specificuseprofilesandambientconditions Hence somesortof acceptabilitycertificationrequirementor
the variousbiodieselsourceswould be requiredto assurereliable usein vehicles.Therealso might be
expirationtime limits on thefuel.*

Giventheincreasingurgencyto addresglimatechangebiodiesel(arenewablecarbon-neutral
fuel) mayserveasa preferredfuel sourceduring peacetimeasa reductionin greenhousgasesnaybea
morepressingconcernthanbattlefieldsupply The sametechnologythatenableseamlesgransitions
from JP8to dieselcouldalsoenableJP8to biodieseltransitions.

Whenthe United States isngagedn awar, eitherJP8or dieselarepreferredfuel choicesbecause
both havehigherenergydensitythanbiodiesel.Dieselhasa 9 percentand 15 percenthighervolumetric
energydensitythanJP8andbiodiesel respectivelyTheuseof dieselor JP8would requireproportionately
fewer supplytrucksto carry the sameamountof energyto the battlefieldthanbiodiesel therebyreducing
lives potentiallylostin supplyconvoys.During a military conflict, savingwarfighterlives becomesa more
importantimmediateconcernthanreducinggreenhousegases.

Finding: Biodieselmay be a preferredfuel sourceduring peacetimegiven the growing needto
addresglimate change Certificationfor acceptabilityof the varioussourcesvould be neededo
ensureanyreliability concernsareaddressedTier 1, Lead)®

Gasoline

Gasolinehasroughlysimilar energycontentto JP8on bothaweightandvolumebasis.Gasolinegs
lessdesirablghanJP8or dieselasafuel for military vehiclesdueto its lower flashpoint.” Fuelswith higher
flashpointsarelessflammable contributingto alesshazardousituationandthereforeamprovesafetyand
combatsurvivability. Forcomparisontheflashpointfor gasolines roughly i45°F, whereagheflashpoint
for JP8is around100°F8 For instance a matchdroppedinto a pool of gasolinegenerallywill ignite its
vaporsandcontinueto burn.A matchdroppednto apool of dieselwill extinguishitself. To createadiesel
flame,a hot sourceis required suchaswhenadieselfuel line leakswith thedieselfalling on a hot exhaust
manifold.

3 SeQuential2018.ComparingengineWear: PetroleumandBiodiesel.https://choosesg.com/blog/comparing-
enginewearpetroleumandbiodiesel/

4Van Gerpen,J. 2005.Chapter3: The Basicsof DieselEnginesandDieselFuels.The BiodieselHandbook.
Champaignlllinois. AOCSPress.

5U.S.EIA. 2013.Fewtransportatiorfuels surpasshe energydensitiesof gasolineanddiesel.U.S.Energy
InformationAdministration.Available at https://www.eia.gov/todayinenergy/detailgdhd=9991.

6 The committee’s findings, conclusions, and recommendations are categorizeitsubiegtieredview with
respecto technologyreadinessevels(Tiers 1 to 3) and itmethodologyfor assessingachtechnologyarea(lead,
watch, follow), discussed in Chapter 2.

" A liquid fuel' s flash pointindicatesthe temperaturet which existingvaporscancombustandignite.

8 Hagerty,B. andS. Peranteaw2005.Vehicle Fluid Flammability Tests.Fire and Arsoninvestigation
Availableat https://garretengineers.com/cases$-the-month/whatautofluids-burn/.
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Within the combustionchamberof an internal combustionengine,gasolineis more difficult to
autoignite thandiesel.The standardneasuref a gasolinesamples difficulty in autoignitionis its octane
rating. From a fuel efficiency standpointhigheroctaneratingsare preferredin gasolineenginesbecause
they are harderto autaignite, therebyallowing sparktiming to be advancedoroviding the combustion
energyreleasedy thefuelto beexercisedor agreatepercentagef theexpansiorstroke. Thisdesirability
of higheroctaneratingfor gasolinefuelsis comparabléo thedesirabilityof highercetanaatingsfor diesel
fuels,which is a measureof a dieselsample’seaseof autoignition.Higher cetaneratingsare preferredin
dieseldo ensuraeliableandconsistenignition andcold weatherstartingin theabsencef asparkactuated
combustiorevent.

Alcohols

Ethanolis typically producedfrom corn, grains, or agriculturewaste (cellulose). Methanolis
typically producedirom naturalgas,coal, or woody biomass Ethanoland methanolhave69 percentand
45 percentof the energycontentper unit volumeof JP8,respectivelymakingthemimpracticalasa sole
sourceof fuel for amilitary groundvehicle?!

NATO SingleFuel Forward Policy

To date theArmy hasreliedheavilyonJP8aspartof its “ singlefuel forward’ policy—onemilitary
fuel on the battlefieldacrossall groundvehicle platforms.In additionto beingan Army fuel for ground
vehicles JP8is afuel for turbinepoweredaircraftandis specifiedoy MIL -DTL-83133andBritish Defense
Standardd1-87. It is similar to commercialaviatioris JetA-1 fuel, but with the addition of a corrosion
inhibitor/lubricity improver, icing inhibitor, and an antistatic agent. Optionally, a metal deactivation
additiveandantioxidantmaybeincludedin theformulation In additionto beingusedasa fuel for ground
combatvehiclesandgeneratorsJP-8 is usedasa fuel for heatersand stovesby the U.S. military andits
NATO allies?

Thisfuel wasintroducedn 1978within NATO (with anF-34 fuel designation)n orderto simplify
the logistics supply chainfor petroleumproducts.The primary goal of the single fuel policy (SFP)is to
achieveequipmentinteroperabilitythroughusing a single fuel and ensuringthat the specificationof the
fuel is standardizedwith its commercial equivalentin common use. The physical and chemical
characteristicef thefuel aresuchthatit canbeintroduced stored transportedanddistributedby thefuel
logistic systems.

Finding: JP§ diesel, and/or biodieselare all potential fuels to be suppliedto the battlefield,
particularly for high poweruse applicationssuch as armored ground combat vehicles. The
complexity impact of using multiple fuels on the logistics chain needsto be comparedto the
benefitsdiscussed(Tier 1, Lead)

Alternatively SourcedLiquid Hydrocarbon Fuels
TheArmy is alsostudyinga numberof alternativefuelsderivedfrom biomasdeedstockandfossil

energy(shale,coal, petcoke).This initiative is intendedto provide further military operationflexibility
throughthe ability to usemultiple, reliablefuel sourcesin all suchcasesthefuel procuredmust:(1) meet

9 Aydogan,H. andE. Altinok. 2019.Effectsof UsingJP8DieselFuelMixturesin a Pumplnjector Engineon
EnginePerformanceBilge InternationalJournal of Scienceand TechnologyResearch
https://www.researchgate.net/publication/338283921_Effects_of Using_JP8
Diesel_Fuel_Mixtures_in_a_Pump_Injector_Engine_on_Engine_Performance.
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JP8 fuel performancespecifications;(2) require no changesin the vehicle, equipment,or supply
infrastructure and(3) be capableof beingmixedand/orblendedwith petroleumderivedfuel.*

Biomassderivedjet (biojet) fuel, alsoknownasalcohotto-jet (ATJ) fuel, is anotherexampleof an
alternativelysourcedhydrocarborfuel. It hashecomea key elementin the aviationindustrys strategyto
reduceoperatingcostsandenvironmentalmpacts As expectedthefocusherehasbeenonits acceptability
within gasturbineapplicationswith lessemphasisn its usein internalcombustionengines ATJ fuel is
mixed 50%/50%with JP8to increasats aromaticcontent,which is essentiato ensurethatthe sealswith
fuel systemsswellto preventleakage.

Whenusedin internal combustionenginesthe cetaneratingsof ATJ-blendedfuels canpresent
someproblems As shownearlier,JP8cetaneratingscanbe aslow as30 dependingipontheregionfrom
which it is obtained.The cetanenumberof ATJ is evenlower, roughly at 18. As a result,the ATJ/JP8
mixtures can createinternal combustionenginesproblemswhile being fully acceptablefor aviation
turbines.

One possibleapproachto addresslow cetaneratingsif ATJ/JP8blendsare usedin internal
combustionengineswould be utilization of cetaneadditives.To minimize the impacton soldiertasking,
onesolutionwould beto useinline fuel filters thatmeterthe addition.If sizedproperly,thesefilters could
be part of the scheduledmaintenancejust as dieselexhaustfluid containersare replacel on today’s
automotivedieselsduringoil changes.

Conclusion: Alternativeliquid hydrocarborfuelsarecompositionallyariableandmayintroduce
new durability concernsand,in the caseof ATJ fuels, may not providethe cetaneratingsneeded
to run properlyin internalcombustiorengines Although alternativefuels may be suitablefor use
onanadhocbasisduringcombatoperationstheir suitability asa morepermanenstapleof thefuel
supplysystemwill requirea carefulcostbenefitanalysison a case-by-casbasisoveravariety of
environmentatonditions.(Tier 1, Follow)

GASEOUSENERGY SOURCES
CompressedPropane

Compressegbropanehasroughly 73 percentof the energycontentper unit volume of JP8and
roughly 14 percentetterenergycontentperunit weight.Much or all of this energycontentperunit weight
advantagas offset, however by the heavierstoragetank requiredversusa JP8fuel tank! To put this in
perspective250gallonsof compresse@ropaneneighroughly1,050poundswhereaghetankrequiredto
containit weighsroughly 480 pounds.Due to the volumetric energydensity shortfall of compressed
propaneversus]P8,aswell assafetyconcernsn its transportationit is consideredh lessdesirablefuel for
the battlefieldthanJP8.

Natural Gas

CompressedCNG) andliquefied naturalgas(LNG) areproducedrom undergroundeservesor
renewablebiogas.The naturalgasproducedrom renewablebiogas,suchasfrom landfills, is of a much
lower quality with significantlymorevariability thanthatrecoveredrom underground.

In theautomotiveandtruck marketsusageof CNG, which consistanostly of methaneis growing
becauseof environmentakconcernsBecauseCNG burnsmore cleanly than either gasolineor diesel, it
providesa significantadvantagen greenhousgasemissionsversusboth dieseland gasoline.CNG has

10 CongressiondResearclservice. 2012.DOD AlternativeFuels:Policy, Initiatives andLegislativeActivity.
https://fas.org/sgp/crs/natsec/R42859.pdf.
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only 26 percentof the energycontentper unit volume of JP8,makingit impracticalasa fuel sourcefor
military combatvehicles wherespacds greatlyconstrainedo provideroomfor ammunition propulsion,
coolingsystemsandoperators.Like compresseg@ropaneamuchheavierstoragegankwould berequired
andsafetyconcernsaboundLastly, thenumberof supplytrucksrequiredto transporanequivalenamount
of energyto the battlefieldwould haveto grow, puttingmorelives at risk.

LNG is natural gas that has been cooled to a liquid state, at about
i162°C( i260°F).The volumeof naturalgasin its liquid stateis about600timessmallerthanits volume
in its gaseoustateatatmospherig@ressurelt hasroughly 63 percenif theenergycontentperunit volume
of JP8.An insulated cryogenicstoragetankis required with somedegassin@sit absorbsheatfrom the
environment.Given its storage,transportation,and safety concerns,LNG is not considereda viable
alternativeto JP8for military vehicles!

The opportunityto createdual mode (dieseland gaseouduel) power sourcesis mentionedin
Chaptefr7, " ForwardOperatingBasePower’ In selectituationsthiscouldenableusinglocal CNG sources
whenavailable.

Hydrogen Transported to the Battlefield

Hydrogenis typically producedfrom naturalgas,methanol,or electrolysisof water.It is widely
usedin manufacturingandchemicalprocessingincludingrefining. It canbe usedasa fuel for a fuel cell,
an internalcombustionengine or a gasturbine The byproductof hydrogencombustionis water (H20),
making this a very “cleari fuel. In particular,no carbonmonoxide(CO), carbondioxide (CQ), sulfur
dioxide (SOy), hydrocarbon,or particulate matter are generatedexcept as byproductsof any fuel
contamination.

Hydrogen exhibits the highest gravimetric energy density (142 MJ/kg) of any commonly
consideredchemicalfuel, an advantageoffset in part by the heavy containersusedto storeit. On a
volumetric basis,compressednd liquefied hydrogenhave 14 and 27 percentof the volumetric energy
contentof JP8,respectivelySincesupplytrucks” cubeout’ beforethey“weighout” this resultsin four to
severntimesasmanysupplytrucksto deliveranequivalentamountof energyto the battlefield.

Hydrogenis growing asa commerciallyavailabletransportatiorfuel'* primarily for usein proton
exchanganembrangPEM) fuel cells, with refueling stationsplannedacrossthe United Statesandallied
nationsprimarily for usein fuel cell-equippedvehicles? Hydrogenposesevengreatertransportatiorand
storagechallengeghannaturalgas,in thatachievingpracticalhandlingdensitiesrequiresthatthe gasbe
cooled(down to i253°C)or compressedto 3,000to 10,000psi)! Theseconditionstranslateto heavy
containersinefficiencies,and,ultimately, latenthazardsTo the degreghatcommercialoperationsanbe
designedo mitigatethesedssuestacticaloperationgenerallydemandyreatemobility while alsoimposing
more severeand varied conditions. Thus, in addition to its inconsistencywith the SFP, transporting
hydrogento the battlefieldpresentsomelogistics andhandlingchallenges.

Hydrogencanalsobe usedasa sourceof energyin internalcombustionenginesWith hydrogen,
preignition (autoignitionon cylinder heador piston hot spotsbefore sparkinitiation of the combustion
event)is aparticularchallengegivenhydrogen’dow ignition energyandwide flammability air/fuel ratios.
Injection-systemdurability representsanotherchallengedue to hydrogen’slow lubricity. Despitethese

11 While adoptionof hydrogenasa fuel sourcehashistorically beenslow, recentyearshaveseensteadygrowth
in supply anddemandasarecentiEA reporthighlights:https://www.iea.org/reports/theture-of-hydrogen.

2penn|., C. Krauss.2013.Californials Trying to Jump Startthe HydrogenEconomy.The New York Times
https://lwww.nytimes.com/2020/11/11/business/hydroigetcalifornia.html.
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challengesthereis renewedinterestin hydrogenpoweredinternal combustionenginesas a result of
growing climatechangeconcerng:>41°

A numberof hydrogenstoragenitiatives underway seekto improve storagecapacityandrate of
releaseAdsorptionof hydrogerontothesurfaceof variousmetalpowdershasbeeninvestigatedgsalower-
pressure roomtemperaturealternative for transportationuse. Recentwork with LaNis indicatesthe
potentialto storeasmuchhydrogenat 30 psi asliquid hydrogenor compressedasat 30,000psi. Still, the
overalldensityof adsorbenandhydrogeris too highfor practicaltransportatiotiargety2 mass%hydrogen
versusthe Department of Energ¥pPE] targetof 6.5 mass%) Carbonnanotubeslsoshowpromiseasa
hydrogen sorbent, but significant work remains to relate nanomaterialcharacteristicsto storage
performancé? Similarly, anothemanomateriatategoryknownasmetat-organicframeworkg MOFs) has
beeninvestigatedor hydrogenstorage(anda rangeof otheradsorptionapplicatons). MOFs comprisea
metalion or clusterof metalions andan organicmoleculeactingasa linking element allowing design
flexibility to provideadsorptiorsiteswith aparticularaffinity for certainfluid moleculesSomelaboratory
results(e.g., MOF-650") indicatestoragecapacitiesaboveDOE transportatiortargets but thesestudies
involve milligram quantitiesbecaus@MOF materialsarevery expensivegcansufferstability issuesgxhibit
lower capacityin the presencef watervapor,andprodudion capacityis quite limited.

The mostactive consideratiorof hydrogenfor tacticaluseinvolvesusagewith fuel cells. These
energyconversiordeviceswill bediscussedn furtherdepthlaterin this chapter.

Conclusion: A logistics distributionnetworkfor propanenaturalgas,or hydrogenis unlikely to
effectively replacehydrocarborfuels on the battlefield becausef their lower volumetricenergy
density(requiringmorefuel transportrucksor convoys)andincreasedtoragecomplexityversus
JP8.

Hydrogen ProducedNear the Point of Use

In the eventthat hydrogen-poweredechnologiesdevelopwith significant military operational
benefitsit maybemorepracticalto producehydrogemearthe point of useinsteadof developinganentire
new wholesalefield-distribution network. Two approachesre discussedelow, both of which require
waterasthe hydrogencarrier(i.e., source) eitherobtainedocally or by transportingt to thesite.

The first is the possibleuse of commercialelectrolyzersthat produ@ hydrogenfrom water,
breakingit down into its elementalcomponentsTheir commercialuseis growing rapidly because they
providea meando addres®neof thelargestdilemmasin the renewableenergyindustry,which is howto
storethe energywhenit is not in demand Electrolyzersare availablein a variety of sizes,up to and
includingthe systemshownin Figure 3.4which canproduce3,000tonsof hydrogemannuallyusingclean
hydropower.

B FloridaSolarEnergyCenter HydrogenBasics- InternalCombustiorEngine.
http://www.fsec.ucf.edu/en/consumer/hydrogen/basics/utilizatiemtm.Accessedanuary2021.

¥ FEV Group.2020.FEV is driving forward hydrogeninternalcombustiorenginedevelopment.
https://lwww.fev.com/en/comingp/press/preseeleases/newarticle/aticle/fev-is-driving-forward-hydrogen
internatcombustiorenginedevelopment.html.

15 Brezonick,M. 2021.Westport,Scaniacooperaten hydrogerengineresearchDieselProgress.
https://lwww.dieselprogress.com/news/WesiRoaniacooperaten-hydrogerengne-research/8009850.article.

16 Schlapbachl.. & A. Zuttel. 2001.Hydrogenstoragematerialsfor mobile applicationsNature414:353-358.

7Yy, S.,G. Jing,S. Li, Z. Li, X. Ju.2020.Tuningthe hydrogenstoragepropertiesof MOF-650: A combined
DFT andGCMC simulationsstudy. International Journal of Hydrogen Energ$(11):67576764.
https://doi.org/10.1016/j.ijhydene.2019.12.114.
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| -
FIGURE 3.4 HyLYZER® PEM electrolyzersysteminstalledat the Air Liquide hydrogenproductionfacility in
BécancourQuebecand producing3,000tonsof hydrogenannuallyusing cleanhydropower SOURCE:Cummins,
Inc. 2021. Cumminshydrogentechnologypowersthe largestproton exchangemembrane(PEM) electrolyzerin
operation in the world. Online. Available at https://www.cummins.com/news/releases/2021/01/26/cummins
hydrogentechnologypowerslargestprotonexchangemembrangpem.Accessedlanuary2021.

Becauseelectricalenergyis requiredfor electrolysis,using JP8to poweraninternalcombustion
engineto powera generatoto poweran electrolyzeno generatehydrogento powera fuel cell hassome
inherentinefficienciesln addition, @ discusse@bove usingrenewablenergysourcegsolar,wind, hydro,
waste)will likely havealimited role in generatingenergyonthebattlefield.It is certainlymoreefficientto
poweragroundcombatvehicleor UAV directlywith JP8 Neverthelesdn situationsvheresilentoperation
overanextendedangeis desired electrolyzergnay provideanacceptablg@athto hydrogenproduction

As analternativeto electrolyzerspowderedaluminumalloyscontaininggallium havebeenknown
for decadeso spontaneouslgeneratehydrogenwhenin contactwith water® This processcanproduce
high pressureswhich can significantly reducethe energyrequiredto compresshydrogenfor storage.
Theoretically,the aluminumpowderand reactantwater represent lower effective energydensitythan
logistic petroleuntfuel. However if water(potableor nonpotable)s locally available thensolid aluminum
couldafford alogisticandhandlingadvantage.

MIT Lincoln Laboratoryhasdevelopeda methodto produceactivatedaluminumbeadgshatreact
in asimilar manner producingaluminumhydroxide hydrogen steam andresidualcontaminants?

¥ Woodall,J.M., Ziebarth,J.T.; Allen, C.R.,JeonJ.,Choi, G., Kramer,R. 2008.Generatindiydrogenon
demandby splitting waterwith Al rich alloys. CleanTechnology2008:Bio Energy,RenewablesGGreenBuilding,
SmartGrid, StorageandWater(Eds:Laudon,M., RomanowiczB., Laird, D.L.) pp.313-315;
https://phys.org/news/20805-hydrogeraluminumalloy-fuel-cellshtml.

19 LimpaecherE. 2020.Activated Aluminum for OperationaEnergypresentatiorto the studycommittee.
Massachusettsistituteof TechnologyLincoln Laboratory.
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FIGURE 3.5 Computeraideddesign(CAD) renderingof the entire10kW systemintegratednto the BMW 3.
SOURCE:P.Godart,J. FischmanD. Hart. 2020.Kilowatt-ScaleFuel Cell SystemdPowerecby Recycled
Aluminum. Journal of Electrochengal EnergyConversiorand Storage18(1):011003.
https://asmedigitalcollection.asme.org/electrochemical/ardibitract/18/1/011003/1081620/Kilow&taleFuet
Cell-SystemsPoweredby.

As shownin Figure 3.5, a preliminary prototypedesignby the MIT Lincoln Laboratory has
demonstratedhe ability to generatel0 kW on an automotiveapplicationusing a reactionchamber,
conditioningsystem,and PEM fuel cell. However,somekey questionsremainto be answered These
include how much aluminumand waterwould be requiredto achievea reasonablevehicle range.How
would thealuminum water,andwastealuminumhydroxidebe handledouldthe overallsizeandweight
of the systembe competitivewith otheralternativepowerandenergysystems?

More directly relatedto a military application the Army awardedGeneralAtomics, Inc., with a 2-
yearcontractin November2019to design,fabricate andtesta prototypemobile platformfor on-demand
generatiorof high-pressuréhydrogensuitablefor refuelingPEM fuel cell-equippedvehiclesin thefield.
This technologyis claimed to use the company’s proprietary aluminum alloy hydrogen-producing
technology?® Thecommitteedid nothaveaccesso aprogresseportfrom GeneralAtomicsatthetime this
reportwaswritten.

Despitethe technologyimmaturity issuedisted above enoughpotentialbenefitsremainto justify
furtherinvestigatiorof this opportunity Amongthepossiblebenefits thehydrogengenerateanightenable
some additional fuel-cell use with its low acoustic signature. A complete description of these
opportunities—at the dismountedsoldierandforward operatingbaselevel—is containedn AppendixG,
“Aluminum asaFuel.”

Conclusion: Generatindydrogerfrom waterusingaluminumnearthepointof useofferspotential
advantagewis-a-vis transportinghydrogenin a supply convoy. However,a numberof critical
guestiongemain,includingdefinition of the completeprocesgo beusedfor eachapplication.

Recommendation:The Army should continue to explore the potential use of aluminum for
onsite generation of hydrogen for usein proton exchangemembrane fuel cells, not only for
usein vehicles,but also for potential usein dismounted and base-campapplications. The
latter may leverageongoingNavy efforts. (Tier 2, Watch[U.S. Marine CorpandOffice of Naval
ResearcHed effort])

20 GeneralAtomics.2019.GeneralAtomics AwardedArmy Contractfor HydrogenGeneratiorSystem
Prototypehttps://www.ga.com/generatomicsawardedarmy-contractfor-hydrogengeneratiorsystemprototype.
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Nuclear Energy Sources

Nuclear energy comprisesthe most energydense medium currently available for useful
application.Variousnuclearreactionsprovide the opportunityto extractmore energyfrom a givenform
factorcomparedo thecommontechnologie®f thermal,electrochemicakinetic, or evenchemicalenergy
storage Whennuclearfission wasdevelopedasan energysourcein the pastcentury,it offereda logical
progressionfrom petrochemicalfuels, leveraging5 orders of magnitudeincreasein energy density,
abundansupply,andzeroenvironmentaémissions.

To put this in perspectivereactorgradeenricheduraniumhasan energydensity of 3,456,000
MJ/kg, which is partially offset by the fact that currentfission reactorstap only 5 percentof the latent
specificenergyin thefuel rods.Despitetheinefficiencies,its value(172,800MJ/kg) dwarfsthe 44 MJ/kg
of JP8.For all practicalpurposesthe energydensityof thefissile fuel canbe consideredunlimited, with
the challengebeing constraintson the size and weight of the equipmentrequiredto provide the needed
powerforzslpecificappIicationsandthelife-cyclecostsof handlinganddisposingof highly radioactivespent
fuel rods:

Nuclearenergyincludesa family of processessomeof which potentially could be useful for
current and especiallyfuture, military operations.Miniature long-lived power sourcescould address
challengesto power large numbers of persistentsensors.Larger portable devices could integrate
electrochemicastoragewith radioactivesourcedo extenddevicelife for dismountedoperationsToday,
the Army is reconsideringnuclearreactorsas an alternativeto the fueled generatorghat power large
forward baseslf the Army further pursuesany suchalternativesimplementatiormay imply a numberof
relateddevelopmenheedselatedto suchaspectasutilization, transmrtation,safety,andsecurity.

Additional detailaboutthevariousformsof nuclearenergyis containedn AppendixM. Miniature
and portable devicesemploying radioisotopedecay will be discussedn further depthin Chapter5,
“DismountedSoldierPowerandLight UAV/UGVs.” Nuclearreactorstudieswereadvocatedy the 2016
DefenseScienceBoardreport TaskForce on EnergySystemgor Forward/RemotéOperatingBasesand
will bediscussedurtherin Chapter7, “ForwardOperatingBasePower’ > Approachedo addressafety
andregulatoryconcernsarecoveredn AppendixM. Box 3.1 describes the challenges and opportunities of
nuclear isomer energy storage.

BOX 3.1
Nuclear Isomer Energy Storage

Nuclear isomer energy storage invohadssorptionandreleaseof energyduring transitionsin the
quantumenergystateof atomicnuclei.Someresearchersavehypothesize@ndexploredthe possibility
to exciteneutrondo someelevated metastabletjuantunrstatethroughbombardmentvith (for example)
aneutronbeam.If this could be achievedtheyarguethatthe opportunitymight existto controlrelease
of the storedenergythougha “triggering’ mechanismroughly analogoudo a laser—thus producing
coincident,or atleastcontrolled releaseof largeamountsof energyon demandThis ideahasreceived
limited researcHunding, althoughthe Defense Advanced Research Projects Agtamgpuslyinvested
in aprojectfrom 2003-2008;independenteviewsconcludedhattheresultsdid notindicateconvincing

21 Greig,A. 2020.Fundamentalsf NuclearPoweredEngines Book. P.29in NuclearEngineAir Power.
https://airpower.airforce.gov.au/sites/default/files/2031BPAF02_NucleaEngineAir-Power.pdf

22 AnastasioM., P.Kern, F. Bowman,J. EdmundsG. Galloway,W. Madia, W. Schneider2016.TaskForce
on EnergySystemdor Forward/Remot®peratingBasesDefenseScienceBoard.UnderSecretaryf Defenseor
Acquisition, Technology andLogistics(USD(AT&L)).
https://dsb.cto.mil/reports/2010s/Energy_Systems_for_Forward_Remote_Operating_Bases.pdf.
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evidenceof isomerictriggering. Given the underlyingscientific uncertaintiesthis phenomenomvould
require substantialscientific exploration before practical applicationsand engineeringtechnologies
(control,energyconversiongtc.)couldbe exploredproductively.

Fuel Cells

Fuelcellselectrochemicallgonvertthechemicalenergyof afuel into electricalpowerwithoutany
combustionThe exhausfrom fuel cellsis totally carbonfreeif hydrogenis usedasthe fuel. However if
ahydrocarborfuel is used the exhaustontainsCO; in direct proportionto the amountof fuel consumed,
but thereareno NOy or particulateemissionsThe two mostcommontypesof fuel cellstodayfor power
generatiorare PEM fuel cells andsolid oxide fuel cells (SOFCs).Alkaline-exchangemembrang AEM)
fuel cellsarealsoundergoingaresearchienaissanceith therecentdevelopmenof morestablehydroxide
ion conductivepolymers but thesecellsarenot atthe sameevel of commercialadoption.

PEMfuel cellsarethe predominantechnologyfor thehydrogenpoweredrassengesarsandtrucks
beingtestedtodayontheroad.Theyoperateat 60°Cto 120°Candrequirepure hydrogenasthefuel. If the
useof ahydrocarborfuel is desired,t will first haveto bereformedto producepurehydrogencontaining
no CO or sulfur, becauseeacheasily poisonsthe platinumbasedcatalyststhat reducemolecularoxygen
andoxidizethefuel in PEM fuel cells 2 However reformationof hydrocarborfuels suchasJP8or diesel
to producehydrogerwith no CO andS is extremelycomplexandshouldbe furtherinvestigatedegarding
its applicability for onsiteor on vehiclereformation.For military use,PEM fuel cells (PEMFCs)may be
worth consideringf either(1) the studiesmentionedearlierof onsitehydrogenproductionfrom activated
aluminumproveto beattractiveor (2) the Army considerssilentoperationlow thermalinfraredsignature,
or long-enduranc&JAVs/UGVs (>25 hours)to be soimportantthat convoytransportatiorof hydrogento
thefield is warranted.

An SOFCproduceslectricity by electrochemicallyoxidizing a fuel at efficienciesup to about60
percentactualefficiencydepend®nthefuel usedandtheoperatingconditions It consistof adenseoxide
electrolytesandwichedetweentwo electrodes—th@nodeandthe cathodeln an SOFCpower system,
SOFCcell stacksarecombinedwith the balanceof the plant (BOP) consistingof fuel cleanupequipment
(mainly for desulfurization)and fuel reformer(if any), blowers/compressoror fuel/air delivery), heat
exchangers/recuperators/combustof®r thermal management), power electronics (for power
conditioning),andcontrollers(for systemcontrol). At presentthe mostcommonmaterialsfor SOFCsare
yttria-stahlized zirconia(YSZ) for the electrolyte nickelYSZ for the anode Janthanunstrontiumcobalt
ferrite (LSCF)for the cathodeandstainlesssteelor a conductingceramicfor the cell interconnects.

SOFCsarefuel flexible. Suitablefuelsfor SOFCsncludehydrogennaturalgas,biogas,alcohols,
propaneand otherlow-sulfur hydrocarbonsSOFCscan either operatedirectly on naturalgas (internal
reformation)or onits reformategpredominanthamixtureof CO andH,) from externalsteanreformation.

Useof heavyhydrocarborfuelsis possiblebut requiresreformationto breakdown the fuel into
CO andH.. Reformationcanbe accomplishedisingsteanreforming(SR),autothermateforming(ATR),
dry reforming (DR), catalytic partial oxidation (CPOX), or a combinationof theseprocesse$! Eachof
theseprocessebascertainadvantageanddisadvantage$teanreformationis themostefficientreforming
processin addition,thewaterandheatrequiredfor thereformationcanbe suppliedby recirculationof the
hot SOFCexhaustgas.ATR is lessefficient than steamreformation but the system isighter and more

23 Service,R. 2010.The caseof the poisoneduel cel. Science.
https://lwww.sciencemag.org/news/2010/07/gasisonedfuel-cell.

24 SengodanS.,R. Lan, J. HumphreysD. Du, W. Xu, H. Wang,S. Tao,2018 Advancesn reformingand
partialoxidationof hydrocarbongor hydrogenproductionandfuel cell applicationsRenewable and Sustainable
Energy Review82, Partl: 761-780.
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compact.Catalytic partial oxidation (CPOX) usesubiquitousair as the oxidant; however,the syngas
concentratioris low dueto thedilution by nitrogenfrom theair.

Sulfur compoundpoisonSOFCanodematerials,andall fuels needto be desulfurizedo aboutl
ppm sulfur for usewith SOFCs?® To put this in perspective,]JP8and ultra-low sulfur dieselfuels are
allowedto containas much as 3,000and 15 ppm sulfur, respectively Liquid and gas-phasadsorptive
desulfurizatiorof JP8canreducesulfurto alevel thatwould beacceptabléor SOFCoperation However,
it may requiredesulfurizationboth upstreamand downstreanof the reformer.In largeapplicationssuch
asatoperatingoasesthe sulfur-adsorbingoedscouldbethermallyregenerated needed.

TheArmy’s GroundVehicle SystemCenter{GVSC)will beintegratinga10kW JP8basedsOFC
powersystemusinga monolithreformerinto a Multi-Utility TacticalTransportVehicle(MUTT) in 2021,
therebydemonstratinghe capabilityof full-time silentpowergenerationBy designinghis asa hybrid, the
SOFConly needsto meetthe averagepowerdemandwhile the batteriescan assistin meetingthe peak
powerdemandIn fiscal year2023aspartof the Next Generatiorof CombatVehicle family work, GVSC
alsois planningto demonstratea 10 kW JP8power systemon a light robotic combatvehicle (RCV-L).
GVSCis alsoworking on a heaviermodified RCV platformusingGeneralMotors commerciahydrogen
PEM fuel cell technology The GM effort usinghydrogerwill useatleast80 kW fuel cell stacks?®

A majordisadvantagef SOFCsis their operationat 700°Cto 1,000°C,which mandateithera
lengthystartup time (currentlyrangingfrom 30 minutesto a few hours)or ongoingcontinuousoperation.
This time lag will needto be factoredinto any decisionto deploy a SOFC applicationin the field.
Alternatively, useof anonboarddieselfueled SOFCasa chargerto batterypropulsionpowerfor ground
vehiclesmightbeagoodoptionto extendtherangeof batterypoweredvehiclesandovercomehelengthy
startup issueof SOFCs.

Useof smallpowerSOFCdor remotesensoranddismountedsoldierswill bediscussedn greater
detail in Chapter5, “DismountedSoldier and Small UAV/UGVs.” Use of SOFCsfor ground combat
vehicleswill bediscussedhn greaterdetailin Chaptel6, “Vehicle PowerandLargeWeaponSystems. Use
of SOFCdor forwardoperatindasewill becoveredn in Chapter7, “ForwardOperatingBasePower”

Conclusion: Giventhatfuel-cell technologymayserveasakey enablingtechnologyfor nearsilent
operationjow thermalsignatureandlong-enduranc&JAVs/UGVs, combinedwith the prevalence

of JP8on the battlefieldthrough2035,the committeesupports continued investment by the U.S.
Army to fundthetechnologyandeconomicanalysisof thereformationprocessith dieselandJP8
fuelsfor usein SOFCpowersystems(Tier 2, Lead)

Other Power and Energy Sources(Solar, Wind, Hydro, Geothermal)

A numberof alternativeenergysourcesarein growingusearoundtheworld today,mostof which
are intermittentand diffuse. The committeedid not focus on thesebecauseof its focus on an Armored
CombatBrigade Teamusecase.Wind and surlight obviously dependon location,weather time of day,
andotherfactorsbeyondthe controlof users.

Neverthelesghecommitteerecognizesheimportanceof thesealternativesascontributorgo fuel-
supplylogisticsandencourageghe Army to continueexploringtheir usefor its domesticandpermanent
overseagacilities. In addition,the committeerecognizeshatsmall, flexible roll-up solarpanelsandsmall
solartrailers which arenow commerciallyavailable,canprovideexpeditionarypersonnelvith afallback
batterychargeror powersourcefor laptopcomputersandradios.

25 Boldrin, P.,E. RuizTrejo, J. Mermelstein,J.M. Menéndez,T. Reina,N. Brandon.2016.Strategiesor
CarbonandSulfur TolerantSolid Oxide Fuel Cell Materials,IncorporatingLessondrom Heterogeneou€atalysis.

ChemicalReviewsl 16: i https://pubs.acs.org/doi/pdf/10.1021/acs.chemrev.6b00284.
26 CenteckK. 2020.Email communicationsvith committeememberU.S. Army CCDC GroundVehicle
System<enter.
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As partof a 2016reporton energysystemdor forward andremoteoperatingbasesthe Defense
ScienceBoardexamineahe availability, technicalmaturity, and operationakonsiderationsf alternative
energysourcesincludingsolar,wind, hydrokinetic geothermalandoceanthermalpower(see Table 3.2)
Thestudyfoundthatthesealternativeyenewablée energysourcesareadvantageousnly in alimited setof
cases"andnotedthatthis hasbeenthe conclusionof severalotherstudiesconductedduringthe previous

decad¢e”’

TABLE 3.2 AlternativeEnergySourcesaandTechnologies

Energy Source

Solar Power

Wind Power

Hydrokinetic
Power

Geothermal Power

Ocean Thermal
Power

Available globally;
varies with location,
season, weather, time

Available globally;
varies with location,
season, weather, time

Common but not
everywhere; varies
with location, season,
weather, time

Exists in limited
locations worldwide:
where present, heat
output is often steady
Exists in the deep sea
and near specific
islands

Technical Maturity

Widely deployed on the civil
grid and military
installations: limited
deployment of tactical units
Widely deployed on the civil
grid and military
installations; small units
exist, but are typically not
attractive for military use
Utility-scale hydroelectric
dams are mature and
common; small portable
tidal, wave, and micro-hydro
power systems are under
development

Very mature for eivil
applications

Under civil sector
development and under
evaluation for use on U.S.
Kwajalein Army Base

Operational Considerations

Small rugged panels can be
beneficial; possible visible
target; glint/glare concerns;
requires cleaning

While potentially beneficial,
concerns with small wind
turbines include reliability,
visibility, and interference
with communications
Requires sophisticated
technologies and potentially a
large material footprint;
variable but more predictable
than wind and solar

Requires considerable time
and initial capital cost for
construction; likely attractive
for some enduring locations
Requires significant initial
capital cost and large
structures; may be attractive
for some enduring locations

SOURCE:AnastasioM., P.Kern,F. Bowman,J. EdmundsG. Galloway,W. Madia,andW. Schneider2016.Task

Forceon EnergySystemdor Forward/Remot®peratingBasesDefenseScienceBoard.UnderSecretaryof
Defensedor Acquisition, TechnologyandLogistics(USD(AT&L)).
https://dsb.cto.mil/reports/2010s/Energy_Systems_for_Forward_Remote_Operating_Bases.pdf.

Conclusion: Similar to the 2016 DefenseScienceBoard report?® the committee concludes that
solar, wind, and geothermalpower sourcespresentsignificant environmentalbenefitsand are
worthy of consideration fatomestiandpermanenbverseagacilities. However currentandnear
future iterationsprovidefar lessutility for mobile forcesin multi-domainoperationdMDO) and
are unlikely to meetthe power needsof a brigade combatteam. As demonstratedn recent

27 AnastasioM., P.Kern, F. Bowman,J. EdmundsG. Galloway,W. Madia,andW. Schneider2016.Task
Forceon EnergySystemdor Forward/Remot®peratingBasesDefenseScienceBoard.UnderSecretaryof
Defensdor Acquisition, Technology andLogistics(USD(AT&L)). P.26-28.
https://dsb.cto.mil/reports/2010s/Energy_Systems_for_Forward_Remote_Operating_Bases.pdf.

28 1bid.
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operationsin SouthwestAsia and elsewhere,such technologiescan help reduce logistical
requirementsespeciallyin remoteanddismountedperations(Tier 1, Follow)

Electrochemical Batteries and Capacitors

Batteriesareubiquitousunseenandunappreciated-until thedevicetheypowerstopsrunning.That
lossof functionleadsto everincreasingequirementfor moreenergy(stored)andmorepower(delivered
on demand)in a lighter, lessvoluminouspackage Becausea lack of power can compromisemission
accomplishmentthe Department of Defese continually seeksbatteryimprovementso power a broad
spectrumof military-specificplatformsandmissions Batteriesarea go-to choicefor powerbecausehey
coveranenergyspectrumof microwatthours(microsensopower)to beyondmegawatthours(microgrid
power)asdemarcatedby their packagedveight(Watt hours[Wh] perkilogram),volume(Wh perliter), or
footprint (Wh percmz?of cross-sectionadrea).

As a sealeddeliveryvehicle of missiorrequiredelectronsthe simplicity of the packagedattery—
an anodephysically isolatedfrom the cathodeby a separater—masksthe functional physicochemical
complexity within. The boundaryconditionsof the two-terminal energy-storagelevice (Figure 3.6) are
constrainedy thethermodynamicef the chemistrywithin (which dictatecell voltage)andthe kineticsat
which electronsarereleasedrom or returnedo theactivematerialsn thetwo electrodegwalking theline
betweercontrolleddeliveryof electronssersis abomb).

+-

vty
Separator l :
o

FIGURE 3.6 Designconsiderations for electrochemiealergy storageSOURCE:Rolison,D.R.,Long, J.W.2013.
Unpublishedvhite paper.U.S.NavalResearch.aboratory.

TheclassicRagoneplot thatmapsincreasingpoweron they-axisandincreasingenergyon thex-axis
(Figure 3.7) captureghe frustrationof the user:instantgratification (the demandfor electronsnow (i.e.,
power) versuswaiting for an anticipatedreward (the ability to tap electronsover extendedtime—i.e.,
energy).The C-rate® alsocaptureghatdichotomy—batteriedesignedo deliverall storedenergyata 4C
ratewould drain that capacityin 15 min whenapplicationflexibility andendurancemay requirel5h (a
rateof C/15).Whatdoesthe useractuallywantfrom anenergystoragedevice”Both functions asneeded.
That demandplacesthe performancemetrics of an electrical energystoragedevice in unoccupied
territory—up and to the right on the power versis energy Ragoneplot—where neither preseniday
electrochemicatapacitor§ECs)providesufficientenergynor batteriegprovidesufficientpower.Notethat
“sufficient’ is in theeyeof thebeholdinguser.Electrochemicatapacitorsisinghigh surface-areacarbon-

2 A C rate is a measure of the timé¢akes to charge or discharge the nominal total capacity of a battery; e.g.,
full charge to the rated capacity in 2 h equates to a C rate of 0.5C or C/2.”

PREPUBLICATION COPY —SUBJECT TO FURTHER EDITORIAL CORRECTION
3-16

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/26052

Powering the U.S. Army of the Future

compositeelectrodestructuresn which charges storedat the electrifiedinterfaceareamaturetechnology
andcommerciallyavailable.
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FIGURE 3.7 Energy versspower density for capacitors, batteries, fuel c8lBJRCE:Rolison,D.R.,J.W.Long,
J.C. Lytle, A.E. Fischer, C.P. Rhodes,T.M. McEvoy, M.E. Bourg, A.M. Lubers. 2009. Multifunctional 3D
nanoarchitectures for energy storage and conversion. Chemical Society Reviews 38:226-252.
https://doi.org/10.1039/B801151F.

More thanone U.S. programmanagersupportingbatteryresearcthasnotedthey found little had
changedwhen returningto battery science and technology&T) reviews after steppingaway for 15
years® In keepingwith that observationpotethe first recommendatiom the 2004 National Acadenies
reportMeetingthe EnergyNeedsof Future Warriors,*! which assessegower and energyneedsfor the
Army usingthelandwarrior asits focal point

Recommendation I'he Army shouldfocuson batterieswith a specificenergyof 300 Wh/kg and
higherfor insertioninto future versionsof the Land Warrior (LW) ensemblelt shouldcontinueto

promoteand supportinnovative approacheso disposableand rechargeabldatteriesthat canbe

adaptedfor military use.To selectthe bestcandidatedor a given application,the Army should
explorethe tradeoff spacethat exists betweenlifetime (measuredn termsof chargedischarge
cycles),specificpower,specificenergy safety,andcost(p. 4).

The consumerexpectsa lithium-ion (Li-ion) batteryunderthe hood of an automobileor laptopor
smartphondFigure3.8). Olderconsumersrestill gratefulfor the lightenedlaptoploadfrom 30 yearsago
whenthe energywas storedin nickelcadmiumor nickelmetal hydride batteries.The military requires
batteriesndifferentto thermal mechanicalandpropulsiveforces . Safetyissuepersistwith Li-ion batteries
in a battlefield environment.Although containmentmeasurementfor a rifle shot have beenidentified
(Figure3.9), protectionagainstiargerprojectilesremainsa concern.Propagatiorof thermalrunawayin a

30 personatommunicationso committeemember(late 1980sandearly 2000s).
31 NationalResearclCouncl. 2004.Meeting the Energy Needs of Future Warridrke NationalAcademies
Press Washington, DChttps://www.nap.edu/catalog/11065.
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damaged.i-ion cell risks conflagraton of a Li-ion batterypackandrequiresmitigation thataddsweight
andvolume,which meansamultiple Li-ion cellsbecomea system.

FIGURE 3.8 Batterytechnologies—past presentandfuture SOURCEZu, C.-X. andH. Li. 2011.Thermodynamic
analysison energydensitief batteriesEnergy& EnvironmentaSciencel(8):26142624.

Several battery containment concepts tested with ballistic penetration

Used two common military rifle calibers (AP and API types).

Fire containment bags, composite box, vented aluminum box (uncoated, and ceramic-based spray coated on inside).
Prototype Test Battery (HSL7):

Prototype Test Battery
Vented Aluminum Box
(HSL4):

DISTRIBUTION A. See first page. 4
FIGURE 3.9 Safetyunderuniqueabusestimuli. SOURCE:Toomey,L.M. 2020.CombatVehicle EnergyStorage.
Online.U.S. Army CombatCapabilitiesDevelopmenCommaned—GroundVehicle System<enter.
http://www.usarmygvsc.com/wpontent/uploads/2020/02/PresentatisEnergyStorage_Toomey.pdf.

Theavailableenergystoredin Li-basedatteriesatthe systemevelis greatlyreducedy theweight
and volume of addedsafetymeasuresuchthat the impressivepercell energydensity plummets.With
somemeasureof propagationresistanceo minimize runawaythermal events,commerciallyavailable
rechargeablé&i-ion batteriegprovide150Wh/kg. Whenrechargeabilitys missionrwarrantedthis specific
energymakesthem Tier 1 candidates-if the risk of damageto the soldier or the platform is deemed
acceptablelf not, further mitigation measurewvill lower the systemenergyevenfurther. Concernswith
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large banksof Li-ion batteriesalreadyhave designersof consumergrid-storagesystemsreconsidering
heavy low-energydensitylead-acid batteriesasthe alternative®

Efforts world-wide, including the substantiainvestmentyy the DOE in the batteryhub known as
JCESR(JointCenterfor EnergyStorageResearch)areworking to developnew cathodematerials higher
capacityLi-basedanodesandnew electrolyteso createrechargeabldatteriesthat achieve>300 Wh/kg
(system)®* An evenmoreambitiousconsortiunmoutof the DOE, knownasBattery500focuseson Li-metal
batteries.Stretchgoalsinclude a threefoldincreasein specificenergyto 500 Wh/kg at the cell level. A
potentialconcerrliesin manufacturind.i-metal cellsatalargescale whichwill requireultrapurelLi metal
andgloveboxhandling.

The extraenergypackedperkg into theseadvancedTier 3 Li-basedbatteriess accompaniedy
both highercell voltage(>3.5V) andhighercapacity,but suchgainsarealsoaccompaniedby increased
safetyissues.As potential late-Tier 2 candidatesthe safetyissuesmay override the desirableenergy
density,particularlyfor platformsrequiringmulticell assembliesThe recentincreaseén dangerougoods
regulationfor intemationalair transportof preseniday, lower energydensity Li-basedbatteries,which
cannotbe shippedfully chargedwill presentadditionaloneroudogisticsissuesshouldthe proposed>350
Wh/kg Li- basedatteriehecomecommercializecdindacquiredfor MDO usage.

Evenwhenspent Li-basedbatteriescontinueto posea hazard.In 201734 arail car containingLi
batteriesfor recycling caughtfire and explodedoutsideof HoustonTexas,fortunatelywith no reported
injuries. The recyclingindustryfor Li batteriesis still nascentand more concernedwith the high-value
metalsin the cathode(Co, Ni, Mn) thanthe modestamountof Li presentin the anode.In 2019, DOE
initiated a threephased_ithium-lon Battery RecyclingPrizeworth $5.5million. FifteenPhasel winners
wereeachawardedb67,000,with their effortsrepresentindive areas—eollection;separatiorandstorage;
safestorageandtransportreversdogistics;andotherinnovationideas.The worldwide effort to diminish
or eliminatecobaltin the cathode®f Li-basedatterieswill makethe economicargumentesscompelling
for recyclingLi batteriesalthoughthe safetyandenvironmentabrgumentsemain—aswill thelogistics
concernof theU.S. military.

A key safetyissuein Li-basedbatteriesis formation of metal dendritesat the anode,especially
under forcing conditionssuch as chargingthe battery when cold® or demandingpower beyondrated
specificationsThis concernis amplifiedwhenusingLi metalanodessuchasproposedn DOE's Battery
500 initiative. Using solid ceramicelectrolytesto minimize growth of Li metaldendritesfrom extensive
chargedischargecycling is achievedcurrently by operatingat loadsof approximatelyl mA cm®. This
limit is likely to be overriddenin thefield to obtainnecessarpulsepower,oneof the key conditionsthat
favors thegrowth of dendrites,which then launchesthe accompanyingsafety concernsinherentto Li
chemistry Theseoperationatonditionsarethosethatdegradeheability to taptheratedenergydensity.

Efforts to createsaferLi batteriesby using a waterin-salt electrolyte,which is nonflammabile,
could marry energydensityto higher operationalsafety,but scalability remainsan issuethat is notyet
solvedfor thiselectrolyte andthedendriteconcernsemain.A recentevaluatiorof aqueoud.i-ion batteries
usingsuperconcentrate@waterin-salt)electrolytefindsthatthegrowthof the passivatingsolid electrolyte
interphasgSEIl) at the anodedoesnhot protectagainstdegradatiorof the electrolyteduring cycling or on
storage Of greaterconcernfor military applicability of suchbatterieds the conclusionthattheseaqueous
waterin-saltLi-ion batterieccannotcompetavith commercialeadacid,nickelcadmium or nickelmetat

32 opes,P.P.andV.R. Stamenkovic2020.Past presentandfuture of lead-acid batteriesScience
369(6506):92324. https://europepmc.org/article/med/32820114.

33 Battery500goalsincludedevelopmenbf nextgeneratiorLi-metalanodecellsdeliveringa threefoldincrease
in specificenergyto 500 Wh/kg. https://www.energy.gov/eere/articles/batterypddgressupdate

34“Train explosionleadsto chemicalreleasén downtownHouston” M. DempseyHoustonChronicle,24
April 2017,https://www.chron.com/news/housttexas/houston/article/Trai@xplosionleadsto-chemicairelease-
in-11095738.php.

35 Love, C.T.,O. Baturina,K.E. SwiderLyons (2015).Observatiorof lithium dendritesatambienttemperatre
andbelow.ECSElectrochemistry etters, 4, A24-A27.
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hydrideaqueousatteriesn termsof price, operatingtiemperatureange lifetime or their capacityto fade
uponstorage®®

To reachthe Army-desiredenergydensityof 300,400,or even500Wh/kg(system)or post2025,
onereturns(back)to primary batteriesMeetingthe EnergyNeedsof Future Warriors notedthat primary
batteries' now provide the main energysource but the acquisition,storage distribution,and disposalof
overa hundreddifferentbatterytypesposesan enormousogistical challengeon the battlefield.”’

Primary batteriesare energy rich becauseduring dischargean electronrich metal corrodes.
Intensiveeffortsto tapevenafractionof thetheoreticakenergydensityof Li-air batterieg40,104,00Q)/kg
or 11,140Wh/kg) haveprovenelusiveand are offset by the safetydownside from usingLi metaland
flammablesolvents A workhorseprimary batteryin themilitary relieson the Li-SO. chemistrythatstores
theenergyusedoy BA-5590batteriego powerradios.But on missionwherethe battery iseconfiguredoy
thewarfighterto operateunderhigh loads,requiringpulsepower,morelike anelectrochemicatapacitor,
the powerdraw degradeghe ability to tap the ratedenergydensity.Multiple batterieswould need tde
packedonthe missionto meettherequiredenergy whichis thenfurthermultiplied by the customarythree
timesredundancyactor.

A collision thusoccursbetweencurrentmanufacturingpracticeto producethe positive electrode
(cathodeondischarge)n theprimarybatteryandhowthewarfighteruseghebattery Thecathodestructure
is typically formulatedasa powdercompositehroughaninexpensiveprocesshatphysicallymixescarbon
powderas an ad hoc electronwire in the structurewith the active materialthat takesup electronson
discharggor useshoseelectrondo catalyzereductionof O,, SO,, or SOCI), plusapolymerbinderto hold
the mixture together.Under low-to-moderateloads(i.e., over hoursor days),the capacityof the active
materialsandthusthe batterycanbe drainedto manufactureratedlevelsof energydensity.

Powerperformanceout of the sameelectrodestructurecannotbe ensuredecauseslectronflow
from the currentcollectorto the distributedactive materialrelieson surfacecontactof the activematerial
with carbonagglomerates?owdercompositesstablisha junctionedpathway—from carbonparticulateto
carbonparticulate—ratherthan a direct electronwired path of the poorto-moderateelectronconductive
active materialthroughthe volume of the electrodestructure Powerdemandforcesthe electrontransfer
reactionsat the active materialto predominateat a high rate at surface,instead ofthe bulk of capacity
which can with repetitive pulses,lead to mechanicalor chemicalchangesin the active material that
compromisethebulk of capacityin theactivematerialuponreturningto low-to-moderatdoads.

Standardbattery electrodestructuresare not designedto interchangeablyprovide high power
demandandhigh energydensity.In operationon the battlefield,traditionalbatteriesareforcedto perform
both functions andwhenforced,fail at deliveringthe ratedstoredenergy.But researclover the past20
yearsholdsout hopefor nextgeneratiorbatterieghat provide hybrid functionwithin onedevice,namely
sustainingoulse powerdemandsvhile retainingaccessibilityto theinherentchargestoringcapacityof the
active materials. A key innovation arose by re-thinking battery constructionas integratedin three
dimensiongatherthanbuilt up aslayers(Figure3.10).3®

36 Droguet,L., A. Grimaud,O. Fontaine J-M. Tarascon2020.Waterin-SaltElectrolyte(WiSE) for Aqueous
Batteries:A Long Way to Practicality.AdvancedEnergyMaterials 10(43):2002440.
https://onlinelibrary.wiley.com/doi/10.1002/aenm.202002440.

37 NationalResearclCouncil. 2004.Meeting the Energy Needs of Future Warridree NationalAcademies
PressWashington, DChttps://www.nap.edu/catalog/11065.

38 Long,J.W.,B. Dunn,D.R. Rolison,H.S.White. 2004.ThreedimensionabatteryarchitecturesChemical
Reviewsl 04(10):446392. https://pubmed.rg.nlm.nih.gov/15669159/
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FIGURE 3.10 Schematicof (left) a traditional powdercompositeelectrodestructurewith micron-sizedcarbon
agglomerategblack)in contacwith theactivematerial(red)redesigneas(centerjathreedimensional 8D) electrode
architecturein which (right) direct electronicconnectionbetweenthe active materialand 3D currentcollector is
maintainedand wired throughoutthe volume of the electrodestructure.Protonsinsert and de-insertin aqueous
electrolytesyi* or Na" in nonaqueousglectrolytes SOURCE Adaptedfrom “Redefiningchargetransferinterfaces
for nextgeneratiorelectrochemicgbowersources J.W.Long,D.R.Rolison,M.B. Sassin,).F.ParkerC.N.Chervin,
M. Palenik,L.D. Gunlycke,C.R. So,NRL MemorandunmReportNRL/MR/6176—20-10,149,U.S. Naval Research
Laboratory WashingtonDC, Septembe02Q

Subsequenrglaborationsandspin-offs on reconfiguringbatteryfunctionin three dimensionkave
demonstratethe way forward. Thefirst is a redesigrof electrodestructuresasarchitecturesn which the
pathsfor electricalcharge(electronsandions)andmoleculartransporiaredirectly wired within thevolume
of theelectrode Electrodesn nextgeneratiorhybrid batterycapacitorsanbe designedy modifying the
surfacesof a three dimensional3D), porouscurrentcollector (e.g.,a carbonnanofoam)with the active
materialobviatingthe needto add conductivecarbonor by creatingmonolithic, high conductivityfoams
suchasa carbonnanofoamfor Li-SO; cells or a zinc spongefor Ni-Zn, Ag-Zn, MnO»-Zn alkalinecells.
The secondis demonstratinghat well-wired, nanoscale-texturedctive materialsincreasesurface-te
volume ratio to innately allow surface-basedgcapacitive charge/dischargeat high load without
decrementinghe total chargestoredor releasedt low-to-moderatdoads.Combiningthe two re-designs
affords power performancecommensuratavith an electrochemicatapacitorwhile retainingthe energy
densitydesignednto the battery.

Finding: Batterytechnologywill beapartof Army operationgor theforeseeabléuture.However,
traditionalLi-ion batteriegpresentertainlimitationsthatwill notmeetall of the Army’s emerging
needs. However redesigningelectrode structuresas 3D architecturesmay permit greater
performancewith retentionof batteryeffective energydensityand canimprovethe performance
of bothprimaryandrechargeablbatteries.

Battery Research andDevelopmentOpportunities Now Under Way

Researchnvestmentaunderway on severalfronts offer promisefor developmenin time to be
deployedas a Tier 2 technology.The issueswith respectto eventhe availablegenerationof Li-based
batteriesjncludingthelogisticscomplicationssurroundingensuringthattransporof Li-batteriesoccursat
lessthanfull state-ofcharge.emphasizeshe practicality of optimizing aqueoushasedor all solid-state—
baseenergystoragdor the Army. Thefollowing energystoragesystemsffer othermeango deliverboth
powerandenergyusingsaferchemistriesandadvanceclectrodedesigns.
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1. IncreasingheTRL of asymmetrielectrochemicatapacitorsn which nanometriccoatingsof
battery materials depositedon 3D porous electrodesprovide pulse power in aqueous
electrolyteghataremoreenergydensethanelectrolyticdoublelayer capacitor{EDLCs) 394

2. DevelopingZn-ion batterieswith neutralto mildly acidic aqueouselectrolytest* whenthe
positive electrodeis designedasa 3D architectureand Na ions are addedto the Zn**-based
electrolyte,capacitivepower can be obtainedwhile traditional powdercompositestructures
formulatedwith the samemanganesexide activematerialcannotdeliver pulsepower

3. Scaling 3D, tricontinuous all solid-statebatteries,including those manufacturedusing 3D
printing,** which alreadyshowpromisefor microbatteriesndon-chippower, to sizesrelevant
for wearablesisingspongeorm factors.

4. Developingrechargeablalkaline batteriesusingdendritesuppressingn spongeandrelated
3D anodes?

By reformulatingZn into a spongeform-factor,the NavalResearctaboratory(NRL) haspushed
Zn utilization to >90 percentin primary Zn-air cells (versusthe approximatelp0-60 percentcustomarily
obtained) and innately suppresseddendrite formation, even under demanding charge<discharge
conditions—all while usingaqueouslectrolytesratherthanthe flammablenonaqueousglectrolytesused
in Li-ion batteries.This 21stcenturydesignbreakthroughusing 19th-centurybatterychemistryprovides
DoD with atransformativeopportunityto takethe military-validated aqueoushasedAg-Zn, Ni-Zn, MnO,-
Zn, andZn-air primarybatteriesandtransformtheminto rechargeablbatteriegshataresafe,costeffective,
domesticallysourced and meetor exceedthe performanceof Li-ion batterieson the systemlevel (Table
3.3).Neartermpayoffsariseby swappingout powdercompositeZn anodedor the Zn spongeandusingit
in existingZn batteryconfigurationsTo matchtheinnatecapabilitiesof architectedZn electrodes—awo-
electron anode versusthe oneelectron Li-based anode—further R&D will be required to optimize
complementaryositiveelectrodecompositionsandstructuresincludingidentifying multi-electronactive
materials(e.g., Ag/AgxO, potentially MnO, and NiOOH, and trifunctiond air-breathingcathodesthat
reduceO; ondischargeevolveO, on charge andprovidepulsepower).

Conclusion: Zn-basedbatteriespncemovedto a new performancecurve, may bypasshe safety
issuesassociatedvith Li-ion and the low-energylimitations of leadacid while providing the
following critical functions (1) extendedmissionlife for a given batteryweight or volume; (2)
platform simplification, becausdess balance-ofplant is requiredfor safe, aqueousbasedcell
chemistry;and(3) simultaneougnergyandpowerdeliveryfrom asingledevice.(Tier 2, Lead)

39 Galek,P.,A. Mackowiak,P.BujewskaK. Fic. 2020.ThreeDimensionalArchitecturesn Electrochemical
CapacitorApplications—Insights,Opinions,andPerspectived-rontiersin EnergyResearct8: 139.
https://lwww.frontiersin.org/articles/10.3389/fenrg.2020.00139/full.

40Shao,Y., M.F. El-Kady, J. Sun,Y. Li, Q.H.Zhang,M.F. Zhu,H.Z. Wang,B. Dunn,R.B. Kaner.2018.
Designandmechanismef asymmetricsupercapacitor€hemicalReviewsl 18(18):9233-9280.
https://doi.org/10.1021/acs.chemrev.8b00252.

4L« Aqueouszincion batteriesFocuson zinc metalanodes. J. Shin,J. Lee, Y. Park,J.W.Choi, Chemical
Science2020,11,2028-2044.

42Ko, J.S..M.B. SassinD.R. Rolison,J.W. Long. 2018.Combiningbatterylike andpseudocapacitiveharge
storagean 3D MnOx@-carborelectrodearchitecturesor zinc-ion cells. SustainableEnergy& Fuels2, 626-636.
https://pubs.rsc.org/en/content/articlelanding/2018/se/c7se00540g#!divAbstract.

43 ChengM., R. DeivanayagamiR. ShahbaziarYassar2020.3D printing of electrochemicaénergystorage
devicesA reviewof printing techniquegndelectrode/electrolytarchitecturesBatteriesand Supercap$(2), 130—
146.https://chemistryeurope.onlinelibrary.wiley.com/doi/abs/10.1002/batt.201900130.

44 parker,J.F.,C.N. Chavin, E.S.Nelson,D.R. Rolison,J.W.Long. 2014.Wiring zincin threedimensionge-
writesbattery SHU | R U P D Q F Hié¢ EyQimyLEn&WH& EnvironmentaSciencer:11171124.
https://pubs.rsc.org/en/content/articlelanding/2014/ee/c3ee43754j#!divAbstract.
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TABLE 3.3 New Capabilitiesfor Next-GeneratiorZinc-BasedBatteriesn Orderof Development

Timeline
Batterytype Functionimprovementwith 3D redesigrof electrodes
PrimaryZn-air ,280—40 percenfgreateruntime thanconventionalZn-air
Air-rechargeableulsepower
Asizescalabilityfrom microbatteriedo largestacks
ARetainhigh specificenergyevenwith challengingduty cycles
Rechargeablé&g-Zn, Ni-Zn, /:Extendeobyclelife (relativeto conventionalZn batteries)
MnO,-Zn Migh power(>400W kg')
A essenedbalanceof plant(lessswaddlingfor safety)
Rechargeabl&n-air /:High specificenergy(2-3 x Li-ion)
Air-rechargeablpulsepower
Aessenedbalanceof plant(lessswaddlingfor safety)
3D all solid-stateAg-Zn, /:Extendectemperatureange(cold andhot)
Ni-Zn, MnOx-Zn Adigh power

ARechargdasterthanLi-ion
Ao orientationeffectswith respecto gravitationalfield

SOURCE:Rolison,D.R., Long, J.W.2013.Unpublishedvhite paperU.S.NavalResearctaboratory.

As discusse@bove manyexcellentnitiativesarealreadyunderway in theareaof batteryresearch
andshouldcontinueto bepursuedAlthoughcommerciaindustrydevelopmentareencouragingthe Army
and other branchesf the military have someunique considerationsFirst and foremostis the needfor
soldiersafety,which includesconsideratiorof attackby high-poweredprojectiles.Sincelossof life is at
stakein manysituationscostconsiderationgrelessimportantthanin thecommerciaimarket.

Recommendation:Sincethe Army and Navy have many of the samebattery safetyconcerns,
closecooperationbetweenthe two servicesis encouraged.For the Army, fast rechargeability
is an important objective that enables expeditioustapping into the vast supply of electricity
availablefrom generatorsand microgrids, aswell asunmannedand mannedcombatvehicles.
(Tier1, 2, Lead)
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4

SystemWide Communication Issuesin Support of Multi -Domain Operations

TheArmy ModernizatiornStrategydescribesiowthe Total Army—RegularArmy, NationalGuard,
Army ReserveandArmy Civilians—will transforminto a multi-domainforceby 2035to meetits enduring
responsibilityaspartof theJointForceto providefor thedefensef the United Statesandretainits position
as the globally dominantland power! The essenceof the Army’s Multi-Domain Operations(MDO)
conceptis to supportthe Joint Forcein the rapid and continuousintegrationof all domainsof warfare—
land,seaair, spaceandcyberspace-to deterandprevailasthe United Statesompetesasanation,short
of conflict, andfights andwinsif deterrencdails.

Thetenetsof MDO createsignificantperformancechallengedor severaintegrationtechnologies,
includingpower and energyP&E), overthenext15 years.Thefirst tenetis “calibratedforce posturé—a
combinationof forward presencegxpeditionarycapability, and accessto joint, national,and partner
capabilities.The secondtenetis the useof “multi-domainformation$ that havethe capacity,capability,
and enduranceto maneuverand choreographeffects across multiple domains. The final tenet is
“convergence—the ability to rapidly convergeeffectsfrom multiple domains simultaneoushandnearly
continuously usingmultiple forms of attackandredundansensoito-shootemetworksenabledoy robust
missioncommancdf:

Thesetenetswill requirea highly integratedand rapidly reconfigurableforce posturethat can
executeandsustaincomplexoperationswith greatspeedandprecision.The executionof missionsandthe
degreeof deterrencehat can be achievedwill strongly dependon the Army having the capability of
competingand convergingcapabilitiesacrossechelonsanddomainsin a singletheaterwhile alsohaving
the capacityto executeMDO in multiple theaters.

Evolving technologiesespeciallyinformationtechnologiegandthosetechnologieshatenableand
sustainthem, such as P&E, will be fundamentalto achieving MDO objectives. For example,5G
technologieshave compelling characteristicsamongthem much wider bandwidthand the potentialfor
lower latencythat canbe a critical enablerof Army MDO. The wider bandwidthalsohasthe potentialto
more effectively exploit artificial intelligence(Al), machinelearning (ML), and autonomoussystems,
which canincreasehe speedand precisionof executingcomplexmilitary operationsacrossall domains
and echelons.The Departmentof Defense(DoD) will haveto explorethesetechnologiesnot only to
advancats warfighting capabilities but alsoto counteradversaryeffortsin this spaceaswell.

Energy Challengesfor Network-Enabled MDO

A key differentiatorbetweermilitary andcommercialkchallengesasidefrom the obviousthreatto
the lives of Soldiers,is the operatingenvironment.Commercialsolutionssolve the problemof mobile
devicesin a static environmentand are finely tuned over a long period of time to provide the best
performanceHowever,military systemsmploymobile devicesin a mobileenvironmentyequiringclose

1U.S.Army. 2014.2019Army ModernizationStrategy:nvestingin the Future.
https://www.army.mil/e2/downloads/rv7/2019_army_modernization_strategy_final.pdf.
2 |bid.
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to optimumperformancemmediatelyupondeploymentRecentlyannounceddoD investmentsincluding
$600 million for 5G experimentatiofi shouldyield substantiainsightsthat inform prospectivetactical
application. Theselargely domesticefforts will provide technicalinformation such as communication
(routing, interference,bandwidth, coverage),data management(distributed processing,cachesand
prioritization), andenergy(sourceand supply alternativesand powermanagementn a military context,
albeitnottactical.

Army platforms by definition, supportcomponentoperationalcapabilitiesthrough mobility,
power, communication,and other common functions. Obviously, the energy requirementsfor most
vehicular platforms are driven by mobility, but networked information and sensingtechnologies—
especiallythoseinvolving electromagneticadiation(radio,radar etc.}—drive theeverincreasingheedfor
power capacity. To the degreethat platforms continue to utilize hydrocarbonfuels, information
technologieswill not drive new energytechnologyneedsfor large ground or aerial platforms.Quite the
contrary, hydrocarbon-fuelecengineswill be actively optimizedin real time in the future driven by
knowledgeof the environmentmissionstatus andvehiclehealthdiagnostics/prognosisall facilitatedby
informationtechnologies.

It is the growing needfor onboardpower, andthe desirefor exportablepower, thatwill motivate
ongoingadvancementis energyconversionpowermanagemengndthermalmanagement.

Smallerscaleplatforms—soldiers,autonomougroundvehicles,small electricandhybrid drones
(lessthan50 Ibs.), and micro-autonomousystems—demandsimilar advancements power capabilities
aswell asimprovedenergydelivery andstoragecapabilities Energyperformancettributeslike location,
timing, deliveryrate,reliability, andfungibility substantiallyimpactenergyenabledechnologiesuchas
5G andthelnternetof Things(loT), in turn enablingor constrainingorward-deployedsensorsdistributed
dataprocessinganddatasharingto supportMDO commancdandcontrol.

One particular challengein specifying P&E performanceparameterss the lack of detailed
unclassifiedoperationalconceptsand scenarioswithin which energyattributeswould be balancedwith
otherfactors.A commonArmy planningparameteis for 72-hoursof selfsustainedperationsa future
aspirationis to extendthatto sevendays.New informationtechnologiesnay not substantiallympactthat
energybalance,but perhapsrequrementsfor stationaryoperationsor silent mobility (with substantial
power requirementdor information and other functions) may substantiallyinfluence needsfor silent
conversionor storage efficient networkingand managemenor otherfunctions.Notably, many of these
facetspoint toward developmenbf power electronictechnologieshat enableefficient and high-power
switchingassociatedavith powerconvertersfilters, andpowermanagemeranddistributionapplications.

Resolving5G Technical ChallengesThrough Science and Technologystudies

The Army’s multi-domaindoctrinerecognizeshe continuingevolution of the complexmilitary
operatingenvironmentln thepast,the Army hasrespondedy emphasizingxperimentatiomndsystems-
orientedinvestigation? Salientexamplesnclude rapid equippinginitiatives andthe Network Integration
Exercise—bothof which emphasizedield feedbackon promisingtechnologiesandresearclcapabilities
suchasthe Network ScienceResearch.aboratory(NSRL), which resideswithin the Network Science
Division atthe Army Research.aboratory(ARL).

3 U.S. Departmenbf Defense2020.DOD Announcess600Million for 5G Experimentatiorand Testingat
Five Installations https://www.defense.gov/Newsroom/Releases/Release/Article/2376748idodnce$00-
million-for-5g-experimentatiorandtestingat-five-installati/.

4 1bid.
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TheNSRL hasdeveloped predictivemodelfor Mobile Ad-hocNetwork(MANET) performance
basedon currentwirelesstechnologies. This model needsto be updatedto include 5G technologiego
explorethe performancecharacteristice®f a 5G MANET. Simulationsshouldbe run thatreflect various
deploymentaindoperatingscenariosvith co-simulationof P&E dynamicslnputsfor theseanalysesanbe
validatedwith datafrom sourcestherthanthe DoD 5G initiative.

Modeling alone is not sufficient. Testing and field experimentationare importantto validate
predictions and to accountfor network performancein a variety of warfighting scenarios.This
experimentatiomwill requireemulatordor 5G radiosandtheir P&E sourcesemulatorsor mobile air and
ground processingand relay nodesalong with their P&E sources,models of environmentaleffects,
measuremennstrumenton realworld systemdo collectdataduring experimentsengineeringrade-off
analyseso identify the"knees’in networkperformanceandrealisticscenarioso drive modelperformance
andthe planningof experimentsto validate model predictions.This intensiveevaluationwill requirea
combinedeffort that involves diverseentitiesamongthe operationaland acquisitioncommunities,with
strong supportof the Deputy AssistantSecretaryof the Army for Researchand Technology(DASA
(R&T)).

Finding: 5G implementationon the battlefield offers significant bandwidth opportunitiesbut
presentsomeserioustechnicalchallengesincluding P&E requirementon vehiclesandfor the
dismountedsoldier.5G technologieshouldnot beviewedasa“doit all” standalonesolutionbut
ratheranopportunityto combinewith othercommunicationsystemsvhenappropriate.

Recommendation:To realize the benefits associated with a significant bandwidth increase
the Network ScienceResearchLaboratory’s (NSRL) MANET (mobile ad hoc network)
predictive model of network performance needsto be updatedfor 5G technologiesand other
emerging communication technologies (e.g., Internet of Things, 6G, and short-range,
directed, and secure communications across a variety of devices) complemented with
subsequentesting and field experimentation. (Tier 1, Lead)

5Verma,D., W. Leland, T. Pham A. Swami,G. Cirincione.2015.Advancedn Network Sciencewia
CollaborativeMultiDisciplinary ResearchWhite paperpresentectthe 18thInternationalConfererce on
InformationFusion,WashingtonDC.
https://c4i.gmu.edu/~pcosta/F15/datalfileserver/file/472301/filename/Paper_1570112519.pdf

PREPUBLICATION COPY —SUBJECT TO FURTHER EDITORIAL CORRECTION
4-3

Copyright National Academy of Sciences. All rights reserved.


https://c4i.gmu.edu/%7Epcosta/F15/data/fileserver/file/472301/filename/Paper_1570112519.pdf
http://www.nap.edu/26052

Powering the U.S. Army of the Future

5

Dismounted Soldier Power and Light Unmanned Aerial Vehicles and
Unmanned Ground Vehicles

ENERGY-INFORMED OPERATIONS

While mostthink of energyin commodityterms—wherevalue is measuredurely in terms of
guantity—thefield of operationalenergydemandsecognitionof energyasa differentiatedentity. Thatis,
energycomesin many forms, andits diverseattributes—suchas density, availability, timing, location,
deliveryrate,andtheability to modulate—significantlyimpactvaluecreationin a givenapplication Most
energyprogramsasetheir principalmetricson the commodityperspectiveln the Department of Defense
(DoD), thisfocustranslate$o anenterpriseemphasi®nflight operationgthelargestoperationatonsumer
of energy);groundoperationsn which armoredvehicle consumptiondominatesduring maneuverand
stability operationsensuringbase-camgustenance-lowever,the Army’s primary missionis not to save
money;it is to preventand/orwin wars.As SLA Marshallfamouslyobservedn 1950, repeatedy military
scholarsandreiterated by McManusin 2010,“warsarewon on the ground,usually by small groupsof
fighters, who require considerabldogistical, firepower, and popularsupport.* On a comparativebasis,
dismountedSoldierenergyconsumptions minisculewhencomparedo jet fightersandtanks.However if
theseobservationsare valid, then the military’s energyfocus mustnot be dictatedby the heaviestuse;
rather,by anunderstandingf how energyplaysin the United States’ operatioradlvantage.

Marshall,of coursetook substantiapersonalisk andinvestedextensiveeffort to examinefactors
that influence the Infantryman’scombatcapability. His work informed subsequenanalysison factors
associatedvith cognitive condition, focus, motivation, and other factors that determinewhetherU.S.
groundSoldiersneed10:1 numericalsuperiority,or if they canwin with a 1:10disadvantagé.Inevitably,
energyis akey determinanin thesefactors.In asimpleillustration,Soldiercarriedtechnologycanprovide
navigation,awarenessand communication put energymust provide adequat, reliable power with the
flexibility to selectand prioritize the use (without distractingthe Soldier). The lesson,however,is not
simply to ration energy—any more thanammunitioncan be rationedThe obviousmetrics are not only
“how muchenergyis used;, but also“how canonemaximizethe operationabenefitof energy? In fact,
this is the crux of “Energylnformed Operations, capturedin Army OperationalEnergy policy, which
assertshe goalto manageesnergyto providethe greatestoperationalbenefit®

While pastanalysedocuseddirectly on the Soldier and thingsthey carry, moderntechnologies
haveuncoveredoowerful new opportunitiesto extendSoldier capabilitiesby projectingtheir sensesand
zoneof influence.For 21stcenturyoperations|J.S. Soldiershaveincreasinglyemployedremotesensors,
unmannedsystems,and improved analytical tools to dramaticallyincreaseSoldier effectivenessLike
dismountedSoldiers,unmannedensorsand platformsuserelatively small quantitiesof energy but their

! Marshall,S.L.A. Undated McManus,J. 2010.Grunts: Insidethe Americaninfantry CombatExperience,
World War Il throughlrag. PenguinRandomHouse https://www.penguinrandomhouse.com/books/302305/grunts
by-john-c-mcmanus/.

2 |bid.

3 Secretaryf the Army, Army OperationaEnergyPolicy MemorandumApril 20,2013.
https://api.army.mil/e2/c/downloads/295964.pdf
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attributesof flexibility, range,duration,interoperability, managementapability, and so ondetermine
operationatontribution.Unlike anymannecperationthesesystemaypically do not needreplenishment
of water,food, mail, or otherlogistics—otherthanenergy.

Thus, energy becomesa dominant consideration:energy effectivenesqdriving range, update
frequency,etc.) and operatinglife—or the ability to replenishthe supply—significantlydeterminegshe
operationalutility. Energyis fungible it can be transformedas neededto power systemsfor sensing,
processinggommunicatingor propulsion Evenalow-powereddevicesuchasanunmannedroundsensor
would benefit from a long-endurancesource, either local or highly energy dense.Otherwise,these
distributedsensoraultimately must be physically revisitedfor replenishmenor replacement-hardly a
stealthyor effectiveuseof Soldiers.

Conclusion: The demand®f the future operatingenvironmentsmallerformationssupportedoy
logistical andfire support)indicatethat the Army’s powerand energy(P&E) efforts shouldbe
focusedlesson heaviespowerdrawandmorehow P&E will supporta distributedforce structure.

GROWING WEIGHT PROBLEMS AND DEMAND SON THE SOLDIER

As newtechnicalcapabilitieshavebecomeavailable they oftenhaveincreasedhe weightburden
carriedinto battle by the dismountedSoldier. Although dismountedsoldiersare limited by what they
physicallycarryinto battle,it hasbeencommentedhatwith respecto newhardwarethe soldieris often
treatedlike a “ChristmasTree” with new ornamentsaaddedyearly (seeFigure 5.1 for a list of a typical
equipmentoadandcorrelatedveight).

A 2013 Army study of dismountedoperationsin Afghanistanfound that, acrossall infantry
positions theaveragdoadon asoldierwasmorethanthe501b Army target(seeFigure5.2). Pastresearch
studiesfrequentlyhavetied heaviedoadsto slowersoldiermovementbut missedthelink betweerheavier
weight burdenand other measuref operationaleffectivenesssuch as combatreadinesssituational
awarenesanarksmanshipmaneuverandexposureo enemyfire. Not only doesthis increasedoad limit
thedismountedsoldiefs operationakffectivenesshut it hassignificantlyincreasedhe numberof injuries
incurred.As aresult,weightis a majorconsideratiorior dismountedP&E systems.

Batteriegepresenasignificantportionof thisdismountedoldiefs weightburden.n Afghanistanthe
averageveightof batteriecarriedby U.S. Army combatpersonneln Afghanistarwas4.5kg (10 Ib) with
somesoldierscarrying11.7-13.2kg(26-29 Ib) dependingn their battlefieldrole (seeFigure5.1) *

4 ThalesGroup.Reducingthe BatteryBurdenon the DismountedSoldier.
https://www.thalesgroup.com/en/global/presence/europe/ukibgdiom/defence/landystems/soldier
systems/squadnet/reducibgttery Accessedlanuar?2021.
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FIGURE 5.1 Typical Marineassaultoad SOURCE:Smerchanski).2015.Marine CorpsSystem€Command_.oad
Brief. https://www.dsiac.org/resources/articles/lighteringloadfor-themoderamarine/
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FIGURE 5.2 Averagefighting loadsby position SOURCE:TaskForceDevil CombinedArms Assessmenieam
(Devil CAAT). 2013.TheModernWarrior's CombatLoad: DismountedOperationsn AfghanistanU.S. Army
Centerfor Army Lessond.earned.
https://alamancerangers.files.wordpress.com/2012/01/modernwarriorscombatloadreport.pdf.

Soldier Silent Power (Thermophotovoltaic Devices)

A promisingSoldierSilentPower(SSP)concepis thethermophotovoltaigeneratothatgenerates
photonsby combustinga fuel to heatanemitterandconvertingthesephotonsto electricityvia a photocell.
Sucha systemhasbeenunderdevelopmentat the Massachusetts Institute of Technolofisst in the
Laboratory for Electromagneticand Electronic Systems,and currently in the Institute for Soldier
Nanotechnologies.It is a micro-combustorthat heatsa nanophotoniomaterial to incandescencelhe
nanophotonienaterial(a uniqguephotoniccrystalthatenablesontrol of the spectrunof emittedradiation)
is engineeredio emit certain preferredwavelengthsof light when heated.The emitted light (whose
hemisphericataptureis greaterthan 70 percen} drives an optimizedphotovoltaic(PV) cell to generate
electricity. This approachs significantly more efficient thantraditionalthermophotovoltaicbecausehe
light emittedby the nanophotonienaterialhasa nearperfectmatchto the PV cell to generateslectricity,
asindicatedin Figure5.3.

Energygeneratedrom thethermophotovoltaicarethenstoredin anintermediarybatterythatacts
asbuffer betweergeneratiorandthe actualapplicationuse.This enableghe ability to provideshortterm
powerthatexceedshe averaggowergeneratiorfrom thethermophotovoltaics.

5 Chan,W., |. Celanovic,andJ. Joannopoulo2020.White papempresentedo the studycommittee Silent
lightweightbattlefieldpowersource:Scalableérom Soldierwearablepowerto platformpower.Massachusetts
Instituteof Technologyinstitutefor SoldierNanotechnologies.
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Hydrocarborfuelsstill haveseverafundamentahdvantagesverall batterysystemsamongthem
amuchhigherspecificenergy. The SSPcurrentlyin developmentvould usehydrocarborfuelsandprovide
bothlogisticandoperationahdvantages such as the following

For a combustionsystem,only the fuel needsto be stored,becauseair is takenfrom the
environmentandreactionproductsarereleasednto the atmosphereThe burningof 1 kg of
fossil fuel requiresl5 kg of air but usesair thatdoesnotrequiredelivery.

Military Standardet propellant 8P fuel is relatively safebecausét is hardto ignite.
Refuelingwith JP8is a quick alternativeto rechargingoatteries.

Becausehefuel is energydenseweightreductionsof 75 percenicanbeachieved.
Theendurancef the systemis aboutl0timesgreaterthanbatteries.
Solid-statedesignimprovesreliability overinternalcombustiorengines.

Multi-fuel operationprovidesmanyrefuelingoptions.

A 5-W generatofits in the palmof your hand.

FIGURE 5.3 Silentlightweightbattlefield power saurce. SOURCE:Chan,W., |. Celanovic,andJ. Joannopoulos.
2020.White papempresentedo committee Silentlightweightbattlefieldpowersource Scalabldrom Soldierwearable
powerto platform power.Massachusettgstituteof Technologyinstitutefor SoldierNanotechnologies.

Oneof themostimportantbenefitsof this systemis thatit canoffer 10 timesthe specificenergyof
lithium-ion batteries(including fuel and generatomeight) and canbe madecompactin the 10-1000W
rangewithoutlossof specificenergy.Thegeneratohasvirtually no moving parts resultingin no noiseor
vibration anda long operationlifetime with low maintenanceBecausehis devicefundamentallyusesa
heatto-electricity conversionprocessandthe fuel is simply burnedto generateheat,the generatorcan
work with anyfuel, includingJP5andJP8 leadingto simplified logistics,improvedoperationateadiness,
and cost savings.Comparedto fuel cells, this technologyoffers fuel flexibility becausédt can convert
conventionafuelswithout areformeranddoesnot sufferdamageby sulfur. Furthermoreliquid fuelshave
amuchlower storageoverheadhanhydrogenor propane.

Preliminaryspecificationdor SSPsystemsn two alternativesizesareprovidedin Table5.1.

An ABCT has124-157 radiosandrequires750-1000BA5590 batteriedf all radio equipments
in usefor 72 hours.This missionlengthtranslatedo 1,600-2,000 Ib. of batteriesIf eachradio operator
wereequippedwith an SSP similar to Figure5.4,thetotal weightfor the ABCT would be 160-2101b for
the SSPand140-1801b for the JP8fuel. Whenthe weight savingsshownin Table5.1 areappliedacross
the entire brigade, the total weight reductionwould be 1,300-1,700 Ib. A significant cost savingsalso
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accruedecausavarfighterswould notbediscardingnearlyfull BA5590sbecausé¢heydo notwantto risk
takinga partially drainedbatteryon a mission.

TABLE 5.1 SoldierSilentPowerTables

Comparison of Preliminary Specifications of Two SSP Systems

Power 10w 20W
Duration 72h 168h
Specificfuel consumption 4809/kWh 4809/kWh
Powerdensity 41W/kg 41WI/kg
Batteryenergydensity 180Wh/kg 180Wh/kg

TPV Generator to Battery Comparison

Generatorveight 0.5kg 0.5kg
Fuelweight 0.7kg 1.6kg
Batteryweight 1.0 kg 1.0 kg
Total TPV system 2.2 kg 3.1kg
Equivalentbatteryweight 8.0kg 18.6kg
TPV weightsavings 5.8kg 15.5kg

SOURCE:Chan,W.R.,V. StelmakhM. Ghebrebrhanyl. Soljacic,J.D.Joannopoulgsandl. Celanovic.2017.
Enabling efficient heato-electricity generation at the mesoscaleergy& EnvironmentalSciencel0:13674371.
https://pdfs.semanticscholar.org/f13e/1295f5ced9f5792ad2b8300dc7cd58e4d1a8.pdf.

FIGURE 5.4 Notional SSPConceptfor soldier-wearablepower and cutaway concept. SOURCE:Chan,W., I.
Celanovic,andJ. Joannopoulos2020. Silent lightweight battlefield power source:Scalablefrom Soldierwearable
powerto platform power. White paperpresentedo committee Massachusettiistitute of Technologyinstitute for
SoldierNanotechnologies.
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Someopenissuesemainto beexplored Forexamplethefuel-to-electricityefficiencyrangedrom
10 percentatthe 5 W scaleto 20 percentat the 100 W scale.Questionssuchashow to ventsuchheaton
theindividual soldierandhow this affectsa soldier'sthermalsignatureremairs to be explored®

Finding: Thermophotovoltaicprocessegepresenta promising opportunity in support of the
dismountedsoldier, while anupsizedversionmight proveattractivefor otherapplicationssuchas
unmannederialvehicles(UAVs) andunmannedayroundvehicles(UGVs).” (Tier 2, Lead)

Potential Role of Unmanned*“ Mule” Ground Vehicles

Extensiveuseof UGVs, configuredasmulevehicles,couldfurtherlightenthe dismountedsoldier
weight burdenduring an extendedength missionby carryingammunition,food, and water as well as
batteries.Significant advancess part of the Army’s small multi-purposeequipmenttransport(SMET)
programhave now beenmadewith both wheeledand trackedUGVs, poweredby JP8and capableof
carryingupto 450kg of suppliesand/orweaponryover30 milesaday(seeFigure5.5). Thesemulevehicles
canoperateautonomouslyia plottedway-points,by remotedriving by ahumanoperatoror by a“follow-
me’ modethatallows the vehicleto track behinda soldierwearinga beacor?

FIGURE 5.5 GeneraDynamicsMulti-purposeUtility Transpor{MUTT) vehicletraversingacrosgorestterrain.
SOURCE U.S.Army Acquisition SupportCenter.202Q “GeneraDynamicsLand Systemd-inally SecureSMET
UnmannedsroundVehicle Contract! OvertDefensehttps://www.overtdefese.com/2020/07/20/general
dynamicsland-systemdfinally-securessmetunmannedyroundvehiclecontract/

6 Chan,W., I. Celanovic,andJ. Joannopoulo2020.Notional SSPConcepffor SoldierWearablePowerand
CutawayConceptWhite papempresentedo committee Silentlightweightbattlefieldpowersource:Scalablegfrom
Soldierwearablepowerto platformpower.Massachusettsistituteof Technologyinstitutefor Soldier
Nanotechnologies.

7 SeeAppendix| for asummaryof possibletechnicalchallenges.

8 https://www.overtdefense.cad@020/07/20/generalynamicsland-systemsfinally-securessmetunmanned
groundvehiclecontract/
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Froma P&E standpointthe impactof thesemule vehicleson dismountedsoldierscould be quite
significant,providinga mobile stationto rechargebatteriedor radiosandsimilar devicesdirectly from the
vehicle.gEach SMET is capableof generating3 kW of electric powerwhen stationaryand 1 kW while
moving.

Interestingly the Army is alreadyworking with anoutsidecompanyto integratea full 10kwW JP8
basedsolid-oxidefuel cell (SOFC)powersystenmwith reformerinto a SMET vehiclein 2021.The 10 kW
fuel cell is the primary propulsion,hybridizedwith a battery.A fuel-to-electricity efficiency (including
reformerlosses)s estimatedo bebetweer80and40 percent This programwill demonstratéhe capability
of full-time silent electricalpowergeneratiorfrom JP81° Therearealsolargerunmannedehiclesunder
developmentnow that could export even greater levels of electrical power. Examplesinclude an
ExpeditionaryModularAutonomous/ehicle(EMAV) andaRoboticCombatVehicleLight (RCV-L), both
of which canexportup to 30 kW of electricalpower!*

By periodicallyswappinganindividual dismountedsoldierfs rechargeabldatterieswith anextra
setof batteriesbeingrechargedndcarriedon the SMET while it moves,it would no longerbe necessary
for anindividual soldierto carrymorethana dayor two's worth of batteries.

Finding: Extensiveuseof “mulevehicles’fromthe Army’s SMET programprovideanopportunity
to rechargesoldier batterieson the battlefield while lightening their weight burden, carrying
ammunition fuel, andwateraswell asbatteries(Tier 1, Lead)

SMALL POWER FUEL CELLS

DoD and Army agenciesgenerallyfund the developmentof small SOFC power systemsfor
operationon logistic fuels under Small Businessinnovation Research(SBIR) and Small Business
TechnologyTransfer(STTR) programs.Examplesof such programsin the pastinclude the following
design and demonstrationof small (250 to 350 W) SOFC units for soldiers,UAVs and UAGs, and
communicationdevices, utilizing microtubular SOFCswith propane,butane or LPG fuel (Adaptive
Energy,Ann Arbor, Ml); smallfuel-cell powersystemdor useon theiRobotPackBotmilitary robotused
by the Army for dangerougasks,including examiningminesand checkpointsio extendthe operational
time from 2 h to morethan10 h (Adaptive Energy,Ann Arbor, Ml); andsmall SOFCpowersystemsor
portable remote andmobileapplicationsoperatingon liquid fuelssuchasbutanol,gasolinekeroseneand
desulfurizedlP8(ProtonexTechnology MA).

Exampleof currentresearclsolicitationsby Army agenciesncludedevelopmenof alightweight,
vibrationtolerant SOFC power systemcapableof high cycle life and rapid start up; developmentand
integrationof innovativematerialsandtechnologieso enabldoweringtheoperatingemperaturef SOFCs
to 300-600°C;anddevelopmenbf a manportable2 kw SOFCsystemto powerroboticvehicles,ground
vehicleauxiliary systemsandexoskeletons?

9 GDLSawardedU.S.Armycontractfor Incrementl of SMET SmallMultipurposeEquipmenfTransport
program Army Recognition Accessedecember2020.
https://www.armyrecognition.com/defense_news_july_2020_global_security_army_industry/gdls_awarded_u.s._ar
my_contract_for_increment_i_ofrset_small_multipurpose_equipment_transport_program.html

10 CenteckK. 2020.U.S. Army GroundVehicle SystemsCenter Email exchangavith committeemember.

11 AerospacévlanufacturingandDesign.2015.Pratt& Whitney AM enginepartspoisedfor entryinto service.
https://lwww.aerospacemanufacturinganddesign.com/articlelphétiiey-additive partsengine040615/.

12 Seehttps://www.sbir.gov/node/1605929Howell, JohnP. 2017.MagnusonS. 2017.Fuel CellsFail to
Make InroadsWith the Military (UPDATED). Statedat the NationalDefensdndustrial Associations JointPower
Expo.https://www.nationaldefensemagazine.org/articles/2017/5/26¢klktfail-to-makeinroadswith-the-
military.
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The Army hasexperimentedvith a 20 W soldierwearableproton-exchangenembrae (PEM)
fuel-cell systemwith hydrogenfuel suppliedfrom analane(AlH 3) cartridgefor chargingbatteriesSimilar
300 W systemshave also beeninvestigatedby the Army to rechargeArmy mobile batteries.Such
lightweight, nearlysilent, fuel cell systemdor batterychargingcanreducethe batteryload carriedby a
soldier.The Army is alsoexploringthe useof suchsystemdor UAVs and UAGs.

Unfortunately, to date, fuel cells have not met expectationsfor the powerpackscarried by
dismountedsoldiers accordingto officials at the National Defenselndustry Association.“Fuelcell
technologyhascomea very long way andit's somethingwe arelooking at,” saidJohnP. Howell, project
directorof soldiersystemsntegrationatthe Army’s projectmanagesoldierwarrior office.® But fuel cells
intendedto be worn by dismountedroopscurrentlyare not providing enoughenergyto justify the extra
weight,hesaid.

Conclusion: Furtherstudiesof dismountedsoldier SOFCfuel cells utilizing propane methanol,
andothernon-JP&ydrocarborfuelsarenot recommendetieyondthe work presentlyunderway.

This positionmight changeundertwo scenariosThe first is that the field-implementablebatch
processindo desulfurizeJP8provesfeasibleto the 1 ppmlevel necessaryor SOFCs.Thesecond
is thatthe point-of-usegeneratiorof hydrogerusingactivatedaluminumor from hydridessuchas
alane(aluminumhydride)provesto beviable andpractica] makingpossiblethe useof PEM fuel

cells.(Tier 2, Watch)

NUCLEAR DECAY DEVICES

Radioactivematerialsoffer extremelyhigh energydensity, providing constant,albeit relatively
low, powerfor periodsof decadeg¢seeFigure5.6). Nuclearbetavoltaichavedemonstratethe capability
to useelectronsemittedfrom decayingnuclei directly to provide a currentin a semiconductorCurrent
Army researcthopesto createbetavoltaicdeviceswith powerdensitiescomparabldo currentlow-power
batterieshefore2035.Meanwhile thereis utility in hybrid batteryradioisotopgowersystemsFor higher
power, long-duration applications, where personnelare not exposedto potential safety concerns,
radioisotopeghermoelectrigeneratorg§RTGs)area provenoption.

Combining a rechargeabldattery with a low-power radioisotopesource enableshigh-power
operationwithin the energycapacityof the battery,followed by self-rechargingusing the constantow
power availablefrom the radionuclidesource.This arrangementot only enablesindefinite unattended
operationfor automatedvehiclesand sensorswith shortintervalsof high power consumptionbut can
supplementother battery installations,allowing self-rechargewhen the time is availableand reducing
generatopowerrequirementgor rechargingvhenit is not.

Incorporationof radioisotopesourcesentails accountingfor heat producedby the radioactive
materialsin the design.In someenvironmentsthe excessheatmight be welcome,in others quite the
opposite.Somematerials,such as strontium90, comewith higher safetyrisks if dispersedbecauseof
longer residencetimes when taken into a humanbody. Such materialscould still be acceptablefor
unattendecpplicationsbut shouldcarry extraprotectionagainstlispersabf theradioactivematerial*

B Howell, JohnP.2017.MagnusonS. 2017.FuelCells Fail to Make Inroadswith the Military (UPDATED).
Statedat the NationalDefensdndustrial Associations JointPowerExpo.
https://lwww.nationaldefensemagazine.org/articles/2017/5/2 ¢kl fail-to-makeinroadswith-the-military.

¥ Litz, M., R. Tompkins,S.Kelley, I. Kierzewski,C. Pullen.2020.RadioisotopédPowerSources Technology
andApplications:Maximizing Betalnteractionsn TexturedEnergyConvertersPresentatioto the study
committeeU.S. Army CombatCapabilitiesDevelopmenCommand CCDC),Army Research.aboratory(ARL).
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FIGURE 5.6 Energyandpowerdensityof radioactivematerials SOURCE:Litz, M., R. Tompkins,S. Kelley, I.

Kierzewski, C. Pullen. 2020. RadioisotopePower Sources-Technology and Applications: Maximizing Beta
Interactionsin TexturedEnergyConvertersNote thata Pu-238-basedRTG hassimilar performanceasthe straight
decay sources.Presentatiorto the study committee.U.S. Army Combat Capabilities DevelopmentCommand
(CCDC),Army Researctaboratory(ARL).

Alongsidethe researchproblemsof betterintegrationof radioisotopesvith semiconductorsthe
needfor areliableproduction-scalsourceof theradioactivesubstanceshouldnot be overlooked Tritium
is a good prospectin this respectasit will alsobein demandin the nearfuture for large-scalenuclear
fusionexperimentandis neededn a continuoudasisto maintainnucleamweaporstockpilesTritium also
hasashortresidencdime in thebodyin caseof inhalationor otherforms of contaminationBasicresearch
is underwayin the United KingdomandJaparwith betavoltaicanadeby activationin nuclearreactorsof
dopantsn chemicalvapordeposition(CVD) diamond*®

The United Statesand the former Soviet Union both usedRTGsto powerunattendederrestrial
navigationalandcommunicatiorsitesin the past,andthe devicesarestill importantto spaceapplications
dueto their ability to providerelativelylow levelsof powerwhile approachinginlimitedlifetime.*®

S WallaceSmith, T. 2020.DiamondBatteries University of Bristol Instituteof Physics.
http:/Avww.southwestnuclearhub.ac.ukccessedviay 26, 2020.

16 Miscellaneousuthors. ThermoelectricGeneratorScienc®irect.
https://lwww.sciencedirect.com/topics/eaathd planetarysciences/thermoelectrgeneratorAccessedNovember
2020
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Multi-domain operationswill involve a proliferatednetworkof persistenand mobile unattended
sensorsprocessorsand communicatiordevices.Radioisotopadriven power sourcescould enablelong-
lived persistensmartsensors—partf the incessandrive towardbroadawarenesgthe Internetof Things
[loT], 5G, etc.)—whereperiodicbatteryreplacementvould becomempracticall’

Successfuldevice integration requires advancementsn energy storage/powermanagement
(constantsource, variable load); thermal management{especially stealthy heat rejection schema)to
minimize signature;and advancesin device energy efficiency and energy managemenie.g., pulse
communication}o utilize minimal powerlevels.While very smallradiationsourceshavebecomeroutine
in suchapplicationsassmokedetectorslargerquantitiesneededo produceusefulelectricalpowerwould
imply greatertracking, monitoring, and recoveryprotocolsto avoid creatingsituationssuchas civilian
discovergandunwitting radiationexposurdrom abandonedevices—asccurredn formerSovietGeorgia
in 20011

DismountedSoldiersrepresenthegreatesbperationathallengean termsof enhancingapabilities
without degradingcapacity. Small radioisotopic power sourcescould extend Soldier endurance for
example py chargingbatterieonthemove,regardles®f geograph, weatherpr time of day. Theconstant
powerproduction aspectwould require developmentof integratedenergy managementechnologies
including electrical/thermamanagementenergystorage flexible heatrejectionmethods,and signature
mitigation. Moreover,while Soldiersalreadycarry sensitiveitems suchasweaponsand communication
devices,automatedargescale reattime security/accountabilitynethodologiesvould be importantasin
thecaseof unattendedevicesFromanenergyphysicsstandpointdevelopmenof ahybrid nuclearSoldier
power devicemight involve investigationof phasechange(thermal)versuscapacitive(electrostatic)or
battery(electrochemicalgnergystoragecombinationsheatpipe, nanotubepr othersmall, flexible heat
transmissiortechnologiesand novel (low observableheatsink geometriescombinedwith emissivity
tunedcoatings.

Modular architectureshave beenproposedto connectindividual RTGs in a mannersimilar to
electrochemicatells. Sucha conceptwould allow for “stacking of individual nuclearpowersuppliesto
supportsquador platoonequipmentvhenhalted.Sucha conceptwould requireengineeringandpossibly
researchn orderto enableboth energyintegration(especiallycooling) of the modularunit andsecurity
safety and accountabilitissues.

It shouldbe notedthatthe Army is alreadyplanninga 6.1 projectfrom now throughfiscal year
2025entitled” Fundamentalfor AlternativeEnergyApplied PhysicsResearch It entails* developinghew
methodgor efficiently transformingenergystoringradioisotopento afasterreleasdorm for high power
output?”

Conclusion: The currentlevel of study and developmenis appropriateto identify applications
wherea lightweightradioisotopalecaysystempossiblycoupledwith arechargeableatterycould
provideadequatg@owerfor presentandfuture demand®f the dismountedsoldier.(Tier 2, Lead).

7 Walton,R., C. Anthony,M. Ward,N. Metje, D.N. Chapman2013.Radioisotopidatteryandcapacitor
systemfor poweringWirelessSensoMNetworks.Sensorand ActuatorsA: Physical203,405-412.
https://lwww.sciencedirect.com/science/article/abs/pii/S0924424713004548.

¥ NTI. 2002.RadiottermalGenerator€ontainingStrontium90 Discoveredn Liya, Georgia.
http://nti.org/4606Ahttps://www.nti.org/analysis/articles/radiotherag@neratorsontainingstrontiun:90-
discoverediya-georgia

19 Schihl, P. 2020.Spreadshegprovidedto individual committeemember U.S. Army CCDC GroundVehicle
System<enter.
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6

Vehicle Powerand Large Weapon Systems

INCREASING WEIGHT AND POWER REQUIREMENTS

History hasshownthat combatvehiclesundergoa significantweightincreaseasnew capabilities
areaddedWhereagheoriginal AbramsM1 startecbutasa54-tonvehicle thelatestversionsof theAbrams
now weigh more than70 tons due to addedarmament,weaponry,and electronics.With advanced
technologiesddingnewcapabilitieseveryday,thistrendis likely to continueasMulti-Domain Operations
(MDO) mature.

PRESENTARMY POWERPACK USAGE

The Army today usesa variety of powerpackssomeof which utilize commercialoff-the-shelf
(COTS) enginesand transmissionsnodified for the military, and otherswith unique military-specific
designs.On COTS engines,emissionrelated hardwareis typically removeddue to lower emissve
requirementsUnique military-specific powerpacksprovide higher performancebut are typically higher
cost due to lower productionvolumes. As time progressesthe differencesbetweenthe automotive
industry’sCOTS powertrainsandthe military marketneedshavebeendivergingandlikely will continue
to divergeasshownin Figure 6.1

Unfortunately manyof the enginesnow deployedon Army vehiclesandgeneratorfiavenot kept
pacewith the latesttruck original equipment manufacture©OEM) fuel-efficiency advancementd-or
example Cummins,Daimler,Navistar,andVolvo haveall demonstrated capabilityto providemorethan
50 perciszntbrake thermal efficiency on their Department of EnergyDOE)-sponsord SuperTruck
projects:

Weichai, a Chineseengine manufactureralso recently announcedhat it has introducedinto
productiona 13 L, 417 kW truck enginethat hasachieveds0.26 percentorakethermalefficiency 2 They
notedthatthis wasmadepossibleby a$4.4billion investmenin dieselenginedevelopmenbver10years.

L Villeneuve,D. andJ. Girbach.2020.Improving TransportatiorEfficiency Throughintegratedvehicle,
Engine, andPowertrainResearch SuperTruck2. Online.Daimler TrucksNorth America.
https://www.energy.gov/sites/prod/files/2020/05/f75/ace100_Villeneuve_2020_o_4.29.20_250pm_TDM.pdf.

2 Dickson,J. andK. Damon.2020.Cummins/PeterbilSuperTrucK! joint presentatioratthe 2020DOE
AnnualMerit Review.

3 WeichaiAmerica.2020.Weichailaunchesa 50%BTE dieselengine.
https://www.weichaiamerica.com/index.php/neavalevents
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FIGURE 6.1 IndustryandArmy divergentpowerpackpath SOURCE:B. Brendle,U.S. Army Research,
DevelopmentandEngineeringCommandRDECOM)—- TARDEC, 2018 “U.S. Army OpposedistonEngine
ResearctandDevelopment presentationDistribution A, Approved for public release: distribution unlimited,
http://groundsmasimail.com/documents/egrmy-oppposeepistonengineresearckinfantry-fighting-vehiclem2-
bradley.html.

PRESENTARMY INTERNAL POWERPACK DEVELOPMENT PROGRAMS

To addresdhe ongoingneedto maintainor improve vehicle performanceaswell asto improve
fuel efficiency,the Army hasundertakera numberof activepowerpackdesignanddevelopmenprograms
uniqueto the military. Theseincludethe following

x AdvancedPowertrainDemonstrato(APD)}—which includesthefollowing components:
— AdvancedCombatEngine(ACE; TRL 5)
— AdvancedCombatTransmissiofACT; TRL 6)
— AdvancedThermalManagemengystem(ATM; TRL 6)
— APD IntegratedStarter/GeneratqAISG; TRL 6)
X ProjectedPropulsionSystem(TRL 4)
AdvancedMobility ExperimentaPrototype(AMEP; TRL 5)
x PlatformElectrificationMobility (TRL 4)

x
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Eachof theseprogramswill enhanceghe powerdensity,fuel efficiency,and/orthermalsignature
of military powerpacksAdditionalinformationregardinghecontentandfunctionalbenefitsof eachof the
above programsis containedin Chapter8, “Fuel ConversionEfficiency and Other Material Driven
Opportunities.

Recommendation: The Army has undertaken a number of internal vehicle power plant
programs (Advanced Powertrain Demonstrator, Projected Propulsion System, Advanced
Mobility Experimental Prototype, and Platform Electrification Mobility ) that will
significantly enhancethe Army’s operational capabilities in a Multi-Domain Operations
environment. The committee recommends that their funding and timing continue as
presently planned.

U.S-JAPAN PROJECT AGREEMENT STRYKER

The Army’s Ground Vehicle SystemsCenter(GVSC) alsowill be executinga parallel hybrid
Stryker architecturebuilding off of the Vehicle Electric Architecture (VEA) Mobile Demonstrator
(VMD)/AdvancedPropulsionwith On-boardPower(APOPII) developmentDevelopmenof this hybrid
systemis partof a U.S./JapanProjectAgreementhatwill launchin 2021.1t addsa clutch, high-voltage
energystorage(about350V DC), and DC/DC converterto move powerbetweerthe high-voltageenergy
storageandthe 600VDC vehiclepowerbus.The systemis expectedo provideapproximately3 miles of
silentmobility, 40 percenimprovedacceleration30-35 percenteduceduel use,and15 percenimproved
speedngrade?

JP8/DIESEL FLEX FUEL CAPABILITY (AN OPPORTUNITY TO SHORTEN THE FUEL
SUPPLY LINE)

With funding, the technologyexists today that would make it possibleto designan internal
combustiorenginethatprovidesoptimaloperationwhile runningwith avarietyof fuels.Oneof thesimplest
capabilitiego implementwould beaddinga capabilityto run DF1 diesel,DF2 diese)] and/orbiodieselfuels
onanenginedesignedor JP8.Becausef thedifferentcetanevaluesdensity,andenergycontentof these
fuels, closedloop combustioncontrol of fuel injectiontiming andquantity (or air/fuel ratio) would make
this possible.Oneapproactpopularwithin today’sautomotivemarketis to usecontrol algorithmsbased
on readingfrom in-cylinder pressuresensors. In addition, the Army’s Vehicle TechnologieOffice, is
studying alternative, less intrusive (and possibly more reliable) approachedo determinethe start of
combustion,including use of knock/accelerometesensorsand crankshaftaccelerationmeasurements.
Feasibilityfor suchalternativeshasnotyet beendemonstrated.

BecauseDF2 hasroughly 9 percentmore energy contentby volume than JP8,in battlefield
situationswhere climatic conditionsallow use of DF2, roughly 9 percentlessfuel would needto be
transportedo completea givenmissionwith DF2 thanJP8.In addition,by optimizingtheinjectiontiming
andmasdractionburnedasafunctionof crankanglefor anyfuel used theenginés torque fuel efficiency,
andcold-startcapabilitywould be enhancedAs a result,the rangeof eachgroundcombatvehiclewould
beincreasedy morethantheabovecited9 percentLastly, it maybepossibleto find local sourcesf DF2
onor nearthe battlefield,shorteninghe supplyline evenfurther.

It should be notedthat one concernwith locally supplieddieselis the amountof biodieselit
containsGivenstudiesdoneby OEMsandthemajordieselinjectorsupplierspercentagespto 20 percent

4 McGrew,D. 2020.Email exchangewith individual committeememberU.S. Army CCDC GroundVehicle
System<enter.
5> Suchsystemsareavailableon Audi, Opel,Isuzu,andVolkswagernvehicles.
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shouldnot be of concern providedthey arenot storedfor morethana year® However,in someoverseas
markets biodieselpercentagesxceedhis. In suchcasesthe Army couldrevertto its presentlyplanned
JP8use.

Conclusion: Theuseof DF2in lieu of JP8couldreducethefuel supplyline duetoits higherenergy
density,which would decreasé¢he numberresupplymissionsrequiredto sustainthe operational
units. Althoughthis violatesthe Army’s present‘singlefuel policy” andwill presensomeadded
logisticscomplexitychallengesfurtherconsideratiorby the Army is warranted(Tier 1, Lead

Recommendation:The Army should considerusing closedloop combustioncontrol in all new
enginedesignsastheseengines properly calibrated, could allow seamles®peration between
jet propellant 8 (JP8), diesel,and biodieselwhile simultaneously increasing fuel efficiency
while using JP8. (Tier 1, Lead)

JP8/GASOLINE FLEX FUEL CAPABILITY

Adding a capabilityto run gasolineto thelist of allowablefuelsfor a compressiotignition engine
is alsotheoreticallypossiblealthoughdifficult to implement.Multiple industry efforts are underway on
gasolinecompressiorignition (GCI), including one sponsorecby DOE's Advanced Research Projects
Agency-Energy ARPA-E).” GCl studiesarealsopartof Navistats SuperTruckorogram® Thesamedirect
fuel injection systemcould be usedfor JP8, diesel, and gasoline.When running gasoline,a higher
compressiomatio would be desirablehanwhenrunningdieselbecaus®f thelatters reducedgnitability.
Severalapproache$o vary compressiomatio in a runningenginenow exist. As oneexample Infiniti has
a continuously variable systemin production. As another, Germanys IWIS Group has a simpler
“bang/bang’tompressiomatio systemgoinginto productionin 2023°

Another approachthat might enableuse of gasolinein a diesel enginewithout modifying the
compressionratio is to use spark plug assistance.Mazda’'s SkyactiveX sparkassistedgasoline
compressiorngnition engineprovidessuchanexample with its 16.3:1compressiomatio. Potentially,use
of Tennect AdvancedCoronalgnition systemwhich provides25 mm-ong ionizedstreamerso initiate
ignition might providesomeaddedcapability *°

Both modifications(i.e., changingcompressiomatio or addingsparkignition) would requirenew
enginedesigns.The benefitsof fuel flexibility betweenJP8andgasolinealsomay not be thatsignificant
becausd is likely thatlocally procureddieselis availablein mostworld marketsvherevetocally procured
gasolinewould beavailable.

Forunmannedircraftsystemsthe Army is presentlystudyingwhatis calleda “variableenergy—
assistedgnition assistant Essentiallyt consistof a temperaturesontrolledglow plug thatis energized
throughoutthe enginés operation.A hot surfaceis createdthat assistsautoignitionof one of the diesel
injectorplumeswhichin turncreatesheaddedoressur@andtemperatur@eededo ignite theotherplumes.

6 Alleman,T., R.L. McCormick, E.D. ChristensenG. Fioroni, K. Moriarty, andJ. Yanowitz.2016.Biodiesel
HandlingandUseGuide(Fifth Edition). U.S. Departmentf Energy.
https://afdc.energy.gov/files/u/publication/biodiesel_handling_use_guide.pdf.

" ARPA-e. 2015.Efficient EngineDesign.Online. AchatesPower.https://arpa
e.energy.gov/technologies/projects/efficienginedesign.

8 Cigler,J.,D. Oppermann2020.NavistarSuperTrucKl: DevelopmenandDemonstratiorof a FuelEfficient
Class8 Tractor& Trailer. Presentedtthe 2020Departmenbdbf EnergyMerit Review.Navistar,Inc.
https://www.energy.gov/sites/prod/files/2020/05/f75/ace103_%20zukouski_2020_o_4.27.20_108PM_LR.pdf.

91WIS. 2020.Dual Mode VCS. https://www.dualmodevcs.com/enAccessedNovember2020.

10 TennecdPowertrain Undated ACIS - AdvancedCoronalgnition Systemhttp://www.federalmogul.com/en
US/OE/Products/Pages/Proditails.aspx?Categoryld=15&SubCategoryld=21&Prodix@P4.Accessed
November2020.
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This ignition assistmay enhancehe ability to usegasolineandotherlow cetanefuels underhigh-altitude
pressureandtemperatureonditions.

Conclusion: It is possiblewith substantiachangedo designan enginethat canrun gasolineor
dieselfuel interchangeabilityhowever theoperationahdvantagesucha capabilitywould provide
arejudgedto besmall.

OTHER POTENTIAL JP8/GASEOUS-ICEFUEL AND FLEX-FUEL APPLICATIONS

Adding a capability to run propane compressed natural gas/methaoehydrogenin the same
engineasJP8is alsopossible Eachgaseousuel is introducedo theenginewith low pressureitherin the
intakemanifold or engineintakeportsor high pressuralirectly into the combustiorchamberCombustion
is initiated eitherwith a sparkplug (or possiblytwo) in the combustionchambercombinedwith a high-
energyignition systenor with adieselpilot injection.Challengeshatneedio beaddressethcludepossible
incompletecombustionat light loadsandpossibleknock/detonatiorat higherloads.

Wartsila MAN Energy Systems,and FairbanksMorse alreadyhave duatfuel (dieseland gas)
enginesin production albeit in larger enginesusedfor stationarypower. The earliestof thesewere
introducedbackin 1995111213

Conclusion: Although technicallypossible given the lower energydensityof gaseouguels and
associatedransportconcernsit is notrecommendethatmobile JP8/gaseoudualfuel engineshe
pursued.

FREE-PISTON ENGINES

A freepiston engineis a linear internal combustionenginein which the piston motion is not
controlledby a crankshaftut insteaddeterminedoy the interactionof forcesfrom combustionchamber
gasesanoscillatoror rebounddevice(e.g.,agasspringchamber)anda linearalternator(seeFigure6.2).

Attractive featuresof a free-piston engineincludethe following (1) direct conversionof piston
motion into electricalenergy,(2) no frictional lossesfrom crankslider and generatormechanisms(3)
reducedpower cylinder lossesbecauseno sideforcesare exertedon the pistonby a connectingrod, (4)
variable compressiorratio, and (5) electrical energy captureon both the compressiorand expansion
strokes.

Historically, challengesarosewith precisely controlling the piston’s position, which now is
overcomewith newercontrolsystemsA numberof companiearepresentlylookingto commercializehis
technology.Toyotais looking at usingthis technologyasa rangeextendeiin a gasolineor dieselpowered
passengecar application** Toyota saysthis mechanicallysimple engineachievesa claimed gasoline
thermalefficiencyratingof 42 percenin continuousaise,which comparegavorablywith thebestgasoline
enginesunderdevelopmentoday.As atwo-cylinderengine the freepiston enginas inherenty balanced
with asizeof roughly8 in. aroundand? ft long. An engineof thatsizeandtype couldgenerateoughly 11
kW, enoughto move a compactelectricvehicle at highway speed after its main drive batteryhasbeen
depleted.

1 Wartsila.Undated DualFuel Enginesfrom Wartsila. https://www.wartsila.com/encyclopedia/term/dual
fuel-enginesfrom-w%C3%A4rtsil%C3%A4 Accessedlanuary2021.

12 bid.

B3 1bid.

14 Available at https://www.roadandtrack.com/caulture/a6326/oubf-turn-toyotaengine
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TheGermarfirm SWEnginGmbhhasbeenworking onfree-pistonenginedor primepowerwithin
a passengecar. This designis an outgrowthof work demonstrate@n a single-piston-free-pistonlinear
generatomat the GermanAerospaceCenter(DeutscheZentrumfir Luft- und Raumfahrt;DLR) in 2013.
Similar to the AdvancedCombatEngine discussedearlier, this designalso has opposedpistonsthat
eliminateheatlossedn thecylinderhead.

Recommendation: Free-piston engine technology is a rapidly developing field that offers
somesignificant efficiency benefitsversusother internal combustionenginemechanismsThe
committeeanticipatesfurther improvementsin the future. It is highly recommendedthat the
Army monitor progressin this technology,in particular keepingtrack of work at Toyota and
SWERNg. (Tier 2, Watch)

Gas Spring Chamber Linear Generator Combustion Chamber

0 O OO0 00 OO0 O

Air Seal Ring Exhaust Valve

Check Valve Fuel Injector

Stator Winding Permanent Magnets Piston Scavenging Ports

FIGURE 6.2 Freepiston engine concept

TURBINE ENGINES

Within the Army, turbinesare the clear power plant of choicefor helicoptersusedin Combat
Aviation Brigadeshecausef their superiorpowerto-weightandpowerto-volumeratios.TheM1 Abrams
Battle Tankis uniquein the world's fleet of groundcombatvehiclesin its useof a gasturbine.The M1
AbramsBattle TanKs powertrainconsistsof a 1100-RV Honeywell AGT 1500 multi-fuel capablegas
turbine and six-speedAllison X-1100 hydrokinetic automatictransmissiort? This combinationenables
the 60 to 73.6 shortton, armored equippedvehicleto travel at speedof 45 mph on pavedroadsand 30
mph cross-country® The engineconsumesnorethan1.67US gal (6.3 L) permile whentravelingcross-
countryand10 US gal (38 L) perhourwhenidle.'’

HoneywellandGeneralElectricweredevelopinganothemgas-turbineenginedesignatedhe LV1-
5 to replacethe Abramss AGT-1500 engine. This engine featureda 33 percentreductionin fuel

5 Foss,C (Ed.).2005.P. 18 in Janes Armour andArtillery 200506. StanhopeCountyDurham,U.K. William
CookDefence https://archive.org/details/mainbattletankslOOcffo/.

1 PEOGroundCombatSystems2018.AbramsTank Upgrade—M1. P.37in the WeaponsSystemsiandbook
2018 AssistantSecretanof the Army (Acquisition, Logisticsand TechnologyXASA(ALT)).
https://api.army.mil/e2/c/downloads/533115.pdf.

17 Globalsecurity.orgM1 AbramsMain Battle Tank.
https://lwww.globalsecurity.org/military/systems/ground/specs.htmAccessedNovember2020.
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consumption(50 percentlesswhenidle).!® However,this commonenginefor Abramsand Crusaderan
advancedrield Artillery Systemwasshelvedvhenthe Crusadeprogramwascanceledn 20021°

Numerousattemptsto replacethe Honeywellturbinewith a dieselenginehaveyet to succeedn
partbecausef thefollowing: (1) higherpowerdensityperunit volumeof thegasturbine,(2) highertorque
of thegasturbineatlow speedsand(3) largercoolingsystemsgequiredto handlethediesels heatrejection
offsetin partby a smallerair handlingsystem

Therecontinueso be work led by the Air ForceResearch.aboratoryon powerdensityandfuel
efficiency improvementsmostly on largerturbineengineg3000shpandgreater)aspart of its Advanced
Turbine Technologiedor Affordable MissionCapability (ATTAM) program.It is anticipatedthat these
engineswill continueto bemuchmoreadvantgeouson apowerto-weightbasisbutlessfuel efficientthan
dieselenginessizedfor combatvehicles® #

Conclusion: Gasturbinescontinueto be the powerpackof choicefor mostArmy helicopterdue
to their powerto-weight advantagesOn the other hand,dieselengineswill continueto be the
powerpackof choicefor most groundcombatand tactical vehiclesdue to their fuel efficiency
advantagesContinuedmonitoring of the Air Force ResearchLaboratory’s AdvancedTurbine
Technologiegor Affordable Mission-Capability(ATTAM) work is appropriatdo assessvhether
this comparisorbetweerthetwo competingtechnologieshangesn thefuture. (Tier 2, Lead

BATTERY ELECTRIC GROUND COMBAT VEHICLES

A purebatteryelectricgroundcombatvehiclewould providelower soundandthermalsignatures
than an internal combustionengine or micro-turbine. Furthermore,the duration of a “silent watch
capabilitywould expandto its total operationtime.

Neverthelessapplicationgor an all-batteryelectric vehicle(BEV) would belimited to thelighter
endof thefleetwith specificsilentmobility missionprofiles.In particular,apurebatteryelectricpowertrain
isimpracticalfor anarmoredyroundcombatvehiclebecaus®f its limited rangeandlong rechargingimes.

The calculationsin Figure 6.3comparethe spaceandweight requirementdetweenthe JP8fuel
andbatteryrequirementso achieveanequivalentangein an Abramstank. As discussectarlier,batteries
havemorethananorderof magnitudereducedyravimetricandvolumetricenergydensityversusJP8.As a
result,the neededbattery pack would require more than an order of magnitudeof spaceand allowance
within the Abramsversusa JP8fuel tank. Evenif batteryenergydensitiedn 2035reachtwo to threetimes
today’scapability,the energydensityadvantag®f fuel likely will notbeovercome.

18 GE Aviation. Model LV100.

https://web.archive.org/web/20080618180930/http://www.geae.com/engines/military/lv100/spotlight_advantages.ht
ml. AccessedNovember2020.

9 Army Technology Crusaded 55mm.https://www.armytechnology.com/projectsAccessedNovember
2020.

20 McDaniel,D. 2019.NorthropWins Air ForceTurbineTechDevelopmentContract.ExecutiveBz.
https://blog.executivebiz.com/2019/02/northrejms-air-force-turbinetech-developmentontract/.

2! GovTribe.AdvancedTurbine Technologiegor Affordable Mission Capability(ATTAM) Phasel.
https://govtribe.com/opportunity/federabntractopportunity/advancetlirbinetechnologiedor-affordable
missionrrcapabilityattamphasel-fa865018s2002Accessedlanuary?2021.
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ABRAMS TANK: JP8 vs Battery Comparison

JP8 Fuel Summary BEV Summary

Comparison

X 1000 liter/m3

1900 liters X0.001m¥fliter 1 o 3 41.8 m3 X020 kWh/iter 9,190 kWh
> . . ———
volume volume
(501 gallons) X 0.50 kglter X 0.300 kWhkg Total BEV Energy
\— » 1502 kg 30,600 kg ——————
weight weight X 0.8

X 12.1 kWh/kg
X 0.80 kg/liter

7,350 kWh
Usable BEV Energy
(w/ 20% reserve)

/

18,400 kWh
JP8 fuel energy

!

ICE Efficiency 39% | combined Power Transfer ~ 85% |Combined
Trans Efficiency ~ 82% | Efficiency - Cooling 80% Effu:le?cy
Cooling 85% 27.2% 5000 kWh 68.0%

Energy Delivered To Sprockets
For full range (265 miles
road/124 miles cross-country)

Note: This is a comparison of the weight of fuel versus weight of batteries. It does not include engine, transmission, cooling systems, fuel tank, battery
supports, power electronics, cabling, or structure/packaging.

FIGURE 6.3 Abramstanks JP8versushattery comparisartSOURCE Koszewnik,J.2020.“ AbramsTanks:JP8

vs. BatteryComparisori. Studycommitteeoriginal product.Koszewnik, J. and P. Schihl. 2020. Combat Ground
Vehicle Propulsion Efficiency Discussion. Committee member original product featuring data from presentation
delivered to the study committee.

Theanalysign Figure 6.3howsthatthe problemswith anelectrictankarefundamentatiueto the
significantly reducedenergydensityof batteriesboth on a volumetricandgravimetricbasis,versusJP8.
However,upto 90 percenof thetime,agroundcombatvehicleis idling, thereforerunningalargekilowatt
internal combustionengine (such as the Abrams 1100 kW) to generatgust enoughpower to handle
onboardelectronics,while stationaryis inefficient and negatesmuch of the advantageof JP8s energy
densityadvantageThe committeesuggest that an auxiliary powerunit of approximatelyl0to 25 kW is
the most efficient way to maximize JP8s advantageduring extendedoperationsat idle. A 10 kW unit
auxiliary powerunit (APU) designedor the Abramsis alreadycommerciallyavailable.

Theelectricalrequirementso rechargeeachAbramstank presentan evenmorechallengingissue
(seeFigure6.4). An Abramstodaycanberefueledwith JP8on averagen 6 minutes® As shownin Figure
6.4, torechargeeachAbramswithin apreliminarytargetof 15minutesa29MW electricsourcds required.
It is unlikely thatpowersource®f this magnitudewill befoundonthebattlefield,asthe Army’s MEP-PU
810DPGDSPrimePowerUnit (PPU)trailer is limited to 0.84MW.? Furthermoreif this powermustbe
broughtvia a JP8supply chainto generatorsiearthe front lines, additionalinefficienciesaccrueversus
usingthe JP8to run dieselenginedirectly for propulsion.

22 Ernst,A. 2019.Using Systemof SystemsV&S to AssesOperationaEnergyandinform S&T Investments.
U.S.Army ResearchDevelopmentndEngineeringCommandhttps://www.idga.org/events
tacticalpowersourcessummit/downloads/usingdelingsimulatiorto-asses®perationalenergyandinform-st-
investments.

23 Badr,M. 2017.PD PowerSystems/nc. Receivesa $1.1M Firm Fixed Price(FFP)Delivery Orderfor the
Recapitalizatiorof the DeployablePowerGeneratiorandDistribution SystemgDPGDS).https://www.pd
sys.net/pesystemsinc-receivesa-1-1m-firm-fixed-price-ffp-delivery-orderfor-the-recapitalizatiorof-the-
deployablepowergeneratioranddistributionsystemsdpgds/.
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FIGURE 6.4 Rechargingimespresentanevengreaterchallengefor aBEV Abrams.SOURCE:Koszewnik,J.and
PD PowerSystems|.LC. 2020.Army choose$D Systemdo rebuildasmanyas 180 MEP-PU-810 mobile power
generationsystems.Study committee original product featuring image provided by PD Power Systems,LLC.
https://lwww.pdsys.net/pesystemsnc-receivesa-1-1mfirm-fixed-price-ffp-delivery-orderfor-the recapitalization
of-the-deployablepowergeneratioranddistributionsystemsdpgds/ AccessedeptembeR020 2

InternalArmy studiesat the GroundVehicle System«LCenterbasedon a moredetailedanalysisof
a much lighter tank with anticipatedvehicle improvementsshow similar results. Note that they are
projectingthat the batterypackfor an all-electrictank using batterieswith the sameenergydensityasa
TeslaModel S would weigh60,100Ib andrequirea spaceclaim of 605 ft3. This volumecomparesvith a
total allowancefor an entire hybrid powertrainin a similarly sizedtank of only 225 ft3. Furthermoreas
shown to rechargeeachsuchvehiclewithin 15min,a13.6 MW sourcewould berequired(seeFigure6.7).
Thus,to rechargean Armored Brigade CombatTeamwith 28 suchvehicleswithin an hour (i.e., seven
chargingatatime),a95 MW powersourceconnectiorof theright voltageandcurrentwould berequired?®

24 Availableat https://www.pdsys.net/pesystemsnc-receivesa-1-1m-firm-fixed-price-ffp-delivery-orderfor-
the-recapitalizatiorof-the-deployablepowergeneratioranddistributionsystemsdpgds/and
https://www.militayyaerospace.comfdnalog/article/16726325/arrghoosegpd-systemsgo-rebuildasmanyas
180-meppu8l0mobilepowergeneratiorsystemsAccessedeptembe020.

25Toomey,L.M. 2020.CombatVehicle EnergyStorageOnline.U.S.Army CombatCapabilitiesDevelopment
Command- GroundVehicle System<enter http://www.usarmygvsc.com/wp
content/uploads/2020/02/PresentatibEnergyStorage_Toomey.pdf.
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FIGURE 6.5 All electrictankfeasibility. SOURCE:Toomey,L.M. 2020.CombatVehicle EnergyStorageOnline.
U.S.Army CombatCapabilitiesDevelopmentCommaneg—GroundVehicle SystemsCenter Distribution A.
http://www.usarmygvsc.com/wpontent/uploads/2020/02/PresentatibBnergyStorage_Toomey.pdf.

BATTERY ELECTRIC TACTICAL VEHICLES

Similar to the aboveconclusiongor armoredvehicles,all-electrictactical vehicleshavelimited
practicality on the battlefield given their rechargingrequirementsFor example,as shown below, the
committeés analysisshowedthat eachJoint Light Tactical Vehicle (JLTV) would requireroughlya 2.6
MW powersourceto rechargewithin 15 minutes(seeFigure6.6). The Army hasacknowledgedhis to be
amajorconstrainion all-electricJLTV deploymentg?®

TheArmy is presentlydefininganAll -ElectricPowertraif AECP)demonstratonywhichisintended
to leveragdearningfrom presentandplannedbatteryelectricvehicles,suchasthe TeslaClass8 truck and
the AdvancedMobility ExperimentalPrototype(AMEP) programmentionedearlier. Projected6.2/6.3
fundingin fiscal years 2R3-2027 is $74 million.?’

Conclusion: The powerrequirementdo rechargehe batteriesof an all-electricarmoredground
combat vehicle make an all-electric design impractical. Because of lengthy recharging
requirementandthe requirementor extremelylarge electricalpower sourcesgxtensiveuse of

batteryelectrictacticalvehicles(includingthosein a supplyconvoy)alsohavelimited practicality
in a battlefieldenvironmentThe batteryspacerequirementsindadditionalweightlimit effective
all-battery vehicle use to selectmissionswhere silert operationsare paramountand lengthy
rechargingimescanbeaccommodated.

26 Koszewnik,J.andP. Schihl.2020.CombatGroundVehicle PropulsionEfficiency DiscussionCommittee
memberoriginal productfeaturingdatafrom presentationleliveredto the studycommittee.
27 Schihl,P.2020.CombatGroundVehicle PropulsionEfficiency Discussion Presentatiomo the study

committeeandemail providedto individual committeememberU.S. Army CCDC GroundVehicle Systems
Center.
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FIGURE 6.6 Joint Light Tactical VehicleEquivalentbatterystoredenergyandrechargingequirementSOURCE:
Koszewnik, J. 2020. Study committeeoriginal product,Image from OshkoshDefensebrochure “Army Electric
Vehicles Experts Set Their Gazeon the JLTV If They Can OvercomeBattery Recharginglssues, Military &
AerospaceElectronics,Accesseddecember2020, https://www.militaryaerospace.com/power/article/14174954/jltv
electricvehiclesbattery

Recommendation:The majority of planned funding for the All Electric Combat Powertrain
and any anticipated funding for battery electric tactical vehiclesshouldbereallocatedto work
on serieshybrid, parallel hybrid, and/or other partial vehicleelectrification concepts(Tier 2,
Lead)

HYBRID COMBAT VEHICLES

As shownin Figure6.7, the Army is studyinga numberof hybrid combatvehiclesconsistingof
internalcombustiorengineshatterypacksmotor/generatorgndelectroniccontrols.Thesevehicleswvould
provide a limited range(3 to 10 miles) for batteryonly operation,reducingthe vehicle’s acousticand
thermalsignature.In addition, becauseof their integral power electronics,suchvehiclescould provide
significantexternalelectricpowerto meetbattlefielddemandssuchas providing powerto microgridsor
enabling rechargingof battery systemsfor large weaponsystemsand/or multiple dismountedsoldier
powerpacks.

A majoradvantagef ahybrid combatvehicleversusapureBEV isin timeto refill versughetime
to rechargeaequiredby anall-electricpowerplantWith a hybrid combatvehicle,the energytransferis as
quick astoday’svehicles,typically lessthan 10 minutes,and simply executecdoy filling up the tank with
JP8.Notethatthis constraints not a function of the C-rate(rechargingime) capabilityof the batteriesit
is a constraintdueto the enormougpowerrequiredto transfermassiveamountsof energyin a shorttime
period.
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FIGURE 6.7 ElectrifiedpowertrainconceptsSOURCE:Tylenda,J.2020.CombatVehicle Electrification
OverviewandMotivation. U.S. Army CombatCapabilitiesDevelopmenCommaneg—GroundVehicle Systems
Center.Distribution A.http://www.usarmygvsc.com/wpontent/uploads/2020/02/Presentat®Electrific-
Drive_Tylenda.pdf.

IMPORTANCE OF RUNNING AT BSFC“SWEET SPOT’

Figure 6.8 is a brakespecific fuel-consumptionmap for a moderndieselengine.For different
enginespeedqshownon the x axis) andloads(shownon the y axis), it is possibleto estimatethe fuel
consumptior{typically expresseth unitsof gramsperkilowatt hour).As shown thereis a“sweetspot of
optimal efficiencyat 210 g/kWh wherethe leastamountof fuel for a givenwork levelis neededContrast
thatwith the 300to 1000g/kWh fuel consumptiorshownat someof the lower load pointsthatwould be
runwhenavehicleis idling or movingslowly.

Oneadvantagef a hybrid vehicle powerplantis thatthe enginecanbe turnedoff wheneverthe
batterystoragemaintainsenoughenergyto sustaintheimmediatdoadrequirementWhentheloaddemand
exceedghat for which the battery storageis capablethen the engineturns on. In this manner,a fuel
economyadvantagédetweerl0to 20 percentcanbe achievedasedon military hybridsin productionand
previouslyplannedseeAppendixK, “Hybrid Fuel Efficiency Opportunity.

Anotheradvantag®f particularimportanceo the Army is the hybrid’s ability to providea“silent
watchH and “silent mobility” capability for a limited distanceusng only storedelectric energywith a
significantreductionin its thermalandacousticsignatures.

SERIESVERSUSPARALLEL HYBRIDS

In aserieshybrid configurationthereis nomechanicatonnectiorbetweertheinternalcombustion
engineand the wheels. The electric motor providesthe only torque path to the wheels. The internal
combustiorenginein a serieshybrid drivesa generatorwhichin turn providespowerto theelectricmotor
and/orthe battery energystorage.When energyto the electric motor is suppliedby the battery pack,
inefficienciesariseassociateavith its conversioninto chemicalenergyandthenbackinto electricalenergy.
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FIGURE 6.8 2015BMW 3.0L N57 EngineDiesel Fuel Brake Specific Fuel Consumption(g/kW*hr). SOURCE:
Dekraker,P.,Barba,D., Moskalik, A., andButters,K. 2018.ConstructingengineMapsfor Full Vehicle Simulation
Modeling.SAE/EPATechnicalPaper201801-1412.https://doi.org/10.4271/20181-1412, from U.S. EPA National
Vehicle and Fuel Emissions Laboratory, National Center for Advanced Technology, “ALPHA Map Package,” Version

201806.

In aparallelhybrid configuration boththeinternalcombustiorengineandanelectricmotordriven
by batteryenergystoragecan mechanicallytransmitpower to the wheels.Powerto the batteryenergy
storages providedby a generatodriven by theinternalcombustiorengine. The two torquepathscanbe
linked togethemwith a planetarytransmissioror with anupsizedntegratedstarter/generat@ystem.

An advantageof both hybrid configurationsis the ability to run the enginein its brakespecific
fuelconsumptiort sweetspot (seeearlierdiscussionmostof the time. Anotheradvantag commonto
both configurationsis an ability to recoverenergyupon braking. Although this braking energyrecovery
shouldbe possiblein a wheeledvehicle, suchas Stryker, it is unlikely in a trackedvehicle dueto the
enormoudftiction within the tracks.In a serieshybrid configuration,only underhigh torquedemandis
electricalpowerprovidedby boththeinternalcombustiorenginegeneratoandthe batteryenergystorage.
At suchtimes,theinternalcombustiorengineis notrun atits “sweetspot”

Oneadvantag®f a parallelconfigurationovera seriesconfigurationis its betterfuel efficiency at
higherloads.At suchloads,the direct mechanicatorquepathfrom the engineto the wheelsavoidssome
of efficiencylossesncurredin a seriesconfigurationassociateavith charginganddischarginghebattery.
It shouldbe notedthatwith theadditionof clutchesdisablingthe mechanicatorquepath,a parallelhybrid
configurationcanbe operatedasa serieshybrid, albeitwith complexityandcostpenalties.
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As aresultof the aboveconsiderationshe selectionof an optimal hybrid systemdependsighly
upontheintendedduty cycle of the vehicleandthe level of acceptableomplexityor cost.

Recommendation:Continued engineeringwork on both seriesand parallel hybrids for the
full complementof Army ground combat vehiclesis strongly recommendedbecauseof the
multiple benefitsthey provide. Although thesestudiescan leveragework in the automotive
industry, the specificneedsof the Army (e.g.,much heavier armored vehicles,lessstringent
emissionstandards)will result in significant differences.(Tier 2, Watch)

Recommendation:The Army should conducta modeling and simulation analysisof different
battlefield scenariosto define the optimal silent mobility range that is required for ground
combatvehicles.The resultswill influencethe sizeof the battery storagerequired and inform
the optimum mix of research and developmentor parallel and serieshybrid configurations.
(Tier 1, Lead)

FUEL CELLS FOR VEHICLES

SOFCpowersystemsanbe moreefficient (up to 60 perceny in producingelectricity thandiesel
or gasturbinegensetscoupledwith generatorsgdependingon the fuel used Becausef higherefficiency,
SOFCpower systemscan reducevehicle fuel consumptionln addition, SOFC power systemsproduce
significantlylessnoisethandieselor gasturbinegensets.The noiselevel of the SOFCsystemds usually
below 55 dB with only modestacoustictreatmentwhich is significantly below the noiselevel of typical
dieselgensets(approximatelys5 to 85 dB).?® Thus, SOFC power systemscan provide sustainedsilent
watchcapabilitiefor mobileplatformslike Bradleylnfantry FightingVehicles.SuchSOFCpowersystems
running on reformedJP8fuel canbe usedas APUs on Army vehiclesor asrangeextenderdor electric
vehicles.

PEM fuel cells arethe mostsuitabletype of fuel cellsfor vehicularpropulsion.As oneexample,
ToyotaandHino will bedeliveringa class8 PEM fuel-cell demonstratiowvehiclein 20212°

However,theserequirehydrogenasthe fuel. A worldwide emphasids currently underway on
generatingandusinglargeamountf hydrogerto mitigateclimatechangelf hydrogenbecomesractical
andavailablein thefield at somepointin thefuture, PEM fuel cells canbe consideredor powertrainsof
Army vehicles.

A SUMMARY OF SILENT WATCH/MOBILITY OPTIONS

If the Army conducts force-on-force battlefield simulations and concludes that silent
watch/mobilitywith aspecificextendedangeis mandatoryfor atleastsomeof theirvehiclesthefollowing
optionsexist

1. PEM fuel cells.This power sourcerequiresbringing fuel to the battlefield in the form of
compressear liquid hydrogen.Recognizingthatthe fuel truckswill “cubeout’ beforethey
“weighout,” the disadvantagéo hydrogenasfuel is thatto provide an equivalentamountof
energyto the field, the numberof supply trucks will needto be increasedby 4 to 7 times

28 Williams, G.J.,A. Siddle,K. Pointon.2001.DesignOptimisationof a Hybrid Solid Oxide FuelCell & Gas
TurbinePowerGeneratiorystem ALSTOM PowerTechnologyCentre undercontractfor theDTI Sustainable
EnergyProgrammeshttps://www.osti.gov/etdeweb/servlets/purl/20249899.

22 Bomey,N. 2020.Why the nexttruck you seemay be a quiet, zero-emissiorhydrogenfuel cell rig. USA
Today https://www.usatoday.com/story/money/2020/10/26/hydrdgacks nikola-gm-toyotahyundaizerc
emissions/5981340002/.
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dependingon whetherthey are bringing it in the form of liquid or compressedydrogen,
respectivelyLocal supplymaybeavailableaspurehydrogerfuel is rapidly makinginroadsin
many world markets.So as just one example,if a conflict broke out in EasternEurope,
hydrogenfuel-supplytrucksfrom Germanyor Austriacouldbe usedto supplythe battlefield.

2. All-battery electric vehicle(BEVs) Dueto thelimited energydensityof batteriestherange
of a BEV would be severelycompromisedrersusone equipped witlan internalcombustion
engine As discussedh thisreport,theirbiggestdrawbackhowever js theirimpracticallylong
rechargingtimes along with huge electric power demandsthat far exceedwhat will be
availableevenwith micro-nuclearreactors.

3. Hybrid configurations(usinginternal combustiorengines) Basedon committeediscussions
with the Army, suchvehiclescanhavea lengthysilentwatchcapabilitybut will be limited to
only 3 t03010 mi of silentmobility, evenwith anticipatedbatteryenergydensityimprovements
by 2035:

Force-onForce Combat Modeling and Simulation Enhancements

As mentionecearlier futurepowerandenergystudiescouldbenefitgreatlyfrom aseriesof detailed
battlefieldscenariosgainstwhich variouspowerandenergyalternativesould be evaluated.

Previousstudieshave often taken power and energyavailability for granted.For example,the
assumedilentwatchcapabilitiesof FutureCombatSystemsvereclearlyinconsistentvith thetechnology
availableatthetime 3

It is worth noting that this is not necessarilya new insight, asa previousstudy by the Defense
ScienceBoard recommended conductingrealistic wargamesand exercisesthat accuratelyreflect the
threatsto andcapabilitiesof thejoint logisticsenterprise’.>?

Recommendation: Given the importance of power and energy on overall operational
capabilities, it is strongly recommended that the scope of future warfare computer
simulations (i.e., tactical exerciseswithout troops) be expandedto include power and energy
considerations.Thesesimulations should include identification of the quantity and form of
energy to be transported to the battlefield, how much of this could be replaced with local
sources,where it would be stored, any setup or take-down times, at what rate (i.e., power)
that energy could be released,and how the energy needsof operating bases,vehicles, and
dismounted soldiers would be replenished, including any refueling or recharging time
requirements. When wargamesare undertaken without computer simulation, a power and
energyexpert should be part of the evaluationteam.

30 On the Abramsmainbattletank, the completepowerpackcanbereplacedvhenarepairis needed.
Potentially futuregroundcombatvehiclescould be designedvith multiple “plug andplay’ powerpacks
(electric/ICEhybrid, fuel cell, batteryelectric)thatcould be substitutedor oneanothertherebyenablingthe same
groundcombatvehicleto providedifferentperformancettributesdependentiponthe specificbattlefieldmission
profile.

31 Pernin,C. etal. 2020.Lessondrom the Army’s FutureCombatSystems$Program RAND Arroyo Center.
https://www.rand.org/content/dam/rand/pubs/monographs/2012/RAND_MG1206.pdf.

32 DefenseScienceBoard.2020.TaskForceon SurvivableLogistics: ExecutiveSummary.
https://www.hsdl.org/?view&id=820550.
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v

Forward Operating BasePower

OVERVIEW OF FORWARD OPERATING BASE POWER NEEDS

Forwardoperatingbaseshave substantialpower needson the order of 1 to 5 MW to support
communicationsinformation processing¢limate control and other personneheeds.Todaytheseneeds
aretypically suppliedby a variety of dedicatedgeneratorsets.As part of the Multi-Domain Operations
(MDO) envisionedfor 2035,therewill be anincreasingfocuson highly mobile forward-operatingbases
(at times supportedby vehiclebasedelectricity generation) By repetitively finding new locationsand
striving to reducesourcesignaturesacousticsand infrared) in which to operate,expeditionaryforces
hopefullywill beableto evadedetectionandavoid exposurdo enemyforces.

In defininghow poweris deliveredto forward operatingoasescaremustbetakenin choosinghe
appropriatenumberandsize of powersourcesOf particularconcerncentralizingthe power supplyinto
one or more larger units may adverselyimpact warfighting becauseof concentratedsingle target
vulnerabilityandsomewhateducedmobility.

Another key consideratiorrelatedto power supply vulnerability on forward-operatingbasesis
detectionavoidance Specifically, the capabilities opeeradversarieso detectandtargetsourcesusing
sophisticatedcousticandinfraredsensorss well understoodThe actuallevel of powersupplysignature
andsuppressiomeeddo be betterunderstoodindestablishedn arealisticwarfightingmodel.

TODAY'S JP8&-POWERED GENERATOR SETS

The AMMPS (AdvancedMedium Mobile PowerSource)productline consistof a seriesof JP8
fueledmobile generatorsn five uniquepowerratings(5, 10, 15, 30, and60 kW), availablein eitherskid,
traile-mounted,or microgrid configuration. AMMPS representshe latestandthird generatiorof mobile
powersourceavailable,providing a 21 percentfuel-efficiency improvementwhile reducingsize,weight,
andnoise?!

Thesizeof the particularAMMPS generatoto beusedis selectedo bestmatchtheintendedpeak
load. This sizing choiceimprovesthe AMMPS positioningon a brakespecificfuelconsumptiormapbut
is notaseffectivefrom afuel-efficiency standpointasa hybrid configuration Useof largergensetybrids,
replacingnumeroussmaller gensetssizedfor particularapplications,would also reducethe numberof
genseteededn thefield andimproveoverall systemefficiency

Supportinghigher power needs,the MEP-PU810 DPGDS (DeployablePower Generationand
Distribution system)Prime PowerUnit (PPU)is awheetmounted dual dieselengine-driven powerplant
of 840kW, 4160V at60 Hz (seeFigure7.1). Therearetwo versions.The Army Versionwasdesignedo

1 U.S.Army Acquisition SupportCenter(USAASC). AdvancedMedium Mobile PowerSource{AMMPS).
https://asc.army.mil/web/portfolitem/cscssadvanceemediummobile-powersourceammps/Accessed
November2020.
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be highly maneuverabla supportof groundunitsandincludesa 5th wheelconfigurationapprovedy the
Departmenbf Transportatiorfor overtheroaduseat 55 mph. The U.S. Air Forceunit is a towedtrailer
configurationthatis capableof beingair transportedy a C-130aircraft?

In Chapter6, “Vehicle Powerand Large WeaponSystems,”and within Appendix J, thereis
discussionof improvementghat can be madeto improve the efficiency of internalcombustionengine-
basedgeneratorsThe sameopportunitiesavailableto groundvehiclesare applicableto generatorsets
supportingforward operatingoasesimprovementsn efficiencyareparticularlyimportantasthey shorten
thefuel supplyline andthereforereducetherisk of soldiersandcontractorsnvolvedin fuel transport.

FIGURE 7.1 MEP-PU-810 DPGDSPrime PowerUnit. SOURCE:PD PowerSystemsLC. 2020. Promotional
materialsprovideddirectly to studycommittee.

LARGE -POWER FUEL CELL SYSTEMS

Solid oxide fuel cell (SOFC)power systemsin the 100 kW to megawattsizesare now being
commerciallyproducedandinstalledin almosteverysectorof the economyto provide primary power;to
date, more thaB50 MW of SOFCpowersystemshavebeeninstalledto provide primary power.These
systemsoperateprimarily on naturalgasor on biogasesandcanbe operatedn reformedJP8fuel aswell.
Suchsystemscanprovideprimary poweror emergencyoweron fixed Army bases.

2 Badr,M. 2017.PD PowerSystems|nc. Receivesa $1.1MFirm Fixed Price(FFP)Delivery Orderfor the
Recapitalizatiorof the DeployablePowerGeneratiorandDistribution SystemgDPGDS).https://www.pd
sys.net/pesystemsinc-receivesa-1-1m-firm-fixed-price-fip-delivery-orderfor-the-recapitalizatiorof-the-
deployablepowergeneratioranddistributionsystemsdpgds/.
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Conclusion: SOFCpowersystemswvould offer the sameadvantageanddisadvantages semi
permanenbperatingbasesasin thecommerciaimarket.Their usecouldfacilitate useof local fuel
sources(Tier 1, Watch)

NUCLEAR REACTORS FOR THE BATTLEFIELD

The U.S. Army demonstrated/arious nuclearreactordesignsduring the 1950sand 1960son
variousscales from an air/truck transportablenodelto fixed installations.In fact, the reactor(MH-1A)
installedon aliberty ship (renamedSturgig suppliedpowerto the PanamaCanalZonefrom 1968-1975to
reducetheneedto divertlakewaterto hydroelectrigproduction® Eventually the Army droppedits nuclear
power programbecausef the overheadassociatedavith requiredsafetyand securitystandardsyhich in
turn drovehigh operatingcoststo outweighthe fuel logistic advantageAt thetime, military plannersdid
not anticipateantraccess/aredenial (A2/AD) as a prominentconsiderationnor was sustainabilitya
concern.

The Army is reconsiderindission nuclearpowerasatacticalsolutionbecaus®f chroniclogistics
andsecuritychallengesn operationsn Southwestsia andanticipationof future persistentonflict with
A2/AD. As recommendetby the DefenseScienceBoard* a demonstratiorfProjectPele)is underway to
incorporatetechnologyadvancedgrom the pastsevendecadeso inform today’s*“art of the possible’. The
specificationsvould provideelectricty atupto 5 MW scale whichwould displacefuel neededo powera
typical brigade or largerscale basecamp. The 5-year project will demonstratean “inherently safe”
prototypereactor

In orderto deploysucha systemthe Army mustaddressntegrationneedssuchastransportation,
installation, operation,and removal. Particular challengeswill include methodsto provide requisite
visibility and security associatedvith the nuclearmaterial contentsduring all phasesand methodsto
provideappropriatephysicalprotectionusingvariouslocal materialsor transportablenodules Moreover,
the Army will needarchitecturesolutionsthat enablethe energyto be utilized effectively. Although a
nuclearreactorcoreitself could haveextremelyhigh energydensity the overall systemfootprint would be
drivenby needdor shielding,ballistic protection,and especially heatrejectionequipmenif closedloop
coolingis required.Creativesystemintegrationcould enablethe Army to minimize the requiredsystem
size(andassociatedransportationinfrastructure andsecuritydemandspy maximizingutilization of the
reactorasit operatesontinuouslynearcapacity.

The committeeobservesa possibledisconnectetweenthe emergingconceptof MDO andthe
Department of Defen&e (DoD’s) ongoing nuclear reactor program objectives. The Westinghouse
GovernmentServicesMobile NuclearPowerPlantprojecttargetsa nominal2 MW of electricalpower
production,which would correspondo observedsustainmenheedsof a brigadeor largerforce operating
from aforwardbaseduringrecentoperationsn Southwesisia. However literatureandbriefingsprovided
to the committeecharacterizeMDO as highly mobile, with hourslong halts at the longest,to minimize
force vulnerability. With no basecampsbeingestablishedit would beimpracticalto usea nuclearreactor
(or any prime power source)in such a forward area. The committeedid not examinethe expected
restructuringof sustainmentrchitectureto determineif or where sucha capability would provide the
intendedbenefit. Westinghousds presentlyworking at the state of the art andis one of the leading
contenderso continuethis work.

3 The Maritime Executive 2019.FloatingNuclearPlantSturgisDismantled https://www.maritime
executive.com/article/floatinguclearplantsturgisdismantled.

4 AnastasioM., P.Kern,F. Bowman,J. EdmundsG. Galloway,W. Madia,andW. Schneider2016.Task
Forceon EnergySystemdor Forward/Remot®peratingBasesGovernmenteport.DefenseScienceBoard.Under
Secretanof Defensdor Acquisition, Technology andLogistics(USD(AT&L)).
https://dsb.cto.mil/reports/2010s/Energy_Systems_for_Forward_Remote_Operating_Bases.pdf.

> Waksman,J. 2020.ProjectPeleOverview:Mobile NuclearPowerFor FutureDoD Needs Strategic
CapabilitiesOffice. https://ric.nrc.gov/docs/abstracts/waksmtng4-hv.pdf. AccessedNovember2020.
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FIGURE 7.2 DefenseeVinci MNPP technology overview SOURCE: Blinn, R. and A. Harkness.2020.
Westinghous®efenseeVinci™ Micro Reactor(Mobile NuclearPowerPlant).Presentatiomo the studycommittee.
Westinghous&overnmentServices LC.

As detailedin Figures7.2 and 7.3, the Westinghousesystemis containedwithin two 20-ft ISO-
certified containertrailersweighinga total of 39 tons.It canbe transportedo the battlefieldwith a C-17
Globemasterand two M-1070 tractorswith trailers. Setup time is estimatedto be lessthan 3 days.
Disassemblynustallow for a 2-daycooldown. This schedulevorksfor adomesticor permanenbtverseas
opeaatingbasebut doesnot providethe desiredmobility for anexpeditionaryor defensiveorce.

At 2 MW, thevalueof a nuclearpowerplantfor anexpeditionaryforceis alsosomewhatimited.
As describedn the earlierdescriptionon all-batteryelectricvehicles,to recharggust one heavyground
combatvehiclewithin 15min, a 14 to 29 MW powersourceis required A 33 MW chargingsourcewould
be neededo refuel a fleet of 25 class-8truckswithin an hour. So, althoughenergydense thesenuclear
powerplantsvould not providethe powercapabilityneededor anall-electriccombatvehiclefleet.

An additional program of note, in the Departmentof Energy, is the Advanced Reactor
DemonstrationProgram. This program is supporting advancedreactor demonstrationsof several
technologieshaving awardedas of this writing more than$50 million. Notable technologiesinclude
demonstratiomeactorsoy X-EnergyandTerraPowermlongwith otherconceptsuchasthe Massachusetts
Institute of Technology’slorizontal Compact High Temperature Gas Readtioe Army canstayin touch
with thesedevelopmentsisthey matureanddecideif therearenewreactortechnologief interestto its
missions.
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FIGURE 7.3 DefenseeVinciLogistics SOURCEBIinn, R.andA. Harkness2020.Westinghous®efenseeVinci™
Micro Reactor(Mobile Nuclear Power Plant). Presentatiorto the study committee.WestinghouseGovernment
Services| LC.

Nuclear energy brings inherent complexities associatedwith engineeringitself (materials,
radiation,energyconversion)aswell asadditionalissuesof safety,security,andregulation. Eachof these
factorsimply theirowntechnologydevelopmenbpportunitiesin thecontextof tacticalmilitary operations,
key challengesncluderuggedpackagingto provide high levelsof assurancagainstpersonnekxposure
and reliable ways to automatematerial tracking and accountability.In any event, eachenergysource
(combustionnuclear renewablegtc.) bringsdifferentcharacteristicshatimply newtechnologyneedsin
that context,the Army mustexploreintegratingtechnologyimplicationsasit considersnuclearenergy
solutions. At a higher level, the complexity of military nuclear energy applicationsmay call for
advancemenof methodsfor developmenbf performanceandtrade-offcriteria, adoptingresearchn the
emergingfield of resilienceasanalternative(or supplementjo contemporarygostandrisk methods.

Conclusion: The Pelenuclearpower plant programnow underway may prove appropriatefor

domesticand permanentoverseashases.lt will not, however, adequatelymeet the needsof

expeditionaryanddefensiveoperationgiueto its limited powerratingandmobility concernsThe
committeealsofound disparateviews asto the level of effort neededo comply with regulatory
andsafetyrequirements.

6 SeeAppendixM for additionalinformation
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Recommendation:lt is recommendedthat the detailed safetyand regulatory requirements of
a nuclear power plant be clearly defined and agreedto by all appropriate government
agenciesbefore prototype definition proceedsfurther. Furthermore, use casesfor these
reactors needto be carefully defined giventhe limited power and mobility of the envisioned
systems.Additional safety and regulatory considerationsof micro-nuclear powerplants are
summarizedin Appendix M. (Tier 1, Lead)

LINEAR GENERATORS

At leastonestartup firm is fielding a compresseaaturalgas(CNG) stationarypowerplant that
provides250kW of electricalpower.Theengineis configurednow for homogeneousharge-compression
ignition of CNG. Becauseof the linear generatds ability to vary compressionatio while operatingthe
fuel sourcedoesnot needto be of high quality, suchthatevenlandfill gasmay be acceptabldéseeFigure
7.4).

Designedior commercialbusinesseghe enginewill provideupto 250kW netAC (3-phase480
V) in a compact,standard8.5« u20 package(seeFigure 7.5). Mainspringreportedlyis targetinga net
electricthermalefficiency (fuel sourceto electricity) of greaterthan48 percent

Conclusion: Given their high net electric thermal efficiency, a wheelmountedlinear generator
runningon JP8fuel couldbeasmobileasthe Army’s presenMEP-PU810DPGDSPrimePower
Unit (PPU).Developmenbf thefuel systemsubstitutingJP8for CNG would berequired(Tier 2,
Lead)

FIGURE 7.4 MainspringLinearGeneratoiT echnology SOURCE:MainspringEnergy,Inc. Technology.
https://mainspringenergy.com/technologd¢cessedNovember2020.
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FIGURE 7.5 Mainspring Linear Generator: Pilot Unit. SOURCE: Mainspring Energy, Inc. Technology.
https://mainspringenergy.com/technology¢cessedNovember2020.

FIGURE 7.6 Microgridssetuptime opportunities SOURCE:Cummins,Inc. TacticalEnergyStorageJnit.
https://www.cummins.com/generators/defense/tacdoargystorageunit. AccessedNovember2020.

MICROGRIDS

A microgrid is a localized group of interconnectecklectricity sourcesthat operateas a system
includinggeneratioranddemandmanagementA microgrid canfunctionautonomouslyn islandmodeor
canconnecto alargercommerciapowersource.

A microgrid canalsocontainenergystoragedevices.TacticalEnergyStorageJnits (TESUs) can
enhancehefuel efficiencyandperformancef AMMPS generatordy enablinghybrid operation.Thatis,
the generatoor generatorgo which the TESU is coupledcanbe operatedat their fuel efficiency “sweet
spot whenusedwith energysuppliedoy thebatteriesvhentheyhaveenoughchageto supporthepresent
electricaldemand Sincethe demandcan be supportedby the batteriesand associateghower electronics
alone,this approachalsoenablessilentoperationfor alimited time whendesired TESUscanbe operated
with asingleor multiple AMMPS generatorso form a smallmicrogrid, asshownin Figure7.6.
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Microgrid SetupTime Opportunities

STAMP (SecureTacticalAdvancedviobile Power)is anexampleof a highly mobile,cybersecure,
andlightweightmicrogrid presentlyunderdevelopmen{see Figure 7.7 hismicrogridconcepintegrates
multiple power sourceso achieveoptimum power performancejmproving power distribution, storage,
monitoring and maintenance’ This is the first demonstratiorof future battlefield power, our universal
battlefieldpower,UBP,"” saysThomasBozadaseniorprojectmanagerl).S.Army Corpsof Engineersand
co-technicalmanagefor thetechnologydemonstratiort: Thats theability of thecommandeto utilize any
powersourceon the battlefieldwhetherit’s traditionalgeneratorsenergystorageyvehicleswith onboard

exploitablepower,andeventuallyhostnationpower’ ’

FIGURE 7.7 Notional micro-grid implementation SOURCE:McGrew, D. 2020. Email exchangewith individual
committeememberU.S.Army CCDC GroundVehicle System<enter.

The STAMP programis basedon scienceand technologyproductsfrom the Army’s Energy
InformedOperationgprogram.The effort officially kicked off in June2020,andit involvesorganizations
from acrossDoD. The STAMP OperationalProblemStatemenfor this systemprovidesa comparisorto
today’smicrogrid systems.

The STAMP microgridswill utilize a TacticalMicrogrid Standarcdhow underdevelopmentwhich
providestheintegratingarchitectureEssentiallythis TacticalMicrogrid Standards acommonway for all
the componentdo talk to one anotherandthenbe capableof reportingthe results.Microgrid objectives
includea 1-hoursetup time and¥2-hourteardowntime.

Conclusion: Cuttingedge commercialchargersand auxiliary batteriesautomaticallyadaptto
chargeor deliver powerat the appropriatevoltage,current,andduty cycle. Implementingsimilar

7 Seffers,G. 2020.Army Microgrid To PowerMultidomain OperationsAFCEA.
https://www.afcea.org/content/aramyicrogrid-powermultidomairroperationsAccessedNovember2020.

PREPUBLICATION COPY —SUBJECT TO FURTHER EDITORIAL CORRECTION
7-8

Copyright National Academy of Sciences. All rights reserved.



Powering the U.S. Army of the Future

conceptsamongmilitary systemssuchasthe STAMP microgrid, could build uponthe Tactical
Microgrid Standardeffort to developcollateralstandard@ndhardware/softwartechnologieghat
provide“plug andplay” functionalityandintelligentcontrolof all connectegowerdevices(Tier
1, Watch)

Vehicle Electric Power Sourcesfor Microgrids

In additionto the abovementioneddedicatedmobile generatorsa numberof onboardvehicle
powergeneratioroptionscanbe usedto feeda microgrid.

X

Vehiclealternators.On many existing vehicles,thereis an alternatortypically driven by the
enginés front-end accessondrive providing electric power to meetonboardpower needs,
includingchargingthe vehicle’sbattery.

Army Tactical VehicleElectrification Kit (TVEK) This powerarchitecturekit which canbe
addedto selecttactical vehiclesincludesa generator patterystorage,and controller® It can
providel5kW of powerto thegrid. In addition,sincepowercanbe drawnfrom the batteryin
lieu of idling the engine,tactical vehicle fuel efficiency savingsof roughly 25 percentare
anticipatedHigherpowerversiongroviding110kW arealsounderdevelopmentTargettimes
for vehicle-tevehicle and vehicle-tegrid connectiontimes are 2 minutesand 10 minutes,
respectively.

Transmissiornintegrated generator€l1Gs).A numberof TIGs areeithercurrentlyavailableor
being developedfor ground combat vehicles. These generatorsinclude neardrop-in
replacementfor Allison 3000(3TIG) and4000serie(4TIG) transmissionsgachprovidinga
120-kW continuougpowercapability. The Allison transmissions presentlyusedon Stryker.
Integratedstarter generators (ISGsJypically, locatedbetweerthe engineandtransmission,
thesedevicesprovidea replacementunction for both the alternatorandstarter.Significantly
higher power levels can be providedas evidencedoy the 160 kW HMPT800EGfrom L3-
Communicationgor Bradley-classmilitary vehicleapplicationgseeFigure7.8).

The Army’s GroundVehicle System£enter(GVSC)is presentlyexecutingthe VMD/APOP
developmen(discusse@bove, which modifiesthe Strykerplatformto includea120kW ISG,
electrifiedauxiliary systemsand28-V lithium-ion energystorage.The powerelectronicsare
all silicon carbideto savespaceand reducethermalburden.The resultantsystemincreases
electrical power generationfrom approximatelyl2 to 120 kW, with approximately90 kW
available for non-propulsion/auxiliaryfunctions. Size, weight, package,and cost are not
affected.

Full andpartial hybrids.Besidegheintegratedstartergeneratorasdiscusse@bove thereare
a numberof other hybrid concepts(both seriesand parallel) that are capableof providing
significantelectricalpowerto amicrogrid.

Usingvehiclehybridswith largerenginedo providepoweraspartof a microgrid structurewill be
much more energyefficient thanthe deploymentof multiple smallergeneratoisetsoften usedtoday. As
hybrids,their enginesareoperatingonly whenthereis insufficientenergyleft in the batterieso meetthe
currentpowerdemandIn addition,sincethe vehiclestypically havemuchlargerdisplacementshanthe
generatosetsnow beingused theyaremoreefficient. Largerdisplacement/cylindeznginesyenerallyare
moreefficient becauseheyhavea morefavorablesurface-area-tvolumeratio.

8 Aliotta, J.2017.Driving the Army’s energyefficient future. TARDEC.
https://lwww.army.mil/article/181692/driving_the_armys_energy_efficient_future.
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FIGURE 7.8 HMPT800EGwith 160kWISG for Bradleyclassmilitary vehicleapplicationsSOURCE:S.A.
JohnsonJ. Larson P. Ehrhart andJ. Steffen 2015,“Inline StarterGeneratorglSG) andimprovedMotor
Componentsor ElectricPowerSupplyandHybrid Drivesin Vehicles” in Proceeding®fthe2015GroundVehicle
System&ngineeringand TechnologysymposiuniGVSETS)nline StarterGeneratorg1SG) and ImprovedMotor
Component$or Electric PowerSupplyand Hybrid Drivesin Vehicles http://gvsets.ndia
mich.org/publication.php?document|D=144.

Furthermoregettinga suitablysizedvehicle hybrid to the battlefielddoesnot necessarilyequire
anall-newvehicle.As just oneexample the Hybrid Bradley Fighting Vehicle now beingdevelopedasa
retrofit underan $32million Army contractcould provideup to 735kW of electricityandbe moremobile
andmaneuverabléhanthe60 kW AMMPS (AdvancedMediumMobile PowerSource)and840kW MEP-
PU-810DPGDS(DeployablePowerGeneratiorandDistribution system) poth of which needto betowed

to the battlefieldby atruck.

Conclusion: In the future, the ability to useonboardvehicleelectricity from a variety of mobile
platforms, both tactical and tracked,will enablemicrogridsfor mobile commandcentersto be
quickly setup undera variety of terrain conditions,including soft ground,wheretrailer towed

MEPSsystemgannotreach (Tier 1, Lead
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8

Fuel ConversionEfficiency and Other Material Driven Opportunities

Although not directly relatedto the sourcing,storage or transmissiorof energy,maximizingthe
utility of each megawatthour of energydeliveredto the field is importantto enableincreasedself
sustainability.This awarenessninimizesthe amountof energythat mustbe transportedo the battlefield
or collectedlocally.

To accomplishthis, fuel-conversionefficiency needsto be maximizedthroughoutthe complete
chain from energy storageto power delivery. For example, lower rolling-resistancetracks, higher
temperaturecapablepower electronics batteries,motors, and moreefficient cooling systemstogether
could enableconsiderableeductionsn parasiticcooling andfriction losses Someof theseopportunities
aredescribedelow.

PRESENT ARMY POWER PACK FUEL EFFICIENCY AND PERFORMANCE UPGRADES

The Army alreadyhas anumberof active powerpackinitiatives in this area,which are then
balancedagainstother key performanceobjectivessuch as power density and heat rejection. These
initiativesaresummarizedelow.

The AdvancedPowertrainDemonstrato{APD) powerpackpresentlyunderdevelopmenincludes
the following: (1)alow heatrejection high-efficiency two-strokeopposed-pistoengine (2) awiderange,
high-efficiencycross-driveransmission(3) anadvancedooling/thermamanagemendystemand(4) an
advancedigh-efficiencyinline startergeneratorDueto its increasdn powerdensity,it enablesncreased

terrainaccessandhighervehiclespeedpowerpacksising militaryon-theshelf(MOTS) componentgsee
Figure8.1).

FIGURE 8.1 Increasingpowertrainpowerdensity SOURCE:Brendle,B. 2018.U.S. Army OpposedPiston
EngineResearclandDevelopmentSlide presentationU.S. Army ResearchDevelopmentandEngineering
CommandRDECOM)-TARDEC .http://groundsmasail.com/documents/ugrmy-oppposeepistonengine
researckinfantry-fighting-vehiclem?2-bradley.html
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FIGURE 8.2 Currentversis AdvancedMobility Platform.SOURCE:Brendle,B. 2018.U.S. Army OpposedPiston
EngineResearclandDevelopmentSlide presentationU.S. Army ResearchDevelopmentandEngineering
CommandRDECOM)— TARDEC. http://groundsmasmail.com/documents/vagrmy-oppposeepistonengine
researckinfantry-fighting-vehiclem2-bradley.html.

The above “representativearea of interest terrain maps show results from modeling the
performanceof the presentBradleyfighting vehicleagainstthat of a future Bradleyfighting vehiclethat
includesthe APD powerpack(seeFigure8.2). Whereaghe presenBradleycannottraverse22 percentof
theterrain,thefuture Bradleycantraverseall but6 percenpf theterrain. Thisaddedcapabilityis essential
becausevithoutit, combatantganpredictthe pathof the Bradley,makingit easierfor themto setup their
defensesAlso shownabove,the Bradleys averagevelocity acrossthe best50 percentof this terrain
increase with the APD powerpackrom 10to 15 mph.

The AdvancedCombatEngine (ACE), part of the APD, is a 746-kW four-cylinder, two-stroke
compressiongnition enginewith horizontally opposedpistons(seeFigure 8.3). As a two stroke(firing
everytwo strokesrersuseveryfour strokesor moreconventionakngines)the ACE providesthecapability
for higherpower per unit of displacementln a horizontally opposedpiston engine,thereis no cylinder
head.Instead,opposedpistonsapproachone anotherasthey are moving to their minimum displacement
position.

Without a cylinder head(unlike a conventionaliesel),no heatis transferrednto the head.This
effectresultsin reducedengineheatrejection particularlyimportantbecausarmoredyroundvehicleswith
their constrainedyrille openareapay a hugepenaltyfor cooling systemlosses.

The AdvancedCombatTransmissior(ACT), partof the APD, is a high efficiency, drive-by-wire
transmissionwhichreplacedraditional,inefficient mechanisméke hydraulicoumpsin thepropulsionand
steeringsystemswith solenoidelectromagneticontrols.The steerby-wire systemis claimedto provide
optimal control of the vehicleat high speedaswell asduring sharpturns.Lastly, it hasanunusuallyhigh
numberof forward gearratios providing a wide ratio rangeenablingthe engineto operateat its most
efficient speed/loagbointfor a givenpowerdemandWhereasometransmissioni Army platformshave
efficienciesas low as 55 percentdependingon the operatingrange, SAPA Transmissiors ACT1000
transmissiorefficiency (output shaft power divided by input shaft power) exceed90 percentin every
operatingcondition®

1 SAPA TransmissionACT 1000transmissionhttps://sapatransmission.com/products&@0iransmission/.
AccessedNovember2020.
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FIGURE 8.3 Enginecutawayshowingopposedistonenginecranktrainandpowercylinders SOURCE:Achates
Power,Inc.,andAramcoServices]nc. OpposedPistonEngine.Cooley,B. for CNET.
https://www.cnet.com/roadshow/news/radinalvenginesmakea-run-atreality/. AccessedNovember2020.

TheAdvancedThermalManagemenBystemATMS), partof the APD andunderdevelopmenby
AVL, providesthe necessarpowerplantcooling system.t replacedraditionalfilters, which wearoutin
20 hoursin dustyareadike desertsyith a pulsejet air cleanerthatcleanstself with shortdurationpulses
of compressedir. This redesigresultsin additionalair flow andis projectedo lastaminimumof 500h.2

The APD CombatVehicle IntegratedStarterGeneratoISG), partof the APD, producesl60kW,
manytimesmorethanwhatis currentlyavailableon the Bradleyfrom its presenalternatoroff theengine.
It will notrequireits owndedicatedcoolingsystempecausdé canfunctionusingacommonl05°C coolant
with the engineblock. Internally, silicon carbidepowerelectronicdevicesare usedbecausdhey havean
operatingtemperaturdimit of 200°C, which compareswith the roughly 125°C limit for silicon. The
requiredheatmanagemensystem(i.e., the heatsinking) thereforecan be smallerwith silicon carbide
deviceswhenboth are maintainedat the samecase(packageemperaturesf 105°C.% Aggressivetargets
for theseAPD powertraintechnologiesn 2035 and 2050 alreadyhave beenestablishedoy the Army
GroundVehicle System<Center.

2U.S.Army CCDCGroundVehicle System<Center(formerly TARDEC). 2015.Tardec30-Year Strategy
Value StreamAnalysis.U.S. Army. https://api.army.mil/e2/c/downloads/405983.pdf.

3 FreedbergS. 2019.Army RevsUp High-TechTank Engine.BreakingDefense.
https://breakingdefense.com/2019/12/anmayshigh-techtankengine/.
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Another advancedpropulsion system presently being defined by the Army Ground Vehicle
SystemsCenteris simply entitledthe “ ProjectedPropulsionSystem. This hybrid powerpackincludesthe
following: (1) a high-efficiency, fuel conversionsource (engine or fuel cell), (2) a high-efficiency
power/torqueonversiordevice (3) variablespeedandrive, (4) an80-kWh energystorageleviceenabling
idle engineshutoff andsilentmobility, and(5) highly efficient batterycharging?

Another program is the Advanced Mobility Experimental Prototype (AMEP), which is to
demonstratgpotential propulsionsolutionsfor the ExtendedRangeCannonArtillery program,a self
propelledhowitzer. This prototypelikely will useselectedortionsof the APD powerpackandincludean
advancedower rolling—resistancerackanda 150 kWe integratedstartergeneratorSpannindiscal years
(FY) 2020through2023,6.3fundingof $16.5million is approvedvith anadditional$34.9million funding
anticipated'.

Still anotherprogramis the Platform Electrification Mobility DemonstratorThis programwill
include multiple vehicle prototype builds to demonstrateelectrification capability in tracked combat
applicationslt will include15-30ton light and35-60 ton heavygroundcombatvehiclesusinga modular
approach.The focus will be on hybrid electric propulsion systemconfigurations.SpanningFY 2020
through2025,6.2/6.3funding of $219million is anticipated. M2 BradleyandM113 armoredpersonnel
carrierswill beusedasthebaseplatforms.

Key elementof the studyincludethe following: (1)high-temperaturgpowerelectronicsmotors,
andgeneratorand(2) investigatiorof fuel-cell capabilityto rechargdatteriesor on-boarcelectricpower,
silentmobility capability with an 80 kWh battery pack target for the heavy variant. Transmission
alternativesto be evaluatedinclude a cross-drivesystem(which integratesbraking and motoring and
enablesonetrackto run ata higherspeedhanthe otherfor steeringlandindependentrackdrives.

FURTHER EFFICIENCY IMPROVEMENTS IN COMPRESSION IGNITION ENGINES

Within thelastdecadetherehavebeensomevery impressiveamprovementsn the efficiency and
powerdensityof compressiomngnition enginesjn largepartdrivenby the SuperTruckprojectsundertaken
by CumminsNavistar,Daimler,Volvo, andPaccarBaseenginethermalefficienciesexceeding0 percent
attheir bestspeed/loasdperatingpoint havebeendemonstrated.

The brakethermalefficiency (BTE) of presenfour-strokeenginesn Army service,suchasHigh
Mobility MultipurposeWheeledVehicles(HMMWVs), Bradleys,and Strykers,typically rangefrom the
high 30sto low 40s.Modernizationof Army enginehardwareto commerciaBTE levels(approaching0
percentwouldreduceJP8usageby roughly20 percent This decreaseombinedwith theuseof DF2 diesel
fuel with its 9 percenthigher energycontentby volume, and further improvementsmadepossibleby
adjustinginjectiontiming/quantity,could reducetotal fuel transportedo the battlefieldby almosta third.®

In addition to base engine improvements,the SuperTruck projects have also included
demonstratiorof variouswaste-heatecoverysystemgseeAppendixJ). If containablewithin the space
constraint®f newgroundcombatvehiclestheyoffer a3 to 5 percenbpportunityto reduceduel usefurther,
therebyincreasinghevehiclerangeandshorteninghefuel supplyline. Most of the SuperTruckprograms
focus on the organic Rankine cycle (using cyclopentane) Encouragingwork at SouthwestResearch
Institute focudgng on the Brayton cycle (using supercritical CO;) offers the potential for even further
efficiency gains. Department of EnergyDOE) SuperTruckadvancesjncluding waste-heatecovery

4 Schihl,P. 2020.CombatGroundVehicle PropulsionEfficiency Discussion Presentatioo the study
committee,andemail providedto individual committeememberU.S. Army CCDC GroundVehicle Systems
Center.

5 A summaryof thedesignactionstakenon SuperTruckprojectsis includedin AppendixJ.

6 U.S.Army CCDCGVSC.2020.Verbalconversatiowith committeememberU.S. Army CCDC Ground
Vehicle System<Center.
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conceptscould be leveragedor military applicationsand providethe potentialto significantly improve
vehiclerangeandreducethe JP8supplyline.

Also includedin AppendixJ is a list of the possibledesign/developmerdctionsthat might be
considerean future horizontallyopposedwo-strokecompressiomngnition enginedesigngo enablesome
of theaggressivéargetsin theseareaghatthe Army is settingfor 2035andbeyondwhile maintaininglow
heatrejection.

THERMAL BARRIER COATINGS

Reducedeatrejectionfrom a groundcombatvehicle’spowerplantis critically important.Unlike
commercialand light-duty dieseltrucks, a combatvehicle’s grille openareaneedsto be minimizedto
minimize its susceptibilityto enemyprojectiles.Lower heatrejection valuesalso reducethe vehicle’s
thermalsignatureLastly, heatnotlostin the cooling systenmcanpowerthevehiclés propulsion providing
improvedfuel economyandrange.

Forthesereasonsthemal barriercoatingg TBCs) of enginecomponentgpistons cylinderheads,
valves)havebeenahighly desirablestudyareafor manyyearsdatingbackto 1950sadiabaticenginestudies
(socalledbecausén theoryheatwould neitherenteror leavethe system) Managingheatflows throughout
thepowercylinderhavealwaysprovento becritically important,astheenginepowercylindersurfacesare
exposedo flameandextremelyhigh pressure.

Historically, adhesiorof ceramic-basethermalbarriercoatingshasprovento beamajorinhibitor
to gettingthermalbarriercoatingsinto production.Thin coatingsadheredut did not providea significant
decreasén thermalconductivity. Thicker coatingsprovidedthe neededdecreasen thermalconductivity
but presentdadhesiorproblemsovertime. More recently,it hasbeendiscoveredhatafunctionalcoating
alsomusthavelow thermalconductivity,excellentadhesionandalow specificheatcapacity Withoutthis
low specificheat,the surfacegemainhot, compromisinghe volumetricefficiency (the engines ability to
ingestair).

Toyotahashbeenthe clearleaderin this technology havingintroducedtheir “thermoswing wall
insulatiorf into productionin 2015.This SiRPA (a silica-reinforcedoorous,anodizedaluminumcoating),
usedon aluminumpistons;is claimedto reducethe coolinglossduring combustiorby about30 percent’

To dealwith higherpeak-cylinder pressuregandtemperaturespewerheavyduty dieselengines
areusingsteelpistonsin lieu of aluminum While severalifferentoriginal equipment manufacturédEM)
componensuppliers,coatingsuppliers,anduniversitiesare developingtheir own formulationsfor these,
therearenot presentlyanythermalbarriercoatingsin productionon steelpistons.

In the mostrecentDOE annualmerit review meeting,Cummins,Daimler, Volvo, andPACCAR
all reportedthatthey are studyinguseof thermalbarriercoatingsin their SuperTruckl projects.At that
samemeeting others(e.g.,Ford) reportedthey arestudyingsuchcoatingsfor light-duty applications’

Potentially,a nextgeneratiorthermalbarriercoatingcould be basedon an aerogela technology
thatwasusedto manageheaton the spaceshuttleuponreentry. Aerogelcompositehavealsobeenusedin
aviation interiors where lightweight is critical.” An aerogelis a synthetic porous material derived by
extractingthe liquid componenbf a gel throughsupercriticaldrying. With mostof the volume beingair
(or vacuum) theresultingsolid hasextremelylow thermalconductivity.Someinitial experimentaisingan
aerogelasathermalbarriercoatingwere unsuccessfutlueto adhesiorproblems which could be solved
with furthermaterialsdevelopmentandsurfaceengineering.

" Toyota.2015.Toyotd s Revampedrurbo DieselEnginesOffer More Torque,GreaterEfficiency andLower
Emissionshttps://global.toyota/en/detail/8348091.

8 Misc. Authors.2020.U.S. Departmenbf Energys (DOE) Vehicle Technologieffice (VTO) 2020Annual
Merit Review(AMR). U.S.Departmenbf Energy.https://www.energy.gov/eere/vehicles/annomedrit-review
presentations.

9 AerogelTechnologiesMarketsand Technology http://iwww.aerogeltechnologies.com/applicatioAsicessed
November2020.
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Ceramicthermalbarrier coatingsare alreadycommonlyusedon productionaviationturbo-shaft
engineswhereextremelyhigh temperaturegare encounterean both moving and stationarycomponents.
Unlike the case for internal combustionengineswhere high temperatureduring the intake stroke
compron?)isevolumetric efficiency, a low specific heat capacityis not neededfor partscoatedon gas
turbines?

POWER ELECTRONICS OPPORTUNITIES AND CHALLENGES

In their raw form, almostall electricalenergysourcedodayareincompatiblewith theloadsthey
aresupplying.The parametersf supply—for examplevoltage,frequency current—mustbe convertedo
thoserequiredby theload.ExamplesareasolararrayproducingvariableDC voltagesupplyinganAC grid
of constantfrequencyandvoltage,or batteriegproducingDC powerin a hybrid vehicleto supplymotors
requiringvariable AC voltageandfrequency,or evena batterywhosevoltagevarieswith useto powera
radio requiring constantvoltage. The interfacein theseenergy systemsconsists of electronicdevices
configuredto provide the necessaryransformationsSuchan interfaceis known asa powerelectronics
converterand will be ubiquitousin the Army’s power and energytechnologiesof the future. These
converteraddvolumeandweightto thebattlefieldequipmeninventory.To alargeextent thevolumeand
weight aredictatedby the thermalmanagementequirementdecauseahe convertersarenot 100 percent
efficient. Newly developedemiconductodeviceausingthewide band-gapmaterialssilicon carbide(SiC)
and gallium nitride (GaN) promise to improve the thermal performanceof future power electronic
converters.

Becausdahermalmanagemenplays sucha critical role in all groundcombatvehicles,technical
electrificationchallengesn powerdensityandtemperatureéhresholdhavebeenidentified by the Army as
partof its hybrid studies Runningelectronicsat highertempeatures preferablyusingcoolantat the same
temperatureof the internal combustionengine,reducescooling systemlosses.The Army’s “wants” for
powerelectronicausearesummarizedn Table 81.

TABLE 8.1 U.S. Army Power Electronics Goals

Key Characteristic Power Density Temperature Threshold
Current/Army or industry 3 kKWI/L 85°C coolant
Future Army requirement 12 kwi/L 105°C engine coolant

SOURCE SAE Hybrid andElectric Vehicle TechnologiesSymposiumJanuary28, 2020, CombatVehicle Energy
StorageKevin Boice

The currentchallengeusing SiC and GaN is that the size of wafersof the necessanpurity and
freedomfrom defectdimits thepowerthattransistorsnadeof thesematerialscancontrol. Thedevelopment
of SiC as a semiconductordevice material was done by Cree with partial funding from the Defense
Advanced Research Projects Agen®ARPA) and the Stateof New York.** While SiC devicesare
fabricatedon nativesubstrateGaN devicesareproducedn an epitaxiallayeron a substratef Si, SiC, or
Al,Os (sapphire) Thedisparatephysicalpropertiesof thetwo materials—for exampleéhermalcoefficient
of expansior—producesa challengeat the interfaceof the epitaxyand substrateresultingin suboptimal
devicebehavior A furtherimportantconstrainimposedby devicesfabricatedon an epitaxiallayeris that

10 Meier, S.M. andD. K. Gupta.1994.The Evolutionof ThermalBarrier Coatingsin GasTurbineEngine
Applications.Journal of Engineering for Gaburbines and Powet16(1):250-257.

11 Cree,Inc. 2019.Cree& NY CREATESAnnounceFirst Silicon CarbideWafer Demonstratiorat SUNY Poly
in Albany. https://www.cree.com/newavents/news/article/cragscreatesannouncsirst-silicon-carbidewafer
demonstation-atsunypoly-in-albany.
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theirgeometryhasto belateral,whichis realestatantensive Powerdevicesarealmostuniversallyvertical
structuresmeaningthe currentflows vertically throughthe substrateproviding the necessaryengthto
supporthigh voltagewithout sacrificing surfacearea.Researcton using native GaN is proceedingand
succeswvill benecessarpeforeGaN devicegeometriecanbeverticalandusefulin powerapplications.

The two most important parametersthat provide SiC's advantageover Si are its thermal
conductivity and critical electricfield E, the field at which the materialbreaksdown. As TableL.1 in
AppendixL shows,SiC hasmorethanthreetimesthe thermalconductivity,andnearlya 10-fold increase
in Ecof Si. Thebenefitsof increasedhermalconductivityareclear. Theincreasen thecritical field permits
amuchthinnerdeviceto supporta given voltage,which reducedoth the thermalresistanceand on-state
voltagedrop of thetransistor.

TheArmy’s goalsfor volumetricandgravimetricparametersf energyconversiorapparatuge.g.,
electricvehicleor hybrid tractiondriveg suggestesignsat higherelectricalfrequenciesFroma power
electronicperspectivehigherfrequenciesesultin smallerenergystoragecomponentsThesecomponents
comprisethe principal sourcesof weight and volume. Capacitorsand inductorsform necessaryilters,
transformergrovide requiredscalingof voltage,and electricalmachinegmotorsand generatorsywhich
areessentiallyelectricalto mechanicatransformersprovidetherequiredphysicalwork.

A further factor influencing the gravimetric and volumetric specificationsof power electronic
systemds the thermallimitations of their componentsSilicon carbidehasmadepossiblesemiconductor
deviceswith maximumjunctiontemperaturegxceeding?0C*C, while Si transistorsaregenerallylimited
to ajunctiontemperaturef 175°C. The thermallimits of currentpackagingechnologycurrentlyprevent
fully exploiting the higherthermalratingsof SiC. This increasedippertemperaturdimit combinedwith
the very high thermalconductivity of SiC comparedo Si reducesthe size of the thermatlmanagement
hardwareor coolingthe device. However the passivecomponentsgspeciallycapacitorsyith compatible
thermalratingshavenot yet beendevelopedSo,to truly reducethe sizeandweightof powerelectronics,
magneticanddielectricmaterialswith higherthermalratingsneedto bedeveloped.

Additional backgroundmaterialon the powerelectronicschallengeandhowtheycanbe
addresseds containedn AppendixL.

Finding: Although SiC semiconductordevices can operate at higher temperaturesthan
conventionabi devicestheoperatingemperaturdémits of passivecomponentsuchascapacitors
andinductorsstill establisithe uppertemperaturdimit of powerelectronicsystems.

Recommendation: To increase the temperature in which electronic energy conversion
systemscan operate, the Army should engagein researchto develop higher temperature
passiveelectrical components.

ALUMINUM METAL MATRIX COMPOSITE (MMC) APPLICATIONS

Of growing importance,metal matrix composites(MMCs) are emergingas high-performance
alternativego traditionalalloys.MMCs consistof two or moreconstituenparts,onebeinga metalandthe
otheranothematerial, suchasa ceramicor organiccompoundiispersedhroughouthe metalmatrix. For
example,ultrafine particlesof SiC are commonlyusedin an aluminummatrix to improve its material
properties.

This reinforcementcan servea purely structuraltask, suchas greaterstrengthto-weight, higher
yield point andultimatetensilestrengthjmprovedstrengthto-weightratio, andgreaterfatigue strengthat
elevatedemperaturedn addition,the selectedeinforcementanbe usedto changephysicalproperties,
suchas providing a lower thermalexpansionjower friction coefficient,greaterwearresistancegreater
thermal conductivity, improved coefficient of thermal expansion,improved elastic modulus, and/or
improvedmachinabilityor nearnetshapedorgeability versusconventionaknginematerials.
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TheArmy is presenly conductingextensivestudiesof aluminumMMCs. Thisareaof investigation
will enableimprovedstructuralpropertiesin a lighter-weight format. Advanceswould be importantfor
majorenginecomponentsn specificapplicationssuchasengineblocksandcylinderheadsor unmanned
aircraftsystems.

Application of aluminumMMCs needsto be comparedwith othermaterialalternativessuchas
magnesiumandtitanium. The Army’s needsmnay deviatea significantamountfrom thoseof commercial
OEMs becauseostmay play a lesssignificantrole, particularlyin weightsensitiveapplicationssuchas
unmanned aerial vehicled AVs).

UNIQUE METAL MATRIX COMPOSITE MATERIALS FOR PISTONS

Most modernmilitary dieselenginesuse steel pistonsbasedon their ability to toleratehigher
temperaturesind higher peakcylinder pressuresThe yield andfatigue strengthof aluminumis typically
inadequatefor diesel engine peak-<cylinder pressuresabove 200 bar (also dependenton the piston
compressiofeight)andbeginsto fall off sharplyattemperatureabove300°C.

Besideshigherstrengthat high temperaturesanotheradvantagef steelpistonuseis their similar
coefficientof thermalexpansiorto iron. Whenusedwith a greyiron or compactedyraphiteiron block,
tighter pistonto-bore clearancesre enabledIn contrastaluminum with its roughly threetimesgreater
coefficientof friction atratedpower, oftenexceedsheboreandrunsin acompressediodewithin aniron
block cylinderbore.

Aluminum MMC pistonsmay notbe capableof standingup to the high pistoncrowntemperatures
andcylinderpressuresf anopposegistonengine However titanium,with its highermeltingpoint (about
1,000°C abovealuminum)and comparablestrengthpropertiesto steelmay play a role in developinga
suitableMMC pistonmaterial.Within industry,therehasalreadybeensomework with titaniumMMCs.

Titanium hashighertensilestrengththansteelbut is not presentlyusedin pistonsbecausef its
poorthermalconductivity.Althoughit cantoleratemuchhighertemperaturests inability to dissipatehe
heatof combustioncanresultin excessivelyhot crown temperatureseadingto prematureignition and
enginedamageThisthermalconductivitywould needo beincreasedvith theadditionof thesecondmatrix
componentperhapsomeform of elementakarbon.

ARTIFICIAL INTELLIGENCE/MACHINE LEARNING -BASED MATERIAL OPTIMIZATION

Numerousstudieshave demonstratedhe benefitsof using artificial intelligence (Al)/machine
learning(ML) to quickly evaluatethe plethoraof designoptionsfor improvedmaterialpropertiesincluded
amongthesearestudiesof variousmetallicalloys '?

As aresearclproject,combiningthe following effortswith AI/ML materialsstudiesmay provide
somesignificantbenefits:

" MMC pistonsandconrods(connectingods)

" Ceramicmatrix compositegCMC) for high-temperatureomponentssuchasexhaust
manifolds

" Compatibldiner materialsor block materials(if a parentmetalblock) with pistonskirt and
rings

" Possibleuniqueskirt materialsor coatings—possiblydiamondlike coatingor higher
temperatureeapablepolymerbasecoating

2Wei, J. etal. 2019.Machinelearningin materialssciencelnfoMat 1(3):338-358.
https://onlinelibrary.wiley.com/doi/pdf/10.1002/inf2.12028.

PREPUBLICATION COPY —SUBJECT TO FURTHER EDITORIAL CORRECTION
8-8

Copyright National Academy of Sciences. All rights reserved.



Powering the U.S. Army of the Future

" Thermalbarriercoatings—matchedo adherego the MMC crownmaterialandminimize heat
transfemeededo undercrowr—possiblyusedselectivelyon the outsideof aliner to allow
moreuniform temperaturewithin thebore and

" Al/ML algorithmsto enablefurtherexplorationof the materialsdesignspacewithout relying
exclusivelyontesting

Suchnewpistonmaterialsandarchitecturamay providelower reciprocatingnass enablinghigher
speedsand increasedpower at equal peakcylinder pressuresFurthermore reducedthermal expansion
would enabletighter pistonto-borecrevicevolumes therebyimproving powerdensityandfuel efficiency.

3D PRINTING/ADDITIVE MANUFACTURING

3D printing, alsoknownasadditivemanufacturingis a procesgor makinga physicalobjectfrom
a 3D digital model,typically by layingdownmanysuccessivéhin two-dimensionalayersof a material.lt
bringsa digital object(its computeraideddesign[CAD] representationinto its physicalform by adding
layer by layer. As such, it enablesgeometriesnot previously possible,plus by making it possibleto
eliminatejoints, it increaseshe reliability of the productwhile reducingsizeandweight. In addition,3D
printing canalsoaccelerat@esignandtestingof prototypestherebyshorteninghe developmenperiod.

The earliest3D printing procesdabricated3D plasticmodelsusinga photo-hardeninghermoset
polymer.Eachlayer would thenbe exposedo the appropriateultraviolet (UV) beamto hardenselected
areas Sincethattime, therehavebeena wide variety of improvementsn 3D printing materials.Initially,
plasticengineintake manifoldsproducedby 3D printing werenot capableof withstandinghigh pressures
associatedvith turbocharge@nginesHowever,with improvedplasticmaterialsthatis now possible.

3D printing with a variety of metals has been demonstratedjncluding intake manifolds in
aluminum.AV, theGermarconsultingfirm, hasproventhatprototypesteelpistonscanbefabricatedusing
3D printing to quickly explore different engine combustion regimes'® SpaceX is making rocket
componentsising3D printing.** Pratt& Whitneywill bethefirst to useadditive machiningtechnologyto
producecompressostatorsandsynchring bracketsfor their productionturbineengines'® 3D printing of
titaniumaerospaceomponentss now available.

ChemnitzUniversity of Technologyin Germanyrecentlyshowcase@n electric motor produced
entirely by additive manufacturingHighly viscousmetallic and ceramicpasteswere extrudedthrougha
nozzleto build the body of the partsin layers.This assemblywasthen sinteredto the requiredharness.
Theydesignatedhis process multimedia3D printing.” *°

A key advantagef 3D printing is the ability to eliminatejoints thataredifficult to producewith
more traditional castingand machiningmethods therebyreducingcost scheduletime, and weight and
improvingreliability. Theautomotiveindustryhasspentmucheffort usingthis andotherinnovativedesign
approachedo eliminate joints. One joint-elimination example (not createdwith 3D printing) is the
integratedexhausimanifold cylinder headusedin productionby GM, whereboth the cylinder headand
exhaustmanifold are part of a commoncasting.Another approachusedby Hondain their GC-family

B Buchholz,K. 2018.IAV using3D printedpistonsfor enginetesting.SAE International.
https://lwww.sae.org/news/2018/04/iasing3d-printedpistonsfor-enginetesting.

14 salmi,Bryce, TheWorld' s Largest3D Metal Printerls Churning Out RocketsJEEE Spectrum.
https://spectrum.ieee.org/aerospace/s{iligiat/the-worldslargest3d-metatprinteris-churningoutrockets
Accessedecembe020® AerospacéanufacturingandDesign.2015.Pratt& Whitney AM enginepartspoised
for entryinto service https://www.aerospacemanufacturinganddesign.com/articlelphittiey-additive parts
engine040615/.

15 AerospacévlanufacturingandDesign.2015.Pratt& Whitney AM enginepartspoisedfor entryinto service.
https://lwww.aerospacemanufacturinganddesign.com/articlelphitiiey-additive partsengine040615/.

16 Fejes M. 2018.Premiereat HannoveMesse:Fully 3D-PrintedElectric Motors. ChemnitzUniversity of
Technology Available at https://www.tuchemnitz.de/tu/pressestelle/aktuell/8718/en.
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enginescalledmonoblocconstructionjs the integrationof the cylinder headandblock to eliminatethe
needfor headgasketsa high warrantyitem.!’

Costs associatedwith 3D printing versus other manufacturingmethods have precludedits
widespreaddoptionin the past.lt is oftenusedfor low-volume prototypepartsthatareneededjuickly or
have significant tooling costswith traditional manufacturingmethods,such as castingand machining.
However,3D-printing costshavecomedown quickly, to the extentthat 3D printing is now routinely used
for highervolumeproduction suchasthecoresfor precisecoolingpassagewithin acylinderheadcasting.
Interestingly Porschenow uses3D-printedpistonsproducediy Mahlein its 911G T2 RS, oneof its higher
performanceroductionvehicles'®

FUEL CELL MATERIALS
Solid Oxide Fuel Cells

The materialsfor the main component®f a solid oxide fuel cell (SOFQ havebeenreviewedand
discussecextensivelyin the literature®* The most commonly usedelectrolyte materialin SOFCsis
zirconia stabilizedwith either Y203 (YSZ) or S¢0Os (ScSZ); SOFCsusing theseelectrolytesneedto be
operatedaboveabout800°Cto achievesufficientionic conductivity. Alternateelectrolytematerialshave
beendevelopedor loweringthe SOFCoperatingemperaturelownto abouts50°C; thesdancludestabilized
bismuthoxide (Bi>Os) andceria(CeQ). However,stabilizedBi»Os is easilyreducedand decomposeso
bismuthmetal anddopedceriadevelopslectronicconductivityunderthelow-oxygenpartialpressuresf
thefuel; therefore thesematerialsneedto be protectedon thefuel electrodesidewith a protectivecoating
(suchasYSZ or ScSZ)for their successfuliseasthe electrolyte.Dopedperovskitessuchas lanthanum
gallates,barium cerates,and strontium zirconateshave also beeninvestigatedfor use as intermediate
temperatur¢600-800°C)electrolyteswvith somesuccessThe Army hasshownaninterestin loweringthe
operatingtemperatureof SOFCsto 300-600°C for certainapplicationscomparedo 700°Cor higher of
currentlyavailableSOFCsandhasrecentlyrequesteddmall Business Technology Transs$eticitationsfor
such work.?! Protorconducting perovskite electrolyte materials such as BaCa4Fe).4Zro.1Y 0103/,
NdB&y sSh.sCosFesO 1, and PrBa sStsCoisFepsO ; offer an opportunity to develop small SOFC
systemsapableof runningon hydrocarborfuels suchaspropaneandoperatingat 300-600°C However,
suchproton-conductinglectrolytessufferfrom chemicalstability issuesn CO, andH-0 thatis formedon
the SOFCanodeside,which needto beaddressedndresolved.

Themostwidely usedmaterialusedfor SOFCanodess a cermetof Ni with YSZ or dopedceria.
Other anode materialsunder investigationinclude perovskite structure conductingceramics,such as
suitablymodifiedstrontiumtitanate Nickel is easilypoisonedy sulfurin thefuel requiringdesulfurization
of all SOFCfuelsto a sulfur level belowaboutl ppm.For the useof dieselandJP8fuelsby the Army, it
is desirableto find anodematerialswith higher sulfur tolerance;addingcertaindopantsto nickelbased
anodesuchasCeQ or usingconductingceramicamay providebettersulfur tolerancethannickel.

17 preciseEquipmentRepair.2017.HondaGeneraPurposeEngines.
https://web.archive.org/web/2010112718564pthperr.com/honda.html

18 porschaNewsroom 2020.Innovativepistonsfrom a 3D printerfor increasegowerandefficiency.
https://newsroom.porsche.com/en/2020/technology/porsabperatiormahletrumpf-pistons3d-printerpower
efficiency-911-gt2-rs-21462.html.

19 Singhal,S.C.2001.ZirconiaElectrolytebasedSolid Oxide Fuel Cells. Encyclopediaof Materials:Science
andTechnology(Secondedition), 98989902.https://doi.org/10.1016/B08-0431526/017927.

20 Singhal,S.C.andK. Kendall.2003.High-Temperaturé&olid Oxide Fuel Cells: FundamentalDesign,and
Applications.AmsterdamElsevierPublishingCo. https://www.elsevier.com/books/higamperaturesolid-oxide
fuel-cellsfundamentalglesignandapplications/singhal/978-856173872.

21U.S.Army. 2020.300W Low-Temperatur6sOFCArmy PowerSourcesSTTR SolicitationA20B-T003.
https://www.sbir.gov/node/1696401.
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The high operatingtemperatureof SOFCsallows the use of only noble metalsor electronic
conductingoxides as cathodematerials.However, the high cost of noble metalssuch as platinum or
palladiumprohibitstheir usein practicalSOFCs.DopedlanthanummanganitgsuchasLSM) anddoped
lanthanumferrite (suchas LSCF) are mostcommonlyusedfor SOFCcathodesOther possiblecathode
materialsinclude perovskitestructuredoxides such as lanthanumcobaltite and lanthanumnickelates,
suitably doped with alkali and alkaline earth ions to tailor the conductivity and thermal expansion
coefficient. Selectionand developmentof a suitable cathodematerial capableof providing high cell
performanceandperformancestability with timeis importantin developinghigh powerdensityandlower-
costSOFCs.

The choice of the interconnectmaterial dependson the cell operatingtemperatureFor cells
operatingat about900-1,000°C, alkalineearthdopedlanthanumchromite(LaCrGs) is usedfor the SOFC
cathodeHowever this ceramicmaterialis expensiveanddifficult to sinter.Thereforejn cellsoperatingat
700-800C, cheapemetallic interconnectssuchas high Cr-contentstainlesssteels,are used.However,
chromium volatilization from thesemetallic interconnectd¢endsto degradethe cell performanceand
therefore these interconnectsrequire protective ceramic coatingsto reduce chromium vaporization.
Researclis continuingto identify, develop,andoptimizesuchprotectivecoatings.

Proton-Exchange MembraneFuel Cells

DOE hassponsorednuch of the work on proton-exchange membraneEM) fuel cells and has
describedthe basic materialsusedfor the variouscell componentg? Centralto a PEM fuel cell is the
membranelectrodeassemblyMEA), which includesthe membranethe proton conductingelectrolyte),
thetwo electroddayers(with catalysts) andthe gasdiffusion layers(GDLS). For low-temperaturd®’EM
fuel cellsfor operationfrom about60°C to 90°C, the electrolytemembranes generallya fully fluorinated
polymer(suchasNafion manufacturedy DuPont).For high-temperaturd®EM fuel cellsfor temperatures
upto aboutl2(*C, apolybenzimidazol€¢PBI) dopedin phosphoriacidis generallyusedastheelectrolyte.
Theelectrolytemembranés usuallyverythin, asthin as20 microns.Anodeandcathodecatalystiayersare
addedto thetwo sidesof the electrolytemembranegonventionakatalystlayersinclude nanometesized
particlesof platinumdispersean a high-surfaceareacarbonsupport(Figure8.4). The gasdiffusion layer
(GDL) typically consistsof a sheetof carbonpaperin which the carbonfibers are partially coatedwith
polytetrafluoroethylendPTFE); GDL facilitates transportof reactantsinto the catalystlayer and the
removalof productwater.

Continuingresearchand advancementare neededo reducecostandimprove performanceand
durability of PEM fuel cells. Platinumcatalystis a major costof the cell; catalystswith reducedor no
platinumgroup metal,increasedactivity anddurability, andlower costshouldbe investigatedTo reduce
degradationgatalystsupportswith increaseddurability and conductivity shouldalsobe investigatedTo
improve PEM fuel cell durability, research and developmesitouldfocuson understandinghe fuel cell
degradationmechanismsand developingmaterialsand strategiesto overcomethem. In addition, the
practicality of on-boardreformationof hydrocarborfuelsto produceCO- and S-free hydrogenfor PEM
fuel cellsfor mobile groundandair vehiclesshouldbeinvestigated.

22U.S.DOE Office of EnergyEfficiency andRenewabléEnergy.Partsof a Fuel Cell.
https://lwww.energy.gov/eere/fuelcells/paitel-cell.
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FIGURE 8.4 (Left) transmissionelectronmicrographof the microstructureof the hydrogenoxidation catalyst
(carbonsupportechanoscopidt) comprisingthe anodeof a protorrexchange membranBEM) fuel cell and(right)
schematicof the multifunctional catalytic nanophasevhere H, moleculesare oxidized to protons,which diffuse
througha protorrconductingionomerwhile electronstransportthroughthe carbonto powera load. Rolison,D.R.
2004.Energyandthe Environment:PerpetuaDilemmaor NanotechnologyE=nabledOpportunity?Nanotechnology
& the EnvironmentKarn, B., Masciangioli, T., Zhang,W.-X., Colvin, V., Alivisatos,A.P. (Eds.),(ACS Symp.Ser.)
890, Oxford University PresgOxford, England) pp. 324-330.

TEMPERATURE AND RADIATION-RESISTANT MATERIALS FOR NUCLEAR REACTORS

A fundamentadriving forcein nuclearmpoweris to havea highersafetymarginin caseof areactor
accidentTherearethreematerialsconceptsvith thegoalto mitigatethe negativezircaloyinteractionswith
hotsteamathightemperaturegr to eliminatethis chemicareactionaltogetherOneof thematerialconcepts
hasthe potentialto advanceghe Army effort on developingasafemicro-nucleareactorfMNR) for military
installationsbasedupongascoolants pneof whichis aninherentlynonreactivegas,helium.

The mostcommonandseeminglymoststraightforwardsolutionfor currentlight-waterreactorss
to coat the zircaloy cladding with a material that is resistantto oxidation with steamthat produces
dangeroushexplosivehydrogengas.Over the last 8 years,chromiumcoatinghasgaineda consensu
the nuclearreactorfuel community as being the most straightforwardto deploy basedon its stageof
developmentand testingto date.It is a nearterm option to improve currentlight-water reactorsafety.
Chromiumcoatedfuel rodswereinsertednto thelllinois Byron reactorin Septembe2019to accumulate
irradiationtestingdataandshowthatpotentia changeén thecoefficientof thermalexpansionpr chemical
adhesiondo not causethe coatingto delaminateundernormal operatingconditions.The final resultsof
thistestingeffortarestill pendinghowevertherestill remainghequestiorof howthis coatingwill perform
duringalossof coolantaccident.

A secondoptionis to useanalloy composedf iron, chromium,andaluminum.This metalcanbe
extrudedn thesameway thatzircaloyis anddoesnot requirethe extrastepsfor coating.It alsoeliminates
theproblematianetal,zircaloy,thathassuchdeleteriousffectsin accidentonditions However thisalloy
introducesasignificantpenaltyby absorbingheutronscausinghefissionprocesgo generatéessheatthat
canbe convertedinto electricity. This problemwould requireadditionalfuel enrichmentat a substantial
costto produceadditionalneutronsEitherway, therewill beanegativeeffectontheeconomic®f nuclear
generatecklectricity using this cladding. Although testing on this alloy startedin February2018in a
commercialreactor(Hatch1 in Georgia)with no fuel, the neutronpenaltymakesit unlikely that it will
eventuallybea commercialproduct.

Thethird materias conceptandthe mostpromisingoption hasbeento replacethe metalcladding
with a pseudo-ductileeramic.A uniqueceramicmaterial,SiC, hasbeenin testingfor decadeandwas
first recognizedy the fusionresearctcommunityto be resistanto neutrondamageThis robustmaterial
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wasalreadyusedin the nuclearindustryto makethe shellstructureof Tri-structurallsotropic(TRISO)fuel

particles,EachTRISO particle is madeup of a uranium,carbon and oxygenfuel kernel. The kernelis

encapsulatetly threelayersof carbon andceramic-basethaterialshatpreventthereleaseof radioactive
fissionproducts.This shell structureis about30-micronsthick andhasbeenextensivelystudiedby Idaho
National Laboratory,Oak Ridge NationalLaboratory,and Los AlamosNational Laboratory. TRISO fuel

is the currentchoicefor thereactordesigngo powerArmy micro-nuclearreactoryMNRS).

Today, SiC canalsobe madeinto 10-micron diameterfibersin bulk quantity.In addition,SiC is
usedin thesemiconductondustry,aswell asin theaerospacendustrybecausef its temperature-resistant
properties.

Onthetechnologydevelopmenside,theSiCfibersandSiC materialcannowbecombinedo make
a ceramicfuel rod by havingthe fibers embeddedn the bulk SiC material. This novel materialis called
SiC compositeor SiC-SiC. The fundamentalpropertiesof the material enable resistanceto high-
temperaturehigh-stressand high-neutronflux. In contrast,most metalstendto softenand lose their
strengthattemperatureabove700-800°C.Also, themetalin currentreactordegradessaresultof neutron
damagewhich limits its lifetime. In addition,asmentionedearlier, zircoloy claddinghasthe deleterious
thermalrunawayreactionswith steamthat producehydrogengasand reactorcore meltdowns.SiC-SiC
would effectively eliminateall theseproblemsbecausét doesnot disassociatentil about2,700°C.It also
retainsits strengthto atemperaturef 1,700°Cin prototypicalnuclearreactoraccidentconditions.It holds
its shapeduring accidentconditionsthroughits reinforcing fibers, which act structurally like rebarin
cementSamplesalreadytestedin the high-flux isotopereactor(HFIR) at Oak RidgeNationalLaboratory
showresilientmaterialproperties?®

TRISOfuel kernelsare200-5600micronsin diameterwherethe SiC shellservesasatiny pressure
vesselto retainfission gaseghat arethe potentiallydangerougmissiondrom a seriousreactoraccident.
However,SiC-SiC compositanatrix technologiegannow be usedto makefissiongasleak-prooffuel rods
andloadedin a similar fashioninto light-waterreactorsasa standarduel. This uniguecompositematerial
is scheduledor insertioninto the ldahoNationalLaboratoryAdvancedTestReactofATR) in 2023.

SiC-SiC technologyalso appliesto gasreactors,a coolantof choicefor Army MNRs, that are
typically designedo usecostly TRISO fuel. However,using SiC-SiC fuel-rod elementscanreducethe
preciousvolumein thereactorcorethatis lost by using TRISO fuel. This replacementanenablehigher
power densitiesand increasedelectric power generationwithout a weight and volume penalty while
maintainingsafety.

Conclusion: The pursuitof higherperformancenuclearreactorsfor the operationalArmy could
benefitfrom Army S&T investmentsn the researchand developmenbf SiC-SiC materialsto
advancehe safetyof future deployedVINRs. (Tier 2/3, LeadY*

Other Material Considerations

Many technologiesandsystemsf interestfor the Army rely on critical materialsn generalit is
betterto developtechnologie®r systemghatdo notrely heavilyon raw materialshataresourcedutside
the United States.Supply-chainissuescan causesignificantnationalsecurityand economicimplications
for the country. As examples,ensuringsufficient availability of both lithium and cobalt for military

2 Linton, K. 2020.Scientistsbuilding 3D-printednuclearreactorcoreuseHFIR to testnovel materials Oak
RidgeNationalLaboratory https://www.ornl.gov/news/scientisliilding-3d-printed-nuclearreactorcore usehfir-
testnovelmaterials

24 SeeAppendixM andChapter7 for additionalinformation
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electrificationarepotentialconcerns? 26 A recentevaluatiorof supplychainrisk versushaturalabundance
of batteryrelevantelementsuttressedhis concerr?’

Finding: As newmaterialopportunitiesareidentified,the countrieso which theyaresourced
needto beconsidered.

25 Paraskoval. 2020.A Major SupplyShortagds Setto Hit Lithium Markets.
https://oilprice.com/Energy/Energgeneral/AMajor-SupplyShortagds-Set To-Hit-Lithium-Markets.html.

26 Kobie, N. 2020.As electriccarsakssoar,theindustryfacesa cobaltcrisis. Wired
https://lwww.wired.co.uk/article/cobaltatteryevsshortage.

2" Hopkins,B.J.,C.N. Chervin,M.B. SassinJ.W.Long, D.R. Rolison,J.F.Parker 2020.Low-costgreen
synthesif zinc spongefor rechargeablesustainabldatteriesSustain EnergyFuels4:3363-3369

PREPUBLICATION COPY —SUBJECT TO FURTHER EDITORIAL CORRECTION
8-14

Copyright National Academy of Sciences. All rights reserved.



Powering the U.S. Army of the Future

9

Findings, Conclusions,and Recommendations

OVERALL SUMMARY

Thecommittefoundmanyopportunitiedo enableamorecapableArmy within avery challenging
anda somewhatncertairfuture multi-domainenvironmentAs in anystudyof multiple altematives there
are sometradeoffs. For example,if silent mobility andlow thermalsignaturesare mandatorywith an
extendedange,theremay be a needto deploya limited numberof hydrogenPEM fuel cells, albeit with
penaltiesn the numberof convoytransporttrucks. Someof thesetrade-offsfor the majorrecommended
technologiesresummarizedn thetradeoff/decisionmatrixin Table 9.1

TABLE 9.1 Decision/Trade-Off Matrix
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CHAPTER 1—THE MULTI -DOMAIN OPERATIONS AND THE 20350PERATIONAL AND
TECHNOLOGY ENVIRONMENT

Recommendation: For future studies, the Army should make available a clearer view of how multi-
domain operations would be conducted, such as through detailed scenarios that descsb&nce and
technology needs foMulti Domain Operations in 2035

CHAPTER 3—ENERGY SOURCES,CONVERSION DEVICES, AND STORAGE

Finding: Biodieselmay be a preferredfuel sourceduring peacetimegiven the growing needto address
climate change.Certification for acceptabilityof the various sourceswould be neededto ensureany
reliability concernsareaddressedTier 1, Lead).

Finding: JP8,diesel,and/orbiodieselareall potentialfuelsto be suppliedto thebattlefield,particularlyfor
high poweruseapplicationssuchas armoredgroundcombatvehicles.The complexity impact of using
multiple fuelson thelogisticschainneedgo be comparedo the benefitsdiscussed(Tier 1, Lead)

Conclusion: Alternative liquid hydrocarbonfuels are compositionallyvariable and may introducenew
durability concernsand,in thecaseof ATJ fuels,maynot providethe cetanaatingsneededo run properly
in internalcombustiorenginesAlthoughalternativefuelsmaybesuitablefor useon anadhocbasisduring
combatoperationstheir suitability asa more permanenstapleof the fuel supply systemwill requirea
carefulcostbenefitanalysison a case-bycasebasisover a variety of environmentaktonditions.(Tier 1,
Follow)

Conclusion:A logisticsdistributionnetworkfor propanenaturalgas,or hydrogeris unlikely to effectively
replacehydrocarborfuels on the battlefield becauseof their lower volumetric energydensity (requiring
morefuel transporttrucksor convoys)andincreasedstoragecomplexityversusJP8.

Conclusion: Generatinghydrogenfrom water using aluminum near the point of use offers potential
advantagesis-avis transportinghydrogenin a supply convoy. However,a numberof critical questions
remain,includingdefinition of the completeprocesso be usedfor eachapplication.

Recommendation: The Army should continue to explore the potential use of aluminum for onsite
generation of hydrogen for use in proton exchange membrane fuel cells, not only for use in vehicles,
but also for potential use in dismounted and baseamp applicaions. The latter may leverage ongoing
Navy efforts. (Tier 2, Watch[U.S. Marine Corps an@ffice of Naval Researeled effort])

Conclusion: Given that fuel-cell technologymay serve as a key enablingtechnologyfor nearsilent
operationJow thermalsignatureandlong-endurancéJAVs/UGVs, combinedwith the prevalencef JP8
onthebattlefieldthrough2035,the committeesupports continued investment by the U.S. Armftal the
technologyand economicanalysisof the reformationprocesswith dieseland JP8fuels for usein SOFC
powersystems(Tier 2, Lead)

Conclusion: Similar to the 2016DefenseScienceBoardreport! the committee concludes trsdlar,wind,
andgeothermapowersourcegresensignificantenvironmentabenefitsandare worthy of consideration

! AnastasioM., P.Kern,F. Bowman,J. EdmundsG. Galloway,W. Madia,andW. Schneider2016.Task
Forceon EnergySystemdor Forward/Remot®peratingBasesDefenseScienceBoard.UnderSecretaryof
Defensdor Acquisition, TechnologyandLogistics(USD(AT&L)). P.26-28.
https://dsb.cto.mil/reports/2010s/Energy_Systems_for_Forward_Remote_Operating_Bases.pdf.
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for domesticandpermanenbverseasacilities. However,currentandnearfutureiterationsprovidefar less
utility for mobile forcesin multi-domainoperationgMDO) andareunlikely to meetthe powerneedsf a
brigade combatteam. As demonstratedn recentoperationsin SouthwestAsia and elsewhere such
technologieganhelpreducdogisticalrequirementsgspeciallyin remoteanddismountedperations(Tier
1, Follow)

Finding: Battery techndogy will be a part of Army operationsfor the foreseeablduture. However,
traditionalLi-ion batteriegpresentertainlimitationsthatwill not meetall of the Army’s emergingneeds.
However redesigningelectrodestructuresas 3D architecturesmay permit greater performancewith

retention of batteryeffective energy density and can improve the performanceof both primary and
rechargeabléatteries.

Conclusion: Zn-basedbatteriesoncemovedto a new performancecurve, may bypassthe safetyissues
associatedvith Li-ion andthe low-energylimitations of lead-acid while providing the following critical
functions (1) extendedmissionlife for a given batteryweight or volume; (2) platform simplification,
becausdessbalance-ofplant is requiredfor safe,aqueoushasedcell chemistry;and (3) simultaneous
energyandpowerdeliveryfrom asingledevice.(Tier 2, Lead)

Recommendation:Since the Army and Navy have many of the same battery safety concerns, close
cooperation between the two services is encouraged. For the Army, fast rechargeability is an
important objective that enables expeditious tapping into the vast supply of electricity available from
generators and microgrids, as well as unmanned and manned combat vehiclg8er 1, 2,Lead)

CHAPTER 4—SYSTEM WIDE COMMUNICATION ISSUESIN SUPPORTOF MDO

Finding: 5Gimplementatioronthebattlefieldofferssignificantbandwidthopportunitiedbutpresentsome
serioustechnicalchallengesincluding P&E requirement®n vehiclesandfor the dismountedsoldier.5G
technologieshouldnotbeviewedasa“doit all” standalonesolutionbutratheranopportunityto combine
with othercommunicationsystemsvhenappropriate.

Recommendation: To realize the benefits associated with a significant bandwidth increagshe
Network Science Research Laboratory’s (NSRL) MANET (mobile ad hoc network) predictive model
of network performance needs to be updated for 5G technologies and etremerging communication
technologies (e.g., Internet of Things, 6G, and sherange, directed, and secure communications
across a variety of devices) complemented with subsequent testing and field experimentati@rer 1,
Lead)

CHAPTER 5—DISMOUNTED SOLDIER POWER AND LIGHT UAV/UGVs

Conclusion: Thedemand®f thefuture operatingenvironmen{smallerformationssupportedy logistical
and fire support)indicatethat the Army’s power and energy (P&E) efforts should be focusedlesson
heaviespowerdrawandmorehow P&E will supporta distributedforce structure.

Finding: Thermophotovoltaiprocessesepresent promisingopportunityin supportof the dismounted
soldier, while an upsizedversionmight prove attractivefor otherapplications,suchasunmannedaerial
vehicles(UAVs) andunmannedjroundvehicles(UGVs)2 (Tier 2, Lead)

2 SeeAppendix| for asummaryof possibletechnicalchallenges.
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Finding: Extensiveuseof “mule vehicles”from the Army’s SMET programprovide an opportunityto
rechargesoldierbatterieonthebattlefieldwhile lighteningtheirweightburden carryingammunition fuel,
andwateraswell asbatteries(Tier 1, Lead)

Conclusion: Furtherstudiesof dismountedsoldierSOFCfuel cells utilizing propanemethanolandother
non-JP&ydrocarboriuelsarenotrecommendetleyondthework presentlyunderway. This positionmight
changeundertwo scenariosThefirst is thatthe field-implementablébatchprocessingo desulfurizeJP8
provesfeasibleto the 1 ppmlevel necessaryor SOFCs.The seconds thatthe point-of-usegeneratiorof
hydrogerusingactivatedaluminumor from hydridessuchasalane(aluminumhydride)provesto beviable
andpractica] makingpossiblethe useof PEMfuel cells.(Tier 2, Watch)

Conclusion: Thecurrentlevel of studyanddevelopmenis appropriateo identify applicationsvherea
lightweightradioisotopalecaysystempossiblycoupledwith arechargeabléatterycould provide
adequat@owerfor presentandfuture demand®f thedismountedsoldier.(Tier 2, Lead).

CHAPTER 6—VEHICLE POWER AND LARGE WEAPON SYSTEMS

Recommendation: The Army has undertaken a number of internal vehicle power plant programs
(Advanced Powertrain Demonstrator, Projected Propulsion System, Advanced Mobility Experimental
Prototype, and Platform Electrification Mobility) that will significantly enhance thays operational
capabilities in a Multi-Domain Operations environment. The committee recommends that their funding and
timing continue as presently planned.

Conclusion: Theuseof DF2in lieu of JP8couldreducethefuel supplyline dueto its higherenergydensity,
whichwould decreas¢éhenumberresupplymissiongequiredo sustairtheoperationalnits.Althoughthis
violates the Army’s present“single fuel policy” and will presentsome added logistics complexity
challengesfurtherconsideationby the Army is warranted(Tier 1, Lead)

Recommendation: The Army should consider using closeldop combustion control in all new engine
designs as these engines, properly calibrated, could allow seamless operation between jet propellant
8 (JPY), diesel, and biodiesel while simultaneously incresmg fuel efficiency while using JP8(Tier 1,
Lead)

Conclusion: It is possiblewith substantiathangego designanenginethatcanrun gasolineor dieselfuel
interchangeabilityhowever the operationabdvantagesucha capabilitywould providearejudgedto be
small.

Conclusion: Althoughtechnicallypossible giventhelower energydensityof gaseousuelsandassociated
transporiconcernsit is notrecommendethatmobile JP8/gaseoudualfuel enginesbe pursued.

Recommendation: Free-piston engine technology is a rapidly developing field that offers some
significant efficiency benefits versus other internal combustion engine mechanisms. The committee
anticipates further improvements in the future. It is highly recanmended that the Army monitor
progress in this technology, in particular keeping track of work at Toyota and SWEngTier 2, Watch)

Conclusion: Gasturbinescontinueto be the powerpackof choicefor mostArmy helicoptersdueto their
powerto-weightadvantagesOntheotherhand,dieselengineswill continueto bethe powerpaclof choice
for mostgroundcombatandtacticalvehiclesdueto theirfuel efficiencyadvantagesContinuedmonitoring
of theAir ForceResearct.aboratory’sAdvancedlurbineTechnologie$or AffordableMission-Capability
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(ATTAM) work is appropriatdo assessvhetherthis comparisorbetweerthetwo competingechnologies
changesn thefuture.(Tier 2, Lead)

Conclusion: The powerrequirementgo rechargethe batteriesof an all-electricarmoredgroundcombat
vehicle make an all-electric designimpractical. Becauseof lengthy rechargingrequirementsand the
requirementor extremelylargeelectricalpowersourcesextensiveuseof batteryelectrictacticalvehicles
(includingthosein a supplyconvoy)alsohavelimited practicalityin abattlefieldenvironmentThebattery
spacerequirementsand additionalweightlimit effective all-batteryvehicle useto selectmissionswhere
silentoperationsaareparamountindlenghy rechargingimescanbeaccommodated.

Recommendation: The majority of planned funding for the All Electric Combat Powertrain and any
anticipated funding for battery electric tactical vehicles shouldbe reallocated to work on series
hybrid, parallel hybrid, and/or other partial vehicle electrif ication concepts(Tier 2, Lead)

Recommendation: Continued engineering work on both series and parallel hybrids for the full
complement of Army ground combat vehicles is strongly recommended because of the multiple
benefits they provide. Although these sidies can leverage work in the automotive industry, the
specific needs of the Army (e.g., much heavier armored vehicles, less stringent emission standards)
will result in significant differences. (Tier 2, Watch)

Recommendation: The Army should conduct a mdeling and simulation analysis of different
battlefield scenarios to define the optimal silent mobility range that is required for ground combat
vehicles. The results will influence the size of the battery storage required and inform the optimum
mix of research and developmentor parallel and series hybrid configurations.(Tier 1, Lead)

Recommendation:Given the importance of power and energy on overall operational capabilities, it
is strongly recommended that the scope of future warfare computer simulians (i.e., tactical
exercises without troops) be expanded to include power and energy considerations. These
simulations should include identification of the quantity and form of energy to be transported to the
battlefield, how much of this could be replaed with local sources, where it would be stored, any set
up or take-down times, at what rate (i.e., power) that energy could be released, and how the energy
needs of operating basesghicles, and dismounted soldiers would be replenished, including any
refueling or recharging time requirements. When wargames are undertaken without computer
simulation, a power and energy expert should be part of the evaluation team.

CHAPTER 7—FORWARD OPERATING BASE POWER

Conclusion: SOFCpowersystemavould offer the sameadvantageanddisadvantageis semipermanent
operatingbasesasin the commercialmarket. Their usecould facilitate useof local fuel sources(Tier 1,
Watch)

Conclusion: The Pelenuclearpower plant programnow underway may prove appropriatefor domestic
and permanentoverseashases.lt will not, however,adequatelymeetthe needsof expeditionaryand
defensiveoperationsdue to its limited power rating and mobility concerns.The committeealso found
disparateviews asto thelevel of effort neededo complywith regulatoryandsafetyrequirements.

3 SeeAppendixM for additionalinformation
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Recommendation: It is recommended that the detailed safety and regulatory requirements of a
nuclear power plant be clearly defined and agreed to by all appropriate government ageies

before prototype definition proceeds further. Furthermore, use cases for these reactors need to be
carefully defined given the limited power and mobility of the envisioned systems. Additional safety
and regulatory considerations of micrenuclear powerplants are summarized irAppendix M. (Tier

1, Lead)

Conclusion: Giventheir high netelectricthermalefficiency,awheetmountedineargeneratorunningon
JP8fuel could be as mobile as the Army’s presentMEP-PU810 DPGDS Prime Power Unit (PPU).
Developmenof thefuel systemsubstitutingJP8for CNG would berequired.(Tier 2, Lead)

Conclusion: Cuttingedgecommercialchargersand auxiliary batteriesautomaticallyadaptto chargeor
deliver power at the appropriatevoltage,current,and duty cycle. Implementingsimilar conceptsamong
military systemssuchasthe STAMP microgrid, could build uponthe TacticalMicrogrid Standardeffort
to develop collateral standardsand hardware/softwareechnologiesthat provide “plug and play’

functionalityandintelligentcontrol of all connectegowerdevices(Tier 1, Watch)

Conclusion: In thefuture,the ability to useonboardvehicleelectricityfrom avariety of mobile platforms,
bothtacticalandtracked will enablemicrogridsfor mobile commanccenterdo be quickly setup undera
variety of terrainconditions,including soft ground,wheretrailer towedMEPSsystemsannotreach.(Tier
1, Lead

CHAPTER 8—FUEL CONVERSION EFFICIENCY AND OTHER MATERIAL DRIVEN
OPPORTUNITIES

Finding: Although SiC semiconductodevicescan operateat higher temperatureshan conventionalSi
devices,the operatingtemperaturdimits of passivecomponentssuch as capacitorsand inductorsstill
establishthe uppertemperaturdimit of powerelectronicsystems.

Recommendation: To increase the temperature in which electronic energy conversion systems can
operate, the Army should engage in research to develop higher temperature passive electrical
components.

Conclusion: The pursuitof higherperformancenuclearreactorsfor the operationalArmy could benefit
from Army S&T investmentsn theresearclranddevelopmenbf SiC-SiC materialsto advancehe safety
of futuredeployedVINRs. (Tier 2/3, Lead)’

Finding: As newmaterialopportunitiesareidentified, the countriesto which theyaresourcecdheedto be
considered.

4 SeeAppendixM andChapter7 for additionalinformation
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A

Statementof Task

At the requestof the Deputy AssistantSecretaryof the Army for Researchand Technology
(DASA(RT)), the National Academiesof SciencesEngineeringandMedicine,underthe auspicef the
Boardon Army ResearctandDevelopmen{BOARD), will appointanadhoccommitteeto conductafast
trackstudythatexaminedJ.S.Army’s futurepowerrequirementsor sustainingamulti-domainoperational
conflict; andto what extentcan emergingpower generationand transmissiortechnologiesachievethe
Army’s operationalpowerrequirementsn 2035.The studywill be basedon oneoperationalusagecase
identified by the Army aspartof its ongoingeffortsin multi-domainoperations.

Tofacilitatetherequesfor aFastTrack Study thedatacollectionphaseof theprojectwill leverage
therecentwork in assessinglternateenergytechnologiegrom the DefenseScienceBoard,the Air Force
Scientific Advisory Board andthe Army ScienceBoardto surveyand collate dataon promising power
technologies.Following the guidelines establishedby the Astro2020 decadal survey to create an
opportunityfor broadparticipationfrom theresearcltommunityandensurghatthe committeeis awareof
emergingtechnologiesearlyin the datagatheringphaseof the projectthe committeewill issuea request
for white paperonactivities,projects or stateof theprofessiorconsiderationg-ollowing thecall for white
papersthe committeewill invite the authorsof the mostpromisingwhite paperdo participatein a public
forumto discusgheirideaswith thecommittee.

Thecommitteewill:

a. Reviewthepowerneedsasdefinedin the Army’s multi-domainoperationakcenario

b. Assesgandidatgowertechnologiesgainstherequirementsftheoperationalisagecase

c. Recommendthe technologiesthat have the potential to achieve the operational
requirementsat the scaleappropriatefor the U.S. Army in 2035. The recommendations
will helpinform the Army’s investmentprioritiesin technologiego help ensurethatthe
powerrequirement®f the Army’s future capabilityneedsareachieved.
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B

Biographies

JOHNKOSZEWNIK, Co-Chair, is aretiredchieftechnicalofficer for AchatesPower,wherehis teamhas
beenresponsibldor the designanddevelopmenbf advancedlieselandgasolineopposedistoninternal
combustiorenginesAmongtheseis the AdvancedCombatEngine(ACE) thatis beingjointly developed
with Cummins providing aleapaheadcapabilityin powerdensity,fuel efficiency,andlow heatrejection
for theU.S.Army GroundCombat-leet.Initial testsn theBradleyfighting vehicleareplannedaspathways
to the Next GenerationCombatVehicle. Prior to joining AchatesPowerin 2011, Koszewnikworked at
FordMotor Co.for 30 yearsmostrecentlyasdirectorof North AmericanDieselwhereheled engineering
and businessresponsibilitiesfor Ford diesel offerings within North America. Prior to that assignment
Koszewnikwasresponsibldor forward modelengineengineeringf all Fords gasolineVvé6, V8, andV10
enginesleadingan organizationof approximatelyl,200 employeesKoszewnik held a variety of other
assignmentsvhile at Ford, including Managerof Worldwide ProductStrategyand Managerof North
AmericanMarketingProductPlans Following hisdistinguishedcareerat Ford, Koszewnikwasseniorvice
presidentof constructionequipmentproductdevelopmentat CaseNew Holland, wherehe managedlO
engineering centers worldwide and 650 employees.Additionally, he was director of production
developmentat FEV Inc., an engineeringservicesand consultingcompany,responsiblefor ensuring
achievemenof all functional requirementsguality, cost, and timing of productionprograms.He also
supportedproductdevelopmentndstrategicstudy projectsfor the automotive heavytruck, locomotive,
andpowertraincomponensupplyindustries. Koszewnikearneda bachelois degreein engineeringrom
Stevendnstituteof Technologyanda Masterin BusinessAdministrationfrom HarvardUniversity.Heis a
Memberof the National Academyof Engineeringglectedin 2016 basedon his pastand presentwork in
enginedesign.

JOHN LUGINSLAND, Co-Chair, is a seniorscientistand principal investigatorat ConfluentSciences,
LLC. Additionally, he is an adjunctprofessorof electricaland computerengineeringat Michigan State
University and a memberof the Intelligence Scienceand TechnologyExperts Group (ISTEG) of the
National Academyof SciencesPreviously,he servedasa professorat Michigan StateUniversity in the
Departmentsof ComputationalMathematics,Science,and Engineeringand Electrical and Computer
Engineeringandvariousrolesat the Air ForceOffice of Scientific ResearcfAFOSR),including acting
division chief, division technicaladvisor,acting branchchief, programmanageffor plasmaphysics,and
programmanageffor laserscience While at AFOSR, he alsoservedasthe programelementmonitor for
Air Force Basic Researchin the office of the AssistantSecretaryof the Air Force for Acquisition.
Additionally, Dr. Luginslandwas a staff memberat NumerExLLC, ScienceApplicationsInternational
Corporation,and the Air Force ResearchH_aboratory(AFRL), where he was also a National Research
Council postdoctoralresearcherHe is a past chair of the IEEE's PlasmaScienceand Applications
Committeeand a previousguesteditor of IEEE Transactionson PlasmaScienceSpeciallssueon High
Power Microwave SourcesDr. Luginslandholds degreesrom the University of Michigan in nuclear
engineeringHe is afellow of the [IEEE andthe AFRL andreceivedthe IEEE NuclearandPlasmaScience
Societys Early AchievementAward. His researchinterestsarein acceleratodesign,coherentradiation
sourcesgensekinetic plasmasl|aserphysics,seriousgamesncluding agentbasednodelsandwargames,
as well as computationalmodeling including high-performancecomputing and machine learning
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techniquesHe haspreviouslyworked on operationalenergyissues,ncluding compactmodularnuclear
fissionreactorsmagneteinertial fusionenergyconceptsdirectedenergyelectromagnetipowerbeaming
for Stirling cycle engines,and plasmabased chemistryenhancementto combustionengines(Carnot,
Brayton,andOtto cycles).

JOHNKASSAKIAN is a professor of electrical engineeringla Massachusettmstituteof Technology
(MIT) andformerdirectorof theMIT Laboratoryfor ElectromagnetiandElectronicSystemsHis field of
expertiseis power electronicsand automotiveelectrical systems.He receivedhis undergraduatand
graduatedegreedsrom MIT, andprior to joining theMIT faculty, heserveda2-yeartour of dutyin theU.S.
Navy. Dr. Kassakianwas the founding presidentof the Institute of Electrical and ElectronicEngineers
(IEEE) PowerElectronicsSociety,servedasthe U.S. representativéo the EuropeanPowerElectronics
Association,andis the recipientof the IEEE CentenniaMedal, the IEEE William E. Newell Award, the
IEEE Power Electronics Societys Distinguished Service Award, the IEEE Millennium Medal, the
EuropearPowerElectronicsAssociationAchievementAward, andthe KabakjianScienceAward. In 1989
hewaselecteda fellow of the [IEEE andin 1993hewaselectedto the National Academyof Engineering.
In 1993 he was also awardedan IEEE Distinguished Lectureshipthrough which he has lectured
internationally.He haspublishedextensivelyin the areasof powerelectronics powersystemsgducation
andautomotiveelectricalsystemsgco-chairedthe MIT study” The Futureof the ElectricGrid” andis aco-
author of the textbook Principlesof Power Electronics.Prof. Kassakianis a memberof the scientific
advisory board ot utron Electronicsandaformermemberof the boardsof directorsof ISO New England
(the independensystemoperatorof the New Englandelectric utility system),Marvell Semiconductor,
American Power ConversionCorp., Sheldah Inc., and the scientific advisory boards ofhe AMP
AutomotiveBusinesJnit andTyco Electronics.

MICHAEL MACLACHLAN is a physicist with experiencein intelligence analysis, researchand
developmentand counterproliferationand topical backgroundin spaceand missile systems artificial
intelligence, quantuminformation science,power and energy, energetics,internationalrelations, and
development,evaluation, and sustainmentof advancedweapons.Dr. MaclLachlan was a nuclear
counterproliferatioranalystfor DIA andthe Departmenbf Energyfor 10 years.During Operationlraqi
Freedomhe led the nuclearinspectionteamof the Irag SurveyGroupin Baghdad-Therestof his career
hasbeenspentin researchgdevelopmenttest,andevaluationfor theU.S. Air ForceandtheU.S. Army. He
led a materialscienceresearchbranchfor AFRL, servedas deputy chief of the laboratory’sadvanced
rocketpropulsiondivision, andmanagedievelopmentaind sustainmenprojectsin the Air Force’sICBM
and SpaceShuttle programs.For the Army, he solicited, evaluated and facilitated internationalbasic-
researchprojects,conferencesand scientific exchangesand was associatechief of the Army Research
Laboratory’sSignalandimageProcessingivision.

PAUL ROEGEworks with technologydeveloperscommunities,and national security leadersto build
resiliencewith energyasa centralfocus.He leadsstrategicinitiatives for Typhoon-HIL, Inc., aleading
edgepower systemmodelingandsimulationstartup,andtechnologydevelopmenfor EthosGen[LC, a
heatharvestingnnovator.He researcheandpublisheson energyandresiliencetopics,with morethan15
papersarticlesandbook chaptersPartneringwith hiswife, ColonelRoegeis activein youthSTEAM and
leadershipprograms.He has nearly 40 yearsof experienceas an engineerand leaderin engineering,
constructionandresearchprimarily in the energyfield. As aU.S. Army engineefficer, ColonelRoege
built military infrastructureandled combatengineeringcapabilitiesin Europe,Asia, Africa, and Central
America. He plannedand coordinatedreconstructiorof Iraqi oil productionsystemsin 2003; later, he
developednergyrequirementandstrategiegor military operationsandwasanearlyadvocatewithin the
Departmentbof Defensefor resilienceas a guiding principle for communityand nationalsecurity.In his
civilian careerColonelRoegeled engineeringefforts associateavith managemeranddecommissioning
of U.S. nuclearweapongroductionfacilities, and dispositionof plutoniumfrom U.S. andformer Soviet
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weaponsprograms.He is a registeredprofessionalengineerand a West Point alumnuswith graduate
degreedrom BostonUniversity (MBA) andMIT (SM andNuclearEngineer).

DEBRA ROLISON headsthe AdvancedElectrochemicaMaterialssectionat the U.S. Naval Research
Laboratory(NRL) in WashingtonD.C., Her teamdesigns synthesizesgharacterizesand appliesthree
dimensonally structuredultraporousmultifunctional,hold-inryour-handnanoarchitecture®r suchrate-
critical applicationsas catalysis,energystorageand conversionand sensorsDr. Rolisonwas a faculty
scholarat FloridaAtlantic University (1972-1975;B.S.in chemistry) ShereceivecherPh.D.in chemistry
from the University of North Caroling ChapelHill, in 1980after demonstratinghe Pt-like characterof
RuQ; electrodesn nonaqueou®lectrolytes,and helpingto establishpolymermodified electrodesShe
joined NRL as a staff scientistin 1980. Dr. Rolisonis a fellow of the American Associationfor the
Advancemenbf Sciencethe Associationfor Womenin Sciencethe MaterialsResearctsociety,andthe
AmericanChemicalSociety. AmonghermajorawardsshereceivedheWilliam H. NicholsMedal(2018),
the E.O. Hulburt Award (2017;NRL’s top scienceawardandthe only femalerecipientin its 66 yearsof
bestowal)the Departmentf theNavy Dr. DoloresM. EtterTop Scientist& EngineefTeamAward (2016),
theACSDivision of Analytical ChemistryAwardin Electrochemistry2014),theCharlesN. Reilley Award
of theSocietyfor ElectroanalyticaChemistry(2012),the ACS Awardin theChemistryof Materials(2011),
and the Hillebrand Prize of the ChemicalSociety of Washington(2011). Her editorial advisory board
service includes Chemical Reviews, Analytical Chemistry, Langmuir, Journal of Electroanalytical
Chemistry,AdvancedEnergy Materials, and the inauguralboardsof Nano Letters,the Encyclopediaof
Nanoscienceand NanotechnologyAnnual Reviewin Analytical Chemistry,and ACS Applied Energy
Materials Shealsowritesandlectureswidely on issuesaffectingwomen(andmen)in sciencejncluding
proposingTitle IX assessmentsf scienceand engineeringdepartmentsSheis the authorof over 230
articlesandholds44 U.S. patents.

SUBHASH SINGHAL servedasa Battellefellow and directorfuel cells, atPacific Northwest National
Laboratory PNNL) from 2000to 2013andprovidedseniortechnical managerialandcommercialization
leadershipto the laboratory’sextensivefuel cell and cleanenergyprograms Beforethat, he worked for
over29years,nitially asascientistandlaterasmanageiffuel cell technology aheWestinghousé&lectric
Corporation.While at Westinghousédthat later becamepart of Siemens)he conductedand/ormanaged
major researchdevelopmentand demonstratiorprogramson advancedmaterialsand energysystems
including steamandgasturbines,coal gasification,andfuel cells. From 1984to 2000,asmanagenf Fuel
Cell Technologythere hewasresponsibléor thedevelopmenof solid oxidefuel cellsfor stationarypower
generationln thisrole, heled aninternationallyrecognizedyroupin fuel cell technologyandbroughtthese
cells from a few-watt laboratorycuriosity to fully integrated200 kW size powergeneratiorsystemsHe
hasauthoredLOOscientificpublications gedited21 books,receivedl 3 patentsandgivenover340plenary,
keynoteandinvited presentations/orldwide.Dr. Singhalis therecognizedvorld leaderin solid oxidefuel
cellsfor powergenerationHe hasservedon the advisoryboardsof the Departmenbf MaterialsScience
andEngineeringatthe Universityof Florida, Floridalnstitutefor Sustainablé&nergy,Division of Materials
Scienceand Engineeringat BostonUniversity, MaterialsResearctscienceand EngineeringCenterat the
Universityof Maryland,Centeron Nanostructurindor Efficient EnergyConversiorat StanfordUniversity,
andthe Fuel Cell Institute at the National University of Malaysia.Dr. Singhalis a memberof the U.S.
National Academy of Engineering;a founding memberand Past Presidentof the WashingtonState
Academy of Sciences;a fellow of American Ceramic Society, The ElectrochemicalSociety, ASM
Internationalandthe AmericanAssociationfor the Advancemenof Scienceanda seniormemberof the
Mineral, Metals& MaterialsSociety.He servedontheElectrochemicaBocietys board of directorsluring
19921994; receivedits OutstandingAchievementAward in High TemperatureMaterialsin 1994; its
inaugural SubhashSinghal Award in 2019 in recognition and honor of seminal and long-lasting
contributionsto the scienceand technology of solid oxide fuel cells; and was the chairmanof its
InternationalSymposiumon Solid Oxide Fuel Cells during 19892019. He servedas presidentof the
InternationalSocietyfor Solid Statelonicsduring2003-2005.Hereceivedhe AmericanCeramicSocietys
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EdwardOrton Jr. Memorial Award in 2001;an Invited ProfessorshifdAward from the JapanMinistry of

Science EducationandCulturein 2002; ChristianFriedrich SchoenbeirGold Medal from the European
Fuel Cell Forumin 2006; Fuel Cell SeminarAward for outstandingleadershipand innovationin the

promotionandadvancementf fuel cell technologyin 2007;andthe prestigiousGroveMedalin 2008for

sustainedadvancesn fuel cell technology.Dr. Singhalservedon the editorial board of the Elseviets

Journal of Power Sourcesand was an associatezditor of ASME’s Journal of Fuel Cell Scienceand

TechnologyHe hasalsoservedon manynationalandinternationakdvisorypanelsjncludingthoseof the

NationalAcademie®f Sciences, Engineering, and Medigitiee MaterialsPropertiesCouncil,theNational

Sciencd~oundation|J.S.Departmenbf Energy NATO AdvancedStudyinstitutesandNATO Scienceor

PeaceProgramsnited Nations DevelopmenProgram(UNDP), United NationsIndustrial Development
OrganizationfUNIDO), InternationalEnergyAgency(IEA), andthe EuropearCommission.

JOHN SZYMANSKI is the chief scientist folGlobal Securityat Los AlamosNationalLaboratory Before
that assignmenthe was the chief scientist forThreatldentification and Responset Los Alamos. As a
membeiof theAir ForceScientificAdvisoryBoard hewasresponsibldéor theSAB S&T reviewsof AFRL.
Before his presentassignmentshe was the acting deputyleaderof the DefenseSystemsand Analysis
Division at Los Alamos.From2010to May 2012,hewasa memberof the White HouseOffice of Science
and Technology Policy, where his portfolio included nuclear defenseR&D, isotope supply, future
computing,and nationalsecurityspace Prior to joining the White House,Dr. Szymanskiworkedat Los
Alamosasprogram director for nuclear nonproliferationp@rtfolio of programswith funding exceeding
$300million. This portfolio includednationalsecurityspaceprogramsnuclearmaterialssafeguardsind
security,and nonproliferationand counterproliferatiorR&D. Previously he was programmanagerfor
nuclearnonproliferationresearchand developmentlin the past he led severalresearchefforts at Los
Alamos,including the developmenbf the MultispectralThermallmagersatellitedatacenterandgenetic
algorithmsusedfor automatedeatureextractionin images His researchnterestsinclude optical remote
sensing, nuclear defensescienceand technology, and nationatsecurity policy issues.His technical
experiencencludesthe designandfabricationof high-speeddigital electronicsradiationdetectorsyeal
time dataacquisitionsystemsalgorithmdevelopmentapplicationsof geneticalgorithms,andlarge-scale
simulations.Dr. Szymanskieceivedhis B.S.,M.S.,andPhD. degreesn physicsfrom CarnegieMellon
University,wherehisthesisresearchwasin experimentahuclearphysics He continuedvorkingin nuclear
physicsresearchat Los AlamosNationalLaboratoryandthenasa faculty memberat IndianaUniversity.
The Departmentof Energy, National ScienceFoundation,internal sourcesand other U.S. government
agenciehavefundedhisresearchHis activitieshaveincludedthe AmericanPhysicalSociety Institutefor
NuclearMaterialsManagementEEE, andSPIE.He hasorganizedvorkshopsseveralspecialconference
sessionsand servedon manylocal and nationalcommitteesHe is the authorof 40 journal publications,
manyinvited talksandnumerougonferenceroceedingsHis honorsincludeanR&D 100award,two Los
Alamos DistinguishedPerformancewards,an INMM *“supportaboveandbeyond”award, DOE/NNSA
recognitionfor superiorachevementandseverafellowshipsandteachingawards.
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C

Call for White Papers

INTRODUCTION

TheNationalAcademieof ScienceskEngineeringandMedicineis issuinga call for white papers
in supportof anongoingstudyactivity to assesgxistingandnovelelectricpowerandenergytechnologies
to supportArmy multi-domainoperationdMDO) in the 2035environment.This call for white paperss
soliciting input on candidateP&E technologies(existing or under development)with the potential to
achieveoperationakeadinesso supportArmy MDO in 2035.The white paperswill serveasthe primary
data-gatheringffort to inform thelargerstudyreport. Theauthorsof the mostpromisingwhite paperswill
beinvited to join apublic forumin May to discusgheir ideaswith the studycommittee.

BACKGROUND AND CONTEXT FOR THE CALL FOR WHITE PAPERS
Army Modernization Strategy and Multi-Domain Operations

The Army ModernizationStrategy(AMS) (Link) describeshow the Army will transforminto a
multi-domainoperation§MDO) forceby 2035to meetits enduringresponsibilityaspartof the JointForce
to providefor thedefensef the United StatesTheessencef Army’s MDO concepis to supportthe Joint
Force in the rapid and continuousintegration of all domainsof warfare—land, sea, air, space,and
cyberspace-to detershortof conflict but fight andwin if deterrencdails. The enablingtechnologyfor
multi-domainoperationswill be advancecommunicationgandinformationprocessingechnologywhich
will placenewdemand®ntheArmy’s deployedP&E infrastructureo ensurehatit canmeetthedemands
of the MDO environmenin 2035.

Thetenetsof MDO createsignificantperformancehallengegor severatechnologie®verthenext
fifteen years. Calibratedforce postureg multi-domain formations,and the ability to rapidly converge
effectsfrom multiple domainswill requirea highly integratedand rapidly reconfigurableforce that can
executeand sustaincomplexoperationswith greatspeedand precision.Rapidly evolving technologies,
especiallyinformationtechnologiesindthosethatenableandsustainthem,particularlypowerandenergy,
will be fundamentato achievingthesegoals.The purposeof this call is to solicit white papersoutlining
feasibleandpracticaltechnologyoptionsthatcouldaddrespotentialP&E needf the Army asit executes
its MDO visionin 2035.

L A forcecomposeaf elementsassignedr attachedpf two or moreMilitary Department®peratingundera
singlejoint forcecommander.

2 Refersto the combinationof positionandthe ability to maneuveacrossstrategiadistanceslt includes butis
notlimited, to basingandfacilities, formationsandequipmenteadinessthe distributionof capabilitiesacross
componentsstrategidransportavailability, interoperability accessandauthorities.
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The Army’s MDO Strategic Goalsand the Future Importance of Sensingand Information
Technologies

The continuousintegrationof all domainsof warfaredemandsa proliferation of sensorsandintelligent
devices supportedwith increasedcommunicatiorbandwidthand high-speedprocessingf datasetsinto
actionablanformationfor useatall operationalevels.Evolving 5G technologiesn thecommerciaworld
can help with thesetechnicalchallengesand offer a good pacingtechnologyfor assessmentiowever,
commerciatechnologyandinfrastructuredevelopmentill notfully satisfythe Army’s uniqueoperational
challengeswhich requireworldwide deployabilityandfunctionality underdegraded/hostileonditions.

Forexamplelittle or nogroundbaseccommerciacommunicationgnfrastructurenaybeavailable
within the battlespace;in future operations,even space-basedetworks may be challenged. This
circumstancerequires the Army to have a self-contained, mobile, and resilient integrated sensor,
communicationsand information infrastructure.Furthermore complex battlespaceenvironmentscreate
significanttechnicalchallengegor moderncellularnetworktechnologieskor examplethe Army typically
fights in complexterrain while experiencingvariable climatessuchas rain, snow, hail, dust, fog, etc.
Emerging 5G communicationswhich promise disruptive bandwidth, are relatively short range and
particulaly sensitiveto signal strengthand environmentalconditions(to include weatherand terrain).
Theselimitations canrequireincreasesn the density of nodesand signal strength;longertransmission
duration;andproliferationof mobile processingtations.Thesetrendsalonewill challengemobile power
andenergycapabilitiesin termsof bothpower demandandenergyendurance.

Mobile P&E to Support Network-Enabled MDO

Mobile P&E is fundamentalto all Army capabilities; however, the P&E that support
communicationandinformationneedsrariessignificantlydependingipontheusecase Duringmaneuver,
the powerplantsfor the Abramsandmanyothergroundcombatvehiclesexpenda small fraction of their
energyoncommunicationgndprocessingTechnologiebeingdevelopedo supportonboardpowerneeds
for mobility and lethality over the next 15 yearsshould be more than adequateo meetinformation
processingandcommunicatiomeedsvhenunderwayHowever attimesgroundcombatvehicleswill enter
“silent watcH which requiresthento minimize all acousticand infrared signal emissions.This in turn
normallyrequiregshemto remainstationaryandoperatewithoutthe useof their mainor auxiliary engines.
As aresult,a platfornis informationand communicationsystemswill needto operatewithout the main
engineoutput.

Meanwhile, dismountedsoldiers,small electric and hybrid drones,micro-autonomoussensors,
systemsandcommunicatiomodesautonomougroundvehicles,mannedvehicleson “ silentwatch; and
mobilecommandoostsanddatacenterseachwill requiresignificantimprovemenin P&E technologyover
the next 15 yearsto supportnetworkenabledMDO. Moreover,the ability to operatemobile command
postsandthe proliferation of persistentsensorsprocessorsandtransceiverst the forward edgeof the
battlespaceepresentinimportantnew focusareathat supplementpastsoldier, platform (e.g. vehicle or
drones)andforward operatingpaseusecases.

In the past,P&E performanceparametersvere generatedas an afterthoughtto new technology
aspirationsTwenty-first centurycapabilities however requiremoresophisticatedreatmeniof energyas
an integral componentwithin the system design process.Sensing, processing,and communicating
technologiesfor example fundamentallyinvolve the physicsandmanagenentof energy How effectively
cana sensordistinguishelectromagnetior othersignalsfrom noise;convertthe informationinto usable
form; andsecurelytransmitthe signalto becomentegratednto the operationabicture?Not only energy
density but also power managementconversionefficiency, EM radiation and coupling efficiencies,
environmentatoleranceandreliability arejust afew energyattributesthatarefundamentato technology
performancehatwill supportMDO.
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Multi-Domain Operationsrepresentsa new warfighting conceptfor which we lack field data
regardingkey performanceparametersand constraints.The presentstudy representsan opportunity to
inform “the art of the possible,”with an emphasison what is practical and feasible by identifying
technologiesthat could significantly contributeto envisionedoperaions and feasibly could be made
available.To that end, this white papercall will take a technologypushapproacho future mobile P&E
technologies,especiallytaking accountof the opportunitiesand demandsof distributed information
technologiegsuchas5G) within theadversesnvironmentshe Army would be expectedo fight.

Two-Tiered Approach to Estimating P&E TechnologyPerformancefor Distributed Information
Enabled MDO

For this call for white papersall P&E technologieswill be consideredhowever,it is crucial to
keepin mind that the emphasiswill be on thosemost practical and feasibletechnologiesrelevantfor
sustaininghesupportof distributedinformationcapabilitiesassociateevith MDO. To effectivelyevaluate
the performancéneadroonof P&E technologie®utto theyear2035,this call for white paperawill takea
two-tieredapproactio assessmenthefirst-tier involvesP&E technologieshatwould achieveafive-year
systemdemonstratiofirom TRL 5-7 to TRL 7-8, thentenyearsto acquireanoperationakystemby 2035.
Theseconetier sourcesvould delivera concepto feasibility demonstratiorirom TRL 4-6 to TRL 6-8 in
fifteen yearswith an operationalsystemacquiredsometimeafter the demo. The metricsusedto assess
technologyand systemperformancewill include specific energyand power output, efficiency, weight,
volume,endurancdtime to refuel, rechargepr replace) durability (performanceén austereor hazardous
environment®r undershockor damage)yulnerabilityto attackanddisruption portability/mobility, supply
andmaintenanceoncernge.g.challenge®f materialandfuel sourcingandrarity of materials)jnvestment
andunit cost,safetyissuespersonnetraining requirementsand policy andregulatoryconcernsPhysics
and engineeringorincipleswill be usedto judgethe credibility of the P&E sourcesor eachtier. To be
considereddetailedengineeringandsystermdescriptionswhich supportthe performanceharacteristicef
eachP&E sourcewill berequired.

WHITE PAPER GUIDELINES SUMMARY

The white papersshould describeand evaluateexisting or emerging P&E technologiesand
technicalsolutionsthat are feasibleand practicalto supportArmy P&E needsfor MDO in the 2035
timeframe. The demandsfor distributed information technologiesshould be consideredas a pacing
technologybut responsegseednot belimited to the specificsof systemsavailabletoday(suchas5G); they
shouldincludealternativecommunicationsechnologieshatmight alsosupportArmy MDO operationsas
describedn the previoussection.Papersnay andshouldto the extentpossible considerall relevantP&E
aspect®f thearchitectureincludingenergystorageconversiontransmissionandrelayrequirementsand
powermanagementechnologiesEnergy/poweisourceso be considereccanrangefrom aslittle astwo
watt systemsfor individual soldier platforms and distributedand proliferated sensorsprocesscs and
transceiversn the battlespaceto morethan10 megawatsystemdor forward andremoteoperatingoases.

Eachtechnologyor technicalsolutionshouldbe categorizednto one of thefollowing categories:

x Tier 1. Systemdemonstratiorachievablewithin 5 yearsfrom TRL 5-7 and TRL 7-8, andan
operatimal systemacquirableoy 2035.

x Tier 2. Conceptor Systemdemonstratiorachievablein 15 yearswith an estimateof the
additionaltime requiredfor anacquiredsystem

Thewhite papersshouldassesshefollowing parametergor eachtechnologyor technicalsolution
presentedspecific energy and power output, efficiency, weight, volume, endurance(time to refuel,
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rechargeor replace),durability (performancen austereor hazardousenvironmentsor undershockor

damage)yulnerabilityto attackanddisruption portability/mobility, supplyandmaintenanceoncernge.g.

challengesf materialand fuel sourcingandrarity of materials),investmentand unit cost, safetyissues,
personneltraining requirementsand policy and regulatoryconcerns.The white papersmay also offer

additionalor alternativeassessmentarametershatarecritical or otherwiserelevantbut notlistedhere.

SelectionProcessand Next Steps

White paperswill beselectedntheirlevelof detailandanalysisandtheextentto whichtheymeet
the parametergrovidedabove.ln April, thewhite paperauthorsselectedo advancewill beprovidedwith
additional details and parametergegardingthe MDO operatingenvironmentin 2035 to adapttheir
proposalsand presentationst the public forum to be held on May 18-21,202Q Selectedwhite paper
authorswill beaskedo providepresentationandengagen dialoguewith thestudycommitteeat theforum
in May.

USE OF THE PAPERS

The white papersubmissionsvill be evaluatedoy the studycommitteeandusedto inform report
content.The authorsof the mostpromisingwhite paperswill beinvited to participatein a public forumto
discusstheir ideaswith the committeeand engagewith the authorsof other selectedwhite papers.The
papersanddiscussionsvith paperauthorswill providethe primary sourceof datagatheringfor the report
findings, conclusionsandrecommendations.

Informationgatheredvill be usedby the committeesolelyto inform this projectandthe study
report. However,per the requirement®stablishedn the FederalAdvisory CommitteeAct, to which
this effort andcommitteeis subject,all white paperswill be collectedin a Public AccessFile (PAF).
Materialscontainedwithin the PAF aresubjectto releasegerthe Freedomnof InformationAct (FOIA).
Pleasalo notincludeany proprietaryinformationin your responsesResponsemustbe Distribution
A. Thisactivity is unclassified.
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D

List of Data Gathering Sessions

Decembeb, 2019

Februaryl2,2020(videoteleconference)

March30-April 1, 2020(data-gatheringession videoteleconference)
April 7,2020(data-gathering session; video teleconference)

April 14,2020(data-gathering session; video teleconference)
April 24,2020(data-gathering session; video teleconference)
May 11,2020(data-gathering session; video teleconference)

May 18-20, 2020(data-gathering session; vidadeconference)

May 21,2020(videoteleconference)

Junel2, 2020(data-gathering session; video teleconference)
June22,2020(data-gathering session; video teleconference)

July 7, 2020(Videoteleconference)

July 8-9, 2020(data-gathering session; video teleconference)
August10, 2020(data-gathering session; videeconference)
Augustl17,2020(data-gathering session; videeconference)
Augustl18,2020(data-gathering session; videdeconference)
August26-27, 2020(videoteleconference)

Septembel 0, 2020(data-gathering session; video teleconference)
Decembet4,2020(videoteleconference)

X X X X X X X X X X X X X X X X X X X
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E

Abstracts of Selectedwhite Papers

All GrapheneNano Ribbon on Diamond Substrate Energy Efficient Power Electronics Switch

Dr. CemalBasaran

In orderto meetcurrentand emergingneedsand deliver future force capabilitiesthe US Army
needsto developandimplementthe mostsophisticatedenergyefficient power electronicstechnologies.
This white paperfocusesArmy’s statedneedfor “increasingforces’ freedomof actionthroughenergy
securityandefficient powersystemdo providedesiredpowerat the manned/unmannegplatforms,at the
systemandpersonalevels” Army requires‘efficient andsecuregpowersystemdor the forcesto provide
therequiredpowerwhenandwhereneededvith greatdealof reliability.” The existingpowerelectronics
systemsare basedon traditionalmetals,like copperandaluminumandtraditional semiconductorsThey
cannotprovidethefuture needsof the Army. Hence thereis a needto developa newtechnologybasedn
covalentbondedmaterialdike graphene.

Insatiatedemandfor miniaturizationof power electronicsrequiresa substantiareductionin the
dimension®f thecomponentsisedin powerelectronicgsuchasmetalinterconnectsindsolderjoints). At
the sametime, dueto demandfor fasterand morefunctionalpowerelectronicshat canoperateat higher
temperatureghereis anevolutiontowardhighervoltagesandhigherpowerdensitiesTheserequirements
lead to high currentdensityin thesecomponentg>10"6 Amp/Cm~”2). Physicallimits to increasingthe
currentdensity—andlimiting furtherminiaturization—in metalsareelectromigratiorandthermomigration
phenomenéElectromigrationn interconnectnetallines,andsolderjointsis themajorfailure phenomenon
in next generationpower electronicsAs result thereis a needto developthe next generationpower
electronicdby replacingthetraditionalmetals with covalentbondedmaterialdike GraphenéNanoRibbon
which do not experienceslectromigratiorandthermomigrationn thetraditionalsense.

Thetechnologyproposedn the white paperwasdevelopedy ONR fundingin thelast 10 years
andrecently,it was patentecby USPTO,[PatenNo.: US 10,593,778B1]. However,thereis a needfor
fundingto developthetechnologyneededo packaget andmanufacturet. Becauseat wasfundedby US
Navy, our patentrequiresUS basedmanufacturing Dependingon the funding level, this devicecanbe
madeavailableto US Army in 5to 7 years.

Converting Wastewaterto Distributed Powerand Energy: AddressingTwo Critical Utility Needs
of the Future Army with One Advanced Technology

Dr. AaronC. Petri, Dr. DawnMorrison, Mr. NicholasJosefik Mr. NathanPetersonand Dr. KathrynGuy

Thefuture Army multi-domainoperatingMDO) forcewill facesignificantchangesindchallenges
overthenext15 yearsin termsof who, whereandhow they fight, andthe tools andtechnologythey use
andconfronton the battlefield. Whatwill not changes the Army’s needto supplyconsistenpowerand
energy(P&E) to deployedforces,andthe Army’s requiremento managenumanwastewaterThe bottom
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line: no matterwherethefuture soldiergoesor whattheydo, the saying“everybodypoop$ will continue
to holdtrue. TheDistributedLow-EnergyWastewatefm reatmen{DLEWT) systemdevelopedy theU.S.
Army Corpsof EngineersEngineerResearciDevelopmeniCenter,ConstructionEngineeringResearch
LaboratoryERDC-CERL),is acompactportableconainerizedvastewatetreatmensystenthatconverts
wastewateiinto P&E, and reusablewater. As a Tier 1 technology,DLEWT hassignificant potentialto
increaseoperationakenergyandwater endurancevith a low-maintenanceortabletreatmentsystemthat
will help future deployedforces overcometheir dependenc®n resupplychain logistics. The DLEWT
systemusesa unique combinationof advancedvastewatetreatmenttechnologieghat offer at least75
percentwaterreuseandenergyharvestingOn averageb.4 kilowatt hoursof electricity canbe generated
perevery1,000gallonsof influent wastewateor 8.6 kWh/dayfor a battalionof 800 troops.We project
that this technologywill extendthe tetherof fuel and waterin an MDO environmentreducingannual
resupplyconvoysin Iraqg and Afghanistanby 2,100trips and savingover $45 million dollarsannuallyin
fuel. Over 5-years,we estimatel 75 waterre-supply casualtiesould be avoidedthroughimplementation
of DLEWT.

High PerformanceHybrid Solar Photovoltaic Thermoelectric Panel
Dr. HongbinMa andDr. PengtadWang

Solar photovoltaic (PV) panels and solar thermoelectricgenerators(TEG) are two major
technologiedor directsolarelectricity generationOneof the primary challenge®f solarPV andTEG is
low solarelectricity efficiency. The proposedhybrid solar PV/ITEG panel integratesstate-ofthe-art
technologie®f low concentratingolarphotovoltaic(CPV) cells,solarTEG, oscillatingheatpipe (OHP),
andradative sky cooling (RSC). Utilizing the extrahigh thermalconductivityof OHPs,CPV, TEG, and
RSCcanbe effectively integratedtogetherto efficiently utilize the solarenergyand generateelectricity.
The proposechybrid solarpanelcanachievea high solarelectric efficiency of 40 percentwith a power
outputof 100W in 5 yearsandachieveanexpecteckfficiencyof 50 percenin 2035.Theproposed®V/TEG
panelhashigh reliability anddurability, andrequiresno maintenancelueto no mechanicamoving parts.
Theproposedechnologyis nowonthe TRL-5, andonthe TRL-7/8 within 5 years.Theproposed®T/TEG
panelsupportghe Army’s MDO asa basicunit of solarmicrogridsin installationandcontingencybasing,
or asa single operationalpower sourcefor “silentwatching” The efficiency andinertia of the proposed
systemwill greatlybenefitfrom therapidexpansiorof theglobalsolarpanelmarket.

Multi-fuel CapableHybrid-Electric Propulsion

Dr. CholBum* Mike” Kweon

The Army’s Multi Domain Operations(MDO) will require extensivecommunicationsand
information processingwith the large numberof unmannedsystemswhich areteamedwith manned
systemsn thefutureautonomoudbattlefield.Unmannediir andgroundsystemswill play critical roles
in executingnewcapabilitiefor MDO, especiallyin theclosefight anddeepmaneuveareasHowever,
theseadvancedcapabilitieswill require more energy and power. The current energy and power
solutionsfor unmannedaystemsareextremelylimited becausaechnologiedavenot beendeveloped
in the power rangefrom 5 to 200 kW. The Combat Capabilities DevelopmentCommandArmy
ResearchLaboratory (CCDC ARL) initiated a new program, Multi-fuel CapableHybrid-Eledric
Propulsion(MCHEP) to addressthe energyand power needsfor the future autonomoussystems.
Specifictechnologiegncludeignition assistantadvancedluminumalloys,advancednaterialsor fuel
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systems, advanced electrified turbocharging, and hybrid-electric optimization and integration
technologies.Thesetechnology areaswere formulatedto addressthe fundamentalchallengesin
materials design,andsensingandcontrolmethodsto accelerateomponentechnologydevelopment
to meetthefuture Army requirements.

Hybrid Power Sourcefor the Military Aircraft Fleetof the 2035Environment
Mr. ManuelMar

This paperpresents generaloverviewof military air fleet energyconsumptiorandemphasizes
the developmentof hybrid power sourcesfor aircraft. Technologiessuch as lithium ion batteriesand
hydrogerfuel cellsarestill underdevelopmento bescaledandusedin airplanesHowever,it is inevitable
theintroductionof this technologiesn a mid-term scenaridby the nextdecadeof 2030. The numbersare
excellenton paperwith high-efficiency performanceand excellentenergydensity but the scalability of
thesetechnologiess still achallengeThe mainideaof this white paperis not proposinga full electricor
hydrogenfueled airplanes,insteadthey shouldstill usehydrocarbonsstartingwith at leastl percentof
electricityaspartof energypowersystem.

Fuel Flexible Engine-Generatorswith High Power & Energy Densitiesfor Future Unmanned
Aircraft Systemsand Soldiers

Dr. SindhuPreethanBurugupally,Mr. Kyu Cho,Dr. ChristopherDepcik,Ms. AlisonPark,andMr.
SumarSaripalli

Thereare limitations to the rangeof small UnmannedAircraft Systems(UAS) along with
critical power generationgapsfor Soldiersstemmingfrom the respectivelylow energydensity of
lithium (Li) ion batteriesThe useof combustiorusingconventionafuels (liquid andgaseoudased)
canprovidea significantrangebenefitfor both UAS and Soldiersgiven their magnitudeincreasen
massandvolumespecificenergyoverLi-ion batteriesHowever,currentinternalcombustiorengines
(ICEs)onthe appropriatepowergeneratiorscaleneeded100-1000W) arebesetby low efficiencies.
Here,employingthe evolving technologyof Additive Manufacturing(AM) changeghe paradigmof
constructionfor ICEs that opensnew avenuef efficiency while reducingsize andweight. Current
Tier 2 efforts at the TRL 4 level by our groupinclude the successfutestingof an AM-enabledCE
fabricatedin cooperationwith the Army ResearchLaboratory. Looking towards 2035, utilizing
advancesn AM to movefrom this existingICE to a novelfree pistonenginelinear generatodesign
promiseshigh efficiencies fuel flexibility, anddirectgeneratiorof electricityfor hybrid configurations
at a minimum of weight with reducednoise and exhaustsignaturesThis facilitatesthe single fuel
forward conceptwhile allowing for localizedfuel compatibility and the continuedadvancemenof
alternativefuels. Overall, this enablesArmy multi-domain operationsby delivering a modernized
power& energysolutionthatdrawsuponanemergingechnology.

Solid Oxide Fuel Cell (SOFC) Technologyfor Poweringthe U.S.Army of the Future

Dr. NguyenMinh
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Solid oxidefuel cell (SOFC)technologyhasbeenconsiderecanddevelopedor a broadspectrum
of power generationapplicationsrangingfrom watt-sizeddevicesto multi-megawattpower plants.The
attractive features of the SOFC are its flexibility (fuel), compatibility (environment), capability
(multifunction), adaptability(diverseapplication)andaffordability (costeffectiveness)This presentation
discusseghetechnologicaktatusandexamineghe key parametersf thetechnologycritical to supporting
theU.S.Army powerandenergy(P&E) needgor multi-domainoperationfMDO) in the 2035timeframe
- hamely,specific energyand power output, efficiency, weight and volume, durability, vulnerability to
attackand disruption, portability/mobility, supply and maintenanceconcernsjnvestmentand unit cost,
safetyissuespersonnetrainingrequirementsandpolicy andregulatoryconcerns.

Poweringthe U.S.Army of the Future
Mr. ShaileshAtreya,Dr. ChellappaBalan,andMs. Tina Stoia

Powerdemandscrosgshe boardfor the U.S. Army areexpectedo grow significantly to support
state-ofthe-art and emerging equipmentrequired for modern warfare. This discussionwill address
Boeing’s conceptfor nontraditional power generatiorfor ForwardOperatingBases(FOBs),aswell as
solutionsfor ‘silent watcH operationof tanksandBradleyvehicles FOBsarecurrentlysupportedy large
dieselpoweredyensetghatarenoisy,inefficientandemithigh-temperaturexhaustRecentdevelopments
in SOFCtechnologyenablea power plant, with alow acousticsignaturethatis at least50 percentmore
efficientthancurrentdieselgensets.Thefuel savingsofferedby an SOFCgensetreduceoperatingcosts
andreducethe frequencyof high-riskfuel transportin contestedegions.Mobile platforms,suchastanks
andBradleyFighting Vehicles,arerequiredto operatan ‘silent watch modewheretheyremainstationary
andquietfor extendedperiods.In ‘silent watch mode,the main engineremainsoff to conserveuel and
reduceacousticand IR signaturesput the useof batteriess limiting becausehe vehiclewould needto
periodicallyabandorisilent watch modeasit turnsonits engineto rechargehebatteriesAn SOFCGbased
auxiliary powerunit, operatingon dieselfuel, enablesextendederiodsof ‘silent watch with low acoustic
andIR signatures.

Safe,High Energy and High Power Li-ion Batteriesfor Army Multi-domain Operations
Dr. JiangFan, Mr. ChristopherKompella,Dr. LasanthaKorala, and Dr. DengguoWu

The mobile powerandenergy(P&E) technologiesarefundamentafor all US Army capabilities,
and Li-ion batteriesprovide a ubiquitous solution in this regard due to their comparatively high
energy/powerdensity and reducedlife cycle cost. However, current state-ofthe-art Li-ion battery
technologiesare incapable of delivering high energy/poweroutput safely under degraded/hostile
conditions.The AmericanLithium Energycorporation(ALE) hasbeenleadingthe efforts to fulfill the
performancelemandsequiredfor the Army to transforminto multi-domainoperationgMDO) force via
innovating Li-ion battery technologiesthat can deliver high energy/powerperformancesafely. As a
domesticdechnologydeveloperlandcell manufacturerthis presentatiomwill introduceALE’s contribution
to the pastDoD projectsandperformancef currentgeneratiorof high energy/powet.i-ion cells (18650
and pouch format). Furthermore future performancetargetsand safety technologiesthat will enable
transformatiorof Army into a multi-domainoperationgMDO) forcewill bediscussed.
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Cubic Boron Carbonitride for AdvancedElectronic Applications to Modernizing Communications
Technology

Dr. EunjaKim andDr. SergeyTkachev

The key future technologiessuch as communicationdevicesare basedon extremelyhigh
frequencyoperationsranging from 3 to 300 GHz. Therefore,a significant supportfrom advanced
electronicmaterialss crucialto addressigh lossesandhigh temperaturénstability occurringat high
frequenciesHerewe proposeto carry out a combinedtheory-experimentatasestudy of cubicBCN
materialsto advancethe materialsdesign conceptsto develop new and improved materialsand
technologiesbasedon diamondin future, as identified in Army Priority ResearchArea (2. RF
ElectronicMaterials).Wide bandgapalongsidewith high saturateclectrondrift velocity andelectric
breakdownfield makesdiamondthe semiconductoiof choice for high-powerand high-frequency
electronicsThe temperaturelependencef forward currentpowerlossin high voltagediodesclearly
demonstratethe superiorityof diamondasa semiconductoof choiceat elevatedemperaturesyhich
meansheavy usagein developmenbf advancedstrategictechnologieshat are capableof reliably
functioningin variableclimates(i.e.,rain,snow,hail, dust,etc). Thereforetheproposedesearchased
on our previousstudyis to supportArmy multi-domainoperationgn the 2035environmentfocusing
onthesynthesiscomprehensivavestigatiorof thisdiamondbasednaterialby meansf singlecrystal
synchrotronX-ray diffraction and, thus,unambiguoushestablishingstructurepropertyrelationships,
Raman and Brillouin scattering spectroscopy, which is solely based on laser
characterization/interactionith this material,PhysicalPropertyMeasuremengystemand hardness
measuremerdtudiesin combinationwith predictivepowerof computationaPhysicsat everystepof
progressn experimentatievelopmenin orderto enablerevolutionaryadvance futuretechnologies
throughthe discoveryandcharacterization.

Silent lightweight battlefield power source: Scalablefrom Soldier wearable power to platform
power

Dr. lvan y H O D @R YMalkerChan,and Dr. JohnJoannopoulos

We havedeveloped generatothatfits in the palm of the hand:basedon a high-temperature
nanophotonicgnabledhermophotovoltaiconversiorprocessit hasno moving parts,canoperateon
almostanyfuel (liquid or gaseous)andexceeddentimesthe energydensityof lithium batteriesThe
nanophotonicenabledhermophotovoltai¢ TPV) generatocomprisesa microcombustothatheatsa
photonic crystal emitter to incandescencand the resulting tailored thermal radiation drives low-
bandgapphotovoltaic(PV) cells to generateslectricity. This portablepowergeneratiorplatformis a
resultof yearsof researctanddevelopmentn four areasdesign,fabrication,andpackagingof high-
temperaturenanophotonicrystalsas selectivethermalradiationemitters;designof advancedsuper
alloy high-T microcombustorsthat are easy to mandacture and low-cost; low-bandgaplil-V
photovoltaicdiodes;advanceaystemlevel designandoptimization.

A Researchand DevelopmentProgram to Meet the US Army 's Emerging Power and Energy Needs

Dr. RobertHebner
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Transportatiorelectrificationis stimulatingthe developmenbf technologyto achievehigh
powerandenergydensitymobile powersystemsThe Navy andAir Forcefocuson electricshipsand
aircraft are adaptingmany of thesetechnologiesto military needs.While this providesa massive
technologybaseto exploit, the Army alsohasa uniquepowermanagementhallengeThe envisioned
hybrid manmachineunits do not shareenergyvia a platform specificgrid. This hasled to researclat
theUS Military Academyon understandinghe managementpcation,useandfungibility of theunit's
energy.Thisis researctthatthe Army will needto pioneer.

Consideringourresearctandthatof otherstherequiredsystemmprovementganbeachieved
by balancedresearchand developmentin power and energy density, motors/generatorspower
electronics,electrical insulation, energy storage,prime power, thermal managementand machine
learning.

Towards Multi-Modal Army BaseEnergy ManagementSystems:The Arctic ResilientIntelligent
Integrated Energy System(ARIIES) Case

Dr. AmroFarid

This white paper advocatesfor the developmentof Multi-Modal Army Base Energy
ManagementSystems(M2ABEMS). As an example,it describesthe Arctic Resilient Intelligent
IntegratedEnergy System(ARIIES) project which is currently ongoing at the Thayer School of
Engineeringat Dartmouth(Hanover NH) aspartof a subcontracfrom the Cold RegionsResearcland
Engineerind-aboratoy (CRREL).The ARIIES projectis developingarealttime, multi-modal,energy
managemensystemthat optimizesthe supply,demandand storageof energyfor an Arctic military
base’soperations.Unlike other energymanagemensystemsfound eitherin electric microgridsor
district heatingsystemsthis systemis multi-modal. It providesa systemsunderstandingf energy
needsandflows in Arctic basesandkey control leversto increaseenergyservicesandreliability per
unity of energyconsumedit identifiessystemintegrationopportunitiesandchallengesoasto enable
energymanagergo lower costs,increasereliability, andincreaseenergyservicesin responseo the
needsof a calibratedforce posturein recognitionof the degradedand often hostile conditionsof the
extremeArctic climate.
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Data-Gathering SessionAgenda

MARCH 30-APRIL 1,2020
March 30,2020—Monday Sessions

OpenSessions

1030ET (0730PT)—1100ET (0800PT) WelcomeandIntroductions
BOARDCNhair, Hon. KatharinaMcFarland
Dr. JohnParmentolaCo-Chair and Dr. JohnLuginslandCo-Chair

1100ET (O800PT)—1315ET (1015PT) Sessiori: Why the Army is AdoptingMDO asthe Meansto
Win FutureWars
Sessiorl Moderator: Co-Chair or CommitteeMember
- 11004130Brig. GenRobertSpalding(USAF,Ret.),Hudsoninstitute

- 11304200Q&A

- 12004215Break

- 12154245Dr. AlexanderKott, ChiefScientist ARL
- 12454315Q&A

1315(1015)—1345(1045)  Break

1345ET (1045PT)—1715ET (1415PT) Sessior2: How the Army Will AchieveMDO Capability
SessiorModerator: Co-Chair or CommitteéMember

- 13454415Mr. JohnKincaid, DeputyChief,and CommandSergeaniMajor Paul E. Biggs,
SeniorEnlistedAdvisor,CombatSysteméntegrationDivision, FCC

- 14154445Q&A

- 14454500Break

- 15004530MAJAdamTaliaferro, Future WarfareDivision, FCC

- 153041600Q&A

- 16004615Break

- 16154645Mr. JeffreyWitsken/COLDrew Fletcher,MissionCommandNetworkintegration,
MissionCommandCenterof ExcellenceArmy CombinedArmsCenter

- 164541715Q&A

1715(1415PT)— 1730(1430PT) Break
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1730(1430PT)—-1830(1530PT) ClosingDiscussion

March 31,2020—TuesdaySessions

OpenSessions
1030ET (0730PT)—1100ET (0800PT) WelcomeandIntroductions

BOARDCNhair, Hon. KatharinaMcFarland
Dr. JohnParmentolaCo-Chair and Dr. JohnLuginslandCo-Chair

1100ET (0800PT)—1315ET (1015PT) Sessior8: The CapabilitiesandProcessethe Army Needsto

be Enhanced/Modifietby MDO andMDC2
SessiorModerator: Co-Chair or CommitteeMember

- 11004130Mr. lan Sullivan,DeputyChiefof Stafffor Intel, ISR,and Futures, TRADOCG-2

- 113041200Q&A

- 12004245Mr. AndrewToth,ARL

- 12454315Dr. Bret Strogen SpecialAssistanfor Energyand Sustainability OASA(IE&E)

- 131541345Q&A

1345(1045)- 1415(1115)  Break

1415ET (1115PT)—1515ET (1215PT) Panel:PastandPresentChallengegor P&E Systemsn Support
of Army Operations
PanelModerator: Co-Chair or CommitteeMember

- 141541435Dr. Ed Shaffer ArmyFuturesCommand
- 1435-1455Mr. Ed Plichta, Independen€Consultant
- 145541515Q&A

1515(1215PT) - 1530(1230PT) Break

1530(1230PT)— 1630ET (1330PT) Sessiort: WhatWill Powerthe SystemsThatWill Constitutean
MDO OperationaForce?
SessiorModerator: Co-Chair or CommitteeMember
- 153041600COL Adrian Marsh,PM/Mr. Cory Goetz ChiefEngineer,ProgramOffice for
ExpeditionaryEnergy& Sustainmen®ystems

- 16001630Q&A

1630(1330PT)— 1645(1345PT) Break

1645(1345PT)— 1745(1445PT) ClosingDiscussion

April 1,2020—WednesdaySessions
ClosedSessions

1030ET (0730PT)—1100ET (0800PT) PostMeetingWrapandMetric Development
All Committeanemberand NASStaff
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- 10301100Recap

1100(0800PT)—1200ET (0900PT) Sessiort: WhatWill Powerthe SystemsThatWill Constitutean
MDO OperationaForce?continued)
SessiorModerator: Co-Chair or CommitteeMember
- 1100-1130Ms. ElizabethFerry, Division Chief/Mr. Mike Brundage ChiefEngineer,Powerand
BatteryStrategyC5ISRCenter DEVCOM
- 1130-1200Q&A

1200ET (0900PT)—1415ET (1115PT) PostMeetingWrap and Metric Development
All Committeeanemberand NASStaff(continued)
- 12004300Developa commorsetof metricsto assesshe white paperresponses
- 13004315Break

- 131541415Developan assessmemhapandasktheleadingwhite paperresponderdo addressn
advanceof the May meeting.

1415(1115)— 1445(1145)  Break

1445ET (1145PT) - 1800ET (1500PT) FutureMeetingPlanningandWhite PapeiReview
All Committeanemberand NASStaff
- 1445415450utlinefinal report structure

- 15451600Assignsectionsubteams

- 160041615Break

- 16154700Assignwhite paperassessmersubteams

- 170041800PIlan for future meetingsMay Forumandfollow-on writing session

1800ET (1500PT) MeetingAdjourn

APRIL 7,2020

1530(1230PT)— 1630ET (1330PT) AMMPS GeneratorandHybrid Systems
- 1530-1600Dr. PeteSchihl,SeniorResearctscientist U.S.Army CombatCapabilities
Developmen€enterandMr. Cory Goetz ChiefEngineer,ProgramOfficefor
ExpeditionaryEnergy& Sustainmen®ystemsJ).S.Army
- 1600-1630Q&A

APRIL 16, 2020

1400(11M0 PT)—1500ET (1200PT) EnergyConsumptiorRequirement©verview:ArmoredBrigade
CombatTeamCaseStudy

- 1400- 1430 Mr. RyanSchwankhartRANDCorporation
- 1430-1500 Q&A
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APRIL 24,2020

1100(0800PT)—1200ET (0900PT) Army Power:Watts,Kilowatts & Megawatts
- 1100-1130Dr. Alan Epstein ProfessorEmeritus,Massachusettsstitute of
Technology
- 1130-1200Q&A

MAY 11,2020

1300(1000PT)— 1400ET (1100PT) AdvancedEnergyStorageSystemsLithium lon & Beyond
- 1300-1330Dr. Khalil Amine,ArgonneDistinguished~ellow, ArgonneNational
Laboratory
- 1330-1400Q&A

MAY 18-20, 2020
May 18,2020—Day One
ClosedSession

1030ET (0730PT)—1130ET (0930PT) ClosedSession
- Committeeand Staff Only

OpenSessions

1230(0930)- 1300(1000) WelcomeandIntroductions
William Millonig, BOARDDirector and SteverDarbes,StudyDirector
Dr. JohnParmentolaCo-Chair and Dr. JohnLuginsland,Co-Chair

1300(1000)- 1400(1100)Sessiorl (30 minutepresentation30 Minute Q&A)

All GrapheneNano Ribbonon Diamond SubstrateEnergy Efficient PowerElectronicsSwitch
Author: CemalBasaran
SessiorModerator:JohnParmentolaCo-Chair

1400(1100)- 1415(1115)Break(15 minutes)
1415(1115)-1515(1215)Sessior? (30 minutepresentation30 Minute Q&A)
ConvertingWastewateto Distributed Powerand Energy: AddressingTwo Critical Utility Needsof the
Future Army with One AdvancedTechnology
Authors:AaronPetri,DawnMorrison, NicholasJosefik,NathanPetersonandKathryn Guy
SessiorModerator:PaulRoege

1515(1215)-1530(1230)Break(15 minutes)

1530(1230)— 1630(1330)SessiorB (30 minutepresentation30 Minute Q&A)
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High PerformanceHybrid Solar PhotovoltaicThermoelectricPanel
Authors:HongbinMa andPengtad/NVang
SessiorModerator:MichaelMacLachlan

1630(1330)—1700(1400)Day OneWrapUp

1700(1400)— Day OneAdjourn

May 19,2020—Day Two

OpenSessions

1030ET (0730PT)—1100(0800PT) WelcomeandIntroductions
William Millonig, BOARDDirector and SteverDarbes,StudyDirector
Dr. JohnParmentolaCo-Chair and Dr. JohnLuginsland,Co-Chair

1100(0800)— 1200(0900)Sessiorl (30 minutepresentation30 Minute Q&A)
Multi-fuel CapableHybrid-Electric Propulsion
Author: CholBum “Mike” Kweon
SessiorModerator:.JohnKoszewnik

1200(0900)— 1215(0915)Break(15 minutes)

1215(0915)- 1315(1015)Sessior? (30 minutepresentation30 Minute Q&A)
Hybrid PowerSourcefor the Military Aircraft Fleet of the 2035Environment
Author: ManuelMar
SessiorModerator:JohnKassakian

1315(1015)— 1345(1045)LunchBreak(30 minutes)

1345(1045)- 1445(1145)Sessior8 (30 minutepresentation30 Minute Q&A)
Fuel Flexible Engine-Generatorswith High Power& EnergyDensitiesfor Future UnmannedAircraft
Systemsand Soldiers
Authors:ChristopheDepcik, SindhuPreethanBurugupally,SumanSaripalli, Alison Park,and
Kyu Cho
SessiorModerator:JohnKoszewnik

1445(1145)— 1545(1245)Sessior (30 minutepresentation30 Minute Q&A)
Solid Oxide Fuel Cell (SOFC) Technologyfor Poweringthe U.S. Army of the Future
Author: NguyenMinh

SessiorModerator:SubhasliSinghal

1545(1245)—-1600(1300)Break(15 Minutes)

1600(1300)— 1700(1400)Sessiorb (30 minutepresentation30 Minute Q&A)
Poweringthe U.S. Army of the Future
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Authors:Tina Stoia,ShaileshAtreya, ChellappaBalan
SessiorModerator:JohnSzymanski

1700(1400)— 1730(1430)Day Two Wrap Up Discussion

1730(1430)Day Two Adjourn

May 20,2020—Day Three

OpenSessions

1030ET (0730PT)—1100(0800PT) WelcomeandIntroductions
William Millonig, BOARDDirector and SteverDarbes,StudyDirector
Dr. JohnParmentolaCo-Chair and Dr. JohnLuginsland,Co-Chair

1100(0800)— 1200(0900)Sessiorl (30 minutepresentation30 Minute Q&A)

Safe,High Energyand High PowerLi-ion Batteriesfor Army Multi-domain Operations
Authors:JiangFan,Lasantha&orala, ChrisKompella,andDengguoWu
SessiorModerator:DebraRolison

1200(0900)— 1215(0915)Break(15 minutes)

1215(0915)- 1315(1015)Sessior? (30 minutepresentation30 Minute Q&A)
Cubic Boron Carbonitride for AdvancedElectronic Applicationsto Modernizing Communications

Technology
Authors:EunjaKim, SergeyTkachev
SessiorModerator:JohnLuginsland

1315(1015)— 1345(1045)LunchBreak(30 minutes)

1345(1045)— 1445(1145)SessiorB (30 minutepresentation30 Minute Q&A)

Silentlightweight battlefield powersource:Scalablefrom Soldierwearablepowerto platform power
Authors:lvan y H O D QWiRalkérChan,andJohnJoannopoulos
SessiorModerator:JohnKassakian

1445(1145)- 1545(1245)Sessiort (30 minutepresentation30 Minute Q&A)
A Researchand DevelopmenProgramto Meetthe US Army’ s Emerging Powerand Energy Needs
Author: RobertHebner

SessiorModerator:MichaelMacLachlan

1545(1245)— 1600(1300)Break(15 minutes)

1600(1300)— 1700(1400)Sessiorb (30 minutepresentation30 Minute Q&A)
TowardsMulti-Modal Army BaseEnergy ManagemeniSystemsThe Arctic Resilientintelligent
IntegratedEnergy System(ARIIES) Case

Author: Amro Farid
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SessiorModerator:PaulRoege

1700(1400)—1730(1430)Day Two Wrap Up Discussion

1730(1430)Day ThreeAdjourn

JUNE 12,2020

1600(1300PT)—1700ET (1400PT) Next-generatiormrechargeabléatteriesenabledoy 3D zinc anodes
- 1600-1630Dr. JeffreyLong,Code6170,SurfaceChemistryBranch U.S.Naval
ResearchLaboratory
- 1630-1700Q&A

JUNE 22,2020

1000(0700PT)— 1100ET (0800PT) Radioisotopd?owerSources- TechnologyandApplications
- 1000-1030Dr. Marc Litz, Physicist U.S.Army Research.aboratory
- 1030-1100Q&A

1100(0800PT)— 1200ET (0900PT) PowerBeamingandSpaceSolar
- 1100-1130Dr. Paul Jaffe, ODUSD(R&E)RT&L / OE-InnovationPowerBeamingand
SpaceSolarPortfolio Lead U.S.ArmyResearchaboratory
- 1130-1200Q&A

JULY 8-9, 2020

July 8,2026—Day One

OpenSession:
1100(0800)— 1200(0900)Sessiorl — Mr. DeanMcGrew, U.S. Army FuturesCommand

Electrificationand Military Vehicles

ClosedSessio{CommitteeandStaff Only):
1200(0900)— 1400(1100)— CommitteeWriting/DiscussiorSession

OpenSession:
1400(1100)- 1500(1200)— Dr. JuanVitali

Discussioron the Stateof Mobile NuclearReactorsTechnology

ClosedSessionCommitteeand Staff Only):
1500(1200})- 1600(1300)— CommitteeWriting/DiscussionSession

PREPUBLICATION COPY —SUBJECT TO FURTHER EDITORIAL CORRECTION
F-7

Copyright National Academy of Sciences. All rights reserved.



Powering the U.S. Army of the Future

July 9, 2026—Day Two

OpenSessions:
1100(0800)—-1200(0900)Sessiorl — Dr. DavePerreaulandDr. JoelDawson

SemiconductoMaterialsand5G Communications

ClosedSessiongCommitteeand Staff Only):
1200(0900)- 1600(1300)— CommitteeWriting/DiscussiorSession

AUGUST 10,2020

1300(1000PT)— 1400ET (1100PT) MaterialsDesignandDiscoveryUsing LearningMachines
- 1300-1330Dr. Ghanshyantilania, Scientist3 (Group MST-8), Materials Scienceand
Technologybivision, Los AlamosNational Laboratory
- 1330-1400Q&A

1500(1200PT)— 1600(1300PT) Nanoramid_aboratories
- 1500-1530Dr. JohnCooley,Founder,Chairman,PresidentCOO, Nanoramic
Laboratories
- 1530-1600Q&A

AUGUST 17,2020

1100(0800PT)—1200ET (0900PT) Westinghous®eVinci™ Micro Reactor
- 1100-1130with Mr. RyanBlinn, ProgramDirector, eVinci™ MicroReactorand
DeVinci™MNPP,Westinghous&overnmengervices
- 1130-1200Q&A

1200(0900PT)— 1300ET (1000PT) LANL Microreactors
- 1200-1230Mr. MatthewGriffin, AppliedEnergyProgramManager,andMr. Patrick
McClure,ProjectLead,Kilopowerproject,Los AlamosNational Laboratory
- 1230-1300Q&A

AUGUST 18,2020

1245(0945PT)— 1400ET (1100PT) RoboticWarfare
- 1245-1330Dr. Paul Decker,DeputyChiefRoboticist GVSC,andDr. RobertSadowski
ChiefRoboticist,GVSC,U.S.Army CombatCapabilitiesDevelopmenCommand
(CCDC)
- 1330-1400Q&A
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SEPTEMBER 10,2020

1600(1300PT)—1700ET (1400PT) MIT LL Presentations
- 1600-1615TacticalMicrogrid Standard(TMS)
0 Mr. Erik LimpaecherLeader,EnergySystem&roup,MIT Lincoln Laboratory
- 1615-1630ActivatedAluminumfor OperationalEnergy
o0 Mr. DanielHerring, AssociateStaff, MIT Lincoln Laboratory
- 1630-1700Q&A
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G

Aluminum Fuel

In 2013,anMIT studentaccidentallydiscoveredhataluminumBBs heatedon a hot platewith a
smallamountof activationmetals(2-4 percentby weightof gallium andindium) would reactvigorously
with water. Subsequeninvestigationhasrevealedthat commonforms of aluminum(e.g.,beveragecans
and aluminum electrical wire) can be activatedsimply by heatingthem in an oven togetherwith the
activationmetalsto eliminatethealuminumoxide notjust on the surfacebut throughoutheentirevolume
of thealuminum.Experimentshowthatthe resultingactivatedmetalis highly reactivewith water.Once
activated aluminumcanalsobe groundup andmixedwith commonoils, suchascanolaoil or mineraloil,
to createa pasteor liquid versionof the fuel that reactsequally well. The collectedoff-gas (nominally,
hydrogen)canbe usedin commercialfuel cells or internalcombustionenginesandthe liquid effluentis
mildly basic.Experimenterfiavedisposedf residualliquids asnon-hazardousvaste.

Using the activatedaluminumreaction,proof-of-conceptprototypeshavebeenbuilt to power:a
onemanportablebatterychargingsystem;a BMW sedana two-strokecombustiorengine;a 100 W fuel
cell driving a watercraftmotor; andto inflate a stratospheridalloonwith hydrogenlifting gas.Reaction
heathasalsobeenusedto producethe pressuraeededor reverseosmosisvaterpurification.

TECHNOLOGY READINESS

Both the productionof activatedaluminumandits reactionwith water—havebeendemonstrated
reliably using known feedstock,but operationunder the full range of field conditionswith various
aluminumandwater contaminantgsequiresadditionalinvestigation.For example researcherpreviously
thoughtthat the activatedaluminum could not be reactedwith saline water, but commonly available
additivessincehavebeenobservedo allow the reactionto proceedfully. Coppercontaminationin the
aluminumor wateralsoinhibits the reaction but otheradditivesmay mitigate this effect. Reactanwater
impurities carried over into the hydrogenand steamoff-gas streamcould foul fuel cell membranes-a
problemalreadyconstraininguseof reformedfossilfuel sourcesLiquid effluentcharacteristicalsowould
be strongly influencedby ingredientsand reactionconditions.Reactionheatmanagemenalso posesan
engineeringchallenge asthe reactionproceedamorerapidly at elevatedtemperaturesWork remainsto
optimizethereactionrate,reactorcooling, reactioncontrols,andothersystemconsiderations.
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FIGURE G.1 Notionalmilitary applicationdor activatedaluminumfuel. SOURCE:LimpaecherE.
2020.ActivatedAluminum for OperationaEnergypresentatiorno the studycommittee Massachusetts
Instituteof TechnologyLincoln Laboratory

MILITARY APPLICATION

Investigatordravepostulatedconceptsvhichwould leveragehisreactionfor military applications.
FigureG.1lillustratesprospectivelow pathsfrom materialsourceto tacticaluse.Aluminum feedstock—
eitherpure”primary’ aluminumor “secondary scrapaluminum—might be activatedin a locationwhere
amodestamountof energyis availableto heatit togethemwith theactivationmetals Alternately,aluminum
could be activatedcommerciallyandtransportedn sealedcontainergo the point of use.The activation
metalscurrentlyaresourcedrom CanadaandEurope . Sourcingreactantvaterfrom local resourcesources
or wastestreamscould provide a logistic and security benefit. The aluminumwater reactionproduces
hydrogenheat,aluminumhydroxide ,andresidualwaterwith impurities.Practicallyspeakinghydrogens
a usefulfuel andheatmay be capturedor rejected;liquid effluent might be considerecaswaste.In this
context figuresof meritwouldincludeenergydensityandvolumefor thealuminumalone(assumingvater
is locally available),or for the combinationof aluminumandwater. Safetyimplicationswould be more
nuancedgonsideringire, chemical,andotherhazards.

The aluminumwater reactiontechnologyis still underinvestigationbut may becomeuseful for
military applicationalongwith commerciallyavailablehydrogentechnologiesHydrogen-fueledrehicles
exist for ground, marine,and aerial applications,but logistics imposea particularconstraint.Activated
aluminumcouldenablethe productionof hydrogercloseto thetacticaledge potentiallyusinglocal energy
and watersourcesFor this reasonthe Marine Corpsreconnaissanceommunityis currentlyconsidering
the adoptionof hydrogenpoweredvehicles,ratherthanjust batterypoweredelectricvehicles.The study
teamis investigatingoenefitsandchallengedor military usecasesfor example:

X MountedmaneuverActivatedaluminumandlocally-availablewatercould producehydrogen
in forwardareago fuel cellson electricvehicles Reactorandfueling stationscouldbelocated
in forward baseshydrogenfuel cellswould havereducedhermal,noise,andvisible exhaust
signaturescomparedto currentcombustionenginetechnologies Watercraftmight operate
onboardaluminumwaterreactordor on-demandsupply.However this studyhashighlighted
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the continuedadvantageof hydrocarbonfuel over hydrogenor other alternativesfor heavy
vehicles,especiallyin maneuvepperations.

x DismountednaneuverSoldierscould carry pouchesf activatedaluminumfor multiple uses.
Reactantvatercouldcomefrom sourcef opportunity(surfacewater,seawatertainwater,or
urine)andcouldbeaddedo producehydrogen(for fuel cell batterychargersandheat(useful
for comfort, or food/waterheating).Soldierscurrently carry variousenergysourcessuchas
(diverse)batteriesration heaterqcombustibletrioxaneand wateractivatedmagnesiuriron
heatsources)and PV panels.Perhapssealedpouchesof aluminumpelletscould serveasa
relatively safe,compactuniversalenergysourcewith long shelflife.

X Reconnaissancand communicationsAerostatshavebeenusedfor overa centuryanda half
for military observationpurposesField Manual FM 4-193 outlined procedurego produce
hydrogenin the field using an aluminumcausticreactorin forward locations.Eachof the
military serviceshascontemporaryprogramgo deploystratospheridalloonsfor surveillance
andcommunicationsthe Navy hasdemonstratedapidinflation of balloonswith hydrogenlift
gas. Similarly, Group 1 and Group 2 UAVs could be fueled with gaseoushydrogenwith
significantrangeimprovement®over similarly sizedbatterypoweredvariants.

X Basecamps and stability operationSoldiersin forward basedace competingchallengesof
efficiency (outcomevs. “boots on the ground?’) and vulnerability (security and logistics
dependenciespActivatedaluminumtechnologycouldrepresenarelativelycompactsafe,and
flexible energystoragemechanismnto supportbasecampfunctionssuchaspower (electronic
systemsand lighting) and heat (food, water, and space).The technologyoffers potential
resilienceattributesgiven its simplicity: aluminum might be recycledfrom local wasteor
packagingmaterials(e.g, pallets).Activation heatcould be scavengedrom the sunor local
biomasssource.Currentrenewableenergybasecamp solutions,intendedto reducelogistic
effort, dependupon internationalshipmentof electronic PV or wind systems.Activated
aluminumtechnologymight be implementedasa locally producedechnologyfor both field
forces(basecamps)andindigenouscommunitiegstability operations).

X Logistics By usingaluminumasa fuel, a“distributedlogistics’ approachmaybe possiblejn
contrastto a more linear and long-distancelogisticslines of communicatiomecessitatethy
petroleumresupplyoperations Scrapaluminumcould be sourcedfrom neighboringregions
andtransportedn shippingcontainersor on trashbargespotentiallylessvulnerableto hostile
attackcomparedo fuel tankers.

Activated aluminummay not be a promisingenergystoragemechanismnto replacehydrocarbon

fuelsfor energyintensivecombatvehiclesbutits inherentsimplicity andflexibility may providevaluein
variousremotesituationsand/orin longerterm,smallscaleoperations.
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H

5G Networks

Although the 5G frequencyrangevaries by the commercialcarrier, there are generallythree
frequencyrangeqcalledthe multi-layer spectrum)which are:

1) Coverageandcapacity- C-band- 2—6 GHz
2) High-bandwidthareas SuperDatalLayer- over6 GHz (e.g.,24-29 GHz and37-43 GHz)
3) Indoorandbroadercoverageareas CoverageArea- below2 GHz (like 700MHz)

For discussionthreefrequenciesrechoserfor comparison:

1) 1850MHz - high endof RiflemanRadiorange
2) 6 GHz - high-endof C-band
3) 27GHz- closeto mid-bandSuperDatalLayer

TheCoveragéAreais excludedsincethe Riflemanradiofrequencie®verlap.

Starting with the 5W Rifleman Radio assuming2km rangeat 1850 MHz (which may be an
optimisticrange),you could covermostof a 100 sqg.km. areawith about16 radios.Therewould be some
deadspots,but this is just a cookiecutterestimate This discussiorassumes flat Earthandno pathloss
dueto foliage, buildings,or environmentaéffects.lt alsoignorestheadditionalpowerrequiredto transmit
at higherdatarates.An increasean datarateof tentimesrequirestentimesthe powerwith greaterpower
losses.This factor was omitted to illustrate the effects of communicationfrequencyon range. The
calculationsvereall madeassumingsotropicantennaat transmitandreceiveradios(directionatantenna
could performbetter).

The requiredradio transmissionpowersper radio frequencyto achievea 2 km rangein ideal
conditionsare:

1) 5W at 1850MHz
2) 53Wat6 GHz
3) 1065at27 GHz

For comparisonpasedon a radio transmissiorpower of 5W, the following are the achievable
rangesn idealconditions:

1) 2 km at1850MHz

2)616m at6 GHz
3)137mat27 GHz
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It's challengingto getrangeasthe frequencyincreasest a fixed powerof 5W. To coverthe 100
sg.km. areawould require2895W radiosoperatingat 6 GHz or 5184radiosat 27 GHz, makingthe higher
frequenciesinsupportableThesenumbersareexcessive.

Looking atthis in termsof transmissiorpowerat a fixed range theradiotransmissiorpowersper
frequencyrequiredto achievel km rangeare:

1)1850MHz at1.3W
2) 6 GHz at 14W
3) 27 GHz at 266W

andat500m theyare:

1)1850MHz at0.4W
2) 6 GHz at4W
3) 27 GHz at67W

Forcoveragef 100sqg.km, if therangeof eachradiowerereducedo 1 kmin anattempto balance
the numberof requiredrelay nodeswith the powertransmissiorrequirementsyou would needabout80
radiosto coverthearea.Thats areasonabljyow numberthatcould be accomplishedisinga combination
of unmanneaerialvehicles robotic,andcombatvehicle-basedelay systems.

Basedon physics,it doesrt seemlikely thatthe highestfrequencieswill reach2 km unlessthe
transmissiorpoweris much higherthan 5W. Most basestationshaverangesof about500 meterswith
mixed results.That rangewas achievedwith MIMO antennaarraysand beamformingtechniquesandis
highly susceptibléo lossof connectivity.

UAV platformsprovidethe bestopportunityfor high bandwidthcoverageon the battlefield. Lift
andloitering capabilitiesof currentUAVs could carry repeaterandsteerableantennaarraysto a vantage
point at which coveragecould be providedto areasof need.Platformsequippedwith multiple repeaters
may sacrifice coverageareafor higher dataratesby gangingup repeaterson different channels.t’s
conceivablegherepeater®n theseplatformscould bereconfigurablan flight to providehigherdatarates,
greatercoveragearea,or redundancyrequiredto meetmissionneeds.Furtherresearchs necessaryo
determinethe optimalnumberandconfigurationof UAVSs.

Large combat platforms could be augmentedwith expendableplatforms to provide rapidly
availablehigh bandwidthhot spots. TheseexpendabldJAVs could potentially cover an areaof a few
hundredsquaremetersservingsquadoperationsThesesmallerlightweight UAVs, potentially3D printed
closeto the point of needwould carrylower powerrepeatersperatingat the higheroperatingfrequencies
with higherbandwidth.

Ground-basedobotic platformsarepotentialcandidatesgor carryingrepeatersandthe high-speed
processin@f data.Like theUAV platforms theycanbedeployedn avarietyof sizes Themostsignificant
impedimentto their succes$n a givensituationis therelatively low antennaheight,whereenvironmental
effectsaremorelikely to limit coveragearea.The primary benefitis that oncepositioned,energyis not
requiredto maintaintheir location,asis the casewith the UAV.

New componentevicesin the high-frequencyrangeq30-50 GHz) arebecomingeasierto source
andaredroppingin priceasmoreproductsarebeingdeveloped\Wherepreviouslycostprohibitive, these
devicescannow reasonablye usedto developArmy-specificRF equipmentWhile customASIC devices
mayimproveradioenergyutilization,theycanbecostlyandnotnecessarilpf highvalueconsideringultra-
compactdevicesizeis rarely high onthepriority list.

The key enablingaspectof 5G for the battlefieldare high bandwidthandlow latency.Theseare
the key driversfor advancedcapabilitiesfor the Soldier. However,someobstaclegpresentedy current
commercialand consumeidriven developnentsare significant, possibly preventingimmediateadoption
by the Army, suchaslimited rangeandsecurity.Of coursethelimited rangemayalsobe seemasa benefit
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by creatinga lower probability of detectionby the adversaryHowever,the radio rangecanbeimproved
throughthe useof UAVs andmobile groundplatformswith higherpowerandgreaterareacoverage.

Theseobstacleshouldnotdetractfrom the Army’s pursuitof 5G battlefieldsystemsinsteadthey
shouldguidethe researchandacquisitiondecisionso mostefficiently advancehe stateof the art sothat
theycanbemoreeasilyadoptedForinstance5G doesnotemployfrequencyhoppingto improvesecurity.
The Army shouldconductresearchinto methodgso accomplishthis potentiallyimportantsecurityfeature.
As with plannedproviderrollouts, 5G shouldnot be seenasa single solutionbut shouldbe coupledwith
existingwell-known 3G, 4G, and4G LTE architecturegor resilienceandspeedof deploymentResearch
shouldexploretheapplicationof thesecapabilitiesto existingcombatscenariosyhile alsodevelopinghe
resourceso include5G capabilities.
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Soldier Silent Power Challenges

As discussedn Chapter5 “DismountedSoldier and Light UAV/UGVSs,” thermophotovoltaic
power sourcesutilizing JP8presenta major opportunityto reducethe weight burdenof the dismounted
soldier Neverthelesssometechnical challengesremainto be addressedefore introduction onto the
battlefield.

DEVELOPMENTS FOR TRL 6

Major developmeneffortsarerequiredto developSSPto TRL 6. The costof the programwill be
$1-2M andtake 12-24 monthsfor a feasibility demonstratiornin laboratoryconditions,andan additional
$2-4M and12-24 monthsto deliverafully functionalandintegratedorototypecapableof operationunder
realisticconditions(afield experimentation)The areasof requireddevelopmenareoutlinedbelow.

INFRARED PV CELLS

Severalcompaniesre capableof producinghigh-performancendium gallium arsenidgInGaAs)
on indium phosphidgInP) PV cells. Severafabricationrrunswill berequiredto optimize performancen
termsof opencircuit voltagefill factor,andquantumefficiency (ratio of incidentphotonsto electronsat
theterminals).The productionrunswill providethecellsnecessaryor systemdevelopmenandtesting.

PHOTONIC CRYSTAL INTEGRATION

Photoniccrystal integrationhas beendemonstrategxperimentallyby the Army’s Institute for
SoldierNanotechnologyat MIT in smallplanarsystemqW. R. Chan,V. Stelmakh M. Ghebrebrhaniy.
Soljacic, J. D. Joannopoulos). Celanovic, “Enabling efficient heatto-electricity generationat the
mesoscalé,EnergyEnviron. Sci.,2017,vol. 10, no. 6, pp. 13674371). Two minor challengesemaining
for integrationof photoniccrystalemittersinto largercylindrical systemsThe crystalemitterneedgo be
packagedn avacuum(to preventdegradatiorby reactionwith air) andthe photoniccrystalneedsto be
bondedto the micro-combustor:

1. Mesodynehasdeveloped procesdor fabricatingphotoniccrystalson flexible substrateshatcan
be wrappedaroundand brazedto a cylindrical micro-combustor A small amountof additional
work is requiredto perfectthe process.

2. Thevacuumpackages an IR-transparenfquartzor sapphire)ubethat encapsulasthe micro-
combustorand photonic crystal, which optimizesthe thermalbandusedby the PV to produce
electricity. Oneendof thetubeis sealedandthe otherendis hermeticallybondedto a metaltube
for subsequenbondingto the micro-combustor.Thereare no COTS productsthat matchthese
requirementsalthoughtherearenumerousompanieshatoffer similar productsandcouldcustom
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fabricate the vacuum package.Additional developmentmay be requiredto ensurelongterm
stability of thevacuumwith the micro-combustoiat operatingtemperature.

JP-8 MICRO-COMBUSTOR

Numerousdesignsfor JR8 combustorsat larger scalesexist, and several companieshave
developedburnersin the approximatgpowerrangerequiredfor this project. The challenges to integrate
themwith thenovel TPV systempr alternativelymodifying theexistingmicro-combustoto be compatible
with JR-8.

JR8 combustionitself is not the primary challengeratherit is vaporizingthe fuel becausdt hasa
narrow temperaturerange betweenboiling and decomposition.Solutions exist, but the challengeis
developingsomethinghatfits within the sizeandweightrequirement®f Soldierpowerto meetthefuture
7-daymissionrequirement.

SYSTEM INTEGRATION AND MINIATURIZATION FOR TRL 7 -8

This task coversthe engineeringwork to transition from a lab prototypeto a self-contained
demonstratiomunit asfollows:

PV cell array packagingand cooling—designa lightweight heatsink and PV cell mountthat
keepgshecellscoolandalignedwith theemitter,while consumingminimal powerwith asmall
coolingfan.

Controlsystem—engineerarobustsystento supplyfuel andair to the microcombustor.
Power electronics—interfacdetweenthe PV cell array and the Soldiefs batteryor power
manager.

Miniaturization—engineerall componentso be compatiblewith a Soldierwearablesolution.
Themicrocombustoandheatsinkwill bethemostchallengingoecaus¢heformerneedgo be
amonolithicunit andthelatercanbebulky.

Housing—desigra robustandergonomichousingfor the system.

Filled cavity photonic crystal (optional)

FIGURE |.1 Filled Cavity PhotonicCrystal. SOURCE:Chan,W., I. Celanovic,andJ. Joannopoulos2020. Filled
Cavity PhotonicCrystal. White paperpresentedo committee Silent lightweight battlefield power source:Scalable
from Soldier wearablepower to platform power. Massachusetténstitute of Technology Institute for Soldier
Nanotechnologies.
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In order to further improve efficiency and power density, the Army’s Institute for Soldier
Nanotechnologiest MIT hasdevelopeda nextgenerationphotonic crystal capableof omnidirectional
emissionapproachinghe blackbodylimit for in-bandwavelengthgseeFigurel.1). Thisis accomplished
by filling the cavitieswith a dielectricmaterialanddecouplingthe physicalandopticaldimensionsSmall
sampleshave been fabricatedby MIT, but a scalablefabrication method compatible with standard
semiconductoprocesseseedgo bedeveloped.

Thenumbergpresentedhereareall basedon the maturephotoniccrystaldesignfrom the Army’s
Institute for Soldier Nanotechnologieat MIT. Maturing and adoptingthe filled cavity photoniccrystal
couldimprovethealreadyvery impressivebottomline performancédy anestimatedb0 percentmore.

DEVELOPMENTS FOR TRL 9

Theseefforts focuson manufacturabilityand productionscale-up ruggedizationgtc. The costof
theprogramwill be $5-10Mandtake2-4 yearsfor thefirst fieldableproductionrun.

Photonic Crystal Fabrication Scaleup

This effort aims to massproducethe photonic crystal. A company,Mesodyne,has already
eliminateda key bottleneckin the fabricationprocessj.e., removingwafer size limitations. Additional
requireddevelopmentefforts include transitioningfrom small batchesof small diameterwafersto large
batchesof large wafers, making the tantalumwafers compatiblewith non-academiccleanrooms.For
example,by mounting the thin tantalumsubstrateon silicon wafers, and streamliningthe processto
eliminatethe needfor manualrealtime adjustments$o procesgparameters.

PV Cell Scaleup

This effort aimsto massproducethe InGaAsPV cells. The primary barrieris the high costof the
indium phosphat€InP) substrateAt scale(10000wafers/monthYhe majority of the costof the finished
deviceis the substrate Epitaxial liftoff, alreadydevelopedfor IlI-V solarPV cells, allows for multiple
reuse®f thesamesubstratereducingcostby upto 70 percentAdditionally, theliftoff processwill produce
flexible cells,allowing for improvedcouplingto the cylindrical emitter.

Integration, Miniaturization, and Ruggedization
At this stage the productcanbe designedor minimal weightandvolumeratherthanability to be

built andmodified rapidly. Additionally, the productwill needto be ruggedizedagainstdropsandrough
handlingaswell asdirt andwater.

Designfor Manufacturing

This effort coversmanufacturingscaleupof the rest of the system.We do not anticipatemajor
hurdlesbecaus@verycomponenhasananalogthatis alreadymanufacturectscale.
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Testing and Qualification
A significantamountof testingwill berequiredto ensurehe productmeetsperformancesafety,

andenvironmentaktandardsAdditionally, usertestingwill ensurethe productis easyto usein a
battlefieldenvironment.
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High PerformancelCE EnginesRoadmap

POSSIBLE FOUR-STROKE COMPRESSION IGNITION ENGINE IMPROVEMENTS

Therehavebeena numberof advancesnadein four-strokeinternalcombustionenginesoverthe
last10 years manyof themresultingfrom Departmenof Energy(DOE) sponsoredtudies Amongthese,
someof the mostimpressivegainshavecomefrom the SuperTruck andSuperTruck? programsAs just
oneexamplejn thisyears DOE Annual Merit Review,CumminsandDaimlerreportedengineonly status
of 53.5percentand52.9percentrakethermalefficiency, respectively.. bothwith plansto exceedhe55
percenfprogramtarget.This comparesvith anactualbestpoint brakethermalefficiency statusof roughly
42 percenffor their comparablysizedengineavailablein 2007

It would be worthwhile to considerwhich of the following SuperTruckimprovementanight be
applicableto the internalcombustionenginesusedtodayin the Army’s groundcombatvehicles tactical
vehicles, andmobile/stationarypowerplants:

Improvedhigh heatreleaseatecombustion
Variablevalvetiming/displacement-on-demand
Increasedcompressiomatio/higherpeakcylinderpressure
High efficiencyturbochargers

Interstagecooling

Electrifiedaccessories

Powercylinderfriction reductionactions,suchasthermalspraybores
Variabledisplacemenbil pump

Split cooling

Active pistonoil nozzlejets

Thermalbarriercoatings

X X X X X X X X X X X

WASTE HEAT RECOVERY

Wasteheatrecoverytakesadvantageof energythat would otherwisebe lost to the exhaustor
coolingsystento improvethesystemefficiency. This energycaneitherbesuppliedto theelectricalsystem
or to thecrankshaftWasterecoverysystemsouldbedeployedongroundvehiclesand/orstationarypower
plants.

All majortruck enginesuppliergy Cummins,Volvo, Daimler,Navistar,andDaimler)haveincluded
wasteheatrecoveryin their SuperTruckprogramsThesesystemdypically arebasednanorganicRankine
cycle (using cyclopentane),ncluding a superheater/expandetyrbine, recuperator,and cooler. The
associatedrakethermalefficiency improvementsare projectedto rangefrom 2 to 4 percent depending

1 Misc. Authors.2020.U.S. Departmenbf Energys (DOE) Vehicle Technologieffice (VTO) 2020Annual
Merit Review(AMR). Online.U.S. Departmentf Energy.Available at
https://www.energy.gov/eere/vehicles/annomrit-reviewpresentationsAccessedNovember2020.
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upon heat sourcecontent.For example,the Cumminswaste heatrecoverysystemis one of the most
extensivecollectingheatfrom chargeair, the EGR cooler,enginecoolant,andthe exhaussystem.

Giventhatmilitary engineglon’t run exhausgasrecirculation(EGR),theavailablewasteheatwill
notbeasgreatasthatin theseSuperTruckprogramsUsingonly exhausheatin lieu of exhausheatplus
EGR, it is estimatedhatthe fuel efficiency benefitwill beroughlyhalf that of the SuperTruckprograms.
However,it will still be substantiaenoughto beworth considering.

Interestingly,SouthwesResearchnstituteis working on a wasteheatrecoverysystemthat uses
supercriticalcarbondioxide as its mediain lieu of cyclopentanelt deploysa Brayton cycle with a
compressom lieu of the pumpon the organicRankincycle. SouthwesResearcltlaimsthatthis system
hasroughlythreetimesthe superiorefficiency of theorganicRankire cycle.As such,work on this system
shouldcontinueto be monitoredfor potentialinclusionin afuture Army program.

Anotherinterestingvasteheatrecoverysystemis turbocompoundingwhereenergycollectedfrom
aturbineis converteddirectly into mechanicaknergyandsuppliedbackto the crankshaftVolvo recently
introducednto productiontheir nextgeneratiorof turbocompoundingn their D13 engine claiminga 20
percenimprovemenin fuel efficiency 2

A further wasteheatrecoveryadvancemenhow underdevelopmenis the SuperTurbowhich
enablespower transferto and from the turbo shaft through a high-speedplanetarytraction drive and
continuouslyvariabletransmissionAt this yeafrs DOE annualmerit review meeting,Caterpillarreported
thatthey areusingthis SuperTurbaechnologyon their 13-liter conceptenginefor off-road applications.
This particularCaterpillarconceptenginealsoincludesa motor/generatounit and high-speedlywheel to
improvetransientperformance.

Capturingthis energywould alsohelpto reducethe heatsignatureof the Army’ s combatvehicles.

HORIZONTALLY OPPOSEDPISTON COMPRESSION IGNITION ENGINES

Developmentvork on conventionalfour-strokeengineshasbeensteadyover closeto a hundred
yearsby manydifferentoriginal equipmentnmanufacturersjniversitiesandnationallaboratoriesin sharp
contrast,developmenbf opposedpiston two stroke compressiorignition engineswithin the US using
computeridedengineeringoolshasbeenmuchmorerecentstartingwith OPOC(opposegistonopposed
cylinders)in the 1990’s. The OpposedistonOpposedCylinder (OPOC)engineunderdevelopmenatthat
time had someinherentarchitecturalflaws, but it led to the subsequentlevelopmenbf the Advanced
CombatEngine.

Recognizinghe potentialfor furtherimprovementsthe Army hassetsomeaggressivenid-term
targetdi.e.,through2035)for thistechnologyjncludingsignificantimprovementsn heatrejection,power
density andbrakespecificfuel consumptionTo achievehosetargetsijt is recommendethatthefollowing
actionsbeconsidered:

x Higherfidelity combustiorCFD modeling—forimprovedindicatedspecificfuel consumption.

X Improvementsn conjugateheattransfermodels— to ensureeventemperaturalistribution
along the bore with minimum hot bore distortion; also for piston temperaturepredictions;
neededo achieveincreasegowerdensity

x Completeenginethermalsurveysand hot bore distortion measurements correlateagairst
CAE thermalmodels(note: Cold bore distortion measurementare easyto do with a PAT
gauge; physical hot bore distortion measurementsre possible but time-consumingand
expensive)

X Formhoning—to provideevenlesshot boredistortionat ratedpower

2Volvo Truck North America.2019.Volvo TrucksIntroducesEnharcedTurbo CompoundEnginein VNL
Models.Online.Available at https://www.volvotrucksis/newsandstories/presseleases/2019/august/vohmicks
introducesenhancedurbo-compoundenginein-vnl-models/ AccessedNovember2020.
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X Somegeneticalgorithmstudiesto improvethein-cylinder combustionrecipe(only practical
afterimprovementsn combustionCFD modeling)

x Potentialuseof metalmatrix compositedor pistons— higherstrengthandtoughnesst high
temperature,improved thermal conductivity, reduced coefficient of thermal expansion
(enabling reducedpiston skirt to bore clearance),better skirt conformability, and lower
reciprocatingnass(Note: possibleuseof titaniummetalmatrix materialsin lieu of aluminum
metalmatrix)

X Possibleuseof Tennects EnviroKool™ technologywhich decoupleghe cooling mediain
the galleryfrom engineoil, therebyavoidingoil degradatiorproblemsdueto hotundercrown
temperatures.

x Useof titaniumor MMC piston rodsfor reducedeciprocatingnass

X Improvementsn thermalbarriercoatingson MMC pistoncrowns)to minimize heattransfer;
this requiresa combinationof low thermalconductivityandlow specificheat

X Improvementsn pistonundercrowrcoolingto bettermanagdemperaturewithin safematerial
limits

X Muchhigherpowere-Turbosfor improvedair handlingplusability to recoverenergyfrom the
exhaust

x Potential use of Artificial Intelligence/MachineLearning modelsto optimize the MMC
propertiesusedin the pistonandconrods.

X Additional work on friction... useof iron-basedthermal spraybores,perhapsuse of some
advancedliamondlike coatingson pistonskirts, bearingsrings, etc.

x Perhapsomearchitecturachangessuchasa longerconrodlengthto strokeratio andadded
crankshafoffsetto minimize pistonsideforcesonthebore.

x Perhapsausing free pistontechnologyto effectively eliminate piston side forceson the bore
almostentirelyandreducingpowercylinderfriction

x Possibleuseof additivemanufacturingor pistonsto providecoolinggalleryandlocalizedskirt
complianceopportunitiemnot possiblewith traditionalmachiningprocesses

Of particularimportancetherehavebeenseverainstancesn pastOP2Senginecombustiorstudies
wherethe combustionCFD studieshave suggestediesigndirectionsthat were subsequenthprovenon
dynamometeto be incorrect. Examplesinclude studiesof injector spray angle,numberof holes, hole
sizing,andpistoncrownshape.

As afirst step,it is suggestedhatthesefaulty CFD studiesbe closelyexaminedo determinethe
“root cause”for their failure. The fault may lie in oneof the submodelssuchasthe injector spraybreak
up model.Perhap®nly somerevisionsto the “tuning constants'usedin thesemodelsmaybeneededBut
perhapsamoreextensivaewriteof thecodewill berequired SincemostOEM’ susecommerciallysourced
CFD code,the mostlikely candidateso resolvethisissuewill bethe softwaresuppliers(e.g.,Convergent
ScienceAVL, FEV, etc.),Sandiaor ArgonneNationalLaboratory,or a major university(e.g.,University
of WisconsinEngineResearch.aboratory MIT, etc.)

Oncethesanodelshavebeencorrected; analysided desigri canbemuchmoreeffective,enabling
combustioroptimizationapproachesuchasgeneticalgorithms Thiswill minimizethenumberof required
hardwardterationsto achievethetargets.

3 WestbrookeK. andD. Konson.2020.Whatis the Futurefor Diesel?Presentatiomt the DieselTechnology
Forum.TennecoAvailable at https://www.dieselforum.org/files/dmfile/futuef-dieselpresentatiosinal. pdf.
AccessedNovember2020.
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Hybrid Fuel Efficiency

In additionto Army internalhybrid studiestherehavebeena numberof hybrid studiesinitiated
with somecompletedoy themajordefensendustrysuppliers Someof thoseeffortsaresummarizedelow.

OshkoshDefensepresentlyoffersin productiona serieshybrid diesetelectricpowertrain system
called ProPuls® on its Heavy ExpandedMobility Tactical Truck (HEMTT-A3) and Medium Vehicle
ReplacemenfMTVR). Reportedly this systemincreaseshe HEMTT fuel economyby up to 20 percent
versughenon-hybridversion.Thesystemalsois capableof providingup to 120kW of electricalpowerto
externalusers.

BAE Systemgecentlyreceiveda $32million agreemento developa 35-ton seriesdieselelectric
hybrid BradleyFighting Vehicle. QinetiQ, a partneron this project,is developingthe electriccrossdrive
transmissior{Modular E-X-Drive).

As anotherexample GeneralDynamicsLand Systemsompleteda drive evaluationin 20090f a
serieshybrid “E-Drive Stryker” partof aninternalR&D project.Usingindependenglectrichub-drives jt
leveragedhe existingarchitectureandhardwareof the AdvancedHybrid Electric Drive (AHED) vehicle,
developedby GDLS from 1999 to 2007. It was subsequentlydroppedas the integration of braking,
motoring,andgearinginto theindependentvheelhubsprovedto haveproblematicreliability.

Overseasuppliershavealsobeenactivein military vehiclehybridsasshownby the belowhybrid
powerpackcivilian rail) andlanddefensanarketingmaterialsfrom MTU Solutions(FigureK.3).
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FIGURE K.1 ProPulseHybrid DieselElectric System SOURCE:OshkostDefenseUndated Hybrid
DieselElectric System Online. https://oshkoshdefense.comAepntent/uploads/2019/02/ProPulse_SS_6-
13-11.pdf.AccessedNovember2020.
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FIGURE K.2 Hybrid PowerpackSOURCE:Rolls-RoycePowerSystemsUndated MarketingMaterialsfor the
mBrid Hybrid PowerpackOnline. Available at https://www.mtusolutions.com/cn/en/applications/rail/railcar
powerpacks/hybriggowerpack.htmlAccessedNovember2020.
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FIGURE K.3 AdvancedPropulsionSystemTechnologiesSOURCE:Rolls-RoycePowerSystemsUndated.
MarketingMaterialsfor theMTU Land DefenseSystemsOnline. Available at https://www.mtu
solutions.com/cn/en/applications/defense/ldetensesolutions.html Accessedlarch2021
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Power Electronics

Powerelectronicgs definedaselectronicsvheretheprocessingf energyis of concernasopposed
to signatlevel electronicsvherethe purposes to processnformation.Powerelectronicds ubiquitousin
energysystemsasthe interfacebetweenenergysourcesand the systemghat they supply, providing the
necessargonversiorof the sourcecharacteristicge.g.,voltage,frequency stability) to thoserequiredby
the poweredapparatuge.g.,constant/oltage,constanpower,specificor variablefrequency) Becausehe
powersemiconductodevicesusedin powerelectroniccircuitsoperateasswitchestheyideally carryzero
currentwhentheyareoff, andsupporizerovoltagewhentheyareon. Consequentlytheyproducezeroloss
in operationHowever thisidealcasds neverrealizedandthereis somelossassociatewvith the* on” state.
The“off” stateis, for practicalpurposeslosslessFor this reasonthe conversionof energyusing power
electronicscanachieveefficienciesthataretypically in the high 90 percentange.

The switchesusedin power electroniccircuits can be of varioustypes. The mostubiquitousin
today’ssystemsandthoseapplicableto the Army’s needsaretwo typesof transistorsthe metatoxide-
field-effecttransisto(MOSFET)andtheintegratedyatebipolartransisto(IGBT). TheSi powerMOSFET
canbe appliedat voltagesup to aboutl kV, while the SiC MOSFET cansupportvoltagesapproaching
kV. ThelGBT canbeusedatvoltagesashighas10KkV. A significantdifferencebetweerthe two devices
is that the MOSFET can switch at much higher frequenciesthan the IGBT which givesit a distinct
advantagevherelight weightandsmallsizeareimportant.

CHARACTERISTICS OF SEMICONDUCTOR DEVICES

As notedearlier,whena power transistorfunctioningas a switch is “on,” the voltageacrossits
terminalsis notzero.Thereforethereis energybeingdissipatedn the switch,whichis knownason-state
loss.Thetransitionfrom on-to-off or vice-versaof atransistolis notinstantaneousesultingin therebeing
simultaneoushavoltageacrossts terminalsanda currentthroughthem,creatinganadditionalenergyloss
known as switchingloss While the former is relatively constantwith switching frequency,the latter
increasedinearly. Therefore thereis alwaysa tradeoff betweengoing to higherfrequenciedo reduce
filtering requirementsor minimize componentsizes (particularly inductors and transformers),and a
countervailingconcernthatsuchbenefitsnot be compromisedy increasedwitchinglossesn thecircuit.

Thebipolartransistothasbeensupersedeth practiceby the powerMOSFETandthe IGBT. The
IGBT canbe viewedasthe combinationof a bipolar transistorwhosebaseis drivenby a MOSFET.The
structureof the powerMOSFET s distinctfrom MOS transistorsusedto processnformation,typically in
anintegratectircuit, andpermitsthe blockingof highvoltagesandthecarryingof high currentsThelGBT
can switch at maximumfrequenciesn the 50-100kHz range,while the power MOSFET can switch at
frequenciedn the 10’s of MHz rangefor silicon baseddevices,andin the 100s of MHz for devices
fabricatedn galliumnitride (GaN).
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GENERAL PROPERTIES OF SEMICONDUCTOR DEVICE MATERIALS

Early transistoraverefabricatedn germanium(Ge)butbecausef its smallbandgaghetransistor
propertiesverea strongfunctionof temperatureGeisvery seldomusedfor powersemiconductodevices.
Silicon (Si) is the dominantdevicematerialandprovidesfor anuppertemperaturdimit of the junction of
approximatelyl25°C. More recentlywhat are known aswide bandgap materialshavebecomeavailable
which have permitted both the switching frequenciesand temperaturdimits to be increased.These
materialsare silicon carbide(SiC) and GaN. Table L.1 showsthe electricalpropertiesof semiconductor
materialspracticalfor fabricatingtransisors. The bandgapletermineshe concentratiorof chargecarriers
dueto thermalexcitation. The smallerthe bandgapthe higherthe concentratiorof carriersat a specific
temperatur@andthelowerthetemperaturdimit of adevicefabricatedwith thematerial. Thewide bandgaps
of SiC and GaN accountfor their high temperaturepplicability. The critical field is the electricfield at
which the materialbreaksdown. It is closely correlatedwith the uppervoltagelimit of a semiconductor
devicefabricatedwith that material. The electronmobility determineshow muchcurrentflows underthe
influence of an electricfield. The electronsaturationvelocity, which is relatedto mobility, is a more
accuratemetric of a materials suitability for applicationto power devices.The higher the saturation
velocity, thebettersuitedis thematerial. Thermalconductivitydeterminesiow easilyheatcanbeextracted
from adevice,andSiCis clearly superiorin thisregardto Si or GaN.

Thethermalconstraintf passivecomponentsilsoarecurrentlyan obstacleo decreasinghe
sizeandweightof powerelectronicssuggestinghatdevelopmenof high temperaturenaterialsfor
passivecomponentgouldenablehotterpowerelectronicstherebyimprovingfuel efficiency by reducing
coolingsystemlossesCommerciaWwork in this areamay notbe adequatdor the Army’s needsdueto
commercialpplicationcostconstraints.

TABLE L. 1 Parametersf varioussemiconductomaterialsat25°. Tablegeneratedby committeemember.
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Nuclear Power Safety/RegulatoryConsiderations

Perhapghe mostdauntingaspect®f nuclearpowerfor Army basesarethe policy andregulatory
aspectsof this endeavor.Commercialnuclear power is highly regulatedby the Nuclear Regulatory
CommissionNRC) for goodreasonasthe handlingof nuclearmaterialandoperationof nuclearreactors
hasuniqueandchallengingsafetyandsecurityaspectsT his sectionsummarizesheapproacho regulatory
policiesandproceduresakenby two key departmentsthe Departmenbf Energyandof the Navy. These
two departmentgointly operatethe Naval Reactorgprogram(NR, or just the program)to provide naval
nuclearpropulsion We suggesthatthis modelis well worth following for the Departmenbf the Army as
it developsanuclearpowerprogram?*

TheDepartmenbf Energyhastheauthorityto regulatdts nuclearfacilities asdoesthe Department
of theNavy. Giventhejoint natureof theNR program,ameansvasneededo fulfill requirement®f both
departmentsvithoutunduebureaucracyThe Directorof NR (afour-starappointment)thereforejs ajoint
appointmenin both departmentsvith the discretionto apply DOE policiesin a flexible manner.indeed,
theDirectorhastypically adoptedoliciesandproceduresonsistentvith thebestNRC requirementsvhile
meetingDOE requirementsNote that the Director reportsto the Chief of Naval Operationsand hasfull
accesgo the Secretanof Energy.

It makessenseto have a similar programstructureand safety/securityapproachfor an Army
program.Much of the developmenandprocuremenbof thereactorscouldbe doneby DOE, andthe Army
shouldstronglyresistdevelopingnew policiesandproceduregor their program.The exceptionis to take
into accountthe advancedatureof the anticipatedArmy reactordesignand appropriaterelaxationof
requirementss recommendeavith heavypeerreview.

Thedesignbasisthreatfor an Army reactoroutsideof the United Stateds quite differentthanthe
threatsfacedby navalreactorssurfaceor submarineThe designmustby capableof safeoperationunder
sometypesof attack(e.g.,terrorist),despitenotbeingdeployedo front-line installationsHence the safety
basisfor thereactomeeddo includethe effectsof smallscaleexplosionsandsmallarmsfire.

TRAINING

Onceagainfollowing the Navy model,the Navy employsboth enlistedpersonabndofficerswith
specificnucleampowertraining. The officer careettracksinclude:

x Naval Reactors€Engineer— training resultsin postgraduatdevel nuclearengineeringThese
engineersvork for navalreactorsandmayhaveassignmenttroughoutheprogramjncluding
on-ship.

x SurfaceWarfare Officer (Nuclear)— includespostgraduateraining and substantiakurface
combatantours

X NuclearsubmarineOfficer — similarto SurfaceWarfareOfficer butfor submarines.

! Thediplomdic aspect®f deployingnuclearreactorsabroadshouldnot be overlooked Othercountries laws
andsensitivitiesarenot the sameasthosein the US.
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Thelattertwo officer tracksdo not participatein runningthe NR programandfacilities.
Theenlistedcareetracksinclude:EnlistedNuclearMachinists Mates Electriciaris Mates,andElectronics
Technicians.

For Army deployment®f theenvisionedgimpleto-run,inherentlysafereactortheNavy enterprise
is moreelaboratehanneededbutneverthelesprovidesa usefulmodel.lt would beimportantto haveboth
officerswith nucleartrainingandenlistedpersonnelvith key technicalskills andaworking knowledgeof
nuclearreactoroperationsand theory. Training coursesfor Navy enlistedpersonneinclude, postbasic
training, 3-6 monthsof generalechnicaltraining, 6 monthsweeksof specificnuclearpowertraining,and
6 monthsworking with arealreactoron land. Officersundergosimilar trainingwith similartime scaleslt
is hardto envisionsignificantly lesstrainingneededor Army nuclearofficersandenlisted althoughwith
feweroccupationsparticularlyfor officers.

The Army would wantto havesimilar capabilitiegto trainindividualson realreactorhardwareand
areal operatingreactor.Thesearenon-trivial facilities to develop,perhapsin conjunctionwith the DOE,
andshouldbepartof the programplanningafterinitial feasibility is determined.
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ABCT
ACE
ACT
AECP
AISG
AMEP
AMMPS
APD
APOP
APU
ARL
ARPA-E
ATJ
ATM(S)
ATTAM

BEV
BOARD
BOP

CAD
CASCOM
CNG

DASA(RT)
DF1

DoD

DOE
DPGDS
DSB

EC
EDLC
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Acronyms List

armoredbrigadecombatteam
AdvancedCombatEngine
AdvancedCombatTransmission

All ElectricCombatPowertrain

APD IntegratedStarter/Generator
AdvancedMobility ExperimentaPrototype
AdvancedMedium Mobile PowerSource
AdvancedPowertrainDemonstrator
AdvancedPropulsiorwith On-boardPower
auxiliary powerunit

Army Research.aboratory
AdvancedResearclProjectsAgency-Energy
alcohotto-jet
AdvancedThermalManagemen{System)
AdvancedTurbineTechnologiedor Affordable Mission-Capability

batteryelectricvehicle all-battery electric vehicle
Boardon Army ResearctandDevelopment
balanceof the plant

ComputerAided Design
CombinedArms SupportCommand
compressedaturalgas

DeputyAssistantSecretaryf the Army for ResearctandTechnology
DieselFuell

Departmentf Defense

(U.S.) Departmenof Energy
DeployablePowerGeneratiorandDistributionsystem
DefenseScienceBoard

electrochemicatapacitors
electrolyticdoublelayercapacitors
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EIO
EV

FOB
FY

GCl
GVSC

HMMWV
ICE
loT
ISG

JCESR
JLTV
JP8

LNG
LSCF
LW

MANET
MDO
MEPS
MMC
MNR
MOF
MOTS
MUTT

NATO
NSRC

OPLOG

P&E
PEM
PEM
PFTE
PPU
PV
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EnergylInformedOperations
electricvehicle

forwadoperatingbase
fiscalyear

gasolinecompressiofignition

(U.S.Army DEVCOM) GroundVehicle SystemsCenter

High Mobility MultipurposeWheeledVehicle(i.e.“Humveg)

internalcombustiorengine
Internetof Things
IntegratedStarterGenerator

JointCenterfor EnergyStorageResearch
JointLight TacticalVehicle
JetPropellant3

liquefied naturalgas
lanthanunstrontiumcobaltferrite
LandWarrior

mobileadhocnetworks
Multi-DomainOperations

Mobile Electric PowerSolutions

metalmatrix composite

micro nuclearreactoror modularnuclearreactor
metalorganicframeworks

military on-the-shelf

Multi-Utility TacticalTransport

The North Atlantic TreatyOrganization
Network ScienceResearciCenter

Operationalogistics

powerandenergy
PlatformElectrificationMobility

protonexchangemembraner polymerelectrolytemembrane

polytetrafluoroethylene
PrimePowerUnit
Photovoltaic
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RCV
RDECOM
RTG

SIRPA
SMET
SOFC
SSP
STAMP

TBC
TESU
TIG
T™MS
TPV
TRISO
TVEK

UAV
UGV
USD(AT&L)

VEA
VMD

YSZ
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remotecontrolvehicles
U.S.Army ResearchDevelopmentandEngineeringCommand
Radioisotop& hermoelectricGenerator

silicarreinforcedporous,anodizedaluminum
smallmulti-purposeequipmentransport
solid oxide fuel cell

soldiersilentpower
SecureTacticalAdvancedMobile Power

thermalbarriercoating
TacticalEnergyStorageJnit
TransmissionntegratedGenerator
TacticalMicrogrid Standard
thermophotovoltaic

tri-structuralisotropic

(U.S.Army) TacticalVehicle ElectrificationKit

unmanneaerialvehicle
unmannedyroundvehicle

UnderSecretaryf Defensdor Acquisition, Technology andLogistics

VehicleElectricArchitecture
Vehicle Mobile Demonstrator

yttria-stabilizedzirconia
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