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MODELING THE LIFE-CYCLE COST EFFECTS OF DISTRIBUTED ELECTRIC MOBILITY IN ARMYAVIATION
Robert Scott J. Michael VeghU.S. Army Combat Capabilities Development CommandAviation and Missile Center (AvMC)

AbstractA procedure for economic analysis of electric and hybrid-electric aircraft is detailed. Specific examples ofcost prediction using the method are given for aircraft concepts suitable for applications in the distributedmobility paradigm of transportation as it could be applied to both military and civilian roles. The insightsgained through the adaptation of existing aircraft cost models and the development of new cost modelsfor the unique features of electric aircraft are discussed with a view to future modeling applications thatwill evaluate the specific benefits of distributed electric mobility aviation.

1. Introduction

New types of aviation always require extrapolationof historical evidence to predict how they mayserve future users. The insights provided by thisprocess of hypothesis and investigation oftenserve to shape the future of applications andinvestment in the field. In the case of distributedelectric mobility, both the adaptation of conceptualtools for its assessment and the identification ofpotential use-cases for vehicles of the type arebeneficial to the long term outlook of the aviationfield. Besides evaluating the potential benefits ofthe new systems, the supporting research promptsa reevaluation of the existing status quo of trans-portation and how it can be improved.
Electric vertical takeoff machines compel thedesigner and the cost analyst alike to reevaluatetheir expectations of an aircraft. As Fig. 1 shows,electric electrical vertical takeoff and landing (eV-TOL) concepts offer unique potential because theirarchitecture removes many of the most complex
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Figure 1: Common opportunities & challenges be-tween advanced conventional and electric rotor-craft

and expensive components of conventional rotor-craft. As Fig. 1 also shows, replacing these expensivepropulsion and dynamic system components withnew electric technology also implies significant risksand tradeoffs in performance. Confronting thesechallenges presents an opportunity to address newand old problems alike from a fresh perspective. Adirect analysis such as the one presented here willresult in new tools to evaluate a potential solution.Its quantification of the impacts and trades of thesolution also stand to motivate reconsideration ofthe technological and institutional obstacles of thestatus quo from a fresh perspective.
2. Motivation

Every new configuration of aircraft requires somemodification to cost assessment methods depend-
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ing on its degree of departure from establishedlegacy designs. Compared to conventional heli-copters, the most traits of eVTOL aircraft whichshape the modeling features used to assess themare:
• Electric motors and batteries instead of fuelburning propulsion systems
• Distributed propulsion based on multiple ro-tors, propulsors, and motor systems
• Emphasis on intelligent vehicle flight and sys-temsmanagement which include some degreeof autonomous flight

Several studies have generated design conceptswith these features based on estimates made oftheir potential capabilities from the best directanalysis and the most informed engineering judg-ment currently available.1., 2. These studies offer astarting point for cost assessment, but the modelsused need to satisfy a high standard of flexibility inorder to generate meaningful insights in a nascentfield. They must encompass a sufficiently broadrange of an aircraft’s life-cycle to weigh relativetradeoffs between different phases. They also mustmirror the known engineering effects of scale andcomplexity in aircraft design. Finally, any cost modelused to evaluate new electric aircraft must considerall of these effects while working within the scopeof conceptual design activities. In other words, themodels must be effective at considering all of thepertinent effects without requiring overly detaileddesign and performance information.
Table 1 identifies a set of key recent afford-ability studies with these attributes of adaptabilitywhich the present work seeks to build upon. Themethods of cost analysis used and the specificaspects of design technology to which they areapplied illustrates the progress of the field in ad-dressing the remaining electric vertical flight. Overthe past decade, advanced parametric methodshave replaced analogy methods, first in conven-tional aircraft, then increasingly in electric fixedwing and rotorcraft, with the methods extended toinclude more phases of the vehicle life-cycle.
The persistent source of uncertainty in studiesof eVTOL affordability stems from the limitedcharacterization of design and cost trends inherentto its key technology. In most of the given refer-ences, motors, batteries, and their support andmanagement systems were addressed by revertingto the simpler analogy methods based on cost perpower or cost per energy capacity5, 7.

Reference Technology
(Method)

Life-Cycle
Phase

Harris4(2012)
Conventionalrotorcraft(Parametric) O&S

Stoll, Mikić5(2016)
Hybrid-electricfixed wing(Hybrid Param-Analogy) P, O&S

Scott6(2018)
Conventionalrotorcraft(Parametric) P

Sirirojvisuth7
(2020) eVTOL AAM(Parametric) O

Scott, Vegh8
(2020)

Battery-electricpropulsion(Hybrid Param-Analogy)
D, P,O&S

Table 1: Recent conceptual cost models developedfor rotorcraft (D=Development, P=Procurement,O&S=Operation and Support)

In addition to direct analysis of electric propul-sion architectures, the present work is informedby the emerging need to consider advanced airmobility technology from the non-commercialperspective of Military Electric Distributed Mobility(MEDM). In this discussion, MEDM will refer to theleveraging of eVTOL concepts within the urbanand advanced aerial mobility paradigms to yieldpositive impacts to military aviation productivityand affordability. MEDM operations envision a longterm goal of achieving economic parity with existingcommercial aircraft with conventional propulsionas well as a new and unique capability set enabledby electric propulsion.
This work serves as a status update in the progress,application, and outstanding needs of conceptualcost modeling with respect to MEDM aviation. Itsthree primary objectives are:
1. Develop new parametric cost estimating rela-tionship equations to assess relevant electricpropulsion components
2. Apply the new equations within the existingcost analysis toolset developed by the previouswork on relevant design concepts such as elec-tric and hybrid-electric rotorcraft
3. Quantify the results from amilitary perspectiveusing government cost analysis metrics

Future trade studies will benefit from the capabilityset established in this work. In government and pri-vate environmentswhere acquisition funding is pro-
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gressively more competitive, conceptual design andassessment tools must anticipate future technologytrends in order to identify the most promising tech-nology and design concepts.
3. Model Development - Production Cost

Efficient design practice seeks to match the degreeof modeling sophistication with the complexity ofthe question. In conceptual design and assessmentmatters like study, this implies a strong preferencefor parametric models based on actual historicalreference data due to their empirical value andtheir flexible scaling behavior. Many cost mod-els of this format have already demonstratedsuccessful outcomes. Single equation modelshave demonstrated verifiable levels of accuracywithin 10-20% when tested against basic costmetrics of legacy aircraft powered by conventionalengines and fuel types3. At a higher analyticalworkload, component-based models increase theanalysis workload from one predictive equationto as many as 20-30 relationships, but have beenshown to reduce the margin of error to less than10% with repeatable accuracy for conventionalhelicopter and fixed wing configurations6. Themajor strength of such component-level weightand cost models beyond a marginal improvementin accuracy emerges when the aircraft in questionis a non-conventional concept requiring subjectiveadjustment of conventional trends.
Assessing the specific technology enablers be-hind electric propulsion can be abstracted as asubstitution of components. The immediate effectsreplace conventional propulsion systems withelectric components. Secondary cost effects like as-sembly costs and installation effects in the airframefollow from the measurable weight changes in thedesign and the best available assessment of theunique effects of the technology.
To accomplish this objective, the analysis pre-sented here adds two new component models tothe set of procurement cost equations for airframeand system components - one for piston internalcombustion engines for aviation applications andanother for electric motors.
3.1. Piston Engines

Internal combustion (IC) piston engines, whilealways popular in general aviation, have enjoyedrenewed popularity in small platforms like UAV’s.They are also frequently identified for applicationsin hybrid-electric propulsion systems. Figure 2 gives

the average procurement cost trend developed byadapting a previous equation from Roskam’s 1989work9. The new relationships include an inflationcorrection bringing the older database up to 2021dollars. They also consider several new enginesadded to the reference population from morerecent surveys of commercially available pistonengines, including one example of an aviationdiesel engine.
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Figure 2: Procurement prices and trends for aviationpiston engines
Besides the trend itself the new data also leads tothe addition of high and low trend lines represent-ing the limits of the existing data scatter given thecurrent limitation of the model to the one inde-pendent variable of maximum rated horsepower.Roskam’s work noted a break point in the trendcorrelated to maximum rated engine power wherethe procurement cost trend is steeper above 200horsepower. The three trends retain this form withboth the slopes and breakpoints adjusted to fit theupdated engine population.
Middle of trend:
(1) ĉeng = 6287:5 P 0:4536
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(2) ĉeng = 3733:2P 0:4536
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3.2. Electric Motors

The perceived simplicity of electric motors moti-vates much of the current thinking in conceptualdesign studies. Several examples of recent studieshave used models to predict motor weight basedon either the power or torque of the system. Inthe preliminary investigations to find a useful costrelationship, the design-specified nominal RPM ofthe motor (
Q) emerged as a significant predic-tor. While electric motors do not always share acommon definition of operating profiles, 
Q in thiscase denotes the RPM where maximum power isachieved and maximum non-instantaneous torquecan bemaintained. The presence of this term in con-junction with power suggests that maximum powerand torque ratings are related cost-driving charac-teristics in the design of motors. Given the phys-ical relationship among power, torque, and angu-lar velocity in rotating systems (P = Q
), powerand RPM were selected as the primary terms of thecost equation because they are readily translatableto aircraft propulsion scaling. Eqn. 4 gives the finalform of the equation for estimate motor procure-ment cost:

(4) ĉmotor =359:06 P 0:7288
motor

(

Q

1; 000

)
�0:3960

� kPM

Where
Q is the nominal RPM of the motor, Pmotoris the maximum rated non-instantaneous power ofthemotor, translated to horsepower for compatibil-ity with the majority of US-based helicopter perfor-mance codes, and kPM is a complexity term for thetype of motor where

kPM =

{
1:0 Induction motors
0:7873 Permanent magnet motors

Since both permanent magnet and induction-typeelectric motors have been selected in similar casesacross a range of applications, the choice betweenthese alternatives appears to be a contextual de-cision involving complexity and weight considera-tions. The significance of power and RPM presentin Eqn. 4 conjunction with one another raises thepotential for future affordability studies investigat-ing the tradeoffs related to drive systems in elec-tric configurations. While direct-drive rotor systemsoffer a major simplification, the addition of a drivesystem with gearboxes may promote operation ofthe propulsion group closer to the optimal speedsof each of the constituent systems as seen in con-ventional helicopters.
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Figure 3: Procurement prices and trends for highpower-to-weight electric motors

3.3. Batteries

The pace of battery progression in weight, effi-ciency, and price improvement seems to over-whelmmost of the independent variables driven bydesign considerations. Although energy storage insecondary (rechargeable) chemical batteries carrieschallenges for aviation applications above thosefaced by ground vehicles, the most important costdriver from a high-level conceptual perspectiveappears to be the evolving influence of techno-logical maturity and supply chain availability. Theautomotive industry’s progression of materialpreferences represents a significant example ofthis - progressing from cobalt and manganese toiron and aluminum as the preferred active cathodematerials based on cycle life as well as supplierconcerns. Even within these chemical options,substantial room has been noted for future cellperformance improvement derived from tailoringof the proportions of each metal depending on thetargeted application10.
The technology assumptions (battery chemistry,packaging, cooling, and management) associatedwith the projected time-frame of the study inquestion drive both the gravimetric energy density(Whr/kg) and cost per energy ($/Whr). Previousconceptual design work in a semi-empirical batteryanalysis code led to the relationship given in Eqn. 5
(5) ĉbatt = (1060:8� 4:207ebatt)

(
rprod
1; 000

)
�0:113

Where ebatt is the energy density in Whr/kg and
rprod is the annual battery production rate. Theequation is considered valid to best extant assess-ment practices for pack level energy density upto 200 Whr/kg and production rate up to 10,000
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packs per year, synonymous with most contem-porary lithium-metal battery chemistry types. Con-stant reevaluation of this equation will track ef-fects of promising new technologies among lithium-metal chemistry options as well as longer term can-didates including lithium-air designs.
3.4. Model Development - Maintenance Cost

Operating costs typically occupy the largest per-centage of the total life-cycle cost of an aircraft.Maintenance is an important contributor to op-erations and support expenses, and thus a keyaspect of the MEDM value proposition. It is also oneof the most difficult metrics to predict accuratelydue to the influence of the user and operatingenvironment on the day to day performance andreliability of an aircraft.
MEDM applications of hybrid-electric aircraftshare aspects of both military and commercial op-erational concepts. The model divides componentsof O&S into variable costs estimated on a per flighthour basis ($/FH) and fixed costs estimated on acalendar year basis. While an analyst can considerO&S in terms of any basis, programs falling underthe US DoD CAPE structure usually prefer to ex-press cost in terms of annual cost per aircraft peryear ($/AC/yr). Commercial and civil applicationsoperating within the FAA Form 41 structure tendto emphasize an aircraft’s cost per flight hour. Thetotal annual operating cost of a single aircraft isthus:
(6) CAC=yr =

∑
i

ci=FH (FH=yr)︸ ︷︷ ︸
VariableCosts

+
∑
j

Cj=AC=yr︸ ︷︷ ︸
FixedCosts

Where dividing the left and right sides of eqn. 6 by
FH=yr yields the same total cost in terms of dol-lars per flight hour averaged over the calendar year.In reality, not all components of operating cost arepurely fixed or variable, and in some cases the defi-nition changes depending on the convention.Table 2 describes the typical cost structure used inthe United States by commercial operators, wherethe direct operating costs (DOC) are aptly namedfor the maintenance, crew, fuel, and refurbishmentcosts incurred in the immediate sense when the air-craft is flown. Indirect operating costs in a commer-cial and military sense receive less attention in theconceptual assessment field due to their associationwith the type of facilities overhead and ground per-sonnel expenses that are generally considered in-variant with respect to aircraft design characteris-tics.

($/FH)
VariableCost

Operations (Fuel)
DirectOperatingCost

Maintenance(Parts + Labor)

($/AC/yr)
FixedCost

Personnel (Crew)
Reinvestment

Indirect (System)
Table 2: Commercial O&S Cost Categorization

Following the general formof severalO&S costmod-els, the new set of prediction tools developed in thiswork expresses maintenance as a variable compo-nent in terms of dollars per flight hour. The newpractices adopted in this work relate to the subdi-vision of maintenance components. Using data sur-veyed from both commercial and government op-erating cost databases, this work presents a higherfidelity set of parametric equations dividing mainte-nance into the 8 major components shown in Table3 as addressed in Eqns. 9 through 14 and 15 through16:
Component Method Basis SourceRotor Parametric $/FH Eqn. 9Drive Parametric $/FH Eqn. 10Turboshaft Parametric $/FH Eqn. 11IC/Piston Engine Parametric $/FH Eqn. 12Airframe & Systems Parametric $/FH Eqn. 13Inspections Parametric $/FH Eqn. 14Electric Motor Retire/Replace $ Eqn. 4, 15Battery Retire/Replace $ Eqn. 5, 16Unsched. Maint. Fractional $/FH Eqn. 7Annual Labor Parametric $/AC/yr Eqn. 8

Table 3: Maintenance Model Components and Pre-diction Methods
Generating an estimate of an aircraft’s operatingcost may involve all of the equations in Table 3 oronly a subset depending on the type of configura-tion. Components assessed on a $/FH basis are ma-jor aircraft assemblies where the cost per flight houris a composite set of parts and assemblies aver-aged over a representative quantity of flying hours.The final line of Table 3 holds a reserve componentfor unscheduledmaintenance. Themodel estimatesunscheduled maintenance as a fractional element
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of the total maintenance costs. Depending on theprimary mission role and operating environment ofthe vehicle, unscheduled maintenance may add 25-50% (�unsched = 0:25� 0:50) additional cost to theknown scheduled maintenance items.
(7) ĉunsched=FH = �unsched ĉsched=FH

Previous research8 has shown that many of theremaining ownership bills related to an aircraftflow in a progression from major direct cost driverslike maintenance. An organization that possessesin-house personnel systems regards the majorityof salary charges as fixed since a large percentageof positions are budgeted on an annual basis. Evenstill, crew and maintainers form part of direct oper-ating cost and obviously bear some relation to theoperator’s desired frequency of flying operations.Labor costs along with aspects of training andsupport equipment replenishment are consideredto share aspects of both fixed and variable costs asshown in Table 4. In the OSD CAPE O&S format usedin the United States Dept. of Defense, Personnel orManpower (1.0) and the Sustaining Support (4.0)categories capture the majority of these personnelexpenses.
The dual nature of personnel costs as fixed costswhich are still loosely influenced by aircraft quantityand operational rate in particular is visible in theregression model, with (FH/yr) having a significant,but not linearly proportional relationship to annualcrew and maintainer budget. Conversely, The newequations developed for rotor, drive, airframe,system, and engine maintenance represent strictlyvariable costs on a per flight hour basis, makingthem directly proportional to operational rate.

Category Variable Fixed
1.0 Personnel X X2.0 Operations X3.0 Maintenance X4.0 Sustaining Support X X5.0 Cont. Sys. Improvement X6.0 Indirect X

Table 4: OSDCAPE Level 1O&S Categories and types
Since the new prediction capabilities for bothprocurement and maintenance costs presented inthis work add insights to to the prediction of thequantities used to predict annual personnel outlays
Cp in Eqn. 8, they are expected to provide higherconfidence in the analysis of both fixed and variablequantities.

(8)
Cp = 329:61c0:1871FA

( cFA
WE

)0:2871
�(

Cmaint

WE

)0:2857(
FH

yr

)0:5628

� �UAV

Where
�UAV =

{
1:0 Non-UAV Aircraft
0:2946 UAV Aircraft

3.5. Rotor Maintenance

Given the variability of reported maintenancecosts in both commercial and military rotorcraft,Harris’ approach of first establishing upper andlower bounds of data spread in the population hasproven to be one of the most useful approaches inpredicting the maintenance prices of both existingplatforms and hypothetical aircraft concepts.
Eqn. 9 and Figure 4 show the rotor maintenancetrend with upper and lower bounds of spread indollars per flight hour surveyed from both thecommercial and military operators databasesavailable to the study.
(9) ĉrotor=FH = �(rotor=FH) w

1:1875
rotor

Where wrotor is the weight of all rotors in pounds,including tail rotors (wrotor = wMR + wTR) and

�(rotor=FH) =


0:0219 low maint. rotors
0:0514 middle of trend
0:1024 high maint. rotors
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Figure 4: Scheduled maintenance cost per flighthour trends in conventional helicopter rotor sys-tems
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Significantly, the study must pause to note that Fig.4 depends on conventional rotor systems to es-tablish its trends. A variety of rotor systems rang-ing in size from 100 to 10,000 pounds total weightare available for reference, making an appraisal ofdistributed multi-rotor systems popular in electricVTOL configurations plausible, but still an area forfurther research as these concepts mature in pro-duction and adoption. Although the details of rotorsystems such as hub type and blade numbermay becited as identifying features of a low maintenancedesign, the study does not find major correlationwith these attributes at this time, which also war-rants deeper investigation in future work.
3.6. Drive System Maintenance

Along with rotors, the transmission or drive sys-tem of a helicopter makes up the majority ofthe scheduled maintenance costs of the vehicle’sdynamic components. Internal statistical studies6have found that drive system weight and power rat-ing are nearly interchangeable for the prediction ofproduction costs, so rated power was chosen in thiscase to coordinate the choice of explanatory vari-ables with the power ratings of the installed en-gines. Eqn. 10 and Fig. 5 give the dollar per flighthour estimating relationship for drives, with boundsfor best and worst practice.
(10) ĉxmsn=FH = �(xmsn=FH) P

1:0690
xmsn

Where Pxmsn is the is the maximum rated horse-power of the drive system and

�(xmsn=FH) =


0:0178 low maint. drive systems
0:0417 middle of trend
0:0938 high maint. drive systems

Given the greater variety of drive configurationsand their dependence on aircraft layout, the yearof 1st production aircraft completion was used asa second independent variable to illustrate trends,again with limited success as evidenced by thespread observed in Fig. 5.
3.7. Engine Maintenance

Engine maintenance cost is driven by the scheduledoverhauled cost and flight time interval betweenoverhaul servicing, but also includes periodic rou-tine maintenance activities. Fig. 6 and eqns. 11 and12 illustrate the separate trends and installed powerranges of turboshaft and internal combustion en-gines respectively.
(11) ĉeng=FH = �(inspect=FH) P

0:9470
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Figure 5: Scheduled maintenance cost per flighthour trends in conventional helicopter drive sys-tems

Where Peng is the maximum rated engine power ofone turboshaft in horsepower and the calibrationfactor coefficients are:

�(eng=FH) =


0:1412 low maint. engine
0:2256 middle of trend
0:3949 high maint. engine

(12) ĉeng=FH = �(eng=FH) P
0:9255
eng

Where Peng is the maximum rated engine power ofone IC engine in horsepower and the calibration fac-tor coefficients are:

�(eng=FH) =


0:0941 low maint. engine
0:1506 middle of trend
0:2199 high maint. engine

The power limits and trend offsets observed in
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Figure 6: Scheduled maintenance & overhaul costper flight hour trends in turbine and piston propul-sion systems
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6 display some of the affordability potential of ICengines compared to turboshafts. Non-APU tur-boshafts are available with listed prices down to 300horsepower, below which IC engines are a widelyavailable propulsion solution. Future work will in-vestigate smaller turbine engine alternatives as theyare designed with potential UAS and hybrid propul-sion applications.
3.8. Airframe, Avionics, Controls, and Systems

Maintenance

Airframe and systems costs in Eqn. 13 cover the re-maining scheduledmaintenance components in he-licopter not covered by the rotor, drive system, andengines.
(13) ĉair f sys=FH = �(air f sys=FH)WE0:5715

WhereWE is the is the empty weight of the vehiclein pounds and the upper and lower limits of estab-lished base configuration systems are defined bythe coefficients:
�(air f sys=FH) =


0:0978 low maint. airframe
0:1983 middle of trend
0:4139 high maint. airframe
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Figure 7: Scheduled maintenance total cost perflight hour trends in conventional helicopter air-frame, avionics, and systems components
For this cost estimating relationship, Figure 7and likewise Eqn. 13 are derived strictly from com-mercial rotorcraft and represent the base cabin,systems, and avionics packages. Military aircraftmay experience much higher contributions tototal maintenance from systems given the sensorpackages demanded in their roles, particularly inscout, observation, and attack missions.

3.9. Periodic Inspections

Routine inspections occur in varying intervals offlight time. The average cost of inspections is esti-mated on a per flight hour basis.
(14) ĉinspect=FH = �(inspect=FH)WE0:5260

WhereWE is the is the empty weight of the vehiclein pounds and

�(inspect=FH) =


0:1234 low inspections
0:3086 middle of trend
0:8694 high inspections
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Figure 8: Periodic inspection costs per flight hour ofconventional helicopters
Given the generality of airframe & systems main-tenance as well as periodic inspections, Figures 7and 8 both provide the year of initial productionfor each helicopter plotted in an effort to isolateany technological progression or improvement indesign practices. As with drive systems, no obviouseffect was observed that could be related to time.The range of dollar per flight hour costs (between $5and $100 per flight hour) for these categories is ap-proximately one order ofmagnitude less than thoseof rotor and engine systems (up to $1,000 per flighthour for each). Based on this observation, it is pos-sible that these categories serve as generalized binsfor components with less influence on the overalloperating cost of the vehicle.
3.10. Electric Propulsion Maintenance

Since electric propulsion components have limitedmaintenance history in an aviation context and aregenerally handled more as self-contained compo-nents which are replaced rather than repaired, thescheduledmaintenance cost in $/FH is equivalent to
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the production cost divided by the service life of thecomponent (time between replacement - TBR) asshown in Eqn. 15:
(15) ĉi=FH =

ĉi
TBRi

Electric motors in this study were assumed to haveservice lives of 5,000 to 6,000 flight hours based onsurveys of the few traction and primary propulsiveelectric motors with published maintenance data.The models makes a direct estimate of battery timebetween replacement using Vegh’s equations forrechargeable battery life8 measured in number ofbattery discharge cycles. The time between batteryreplacement becomes the product of lifetime cy-clesNcycle and average time per discharge �tcycle asgiven in Eqn. 16:
(16) ĉbatt=FH =

ĉbatt
Ncycle �tcycle

Aircraft performance assessment of the electric air-craft concept in question can provide the averagebattery discharge time from the average dischargecurrent (C-rate, �xbatt ) on the battery over the blocktime of a representative mission such as the vehi-cle’s designmission. The average cycle time in hoursis then the inverse of C-rate (1/hr):
(17) �tcycle =

1

�xbatt

4. Evaluation

Development of better assessment capabilitiesfor aircraft life-cycle cost depends on finding andexploring use cases which exercise new capabilitiesand highlight areas for future development. For thisstudy, three non-conventional concepts were uti-lized for renewed analysis in the newly-developedmodels.
Since the analysis approaches each of the designsshown in Fig. 9 with the intention of evaluatingthem in the MEDM acquisition and operationalcontext, the exact trend and value of the resultscontain inherent assumptions different from theaffordability positions offered in other works thatemphasize strictly commercial applications. The keydifferences in these assumptions can be generallysummarized as:

• OPTEMPO (flying hour rate) between 250-500annual flying hours for manned aircraft
• Avionics systems on par in functionality andcost with the expectations of operation in a po-tentially contested airspace

Figure 9: Configurations for study, Winged Com-pound (top left), Electric Lift+Cruise (top right), Hy-brid Tailsitter (bottom)

• Higher annual & fixed costs (especially person-nel) representative of a large organic aviationinfrastructure maintenance concept as wouldbe found in Army Aviation
• Smaller production runs of military-specific air-craft variants in line with historical precedent(fewer than 1,000 vehicles purchased per year)

The notable exceptions to these assumptionscentered on the electric lift plus cruise concept.Since this aircraft is closest of the three to theconfigurations envisioned by commercial advancedmobility with a view to adapted military applica-tions, comprise assumptions of 2,000 FH=yr and1,000 aircraft purchased were used to reflect thecompeting affordability influences on future MEDMaviation.
Table 5 summarizes the design attributes ofthe three concepts shown in Fig. 9. The designs se-lected for this demonstration exhibit a wide rangeof scale and configuration, but the propulsionsystems present the contrast of greatest interest.The winged compound represents a high perfor-mance advanced rotorcraft configuration which isotherwise largely conventional is its constituentcomponents, and is powered by a turboshaftengine. The lift+cruise configuration is poweredcompletely by electric motors drawing currentfrom batteries. The tailsitter design features ahybrid propulsion system with a diesel enginesupplemented by an electric drivetrain.
While the major contrasts among each of thedesigns relate to their size and propulsion architec-ture, several factors influence the respective costestimates which must be factored in the starting as-sumptions. Avionics systems in particular representa persistently increasing percentage of total aircraftcost in rotorcraft, even for the base platform priorto the installation of specializedmission equipment.The procurement and operating cost assessments
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WingedCompound11 Lift+Cruise12 HybridTailsitter1
WMTO (lb) 14,838 2,876 6,743
WE (lb) 10,579 2,478 5,749
Pinst (hp) 3,000 663 732
Nengine 1 13 1
Nrotor 1 12 2

Npropel ler 1 1 0
Fuel Type JP-8 Electric Hybrid

FuelCapacity 241gal 69.1kWh 111 4.6gal kWh
Wingspan(ft) 27.9 36 30.7
Length(ft) 38.4 21.0 31.1

Main RotorDiam. (ft) 38.0 4.0 22.4
Table 5: Design summary of concepts used in costevaluation.

made in this study treat the lift+cruise designas a optionally unmanned platform and a thetailsitter as a strictly unmanned platform, resultingin higher avionics costs. The compound design,while conventionally crewed, includes additionalrisk factors representative of the modern avionicsand control systems required in configurationsintended for attack and scout mission roles. Theoverall effect of these assumptions is that thetwo unmanned concepts in the study assume thehighest risk cost trend for their avionics systems.The winged compound assumed a lower, but stillelevated avionics cost trend.
4.1. Procurement Cost

Procurement cost estimates were generated foreach concept using the full set of conceptual pro-curement cost equations. Included in the updatedmodel are the new features describes in Equations1 through 5. Table 6 breaks down the propulsionsection cost drivers in greater detail as assessed bythe new equations.
The appeal of electric propulsion is clear fromthe trends shown across the different configurationin Table 6. Although the largest configuration of thethree, the winged compound’s turboshaft engine isstill the most expensive on a power-adjusted basis.The hybrid systemmay present a compelling step inpropulsion design progression in this case provided

FY21 USD(thousands) WingedCompound Lift+Cruise HybridTailsitter
Turboshaft 919.4 – –
Diesel Engine – – 643.0
Elect. Motor – 67.3 0.7
Transmission 1072.5 – 15.6
Fuel System 423.0 – 110.8
Battery – 17.7 0.5
Propeller 31.6 2.4 –
Total Prop.
Group 2446.4 87.4 770.7

Table 6: Estimated propulsion group cost drivers byconcept

that the overhead of two separate drivetrains isnot overly adverse. Additional design and costanalysis work is still required to confirm this trend.On the other hand, the weight efficiency of theturboshaft engine may continue to provide it withadvantages that do not become apparent untilperformance and performance-adjusted O&S costsare considered.
FY21 USD(Mil.) WingedCompound Lift+Cruise HybridTailsitter
Structure 6.89 2.19 4.51
Propulsion 2.45 0.13 0.77
Systems 6.31 2.35 4.58
Assembly& Profit 7.90 1.40 7.03
Flyaway
Price 23.55 6.06 16.88

($/lb) (2,226) (2,447) (2,937)
Table 7: Estimated average unit flyaway price com-parison
Estimated unit flyaway price estimates are givenin Table 7 and Fig. 10. In relation to the generalpurchase price trends of existing rotorcraft plat-forms, each of the concepts is generally predictedto fall near existing trends, which is a product ofmiddle of practice economic assumptions andnon-aggressive production rates across all of theassumed performances. Although the particularpropulsion system design choices lead to notice-able different cost outcomes as seen in Table 6,the significance of avionics and controls systems asthe increasingly dominant cost drivers of rotorcrafttends to pull the estimates back toward the trends
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Figure 10: Comparison of vehicle flyaway prices be-tween study concepts and prevailing military andcommercial trends

of their respective size categories in Fig. 10. Electriccomponents may yet prove to be a viable pathto significant life-cycle cost savings as either aprimary or augmenting propulsion system, butthese expectations are still subject to the economicconditions of the procurement and operation.Indeed, much of the substantiating case for theprocurement affordability positions anticipated ineVTOL concepts are more closely related to learn-ing curve and production quantity than to specificdesign features. The individual contributions toflyaway price of each component and their overalleffect are areas of ongoing cost research.
4.2. Operating Cost

Estimated direct operating costs are given in Table8 and propagated forward to an annual ownershipcost per aircraft given in Table 9. The contrast inoperations cost related to energy presents a sec-ond compelling case for investigation of alternativepropulsion systems, with the costs of energy inthe electric and hybrid-electric designs much lowerthan the compound helicopter’s consumption ofstrictly jet fuel.
The subtleties of propulsion design and theireconomic effects still present intriguing contrastsbetween the two design that utilize batteries. Theelectric drive system is treated as a replaceableunit with its per flight hour adjusted cost drivenas much by component lifespan as by its price.Previous research in battery cycle life has shownthat the effects of discharge rate play a large rolein defining the service life of a battery. This effectis clearly seen between the lift+cruise and tailsitterdesigns when weighing the difference in battery

charging (electricity) and battery replacement asthe primary energy costs. The smaller battery ofthe tailsitter goes through both a greater quantityof cycles and a faster rate of discharge on averagein each cycle, making its replacement costs higheron average than the larger battery pack of thelift+cruise design.
c=FH, FY21 WingedCompound Lift +Cruise HybridTailsitter

Operations 3,854 513 1,314
Personnel 3,618 471 1,145
Fuel 237 – 124
Electricity – 19 0.31
Battery – 23 45
Maintenance 1,990 168 1,444
Scheduled 1,592 135 1,155
Rotors 438 29 137
Drives 182 – 62
Airframe & Sys. 83 36 776
Engines 775 – 86
Motors – 17 0.12
Inspections 114 53 95
Unscheduled 380 33 289
Reinvestment 172 21 113
Total DOC
($/FH) 6,016 702 2,871

Useful Load / DOClb / ($/FH) 0.71 0.57 0.35
Table 8: Estimated Direct Operating Cost per FlightHour
The differences among the aircraft at a large scalesupport and sustainment level manifest in the an-nual ownership costs given in Table 9. The wingedcompound represents an advanced helicopteroperated within the traditional support structureof Army Aviation. The two electric concepts havecomparatively lower operating costs owing to theirsmaller size and low maintenance design features.However, when adjusted for scale, the useful loadper $/FH of the winged compound is still the bestdue to the higher empty weight fractions of theelectric lift+cruise hybrid tailsitter designs. Theweight effects of batteries and motors at near-termtechnology levels may pose a size ceiling abovewhich large-scale transportation is challenging fromboth an engineering and economic viewpoint. Inthis case, future studies may take the approach ofrepeating this analysis for similar design conceptsas the efficiency assumptions of the electricalcomponents receive updates.
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WingedCompound Lift +Cruise HybridTailsitter
1.0 Personnel 1,808.9 454.9 259.8
2.0 Operations 118.3 84.3 84.5
3.0 Maintenance 995.0 78.0 121.8
4.0 Sust. Supp. 79.6 19.5 10.6
5.0 Cnt. Sys. Imp. 85.8 8.2 29.5
Total ($/AC/Yr) 3,087.6 645.0 506.1

Table 9: Estimated annual ownership cost per air-craft
From a broader perspective of design alterna-tives and technology, the three concepts exhibitpredicted maintenance costs which display thepersistence of ongoing operational challenges withhints of promising affordability technology. Figure10 shows that the winged compound is estimatedto be slightly above conventional helicopter trendsowing to its high performance rotor, control, andtransmission features driving maintenance abovelegacy rotorcraft. The tailsitter concept as a UASplatform exhibits below average hourly mainte-nance costs, but this must be further investigatedin light of the unique behavior of UAS maintenancecosts and the potential influences of avionics andcontrol equipment as well as ground supportequipment, which is often treated as part of theaircraft system itself in military economic practices.
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Figure 11: Comparison of hourly maintenance costsbetween study concepts and prevailing military andcommercial trends
The tailsitter and lift+cruise designs exhibit verysimilar maintenance costs per hour and per year,but the overall personnel costs of the lift+cruise de-sign is strongly influenced by the MEDM-influenced

assumptions of a very high annual utilization rateof flight hours. Personnel costs for the electriclift+cruise are driven to the lowest of the threewhen considered hourly, but are greater thanthe unmanned tailsitter in Table 9 when the totalnumber of flight hours per year returns to thecalculation.
The lift+cruise configuration exhibits near-paritywith existing civil rotorcraft, but this is largely anoutcome of the preference in this study to considerthe design from the perspective of MEDM andmilitary ownership practices. The more aggressivecost-saving measures and economies of scale antic-ipated by the advanced air mobility paradigmwouldresult in a lower operating cost per aircraft if theanalysis adopted a commercial-leaning ownershipparadigm, but the influence of new design featuresstill has the potential to affect positive influences inmilitary operational costs.
5. Conclusions

A set of new equations augmenting existing costmodels has allowed for an-depth assessment ofthe key features of several advanced rotorcraftconfigurations. As discussed earlier, the resultsof the analysis show that the electric concepts inparticular show sufficient potential for improvedaffordability to warrant deeper investigation oftheir unique design features and trends.
The number of interrelated design and eco-nomic variables noted in discussion of the resultsunderscores both the strength of parametric analy-sis and the ongoing need to refine its assumptions.The contrasts between flyaway cost, flyaway costper pound, operating cost, and load-adjustedoperating cost are strongly influenced by economicassumptions not directly related to the designcharacteristics. These properties, like quantity ofaircraft, number of crew, sustainment concept, andflight hours per year form foundational assump-tions if they are found to enable improvement incapability and affordability.
Confident and objective assessment of operat-ing costs in particular requires further research forall types of aircraft. Although general sensitivitiesfor several new components of interest to eVTOLconfigurations were successfully established withrespect to design variables, a high degree of vari-ation was observed within the overarching trendsacross the range of vehicle sizes. This randomnessof maintenance price within the established limits

Presented at 48th European Rotorcraft Forum, Winterthur, Switzerland, 6–8 September, 2022.
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2022 by author(s).

Page 12 of 13



exhibited no firm direction or bias according to his-torical time frame or to configurational complexitychoices of the particular vehicles surveyed. Giventhis outcome, future studies will necessarily exam-ine the sensitivity of overall predicted operatingcost to the assumption of maintenance practiceinherent in the upper and lower bounds of spreadseen in the historical reference data, especially inrelation to the effects of aircraft usage spectrumand reliability-motivated design choices.
Ultimately, good design practices at the de-tailed level beyond the conceptual stage and incoordination with operators and maintainers mayplay the largest enduring role in maintenance costs.The design effects of such practices must be furtherresearched and quantified. This requires iterationon designs internally in the design and analysiscommunities and externally in conjunction with theuser community.
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