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About project GENESIS

In a global context, where modern societies need to move towards more environmental sustainability,
the aviation sector has an important role to play. Transition to reduce its environmental footprint (i.e.,
impacts on ecosystems, human health, and natural resources) stemming from activities in the entire
value chain of aircraft has become high on political and industrial agenda. This transition must go
hand in hand with the technological transformation of aircraft systems, moving away from the use of
fossil-based fuels to alternative energy sources, like biofuels, hydrogen, or electricity via batteries.

Project GENESIS, funded by the EU Commission under the Clean Sky 2 Programme, aims to tackle
some of these challenges. GENESIS stands for “Gauging the environmental sustainability of electric
and hybrid aircraft”. Its main purpose is to develop a technology and sustainability roadmap to
support the ambitions of the European aviation industry for transitioning towards environmentally
sustainable and competitive electric and hybrid aircraft systems. Several powertrain technology
alternatives are explored, including conventional, batteries, fuel cells and hybrid combinations of
them, all with three time perspectives over the period 2025-2055.

Organized around a multidisciplinary and complementary expertise of its consortium members,

GENESIS has the following key objectives (each reflecting the WP1-3 structure of GENESIS):

1. Develop a conceptual design, associated with top level aircraft requirements and scenarios, for
all-electric and hybrid 50 PAX regional class aircraft.

2. Perform technology foresight analyses on key elements of the aircraft system, focusing on the
powertrain architecture and energy storage alternatives.

3. Build life cycle inventories for each relevant technology process within the aircraft life cycle
(from resource extraction, through manufacturing and use, up to end-of-life), and use them to
perform prospective life cycle assessments of future aircraft system configurations and scenarios.

Overview and role of this deliverable within the GENESIS project

This document describes the short-term technology analysis for all main technologies in T2.1 - T2.6.
GENESIS is an ambitious and innovative project that aims to gauge electric aircraft's environmental
sustainability in a foresight perspective and provide a technology roadmap for a sustainable transition
toward electric aircraft systems. The main task of WP2 is to perform technology foresight analyses
on key elements of the powertrain structure and support systems in three time perspectives (short-
term 2025-2035; medium-term 2035-2045, and long-term 2045-2055). This document focuses on the
short-term (2025-2035) technology foresight evaluations for the powertrain components and the
energy storage, including ground-based energy supply. The technology foresight analysis highlights
knowledge gaps, technological challenges, and potential solutions to meet 50 passenger regional
aircraft requirements. The analyses will feed back into the aircraft conceptual design for potential
refinements. They will also serve as inputs for the generation of LCI data and economic evaluation.



B Clean Sky2

Table of contents

EXECULIVE SUMIMATY ...eeiiiiiiiiiieeeiie ettt ettt et e et eeeteeesteeeeabee e sbaeesseeesssaeensseeensseesnseeesnseesnnses 11
Lo INEFOAUCTION ..ttt ettt et et sae e et e s et e te e sate e bt e saneennees 13
L1, Structure and ODJECHIVES ....ccueieriieeiiieeriiieeitee et e eiteeeiteesteeesteeesabeeensaeesaseessaeesseeesaneeenns 13
1.2.  Basic aircraft configuration and powertrain architeCture ...........coeecvveercieeerieeereeeenieenieeenns 15

2. Battery technology analySis ......coocuiiiriiiiiiieiiiie ettt ettt ettt s e s s 19
2,10 INETOUCTION .ttt sttt et et sbt e et esbt e s be e s it e e bt e sseesbeesaneens 19
2.2, Electric and hybrid QirCrafts ..........ccooeeiiiiiiiiiiiieieeieeeeeteee et 19
2.3.  Historical evolution Of Li-10MN.....ccccuiiiiiriiiiieiiiiieeeeiee et e e e e e eaaee s 20
24, CREIMISIIIES .. .uveeiteeiteeeiie ettt ettt ettt ettt et sat e et e s bt e et e sbt e e bt e satesbeesabe e bt esstesbeenaneens 20
2.5, SETUCTUTE ..ceiniiiiiiiieeeiite ettt ettt ettt e ettt e st eeeab e e e bt e e s bbeeebbeesbaeesabaeesabeeenaneeenas 22

0 T B ) | B 157 PSPPSR 22
2.5.2. Battery PACK IEVEL....ccouiiiiiiiiiie ettt et 22

2.6.  Recycling MethOdOIOZY .....ccueiiiiiieiieeiiie ettt et sre e e e e e e e eaaeeebeeesnneee e 23
2.7. Battery technology SEIECTION .......ceiiuiiiiiiiiiiieieit ettt et 23
3. Fuel cell technology analySis .......cueeriiiiriiiiiiieeiiee ettt ettt et e e esiae e s e e saseees 25
3.1, INEFOAUCTION .ttt ettt ettt e sht e e bt e s bt e s bt e s bt e e bt e sabesbeenaneens 25
3.2, TECHNOLOZIES ..cnevieiiiiiiiiie ettt ettt ettt et e et e et e s e e st e e sbeeesabeeeas 25
3.2.1.  Alkaline fuel cell - AFC ......oouiiiiiie et 25
3.2.2.  Direct methanol fuel cell - DMFEC ...........coiiiiiiiiiiiiiicee e 25
3.2.3. Molten carbonate fuel cell - MCEFC ...........ccccoiiiiiiiiieeiee e 26
3.2.4.  Phosphoric acid fuel cell - PAFC..........ccccoiiiiiiieeeeee e 26
3.2.5.  Solid oxide fuel cell - SOFC ........cociiiiiiiiieieeeeee et 26
3.2.6. Polymer electrolyte membrane fuel cells - PEMFEC ..........cccccooiiiiiiiiniiiiniiiee, 26

3.3, Overview Of the PErfOrmManCes ..........cooviiiiiiiiiiiiiiiniieerite ettt et s esiee e 33
3.4.  Fuel cell technology SEIECHION ......cccuviiiiiiieeiiieeiiee et eeiee e eee e et e et e e e ereeeare e e aeeesaeee e 34
3.5, HYdrOZEn STOTAZE ......eeiiuiiiiiiiiiiiee ettt ettt et et e ettt e e bt e st eesabae e sabeeesaneeeas 35
3.5. 1. GASEOUS SLALE STOTAZE ...eeeruveeeurieiirieiitieeiteeeitee ettt esbteesabeeesabeeesaseeeabeesbbeessaeesaneeenanes 36
3.5.2. LiqUid StAte STOTAZE .....vveeeurieeeiiieeriiieerieeeniteeestteeetteeesreessseeessseeensseeenssesssssessssesssnessnnes 38
3.5.3.  Solid storage - hydrides...........cooveriiiiiiniiiiieeeecece e 39

4. Turbine / ICE generator Set analySiS .........ccueerruiieriiieiriiieeniieeriee ettt et ee st e s esbee e 42
A1, INEEOAUCTION «.eniiiiiiiieeit ettt et et e bt et esht e et esbbe et e esabeebeessaeeabeas 42
4.2, MEthOAOLOZY ..eoouiiiiiiiiieie ettt ettt e st e st s s 43
4.2.1. PIESSUIE TALIOS ...eeuiieuiieeiieeite et eeite ettt et et st e st eebeesae e steesbe e saneesseeeaneesaaeesneesaneeanees 45
4.2.2. Polytropic efficiencies and basic flow path modelling...........c.cccccveeeviieniiiiniieeninens 45

4.2.3.  Cooling air TEQUITEMENT ......eerurieiieiiieiieeieeiee et ettt sae e e saneenees 49



S e Clean Sky?
4.2.4. Miscellaneous INput variables ..........coooueiiiiiiiiiiiiiieeeceeee e 51
4.2.5.  Dry mass CalCUIAtION .......cccuiiiiiieiiiieeiieeeite ettt et ettt e st e e sbee e sbaeesbeee e 52
4.2.6. Main dimensions EStIMATION .........ceoueerieriieriieeieerite ettt et e st ieesaae bt e saaeeeees 53
427, COSES ESUIMATION ...veeeiiiirieeeiirieeeeiteeeeeeitteeeestteeeessasaeeeessseeesesssaeeeeasssseessssseeessssseeennns 53
4.2.8.  ENZINE HMILAIONS ....eiiiiiiiiiiieiiiieeitie et ettt et e st e esteeesiteeeebeestaeessabeessaeessbeeesnseeenns 54
4.2.9. EIMESSIONS .ttt ettt ettt et e sttt et e sh b e e bt e eb bt e bt e sht e et e e e bb e e bt e sab e e bt e eaeeeaeas 55
4.2.10. AEINALIVE TUCLS oot et e e e e e e saae e e e e naaeeeenes 56

4.3. Validation and testing for the Short-term SCEeNArio ...........ceevveerrveerrieeriieenieeeieee e 57
A.3.1. ValIdAUOMN . c..eiiiiiiiiiiiieeee ettt ettt ettt et aeas 57
4.3.1.  Short-term SCeNario ANALYSIS ......cceruiieriiiiiiiiieiiieerit ettt et e et esiteesbeeesabeeeas 58

4.4.  Generation of a surrogate engine MOdEl...........ccceeiriiiiriiiiiiiiiiiieeeiee e 64

4.5, CONCIUSIONS ...ttt et ettt et s bt et e s bt e et e e s ab e e bt e sbte st e e sabeeabeesanesabees 66

5. Power electronics technology analysis .........cc.coiiiiiiiiiiiiiiiiiiieieeeeeee e 67

S.10 INITOUCTION .ttt ettt ettt e sttt e st e e b e e saneeneenaneean 67

5.2. Choice of HV DC DUS VOItAZE......ccccuiieiiiieiiieciiieeiieecieeeste et e esveeeveeeeaeeeiaeesaneesnneee e 68
5.2.1.  Creepage and clearance diStanCes ...........ccueeeruieiriiieeniiieeniieeriee et 68
5.2.2. Influence on power distribution cables ............cocieeriiiiiiiiiiniiiieee 69
5.2.3.  Derating due to COSMIC TAIAtION ....eeeuviiriiiiiieiiieiteeie ettt 69
5.2.4.  Derating due to switch-off OVervoltage ..........ccccoceeviiiiiiniieiiiniicececeee e 69
5.2.5. Breakdown voltage ratings of power semiconducCtors ............cceecueeerveerniveenneeeriieeenne 69
5.2.6.  Power electronics topology (multilevel converters vs. two-level converters)............. 70
S.2.7. CONCIUSION ..eiiiiiiiieeeeiiiee ettt e eitee e ettt e e ettt ee e e ateeeeesbaeeeessssaeeesansseeesannsseaeesssaeeeennns 71

5.3.  Choice of poWer SEMICONAUCIOTS ......cceruttiriiieriteeniieeriteeritteeriteeesibeeesiteesbeeesbreesbeeesneeeas 71

5.4. Motor and generator traction driVe INVETTETS........eecuuiereuieerireerieeerieeesveeesereeesareesseeesnneenns 74
T O 010 (o1 L1175 o) o B PP PSPPSR 74
5.4.2.  Calculation Of POWET 1OSSES .....ceeruriiiiiiiiiiiieiiieeeite ettt 74
5.4.3. Six-phase vs. three-phase motor and inverter configuration.............ccceeecveeveveerneeennne. 76
S5.4.4.  DC HNK CAPACILON ...eeiiiiiiiiieiiite ettt ettt ettt ettt e e st e e it e e bbeesbaeesabeeesabeeenanee 78
5.4.5. Design analysis results for the motor and generator inverter systems............cccc.ee.n.... 79

5.5. Bidirectional battery DC/DC CONVETTET..........ceviuiiiriiieriieeniieenieeeieeeteeeireesieeesieeesiee e 83

5.6.  Unidirectional fuel cell DC/DC CONVEIET.........ccceuiviieeeiiiieeeeiieeeeeiieeeeeveeeeeireeeeesnveeee s 86

5.7, DC/AC I CONVETLET «....eeiuiiiiiiiie ittt ettt ettt et e et e et e et e e et eesbteesbaeesbeeesaneeeas 86

5.8.  Isolating DC/DC converter for low voltage SUPPLY.....cceeeriieeriieiriieiiieeiieeeeeeeieee e 88

T 0011 o] 11 ) 1) 1 13RS SPUI 91

6. Electric drive technology analysis ........cccceeiiiiiiiiieiiiieeiieeeieeert et 92
6.1, INITOAUCTION ..ottt ettt st be e sa e s bt e s it e e bt e sseesbeenaneens 92

6.2. Configuration of primary and secondary drive train COMpPONENLtS..........ccccevueerreervernueernenns 93



e o

GENESIS i Sy
6.3. Design analysis results for the electric drive train .........c.cccocvevvieiieniiinicniecienececeeee 95
7.  On-ground energy supply technology analysiS.........cccuieriiiieriiieniieeiie e 100
7.1 INEOAUCTION ..ottt ettt sttt e a e e saeeaeeanen 100
7.2.  Basic technologies for electric on-ground energy Supply ......ccoccceeevieeriieiniieeniieenieeenne 100
7.3.  Dimensioning of charging CONVETITETS .........cccuteriiieriieeniieenieeetee e sieeesaee e 103
B T € s 16 B o] 0o [ . USSR 104
8. Conclusions and OULIOOK ..........coiuiiiiiiiiiiiiete ettt 106

ORI EIEINCES .ottt e e et e ettt ———ae et e ettt —————ee et ettt ————————ttannn—_ 108



S o

(FENESI Clean Sky2

4

7.

7 4

List of figures and tables

Figure 1. Electric architecture of a hybrid electric aircraft powertrain, with mapping of key technology components and

supporting infrastructure to their respective PATNErS T WP2.........cccueicieeiieeeieeieeeeieeiteeeeteeesseeseseessseesseesssessssesssseesnns 11
Figure 2. Overall methodology and interaction in the GENESIS DFOJECE .......cccueeeeiecieeiiieeciieeieeeciieesieesieessieesvaesnvee e 13
Figure 3. Conceptual framework of GENESIS, with interconnections between specific objectives (SO) ......cceecveeeunanns. 14
Figure 4. Electric architecture of a hybrid electric aircraft powertrain, with mapping of key technology components and
supporting infrastructure to their respective PArtNers I WP2.........cccciviieeiieniieeiee et esiteeeiteesieeseessiee st e ssseesbeesseesane 14
Figure 5. Concept of NASA's X-57 Maxwell aircraft with distributed electric propulSion [2] ........ccccccevevevevveevieennennnns 16
Figure 6. Powertrain and power electronics architecture for the short-term period (2025-2035) [3] ....ccvvvuvvcrenccnnenne. 17
Figure 7. Power flow during the take-0ff PRASE [3] ........cc.cooiiviiiiiniiiiiiieiieeeeeeseet et s 17
Figure 8. Power flow during the climb PRASE [3]........cc.cooiovuiiiiiiiiiiiiieiieieieeeeereet ettt 18
Figure 9. Power flow during the CruiSE PRASE [3].......ooecueeecueeeieeeciieeiiieecieeesieeseteeeiteeseteessaeestaessseesteesseessseesseesssessseesnns 18

Figure 10. Histograms of specific energy for regional, narrow-body, and wide-body aircrafft, illustrating the uncertainty
stemming from aircraft design parameters. Larger (and longer-range) aircraft require a higher specific energy than do

smaller (and SROTIET-TANGE) QIICTAST .......cccuvevcueeeieeeiiieeitie et et e ette et e st e st e s teesbee s baessbeessseessbeesabaesnseessseesnseesnseesseennns 19
Figure 11: Li-ion cells shape — cylindrical (left), pouch (middle), and prismatic (vight) [13] ..ccceceeeeveeeciieveeniieeinenne 22
Figure 12. Overview of the operating principle for different FC technologies [22] ........ccccoveeveeeeeeesieeeiiesieeeiieeeieennne 25
Figure 13. Basic structure and typical hierarchy of a typical fuel cell application for any drive train.......................... 27
Figure 14. Basic components Of @ PEMEF C STACK .........ccccoocuieiiiriieniieeiteesite st sitesitesaeesieesseesabeesaeesabeesseesabaesseesane 28
Figure 15. Design principles and typical materials PEMFC StACK COMPONENLS .......ccc.vevvueerceeriieniiieeiiesiiiesnieesiieesnieenane 28
Figure 16. Typical scope of a PEMFC system with system boundaries in a target application...................ccccceveeeeeucee. 31
Figure 17. U/I characteristic or polarization curve of a fuel cell..................ccccocevviiniinieniiiiiiiniieieeeeeceee e 33
Figure 18. Hydride and non-hydride forming elements in the periodic system of elements [54].........ccccccevvvvenvennnenne. 40
Figure 19. PWI27 engine CORfiGUIATION [57] ....ccoueieiiiiiiiiieie ettt ettt ettt sttt ettt et saeesaee e 43
Figure 20. Radial compressor polytropic efficiency versus nondimensional specific speed and technology level
according to [64] (left), and EIS correction according 10 [63] (TIGRE) .....cccueeuiriiiiiiiiiieiteie ettt 46
Figure 21. HP turbine normalized polytropic efficiency versus mean stage loading and technology level, derived from
LO3] ettt h ettt e a e eh e bbbt a e e et e e bt e bt bt e bt et e at e eh e eh e e bt et et ea bt satesbaenbeenae 47
Figure 22. LP and power turbine normalized polytropic efficiency versus mean stage loading and technology level,
AEFIVEA FIOM [B3 ]ttt ettt s e st e st e st e s et e st e esa bt e s abeesa b e e sabeesabeesabeesabaesabeesabeesnsaesabaesabaennne 48
Figure 23. HP turbine EIS correction for polytropic efficiency, derived from [63].........cccocvuvvvveviiueriiiiniiiniieniieeieenane 48
Figure 24. LP and free turbine EIS correction for polytropic efficiency, derived from [63] .........ccccevueeenenveninencenenn 48
Figure 25. HP turbine relative cooling air correction, as derived from [03] .........cccceeeeverinienviniinnienicsineneneneneeeenns 49
Figure 26. Series of steps for the modelling of the flow path following the combustion chamber ..................cccocceuue.. 49
Figure 27. Burner efficiency versus EIS, mainly according 10 [O8] ........ccccoouuiiiioiiiiinieiiee ettt 51
Figure 28. Engine dry mass linear regression law with respect to entry mass flow rate ...........ccceccvueeeveeeeeeesveeeceeesnennns 52
Figure 29. Engine overall length linear regression with respect t0 SHAft POWET ..........c..cccueeeveeeeieeeceeeieeeiieeseeesieeeneennns 53
Figure 30. SFC contour plot for technology level 0.4 and 0 % biofuel blending ratio ..............cceeeueeeceeecveesveescvennnennne 59
Figure 31. Dry mass contour plot for technology level 0.4 and 0 % biofuel blending ratio ............ccccceeeveeeceeecveeneenns 60
Figure 32. Maximum diameter contour plot for technology level 0.4 and 0 % biofuel blending ratio.....................c....... 60
Figure 33. Production cost (375" engine) contour plot for technology level 0.4 and 0 % biofuel blending ratio ........... 60
Figure 34. SFC contour plot for technology level 0.4 and 50 % biofuel blending ratio ..............cocoueeveevceenseenieenneennns 61
Figure 35. SFC contour plot for technology level 0.4 and 100 %0 DIOfUEL............ccceeeeueevieiiiiiieiieiiieeiiesiee et 61
Figure 36. SFC contour plot for technology level 0.6 and 0 % biofuel blending ratio .............c..coceeeeveeceenenvcncnenceeennn 62
Figure 37. Dry mass contour plot for technology level 0.6 and 0 % biofuel blending ratio ..............ccccccocecevcucneennenne. 63
Figure 38. Maximum diameter contour plot for technology level 0.6 and 0 % biofuel blending ratio............................. 63
Figure 39. Production cost (375" engine) contour plot for tech level 0.6 and 0 % biofuel blending ratio...................... 63
Figure 40. SFC contour plot for technology level 0.6 and 50 % biofuel blending ratio ................cccocevceevceeeoenceneeneenne. 64
Figure 41. SFC contour plot for technology level 0.6 and 100 % biofuel blending ratio ..............coeeeeeeecveeeceeecvennnennne 64
Figure 42. Overview of possible power electronics converters for Qll tiMe fraMeS..........c.cccvueeeveeeceeesieercieeieeeieeeneennne 67
Figure 43. Inverter legs of different inverter topologies: 2L, NPC-3L, ANPC-3L, and FLC-3L .........ccccccocevvvueecveenuenns. 70
Figure 44. Comparison Of MAtETIAL PTOPEITIES ........cccueeeueiriuieeiiesiiieeiieeeiteseieesttesteesttesstesbeesseesabeesseesabeesseesbeesnseesnne 72
Figure 45. Calculation of voltage drop for bipolar and unipolar SEmMiCONAUCIOTS ........ccceeveeeevieeniieniieniiieeiieeiiesreenane 74
Figure 46. Three-phase topology with paralleled devices (top) and six-phase topology (DOtOM)............cceeveeevceennnannns 76
Figure 47. Gate driver loop for three-phase configuration (left) and six-phase configuration (right) ...............ccc........ 77
Figure 48. Half-bridge DC/DC CONVETIET ...........cccuooueenueeiieiieiieiieeieeeiteete ettt et ettt ettt 83
Figure 49. Three times interleaved halfbridge DC/DC CONVEITEF ............cccuecuiriueniiirieinieneieieeeeeeeeieeete e 83
Figuure 50. DC/AC QU CONVEFTET .......occueeieaieeeeeee ettt et ettt ettt et et e e e bt e e bt e s bt e bt et e e ateeate bt et e enbeenteentesatesaeenaes 86

Figure 51. LLC FESONANT COMVETICT .....c...eeeuueiiieeeieenieeeteestee et e st e st e st e st e st e saae e st e esabeesabeesabeesabeesabeesabeesabeesateesseenane 88



T 9

A

GENESIS Gl Sy
Figure 52. Phase-shifted full-Dridge (PSFB) CONVEITET ...........cccccouuiiieeiieciieienieeeeneest ettt ettt s 89
Figure 53. Basis structure of the 10 kW isolating DC/DC converter for low voltage supply...........c.cccccocevcvnccnccnnenne. 89
Figure 54. Mechanical design of the 10 kW isolating DC/DC converter for low voltage supply with housing (top) and
WITROUTE ROUSTIG (DOTIOM) c....ooveeveeeeeeieeeieeectee et e st e e ete e s teeete e s beeaabeessbaessbeessseaasseesssaeasseessseeanseesssaeanseessseesnsessssesaseennns 90
Figure 55. Overview oOf radial AC MACRINES ...........ccccoceeiiiiiiiiieieeeeeeeee ettt ettt sttt ettt et saeesaeenaes 92
Figure 56. Reuse of secondary electric drive train components to build up the primary electric drive train.................. 94
Figure 57. Winding scheme of the secondary eleCtric MACHINE. ..............coeeeeeeceeeieeeeiieeiieeciteeseeesieeesieesieessaeesbeesnseennne 98
Figure 58. Orientation of the permanent magnets inside the rotor (left) and mechanical design of the secondary electric
MACKINE WItROUE HOUSIIG (FIGRT)....eoeuvieeiieeiiieee ettt ettt ettt et e st e st e st e e s bt e s e beesabeesabeesabeesabaesaseesabeesaseesabaesnsaennne 98
Figure 59. Mechanical design of the secondary electric machine with housing and rotor SRAft ..........ccccccevveeevcveeeneennne 98
Figure 60. Mechanical design of the primary electric machine as a stacked version of two secondary electric machines
.......................................................................................................................................................................................... 99
Figure 61. Basic principle of an AC DASEd GFid ..............c.cccocviriroerceiiiiniiiininiieeeeeeeeteee sttt st 101
Figure 62. Basic principle of @ DC DASEA GFId.............c.cocoeuiiiiiuiiiieiiee ettt ettt sttt eae 101
Figure 63. Power supply with highlighted FeCtifyiNg STAGE ..........ccueevueeicueeeiriesiieeeiieesiteesiaeesseesseesseessseessseesseesssaesseens 102
Figure 64. DUGI-ACIIVE-BIIAGE COMVETIET .....c..uueeueeerieeieesiieeiieesieeeiteesteesseesseesseesseessseessseassseessseessseessseessseessseensseens 104
Figuure 65. LLC FESONANT COMVETTOT .....cc..eeuuereiniteniteniteeeeteeiteeit et et st siteshtesbteae ettt satesbe e bt et e eabesatesbtesbeenaeenaeeneesaeenne 104
Figure 66. Overview rid 10POLOGIES .............c.cocueviiriiiiiiiiiitieieeieet ettt sttt ettt ettt sttt ettt st sbte s bt e s bt esaeeseesaaenae 105
Figure 67. GENESIS activities and time PLAN ................cocoocuiviiiiiiiiiiiiiiiiiiestet ettt ettt sttt 107
Table 1. Summary of the main recommended technologies for the sShort-term perspective.............ccucceueereeeneeeneesneaeenne 12
Table 2. PATINEE CONIFIDUTIONS .......c..eeeeeueeeiieieiesee ettt ettt ettt ettt e bt e s bt e be et e s et e e ae e e bt e bt et e emteeatesatesbeenbeebeentesanenae 15
Table 3. Power demand of powertrain components for different time frames [1].........cocoecvueveeeevreeicieeceesieeeireesieenneens 15
Table 4. Overview of battery chemistries [4] [10] [T11] [I12] ...oucuouceeeoeeeiiieeiieeiiieeiieeeieeecieesree e e saeesreesreesseesnseesaseens 21
Table 5. Evolution of characteristics for Li-ion CeILS [I19] ......ouuuiuiiieiiiiiiieeiiieeitieeieeectee et steesteesbeesaeesbeesseesnbeenaseens 24
Table 6. Summary of the FCs’ characteristics [23] [31] [32] [33] [34] [35] ceeeueeeiiiiieieeieeeieeeiteeiee et 33
Table 7. HYAr0OGern PrOPETTICS [41 ]......oouuuieuiiiiiieiiieiteeite ettt ettt s e e st e st e st e e s abeesabeesabeesabeesabeesabeesabeesaseanasaens 35
Table 8. Hydrogen Storage OVEIrVIEW [42]......couueieuiiiiieeiieeiieeiee ettt sttt et ettt ste e s bt e sabe e s abeesabeesabaesabeesaseesasaens 35
Table 9. H2 content in different liquids UNAer STP [53] ....coocuueeuiiiiiiieiiiiiieeiite ettt ettt ettt e sbe e st e sabeesabeesaseens 39
Table 10. Different technologies of material-based StOrage [42]..........cccoccovviiriiiiiiiiiiiniieieiieeee et 39
Table 11. PWI2T7E RGINE QAL ..........c..cocueeueneiiiiiieiiieiieeeeieeeeeeete ettt sttt sttt et e s e aeeneeanesaneene 44
Table 12. Set of conditions fOr the deSIGI POINL..............cccocueeiiiuieiieeee ettt ettt ettt ettt s te st e bt e sbeesbeentesaee e 45
Table 13. Maximum limiting temperature assumptions for the calculation of the required amount of cooling air
(ASSUMEA fTOM [OO] ANA [O7]) vttt ste ettt e te e tte e te et e e taeebe e s sbeessaeessbeessaeesssaesseeensaaenseeessaensseenssasnseas 50
Table 14. Cooling factor reference values (according to [65]) adopted to define a technological trend inside the
GaSTUTD TUDDET €NGINE TOAEL...........cccueveeeeeeeiiieeieeeit et et ettt te et e e sate e stee s sabestae s sbeesseesabeenseesnsseenseesasseenseesnsaesnseas 50
Table 15. Lower and upper boundaries adopted for the modelling of pressure losses and spool mechanical efficiencies
.......................................................................................................................................................................................... 51
Table 16. Lookup table for the DUTTET EffiCIEICY .......cccueeiuiiiiiieiiiiiieeiite ettt sttt ettt st e sibe e s beesabeesabeesabeesabeesaseens 51
Table 17. Dataset used for the generation of the regression model for the engine dry mass ............cccoeeeeeveeevceescieennnnnn. 52
Table 18. Ratios for engine dimensions with respect to LP impeller and power turbine last stage diameters................. 53
Table 19. Set of mechanical limitations assumed for the ANALYSES ..............c.cccoceevieeiiiinieiniienieieeceece et 54
Table 20. Set of temperature limitations assumed for the ARALYSES .............c.cccoceevieeieiirieiniieeieieceece et 55
Table 21. Radial compressor [imitations, tAKEN frOM [G4]........ccuoucueeceeiciieeieeeeieeeiieeecieeecieesteeeteessteesseesseesseessseesnseens 55
Table 22. EI for COz, H20, and SOz, ACCOTAING 10 [76].....cccuvueeeeieiieeieeeieeecieeeeieeeieesctee s e e steesveesaeesseessseessseesssaesnseens 55
Table 23. Input values for the LHV and CO: EI of the fuels examined for GENESIS, mainly derived from indications
TCTUACA T [77] «ooooooeeeeeeeeeeeeeeeeeee ettt et e e e et e e e e e e et e e e e s ee s aae e e s e e s eesaaaaaeeeeeeeanaaasseeeeeeansstareeeeeeesnnsrarees 56
Table 24. Set of input data to the rubber engine model for the PWI2T7E €NGINE............cueeceereieeireeiiiienireesireenireesveenseens 57
Table 25. Output cycle and derived variable results for the reference engine ..............cueeceeeereeecueescueenireesieenireesreesiseens 57
Table 26. Obtained values for the main output variables for a gas turbine engine designed for the short-term scenario,
assuming a value for the technology factor equal to 0.4 and a 0 % blending ratio for the adopted fuel ......................... 59
Table 27. Effect of alternative fuels on the fuel consumption for the short-term scenario, for a technology factor equal to
O.4 ettt ettt ettt ettt et e bt e teeate st e st e bt ete e st en e e st e st en st enteenteenteeneeese e st enteenteenteeneeseereentenn 59

Table 28. Obtained values for the main output variables for a gas turbine engine designed for the short-term scenario,
assuming a value for the technology factor equal to 0.6 and a 0 % blending ratio for the adopted fuel, with a

comparative with respect to technology level 0.4 and the reference engiNe................cueeeeeecveesieeeceeesieeeieeeseesseeeseennns 62
Table 29. Effect of alternative fuels on the fuel consumption for the short-term scenario, for a technology factor equal to
0.0 ettt h e bt h e a et et b bt ekt e bt eh e ea e e At e a b e A ekt ehe ekt eh e ea e en b et e ke ehe ekt eh e eh e en s et e be et e ebeebeeaeeneenean 62
Table 30. Input for the parametric study for the short-term scenario Of GENESIS...........ccccoocvevviiviiincieeniieeieeeieennens 65

Table 31. Training results for the surrogate engine model of the SHOTI-1EFM SCENATIO ........ccccveeecveeeerieecreescreeeireenreenaeens 65



T 9

A
GENESIS Gl Sy
Table 32. Power electronics components for the ShOTt-term PETiOd. ..............ccccccievuiecuiniuiniesiieiiieieeieeneeneeseesae e 68
Table 33. Altitude correction factor according t0 IEC ENOOOOA...............ccccevimenirienceeieiieniinieneeeeeeeeseseesienesaeeeeees 68
Table 34. Creepage and clearance distances for different HV DC bus VOItAGES..............ccooceeveeieeieniiiiiieiieseeeeeae 69
Table 35. Minimum breakdown voltage ratings for different DC [ink VOItAES............ccccceeveeveeieiieniiieiieiieseee e 70
Table 36. Suitable devices for different DC link voltages and converter topOlOGIes............ccceeveevoereenoeneieniesieieeenne 70
Table 37. CompariSOn Of MALETIAL PYOPETTIES. .......cc.veeeuveecueeeerieeiieeeiieeeiteesiteeeiseesseesseesseesseesssaessseesseesseesssessssessssesssseens 71
Table 38. Comparison of St MOSFETs, Si IGBTs, and SiC MOSFETS properties [89] ....cuuucueeriiencienieeiieesieenaens 73
Table 39. Some examples for market available SiC MOSFETs with low on-resistance Values..............cccoccvueeeeercveennnnn. 73
Table 40. Values for the SCALING FACIOT Finax.vveeeveereueieiiieeiiiieiiesiee et st e st e st e st e ste e s bt esteesabeesabeesabeesabeessseesaseesnseesaseens 78
Table 41. Characteristics of half-bridge power module CAB760M12HM3 from Wolfspeed...............cccoevvuveveueencuennnnnn. 79
Table 42. Results of technology analysis for secondary electric machine and inverter with 600 kW nominal power for
Short-term time frame (2025-2035) ....coooueeeueiiieieeeeeeete ettt ettt et e ettt e s bt e st e s bt e sabeesbee e 80
Table 43. Results of technology analysis for primary electric machine and inverter with 1200 kW nominal power for
Short-term time frame (2025-2035) c...ooucueeeoeeicieeiieeecieeeiteeeette e st e s ctee et esteeesaee s beeabeesstaeasbeeestaeabeeentaeabeeesseeabeesntaeeraennns 81
Table 44. Key parameters of the 6-phase 600 kW inverter from Wolfspeed [90].........cccccooueeieeiemiienoeiieiieniesieeeene 82
Table 45: SUMMATY Of MOSFET LOSSES .....c..oouiiiiiieiee ettt ettt ettt et ettt e et e st e sbeenbeenbeentesaee e 85
Table 46. Results of technology analysis for the DC/AC QFid TNVEFTET .........cccuueeeueeecueeeirieeiieeeieeeieesiteesiaeesveesseesseesseens 87
Table 47. Examples for 28V power demand for two regioNal QITCTAST .........cccueeeveeecueeeiiieeiiesiieeieeeitesreesveesaeesveesveens 88
Table 48. Comparison between LLC and PSFB cOnverter [100].........c..cccoueeeuieiieecieiiiieeieesieeeieesiseesiseesveesseessesssseens 89
Table 49. Key parameters of the 10 kW isolating DC/DC converter for low voltage Supply ............ccceceeveeevceenciennnnnnn. 90
Table 50. Results of the technology analysis for all power electronics converters for the short-term horizon (2025-2035)
.......................................................................................................................................................................................... 91
Table 51. Comparison of different AC machine types [T01] ............ccccoceoviniinioiiiiiiiineeeeieeeeee et 93
Table 52. Power demand of electric machines for different time frames ..............ccccoccoevueeveeniecieienienieneeneeseeee e 94
Table 53. Mechanical parameters for the secondary drive train for the short-term period (2025-2035) ............ccceuee... 96
Table 54. Mechanical parameters for the primary drive train for the short-term period (2025-2035).....cccoueeeeeecvveannenn. 96
Table 55. Results of technology analysis for 6-phase secondary electric machine for the operating point “Take off” for
the Short-term PEriod (2025-2035) ....cccuieioueeeieeeieeeitesteeeteesteesteeesteesteeessaeesseeesssaesaeassseeseeesssaeseeessaenseeesssaeseeenssannses 97
Table 56 Electrical parameters Of the QITCTaAft DAIIETY SYSTEM ..........eeecueerueeeirieiieesireeseeesteesseesereesseessesssseesssessssesnses 103

Table 57. Summary of the main recommended technologies for the short-term perspective.............cccueccveeeeercuvenvueennnes 107



List of abbreviations

Abbreviation

AC
ACC
AFC
ANPC
APU
ARMS
BEMF
BEV
BFH
BMS
BPP
CCM
CCM
CCS
CO
DAB
DC
DEP
DMEFC
EIl

EIS
EM
EMC
EMI
ESL
ESR
EU
EV
FAU-LEE
FB

FC
FCCU
FCEV
FHV
FLC
FT
GDL
GENESIS
GT
HC
HDPE

Meaning

Alternating Current

Accurec Recycling GmbH
Alkaline Fuel Cell

Active Neutral Point Clamped
Auxiliary Power Unit
Ampere Root Mean Square
Back Electromotive Force
Battery Electric Vehicle

Bern University of Applied Science / Berner Fachhochschule

Battery Management System
Bipolar Plate

Catalyst-Coated Membrane
Continuous Conduction Mode
Combined Charging System
Carbon Monoxide

Dual Active Bridge

Direct Current

Distributed Electric Propulsion
Direct Methanol Fuel Cell
Emission Index

Entry Into Service

Electric Motor
Electromagnetic Compatibility
Electromagnetic Interference
Equivalent Series Inductance
Equivalent Series Resistance
European Union

Electric Vehicle

Friedrich Alexander University - Lehrstuhl fiir Leistungslektronik

Full-Bridge

Fuel Cell

Fuel Cell Control Unit
Fuel Cell Electric Vehicle
Fuel Heating Value
Flying Capacitor
Fischer-Tropsch

Gas diffusion layers

9

Clean Sky2

Gauging the ENvironmEntal Sustainability of electrlc aircraft Systems

Gas Turbine
Hydrocarbons
High-Density Polyethylene



HEFA
HMI
HP
HV
ICE
IEC
IGBT
M
IMSC
IMSR
IPMSM
ISA
ISO
KOH
LCA
LCI
LCO
LFP
LHV
LMO
LNG
LNO
LP

LT
LTO
LV
MCFC
MCS
MEA
MHT
MIE
MJ
MOF
MOSFET
MPL
MTOW
MW
NASA
NCA
NCR
NGV
NMC
NOx
NPC

Hydro-processed Esters and Fatty Acids
Human Machine Interface

High Pressure

High Voltage

Internal Combustion Engine

International Electrotechnical Commission
Insulated-Gate Bipolar Transistor
Induction Motor

Induction Motor Squirrel Cage

Induction Motor Slip Ring

Interior Permanent Magnet Synchronous Motor
International Standard Atmosphere
International Organization for Standardization
Potassium Hydroxide

Life Cycle Assessments

Life Cycle Inventories

Lithium Cobalt Oxide

Lithium Iron Phosphate

Lower Heating Value

Lithium Manganese Oxide

Liquid Natural Gas

Lithium Nickel Oxide

Low Pressure

Lithium Titanate

Lithium Titanate Oxide

Low Voltage

Molten Carbonate Fuel Cell

Megawatt Charging System

Membrane Electrode Assembly
MAHYTEC

Minimum Ignition Energy

Megajoule

Metal-Organic Framework

Metal Oxide Semiconductor Field-Effect Transistors
Microporous Layer

Maximum Take-Off Weight

Megawatt

National Aeronautics and Space Administration
Nickel Cobalt Aluminium

Nickel Cobalt Rechargeable

Nozzle Guide Vanes

Nickel Manganese Cobalt

Nitrogen Oxides

Neutral Point Clamped

9

Clean Sky2



oCV
OPR
PAFC
PAX
PEMFC
PFC
PLECS
PMFC
PMSM
PSFB
PT
PWM
RM
RMS
SEI
SESM
SFC

SL
SMARTUP
SOFC
SPD
SPK
SPMSM
SRM
STP
SynRM
T
TLAR
TPRD
TRL
UAV
UNINA
VDC
VDS
VRMS
WBG
WP
ZCS
ZVS

Open Circuit Voltage

Overall Pressure Ratio

Phosphoric Acid Fuel Cell

Passenger

Polymer Electrolyte Membrane Fuel Cell
Power Factor Compensation

Piecewise Linear Electrical Circuit Simulation
Proton Motor Fuel Cell GmbH
Permanent Magnet Synchronous Motor
Phase-Shifted Full-Bridge

Power Turbine

Pulse-Width Modulation

Reluctance Motor

Root Mean Square

Solid Electrolyte Interphase

Separately Excited Synchronous Motor
Specific Fuel Consumption

Sea Level

Smartup Engineering S.r.1

Solid Oxide Fuel Cell

Shaft Power Delivered

Synthetic Paraffinic Kerosene

Surface Permanent Magnet Synchronous Motor
Switched Reluctance Motor

Standard Temperature and Pressure
Synchronous Reluctance Motor

Task

Top-level Aircraft Requirements
Thermally-Activated Pressure Relief Device
Technology Readiness Level

Unmanned Aerial Vehicles

University of Naples Federico II

DC Voltage

Drain-Source Voltage

Voltage Root Mean Square

Wide-Band gap

Work Package

Zero Current Switching

Zero Voltage Switching

9

Clean Sky2



Gt )

Clean Sky?2

Executive Summary

The deliverable D2.1 “Short-term technology analysis covering all main technologies in T2.1 - T2.6”
is a public document of the GENESIS project, produced in the context of Work Package 2 (WP2).
GENESIS is an ambitious and innovative project that aims to gauge electric aircraft's environmental
sustainability in a foresight perspective and provide a technology roadmap for a sustainable transition
toward electric aircraft systems. The main task of WP2 is to perform technology foresight analyses
on key elements of the powertrain structure and support systems in three time perspectives (short-
term 2025-2035, medium-term 2035-2045, and long-term 2045-2055). This document focuses on the
short-term (2025-2035) technology foresight evaluations for the powertrain components and the
energy storage, including ground-based energy supply. The technology foresight analysis highlights
knowledge gaps, technological challenges, and potential solutions to meet the requirements for a 50
passenger regional aircraft. The analyses will feed back into the aircraft conceptual design for
potential refinements. They will also serve as inputs for the generation of LCI data and economic
evaluation.

The electric architecture of a hybrid electric aircraft powertrain with all key technology components
mapped to their respective partner and the supportive infrastructure needed during its operation is
shown in Figure 1. Here, the system boundaries and interconnections between the aircraft powertrain,
energy storage, and the ground-based energy supply components are highlighted.
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Figure 1. Electric architecture of a hybrid electric aircraft powertrain, with mapping of key
technology components and supporting infrastructure to their respective partners in WP2

Electric Supply

[
I
I
I
I
I
I
I
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

Each chapter of the deliverable is dedicated to one key element in the aircraft powertrain. Chapter 2
presents the battery technology analysis investigating different chemistries, battery structures, and
recycling possibilities. Li-ion batteries with nickel manganese cobalt oxide (NMC) chemistry are
found to be the primary solution. The energy density is expected to rise from 280 Wh/kg in 2025 to
400 Wh/kg in 2035, allowing a significant weight reduction over the years. However, that is lower
than the needed energy density of 600 Wh/kg for a fully electric aircraft in the regional class.
Therefore, a hybrid electric solution with a gas turbine is needed for the short-term perspective.
Chapter 3 focuses on the fuel cell technology analysis, and six different fuel cell types are compared.
Solid oxide fuel cells (SOFCs) and polymer electrolyte membrane fuel cells (PEMFCs) are the two
most promising candidates. However, with a power density of 0.86 kW/kg, they lay below the
minimum value of 2 kW/kg at which fuel cells can be utilized for an aircraft application. Fuel cell
technology is not ready yet and will not be incorporated for the short-term analysis. Furthermore, the
required hydrogen storage will also add a mass penalty for the tank (e.g., 2.15 tons for 150 kg of
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gaseous hydrogen) to the aircraft. In this regard, different hydrogen storage possibilities in the
gaseous, liquid, and solid state are also discussed in Chapter 3. Chapter 4 is centered on gas turbine
engines and provides a rubber model and a surrogate model for a gas turbine engine for the short-
term scenario with performance, emissions, weight, main dimensions, and cost evaluation. Validation
of the model is also provided. Chapter 5 includes technology analysis for all power electronics
converters. First, the choice of the HV DC bus voltage and power semiconductors is discussed. The
voltage was set to 800V and it was illustrated that silicon carbide wide-bandgap power
semiconductors should be used for all power electronics converters. Then all converters, i.e., motor
and generator traction drive inverter, bidirectional battery DC/DC converter, fuel cell DC/DC
converter, DC/AC grid converter, and isolated DC/DC converter for low voltage supply are
investigated in detail. For each converter type, the efficiency and power density values were
determined. Chapter 6 explores the topic of electric drives. First, different types of AC machines are
compared with the result that the permanent magnet synchronous machine (PMSM) is the best option
for the short-term horizon. Furthermore, a possible design of the primary and secondary electric
machines is presented. Finally, Chapter 7 describes the possibilities of the on-ground energy supply,
focusing on the electric on-ground energy supply and ultra-fast DC charging stations. It is
recommended to use a DC-based distribution grid in a (zonal structured) ring topology. The DC ultra-
fast chargers need to provide a maximum output power of 780 kW, and they will be built with silicon
carbide-based building blocks of 100 kW power. Table 1 shows a summary of the recommended main
technologies for all key technology components for the short-term perspective.

Table 1. Summary of the main recommended technologies for the short-term perspective

Key technology Recommended main technologies Main technical parameters and
components for the short-term perspective values

Li-ion with nickel manganese cobalt | Energy density: 280 Wh/kg in 2025

Batteries (Task 2.1) oxide (NMC) chemistry t0 400 Whikg in 2035

Actual power density: 0.86 kW/kg

Fuel cells (Task 2.2) None (power density too low) Needed power density: > 2 kW/kg
Conventional gas turbine sized Fuel consumption: 0.23 kg/(kW*h)
Gas turbines (Task 2.3) according to the application with Dry mass: 285 kg
usage of up to 100 % biofuel Maximum diameter: 608 mm
. Silicon carbide (SiC) power HV DC bus voltage: 800 V
Power electronics . . . .
converters (Task 2.4) sen}lcondugtors, foil capa01t0r§, Inverter efficiency: ~ 99 %
multi-phase/interleaved topologies | Inverter power density: 63 kW/kg
Multiphase permanent magnet Efficiency: = 96 %
Electric drives (Task 2.5) synchronous machine (PMSM) with | Total power density: 6.4 kW/kg
hairpin winding Mass for 600 kW motor: 86.5 kg

DC-based distribution grid in a
(zonal structured) ring topology, DC charging power: 2x 780 kW
silicon carbide-based DC fast charges

On-ground infrastructure
(Task 2.6)
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1. Introduction

1.1. Structure and objectives

GENESIS is an ambitious and innovative project that aims to gauge electric aircraft's environmental
sustainability in a foresight perspective and provide a technology roadmap for a sustainable transition
toward electric aircraft systems. The project is structured in three work packages (WP). WP1 deals
with basic concepts and requirement analysis. WP2 is centered on the performance of technology
foresight analyses on key elements of the powertrain structure and support systems in three time
perspectives (short-term 2025-2035, medium-term 2035-2045, and long-term 2045-2055). WP3 will
build life cycle inventories (LCI) and provide prospective life cycle assessments (LCA). Figure 2
illustrates the key methodology aspects and the interactions between the work packages.
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Figure 2. Overall methodology and interaction in the GENESIS project

Figure 3 provides an overview of the conceptual framework that interconnects the seven specific
objectives (SO) of the GENESIS project. WP2 addresses SO-3, i.e., technology foresight analyses
will highlight knowledge gaps, technological challenges, and potential solutions to meet 50 passenger
regional aircraft requirements. The analyses will feed back into the aircraft conceptual design for
potential refinements. They will also serve as inputs for the generation of LCI data (materials
extraction, production, use, recycling, and disposal) and economic evaluation.

This deliverable D2.1, produced in the context of WP2, specifically focuses on the short-term (2025-
2035) technology foresight evaluations for the powertrain components, energy storage, and on-
ground energy supply. WP2 consists of six specific tasks (T2.1 to T2.6), each dealing with a
technological key component of the electric aircraft system (batteries, fuel cells, gas turbines, power

electronics, electric drives, and on-ground infrastructures).
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Figure 3. Conceptual framework of GENESIS, with interconnections between specific
objectives (SO)

The electric architecture of a hybrid electric aircraft powertrain with all key technology components
mapped to their respective partner and the supportive infrastructure needed during its operation is
shown in Figure 4. Here, the system boundaries and interconnections between the aircraft powertrain,
energy storage, and the ground-based energy supply components are highlighted.
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Figure 4. Electric architecture of a hybrid electric aircraft powertrain, with mapping of key
technology components and supporting infrastructure to their respective partners in WP2
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Each chapter of the deliverable is dedicated to one specific task and key element in the aircraft
powertrain. Chapter 2 presents the battery technology analysis (task 2.1), investigating different
chemistries, battery structures, and recycling possibilities. Chapter 3 focuses on the fuel cell
technology analysis (task 2.2), and six different fuel cell types are compared. Hydrogen storage
possibilities in the gaseous, liquid, and solid state are also discussed. Chapter 4 is centered on gas
turbine engines (task 2.3) and describes an approach to model a gas turbine engine for the short-term
scenario regarding performance emissions, weight, main dimensions, and costs. Validation of the
model is also provided. Chapter 5 includes technology analysis for all power electronics converters
(task 2.4). First, the choice of the HV DC bus voltage and power semiconductors is discussed. Then
all converters, i.e., motor and generator traction drive inverter, bidirectional battery DC/DC converter,
fuel cell DC/DC converter, DC/AC grid converter, and isolated DC/DC converter for low voltage
supply are investigated in detail. Chapter 6 explores the electric drives (task 2.5) and provides a design
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of the primary and secondary electric machines. Finally, Chapter 7 describes the possibilities of the
on-ground energy supply (task 2.6), focusing on the electric on-ground energy supply and ultra-fast
DC charging stations. Chapter 8 provides a conclusion and gives an outlook. Table 2 shows the
contributions of all partners with the corresponding authors.

Table 2. Partner contributions

Chapter Topic Author (Partner)
1 Introduction Christian Bentheimer (FAU-LEE)
2.1-2.5,2.7 Battery chemistries and structure Bruno Lemonie (BFH)
2.1 Battery recycling methodology Zhangqi Wang (ACC)
3.1-34 Fuel cell technologies Bruno Lemonie (BFH)
Thomas Wannemacher (PMFC),
3.2.6 PEM fuel cells Nils Baumann (PMFC) ( )
3.5 Hydrogen storage Alexe Guiguemde (MHT)
4 Turbine / ICE generator set ﬁ:ﬂg@ﬁli{fé&gjgg:&ﬂjp)
5.1-5.4,5.6-5.9 | Power electronics converters Christian Bentheimer (FAU-LEE)
5.5 Battery DC/DC converter Michael Renner (FAU-LEE)
6 Electric drives Christian Bentheimer (FAU-LEE)
7.1 Introduction for on-ground energy supply Christian Bentheimer (FAU-LEE)
72-74 On-ground energy supply Kilian Gosses (FAU-LEE)
8 Conclusions and outlook Christian Bentheimer (FAU-LEE)
1.2. Basic aircraft configuration and powertrain architecture

In the GENESIS deliverable D1.1, the basic top-level aircraft requirements (TLAR) for a hybrid
electric 50 passenger regional class aircraft were defined. The requirements for the powertrain
components are shown in Table 3. A safety margin for unpredicted mass penalties and assumptions
about technology level was applied. For the short-term horizon (2025-2035), there will be two gas
turbines and no fuel cell system. For the medium-term and long-term time frames, a fuel cell system
and a bigger battery pack will be implemented to replace the gas turbines [1].

Table 3. Power demand of powertrain components for different time frames [1]

Number Reference Power in kW
Powertrain Component of units Short-Term Medium-Term Long-Term
Year 2025-2035 Year 2035-2045 Year 2045-2055

Gas turbine 2 2400 0 0

Fuel cell system 2 0 1800 1400
Battery pack 2 550 1100 2000
Primary electric machine 2 1200 1200 1500
Secondary electric machine 8 600 600 750

In deliverable D1.1, it was concluded that for the short-term horizon, an architecture with distributed
electric propulsion (DEP) and tip-mounted propellers is the most promising solution for the aircraft
design [1]. The same configuration is also used in the NASA X-57 Maxwell technology demonstrator
(see Figure 5). For the short-term time frame in the GENESIS project, the regional aircraft will have
four small high lift motors (secondary electric machines) under each wing. These motors are only
used during the take-off phase. At each wing tip, there is a big cruise motor (primary electric machine)
that is used in all flight situations.
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Figure 5. Concept of NASA's X-57 Maxwell aircraft with distributed electric propulsion [2]

For the electric powertrain, a serial/parallel partial hybrid configuration was chosen [1]. Figure 6
shows the basic aircraft configuration with the powertrain and power electronics components derived
from the top-level aircraft requirements (TLAR) for the short-term period 2025-2035. It contains all
existing power electronics systems and machines for one-half of the aircraft. The aircraft is
symmetrically built, so the other half of the aircraft is identical. More details about the different power
electronics converter and their function can be found in Chapter 5.

Figure 7 to Figure 9 show the power distribution and power flow during the take-off, the climbing,
and the cruise phase. The power flow diagrams show that the electrical power coming from the battery
system enters a bidirectional battery DC/DC converter, which transfers power from the battery with
a maximum voltage of 1170 V to the internal 800V DC bus. From here, the DC/AC grid converter
and the isolating DC/DC converter supply the 400 Hz and 28 V power nets, respectively. During take-
off (see Figure 7), power is also transferred from the 800 V DC bus via the motor traction drive
inverters to the electric motors, which will convert the electrical power into mechanical power to
move the secondary propulsion fans. For the short-term perspective, the latter are only used during
the take-off phase. The mechanical power of the gas turbine is delivered to a gearbox, which drives
the primary propulsion fan. In the take-off phase (Figure 7), the gas turbine also drives the electric
generator via the gearbox. In this case, the generator traction drive inverter supplies the electric energy
from the generator to the internal 800V DC bus by rectifying the AC voltages. In the climb and cruise
phase, the generator is used as a motor and electric energy from the battery system is also used to
drive the main propulsion fan via the generator drive inverter and the battery DC/DC converter.
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Figure 6. Powertrain and power electronics architecture for the short-term period (2025-
2035) [3]
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2. Battery technology analysis

2.1. Introduction

Batteries are the enabler of the energy transition from fossil fuel to renewable energy. Almost every
energy sector in the future will rely on this storage system to match the stochastic production to
consumption and decrease the carbon footprint in everyday life. Since batteries, primarily lithium-
ion-based (Li-ion) batteries, are currently the key component of the energy transition, there is a
significant scientific and technological interest to push the development of this technology towards
higher range, fast-charging ability, longer lifetime, and improved safety [4]. The widespread use of
aircraft in both military and civilian applications have led the aeronautic field to be responsible for
over 2.4% of the total fossil emissions in 2018 [5]. Energy sustainability is greatly needed, and
therefore, the potential environmental benefits of hybrid electric regional aircraft have been assessed
frequently (e.g., by J. Bogaert [6]). It was reported that in the case of an ATR72-600 capable of
carrying 68 passengers, the implementation of a hybrid design could provide a 28% reduction in fuel
mass and thus, decrease drastically the overall impact of the global aeronautic industry.

2.2, Electric and hybrid aircrafts

Initially, academics focused on unmanned aerial vehicles (UAVs) to validate and demonstrate the
feasibility of the hybrid technology. The first investigations started in 2005 in UC Davis with a
13.6 kg UAV and a maximum take-off weight (MTOW) of 20 kg. Then, the research extended
towards small hybrid aircraft for niche applications. For example, Ampaire EEL is a project from
2019 that developed a hybrid power airplane featuring a 180 kW electric motor and allows carrying
a MTOW of 2100 kg. In both applications, the vast majority of the prototypes featured a hybrid
system composed of an internal combustion engine (ICE) and an electric motor (EM). Typically,
lithium-ion batteries were used thanks to their high energy density.

Nowadays, the focus lies in the transfer of knowledge from these projects to regional airliners. It is
already known in literature that the batteries energy density necessary to enable electric aviation
should be higher than 600 Wh/kg. According to Schifer and co-authors, a lower-end battery pack
specific energy requirement of 800 Wh/kg is needed for an Airbus A320 or Boeing 737-sized aircraft
capable of 600 nautical mile (nmi) missions [7].

500 1000 1500

Figure 10. Histograms of specific energy for regional, narrow-body, and wide-body aircraft,
illustrating the uncertainty stemming from aircraft design parameters. Larger (and longer-
range) aircraft require a higher specific energy than do smaller (and shorter-range) aircraft !

! Reprinted with permission from “Performance Metrics Required of Next-Generation Batteries to Electrify Commercial
Aircraft”, Bills et al. Copyright 2020 American Chemical Society
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Recently, Bills and others [8] have differentiated the energy demand of battery energy densities based
on three flight categories. Regional (30 passengers, 350 nmi range), narrow-body (150 passengers,
500 nmi range), and wide-body (300 passengers, 1000 nmi range) aircraft are considered. The energy
density mean is about 600 Wh/kg for regional aircraft , 820 Wh/kg for narraow-body aircraft, and
1280 Wh/kg for wide-body aircraft (see Figure 10).

2.3. Historical evolution of Li-ion

Li-ion battery is a generic term that regroups batteries that use lithium as a charge carrier, and they
show fundamental advantages over other chemistries. First, lithium has the lowest reduction potential,
enabling Li-ion batteries to have the highest possible cell potential. Second, lithium is the third
lightest element, allowing Li-ion batteries to reach high gravimetric and volumetric density. Third,
Li-ion batteries also have the highest coulombic efficiency (CE) ratings in rechargeable batteries
(above 99 %). CE describes the proportion of the total electric charge that is delivered by the battery
to the total electric charge put into the battery over a complete cycle. Finally, a significant shortage
of lithium is unlikely [9].

For all these reasons, Li-ion batteries are nowadays replacing lead-acid or nickel-based batteries in
many applications. However, the concept of Li-ion battery was demonstrated in the early 1970s by
Whittingham, and many different chemistries have since been developed to reach the current state of
the art of Li-ion technology. The first single transition metal oxide battery lithium cobalt oxide
(LiCoOz2: LCO) was successfully commercialized in 1991 by Sony [9]. LCO batteries show good
performances, but they suffer from poor thermal stability and must be monitored during operation to
ensure safe use. Lithium nickel oxide (LiNiO2: LNO) was also a promising material for high voltages
thanks to its lower cost of materials and high theoretical capacity. However, the formation of a self-
passivation layer at the surfaces causes some significant issues. Finally, lithium manganese oxides
(LiMn204: LMO) show low internal resistance, enabling fast charging and high currents. LMO also
provides better thermal stability than LCO but, the capacity decreases by approximately 33%, and the
lifetime is also reduced. To counteract specific drawbacks of each chemistry, the last decade has seen
a growing interest in mixed transition metal cathodes, which combine technologies such as LMO and
LNO to optimize the performances.

24. Chemistries

Different battery chemistries are associated with widely varying performances such as energy density
and cycle life. As a result, the chemistry must be chosen according to requirements of applications to
optimize battery usage [10]. For example, the improvements in terms of specific energy are driven
by electric vehicle (EV) manufacturers, searching for more space- and weight-efficient batteries. Li-
nickel manganese cobalt oxide (NMC) and Li-nickel cobalt aluminum (NCA) chemistries are
nowadays the bests towards increasing energy density at an affordable cost. The highest specific
energy batteries commercially available are NCA batteries, such as the Panasonic NCR18650A cells
in current Tesla battery packs [11]. At the same time, NMC innovators are trying to realize a low-
cobalt cathode. Indeed, cobalt is the source of many battery issues as it is an expensive material, and
it has a significant environmental impact. Moreover, cobalt mine production and reserves are located
mainly in Congo, raising questions about political stability and working conditions. First versions of
NMC alloys were designed to contain one-third of each material (nickel, manganese, and cobalt).
Researchers then decreased the proportion of cobalt and developed the NMC811 chemistry, which
means that the alloy is composed of 80 % nickel, 10 % manganese, and 10 % cobalt. However, since
cobalt acts as a battery stabilizer, low-cobalt chemistries tend to sacrifice stability and cycle life for
cost and range improvements.
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Regarding cycle life, it is known that fast charging and temperature strain have significant impacts
on Li-ion batteries’ lifetime. Li-iron phosphate (LFP) and Li-titanate (LTO anode coupled with an
NMC cathode) show good cycle life. Still, they are not the main focus of recent manufacturing
additions, as the cycle life comes at the expense of specific energy and cost. Most anodes are currently
made of carbon (e.g., graphite) or LTO with some novel materials under development [4]. LTO
anodes feature high discharge rate capability and better stability, while graphite ones have a higher
specific capacity [Ah/kg].

A suitable combination of negative and positive electrode materials leads to a cost-effective and high-
capacity battery. Indeed, the cell capacity is dictated by the specific capacity of both electrode
materials in the cell. Table 4 describes the main characteristics of varying battery chemistry currently
available on the market.

Table 4. Overview of battery chemistries [4] [10] [11] [12]

Nickel Nickel
Chemistr Manganese Cobalt Iron Titanate Cobalt Manganese
Li-ion y o )}(;i de Aluminium | Phosphate Oxide Oxide Oxide
NMC Oxide LFP LTO LCO LMO
NCA
Nominal
3.70 3.60 3.3 2.40 3.60 3.70-3.80
voltage [V]
Minimal 2.50 2.50 2.00 1.50 2.50 2.50
voltage [V]
Specific
energy 240 260 120 80 150-200 100-150
[Wh/kg]
Cycle life 1000-2000 1000 1000-3000 | 5000-10'000 | 500-1000 300-700
Operational
temperature [5:35] [50:35] [0:50] [-40:50] [0:30] [5:35]
range [°C]
Temperature One of the
of thermal 210 150 270 safest 150 250
runaway [°C] batteries

The battery degradation mechanism also deeply influences key characteristics, which causes capacity
loss and resistance increase over the lifetime. Battery degradation can be a severe problem in the
automotive or aircraft industry affecting the vehicle's warranty period and compromising the
reputation of the sector. Hence, fundamental understanding of degradation mechanisms is critical for
developing reliable life-prediction methods for battery management systems (BMS).

Identifying the ageing mechanism in a Li-ion battery is the primary and most challenging goal. With
a predictive control of battery degradation into BMS, more realistic power limits can be calculated so
that the battery is optimally used (degradation limited) and not oversized. This can be realized by
controlling the charge or discharge current for an application that can minimize degradation (e.g.,
solid electrolyte interphase (SEI) growth or lithium plating, among other physical phenomena).
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2.5. Structure

2.5.1. Celllevel
In addition to the chemistry, the shape of the battery cell has a significant impact on the performance
and design of the battery pack. Three different formats are currently available on the market and can
be seen in Figure 11.

Figure 11: Li-ion cells shape - cylindrical (left), pouch (middle), and prismatic (right) [13]

Cylindrical cells are popular thanks to their low cost, high energy density, and good mechanical
stability. Standard sizes are available such as “18650” cells (18 mm in diameter and 65 mm in length).
However, but the industry is currently shifting to “21700” cells (21 mm in diameter and 70 mm in
length) to reduce the number of cells needed inside a battery pack, and therefore, increase the energy
density of the overall battery pack. New development plans have been announced with the production
of even bigger cells “4680” (46mm in diameter and 80 mm in length) by Tesla and Panasonic [14].

Prismatic cells use the volume more efficiently while being easier to handle and to assemble into
battery packs. However, they are more expensive, difficult to manage thermally, and no standard
sizes are available [15].

Finally, pouch cells are a minimalistic approach to packaging. The active material is simply stacked
on top of each other and sealed by a flexible aluminium foil. This approach increases the packaging
density and saves weight while allowing a large variety of shapes. The main drawbacks are that pouch
cells do not offer safety features, standard sizes and are more sensitive to temperature cycles.
Additionally, the automation of the production is more difficult which lead to higher costs.

2.5.2. Battery pack level

The battery manufacturing process usually goes from cell to module and then from module to pack
[16]. This intermediate step divides the battery into separate and independent modules regrouping
their battery management and diagnostic systems. Therefore, malfunctioning of the cells can be
handled at the module level and facilitate the replacement of individual packs. The trade-off resides
in additional terminal plates and internal connectors that account for additional volume and weight.
Indeed, the cell usually accounts between 60 to 77% of the weight of the battery and thus, battery
manufacturers are looking intensively to increase the volume and weight utilization of battery packs
[17].

With this idea in mind, BYD Auto released a new product called “Blade battery”, increasing space
utilization by 50 % (going from 40 to 60 %). Unlike conventional prismatic cells, the length of the
blade battery is exceptionally long while the depth and height are short. These blades allow producing
a battery pack composed of individual cells and skip the module step of the production. However,
this innovation comes along with new challenges like a complex battery manufacturing process. In
addition, other popular solutions can involve using bigger modules to reduce the number of
interconnections and thus, save weight, and volume [18].
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2.6. Recycling methodology

After reaching the end of life, the whole battery pack of the aircraft needs to be recycled. The volume
of the aircraft battery pack is much larger than the conventional Li-ion batteries from laptops and
EVs. The battery pack needs to be discharged and dismantled to a smaller size for further treatment.
After size reduction, the batteries can be treated by conventional Li-ion battery recycling processes.

The current status of the Li-ion battery recycling process is composed of deactivation process,
separation process, and metallurgical recovery process. The deactivation process can be carried out
either thermally or mechanically. During thermal deactivation, batteries are heated up to 600°C.
Organic components such as electrolytes and separators are evaporated or pyrolyzed. Without the
electrolyte and separator, the mobility of Li-ion is limited, and thus, the cells are deactivated. In the
mechanical deactivation process, the cell components are shredded under a controlled environment,
such as an inert atmosphere or underwater, and then the electrolyte is separated. As a result, the cells
are deactivated.

After deactivation, different components are separated for further recovery. The thermally deactivated
cells are shredded and then separated using a multi-step sieving process and a magnetic separator.
The outputs of these processes are the ferrous, the copper-aluminium (Cu/Al), and the black mass
fractions. The separation process used afterward for the mechanically deactivated cells depends on
the conditions applied during the deactivation process. When water is used during the deactivation
process, the black mass fraction is immersed in solution while the big particles such as ferrous,
separator, and Cu/Al foil can be separated by sieving. The black mass will be separated from the
electrolyte-containing solution by filtration. When inert gas is used during the deactivation process,
the electrolyte is evaporated and collected, and then the different components are separated by the
dry separation process, which is similar to the one used for thermally deactivated cells.

The separated components are delivered to the corresponding recycling plants for further
metallurgical recovery. The ferrous fraction is considered as waste iron. It is delivered to the iron
smelter for iron recovery, the Cu/Al fraction is given to the copper smelter for copper recovery, and
depending on the metal concentration, price as well as the location of subsequent process, the black
mass is delivered to the cobalt and/or nickel smelter for cobalt and nickel recovery. In the end, all
these components and materials will be used and produced again in the primary production processes.

2.7. Battery technology selection

Concerning the short-term perspective (2025-2035), the main limitations of batteries are their low
energy and power densities compared to conventional fuels. These shortcomings are shared with the
EV industry, and improvements in batteries are mainly pushed by the EV manufacturers thanks to the
high-volume market of EVs.

Currently, the NMC and NCA chemistries are the leading choices for EVs. Both chemistries show
very similar performances, characteristics, and degradation behavior. Nevertheless, NMC batteries
are currently the focal point of the research due to the significant improvements in reducing the
amount of cobalt which greatly improves the environmental and economic aspects. Therefore, NMC
batteries are looking to be the primary solution for electric aircraft applications in the short-term
horizon. The performance of Li-ion batteries has been increasing significantly in the last twenty years.
Additionally, more research and development resources are allocated every year to improve the
performance of these batteries as the demand grows exponentially. Table 5 shows the expected
evolution of the characteristics for Li-ion batteries from 2020 to 2035.



Table 5. Evolution of characteristics for Li-ion cells [19]
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3. Fuel cell technology analysis

3.1. Introduction

On the way to carbon neutrality, the airline industry proves to be a particularly difficult segment to
decarbonize due to the inherent need for energy-dense fuels. Hydrogen has long been hailed as the
future fuel for this application due to its high gravimetric energy density, almost three times that of
kerosene [20]. Additionally, recent advances in materials science allowed Fuel Cells (FCs) to be
designed with fewer moving parts and higher efficiencies and thus, to be considered as a viable option
for powering electric aircraft.

3.2. Technologies

The Fuel cell terminology regroups every system ‘“that converts the chemical energy of a fuel and
oxidizing agent into electricity through a pair of redox reactions” [21]. Therefore, plenty of different
FC systems have been developed over the years and are usually categorized by the type of electrolyte
used in the system. Further classifications are established according to the purity level of the fuel and
oxidant used or the working temperature. Figure 12 provides an overview of different FCs, including
their types of fuels, oxidants, charge carriers, and operational temperature ranges.

Fuel l leidizer
SOFT P‘ Solid oxide-ceramic electrolyte [
600 — 1000°C Hy/cO | o (0 .
4 b4

MCFC ! Molten carbonate salt 2 g
620 - 660°C H,/CO A *~— C0,” ; 2 Oy air

AFC Potassium hydroxide
RT - 250°C *~ 0OH

H; e,

Electrolyte

150-220°C 22 T - 0y air
A 7
DMFC , 4 Perfluorosulfonic acid membrane ‘,; )
RT —100°C CH;0H/H,0 {4 H — (4 Q,, air
= —— 7
PEMEC ‘l 4 Perfluorolsglfonlc acid membrane E % )
RT - 100°C H, i H* o= Ay Oyair
lFuel & reaction Oxidizer &
substance reaction substance

Figure 12. Overview of the operating principle for different FC technologies [22]

The main categories of FCs are briefly described below [23].

3.2.1. Alkaline fuel cell - AFC
AFCs employ alkaline electrolytes, mainly potassium hydroxide (KOH) diluted in water. They
operate with pure hydrogen fuel, pure oxygen as oxidant, and mainly at low temperatures (60-90°C)
while reaching an efficiency of up to 60 %. The main disadvantages rely upon the corrosiveness of
the electrolyte and the carbon dioxide poisoning, referring to the adsorption of carbon dioxide by
KOH, thus, reducing the conduction power of the electrolyte [24].

3.2.2. Direct methanol fuel cell - DMFC

DMFCs use a polymer membrane as an electrolyte and are often classified as a sub-category of
polymer electrolyte membrane FCs (PEMFCs) because of their similar design and configuration.
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They operate at low temperatures (60-130°C) and use fuels different from hydrogen. The main
difference with PEMFC is that the waste product includes carbon dioxide. The main disadvantage is
that they show the lowest efficiency (<40%) among fuel cells [24].

3.2.3. Molten carbonate fuel cell - MCFC
MCFCs employ molten carbonate salt as an electrolyte such as lithium or potassium carbonate [23].
They operate at high temperatures (~650°C) and have an efficiency of ~60 %. Furthermore, the
efficiency can be significantly improved when the waste thermal energy is harnessed in a co-
generation system to achieve ~80 %. The main disadvantage is its durability due to the electrolyte
degradation attributed to the high operating temperate and the corrosive environment [25].

3.2.4. Phosphoric acid fuel cell - PAFC
PAFC:s use liquid phosphoric acid as an electrolyte and operate at medium temperatures (150-200°C).
The fuel-to-electricity efficiency is relatively low at 35 to 45 %, but higher values can be reached
with combined heat and power applications. However, overall, the efficiency is found to be lower
than other FC technologies. Other issues involve a heavy and expensive system due to the integration
of corrosion-resistant components to mitigate the effect of the acid electrolyte [24] [25].

3.2.5. Solid oxide fuel cell - SOFC
SOFCs employ a nonporous “solid ceramic” electrolyte such as zirconium oxide stabilized with
yttrium oxide and operate at high temperatures (600-1000°C). The oxygen air is fed to the positive
electrode, and the mobility of the ions is initiated by the nonporous solid ceramic. Water is formed
through the reaction at the negative electrode [23] [25].

The efficiency reached can be above 60 %, which comes close to the theoretical thermodynamic
efficiency of 75 % [26]. Similarly, to MCFCs, the residual energy from the unused fuel and hot
exhaust air can be harnessed by a gas-turbine-generator system to boost the system efficiency up to
85 % with co-generation. Additionally, the high-temperature process in SOFC allows direct internal
reforming, which provides opportunities in using different kinds of fuels such as biogas or natural
gas without the need for a noble catalyst. One of the main challenges with this technology is high-
temperature corrosion which can be mitigated using an expensive protective layer [25].

Only recently, SOFC’s have started to be considered as a viable power source option for aircraft. As
a result, the research dedicated towards the development of SOFCs, to increase the power densities
and efficiencies has raised. It was the 2" most cited R&D topic in 2014 in the field of FC [27].
Additionally, many recent studies have started to address the replacement of auxiliary power units
(APUs) in commercial airplanes by implementing SOFC gas turbine (SOFC-GT) systems [28].
However, no prototypes have yet been developed.

3.2.6. Polymer electrolyte membrane fuel cells - PEMFC
As described in the previous chapter, PEMFCs, or more precisely LT-PEMFCs (low temperature
PEMECs), are typically fueled with pure hydrogen and oxygen from ambient air at temperatures
below 100 °C2.

A complete fuel cell system as part of the power supply system or powertrain of an electric powered
vehicle including air vehicles such as planes but also drones, ships etc. consists of the plain PEMFC
stack, and additionally of several components for the so-called balance of plant (BoP) that support
the stack. This includes an air module typically with a compressor, air filters and an intercooler to
provide reaction air, a hydrogen circuit with a hydrogen supply unit and recirculation pump, a thermal
management unit with heat exchangers and pumps dissipate reaction heat. Furthermore, usually
power electronics for DC/DC conversion and a fuel cell control unit (FCCU) are necessary. This

2 PEMFC with temperatures higher than 100 °C are high temperature (HT) systems. The corresponding technology is
slightly different, usually those systems are used as residental u-CHP operated with natural gas and a reformer unit.
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structure of a PEMFC can be seen in Figure 13 and will be described in this chapter (as marked in the
blue box, the components outside are described in the following chapters). A comprehensive
overview of components and production is given in [29].

Energy supply

Batterie system for

Power train

Balance of Plant:
Fuel Cell system Anode circuit
e PEMFC Air loop
Fuel Cell control unit Cooling loop
FCCu

waysAs Ajddns uaBopAH

End plate system, Fittings,
Fuel Cell Stack (module) Cell voltage monitoring,
PEMFC Restrain concept,
Media ports,

Housing

Single Fuel Cell
PEMFC

Membrane Electrode Assembly
MEA

Gas Diffusion Layer Anode Catalyst Membrane Cathode Catalyst Gas Diffusion Layer
Anode GDL Layer CL Layer CL Cathode GDL

Figure 13. Basic structure and typical hierarchy of a typical fuel cell application for any drive
train

The main feature of a PEMFC stack and also of the entire system is naturally its specific power. This
depends largely on the size of the active cell area and the number of individual cells in the stack. In
addition, the efficiency of the BoP and the power electronics also have a significant impact on the
power of the overall system. Furthermore, the overall efficiency can be significantly increased beyond
the purely electrical efficiency by using the waste heat. Additionally, the specific operating point of
the PEMFC system also plays a major role.

Anode Half Plate Cathode Half Plate

Generally speaking, the output current of the stack is determined by its so-called active area of the
cell. This refers to the part of the cell surface where the catalytic conversion of hydrogen and
(atmospheric) oxygen takes place. In addition, the cells can also have areas that do not contribute to
the reaction but are necessary for the supply and removal of the reaction media.

Since all cells within a PEMFC stack are electrically connected in series, the current in all cells is the
same. Through the number of cells connected in series, the total voltage and thus the stack
performance can be influenced and easily adapted to the framework conditions of the application. In
addition, by connecting several stacks in series in a system, an even higher total power can be
achieved.

A single cell consists of a so-called bipolar plate (BPP) with an anode and a cathode side, two gas
diffusion layers (GDL) and a catalyst-coated membrane (CCM) between the GDLs. Normally, the
CCM and GDL form the membrane electrode assembly (MEA). In addition, for safe and efficient
operation, sufficient compression of the PEMFC stack must be ensured. To ensure uniform pressure
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distribution within the cell stack as well as gas tightness, a suitable restraint system or clamping
concept must be applied. This is shown in the following Figure 14.

PEM Fuel Cell Stack

Stacked single cells

Bipolar plates

(Anode Half plate +
cathode half plate + | .
sealing or bonding)

MEA: Membrane-Electrode-Assembly
with GDL and CCM

End plate & Restrain system

Figure 14. Basic components of a PEMFC stack

For the concrete implementation of the PEMFC stack itself, a variety of different design principles
and concepts are available, which are also widely implemented in the market. In addition, a wide
variety of component materials and concepts can be carried out for achieving the specific
requirements of the individual applications (see Figure 15).

Assembling and stacking the individual components into a FC stack
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->graphitised carbon black ethoxy]-1,1,2,2 tetra- carbonised paper MEA and MEA frame
Colloids, Titan sub-oxide fluorethansulfonic acid material

Figure 15. Design principles and typical materials PEMFC stack components
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The core components of the LT-PEMFC are described below:

A) Bipolar plate (BPP)

The main tasks of the bipolar plates are the supply of the reaction gases to the electrochemically active
layer, the removal of the reaction products, and the conduction of the produced current (electrons).
In addition, the cooling of the cell by dissipating the heat of reaction is an important task to prevent
overheating. These tasks are realized through channels of the so-called flow fields. The BPP usually
contains an anode flow field for the supply of hydrogen, the cathode flow field for the supply of
oxygen/reaction air and an intermediate cooling flow field in the case of liquid cooling®. As seen in
Figure 15 often BPP are made from two half plates, which have to be bonded or joined or sealed.

The main distinguishing feature of PEMFCs is the bipolar plate concept (BPP). There are two
fundamentally different concepts on the market, which in turn can be designed in a variety of different
forms and material compositions:

a) metal-based BPP
b) graphite-based BPP

The specific concept has a considerable influence on the installation space and the service life of the
PEMEFC stack, which is briefly discussed below. More details can be found in [30].

On the one hand, graphite-based bipolar plates with a long lifetime of >15°000 to 20’000 operating
hours are available. Their decisive disadvantage is a significantly lower volumetric power density
due to their considerably higher thickness.

Metal-based BPPs, on the other hand, are much thinner and can therefore offer a higher volumetric
power density. However, their lifetime is much shorter, only about 5’000 to 6’000 hours.

Both technologies have their specific advantages and disadvantages, and it is therefore essential to
carefully select the most suitable technology for the application in question in advance.

However, this current state of the art is subject to constant further development of the components,
and it is to be expected that especially in this area there will be a lot of potential (for both technologies)
in the future.

B) Gas diffusion layer (GDL)

The GDL is the link between the CCM, where the chemical reaction takes place, and the bipolar plate,
which is responsible for media supply and removal of the reaction products (also electricity and heat).
The main task of the gas diffusion layer is to feed the reaction gases to the directly adjacent catalyst
layer and to remove the reaction products (mainly water). In addition, electrical conduction and heat
dissipation are of course equally important. This is achieved by a highly porous layer of carbonized
paper, non-woven or woven fabric. Often GDLs are equipped with a hydrophobic treatment and a so-
called microporous layer (MPL) between the GDL layer and the catalyst layer.

Due to their tasks of conducting both reaction media and electrical current to and from the CCM, a
dilemma arises. On the one hand, the structure should be as highly porous and thus permeable as
possible. On the other hand, electrical conduction in solid structures is subject to significantly lower
ohmic losses. Therefore, especially for the GDL, the correct compression and pressure distribution in
the fuel cell stack is important.

3 Usually, stacks with a power >3 kW are liquid cooled.
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C) Catalyst coated membrane (CCM)

The CCM consists of a polymer electrolyte membrane and a catalyst layer on the anode and cathode
side. The ionomer material has the task of guiding the protons generated from the hydrogen molecule
on the anode side to react with the oxygen (from the air) on the catalyst layer on the cathode side. In
addition, the material must be largely impermeable to gas and electrically insulating to minimize
crossover of the gases and prevent an electrical short circuit. Nafion®-type polymers* meet these
requirements and are therefore frequently used. For good proton conduction, it is important that the
membrane is saturated with as much liquid water as possible. In addition, a reinforcement of PTFE
against mechanical stress is usually incorporated.

As described, a catalyst layer is applied to the surface of both sides of the membrane layer. Nowadays,
these usually consist of a platinum catalyst on a carbon carrier. The task of this catalyst is to enable
the electrochemical reactions by dissociating the molecules of the reactants hydrogen and oxygen on
the surface of the catalyst into their corresponding ions. On the anode side, the hydrogen molecules
are split into protons and electrons; on the cathode side, the protons are recombined with the electrons
and oxygen from the air (H2 = 2 H" ; 02 2 2 O%).

Besides pure water, only waste heat is produced, which must be dissipated to prevent damage to the
membrane.

For all these individual components, there are already a large number of commercially available
products with a high degree of technical maturity available on the market today.

Through a clever selection, the PEMFC can also be tailored to the specific requirements of the
respective application.

The continuous further development of these core components is the subject of major scientific and
industrial research, and it is therefore to be expected that the next few years will see a significant
increase in performance and lifetime, a reduction in dimensions and weight, and a drastic reduction
in production costs.

These will be achieved not only through improvements in the selected materials, but also by
increasing production volumes with the appropriate processes.

D) Balance of plant (BoP)

As shown before, beside the PEMFC stack itself, which is a kind of chemical reactor for converting
chemical energy into electricity, a certain amount of additional components is needed. Usually, this
process engineering and electrical conversion equipment is called balance of plant (BoP). This part
requires a certain volume and weight and must not be forgotten when planning the fuel cell system
into the target application, especially when space and weight requirements are restricted. In the
following, the main components that are typically needed to operate a fuel cell will be briefly
described. In the following Figure 16 a rough overview of a typical PEMFC system for an electric
drive train is given as it is used at the project partner PROTON MOTOR.

4 Nafion® is a brand name of DuPont. CAS-No.: 31175-20-9; Systematic name: Ethanesulfonyl fluoride, 2-[1-[difluoro-
[(trifluoroethenyl)oxy]methyl]-1,2,2,2-tetrafluoroethoxy]-1,1,2,2,-tetrafluoro-, with tetrafluoroethylene
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Figure 16. Typical scope of a PEMFC system with system boundaries in a target application

The peripheral components of the PEMFC (see blue frame) can be described according to the media
processing loops.

E) Anode loop

The fuel cell is supplied with hydrogen fuel from a suitable tank system (as described in the following
Chapter 3.5). In addition to the piping to the fuel cell, the intersection to the PEMFC is an inlet valve
and a pressure reducer to reduce the tank pressure to the pressure level of the PEMFC. This can also
be done via several pressure stages. H2 inlet pressures are usually below 3 barg, often even below 1
barg, depending on the specific design. In addition to the hydrogen feed, the hydrogen loop often
includes a recirculation pump to feed the hydrogen in a closed loop, as well as a water separator and
a purge valve to remove accumulating inert gases (N2) from the loop.

F) Reaction air and water processing

To supply the fuel cell with an adequate amount of reaction air, an air compressor (in case of smaller
systems a blower may be sufficient) is typically used. To cool this reaction air to a moderate level, an
intercooler may be necessary. As the interface to the air supply of the PEMFC, there is usually also
an air filter in the air inlet to prevent negative effects of air pollutants on the stack. In the fuel cell
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itself, a certain amount of atmospheric oxygen is consumed, and the oxygen-depleted air leaves the
fuel cell at the cathode outlet. The electrochemical reaction in the cell produces pure water, most of
which leaves the system in gaseous form with the cathode exhaust air. A water separator can separate
condensed water in liquid form, which must be discharged.

G) Cooling loop

In addition to electrical energy and wastewater, the fuel cell also produces waste heat. For stack power
outputs of more than 3 kW, this is usually conducted out of the stack via a liquid circuit. Due to the
special requirements of the cooling medium (e.g., low electrical conductivity, chemical stability of
all components against cooling liquid), two separate cooling circuits are often preferred: one for the
PEMFC and one to dissipate heat to the environment. This requires pumps and heat exchangers as
well as mixing and control valves that dissipate the heat via a heat sink and expansion tank. Ideally,
the waste heat can be used, e.g., for the temperature control of a passenger compartment, but it can
also be released unused into the environment via a re-cooler.

H) Power electronics

Usually, the PEMFC system supplies energy to a high voltage DC link (to charge batteries and/or
energize an electric motor / drive train). Since the FC voltage level normally does not directly fit the
demands of the electric consumers one or more DC/DC converters resp. DC/AC converters are
necessary. Furthermore, the PEMFC itself and the corresponding BoP components need a certain
amount of energy to be operated. This also must be ensured by an appropriate power electronics
converter.

I) Control units and safety instrumentation

A control system is needed to operate the fuel cell. Usually, however, there is also a higher-level
control system for the vehicle, which can also take over safety tasks. This includes, for example,
hydrogen detectors, pressure and temperature sensors, etc. In the event of potential danger, the
PEMFC system can be brought into a safe state immediately. In addition, a data logger and an human-
machine interface (HMI) as interface to the user can be optionally built in.

J) Power characteristics

A polarization curve (also called a U/I characteristic) is usually used as a measure of the performance
of a fuel cell stack. This is valid for any kind of fuel cells not only PEMFCs. An exemplary course is
given in the following .
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Figure 17. U/I characteristic or polarization curve of a fuel cell

When no current is drawn, the so-called open circuit voltage (OCV) is set. Due to various losses, this
is significantly below the theoretic normal potential of the chemical reaction at about 1 volt. As soon
as current is taken out of the system by an external consumer, the voltage drops along this curve.

3.3. Overview of the performances

As described previously, each technology possesses its own operating principle and efficiency.
Therefore, Table 6 aims to summarize the main characteristics of the major types of FCs.

Table 6. Summary of the FCs’ characteristics [23] [31] [32] [33] [34] [35]

FC Type PEMFC AFC PAFC SOFC MCFC | DMFC
Operaung[(fg]npemmre 50-100 | 90-100 | 150-200 | 600-1000 | 600-700 | 70-100
Efﬁ[‘;;ncy 40-50 50-55 40-50 50-60 50-60 30-40
Energy density 5
[kWh/m?3] 112-770 -- - 172-462 25-45 29.9-274
Power density
W] 4-35 | 0.8-1.9 42-19 | 1.05-1.67 0.6
, ; ~7000-
Lifespan [h] >4000 ~8000 - >10000 3000 >4500

PEMFC is the most commercialized technology due to its low operating temperature, short start time,
and ease of use of its oxidant (i.e., atmospheric air) [36]. PEMFCs are already used in many systems,
such as the first usable hydrogen-electric hybrid car in 2014 or more recently in the NEXP car from
Hyundai, which reaches a range of 570km [37]. Hybrid configurations composed of Li-ion batteries
and PEMFC are also under significant investigation with developments like the first hydrogen-
powered train presented in 2016 by Alstom [38]. These systems are the current state of the art for FCs

5 Information was not found in literature.
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and are expected to remain the main technology for the next 10 to 15 years. However, SOFCs are
also gaining attraction thanks to their high efficiency and the possibility to use alternative fuels. They
are already used in specific applications such as power backups for hospitals or data centers [39].
Finally, other types of fuel cells are used mainly for niche applications that require very particular
operating conditions.

34. Fuel cell technology selection

Concerning the short-term FC technology, the GENESIS deliverable DI1.1 identified that the
minimum requirement to make fuel cells competitive in aviation is to reach specific powers at the
system level above 2kW/kg [1]. Unfortunately, these systems are not expected to become
commercially available earlier than 2035, as current state-of-the-art systems can only reach around
0.86 kW/kg [40]. Consequently, the FC technology is not ready yet and will not be incorporated for
the short-term analysis. However, SOFCs and PEMFCs will be the technologies chosen to design the
medium to long-term design as they show the highest energy and power densities. In addition, both
technologies are receiving most of the scientific attention. Thanks to the significant funding allocated
to research on FCs, major developments are expected to happen in the next 10 to 15 years to make
FC systems viable for medium and long-term solutions.
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Hydrogen storage is a key technology for the advancement of hydrogen and fuel cell technologies in
every application. Hydrogen has the highest energy per mass amongst standard fuels; however, its
low-density results in a low energy per volume. Hydrogen has a density of 90g/m?, making it the

lightest gas.
Table 7. Hydrogen properties [41]

Properties Units
Formula H, -
Molar mass 2.016 g/mol
Density @ 20°C, latm 0.08342 kg/m’
Boiling point latm -252.8 °C
Density at boiling point 70.96 kg/m®
Ignition limits in air 4-175 vol. %
Detonation limits in air 13-65 vol. %
Minimum ignition energy in air (MIE) 0.02 m]
Heat of combustion 120 MlJ/kg

The main goal of hydrogen storage development is to increase the density. To do so, three approaches
are possible: increasing the pressure, reducing the temperature, or using a material with a high
hydrogen content as a carrier.

The main available storage technologies are high-pressure tanks, cryogenic liquid tanks, and hydrides
(see Table 8). The criteria by which the technologies are selected depend on the application.

Table 8. Hydrogen storage overview [42]

Storage technology H, state | Pressure TemF)e(lz'?ture H[zk(;zls;]t y Gi:'::i‘;ixm[(z;or]i ¢
High pressure tanks Gaseous 200-700 25 15-40 <7
Cryogenic tanks Liquid 1-10 -253 70 6
Hydrides Solid 1-10 25 100 ~2

Cryogenic storage is influenced by ambient temperature, as the liquid hydrogen warms up, gaseous
hydrogen is produced and needs to be used, reliquefied, or vented. Therefore, it is not used in

applications where the tanks might stay unused or unattended for long periods.

Gaseous storage at ambient temperature reaches hydrogen density up to 40 g/L for pressures as high
as 700 bar. The density is half as high as cryogenic with high pressure and results in much heavier
tanks to ensure a high level of safety, but these tanks require no temperature regulation. It is used for
long-time storage and applications where the environment and usage cycles are variable such as road

mobility.
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Solid storage is a material-based storage in which hydrogen is stored on the surface of solids by
adsorption or inside of solids by absorption. Several technologies are researched, like carbon
nanotubes or metal-organic frameworks (MOFs), but hydride storage is the most mature technology.
Solid storage achieves high density but has a lower gravimetric index than the other solutions as the
mass of the solids increases the mass of the storage system.

One indicator of the storage efficiency is the gravimetric index, %wt., i.e., the ratio of the mass of
hydrogen stored over the mass of the storage system.
mass(H,)

%wt. = -100
mass(storage)

3.5.1. Gaseous state storage
In order to achieve acceptable density, the gaseous hydrogen is typically stored in pressure vessels
between 200 and 700 bar. At those pressures, the hydrogen density is still below 40g/L at ambient
temperature, is still way lighter than the container designed to withhold the resulted stress.

The different structures of pressure vessels are classified into four types:

* Type Lis an all-metal tank; it is the most commonly used for gas storage and the cheapest but
heavy due to its materials and not suitable for storing very light gases such as hydrogen.

* Type Il is a metal tank reinforced by continuous fiber composite in the hoop direction. This
enables thinner and lighter tanks compared to type I tanks.

* Type III is a metal liner fully overwrapped with composite material. The metal liner is thin
and constitutes the hydrogen-tight barrier.

e  Type IV, similar to type III, with a polymer liner. The polymer liner makes it the lightest
technology so far. It is the latest technology in terms of pressure vessels and the most
commonly used for hydrogen storage due to its lightness.

The next step of pressure tank design would be a liner-less composite tank with a 10-20 % decrease
on weight expected compared to type IV [43]. The main challenges are to guarantee a low permeation
rate through the thermoset matrix of the composite and to wind the composite without the liner acting
as a mandrel. The technology is not very mature yet but is under development in several companies.

To ensure safety and cycling resistance, the static burst pressure is designed to be much higher than
the service pressure. The legislation imposes a burst pressure/service pressure ratio between 2.25 to
3 for ground applications. This ratio can be lowered to 1.5 on space application when the usage is
more controlled and the cycling this reduced.

The composite shell is designed to withstand the mandatory burst pressure of the tank. It is usually
formed by filament-winding of continuous fibers soaked in a polymerous matrix using the liner as a
mandrel. Although the composite is shaped over the liner, they are not physically bonded, and gaps
can form between the liner and the composite at low pressure.

The thickness of the composite used is directly linked to the service pressure, the diameter of the tank,
the mechanical properties of the composite, and the legislation safety coefficient depending on end-
use.

Three kinds of fibers are used for pressure vessels:

* Glass fibers are often used for intermediate pressures stationary application where cost is more
important than weight, since its tensile strength is average, between 3300 and 5000 MPa.

* Aramid fibers are seldom used due to their medium resistance and price.

» Carbon fibers are pricier but have better mechanical properties, tensile strength is typically
between 3500 and 7000 MPa. They are also very stiff with Young’s modulus from 230 to 600
GPa [44].



T o
d Clean Sky2

The liner assures the gas tightness of the vessel. It is tightly assembled to the boss by a mechanical
assembly or directly molded over it depending on the transformation process.

Hydrogen molecules, being very small, can permeate through many water-tight materials, especially
polymers. In order to keep this effect to a minimum, the material has to be chosen accordingly; high-
density polyethylene (HDPE) is the first choice for the liner material because of its good performance
and light weight (0.96 kg/L), and polyamide PA6 is more and more commonly used due to its good
gas barrier properties. Another advantage in polymer liners is that polymer contrary to metal is not
subject to hydrogen embrittlement, which occurs when a susceptible material, generally a rigid metal,
is attacked by hydrogen while under stress, resulting in the cracking of the material. Aluminium and
especially steels are susceptible to hydrogen embrittlement depending on temperature [45].

The downsides to polymer liners are that they are more vulnerable to temperature and ageing.
Polymer liners also have a low thermal conductivity. During quick-fueling of the tanks, the hydrogen
warms up, and the heat produced is trapped into the tank. The tank temperature can rise to the liner
maximum usage temperature and thus limit the fueling speed. Metal is a much better conductor, and
thus, metal tanks can generally be fueled faster.

Bosses assure the interface of the tank with the system it is part of. The gas tightness is usually
achieved with elastomer O-rings, and the accessory is connected via a thread. The bosses are the only
metallic part of a type IV pressure tank, and specific attention must be given to hydrogen
embrittlement. International standards as ISO11114-1 or ISO7866 compare the compatibility of
materials with different gases and deem acceptable some types of steels, stainless steels, and
aluminium alloys for pressure vessels.

Accessories, such as temperature sensors, thermally-activated pressure relief devices (TPRD),
pressure relief valves, etc., can be added directly to the tank depending on its end use to assure safety.

Applications

Today, high-pressure vessels represent the most mature storage technology to store hydrogen. A type
IV pressure vessel is considered the best solution because it offers good performance in terms of
safety, flexibility, and weight. Recently developed 700 bar type IV vessels demonstrate promising
results in high cycling resistance, burst pressure, hydrogen tightness, and gravimetric capacities, and
thus are the primarily used technology for fuel cell electric vehicles (FCEV) and mobility.

It is also used for onboard light-duty vehicles, material-handling equipment, portable power
applications, long-term stationary storage, buffer tanks for hydrogen production on dispensing
stations, and hydrogen transportation.

However, the challenge for higher storage density remains. The energy density of hydrogen is three
times higher than that of gasoline but with volumetric energy density, it is the opposite. 700 bar
hydrogen has a density around 5 MJ/L, whereas gasoline has a density of 32 MJ/L [46], which is
unfavorable for long-range aviation.

The TLAR for GENESIS announce an average amount of 150 kg of hydrogen for the medium term
perspective depending on the mission strategy. With the current performance of gaseous storage, the
necessary hydrogen tanks would weigh at least 2.15 tons and fill 3.7 m® of space just for the
compressed gas. The cylindrical shape of these tanks also generates lots of empty space that are
difficult to make use of.
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3.5.2. Liquid state storage
Storage of hydrogen in its liquid form requires cryogenic temperatures since the boiling point of
hydrogen at 1 atm is —252.8°C [46]. In these conditions of temperature and pressure, liquid hydrogen
has a density of 70.8 kg/m>. The cost attached to the liquefaction of hydrogen is significant energy-
and equipment-wise.

The minimum liquefaction work required for hydrogen liquefaction depends on the initial and end
state. Turning gaseous hydrogen at 1 atm 25°C to saturated liquid hydrogen at the same pressure
requires a minimum work of 3.9 kWh/kg, about ten times that of liquid natural gas (LNG). The two
main steps making 80% of the liquefaction work are:

* Cooling of gaseous hydrogen to saturated hydrogen at -253°C (20K).

* Condensing the saturated gas into saturated liquid

In reality, the total energy demand for liquefaction is ~10 kWh/kg with current liquefaction
technologies, which represents more than 30% of the hydrogen energy content [47].

Hydrogen has a low boiling point and low latent heat, so it evaporates easily with the heat transfer
from outside the tank. The dense gaseous hydrogen increases in pressure, and since the tanks are not
designed to bear pressure, the gaseous hydrogen has to be evacuated. This phenomenon is called “boil
off” [48] and is characterized for a specific tank by the fluid evaporation rate or boil-off rate (%/d),
1.e., the percentage of hydrogen lost per day under normal conditions.

To limit this phenomenon, insulation is the key element of such equipment. Standard insulation
construction like polyurethane foam that is used for LNG is usually replaced with high-vacuum
insulation (<1072 Pa) for small and medium tanks under 300 m? capacity and low-vacuum insulation
(<1 Pa) for large tanks [49]. Since heat transfer depends on the exchange surface, large tanks with
smaller surface-to-volume ratios have reduced boil-off rates around 0.1 %/d against 0.5-1 %/d for
small and medium tanks [50].

Tanks are usually cylindrical; however, spherical tanks reduce the surface-to-volume ratio. Cryogenic
temperature requires particular attention in the materials, at such temperatures, most materials transit
from ductile to brittle behavior. Consequently, though polymers would be a good material choice
considering their low thermal conductivity, their low-temperature embrittlement, i.e., lack of
toughness, excludes most of them from cryogenic applications. Materials commonly used with liquid
hydrogen service are austenitic stainless steels and aluminium alloys.

A way to reduce the boil-off losses and to further increase the hydrogen density is to store it at
cryogenic temperatures and high pressure, also known as cryo-compressed storage.

The design is a hybrid between the compressed and liquid hydrogen, with the vessel designed to hold
cryogenic fluid and withstand pressure around 300 bar. The density can reach 70-80 g/L, which is the
highest density for physical hydrogen storage. The low-temperature and high-pressure design allows
the use of smaller cryogenic storage tanks in mobility applications even if extended idling periods are
needed. Nevertheless, this technology is still not very mature and not used commercially [51].

Applications

Liquid hydrogen is the main technology in current infrasturctures for storage and delivery. However,
is not used in mobility with FCEV mainly because of the boil-off. Personal cars do not have a fixed
schedule, and cars would rather rapidly lose its content by boil-off if left unused, which is not
consumer-wise acceptable. It is also a significant safety hazard, although hydrogen is nontoxic and
can be safely released in the atmosphere, it has a high diffusivity in the air and, in a closed space, can
rapidly decrease the oxygen rate and cause suffocation. In addition, it is a highly flammable gas and
has an explosivity range of 4-74 % [52] in the air and low ignition energy of only 0.02 mJ. Ignition
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sources can be a hot spot, electricity and even static electricity. Thus, venting gaseous hydrogen from
boil-off in a closed space is extremely dangerous and unsuited to the automobile industry [41].

If the venting of cold hydrogen is not problematic, and large quantities of hydrogen are required,
liquid storage can be used, as it is the case in industry or hydrogen road and sea transportation. For
aviation, boil-off would not be significant considering the high frequency of service of commercial
aircraft, but the volumetric energy density of liquid hydrogen is a lot lower than that of kerosene [48].

To respond to the medium term TLAR of 150 kg of hydrogen, 2.1 m? of liquid hydrogen are needed,
which could be stored in a 2.5 tons tank on average. Since the flight missions are rather short and
boil-off is low, the insulation could be lightened.

3.5.3. Solid storage - hydrides
Hydrogen does not have to be stored in its pure form. It is the smallest element and the 3™ most
abundant on earth, widely available in common molecules, and many substances like water and most
hydrocarbons have a higher hydrogen density than pure hydrogen (see Table 9). By finding
appropriate carriers that can absorb high content of hydrogen, we can achieve high storage efficiency.

An optimal hydrogen-storage material needs to have the following properties: high hydrogen
volumetric and gravimetric capacity, fitting conditions for absorption and desorption, reversibility.

Table 9. H2 content in different liquids under STP [53]

Liquid Formula Volumetric H; content [kg Hy/m?’]
Liquid hydrogen H» 71
Water H,O 111
Methanol CH;0H 100
Heptane C-His 113

Material-based storage is the subject of a lot of research and is progressing rapidly. Nevertheless,
most of the solutions are still at research level or marginally used like metal organics frameworks
(MOFs) or carbon nanotubes, and some are non-reversible like borohydrides. At the moment, metal
and ionic hydrides are the most used industrially and commercially for hydrogen storage.
Unfortunately, such materials are often heavy and result in poor gravimetric capacities or involve
highly exo/endo-thermal reactions to absorb and release hydrogen (see Table 10).

Table 10. Different technologies of material-based storage [42]

Adsorbents E;g;ﬂg Siﬁ?:f;ilgzse Borohydrides
Example material nanoglgll)r:s(,)rll\f/jl OFS LaNils\,I;:;iI; v, MgH, LiB4
H; content wt.% <8 1to5 7 18.5
Temperature of -200°C -40 to + 150°C 300°C >400°C
desorption

Hydride storage is the most commercially successful material-based storage type and thus, its
behavior is better understood. Hydride storage stores hydrogen in an atomic form rather than in a
molecular state like physical storage.
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Single-phase light weight hydrides
Many metals and alloys react with hydrogen to form hydrides following this reaction:
Me + x/2 H2 <> MeHx + heat

Hydrides are formed through a solid/gas reaction between hydrogen and a metal, likely to form a
reversible bond with hydrogen atoms. The absorption reaction is exothermic, and for hydrogen
release/desorption, heat input is needed.

This amount of energy depends on the hydrides characterized by their dissociation pressure and
temperature, conditions at which the hydride absorbs the most hydrogen.

Magnesium hydride (MgH2) is one of the most researched lightweight hydrides. It is light, has a
relatively high hydrogen content, and is very stable under normal conditions. The release temperature
is around 300°C, which is relatively high for mobility but is adapted for some stationary applications.

The main shortcoming of MgHo for hydrogen storage is its slow kinetic reaction. Like for all hydrides,
this parameter can be changed by interfering with process parameters, crystallography of the material,
size of particles, and the use of additives or catalysts.

Complex hydrides

Most single-phased hydrides need to be brought up to high temperatures (>300°C) to release
hydrogen at 1 atm [54]. For example, zirconium hydride (ZrH2) has a volumetric hydrogen density
of 116 g/L, which is much higher than the volumetric hydrogen density of liquid hydrogen but has a
release temperature above 700°C. The hydride form is highly stable at room temperature.
Alternatively, nickel hydride (NiH) has a very low stability. Nickel cannot absorb large amounts of
hydrogen at atmospheric pressure and only forms small quantities of hydride at high pressures. The
intermetallic compound ZrNi reacts with hydrogen to form nickel zirconium hydride (ZrNiH3), which
releases hydrogen at 300°C at 1 atm., high enough that it is stable under normal conditions and low
enough that it does not need a huge amount of energy to restitute hydrogen.

Similarly, lots of alloys can be designed to achieve different release conditions fitted to the
application, by combining hydride forming elements and non-hydride forming elements (see Figure
18).

A: hydride forming element; B: non hydride forming element

Al |B

La Ce Pr Nd[glismElGd Tb Dy Ho Er TmYb
B ThPa U NpPuA

morv, I
kJ/molH,

- -40 0+

Figure 18. Hydride and non-hydride forming elements in the periodic system of elements [54]
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Applications

Metal hydrides storage is a safe and compact alternative to physical hydrogen storage. System design
has to select a hydride with suitable thermodynamic properties according to the application. The heat
reaction and temperature of operation of the hydride should correspond to the waste heat and
temperature of service of the connected device, typically the fuel cell or combustion system.

Although the hydrides themselves have theoretical high storage capacities, considering the
temperature management and pressure bearing depending on the hydride thermodynamics, the overall
hydrogen storage density is usually not above 1.8 wt % Hz. But research and innovation show several
promising systems with high gravimetric storage in the range of 8-12 wt. % Ha.

With current mature technologies, a hydride tank corresponding to the medium term TLAR, would
weigh more than 8 tons, which is not suitable for aviation. Still being the heaviest hydrogen storage
technology, hydride storage is used for applications where the mass is not of concern, like stationary
installation or when small amounts of hydrogen are needed, but special storage conditions (high
pressure, cryogenic cold) cannot be achieved or maintained.
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4. Turbine / ICE generator set analysis

4.1. Introduction

Several types of engines are used nowadays on civil and military aircraft to produce the necessary
power and thrust. For a commuter or a small regional aircraft, turboprop engines are generally
preferred over reciprocating engines or turbofans. This results from trade-off analyses including
considerations on reliability, costs, ground performance, and fuel consumption. A turboprop engine
comprises three main components: a gas turbine core (pretty similar to the one for a turbojet/turbofan
engine), a gearbox, and a propeller. The gearbox helps to transfer the power from the core engine to
the propeller, reducing the rotational speed. The gas turbine includes one or more compressors (axial
or radial ones), a combustion chamber, and one or more turbines. There are several available options
concerning the core engine configuration. These mainly differ in how the power is transferred to the
gearbox and the propeller. In some designs, the turbine powering the gearbox is directly linked to one
of the compressors. A different solution is to link the gearbox to a turbine that is not on the same shaft
of any of the compressors extracting work from the gas, leading to what is usually called a free turbine
turboprop engine. Just as the turbojet engine, the turboprop adopts a gas turbine core to generate
power. What really separates one solution from the other is how this power is used. In turboprop
engines, most of the available power is extracted by the turbine linked to the propeller, thus noticeably
reducing the kinetic energy of the air expelled through the exhaust and the amount of jet thrust
produced by the engine.

This chapter provides an overview of the approach adopted to model a gas turbine engine for the
short-term scenario (2025-2035) in terms of performance (basically power-specific fuel consumption,
SFC), emissions, weight, main dimensions, and costs. It is important to highlight that this approach
is independent of the selected timeframe and can be easily adapted to different time horizons by
simply modifying those assumptions that depend on technological factors or an envisaged entry into
service (EIS).

The main objective was to build a rubber engine model that could be easily integrated into an aircraft
design chain and used to perform trade factor analyses on fuel burn concerning engine dry mass,
engine maximum diameter, and production cost, enabling aircraft designers to carry out single and
multi-objective optimizations. By including specific aircraft requirements among the set of available
input variables, such as the shaft power delivered (SPD), the power off-takes, and the overboard
bleed, the engine model has been made sensitive to variations to the aircraft model, since they are
reflected in the fuel consumption, the engine dry mass, and the main gas turbine dimensions. At the
same time, this rubber engine model can provide valuable information to the engine manufacturer in
terms of main gas turbine design parameters, such as the design burner exit temperature T4, the overall
pressure ratio (OPR), and entry mass flow Wa, since those have also been included in the sets of
input/output variables.

The effect of advanced technologies has been included in the rubber engine model. The EIS has a
direct impact on the performance of the main components of the engine (i.e., compressors, turbines,
and burner). An additional technology factor has also been introduced in the model to account for
less/more conservative designs. This factor impacts, again, on the performance of the compressors,
on the materials for the turbines, on the cooling technology, on the pressure losses in the main ducts
of the engine, and on the mechanical efficiencies. The value selected for this additional technology
factor also directly impacts the final production cost of the engine. The dataset produced for the rubber
engine model of the short-term scenario also includes variations to this input variable, allowing to
perform for the same timeframe/scenario different analyses based on various assumptions on the
technology level.
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The impact of alternative fuels on the engine design has been included in the final rubber engine
model. Biofuels in the form of synthetic paraffinic kerosene (SPK) have been modelled to consider
their impact on fuel consumption and emissions. A basic strategy based on the fuel’s lower heating
value (LHV) of different blends of SPK with conventional jet fuel (namely Jet A-1) has been adopted,
with calibration factors on emission indexes (EI) accounting for differences in terms of emissions
concerning traditional kerosene.

Chapter 4.2 provides general information on the assumptions and methodology adopted to generate
the final rubber engine model. Details have also been provided on the tools used to generate the
reference dataset. Chapter 4.3 provides proof of validation of the selected methodology for a
representative engine (i.e., the Pratt & Whitney PW127E engine model, equipped on the ATR 42
aircraft [55]), and also an overview of the results produced by the short-term engine model,
accounting for the usage of different fuels and different design approaches (i.e., less/more
conservative designs). Finally, Chapter 4.4 focuses on the approach and the tools used to generate a
surrogate rubber engine in the hybrid-electric aircraft design work chain.

4.2. Methodology

Since the ATR 42 is the reference aircraft model selected for the performance comparisons
concerning hybrid-electric aircraft platforms, its Pratt & Whitney PW127 engine has been selected
as the reference engine model for the analyses. The PW127 is part of the PW100 family, a series of
1300 to 3700 kW turboprop engines manufactured by Pratt & Whitney Canada [56]. The first engine
of the 127 series was certified in 1992, with the PW127E, the actual reference model used for
validation and the analyses, certified in 1994. Except for the PW150 engine model, all the engines of
this family feature a three-shaft configuration, with a low-pressure (LP) radial compressor, driven by
a single-stage low-pressure turbine, supercharging a high-pressure (HP) radial compressor, driven by
a single-stage high-pressure turbine. A third, two-stage, free turbine finally powers the propeller
through a reduction gearbox. A scheme of this engine configuration is reported in Figure 19.

Figure 19. PW127 engine configuration [57]

The characteristics of the PW127E model are summarized in Table 11. Ratings are provided at sea-
level (SL), with information on the temperatures provided in terms of variation with respect to the
international standard atmosphere (ISA) model. Most of these values have been used to validate the
rubber engine model, reported in Chapter 4.3.1.



Clean Sky2
Table 11. PW127E engine data
Description Value Source
Ratings
Take-off, SL ISA +30 2160 SHP - 1611 kW [58] [59] [60]
Take-off (one engine), SL ISA +30 2400 SHP - 1790 kW [58] [59] [60]
Max continuous, SL ISA +30 2400 SHP - 1790 kW [58] [59] [60]
Max climb, SL 2160 SHP - 1611 kW [58] [59] [60]
Max cruise, SL ISA +10 2132 SHP - 1590 kW [58] [59] [60]
Fuel consumption
Max take-off, ISA SL 0.474 1o/(hp*h) — 0.288 kg/(kW *h) [58]
Mass
Dry mass 1060 1b — 481 kg [58] [60]
Dimensions
Length 81in—-2.134m [58] [60]
Width 26 in — 0.660 m [58] [60]
Height 33in-0.838 m [58] [60]
Cycle values
Entry mass flow rate 18.72 Ib/s — 8.49 kg/s [61]
Overall pressure ratio 14.7 [58]

The actual rubber engine model has been developed using GasTurb 11 [62], a gas turbine cycle
program that simulates the most important gas turbine configurations used for propulsion or power
generation. GasTurb allows performing gas turbine cycle simulations both for design and off-design
conditions. For the off-design simulations, GasTurb requires compressors and turbines maps to
simulate the performance of the engine adequately. The program also provides default maps, but they
need to be appropriately scaled to produce reasonable results. The program can automatically perform
this operation.

In order to produce a parametric model of a gas turbine engine, similar in terms of configuration to
the PW127, a set of engine design laws and automatic update strategies have been implemented in
the GasTurb design calculation mode, starting from the GasTurb template model for a three-spool
turboprop engine. For each generic template model, GasTurb provides a set of default values, which
need to be appropriately adjusted for the model to reflect the actual characteristic of the engine at the
design point. These input quantities include:

* Burner exit temperature;

e Overall pressure ratio;

* Entry mass flow rate;

* Polytropic efficiencies of the compressors and turbines;

* Pressure ratios of the low and high-pressure impellers;

* Relative amount of cooling air for the nozzle guide vane and rotor blades of the high-pressure
turbine;

* Pressure losses for the inter-compressor and inter-turbine ducts;

* Burner efficiency and pressure loss;

* Inlet duct pressure loss and nozzle pressure ratio.

Since the first three quantities in the above list have been selected, along with technological factors,
as the main input variables for the GasTurb parametric model, strategies needed to be picked and
implemented to update the remaining input variables automatically. GasTurb supports the
implementation of these strategies through the definition of additional input variables, the possibility
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to define custom composed values, and by enabling the setting of specific iterations, aiming the
matching between model input variables and calculated composed values.

The following sub-chapters provide more information on the assumptions performed for each of the
input variables listed above. It is important to highlight that take-off (T/O) has been assumed as the
design point condition, for which flight conditions have been summarized in Table 12. The selected
flight Mach number corresponds to the ATR 42 take-off speed indicated in [59], while the same flat
rating (ISA +30) of the PW127E engine model was supposed for all the designed engines.

It is also important to remark that the parametric model that has been implemented in GasTurb is
valid for a three-spool turboprop engine configuration similar to the one of the reference engine
model: centrifugal compressors on separate shafts, single-stage high-pressure and low-pressure
turbines, and a two-stage free turbine. In addition, only the high-pressure turbine has been supposed
to be cooled, so no relative cooling air for the low-pressure turbine is ever provided. Unfeasible engine
designs generated from having assumed a fixed engine configuration are typically discarded, either
because they are not competitive (e.g., too high specific fuel consumption) or because they do not
observe mechanical limitations listed in Chapter 4.2.8.

Table 12. Set of conditions for the design point

Rating Altitude Mach number ISA
Design point condition Max. take-off Om 0.17 +30

4.2.1. Pressure ratios

Since the engine OPR has been set as one of the main input parameters of the rubber engine model
in GasTurb (through the definition of a dedicated custom input parameter), the pressure ratios of the
LP and HP impellers needed to be consequently set. Suggestions on a plausible pressure split between
the two impellers have been taken from [63], in which statistical data are provided for the pressure
ratio, mean stage loading, inducer and exducer diameter, and rotational speed of single and double
stage radial compressors. Due to the lack of additional and more refined statistical data, variations of
this pressure split for the engine OPR have not been assumed, but it has been deemed constant in the
GasTurb rubber engine model. Moreover, this pressure split has allowed to match the target rotational
speeds of the LP and HP spools to validate the GasTurb model for PW127E real engine data.

4.2.2. Polytropic efficiencies and basic flow path modelling
Two distinct approaches have been adopted to calculate polytropic efficiencies of the radial
compressors and axial turbines of the engine.
For the centrifugal compressors, an approach based on the set of formulas and assumptions suggested
in [64] has been implemented. Polytropic efficiency values have been assumed starting from the chart
of [64], hereby reported in Figure 20a. Where, the polytropic efficiency of the radial compressor is a
function of the technology level and the non-dimensional specific speed (NS), defined as:

NS = N « VW3 /AT%75

ideal>

where N is the rotational speed, VW is the volumetric inlet flow, and AT is temperature rise. For a
fixed technology level (f;..n), the polytropic efficiency is at its peak for a specific value of the specific
speed, as can be seen from the chart in Figure 20a. This value is assumed by the rubber engine model
as the polytropic efficiency of the radial compressor, once corrected for the EIS, according to the data
provided in [63], and hereby reported in Figure 20b. For this correction, the suggested tendency line
for two-stage radial compressors has been considered.
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Figure 20. Radial compressor polytropic efficiency versus nondimensional specific speed and
technology level according to [64] (left), and EIS correction according to [63] (right)

Starting from the values for the pressure ratios, the nondimensional specific speed, and the polytropic
efficiencies, rotational speeds and exit speeds can be consequently calculated by inverting the formula
for the specific speed and the formula for the pressure ratio of the impeller (P3/P,), also provided in

[64]:
P3/P2 = (1 + (772FP inputhlip Uezx)/(CpTZ))y/(y_l),

where 7, is the isentropic efficiency, Fp iy is the power input factor (typically between 1.02 and
1.05), Fg;p, 1s the slip factor (typically between 0.9 and 0.935), U, is the exducer tip speed, T is the
total temperature at the inlet section, ¢, is the specific heat capacity of the gas at constant pressure,
and y is the heat capacity ratio. At this point, the exducer diameter of the compressor can be easily
estimated, having both the rotational speed and the exducer tip speed. This diameter is quite
important, especially for the LP radial compressor, because for particularly high values of the OPR,
it may drive the general dimensions of the gas turbine, and consequently, those of the nacelle.

For the axial turbines, the approach suggested in [63] has been adopted. The polytropic efficiency of
a generic axial turbine is a function of different contributions, which can be listed as follows:

for the HP turbine, npol = rl;;*o*l + A77EIS + AnRNI + A77size + Ancool’
for the LP and power turbine, 7,01 = NMpo; + ANgrs + ANgyy + Agize,

where

* Tpo is the normalized polytropic efficiency, which is reported in [63] as a function of the

mean stage loading ¥':
P = ZAH/(nstgHZ)a
where AH is the specific work of the component, ng, is the number of stages, and U is the
circumferential speed at the mean diameter of the component;
* Angs is the EIS correction, which is also provided in [63] through several charts;
* Angy; is the Reynolds correction, provided by [63] through a formula;
*  A7ngize 1s the size correction, also provided by [63] in terms of a simple formula;
*  An.00; 1S the correction for cooling air, which is applied only to the HP turbine (since it is the
only assumed cooled turbine). Its calculation relies on the related chart obtained from

statistical data and provided in [63].
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The calculation of normalized polytropic efficiencies has been implemented in the GasTurb rubber
engine model using lookup tables by digitalizing charts provided in [63]. These digitalized charts are
also reported in Figure 21, for the HP turbine, and in Figure 22, for the LP and free turbines. It is
worth noticing that [63] does not provide for these two quantities a single trendline, but a supposed
range of variation since these charts have been derived from collections of data for several gas turbine
engines. It is also reasonable to suppose that higher values may be linked to less conservative design
choices and higher technology levels, independently of the supposed EIS. For this reason, the
previously mentioned technology factor, f;..p, has been introduced into this model, allowing to select,
for a given mean stage loading, the corresponding normalized polytropic efficiency. This factor is the
same acting on the polytropic efficiency of the chart of Figure 20a. Polytropic efficiency EIS
corrections have also been implemented in the GasTurb rubber engine model in the form of lookup
tables by digitalizing related charts provided in [63]. The digitalized curves are reported in Figure 23
for the HP turbine and Figure 24 for the LP and free turbines. Finally, the same approach has been
applied for the cooling air correction for the polytropic efficiency of the HP turbine. The digitalized
chart providing the related lookup table to be implemented is reported in Figure 25. The relative
cooling air is the total amount — nozzle guide vanes (NGV) plus rotor blades — of cooling air provided
to the HP turbine, divided by the total amount of cooling air passing through the HP impeller. This
amount depends on the burner exit temperature, the supposed cooling technology, and the materials
adopted for the components of the HP turbine. Chapter 4.2.3 provides more information on how this
quantity is calculated.

In order to have an estimation of the mean stage loading for each turbine, which is necessary for the
calculation of normalized polytropic efficiencies, basic modelling of the flow path is required. For
this purpose, the steps and calculations reported in Figure 26 have been adopted and implemented in
the GasTurb rubber engine model. Assumptions have been performed for the hub-to-tip ratios and
the Mach numbers at the entry and exit of each turbine. For the first one, values have been set starting
from a cutaway of the PW127 engine model (such as the one reported in Figure 19). For the second
one, reasonable assumptions have been performed starting from indications provided in [64].
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Figure 21. HP turbine normalized polytropic efficiency versus mean stage loading and
technology level, derived from [63]
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Figure 22. LP and power turbine normalized polytropic efficiency versus mean stage loading
and technology level, derived from [63]
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Figure 26. Series of steps for the modelling of the flow path following the combustion chamber

4.2.3. Cooling air requirement

The amount of required cooling air should always be estimated for the most demanding condition in
terms of engine temperatures, which is usually take-off. Since the selected design point matches this
condition, the amount of cooling air required by the engine can be directly estimated at the design
point, avoiding any iteration involving off-design simulations.

For the determination of the relative cooling air mass flow required by each grid of a cooled turbine,
the strategy presented in [65] has been implemented. This methodology is essentially based on the
cooling effectiveness (1).,,;) definition for heat exchangers:

Neoot = (Tug — Tm)/ (Tug — Tca),
where:

* Ty 1s the hot gas temperature (i.e., the temperature of the air-fuel mixture at the entry of the
turbine grid), appropriately incremented to include additional effects, as described in [65];

* Ty is the allowable bulk metal temperature, and depends upon the year of material technology,
on the desired life and duty cycle;

* T¢a is the cooling air temperature, which reflects the stage of the compressor from which the
bleed flow is extracted.
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[65] suggests a formula for estimating the allowable bulk metal temperature, both for the stator and
for the rotor blades, depending upon the selected EIS. However, it has been assessed that the
application of this formula would have led to too many optimistic values, especially for future engine
applications. For this reason, a new trendline has been adopted, starting from suggestions provided
by [66] and [67]. Allowable maximum temperature values have been collected for several materials
and have been linked to the technology factor, as reported in Table 13. This table also provides
information on the assumptions performed for the maximum allowable temperature for cooled turbine
stages. This information has also been gathered from [66] and [67] and will be used to limit the
available design workspace, as highlighted in Chapter 4.2.8. For the calculation of the actual
allowable material temperature, a desired 20,000 hours life for the turbine airfoils has been accounted,
thus reducing Ty, of 30 K, according to the formula suggested by [65].

Table 13. Maximum limiting temperature assumptions for the calculation of the required
amount of cooling air (assumed from [66] and [67])

Maximum T, | Maximum T (cooled) | Technology factor
Inconel 713C 1200 K 1450 K 0.0
Inconel 792 1250 K 1550 K 0.2
PWA 1480 1300 K 1750 K 0.4
PWA 1492 1350 K 1950 K 0.6
CMC 1400 K 2050 K 0.8
CMC (adv. thermal coating) 1450 K 2100 K 1.0

By using the above definition for cooling effectiveness, the required cooling air mass flow relative to
HP compressor entry mass flow for a specific turbine grid (i.e., stator or rotor blades) can be derived
from the following correlation, still provided by [65]:

mcool/mzs = Ccool(ncool/(l - ncool))l'zs’

where c.,,; 18 the cooling factor, which mostly depends on the cooling configuration and its related
technology level. [65] provides typical values for this factor, used to determine a trendline concerning
the technology coefficient. Values used as the main reference for the definition of this trendline are
reported in Table 14. As with the maximum allowable turbine material temperature, this trendline has
been included in the set of formulas for the GasTurb rubber engine model. It is worth mentioning
that, as suggested in [65], the cooling factor has also been calibrated to take into account additional
effects, which tend to lower the effectiveness of the cooling system, such as end wall effect, leakage,
and cooling of shrouds and disks.

Table 14. Cooling factor reference values (according to [65]) adopted to define a technological
trend inside the GasTurb rubber engine model

Cooling technology Cooling factor | Technology factor
Advanced convection (100% tr. edge ejection) 1.4 0.0
Film with convection (75% tr. edge ejection) 1.3 0.17
Film with convection (50% tr. edge ejection) 1.2 0.33
Film with convection (25% tr. edge ejection) 1.1 0.5
Full cover film 1.0 0.66
Transpiration with convection 0.9 0.83
Transpiration 0.8 1.0
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4.2.4. Miscellaneous input variables
In order to complete the definition of the rubber engine model, several other input variables had to be
set and eventually linked to other input parameters.
Pressure losses for compressor and turbine inter-ducts have been assumed starting from [64] and have
been linked to the input factor accounting for the level of technology. [64] provides typical ranges of
variation for these losses. A linear trend for the input technology factor has been supposed between
the lower and upper bound suggested by [64].
The same approach has also been adopted to define the mechanical efficiencies of the HP, LP, and
free turbine spools, for the burner pressure losses (with reference boundaries taken from [63]) and for
the turbine exit duct pressure losses. Boundary values are reported in Table 15, along with the
reference from literature from which they have been taken.

Table 15. Lower and upper boundaries adopted for the modelling of pressure losses and spool
mechanical efficiencies

Lower bound | Upper bound | Reference
Compressor duct pressure loss 0.98 0.99 [64]
Turbine duct pressure loss 0.975 0.995 [64]
Turbine exit duct pressure loss 0.985 0.995 [64]
Burner pressure loss 0.945 0.97 [63]
Spool mechanical efficiency 0.99 0.999 [64]

For the burner efficiency, a lookup table has been elaborated and implemented in the GasTurb rubber
engine model by mainly using suggestions from [68] and by extrapolating for future tendencies,
assuming a flat behavior. A graphical representation of this lookup table is reported in Figure 27,
while the related dataset is reported in Table 16.

Table 16. Lookup table for the burner efficiency

EIS | Burner efficiency | Reference
1955 0.88 [68]
1975 0.94 [68]
1995 0.99 [68]
2015 0.995 [68]
2035 0.996 extrapolated
2055 0.997 extrapolated
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Figure 27. Burner efficiency versus EIS, mainly according to [68]
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For the intake and nozzle pressure ratios, constant values (i.e., independent of the selected technology
level) have been assumed, reflecting the design point condition. The nozzle pressure ratio has also
been fixed by matching the required amount of equivalent shaft power (i.e., the sum of the shaft power
and the power derived from the jet thrust) for the reference engine.

4.2.5. Dry mass calculation

There are plenty of semiempirical methods in the literature to estimate the dry engine mass of a
turboprop engine. Most of these methods are based on single-input equations, depending on the shaft
power of the engine. [69] and [70] provide valid examples of this type of regression law.

In the present context, to link the engine dry mass to one of the driving design parameters of the
engine and to highlight the effect of different design choices on the dry mass for a pre-selected target
shaft power, the entry mass flow has been adopted as the input for a new semiempirical formulation.
For this purpose, engines have been selected from an available online database [71], trying to discard
from the set derated variants of the same engine. The list of engines used to generate the regression
model is reported in Table 17, while Figure 28 provides a visual representation of this model, along
with its regression equation.

Table 17. Dataset used for the generation of the regression model for the engine dry mass

Manufacturer Model Year | T/O mass flow rate [kg/s] | Weight [kg]
Pratt & Whitney PW120 1979 6.7 417
Pratt & Whitney PW127 1990 8.49 481
Pratt & Whitney PW150 1995 14.44 690
Walter Aircraft Engines | M602B 1986 7.33 490
Klimov TV7-117S 1993 7.95 530
Rolls-Royce AE-2100J 1990 16.33 702
Europrop TP400-D6 2005 26.3 1938
GE BGA Turboprops H85 2009 3.8 180
Allison Engine Company | C20R 1960 1.73 78
Allison Engine Company | C40B 1960 277 127
Garrett AiResearch TPE331-10U | 1960 3.49 175
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S o
ENESI! Clean Sky2

(

7.

7y L

4.2.6. Main dimensions estimation

Unlike the dry engine mass, there are not so many semiempirical methods available from literature
allowing to perform a first-order estimation of the main dimensions of the engine.

To estimate the overall length of the engine, an approach similar to the one of Chapter 4.2.5 has been
adopted. The overall length has been linked to the shaft power of the engine through a linear, single-
input regression law, which is shown in Figure 29. The dataset of [71] has been used for its generation,
still discarding derated engine models from the original dataset.
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Figure 29. Engine overall length linear regression with respect to shaft power

In order to assess the maximum width and height of the gas turbine, an “almost” component-based
(rather than simply semiempirical) approach has been adopted. What typically drives the size of a gas
turbine for a turboprop configuration such as the reference one is the outer diameter of the exducer
of the LP impeller and the tip diameter of the last stage of the free turbine. These two quantities are
estimated by the rubber engine model implemented in GasTurb since basic modelling of the gas path
is performed to assess mean stage loadings and polytropic efficiencies of the turbines group. By
setting constant multipliers for these diameters, based on ratios estimated for the reference engine, it
is possible to link the overall dimensions of the engine to its actual design point thermodynamic cycle.
These ratios are reported in Table 18. In the present modelling, the width of the engine would be
driven by the bigger of the two previously cited diameters. In contrast, the diameter of the LP impeller
would always drive the height of the engine, at least for the selected configuration.

Table 18. Ratios for engine dimensions with respect to LP impeller and power turbine last
stage diameters

Ratio Turbomachinery diameters
Maximum width 1.5 | Max. between LP impeller and free turbine

Maximum height | 2.0 LP impeller

4.2.7. Costs estimation
As with the overall dimensions of the engine, there is a lack of first-order, semiempirical methods to
estimate the costs and the development time of a gas turbine engine. [72] provides several basic single
and multi-input formulas to estimate development costs, development time, and production costs for
turbofan military engines. These cost-estimating relationships were developed through a series of
least-square regressions, based on turbofan cost data available as of publication time in 2002.
Although these formulas were developed from historical data for engines application different from
the ones here examined, these are still useful in the early conceptual design stages of an engine to
perform valuable trade-off studies. Formulas for the production costs have been calibrated to match



( ’ Clean Sky2

7y L

price data for the reference engine, as explained in Chapter 4.3, by the introduction of a dedicated
calibration factor, f,,s:. In addition, to include the effect of different assumptions on the technology
level in the cost estimation, the input technology factor has been linked to the cost calibration factor
as follows:

feost = 0.775fecn + 0.225.

Finally, it is important to mention that the costs calculated with these formulas are expressed in 2001
$millions and that they need to be adequately converted by using calculated or predicted (depending
on the supposed EIS for the designed engine) inflation rates.

For the estimation of development costs, [72] suggests the use of the following formula for a new
centerline development engine:

— 5—24.4294+4.027In(T41—460
Cdev =e ( 41 )’

where T, is the turbine rotor inlet temperature (expressed in Rankine degrees).
For the production costs, [72] suggests two different formulas: one for the first production engine,
one for the production of engine number 375. These are as follows:

Cl — ,—10.40-8.550In(slope)+1.1621n(Ty1—460)+0.261In(W)
prod — ’

nggd — e—10.40+1.162 ln(T41—460)+0.2621n(W)’
where slope is the cost improvement and can be assumed equal to 0.9 for new engines, and W is the
dry mass of the engine in pounds.
[72] also provides a semiempirical formula for the estimation of the development time, expressed in
months:

— ,—0.243+0.425new+1.151In(OPR
Tgey =€ (OPR),

in which new should be assumed equal to 1 for new engines, and OPR is the design overall pressure
ratio of the engine.

4.2.8. Engine limitations

Mechanical and thermal limitations can be assumed to restrict the design space only to those
combinations of input parameters that lead to feasible engine configurations.

[63] and [64] provide useful information on the maximum circumferential speed that compressor and
turbine blades can be sustained. These indications are summarized in Table 19. Another important
mechanical limitation is represented by AN?2, which is the product of the annulus area of a turbine
stage and the square of the turbine rotational speed. For the last stage of the power turbine, its value
should be kept below certain limits, as also reported in Table 17, to avoid too high disc stress.

Table 19. Set of mechanical limitations assumed for the analyses

Upper limit Reference
Radial compressor exducer tip speed 625 m/s (Ti alloy blades) [64]
HP turbine average circumferential speed 550 m/s [63]
LP turbine average circumferential speed 470 m/s [63]
Power turbine average circumferential speed 400 m/s [63]
AN? 50*%10° m*rpm? [64]

Concerning temperature limitations, these have already been collected in Chapter 4.2.3.
Improvements in the maximum allowable temperature mainly derive from adopting more advanced
materials, better cooling technology, and improved thermal coatings. These limitations apply to the
HP turbine rotor inlet temperature (T}, ), to the LP turbine inlet temperature (T,3) and are recapped in
Table 20, along with related assumptions on the technology level.
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Table 20. Set of temperature limitations assumed for the analyses

Technology level | Maximum T,; | Maximum T 43
0.0 1450 K 1200 K
0.2 1550 K 1250 K
0.4 1750 K 1300 K
0.6 1950 K 1350 K
0.8 2050 K 1400 K
1.0 2100 K 1450 K

The last set of limitations has been derived from [64] and comprises typical limitations for radial
compressors. These are collected in Table 21.

Table 21. Radial compressor limitations, taken from [64]

Limit
Pressure ratio <10.0
Exducer tip diameter <0.8m
Entry mass flow rate <10 kg/s

4.2.9. Emissions
Emissions cannot be directly estimated in GasTurb. The only information provided is the NOx
severity index, which should be multiplied by a coefficient depending on the burner technology, as
suggested in [73], to obtain the related EI. For an old technology burner, a coefficient value of 32 is
suggested, while for modern combustion chambers, this value can be lowered to 23.
There are several semiempirical methodologies available in the literature for estimating aircraft
engine emissions. Most of these are particularly suited for turbofan engines. [74] provides a simple
methodology for fast and reasonable predictions of pollutant species emissions for turboprop
airplanes. This methodology is based on emissions data collected in the ICAO databank [75], which
have been conveniently adapted, through several correlations, to fit the emissions for a turboprop
engine.
In order to enable the use of this simplified model, the only information required from the engine
model is the fuel flow and the design OPR. This methodology allows the estimation of the EI for the
following pollutant species:

*  NOx (nitrogen oxides),
¢ CO (carbon monoxide),
* HC (hydrocarbons).

It is reasonable to assume that the EI values produced by this model can be believed to be reliable as
long as the adopted fuel is conventional jet fuel (i.e., Jet A-1).

Regarding the EI for CO2, H20, and SOz, constant values suggested in [76] and here reported in Table
22 can be reasonably adopted, with the same assumption on the fuel reported above.

Table 22. EI for CO», H>0O, and SO, according to [76]

EI (grams of pollutant divided by kilograms of fuel burn)
CO» 3149.0

H,O 1230.0

SO, 0.84
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4.2.10. Alternative fuels
GasTurb 11 allows choosing between different fuels for the cycle simulations. Conventional jet fuel
for civil aircraft applications, Jet A-1, named Generic Fuel in GasTurb 11, has been selected as the
standard kerosene fuel for the analyses and the GasTurb rubber engine model. GasTurb provides for
this fuel a LHV equal to 43.124 MJ/kg at ISA SL static temperature [73]. This value has been adjusted
in the present context to consider information provided in [77] on the average LHV for Jet A-1 fuel,
which should be about 43.26 MJ/kg. In order to consider the effects related to the use of alternative
fuels on the engine thermodynamic cycle, a simplified approach similar to the one presented in [78]
has been selected. Different blends of biofuels have been considered by varying the GasTurb input
defining LHV. The LHV for these blends have been estimated starting from pure kerosene and pure
biofuel LHV values, interpolating linearly for different blends depending on the percent by mass of
the mixture. This is a simplified approach since the fuel properties file used by GasTurb for the
analysis has not been updated accordingly with the different assumptions on the fuel. A more accurate
approach would have required the generation of fuel performance data by using an additional tool, as
explained in [77], possibly in the same format required by GasTurb 11 for the input file for fuel
properties.
However, cycle simulations, including the effect on the LHV, should still account for the effects of
biofuel blends on the thermodynamic cycle of the engine and the fuel consumption, as exemplified
in [78].
Hydro-processed esters and fatty acids synthetic paraffinic kerosene (HEFA-SPK) and synthetic
paraffinic kerosene derived from the Fischer-Tropsch process (FT-SPK) have been chosen among the
set of biofuels certified for civil aviation use. For both these biofuels, blending ratios up to 50% with
conventional jet fuel have been already approved, with this value being destined to grow in the
coming years since several tests on military aircraft engines are already underway [79]. Moreover,
among all the available biofuels, the two typologies selected here have the highest technology
readiness level (TRL) for commercialization, according to [80].
Within this context, three fuels have been examined and included in the rubber engine model:

e Conventional kerosene (Jet A-1),

* Conventional kerosene 50 % blend with SPK,

* 100 % SPK biofuel.
Distinctions between the two typologies of biofuel identified above have not been performed in the
context of the impact these fuels have on the thermodynamic cycle of the engine. Information on the
LHYV for these fuels have been collected from [77] and are presented in Table 23. The same reference
also provides indications of CO2 EI (gram of pollutant per kilogram of fuel), which have been
conveniently adapted and are collected in Table 23. No additional reliable information has been
retrieved from the literature on the impact that biofuel blends may have on the remaining EI.

Table 23. Input values for the LHV and CO: EI of the fuels examined for GENESIS, mainly
derived from indications included in [77]

Fuel LHV [MJ/kg] | CO, EI [g/kg]
Jet A-1 43.26 3149.0
SPK 50% 43.65 31245
SPK 100% 44.04 3100.0
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4.3. Validation and testing for the short-term scenario

The following chapters provide proof of validation of the engine model implemented in GasTurb 11
and an analysis of the short-term scenario results, involving different suppositions for the fuel and the
technology level (less/more conservative design).

4.3.1. Validation

In order to validate the rubber engine model implemented in GasTurb, this has been tested using input
for the reference engine: the PW127E engine variant. Data for this engine has been mainly collected
from [61], [58], [81], [60], and [56], or reasonable assumptions have been performed in case direct
information was not available. The design has been carried out under the same conditions listed in
Table 12. Table 24 summarizes the selected input variables to the model, while Table 25 lists
information on the cycle output and the set of derived output variables.

Assumptions on the power off-takes and the overboard bleed have been performed starting from semi-
empirical formulas provided in [82] and in [64], respectively. Information on the aircraft application,
such as the number of passengers on board (flight crew included) and the maximum take-off weight,
are required to use these formulas. These basic figures have been taken from [59]. The technology
factor has been selected based on information from [61] and [81] regarding the turbine materials (Mar
M-200 for the HP turbine blades, Inconel 792/100 for the remaining parts, all with a maximum
allowable metal temperature around 1250 K, according to [67]) and the cooling air technology (film
with convection and trailing edge ejection).

Table 24. Set of input data to the rubber engine model for the PW127E engine

Input variable Value Reference Notes

Shaft power delivered 1790 kW [58] [60] [56] Max. T/O power

Inlet mass flow 8.49 kg/s [61] -

Burner exit temperature - - Iterated to match target shaft power
Overall pressure ratio 14.7:1 [58] -

Technology factor 0.2 - Set to match available information
EIS 1990 [61] PW127 program start

Power off-takes 14 kW - Estimated starting from [74]
Overboard bleed 0.25 kg/s - Estimated starting from [64]
FHV 43.26 MJ/kg - Conventional kerosene (Jet A-1)

Table 25 gives evidence of the good match between the output from the rubber engine model and the
values expected for the reference engine. The differences in terms of performance are quite negligible,
especially for the fuel consumption, with a difference at ISA SL static T/O condition lower than 1 %.
For the remaining variables, dry mass and overall dimensions, the differences are larger but below
10 %. Moreover, the model also tested well concerning expected boundaries, with the cycle output
being compliant with thermal and mechanical limitations.

Table 25. Output cycle and derived variable results for the reference engine

Output variable Value Expected value Reference Diff.
Equivalent shaft power 1877 kW 1876 kW [58] +0.05%
Burner exit temp. 1442 K 1420 - 1530 K [81] -
LP turbine inlet temp. 1219K below 1220 K - -
LP impeller exit velocity 564 m/s below 625 m/s - -
HP turbine mean velocity 469 m/s below 550 m/s - -
LP turbine mean velocity 438 m/s below 470 m/s - -
Free turbine mean vel. 372 m/s below 400 m/s - -
Free turbine AN? 39%10° m’rpm?® | below 50%10° m*rpm? - -
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Cooling relative air 5% - - -

Engine dry mass 492 kg 481 kg [58] [60] | +2.29%

Engine width 652 mm 660 mm [58] -1.21%

Engine height 770 mm 838 mm [58] -8.11%

Engine overall length 1979 mm 2134 mm [58] -7.26%
) . 0.3080 kg/(kW*h)

SFC @ design point 0.5063 Ib/(hp*h) - -

Equivalent SFC 0.2937 kg/(ekW*h) i i

@ design point 0.4828 1b/(ehp*h)

Equivalent SFC 0.2900 kg/(ekW*h) e

@ SLS ISA T/O 0.4768 Ib/(chp*h) | 04740 1b/(ehp*h) 58] | +0.59%

Regarding the costs, the formula for estimating the production cost for the 375" engine reported in
Chapter 4.2.7 has been used to test the result against price data for 2010 reported in [81]. This formula,
with input from the engine design cycle output, provides a $1,376,200 production cost for 2001,
which, once converted to 2010 US dollars by using a 23.2% cumulative rate of inflation, gave a
production cost for 2010 equal to $1,695,500, quite distant from the $920,000 price tag suggested by
[81]. Supposing a 30% profit margin per engine sold, a corrective calibration factor equal to 0.38 was
assumed for the costs formulas.

4.3.1. Short-term scenario analysis
For the short-term scenario, technology level factors equal to 0.4 and 0.6 have been considered (for
the assumptions on the related technologies, see Chapter 4.2). For the calculation of the EIS correction
for the polytropic efficiencies, a value equal to 2030 has been selected, since it has been indicated as
the representative year for the short-term scenario. Concerning the fuel, blending ratio up to 50 %
with HEFA- and FT-SPK biofuels have been reasonably considered due to their high TRL and the
fact that they have already been approved. Since tests are already ongoing for higher blending ratios
and certification could be expected in the coming years, blending ratios up to 100 % have been
included in this preliminary analysis.
Results have been reported in terms of engine SFC, dry mass, maximum diameter, and production
cost. Limitations (most of which have been already reported in Chapter 4.2.8) have been included in
the selection to restrict the available design space and allow selecting a reasonable design point. An
upper limit has been introduced on the NOx severity index to have EI NOx values at a design point
lower than 20 g/kg. It is important to remark that NOx severity index values for these analyses have
been directly obtained from the rubber engine model implemented in GasTurb and not from using the
semiempirical methodology suggested by [74] and described in Chapter 4.2.9.
Moreover, an upper bound for the cooling air relative flow equal to 5 % has been added to the set of
limitations. Such a limitation could be introduced to restrain the complexity of the cooling air system.
For the estimation of the production cost, the scaling procedure for turboprop engines, technology
level, and US dollar inflation rate described in Chapter 4.2.7 have been adopted. For the 2021-2030
time span, a cumulative inflation rate equal to the one for the 2011-2020 decade has been assumed.
For all the analyses reported in this chapter, the required shaft power at the design point has been kept
constant and equal to 1790 kW, the same value of the reference engine. The same applies to the power
off-takes and the overboard bleed, which have been kept equal to 14 kW and 0.25 kg/s, respectively.
Figure 30 to Figure 33 provide results for 0.4 technology level assumption and 0 % biofuel blending
ratio for the main output variables. As can be deduced from these contour plots, the temperature at
the inlet of the LP turbine, together with NOx emissions and cooling air system complexity, restrict
the design space to the polygon in the lower-left corner. By choosing as the design point, for example,
the point at the intersection between the NOx and the cooling air limit lines (i.e., the purple and the
cyan dashed lines), the results reported in Table 26 are obtained. For the same technology level,
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contour plots have also been produced assuming different values for the fuel blending ratio. Figure
34 and Figure 35 provide SFC contours for 50 % and 100 % blending ratios, respectively. Contours
for the remaining output variables have not been included since only small variations to the 0 %
blending ratio have been observed. Table 27 provides information on the impact of alternative fuels
on the SFC for the same advanced engine using standard kerosene and concerning the reference
engine model, still using conventional jet fuel.

Table 26. Obtained values for the main output variables for a gas turbine engine designed for
the short-term scenario, assuming a value for the technology factor equal to 0.4 and a 0 %
blending ratio for the adopted fuel

Variable Value Reference engine | Difference
SFC [kg/(kW*h)] 0.2455 0.3080 -20.3 %
Dry mass [kg] 351 481 -28.5 %
Max. diameter [mm] 647 770 -15.9 %
Production cost [M$] 1.37 - -

Table 27. Effect of alternative fuels on the fuel consumption for the short-term scenario, for a
technology factor equal to 0.4

Difference with respect Difference with respect
£
SFC [ke/(kW*h)] Value to 0% fuel blend to reference engine

Conventional kerosene

(0% blending) 0.2455 - -20.3 %

SPK 50%

(HEFA-SPK / FT-SPK) 0.2433 -0.89 % 21.0 %

SPK 100% 0.2412 -1.75 % 217 %

(HEFA-SPK / FT-SPK)
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Figure 30. SFC contour plot for technology level 0.4 and 0 % biofuel blending ratio
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Figure 31. Dry mass contour plot for technology level 0.4 and 0 % biofuel blending ratio
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Figure 32. Maximum diameter contour plot for technology level 0.4 and 0 % biofuel blending
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Figure 33. Production cost (375" engine) contour plot for technology level 0.4 and 0 % biofuel
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Figure 34. SFC contour plot for technology level 0.4 and 50 % biofuel blending ratio
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Figure 35. SFC contour plot for technology level 0.4 and 100 % biofuel
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The same analyses have been performed assuming a higher technology level, equal to 0.6, for the
short-term scenario. Figure 36 to Figure 39 provide contour plots for the fuel consumption, the dry
mass, the engine size, and the production cost. As can be seen from these plots, the higher technology
level moves upward the limitations provided by the LP turbine entry temperature and the relative
airflow for cooling. Moreover, the amount of cooling air required by the HP turbine is no more a
limitation to the available design space in this case. What remains the same is the limitation provided
by NOx emissions, which restricts the maximum achievable OPR to a value a little higher than 18:1.
As done before, an example design point was chosen, this time at the intersection between the purple
dashed line for the NOx emissions and the light green line for the LP inlet temperature. Results for
this design point, assuming conventional kerosene as jet fuel, are recapped in Table 28. Here, they
have also been compared to the results previously obtained for the lower technology factor
assumption. Finally, Table 29 provides information on the effect of alternative fuels on the SFC for
the technology factor 0.6 scenario. The impact is the same as before, with an approximate 1 %

decrease in fuel consumption for the 50 % blend and almost 2 % for pure SPK jet fuel.
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Table 28. Obtained values for the main output variables for a gas turbine engine designed for
the short-term scenario, assuming a value for the technology factor equal to 0.6 and a 0 %
blending ratio for the adopted fuel, with a comparative with respect to technology level 0.4

and the reference engine

SFC

[ke/(kW*h)] 0.2296 0.2455 0.3080 -6.5 % -25.4 %
Dry mass 285 351 481 -18.8 % -40.7 %
[ke]

Max. diameter 608 647 770 6.0 % -21.0 %
[mm]

Production cost

IMS] 1.79 1.37 - +30.6 % -

Table 29. Effect of alternative fuels on the fuel consumption for the short-term scenario, for a
technology factor equal to 0.6

Conventional kerosene

(0% blending) 0.2296 - 254 %
SPK 50%

(HEFA-SPK / FT-sPK) | %2277 -0.83 % 26.1 %
SPK 100%

(HEFA-SPK / FT-SPK) 0.2257 -1.70 % -26.7 %
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Figure 36. SFC contour plot for technology level 0.6 and 0 % biofuel blending ratio
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Figure 37. Dry mass contour plot for technology level 0.6 and 0 % biofuel blending ratio
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Figure 38. Maximum diameter contour plot for technology level 0.6 and 0 % biofuel blending
ratio
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Figure 39. Production cost (375™ engine) contour plot for tech level 0.6 and 0 % biofuel
blending ratio
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Figure 40. SFC contour plot for technology level 0.6 and 50 % biofuel blending ratio
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Figure 41. SFC contour plot for technology level 0.6 and 100 % biofuel blending ratio
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4.4. Generation of a surrogate engine model

The GasTurb rubber engine model, once implemented with the set of design laws and update rules of
Chapter 4.2, has been used to perform several parametric studies, involving the following variables
at the design point:

» Shaft power delivered,

* Burner exit temperature,
* Overall pressure ratio,

e Power off-takes,

¢ QOverboard bleed,

* Biofuel blending ratio,

* Entry into service, and

* Technology level factor.



( Clean Sky2

7.

7y L

The entry mass flow has been automatically iterated to match the indicated amount of shaft power
for a certain combination of input parameters. Table 30 provides an overview of the parametric study
performed explicitly for the short-term scenario analysis. Information has been provided here
regarding lower and upper boundaries adopted for the parametric analysis, together with step size, for
each input variable examined and allowed by the implemented GasTurb rubber engine model.

Table 30. Input for the parametric study for the short-term scenario of GENESIS

Input variable Lower boundary Upper boundary Step
Shaft power delivered 1000 kW 2400 kW 100 kW
Burner exit temperature 1300 K 1700 K 50K
Overall pressure ratio 13:1 22:1 1
Power off-takes 0.0 kW 50 kW 50 kW
Overboard bleed 0.0 kg/s 0.50 kg/s 0.25 kg/s
Biofuel blending ratio 0.0% 100% 50%
Entry into service 2030 2030 -
Technology level factor 0.4 0.6 0.2

The dataset produced with these parametric studies has been used to train a separate linear regression
model for each of the cycle output variables of interest to generate a surrogate model of the engine
that could be easily exported and implemented in an external tool to perform trade-off analyses and
optimizations at aircraft level. The MATLAB® Regression Learner App [83] has been used for this
purpose. This app provides several training models that are even more complicated than the linear
one and more flexible to the provided dataset. The main advantages of linear models within this
context are their easy interpretability (i.e., simple linear formulas used to perform data regression)
and the possibility to easily export the trained model to applications outside the MATLAB®
environment.

For the linear model, there are several options provided by the application, especially concerning the
terms of the linear model. The application allows to choose between four types of terms:

* Linear (constant term and linear terms);

e Interactions (constant term, linear terms, and interaction terms);

e Pure Quadratic (constant term, linear terms, and purely quadratic terms);

* Quadratic (constant term, linear terms, interaction terms, and purely quadratic terms).

It was tested for each cycle output that the linear model option to fit the dataset best was the quadratic
term, providing for each output variable reasonable results in terms of root mean squared errors. The
training results are collected in Table 29, along with information on the terms of the model and the
residual error.

Table 31. Training results for the surrogate engine model of the short-term scenario

QOutput variable Regression model | Terms R?

SFC [kg/(kW*h)] Linear Quadratic 0.0017
sNOy [g/kg] Linear Quadratic 0.0014
W, [kg/s] Linear Quadratic 0.1562
LP exducer Diameter [m] Linear Quadratic 0.0024
PT exit Diameter [m] Linear Quadratic 0.0024
T4 [K] Linear Quadratic 1.0753
T3 [K] Linear Quadratic 1.7495
LP exducer tip U [m/s] Linear Quadratic 0.3739




B Clean Sky2

HP exducer tip U [m/s] Linear Quadratic 0.6861
HP turbine average U [m/s] Linear Quadratic 1.0946
LP turbine average U [m/s] Linear Quadratic 0.9385
PT average U [m/s] Linear Quadratic 0.7281
PT AN? [m’*rpm?/10°] Linear Quadratic | 0.1682
NGV relative cooling [-] Linear Quadratic | 3.8668*10*
Rotor relative cooling [-] Linear Quadratic | 2.3492*10*

This surrogate model is ready to be included, as it is, in an aircraft design chain, providing information
on variations of engine fuel consumption, dry mass, dimensions, emissions, and costs, depending on
the chosen set of input variables. Information on the fuel consumption, in particular, can be used to
scale an existing deck for SFC. For a simplified approach, the same scaling should be applied to all
the engine ratings.

4.5. Conclusions

The approach adopted for modeling a gas turbine engine for the short-term scenario has been
presented. Since this approach includes considerations on the technology level and the EIS, it can be
easily adapted to the remaining scenarios within the context of GENESIS.

A rubber engine model has been first implemented in GasTurb, by assuming the PW127 engine
configuration as the main reference. This model includes considerations on the polytropic efficiencies
of the compressors and turbines, the pressure ratios of the radial compressors, the pressure losses
along the main ducts, and the cooling air requirements. The setting and the update of these quantities
have been automated and linked to the values of several major input variables at the design point,
such as the required shaft power, the OPR, and the burner exit temperature, along as well with the
values of EIS and technology factor. This enables to keep the design of the gas turbines for future
scenarios consistent.

This rubber engine has been tested and calibrated against real-world data of the reference engine and
has also been used to carry out representative analyses for the short-term scenario, assuming values
for the aircraft requirements in terms of thrust, power off-takes, and overboard bleed. These analyses
have helped to provide a glimpse of the expected benefit in terms of fuel burn reduction coming from
the gas turbine, in addition to the impact on weight, main dimensions, and costs.

In order to allow trade-off analyses at aircraft level, including effects on the engine, a surrogate model
has been developed starting from the rubber engine model implemented in GasTurb. This surrogate
model can be easily included in the aircraft design chain. The actual engine model for the short-term
scenario will only be defined once that parametric analyses and trade-off studies have been carried
out for the hybrid-electric aircraft. Values for engine SFC, dry mass, main dimensions, costs, and EI
used throughout the aircraft analysis process will be an output of this surrogate engine model, which
already includes assumptions for the short-term scenario regarding efficiencies, cooling air
technology, and materials, that have been listed in Chapter 4.2.
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5. Power electronics technology analysis

5.1. Introduction

This chapter deals with the short-term (2025-2035) technology analysis for all power electronics
converters in the GENESIS project. Figure 42 shows the basic electric architecture of the regional
aircraft and all possible existing power electronics converters.
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Figure 42. Overview of possible power electronics converters for all time frames

The electric generator (primary electric machine) is driven by the gas turbine and converts mechanical
power into electrical power. The output voltage of the electric generator is actively rectified by the
generator drive inverter, which will supply the internal (high voltage) HV DC bus. For the HV DC
bus, a voltage between 270 V and 3 kV is conceivable. This topic is analyzed in depth in Chapter 5.2
and in the end, a voltage of 800 V was chosen for the short-term time frame. The generator and motor
inverters drive the primary and electric motors by generating sinusoidal currents. The electric motors
convert electrical into mechanical power and drive the propulsion fans to generate thrust. The
bidirectional battery DC/DC converter transfers power between the battery pack with a maximum
voltage of 1170 V and the internal 800 V DC bus. Depending on the power flow direction, the
bidirectional battery DC/DC converter charges or discharges the battery pack. The DC/AC grid
converter transfers power from the internal 800V DC bus to the 400 Hz powernet, which is used to
power different aircraft electric consumers like heaters and hydraulic pumps. The isolating DC/DC
converter for low voltage supply transfers power from the internal 800V DC bus to the 28 V
powernet. Depending on the redundancy concept of the aircraft, there could also be an AC/DC grid
to low voltage (LV) converter. It can transfer power directly between the 400 Hz and 28 V powernet
if there is an outage of the DC/AC grid converter or the isolating DC/DC converter for low voltage
supply. For this report, the AC/DC grid to LV converter is neglected because, at the moment, there is
planned to have two DC/AC grid converters and two isolating DC/DC converters for low voltage
supply. So, a single outage of a converter can already be compensated. Table 32 shows the considered
power electronics components for the short-term period. It is assumed that all converters are liquid-
cooled to increase the power density. Air-cooled converters need big heatsinks, and therefore they
are bigger and heavier.
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Table 32. Power electronics components for the short-term period
Power electronics component Number of units | Reference power in kW
Generator drive inverter 2 1200
Motor drive inverter 8 600
Bidirectional battery DC/DC converter 2 1200
DC/AC grid converter 2 30
Isolating DC/DC converter for low voltage supply 5 11.2

5.2. Choice of HV DC bus voltage

The internal HV DC bus voltage is a very important parameter for all power electronics converters.
It influences many different topics, which are briefly discussed below. Four different voltage levels
(800 V, 1500 V, 2000 V, 3000 V) have been chosen for the analysis. A HV DC bus voltage of 800 V
is a popular choice for the newest battery electric vehicle (BEV) generation. Many experience and
field data are already available for this voltage class. Higher voltage levels above 1 kV are discussed
by many aircraft manufacturers, but there are safety concerns and empirical values are missing.

5.2.1. Creepage and clearance distances

The higher the HV DC bus voltage, the higher the creepage and clearance distances have to be.
Consequently, the physical size of the power electronics converters can be negatively affected if the
creepage and clearances distances become too high. A first rough assessment has been carried out
according to the standard IEC EN60664-1 to give insight into the dependency from different HV DC
bus voltages levels. The pollution degree 2 (normally only non-conductive pollution occurs,
temporary conductivity caused by condensation is expected) has been used for the analysis. The
dielectric strength of air decreases with the air pressure and therefore with the installation altitude.
This is known as Paschen’s law. For installation altitudes above 2000 m above sea level, the clearance
distances have to be increased by an altitude correction factor [84]. The altitude correction factor
according to the standard EN60664-1 is given in Table 33.

For a typical flight altitude of 25000 feet (= 7600 meters), a correction factor of 2.13 has to be applied.
The clearance distances depend on the impulse withstand voltages, which have been derived from the
maximum breakdown voltages of the power semiconductors and the HV DC bus voltage. Table 34
shows the result of the insulation coordination analysis for the creepage and clearance distances.

Table 33. Altitude correction factor according to IEC EN60664

Altitude in m Barometric pressure in hPa | Multiplication factor for clearance
2000 800 1.00
3000 700 1.14
4000 620 1.29
5000 540 1.48
6000 470 1.70
7000 410 1.95
8000 355 2.25
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Table 34. Creepage and clearance distances for different HV DC bus voltages

Voc Creepage distance Impulse withstand | Clearance dista}nce Clearance distiance
voltage for < 2000 m altitude | for 7600 m altitude
800 V 4.0 mm 1200 V 0.2 mm 0.43 mm
1500 V 7.5 mm 2300V 0.5 mm 1.07 mm
2000 V 10.0 mm 3080 V 1.0 mm 2.13 mm
3000 V 15.0 mm 4600 V 2.0 mm 4.26 mm

5.2.2. Influence on power distribution cables

It is evident that with higher DC bus voltages, the current levels will decrease. Therefore, the cable
cross-section of the power distribution cables and the cable weight can be reduced. DC transmission
cables are built with a circular conductor material composed of copper or aluminium. The circular
conductor is surrounded by a concentric layer of insulation material. The thickness and kind of the
insulation material depends on the voltage level and has to be sized by an insulation coordination.
Often, a cable shield is also used to reduce electromagnetic interference (EMI). The DC transmission
cables have to be sized by an electrical and thermal analysis. The electric analysis provides the values
for the cable resistance and the ohmic losses in the cable. The losses have to be dissipated by natural
heat convection and heat radiation. The thermal analysis dictates the cable cross-section in such a
way that the conductor temperature stays below the maximum admissible conductor temperature (e.g.
180°C). The sizing parameters are fixed by the application and use cases, so that only the conductor
material, i.e., copper or aluminium, can be freely chosen [85].

The conductivity of aluminium is 39 percent lower than the conductivity of copper. However, as the
density for aluminium is distinctly lower, aluminium has only 30 percent of the weight of copper. For
the same electrical resistance a bare wire of aluminium weighs half as much as a bare wire of copper.
Therefore, a mass advantage can be recognized in the case of aluminum cables, and they are
recommended for usage in the GENESIS project.

5.2.3. Derating due to cosmic radiation

It should be noted that power semiconductors at high altitudes are prone to cosmic radiation-induced
failures because of the increased particle flux. High-energy particles can generate “single event
burnout” failures. Measurements show that the applied DC link voltage should be limited to 50
percent of the devices breakdown voltage for silicon devices (IGBTs = insulated-gate bipolar
transistors) and to 65 percent of the devices breakdown voltage for silicon carbide devices (SiC-
MOSFETs = silicon carbide metal oxide semiconductor field-effect transistors) to preserve low
failure rates [86].

5.2.4. Derating due to switch-off overvoltage

One important goal in power electronics application is to minimize the stray inductance in the power
switching loop. A high parasitic inductance will lead to high over-voltage spikes during the switching
events, requiring a higher breakdown voltage rating of the power semiconductors. The DC bus
voltage has normally to be limited between 60 and 70 percent of the breakdown voltage. For example,
for an 800 V DC bus, 1200 V rated power semiconductors and for a 400 V DC bus, 650 V rated
power semiconductors are recommended.

5.2.5. Breakdown voltage ratings of power semiconductors
The breakdown voltage of power semiconductors is the largest reverse voltage that can be safely
applied without destroying the part, e.g., due to avalanche breakdown. The breakdown voltage of the
power semiconductors cannot be chosen arbitrarily. There are some distinct voltage levels, which can
be chosen from, e.g., 650 V, 750 V, 900 V, 1200 V, 1700 V, 3300 V, and 6500 V.
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5.2.6. Power electronics topology (multilevel converters vs. two-level converters)

To tackle the problem of high breakdown voltages, multi-level converters can be used, which reduce
the voltage stress of individual power semiconductors. The underlying basic idea is to connect two
or more power semiconductors in series. In a three-level converter, the necessary breakdown voltage
is reduced by 50 percent. Three examples of three-level converter legs are shown in Figure 43. In a
five-level converter, the necessary breakdown voltage is reduced to 25 percent compared to a standard
two-level converter. Table 35 shows the minimum necessary breakdown voltages and Table 36 shows
suitable power semiconductors classes for different DC link voltages and converter topologies,
whereas the voltage derating regarding cosmic radiation is also considered.

2L NPC-3L ANPC-3L

)

FLC-3L

Figure 43. Inverter legs of different inverter topologies: 2L, NPC-3L, ANPC-3L, and FLC-3L

Table 35. Minimum breakdown voltage ratings for different DC link voltages

Minimum breakdown voltage ratings Minimum breakdown voltage ratings Minimum breakdown voltage ratings
for 2-level converter for 3-level converter for 5-level converter
Ve Ve / 50% Vpc/ 65% 0.5-Vpc / 50% 0.5-Vpc / 65% 0.25:Vpc / 50% 0.25-Vpc / 65%
800 V 1600 V 1230V 800 V 615V 400 V 308 V
1500 V 3000 V 2308 V 1500 V 1154V 750 V 577V
2000 V 4000 V 3077V 2000 V 1538V 1000 V 769 V
3000 V 6000 V 4615V 3000 V 2308 V 1500 V 1154V

Table 36. Suitable devices for different DC link voltages and converter topologies

Suitable devices for 2-level converter Suitable devices for 3-level converter

Suitable devices for 5-level converter

Vbe Ve / 65% Ve / 65% 0.5-Vpc / 50% 0.5:Vpc / 65% 0.25-Vpc / 50% 0.25-Vpc / 65%
800 V 1.7kV IGBT 1.2 kV SiC MOSFET 900V IGBT 650 V SiC MOSFET 650 V IGBT 650V SiC MOSFET
1500 V 3.3kVIGBT 3.3 kV SiC MOSFET 1.7kV IGBT 1.2 kV SiC MOSFET 750V IGBT 650V SiC MOSFET
2000 V 4.5kV IGBT 3.3 kV SiC MOSFET 3.3kVIGBT 1.7 kV SiC MOSFET 1.2kV IGBT 900V SiC MOSFET
3000 V 6.5 kV IGBT 6.5 kV SiC MOSFET 3.3kVIGBT 3.3 kV SiC MOSFET 1.7kV IGBT 1.2 kV SiC MOSFET

The choice of power semiconductors and the converter topology are the major issues for the losses
of the power electronics system. As shown in Chapter 5.3, only SiC MOSFETs are regarded for the
short-term time frame of the GENESIS project. For a two-level converter and a DC voltage of 800 V,
the usage of mature 1.2 kV SiC MOSFETs is possible. This is favorable because there are a large
number of such devices from different manufacturers available today. The number and maturity of
available 1.7 kV and 3.3 kV SiC MOSFET is still very limited. For a three-level or five-level
converter, the needed amounts of power semiconductors and gate drivers increase dramatically.
However, devices with lower blocking voltages, and therefore lower conduction and switching losses



ENESIS Clean Sky2

(

7y L

can be used. Another disadvantage is that the reliability will decrease for multi-level inverters as the
number of devices and failure cases are increased.

5.2.7. Conclusion

As shown above, the HV DC bus voltage level influences many different topics. The main reason for
higher DC bus voltages would be the possibility to reduce the weight of power distribution cables.
All other factors favor lower DC bus voltages. Therefore, a HV DC bus voltage of 800 V is
recommended for the short-term time frame (2025-2035) of the GENESIS project.

5.3. Choice of power semiconductors

The main components for all power electronic converters are the power semiconductors. They have
a big influence on the system design and the system properties. For many years, silicon-based power
semiconductors were used in all power electronics applications. For low voltage applications, silicon
(Si) MOSFETs and for high voltage applications, silicon IGBTs were used. Roughly ten years ago,
the first wide bandgap (WBG) power semiconductors based on silicon carbide (SiC) and gallium
nitride (GaN) came on to the market [87] [88]. WBG devices are a disruptive technology that is
beginning to get market traction as it displaces silicon-based technologies in various key power
electronics markets. The SiC power device revenue is expected to rise from $592M in 2020 to
$2562M in 2025 with a compound annual growth rate of about 30% [89] with battery electric vehicles
(BEV) as the main driver. The GaN power device revenue is expected to rise from $47M in 2020 to
$1107M in 2025 with a compound annual growth rate of about 70% with the consumer market as the
main driver [90].

Silicon carbide and gallium nitride are wide bandgap materials with a comparably large bandgap than
other semiconductor materials. This enables the realization of transistors with high blocking voltages
and low on-resistance simultaneously, especially compared to silicon-based semiconductors. Table
37 compares the properties of the semiconductor materials Si, SiC, and GaN (see also Figure 44).
The higher critical field of SiC and GaN underlines their usability at high voltages, the higher thermal
conductivity of SiC facilitates the thermal management. SiC and GaN power semiconductors enable
the realization of power electronic systems with the highest power densities, efficiencies, and
switching frequencies. This is due to the significantly reduced switching and conduction losses of
these wide bandgap semiconductors compared to state-of-the-art silicon-based IGBTs and
MOSFETs.
Table 37. Comparison of material properties

Materials property Si SiC-4H GaN
Band gap (eV) 1.1 3.2 34
Critical field (10° V/cm) 0.3 3.0 3.5
Electron mobility (cm?/(Vs)) 1450 900 2000
Electron saturation velocity (10° cm/s) 10 22 25
Thermal conductivity (W/(cmK)) 1.5 3.7 1.3




A o
o Clean Sky2

Band Gap (eV)

Thermal Conductivity (W/(cmK)) " Critical Field (1076 V/cm)

—=—Sj

——SiC-4H

-o—GaN

Electron Saturation Velocity (10A7 cm/s) ‘ “Electron Mobility (103 cm2/(Vs))

Figure 44. Comparison of material properties

For silicon-based semiconductors, an important choice is whether to use MOSFETSs or IGBTs. IGBTs
have a different internal build-up than MOSFETSs. IGBTs have an additional PN junction that blocks
reverse current flow, meaning that IGBTs cannot conduct current in reverse direction like MOSFETs.
For a inverter application, an additional diode antiparallel to the IGBT is needed. Si MOSFETs, SiC
MOSFETs, and GaN MOSFETs offer, in contrast to IGBTs, the possibility to conduct current in both
directions with a so-called “body diode”. This characteristic is used to carry the freewheeling current
in inverter applications without additional external diodes. After the commutation process of the
current is finalized, the transistors are turned-on again and their internal channel is used as
freewheeling-path (synchronous rectification). Another drawback of IGBTs is that they are bipolar
devices and large presence of minority carriers leads to long-tail currents during turn-off events and,
therefore, to high turn-off losses. Additionally, the on-state forward voltage drop in IGBTs behaves
very differently from power MOSFETs. The MOSFET voltage drop can be modelled as a resistance,
with the voltage drop proportional to the current. By contrast, the IGBT has a diode-like voltage drop
increasing only with the log of the current (see also Figure 45).

For the chosen 800 V DC bus voltage of the aircraft, it should be noted that only silicon IGBT can
(normally) be considered for this voltage class. Silicon MOSFETs are only used for lower DC bus
voltages. However, for wide bandgap materials, the situation is different. For these materials, power
semiconductors are only used in a MOSFET structure nowadays. As of today, there is no GaN IGBT
available, and there is some research work regarding SiC IGBTs ongoing. Still, there is no
commercial product available due to the intrinsic defects and immature fabrication process [91].

GaN is the newest class of market-available semiconductors with ongoing R&D work and technical
improvement. All currently available GaN-transistors are lateral semiconductors as vertical GaN-
technology is still in a research state with unknown readiness for market. The technology leap to
vertical GaN would offer huge benefits like significantly reduced specific on-resistance, higher
current densities, and more even heat distribution. Overall, the competitiveness of GaN will strongly
depend on its technological advancement within the next years. Today, only a few GaN devices are
available with blocking voltages of 900 V and 1200 V. They cannot compete with silicon and silicon
carbide devices regarding the specific on-resistance. Therefore, it was decided that for the short-term
(2025-2035) technology analysis, GaN devices are not considered. For the other time frames, they
will be an interesting alternative to silicon carbide devices. Comparing gallium nitride and silicon
carbide devices, it can be said that in the near future GaN devices will be mostly used for lower
voltage, lower power, and higher frequency (>100 kHz) applications (e.g., portable chargers for
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mobile phones, notebooks, etc.) [89]. SiC devices will be used for higher voltage, higher power, and
medium frequency (<100 kHz) applications [90].

Overall, it can be concluded that silicon carbide devices have many advantages regarding electrical
properties compared to silicon devices (see Table 38). The only real drawback of SiC devices is that
nowadays, they are a lot more expensive. With growing demand, production ramp-up, and bigger
wafer sizes, the price is expected to drop. Even if there will be no price equality at device level, silicon
carbide can bring advantages at system level. For example, the battery size can be reduced if power
converters using silicon carbide power semiconductors have higher efficiency. SiC devices also allow
the usage of higher switching frequencies that reduce the size and weight of passive components
(capacitors, inductors, transformers) and hence the size and weight of the power converters. This is
very advantageous for aircraft applications. Altogether, it can be concluded that for the short-term
analysis (2025-2035) in the GENESIS project, silicon carbide power semiconductors (SiC
MOSFETs) are the best option for all power converters. Some examples of commercially available
SiC MOSFETs, considered for the power electronics converters, are shown in Table 39.

Table 38. Comparison of Si MOSFETSs, Si IGBTSs, and SiC MOSFETS properties [89]

Parameter Si MOSFET Si IGBT SiC MOSFET
Device type unipolar bipolar unipolar
Breakdown voltage 12Vto 650V 400 V to about 12 kV 600 V to several kV
Current density medium high very high
On-resistance Rpson) medium medium low
Conduction losses medium medium low
Switching speed high low very high
Switching losses medium high low
Cost low medium high
Thermal conductivity low low high

Table 39. Some examples for market available SiC MOSFETSs with low on-resistance values

SiC MOSFET A Bare-Die 1200 9 13.3 3.50 0.70 4.20 100 800
SiC MOSFET B Bare-Die 1200 16 24.8 2.82 0.15 2.97 80 800
SiC MOSFET C Bare-Die 1200 16 21.6 2.12 0.62 2.74 75 800
SiC MOSFET D Bare-Die 1200 16 22.4 6.25 1.10 7.35 100 800
SiC MOSFET E Bare-Die 1700 20 34.0 0.77 0.23 1.00 75 1200
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5.4. Motor and generator traction drive inverters

5.4.1. Introduction
This chapter deals with the technology analysis for the motor and generator traction drive inverters.
As described in Chapter 6.2 for the primary machines (generators), two secondary machines (motors)
are stacked together and connected with a common rotor shaft. Accordingly, two motor drive
inverters will be used as generator drive inverters. The secondary machine will be a six-phase
machine, which will be driven by a six-phase motor drive inverter. The primary machine will be a
two-times stacked six-phase machine, which will be driven by two six-phase motor inverters.

5.4.2. Calculation of power losses
One approach to determine the inverter efficiency is to calculate the losses for different operating
points with analytic formulas as given in [92]. The losses in the DC link capacitor and the losses in
the bus bars are neglected. The driving losses and the blocking losses are negligible for the given
application. Dead time losses are also neglected here. Therefore, the total power losses of a transistor
P; ¢ are the sum of the switching losses P, and conduction losses P_,p4:

Peot = Psw + Peona
If a linear dependence of the switching energies from the voltage and current levels is assumed, then

the total switching losses for a two-level inverter are given by [92]:

1 T Vpe
Pow = 6 'fsw'(Eon'I'Eoff'I'Err)'E'ﬁ'V .
ref Vre

Where f;,, is the switching frequency, E,, is the turn-on switching energy, E,¢s is the turn-off
switching energy, E,.,. is the reverse-recovery energy, Vp is the DC link voltage, V... is the reference
voltage, and I, is the reference current.

The linear dependence of the switching energies from the current and voltage levels is an
approximation. The temperature dependence is here also neglected for the numeric calculations,
which is more important for IGBTs. The temperature dependence of the switching losses is small for
SiC-MOSFETs and can be neglected for a first rough analytic design of the system. As stated in
Chapter 5.3, the voltage drop across the transistors during the on-state differs for bipolar (IGBTs) and
unipolar (MOSFETsS) transistors. The voltage drop can be approximated according to Figure 45.

Output characteristic of bipolar elements: Output characteristic of unipolar elements:

=> |GBT, bipolar Transistor, Diode => MOSFET

r=Av/ Ai
r=Av/ Ai

i =>V, ipolar =T * 1 =V, inolar | v =
— — * =
=> Veond,bipolar = Vo +r¥i cond,unipolar cond,bipolar | V=0

Figure 45. Calculation of voltage drop for bipolar and unipolar semiconductors
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For an unipolar transistor (MOSFET) with synchronous rectification, the conduction losses for the
transistor Peona 1 unipotar and the internal body diode Peong punipotar are:

2 (1, m-cos(e)
Pcond,T,unipolar = Tps(on) * 2. (_ 2\

8 3
p e (L_mecos(@)) L, (L_m-cos(e)
cond,D,unipolar — 'F 38 3T — 'DS(on) ) 3T

Where 1pg(on) is the on-resistance of the MOSFET, i is the peak output current, m is the modulation
index, cos(¢) is the power factor, and 7y is the linearized on-resistance of the diode. Here, it is
assumed that the on-state resistance for the MOSFETsSs is approximately the same for the first and
third quadrant for the same gate-source voltage. The total conduction losses Peongunipotar fOr a two-
level inverter with unipolar transistors (MOSFETSs) and synchronous rectification are:

3
-6 - = _. . 12
Pcond,unipolar =6 (Pcond,T,unipolar + Pcond,D,unipolar) - 2 rDS(on) l

For high output currents, a parallel connection of two or more power devices is necessary. The total
switching losses Py, r(») for a parallel connection of n transistors can be calculated as:

T Vpe

1
Pswrn) = Pswr = fow " (Eon + Eoff) F 3 ot
re re

This means the total switching losses are independent of a parallel connection of several transistors.
It is assumed that the current is equally shared between the devices, so each transistor generates 1/n
switching losses. The same applies to the switching losses of the diodes Py, pn):

1 1 Vpe

The total switching losses P,,,(n) for the two-level inverter with a parallel connection of n devices
are:

1 1T Vpe
Psw(n) =P, =6 '(Psw,T+PSW,D) =6 'fsw'(Eon'i'Eoff-l'Err) ;ﬁv p
re re

The transistor conduction 10sses Peong runipotar (1) and diode conduction losses Peong p unipotar ()
for a parallel connection of n unipolar transistors with synchronous rectification can be calculated as:

Trpseon) . 1 m-cos(p)
Pcond,T,unipolar(n) = T S§%. g + T

1 m-cos(®@)\  Trpsomy ., (1 m:-cos(p)
8 3t ) l

P ) ==L.2. (-
cond,D,unipolar n n 38 3T

The total conduction losses Pcong unipotar (M) for a parallel connection of 7 unipolar transistors with
synchronous rectification for a two-level inverter are:
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3 rDS(on) R
Peonaunipotar () =6 (Pcond'T,uniPOIClT (n) + Peona,punipotar (n)) = 2 . n '

An iterative calculation would be necessary for a more accurate estimation of the power losses for
each operating point. The on-resistance and the switching energies of power semiconductors are
temperature-dependent, and so are the conduction and switching losses. The junction temperature
will rise until a temperature balance is reached between the generated losses and the cooling. Another
possibility for estimating the inverter power losses is to use a simulation model, and the software tool
PLECS® (= piecewise linear electrical circuit simulation) developed by Plexim can be used for such
a task. Wolfspeed, the market leader in SiC production, has an online tool called “SpeedFit Design
Simulator”, which uses the software tool PLECS to estimate the losses of an inverter system based
on input parameters such as operating point, switching frequency, and cooling conditions. The
datasheet parameters of different SiIC MOSFETSs and power modules are already included in the given
simulation model. The results for the power losses of the motor and generator traction drive inverters
obtained by the “SpeedFit Design Simulator” are shown in Chapter 5.4.5.

5.4.3. Six-phase vs. three-phase motor and inverter configuration

First, the losses have been calculated and simulated for a three-phase inverter used in a classic three-
phase motor system belonging to the secondary electric machines. The primary electric machines are
supplied by two identical inverters, also used for the secondary electric machines. The analysis
showed that, for this system configuration, two power modules per phase would have to be connected
in parallel to reduce the losses and not to exceed the current capability of the power modules. To
avoid the parallel connection of two power modules, it is also possible to use a six-phase motor system
with two separated star points (see Figure 46).

BT
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Figure 46. Three-phase topology with paralleled devices (top) and six-phase topology (bottom)

For the three-phase solution, there would be one gate driver for two switches in two locally separated
modules (see Figure 47, left). The gate driver is placed in the middle of both switches as it cannot be
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simultaneously placed very close to both switches. This results in a high parasitic inductance in the
gate driver loop, which creates an oscillating circuit and leads to high ringing and voltage overshoots
at the gate of the MOSFETs. Large gate resistors (Rgon / Rgoff) are needed to damp the oscillating
circuit and prevent the destruction of the MOSFETSs. Adversely, large gate resistors reduce the
switching speed and lead to higher switching losses and lower efficiency.

For the six-phase solution, there would be one gate driver for one switch in one power module (see
Figure 47, right), allowing the gate driver to be placed very close to the corresponding switch. This
results in a small parasitic inductance in the gate driver loop and an oscillating circuit, but with much
smaller ringing and voltage overshoots at the gate of the MOSFETs. To damp the oscillating circuit,
only small gate resistors (Rg.on / Rgoff) are needed. These enable higher switching speeds and lead to
lower switching losses and higher efficiency, contrary to large gate resistors.
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Figure 47. Gate driver loop for three-phase configuration (left) and six-phase configuration
(right)

To avoid the parallel connection of two power modules and enable higher efficiency, it was
decided to use a six-phase configuration for the motor traction inverters for the secondary
machines. This results in a six-phase inverter system with one common DC link capacitor. For the
six-phase system, the current and voltage ripple of the DC link and, therefore, the DC link capacitor
can be reduced by using multiphase interleaved pulse-width modulated (PWM) techniques with
phase displacement as stated in [93] (see also next Chapter 5.4.4). The total number of power
semiconductors for the six-phase system remains the same as for the three-phase system. The total
inverter losses of both systems are also approximately the same. Another advantage of the six-
phase system is that this configuration enables fail-operational capabilities if incorporated in the
control algorithm. If one of the two three-phase subsystems of the six-phase motor or the six-phase
inverter fails, the other subsystem can still generate at least about half of the maximum output
power and thrust for the aircraft. The disadvantage of the six-phase configuration is that the double
amount of current sensors and gate driver circuits are needed. However, it also cuts the power
requirements for each single gate driver output by half.
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5.4.4. DC link capacitor

The DC link capacitor is the second most important part of the inverter system. For the dimensioning
of the DC-link capacitor, a capacitor voltage ripple of less than 16 V is normally used. The needed
capacitance depends mainly on the maximum allowed voltage ripple, the switching frequency, and
the operating point (voltage level, modulation index, phase angle) of the inverter system. For a six-
phase system, the current and voltage ripple of the DC link and, therefore, the DC link capacitor can
be drastically reduced [93]. The first method is to use multiphase interleaved PWM techniques and
shift the carrier signals for the PWM for the second three-phase system by a certain angle. The
optimum angle value for the phase shift is 90 degree [93]. The second method is a motor phase
displacement for the second three-phase system. The optimum angle value for the phase displacement
is 60 degree [93]. However, the difference between a phase displacement of 60 degree compared to
a value of 30 degree is small, and for the current motor design, no phase displacement is planned.
Nevertheless, it is an optimization parameter that could be utilized in the future.

The required minimum DC link capacitance of a three-phase traction inverter can be estimated as
[94]:

‘I’l'Iout. 1

CDC—link,min = f— * Ymax ((,0) (5-17)
sw

Avpp

With n the number of motor phases, Iy, the output current amplitude, f,, the switching frequency,
Av,,, the maximum allowed voltage ripple, and a scaling factor 1;,,,, which depends on the output
phase angle ¢. The relevant values for the scaling factor 7,4, are shown in Table 40.

Table 40. Values for the scaling factor rmax

Angle Value for 3-phase system Value for 6-phase system
@ = 20° Tmax = 0.061 Tnax = 0.034
@ = 45° Tmax = 0.066 Tmax = 0.025
@ =70° Tmax = 0.071 Tmax = 0.014

The output phase angle ¢ lies, depending on the operation point of the motor, somewhat between 25°
and 40°. For the dimensioning of the DC link capacitor, a factor of 0.034 for the six-phase system
was used. The final calculated DC link capacitance for all operating points is shown in Chapter 5.4.5
and it was calculated with the following equation:

6" loute—pn
CDC—link,min 2 ;16 kaZ = : 16 V

-0.034 (5-18)

The maximum ripple current is the second most important parameter for sizing of the DC link
capacitor. The ripple current generates losses inside the capacitors, which have to be limited to not
exceed the maximum allowed capacitor temperature. The ripple current depends on the output current
I,,+ and the operating point of the motor (modulation index). For a 3-phase system, the maximum
ripple current can be roughly estimated to be 60 % of the maximum output current I, [95]. For a 6-
phase system, the maximum ripple current is further reduced by a factor of 0.55 using interleaved
PWM techniques [95]. Therefore, the maximum ripple current was calculated to:

Ipc-linkmax = 0.6-0.55- Iout,6—phase (5-19)
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For the DC link capacitor of high-performance traction inverters, mainly foil or ceramic capacitors
are used. Electrolyte capacitors are too bulky to fit in the inverter design space and have a too low
current ripple rating. Ceramic capacitors have the highest capacitance volume density but are rather
expensive. Another drawback is that the capacitances of (most) common ceramic capacitors are
dependent on the applied voltage and temperature. Apart from that, they have very low ESL
(equivalent series inductance) and ESR (equivalent series resistance) values and a high ripple current
capability, making them an ideal choice for DC link applications. The manufacturer TDK designed a
special series of ceramic capacitors, called CeraLink™, that are particularly suited for DC link
applications. These capacitors are designed to have their maximum capacitance at a voltage bias of
800 V and room temperature.

Foil capacitors have a rather low capacitance volume density but are relatively cheap in comparison
to ceramic capacitors. The biggest advantage is that the capacitance of foil capacitors is neither
voltage nor temperature-dependent. However, the maximum applied voltage is limited by the
capacitor temperature. For example, for a temperature of 105°C, a derating of 70 % for the maximum
allowed voltage is necessary. High temperatures also reduce the lifetime of foil capacitors
dramatically. Due to higher ESR values, the ripple current capability is a lot smaller than for ceramic
capacitors. The ESL values are rather high because most foil capacitors are radial leaded devices.

In the end, it was decided to use a custom-designed foil capacitor for the motor and generator drive
inverters because the foil capacitor is more lightweight than a solution with ceramic capacitors. The
capacitor solution would be smaller in volume, but the weight advantage should be favoured for an
aircraft application. Additionally, the usage of a custom foil capacitor makes it easier to use laminated
busbars to connect the DC link capacitor with the power modules.

5.4.5. Design analysis results for the motor and generator inverter systems

The following Table 42 and Table 43 show the results for the simulated power losses with the
“SpeedFit Design Simulator” and the calculated DC link parameters for the motor inverters for the
secondary electric machines and the generator inverters for the primary electric machines. As
explained at the beginning of Chapter 5.4.1, the generator inverter with a nominal power of 1200 kW
consists of two motor drive inverters, each having a nominal power of 600 kW. Different SiC power
modules were investigated, and the low-inductance half-bridge power module, CAB760M12HM3
from Wolfspeed (see Table 41), was chosen as the best option. The 6-phase motor inverter will consist
of six half-bridge power modules, and the two-times 6-phase generator inverters will consist of twelve
half-bridge power modules. For both inverter systems, efficiencies greater than 99 percent can be
achieved.

Table 41. Characteristics of half-bridge power module CAB760M12HM3 from Wolfspeed

Parameter Value
Blocking voltage 1200 V
Current rating 765 A
On-resistance Rps(on)25°c 1.33 mQ
Turn-on switching energy Eon2sc 20.3 mJ
Turn-off switching energy Eosr2sc 17.9 mJ
Reference voltage Uy for switching energies 600 V
Reference current I for switching energies 760 A
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Table 42. Results of technology analysis for secondary electric machine and inverter with

600 kKW nominal power for short-term time frame (2025-2035)

Take off Climb Cruise Data Origin
5 Mission time in min 0.34/0.37 21/24 12/97 from TLAR
g- Ppropetier in kKW 407 -- -- from TLAR
% Teropetier in Nm 6900 - - from TLAR
% Npropeller N TPM 563 - - calculated
Z MNpropelier 1N % 75 - - from TLAR
NGearbox 1N %0 98 -- - from TLAR
g Gearbox ratio 1:10 -- - determined
g PwMotor,mech in kKW 554 - - calculated
%) ThMotor in Nm 939 -- -- calculated
-‘g DMotor iN rPmM 5633 - - calculated
(%“03 NMotor 1N % 96 -- -- from TLAR
Motor configuration 6-phase -- -- determined
Inverter configuration 6-phase -- -- determined
Praverter,total in KW 577 -- -- calculated
Praverter,3-phase 11 KW 288 - - calculated
& | et = Lwerr in Arms 385 -- - calculated
% Vpcin V 800 -- -- determined
E Ipc in Arwms 727 -- -- calculated
% fpwMm in kHz 20 - - determined
% Peond.total in W 2064 - - simulated
5 | Pacowin W 2978 - - simulated
1::2 Piosses tota i W 5042 - - simulated
E Ninverter.total I %0 99.13 -- -- simulated
Tjin °C 135.3 -- -- simulated
Cpc-link,min in uF 347 -- -- calculated
Ipcaink in Arms 127 -- - calculated
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Table 43. Results of technology analysis for primary electric machine and inverter with

1200 kW nominal power for short-term time frame (2025-2035)

Take off Climb Cruise Data Origin
3 Mission time in min 0.34/0.37 21/24 12/97 from TLAR
% Ppropeiter in kKW 340 1266 1136 from TLAR
g: Thropelier in Nm 5760 12173 7780 from TLAR
_g NPropeller 1N IPM 564 993 1394 calculated
= NPropeller 1N % 63 84 85 from TLAR
NGearbox 1N %0 98 98 98 from TLAR
% Gearbox ratio 1:10 1:10 1:10 determined
S PMotor,mech in kKW 1224 233 209 calculated
%3 ThMotor in Nm 2074 224 143 calculated
§ NMotor 1N TPM 5637 9931 13943 calculated
E NMotor in % 96 96 96 from TLAR
Motor configuration 2x 6-phase 2x 6-phase 2x 6-phase determined
Inverter configuration 2x 6-phase 2x 6-phase 2x 6-phase determined
Praverter,total in KW 1175 224 201 calculated
Praverter,3-phase 11 KW 294 56 50 calculated
5 Iipetr = Lirefrin Arms 392 75 67 calculated
g VpcinV 800 800 800 determined
% Ipc in Arms 1482 281 252 calculated
g, fpwm in kHz 20 20 20 determined
g Peondouin W 6076 497 437 simulated
E | Puomin W 4332 87 74 simulated
g Plogses,tota1 I W 10408 584 511 simulated
= Ninverter,total 1 % 99.12 99.48 99.49 simulated
Tjin °C 137.7 73.2 72.1 simulated
CbCtink,min in UF 644 123 110 calculated
Ipcitink In Arms 259 49 44 calculated
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To give some idea how a possible 600 kW motor traction inverter for the short-term horizon (2025-
2035) could look like, the inverter reference design CRD600DA12E-XM3 from the manufacturer
Wolfspeed with SiC power modules and a custom foil capacitor should be mentioned [96]. The key
parameters of this inverter system are listed in Table 44. The reference design can meet the
requirements for the proposed GENESIS motor traction drive inverter. Two of these inverter systems
can be used to drive the generator (primary electric machine).

Table 44. Key parameters of the 6-phase 600 kW inverter from Wolfspeed [96]

Parameter Value
SiC power modules 6x CAB450M12XM3
DC link capacitance in uF 600
Nominal output power in kW 600
Nominal output current in Arms 360
External length in mm 267
External width in mm 204
External thickness in mm 157
Total weight in kg 9.7
Volume in liter 8.6
Volumetric power density in kW/liter 70.0
Gravimetric power density in kW/kg 62.9
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S.5. Bidirectional battery DC/DC converter

There are several suitable topologies for the bidirectional battery DC/DC converters. The main
challenge is to choose the optimal solution for every individual application. The main requirements
for the battery DC/DC converter are:

= The maximum output power is 1070 kW

= The battery voltage range is between 950 V and 1170 V
= The HV DC bus voltage is assumed to be constant 800 V
= There is no galvanic isolation needed

The battery voltage is always higher than the HV DC bus voltage. From the battery to the HV DC
bus, the converter will work as a buck-converter and from the HV DC bus to the battery as a boost-
converter. Due to this limitation, a simple half-bridge converter is the optimal topology. Figure 48
shows the proposed topology. It provides a simple, low-cost and highly efficient solution due to the
low number of semiconductors and passive components.

.\ M1
—!_ C LBuck (LBoost)
U 1 __| “Battery . o
Battery X i
+
C
L MZJ — Ve Unv oc

v —‘7

L 2 L 2 O

Figure 48. Half-bridge DC/DC converter

Furthermore, it is proposed to use three DC/DC converters in an interleaved configuration (see Figure
49) to decrease the ripple current and, therefore, the losses in the inductors and capacitors. The size
of the capacitors can also be reduced by using interleaved technology. Moreover, the number of
parallel MOSFETs for a single converter without interleaving would be too high to construct a

MOSFET module.
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Figure 49. Three times interleaved halfbridge DC/DC converter
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The converter will be operated in continuous conduction mode (CCM) for better efficiency. The value
of the inductor in a half-bridge converter depends on both possible directions of energy flow. It is
necessary to calculate the minimum inductor value for buck (Lg, ) and boost operation (Lg,ost)-
The minimum value is determined according to the equations below:

Vout * (Vin_max — Vour)

K-f- Vin_max “Lout
Vin_min2 *Vour — Vin_min)

K-floy- Vout2
Where f is the PWM switching frequency, K is the estimated inductor ripple, V,,; is the output
voltage, I, 1s the output current, Vi, 14, 1S the maximum input voltage. With an estimated 20 %
inductor current ripple per converter, the inductance must be at least 28.37 uH. The voltage ripple
AV .« 1s assumed to be less than 1 %. The capacitance and the ESR (equivalent series resistance) of
the capacitor determine the voltage ripple. With the duty cycle D, the ESR-ripple for the buck-
operation (AVyy+ gsr Boost) and boost-operation (AV,y¢ gsr Buck) are given by:
K

Lout 3’ Lout * Vour

1-D 2-Vin

LBuck >

LBoost

AVout_ESR_Boost = ESR -

AVout_ESR_Buck = ESR - § “lout

The minimum capacitance for the for the buck-operation (Cyy¢ goost) and boost-operation (Coyt pyck)
is calculated to:

Loyt =D
- AVout_ESR_Boost )

K

c —c _ 3 “lout
HV_DC — “out_Buck —

) ) 8- f - (AVax —

C = =
Battery out_Boost f . (AV
max

4 Vout_ESR_Buck)

For an assumed ESR of 1mQ, the capacitances are calculated to Cyy¢ poose = 280.2 uF and
Cout puck = 14.09 uF. A maximum temperature increase of AT = 60 K was assumed to calculate the
necessary amount of parallel MOSFETs. The losses consist mainly of conduction losses and
switching losses. The conduction losses P,,, per MOSFET can be calculated with the following two
equations:

2

Loyt
Peon = RDS(on) ) (%) D

2
out

I
Poon = RDS(on) ’ (T) -(1-D)
Where 7 is the number of parallel MOSFETS, Rpgon) is the on-resistance of the MOSFETs, and D

the worst-case duty cycle of the buck or boost converter. Which one applies depends on the energy
flow direction. The switching losses P, per MOSFET are estimated to:

Iout " Vpc

Py, =f (Eon+E —
sw f ( on Off) Iref'n'Vref

Where f'is the PWM switching frequency, E,, is the turn-on energy, E, ¢ is the turn-off energy, I,y

is the output current, Vpc is the DC link voltage, I..5 is the reference current value, n is the number



_—
THNKSE Clean Sky2

of parallel MOSFETs, and V,..ris the reference voltage value. The equation is simplified. In reality,
there is no exact linear correlation between switching energies and current and voltage levels.

One of the main factors that determine the switching losses is the switching frequency. There is a
tradeoff between the size of passive components and switching losses. With a high switching
frequency, the size of the capacitors and inductors can be reduced, but the switching losses will
increase. Due to the early stage of the project, there are no size constraints for the inductor, and
therefore, it was necessary to assume a realistic frequency. A switching frequency of 100 kHz offers
a reasonable tradeoff between size and losses. To estimate the resulting temperature rise, the losses
are multiplied by the thermal resistance. Assuming a small thermal resistance between MOSFET and
heat sink, the minimum number of parallel MOSFETs is seven for M1 and six for M2 (see Figure
48). The following Table 45 gives a summary of the MOSFET losses and the resulting temperature
increases. Power semiconductors with a minimum breakdown voltage of 1700 V have to be used due
to the given maximum battery voltage of 1170 V. Different options were considered and, in the end,
the 20 mQ 1700 V SiC MOSFETs G3R20MT17-CAL from GeneSiC were chosen for the battery
DC/DC converter.

Table 45: Summary of MOSFET losses

Operation mode Switch 15 R on AT
M1 15031 W 116.14 W 55.95°C
Buck-Mode M2 17536 W 5937 W 49.29°C
Boost-Mod M1 15031 W 82.36 W 48.86°C
oost-Mode M2 175.36 W 2210 W 45.67°C

The theoretical calculated efficiency of the DC/DC converter is 99.69 % for buck operation and
99.72 % for boost operation. For the calculation, neither the inductor nor the capacitor losses were
included. The actual reachable efficiency, in a realistic application, should be about 98 % to 99 %.
Using zero voltage switching to decrease switching losses might result in higher efficiency. This
would require further investigation. Depending of the size of the inductors and capacitors, high
sophisticated designs of the battery DC/DC converter should be enable to reach a power density of
about 40 to 60 kW/kg.
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5.6. Unidirectional fuel cell DC/DC converter

There is no fuel cell system planned as an energy source for the short-term time frame (2025-2035).
Therefore, there is also no unidirectional fuel cell DC/DC converter required. However, the basic
topology for such a converter would be a multiple times interleaved boost-converter. Therefore, the
same topology and design rules from Chapter 5.5 can be used.

5.7. DC/AC grid converter

The DC/AC grid converter has the basic topology of a two-level inverter, as described in Chapter 5.4
(see Figure 50). Therefore, the same design rules from Chapter 5.4 apply to calculate the inverter
losses and to size the DC link capacitor. The only difference is that filter inductors have to be
connected between the DC/AC grid converter and the 400 Hz 115 V power net to reduce the output
current ripple. Depending on the requirements of the 400 Hz power net (harmonics current limits), it
could also be necessary to increase the filter effort and to install a three-phase LC-filter or LCL-filter
instead of only three inductors. The topic of electromagnetic compatibility (EMC) and net filters is
rather complex and needs extensive analysis and is not part of this report. However, a rough
estimation of the filter inductance value is given here. The inductance value L, can be
approximated to [97]:

Vpe - m _ 800V -0.144
2-V3: fowm Dimay 2-V3-16kHz-5A

With V. the DC bus voltage, m the modulation index, fpy, the PWM switching frequency and
Al 4, the maximum allowed current ripple value. If required, a LCL-filter can, for example, be sized
according to [98]. Table 46 shows the analysis results for the DC/AC grid inverter. The power
semiconductor losses have been simulated with the “SpeedFit Design Simulator” from Wolfspeed.
For the power semiconductors, the Wolfspeed power module CAB425M12XM3 was chosen.
Sophisticated designs of DC/AC grid converters can reach a power density of at least 30 kW/kg.

DC +o0—e
OO
— — |-Filter

~

Lfilter =

= 416 pH

)
C . N\,
gt ¢ — u®

| RrlRek

Figure 50. DC/AC grid converter
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Table 46. Results of technology analysis for the DC/AC grid inverter

Parameter Value Data Origin
Inverter configuration 3-phase determined
Prverter,total iIn KW 30 from TLAR
Ipc in Arms 37.5 calculated
Vpcin V 800 determined
VourLin Vrms 115 from TLAR
fou in Hz 400 from TLAR
fpwm in kHz 16 determined
IiLetr = Lwrerrin Arms 150.6 calculated
Peond ot in W 244.5 simulated
Pyw o in W 240.5 simulated
Plosses.tota i W 485.0 simulated
Ninverter,total 1N % 98.40 simulated
Tjin °C 84.2 simulated
CbC-tink,min in UF 60.0 calculated
Ipcink in Arms 90.4 calculated
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5.8. Isolating DC/DC converter for low voltage supply

The isolating DC/DC converter for low voltage supply transfers power from the 800 V DC bus to the
28 V consumers of the aircraft. The total 28 V power demand or power demand per converter can
differ for various regional aircraft. Table 47 shows two examples. The difference can be explained
by the electric consumers inside the aircraft. The Bombardier CRJ100 has many more electric
consumers, which run on the 400 Hz power net, than the Embraer ERJ145. Therefore, the Bombardier
CRJ100 has a higher power demand regarding the 400 Hz power net. The Embraer ERJ145, by
contrast, has a higher power demand regarding the 28 V power net. For this case study, a maximum
output current of 400 A and a maximum output power of 11.2 kW for the isolating DC/DC converters
were assumed.

Table 47. Examples for 28V power demand for two regional aircraft

Regional aircraft Number of units | Rated Voltage | Maximum Current | Maximum Power
Embraer ERJ 145 5 28V 400 A 11.2 kW
Bombardier CRJ100 5 28V 100 A 2.8 kW

For the isolation between the high voltage and low voltage sides, a transformer is necessary. The
transformer adds a significant amount of weight, decreases the system efficiency, and increases the
system complexity. The isolating DC/DC converter for low voltage supply is the most challenging
converter to design compared to the other presented power electronics converters. There are non-
resonant, partial-resonant and resonant topologies. Fifteen different implementation possibilities of
isolating DC/DC converters are descripted in [99].

For the given application, a LLC resonant converter or a phase-shifted full bridge (PSFB) converter
are the two most promising candidates. The two topologies are shown in Figure 51 and Figure 52.
They have the same number of power semiconductors, and both can use the same output stage (e.g.,
full bridge rectifier) on the low-voltage side. For higher efficiency, the diodes in the output stage are
replaced by low-voltages silicon MOSFETs or, for very high switching frequencies, by low-voltage
GaN-MOSFETs. The main difference between the two topologies is the control strategy. The output
voltage of the LL.C converter is controlled by changing the switching frequency, while the one of the
PSFB converter is controlled by a phase shift of the PWM signals for the second half-bridge. Both
topologies have distinct advantages and disadvantages. A short comparison of the properties is
presented in Table 48 and more details can be found in [99] or [100].

O L 4 L 4 O
J J Cr Lr T J
UIn — Cin I-m Cof: lJout
v J J J J v
O L L 2 O

Figure 51. LLC resonant converter
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Figure 52. Phase-shifted full-bridge (PSFB) converter

Table 48. Comparison between LL.C and PSFB converter [100]

Parameter LLC converter PSFB converter
Switching frequency variable fixed
Synchronization, current share | poor good
Output voltage range medium wide
EMI low level of noise generation medium level of noise generation
Efficiency good, best at resonance good, mnmizes body diode

conduction

Transformer ;)g:;tes over a wider frequency fixed frequency range

An isolated 10 kW HV/LV DC/DC converter is presented, which serves as a reference design for this
converter class for the short-term period (2025-2035). Fraunhofer IISB developed the converter for
the LuFo V-3 project “GETpower 27, which is (partially) funded by the German federal ministry
BMWi. The main parameters of the converter are listed in Table 49. Regarding the power density,
the developed reference design has a 2.5-times higher gravimetric power density than comparable
state-of-the-art converters and a 2.3-timer higher volumetric power density. The basic structure of the
converter is shown in Figure 53. The converter is split into two identical building blocks. The HV
input stage is connected in series to consider the breakdown voltage derating, which must be applied
due to cosmic radiation and high altitudes. For the high voltage input stage, 1000V SiC MOSFETSs
are used. The LV output stage is connected in parallel to increase the output current rating. The
topology of the converter is a LLC resonant converter with a full-bridge rectifier output stage. In the
output stage, silicon 100 V MOSFETs are used instead of diodes to increase efficiency. The
mechanical design is shown in Figure 54.

1 DC I
- = Vout
| T |DC
Vin [ |
L DC
VT DC

Figure 53. Basis structure of the 10 kW isolating DC/DC converter for low voltage supply
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Table 49. Key parameters of the 10 kW isolating DC/DC converter for low voltage supply

Input voltage range 540...840 |V
Output voltage range 24...28 v
Maximum output current 400 A
Nominal output current 360 A
Maximum output power 11.2 kW
Nominal output power 10.0 kW
Volume 4 dm’
Weight 5 kg
Volumetric power density 2.5 kW/dm?
Gravimetric power density 2 kW/kg
Switching frequency 120...240 | kHz
Efficiency 94...97 %

e E
A o

Figure 54. Mechanical design of the 10 kW isolating DC/DC converter for low voltage supply
with housing (top) and without housing (bottom)
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5.9. Conclusions

The technology analysis for all power electronics converters in the GENESIS project for the short-
term horizon (2025-2035) has been presented. The influence of the HV DC bus voltage was
investigated. It was concluded that the bus voltage should be set to 800 V for the short-term
perspective. Power semiconductors have the biggest influence on the design of power electronics
systems. The properties of silicon, silicon carbide, and gallium nitride power semiconductors have
been compared. The analysis showed that for the short-term analysis, silicon carbide power
semiconductors (SiC MOSFETS) are the best option for all power electronics converters. All different
power electronics converters, i.e, motor traction drive inverter, generator traction drive inverter,
bidirectional battery DC/DC converter, unidirectional fuel cell DC/DC converter, DC/AC grid
converter, and isolating DC/DC converter for low voltage supply, have been investigated in detail.
The converters were sized for the application and efficiency and power density values have been
provided. The results of the investigation are summarized in Table 50.

Table 50. Results of the technology analysis for all power electronics converters for the short-
term horizon (2025-2035)

Rated q c

Converter Topology Sower Efficiency | Power density
Motor drive inverter 6-phase two-level inverter 600 kW 99 % 63 kW/kg
Generator drive inverter 2x 6-phase two-level inverter 1200 kW 99 % 63 kW/kg

Battery DC/DC converter | >-1mes interleaved half- 1070kW | 98-99 % | 40 - 60 kW/ke
bridge converter

Fuel cell DC/DC converter - - — —

DC/AC grid inverter 3-phase two-level inverter 30 kW 98.4 % 30 - 40 kW/kg

Isolating DC/DC converter | 2x LLC converter 11.2kW | 94-97 % 2 kW/kg
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6. Electric drive technology analysis

6.1. Introduction

This chapter deals with the short-term (2025-2035) technology analysis for the electric drives in the
GENESIS project. For the propulsion of electric vehicles, electrical AC machines are used. There are
six different kinds of radial AC machines (see Figure 55), which all have different kinds of
characteristics, advantages, and disadvantages. The main difference between the six AC machines is
the configuration of the rotor. With the exception of the switched reluctance motor, they all have a
distributed stator winding system. With distributed windings, higher harmonics are reduced or
eliminated and the induced back electromotive force (BEMF) voltage becomes (more) sinusoidal. AC
motors can be divided into synchronous motors and induction motors.

Synchronous Motor (SM) Induction Motor (IM)

Seperately Excited Permanent Magnet
Reluctance Motor Synchronous Motor Synchronous Motor
(SESM) (PMSM)

Slip Ring Squirrel Cage
(IMSR) (IMSC)

Switched Synchronous Surface Permanent Interior Permanent
Reluctance Reluctance Magnet Synchronous Magnet Synchronous
Motor (SRM) Motor (SynRM) Motor (SPMSM) Motor (IPMSM)

Figure 55. Overview of radial AC machines

For a synchronous motor, the rotor frequency is equal to the rotating frequency of the magnetic field
in the stator. For an inductor motor, the rotor frequency is higher (generator mode) or lower (motor
mode) as the rotating frequency of the magnetic field in the stator. There are two types of induction
motors (IM), the squirrel cage and the slip ring induction motors. The squirrel cage induction motor
(IMSC) has rotor bars inside the rotor, which are short-circuited at both ends of the motor. The slip
ring induction motor (IMSR) has a winding system inside the rotor. The rotor windings are connected
through slip rings to external resistors. By adjusting the resistors, it is possible to influence the
speed/torque characteristic of the motor. Induction motors have a good high-speed capability, and
they are rather cheap, but they suffer from reduced motor efficiency and power density.

There are three kinds of synchronous motors, the reluctance motors, the permanent magnet
synchronous motors, and the separately excited synchronous motors. The reluctance motor has a
specially formed rotor, which is only built with electrical steel. No permanent magnets or windings
are present inside the rotor, thus reducing the motor's cost and complexity. The disadvantages are the
low power density and the high torque ripple. The synchronous reluctance motor (SynRM) has a
distributed winding system inside the stator, supplied with sinusoidal currents. The switched
reluctance motor (SRM) has distributed windings inside the stator, and the single coils have to be
supplied in the right order depending on the rotor position. The separately excited synchronous motor
(SESM) has concentrated windings inside the rotor to produce the rotor magnetic field. A slip ring is
necessary to supply the rotor windings. This increases the maintenance effort and reduces the power
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density. The advantage is that, with an adjustment of the rotor field, the speed/torque characteristic
of the motor can be influenced. Another advantage is that no permanent magnets, produced with rare
earth elements, are needed, thus leading to lower costs. The most common motor in electrified
vehicles is the permanent magnet synchronous machine (PMSM). The magnets inside the rotor can
be attached to the surface of the rotor (surface permanent magnets synchronous motor = SPMSM),
or they can be inserted inside the rotor core close to its outer surface (interior permanent magnets
synchronous motor = IPMSM). The disadvantage of this kind of motor is that permanent magnets are
needed, thus, leading to higher costs. The main advantages are the high power density and the high
efficiency. A qualitative comparison between different AC machines types is shown in Table 51.

Table 51. Comparison of different AC machine types [101]

Parameter SRM SynRM SESM SPMSM, IPMSM IMSR IMSC
Efficiency base speed - + + ++ 0 +
Efficiency field-weakening + o + + + ++
High-speed capability ++ - - + - ++
Torque density - + + ++ 0 o]
Power density ++ + + ++ o o
Control effort -- o -- - - +
Maintenance effort + + -- + - +
Power factor -- o] ++ ++ + +
Cost ++ + - -- - 0
Noise - + ++ ++ ++ ++
Torque ripple -- + ++ ++ ++ ++

Evaluation scheme: ++ = very good, + = good, O = neutral, - = bad, -- = very bad

For a hybrid or all-electric aircraft application, the motor efficiency and the power density to keep
the weight of the motor as small as possible, are more important than the cost. If the motor efficiency
is increased, then the battery size can be reduced, allowing weight savings. Considering the crucial
role that weight plays, it can be concluded that permanent magnet synchronous machines (PMSM)
are the most suitable option for the electric drives in the GENESIS project for the short-term horizon
(2025-2035). For the medium-term and long-term horizon, hydrogen will be stored on the plane. With
liquid hydrogen the usage of partially (i.e., only with a superconducting rotor) or fully
superconducting separately excited synchronous motor machines is possible. This option will be
investigated in the following deliverable D2.2.

6.2. Configuration of primary and secondary drive train components

Table 52 shows the power demand of the electric machines for different time periods. The secondary
electric machines always have half of the power demand of the primary electric machines. Therefore,
it is suggested to reuse the components of the secondary electric machines in the primary machines.
For the primary machines, two secondary machines are stacked together and connected with a
common rotor shaft. This principle is not new. For example, the motor manufacturers EMRAX and
MagniX recommend this variant to double the motor power and torque. Figure 56 shows how such a
configuration would, in principle, look like. Not only the secondary motors but also the motor drive
inverters for the secondary machines can be reused. Two motor drive inverters will be used in
combination as the generator drive inverter for the primary motors. As described in Chapter 5.4,
multi-phase motors and inverters will be used to enable fail-operational capabilities and limit the
current demand for single parts. The secondary machine will be a six-phase machine, which will be
driven by a six-phase motor drive inverter. The primary machine will be two stacked six-phase
machines, each driven by two six-phase motor inverters.
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Table 52. Power demand of electric machines for different time frames

Number Reference Power in kW
Motor of units Short-Term Medium-Term Long-Term
Year 2025-2035 Year 2035-2045 Year 2045-2055
Primary electric machine 2 1200 1200 1500
Secondary electric machine 8 600 600 750
Secondary electric drivetrain

6-phase inverter

—|{DC
Secondary
propulsion fan
= AC
(11 1]
»
bl
6-phase PMSM Gearbox
Reuse of components
Primary electric drivetrain

6-phase inverter 6-phase inverter

—DC —DC Primary
propulsion fan

- AC|° ] AC

HEEER LI T[]

(AL -

6-phase PMSM 6-phase PMSM

Gearbox

Figure 56. Reuse of secondary electric drive train components to build up the primary electric
drive train
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6.3. Design analysis results for the electric drive train

A six-phase 600 kW liquid-cooled PMSM motor was designed to meet the requirements for the
secondary electric machine. The design of an electric machine depends on many different parameters
like stator current density, magnetic field density, pole pair number, number of slots, rotor diameter,
rotor length, and the stator geometry defined by yoke thickness, teeth height, and teeth width [85].
The power density of an electric machine is given by [85]:

P
m

kgeometry ) Bg "A - Nyor " MM

Where P is the electrical motor power, m is the motor mass, B, is the magnetic field density in the
air gap, A is the stator current density, n,.,; is the motor speed and 7ng), is the motor efficiency. The
geometry parameters Kgeomerry inClude, e.g., the geometrical details of the teeth (e.g., width and
height) and of the rotor, the winding geometry, etc.

The power density is directly proportional to the magnetic field density in the air gap B,;. Therefore,
neodymium iron boron (NdFeB) magnets were chosen. They are expensive, but this material has the
highest magnetic flux density and thus enables the highest power density. The power density also
increases with the stator current density A, which is limited by the cooling of the stator. For a water-
jacked cooled motor, a typical value of 10 A/mm? is possible. With direct liquid-cooled windings, a
value of 25 A/mm? can be reached. For superconducting machines, the current density can even be
greater than 500 A/mm?. However, the ohmic losses of the stator windings will also increase with
higher current density leading to reduced efficiency. For the current motor design, presented at the
end of the chapter, a conventional water-jacked cooled motor was chosen to have a baseline for future
investigations. It will be interesting to develop a motor design with directly cooled stator windings in
the future and compare it with the current design. The motor power density also increases with the
rotational speed n,,.. For the GENESIS project in general, the rotational speed of the electric
machines can be set by choosing the gearbox transmission ratio. A direct drive of the propulsion fans
is not possible. The gearbox ratio was chosen to 1:10 to limit the motor speed to 14,000 rpm during
the “Cruise phase”. This is a common value for machines for electric powertrains. The mechanical
parameters of the primary and secondary drivetrain are listed in Table 53 and Table 54. A high
rotational speed positively influences the motor power density, but it negatively affects the AC motor
losses. Moreover, a higher PWM switching frequency is necessary but this will lead to higher inverter
losses. Overall, it can be said that if the rotational speed is increased too much, the motor efficiency
will suffer.

Table 55 shows the design results for the secondary electric machine during “Take off” for the short-
term period (2025-2035). This is the most crucial operating point, as it has the highest output power
demand. The motor efficiency was estimated to be about 96 %. The power density for active parts is
about 10.6 kW/kg. With a total motor weight of 86.5 kg, the total power density is calculated to
6.4 kW/kg. This lies above the state-of-the-art power densities, which are between 2 and 5 kW/kg.
To increase the copper fill factor and power density, a hairpin winding (rectangular winding) was
chosen, achieving a copper fill factor of about 0.60.
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Table 53. Mechanical parameters for the secondary drive train for the short-term period

(2025-2035)

Use Case Take off Climb Cruise Data Origin
5 Mission time in min 0.34/0.37 21/24 12/97 from TLAR
g Prropetter in kKW 407 -- -- from TLAR
g Tpropelier in Nm 6900 - - from TLAR
% DPropeller IN IPM 563 - - calculated
% Npropeller 1N % 75 - - from TLAR
o NGearbox 1N % 98 - - from TLAR
E Gearbox ratio 1:10 -- -- determined
%‘ ‘g PuMotor,mech in KW 554 - - calculated
é ThMotor in Nm 939 -- -- calculated
z NMotor 1N TPM 5633 -- -- calculated

Table 54. Mechanical parameters for the primary drive train for the short-term period (2025-

2035)
Use Case Take off Climb Cruise Data Origin
- Mission time in min 0.34/0.37 21/24 12797 from TLAR
%; Ppropetier in kKW 340 1266 1136 from TLAR
% Tpropelier in Nm 5760 12173 7780 from TLAR
.g DPropeller 1N 'PM 564 993 1394 calculated
= Npropeller 1N % 63 84 85 from TLAR
NGearbox 1N %0 98 98 98 from TLAR
g Gearbox ratio 1:10 1:10 1:10 determined
g ‘g PMotor,mech in kKW 1224 233 209 calculated
E Tvtotor in Nm 2074 224 143 calculated
NiMotor 1N TPM 5637 9931 13943 calculated
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Table 55. Results of technology analysis for 6-phase secondary electric machine for the
operating point ‘“Take off’’ for the short-term period (2025-2035)

Parameter Value Unit
DC link voltage 800 v
Nominal phase current 3-phase 770 Arms
Nominal phase current 6-phase 385 Arms
Nominal power 554 kW
Nominal torque 993 Nm
Nominal speed 5633 rpm
Maximum speed 15000 rpm
Estimated efficiency 96 %
Effective length 180 mm
Total length 215 mm
Stator outer diameter / inner diameter 265/217 mm
Rotor inner diameter 80 mm
Air gap 1 mm
Number of Poles / Slots 16/96 --
Number of windings per phase 2 /
Wire cross section 291x23 mm
Magnet dimensions 155X5.0 mm
Magnet material G48UH
Stator material M270-35A
Rotor material M270-35A HS
Magnet weight 34 kg
Windings weight 5.6 kg
Stator weight 20.2 kg
Rotor weight 23.1 kg
Active parts weight 52.3 kg
Rotor shaft weight 12.4 kg
Housing weight 18.8 kg
Miscellaneous weight 3.0 kg
Total weight 86.5 kg
Power density for active parts 10.6 kW/kg
Total power density 6.4 kW/kg
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Figure 57 shows the winding scheme of the secondary electric machine. In Figure 58, the final design
of the active parts of the secondary electric motor is shown, and a closer look at the orientation of the
permanent magnets inside the rotor is presented (left). This magnet configuration helps to increase
the motor torque. Figure 59 shows the mechanical motor design with the water-cooled housing,
bearings, and rotor shaft. In Figure 60, the mechanical design of the primary electric machine, as a
stacked version of two secondary electric machines, is shown.
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Figure 58. Orientation of the permanent magnets inside the rotor (left) and mechanical design
of the secondary electric machine without housing (right)

Figure 59. Mechanical design of the secondary electric machine with housing and rotor shaft

98
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Figure 60. Mechanical design of the primary electric machine as a stacked version of two
secondary electric machines

The presented motor design is a state-of-the-art design, which is used in many battery electric vehicles
today. With the needed time for qualification and series production build-up, a market entry in 2025
seems realistic. The two topics Halbach array and direct-cooled copper windings will be further
investigated in the project to improve motor efficiency and power density. With a Halbach magnet
array, a more sinusoidal magnetic field in the air gap can be achieved compared to a traditional
PMSM. The magnet field density in the air gap is increased, and the iron losses are decreased. With
direct-cooled copper windings, the current density and, therefore, the power density can be increased.
A higher current density can lead to higher ohmic losses and, therefore, reduced motor efficiency.
Hence, a sophisticated investigation is necessary. The primary electric machine can also be further
optimized if a new motor housing is designed, which will enclose the active parts of two secondary
machines.

99
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7. On-ground energy supply technology analysis

7.1. Introduction

The on-ground energy supply technology analysis focuses on analyzing appropriate energy supply
technologies for on-ground energy storage, grid connection, and energy transfer to aircraft. It is
planned that the involvement of a regional airport in GENESIS, via subcontracting, provides specific
data and modelling experience for the energy supply systems covering different technological
streams, incl. hydrogen supply and local electricity grid systems. However, the initiation of the
subcontract has been delayed in the project, compelling this deliverable to be limited in its addressing
the on-ground energy supply technology analysis in a short-term perspective (this will be adjusted in
the next deliverable D.2.2).

Therefore, the present chapter only presents general technology considerations for the electric on-
ground energy supply and DC fast-charging stations. A basic overview is given, and different
possibilities for grid technologies and charging stations are discussed. The concepts can be further
evaluated and concretized when the information exchange with the subcontracted airport is started.
Open questions, which have to be answered among other things, are the total energy demand,
connection to the electrical grid, number of hybrid/electric aircraft that have to be charged, maximum
available charging time, possibilities to install local photovoltaic systems and energy storage units.
Only then can a charging profile for the aircraft batteries be evaluated, and the peak power demand
can be assessed. If the peak power demand is too high and cannot be covered with local energy storage
units, the possibility of swapping batteries has to be investigated in detail.

For the medium-term time frame (2035-2045), the aircraft will use a fuel-cell system, and therefore
the on-ground hydrogen storage and supply will play an important role. This topic will be investigated
and presented in the following deliverable D2.2, regarding the medium-term technology analysis for
all major technologies.

7.2. Basic technologies for electric on-ground energy supply

The electrification of aircraft comes with immense stress to the electrical system of the airport due to
the vastly increased power demand for charging airplanes. A mid-to-long-term infrastructure should
aim to improve the airports' entire energy system, including IT and control systems, lighting, and
general-use low voltage supply. The cost/benefit potential of sector-coupling should also be
evaluated. Instead of overhauling the existing system as a whole, the short-term analysis will focus
on an electrical grid with the sole purpose of charging electric vehicles on the airfield.

As such, the components that make up the infrastructure are limited to the following:

e Charger for aircraft

e Charger for airfield support vehicles
e Connection to the main grid

* Local photovoltaic supply

* Local battery storage

Even with local supply and storage, the grid feed-in, for an infrastructure capable of charging multiple
aircraft and other airfield support vehicles, will need to be connected to the medium-voltage grid
(6 kV to 60 kV) due to the high power demand. The distribution network on the airport premises
should then be realized on a low-voltage level (< 1000 V4, or < 1500 Vp according to the low
voltage directive 2014/35/EU) due to safety reasons.
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The first concept is utilizing a common AC bus for the distribution system [102], depicted in Figure
61. A standard low-frequency transformer is used to connect to the medium-voltage grid and the
entire distribution network. It is a standard electrical installation as it is common in most of the world.

»,rw-‘-s-—(r?“ =g HRHK ® -- @

Figure 61. Basic principle of an AC based grid

Photovoltaic generation and stationary battery storage, as well as mobile batteries in aircraft and
support vehicles, are inherently DC-based. As such, the second concept links all components with a

low-voltage DC grid instead, shown in Figure 62 [102].

1ﬁ'wﬂ-~‘7‘L~‘ R R @..@

Figure 62. Basic principle of a DC based grid
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Comparing those two basic principles, the AC-based approach benefits from being the currently
established technology. Therefore, a large selection of installation components is available and
technical staffs are trained for working with standard grids. However, from a technical perspective,
the DC approach has multiple benefits. The integration of additional battery storage units and
photovoltaic systems is simplified. The AC/DC or DC/AC conversation stages for all DC-based
devices are eliminated. Therefore, the number of conversation stages between local battery storage,
photovoltaic generators, and consumers (e.g. DC chargers) are minimized. This increases system
efficiency and decreases complexity. Additionally, DC-connected systems are easier to control than
AC-connected systems [102]. There is also an advantage regarding the power distribution cables. In
an AC system, a four-wire setup for the power distribution network is used. As such, the transported
power results in:

Pyc = \/§ ’ Upeak ' Ieff - cos(¢)

With I ;¢ the effective current, Up,qi the peak voltage and cos(¢) the power factor. Using the same
four-wire setup for a DC system with two wires used for positive and negative respectively, the
maximum current per wire matches the effective AC current not to overload the conductor. For AC
systems, the insulation is rated for the peak voltage. As such, the nominal voltage in a DC system can
be Upeqi and the power in a four-wire DC system results in:

Ppe =2+ Upeak ) Ieff
Comparing the DC and AC power results in:
Ppc 2 Upeak " lesr _ 2
Pac VB Upear *Legy " cos(9) V3 cos()

Even with the assumption of a power factor cos(¢) of 1, the same wire system can transport about
15 percent higher power using a DC system. When using the reciprocal, the required copper cross-
section of the wire system for the same power can be reduced to approximately 85 percent.

AC/DC converters are usually built as a two-stage system: the first stage is the power factor
compensation (PFC) needed to reduce reactive power and provides a stable DC link voltage. This
supplies the second stage, a DC/DC converter, to establish the wanted DC output. In a DC system,
the converter can be reduced to the second stage, and as such, the volume, weight, and costs can be
reduced. In addition, the converter efficiency can be raised, as the rectifying stage adds no more
losses. Figure 63 shows a power supply with the PFC stage highlighted in red. With additional
benefits in control design and resilience, selecting the basic technology of an innovative on-ground
energy supply falls to a DC system.

] Power Supply

Figure 63. Power supply with highlighted rectifying stage
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7.3. Dimensioning of charging converters

For the further design of the energy supply system, the single components need to be dimensioned
first. There is a wide variety of airfield support vehicles that prevents from dimensioning chargers for
each type specifically. The limits of the combined charging system (CCS) standard for electric
vehicles should be used as a reference. The CCS is the preferred charging standard used in Europe
and Northern America. It currently allows charging with up to 350 kW and a maximum voltage of
1000 V. For the short-term analysis, it is a reasonable estimate that market-available DC fast chargers
will suffice to charge any airfield support vehicle to 80 % state-of-charge (SoC) within half an hour.

For the aircraft charger, the WP2 battery design is taken into consideration. The parameters of the
battery are summarized in Table 56. A battery configuration of 317 cells in series and 11 cells in
parallel is considered for the system level.

Table 56 Electrical parameters of the aircraft battery system

Parameter Cell level System level
Upper voltage limit 42V 13314V
Nominal voltage level 37V 11729V
Lower voltage limit 30V 951.0V
Capacity 30 Ah 390 kWh
Charging current 30 A (1C), 60 A (20) 330 A (1C), 660 A (20C)

The battery’s voltage limits set the output range of the charger, while the 2C rate defines the maximum
output current. Therefore, a DC fast-charging station with a power of 780 kW is needed. The aircraft
has two identically 390 kWh battery packs. Therefore, two DC fast-charging stations per aircraft are
needed. Overall, the charging requirements and the size of the battery pack are comparable to battery-
electric trucks, like the Tesla Semi. A new charging standard, called “Megawatt Charging System”
(MCS), for high power charging of commercial vehicles is under development by CharIN (Charging
Interface Initiative e€.V). The maximum charging power will be 3.75 MW with a voltage limit of
1250 V and a current limit of 3000 A [103]. The MCS standard will meet the charging requirements
for the aircraft in the GENESIS project for all time horizons.

Due to safety concerns, a galvanically isolated charger has to be used. While there are currently no
standards that would prevent using non-isolated converters, the application is comparable to the
current standards for road vehicles. Each charging point needs to be isolated from the next due to
safety concerns. For the short-term analysis, unidirectional power flow (charging of the aircraft) is
sufficient but should be investigated again for the mid- and long-term analyses.

Due to the high power demand, building a modular charging system with single modules in the
< 100 kW range is recommended to reduce the strain on single components. Using the same modules
but with a different total number for the aircraft charger and the other chargers for airfield support
vehicles is viable. Topology-wise, the power requirement alone disqualifies simple switching
converter topologies, like the Flyback converter, since they would require bulky transformer and filter
components. In order to utilize the entire operating range of the transformer and reduce the strain on
the semiconductors, a full bridge topology should be used on the primary side. The most common
topologies resulting from that would be the Dual-Active-Bridge (DAB) and the resonant LLC
converter in full-bridge implementation, as shown in Figure 64 and Figure 65.
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As it can be seen, the primary switching circuits are the same, but the transformer path is different.
With both topologies, ZVS (Zero-Voltage-Switching) and ZCS (Zero-Current-Switching) can be
achieved to increase the switching frequency, optimize the magnetic components, and increase the
efficiency. The LLC offers a very good EMC behavior and high efficiency at its nominal operating
point, but its efficiency falls considerably outside the nominal area. The efficiency of the DAB is high
over a broader operating area, although it does not meet the peak efficiency and the EMC performance
of the LLC. Depending on the modularization, both topologies can be used for realizing the charging
systems.

7.4. Grid Topology

For this application, multiple grid topologies are possible. The four most sensible solutions are
depicted in Figure 66. The tree structure is a more classical approach found in most installations as it
offers a hierarchical structure, which simplifies the selectivity of safety elements. The bus structure
offers a straightforward solution with low installation costs but has drawbacks in larger grids, and
safety considerations are more complex. The ring structure reduces cabling losses and offers a higher
resilience but requires higher planning efforts, especially for the safety elements. Finally, the zonal
structured ring provides the most increased resilience of all four grid topologies, reduces distribution
losses the most, but has the highest costs and efforts in planning and installation.

The on-ground energy supply has a high potential for large distributed photovoltaic energy
generation. As such, the tree structure is not beneficial since its top-down hierarchy is usually a
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supply-load hierarchy and because distributed energy generation works against the main benefit of
simplified selectivity. The bus structure shows its main drawbacks with the large expansiveness and
high power demand, resulting in significant distribution losses. As such, this is also not
recommended.

The ring topology reduces those losses and works better with distributed generation than the tree
structure. Still, the aircraft charging systems have a high power demand compared with other
consumers. Even with the maximum voltage of 1500 V, defined in the low voltage directive
2014/35/EU, currents are above 500 A and, thus, large cabling diameters are required. Therefore, it
is reasonable to set up battery storage systems close to the aircraft chargers to reduce the strain on the
distribution grid during peak charging. Depending on the local layout of the airport and the location
of photovoltaic plants, the additional benefits of a zonal structured ring may justify the extra planning
and installation costs.
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Figure 66. Overview grid topologies
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8. Conclusions and outlook

The previous chapters presented the short-term (2025-2035) technology foresight analysis for the
powertrain components, energy storage, and on-ground energy supply. Each chapter of the
deliverable was dedicated to one specific task and key element in the aircraft system (batteries, fuel
cells, gas turbines, power electronics, electric drives, and on-ground infrastructures).

Li-ion batteries with nickel manganese cobalt oxide chemistry are the primary solution for the battery
technology. The energy density is expected to rise from 280 Wh/kg in 2025 to 400 Wh/kg in 2035,
allowing a significant weight reduction over the years. However, that is lower than the needed energy
density of 600 Wh/kg for a fully electric aircraft in the regional class. Therefore, a hybrid electric
solution with a gas turbine is needed for the short-term perspective.

Solid oxide fuel cells and polymer electrolyte membrane fuel cells are the two most promising
candidates for the fuel cell technology. However, with a power density of 0.86 kW/kg, they lay below
the minimum value of 2 kW/kg at which fuel cells can be utilized for an aircraft application. Fuel cell
technology is not ready yet and will not be incorporated for the short-term analysis. Furthermore, the
required hydrogen storage will also add a mass penalty for the tank (e.g., 2.15 tons for 150 kg of
gaseous hydrogen) to the aircraft. In this regard, different hydrogen storage possibilities in the
gaseous, liquid, and solid state have been discussed.

A surrogate model for a gas turbine engine for the short-term scenario with performance, emissions,
weight, main dimensions, and cost evaluation was provided. Validation of the model has been
provided. Additionally, the consequences of using different biofuel blending ratios have been
investigated.

For the power electronics converters, the motor traction drive inverter, generator traction drive
inverter, bidirectional battery DC/DC converter, fuel cell DC/DC converter, DC/AC grid converter,
and 1solated DC/DC converter for low voltage supply have been investigated in detail. For each
converter type, the efficiency and power density values were determined. The choice of the HV DC
bus voltage and power semiconductors was discussed. The voltage was set to 800 V and it was
illustrated that silicon carbide wide-bandgap power semiconductors should be used for all power
electronics converters.

For electric drives, different types of AC machines have been compared with the result that the
permanent magnet synchronous machine is the best option for the short-term horizon. Furthermore,
a possible design of the primary and secondary electric machines has been presented.

Finally, the possibilities of the on-ground energy supply, focusing on the electric on-ground energy
supply and ultra-fast DC charging stations, were described. It is recommended to use a DC-based
distribution grid in a (zonal structured) ring topology. The DC ultra-fast chargers need to provide a
maximum output power of 780 kW, and they should be built with silicon carbide-based building
blocks of 100 kW power. Table 57 summarizes the recommended main technologies for all key
technology components for the short-term perspective.
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Table 57. Summary of the main recommended technologies for the short-term perspective

Key technology
components

Recommended main technologies
for the short-term perspective

Main technical parameters and
values

Batteries (Task 2.1)

Li-ion with nickel manganese cobalt
oxide (NMC) chemistry

Energy density: 280 Wh/kg in 2025
to 400 Wh/kg in 2035

Fuel cells (Task 2.2)

None (power density too low)

Actual power density: 0.86 kW/kg
Needed power density: > 2 kW/kg

Gas turbines (Task 2.3)

Conventional gas turbine sized
according to the application with
usage of up to 100 % biofuel

Fuel consumption: 0.23 kg/(kW*h)
Dry mass: 285 kg
Maximum diameter: 608 mm

Power electronics
converters (Task 2.4)

Silicon carbide (SiC) power
semiconductors, foil capacitors,
multi-phase/interleaved topologies

HV DC bus voltage: 800 V
Inverter efficiency: = 99 %
Inverter power density: 63 kW/kg

Electric drives (Task 2.5)

Multiphase permanent magnet
synchronous machine (PMSM) with
hairpin winding

Efficiency: = 96 %
Total power density: 6.4 kW/kg
Mass for 600 kW motor: 86.5 kg

On-ground infrastructure

(Task 2.6)

DC-based distribution grid in a
(zonal structured) ring topology,

silicon carbide-based DC fast charges

DC charging power: 2x 780 kW

Figure 67 shows the GENESIS activities and the time plan of the project. The technology foresight
analysis for the short-term perspective has been finished in M10 with this deliverable D2.1. It
highlights knowledge gaps, technological challenges, and potential solutions to meet 50 passenger
regional aircraft requirements. The analyses will feed back into the aircraft conceptual design for
potential refinements. They will also serve as inputs for the generation of LCI data (materials
extraction, production, use, recycling, and disposal) and economic evaluation. The technology
foresight analysis for the medium-term perspective (2035-2045) will be presented in the following
deliverable D2.2 in M16.
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