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Summary

I'n 2019 etghtlei@yel 9/ 1161 set t his sforaenes ep ubolwiaa disr eams peanr t
regard, the purpose of the present paper is to prov
public transport with the anal ysyer fodr Imdif K RIng) X EV
Subsequentlyjdeh&KiPbee i o wsalieys piuddrt i ¢ transporbein the
eval uated. Dsupeade itrhet He minreedr civteyhiocclneSshetsgamtas fpr
choice.
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1 Introduction

I n addition to the energy transititornanisnp otttbe anmueds b
restructured in order to achipdaen nta(rel Us\&eT ma rttyrgaantsi poonr
sector must al sa hcehradendotei@ydl ©h 1 hé gsaor ¢ atld ed Cl ean Vehic
This diti patiibede spulsleirec @mumrdctlpa i vate companies operati
take into account energy consumption and envirissnmen
necessary to consider hbstempoilodoowi cg)laemedsennemepg®
matter emmeshang, hgdnocarbon emiss[&hs and nitrogen
The result of this study sheabdomiet peateleisotiicegsm cot d rosc @
phbl i c tbryancshpooorsti ng t hBhe i ghmwicomeeptoperties of diff
with rtegariddemwmti fi ed KPI s.

2 Results of the Local Public Transport System

The TIMES Local Stuttgart Model

The basi s oft hteh emoadpeplr oTalcMESi sLocal , deri Jy&d Afnr cem etrige
system i s mauppp etde ci hnn oblootgtiocna | det ail as a network of
technol ogi es), goods (energgmisvuircres ,i matlee i adbsim afn
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system aggregated in one node. I n the |Iinear opti miz
sectors and primary energy source prices andwelnlergy
sources are specified. The objective of the model is
system under the premise of cost minimization. TI ME
those procfeearseas aietlyevamnta district, thusitynoft h$tsutst @ a
including the sectors of public electricity and he
transport atd otnh,e iinndpuosrotusy e eprmmertgy f t he optimizati on
and deployment optimization are carried out over 't he
hori zon cyeari ssdtsepsd f5rom the yean R810i voded50ntadhei
with hourly time increments. Four type weeks each c
the fifth characterizes a peak week with an hourly
iwstrate-ian hoifg hf Ifuecetduati ng renewabl e energies. Refere
is the year 2011. Detailed inflo3maheé ohocegaofditnlgi ¢ he
is the evatcatdoinomfpdathleways within the public trans
achievement of | ocal greenhouse gas emi ssion reductd:i

With the TIMES Local Stuttgart Modeflr,eda hpwbet isacre¢nraan s
consi[d¥lr eihe analysis is based on a reference scenal
greenhouse gas emissions by 95% by 2050 compared to
[ BAccording twofthéeeplcanryi ™df | Rbstcuetntagrairaa , c anhteai ns addi
reendaoasssreeducti on target a decretaeidnprdemardtframsmnpa
n the model is defined as acne se xtoog epnuobulsi cmoadnad rsahii If tt
i me, there is a partial shift of freight traffic f
cenario. The use of biofuels wil!l be abaando med tfhreos
uellhse. growth in electric vehicles |iTFalhbFflRraetrtestmi netdi
nd specifications of the CVD for the public transpo
mi ssian omed@wal s in the transport sector are consi
Explicit targets for the expected peneatndatei yreaagfs dloe
however, the furtheil tobesea onfodeé vielna piygleimtodu ss cdeencai rsii
" KLI M+LOW" contains identical gener al conditions t¢
development of electromobil i t[yBl.unti l 2030 i s assumec

Tall eScenario definition regarddlng mar ket penetr
2030 BEV PHEV xE®8har

No XEV s cars i i i

Light - - -
(KLIM) Buses - - -

Car s 1

XxEV hi gh) Light 1
Buses 2
3.

4 .

Car s
Light
Buses 7.

XEV | ow

( KL ILMOMW) '8

shows the féesalt ®nfeogytle®nsumpti on within the tr
5 and 2050. Bet ween the scenaffhesfhoabdraesergydcb
hin the transport setTiopedegfgbBske ArbevaholReBoOoWw:
safu stehi same daifcftii @inency uieht edas astse ppssd aesltd d tarsi fai c ¢
transport sector. The initial techholyogypdiacterdi |
5. The resulting decl i nneaiiat ternielrgtye ¢ otnc utmped ihoing H e
version processes in electric vehicles compared
biaonffduenlysdr ogen increases compared to the initial
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By taking a closer |l ook at the devel opments between
the years 2020 and 2050. n then itnheerfmemdalat en@regy oc

I
bet ween the scenarios occur. A higher final energy
scenari o. In this case the | ower penetration rate of
to @&madVv higher final entehgyegogsompsi gngi Fent he gme
in the KLIM case requireecaobonorgsdfi theveérmeapor es
that even if it ifst prhoei mgdaethadppintg viegemomamisport tc
electromobility could be an effective means of reduc
14000 O Electricity
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12000 -
M !!= l ] OBiogas
5 10000 4 ; ;:= =!-: | B Hydrogen compressed
5 I | | I=|=|. - I : I ! OHydrogen liquified
= L - =
S 8000 - =ell =i I OMethanol fossil
3 1 H == - A
= i Hi= ] el I OMethanol bio
8 6000 | ‘ A mi=in ll , .
SN || ||y et
E 4000 1 ==i II ODimethyleter bio
e .o 0 WAN NRR WA NAN AN RHH e oo
o ol —
L 2000 4 mHEH= OFT-Diesel bio
mi=le
AN AW WHW NN NRN BAR §GE -
0 - :
® s+ s+ =+ =+ =+ =+ =+ @Biodiesel
= :Eg :Eg :Eg :Eg :E% :Eg :E%.Heawfue,o"
2| [2I=F] [%[2lF] [X2|F] [FI2F] %2R [F2|F] [F|=]F
8 = = = = = = = | oKerosene
2] =1 ] = } o | =7 | =
= -3 X . X X !DLPG
2015 2020 2025 2030 2035 2040 2045 | 2050 ;
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Figlur Scenari o comparison for tbheefahlalteaespggr t ose6acim

Consi deri nidw atl hfes tnaatl e emfertglye consumpti on of the buses
(Fi g.Hex e we observe that, on the basis of today' s
convelhtfoehs (diesel, natur al gas) or, to a |l esser
see a drastic shiftt hteo sacMenecacd sotsbha et velktswa 2Pradd p sh €o |

hydrogen and elrrciteinsisyplplsyeftelalpy pwlaa pmwctor. Both
in TIMES Local, as buses temddtonueecihtyflrbgsas ., onwh
predomi nat esrmen yshorutters. sTlea akKiLdonMeyii @&Weirgsht | y from ¢t}
fact that the use of electric mobility and the assoc
higher proportion of hydrogen powered vehicles at ¢t
In additredaaboibanl twe & rhs iatl it eor anrad b sveeir nfeukellIsM, as seen
year 2040. This is due to overdbltaklinglpeonr t emiexcgioon

exogenously higher demandvhimeathohiazsed ni mei aitd wanl ttor gpmns
higher emi sspasas&«kngdmei et per

The overall | ocal product iTol ionf thhyed rkolgleM sicne R2ad0r5i00 sfuon
comparedJtonl&h]1 M*F iamdKRILM+L OW, ré@poésemtei nyeomly I
demandcdei nransport sector 7(9%LINM)KLI4M+2L9OW.n NelvieM+ haenl de s/
hydrogen pl ays a defcriesei vpeu brloilce tirna nasng oerfnto Islsw wiinomly iwe w
detailed cost analysis of a hydrogen supply infrastr

EVS33 3



450

OElectricity
400 oNatural Gas
5350 — OBiogas
5 300 — & -I mHydrogen compressed
g- = =1 ! -I I = OHydrogen liquified
2 250 3
g . II = | I I I —I ] oMethanol fossil
ERS I [ [ [ O[O | |
o - -
S O [ [ (D[N D] | (e
w -
T 100 - O Dimethyleter bio
 NNN REN NEN WAN WAN NAN REN oo
50 | OFT-Diesel fossil
;L 0 HEN HEN NEN NEN NNE NNN EEE oroees
n s+ =+ =S|+ S|+ s+ =+ =+
2 :%% :g% :%% 3§§ 3§§ 3§§ 3§§ ®Efhgnl
=z (T2 [ZI2]F] [*=]z| [BEZ] <2 [C2F [C2|F| esides
a = = = = = = =
< < g < < 2 2| OLPG
2015 2020 2025 2030 2035 2040 2045 2050 B Gasoline
B Diesel
Figuur &cenario comparison for the final energy consump
Pulbi ¢ transpousts prreopwriedseedn thsy obnl'y a small share of t he
sector, as the overalh 26mposheti emisbeanbyofeblueses.
CO2 emissionsspwirtthisectthoer tirnant he city of mdttartitgead t ,
indi vi duaHe rter attheepliongptr .i vat e and truck transport play
energy consumptionNemethkereltetamsphanss@mpindtri. on pat hw
transport s e-loasaenddt oc aerlbeocnt rniecuittrya | t ec hniorhplgda men tuantdiea
omeasures to achieve overall €messfoneredtniedcpoblygealt
can make a contribution to theecaddohiboanodéf thleettransa
represents a challenge for the transformation of t he

3

Improvement of the Economic Efficiency for xEV in Public Transport

Thei rDedqtEiB)(®E19/ 1161 forces European! taada zsemiorstsi oom@a m iv

concl@pt €l eandrvieshd bl asternative fuels. This includes
synt hepacafafnidni ¢ fuel sbiomelthadhdygaed i €dn @llei ¢ iBleggam g
emi ssion vehicles are clean vehicles that do not hawv
than ¥ ki#o9IAQh t his paepneisi oml| gr zea oeexeacnhiAod do.dr es e t ype:
compared with diesel buses.

These cionnvcdelpwds c el | electric vehicles (FCEV), batte
techndlHEgijeoan t hese vari arnarsge saxcth&vhl)se raBEERGEdr ycedllect |
can be differleasi wieth omweONnivehi ccharging (ON), opp
swappi)n.g (BS

I n this papekKPlssoaenei d enptoir ft iaemd, whi ch can have an infl
The selected KPFs$gandke dagmrairbeddand eval uated bel ow.
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Capital Costs
(CAPEX)
Operational
Costs (OPEX)
Economic
Efficiency

Energy
Resources .

Technology Grid Capacity
Charging /
Refueling

Time
Space for

Charging
Infrastructure

FFg@Oeervi elwPlog t he

3.1 Explanation of the KPIs
Line eProfil

The | ine profile has a significant influence on the
able to ensure the smoothest possibleLoperRBEmd®nhnbhk s
example the toponggapbpeadd whechvinfluence the drivi
ength of the route and the duration of t hrdeujedurmrmey.
i me as well as the |lineféateairdility are i mportant i

— —

I n this paper a di stniencptrioofni |iess :meidnet .ebrdct W éym smerdsy @ anltniyeyr
shorteni ntreame @ yDue to many stops it Thas bDsl poteanohy
the numbens,obbutheal maxitmum ksnp/ehe di no ft 3e0 coirt Y5 0and t he ¢
of stops, i ncluding Itnr atfhfei cc a sied hdrfse ,a m her therrsc i atryevees .s
bet ween the stopsr Bsaki mgsptocessedaasnd etwrer ef or e
front of traffic |Iights should al so benf eruoouddteyse.ss fr
express bus lineine prof ktesesagppéswmheaeadwo blae hreas, b
and can therefore reach a higher average speed.
Technol ogy

There aremids-Hiféemmievnet t echnol ogi es, which are briefly
made between vehlietesi evi ahd ahthdaydmreioweat dahves ogpf | ue
among ot her things, the following factors: the ran
invest ments in vehicle and the acbhiarigtiyng / refueling

Battery electric vehicles can be diWfthemtémmnieghtacch

technology the vehicle is only |l oaded at the depot.
carried ouugt (ucsoinndguca ipvle) but inductive methods can a
chargibnhugs etshehave range restrictions. Charging a veh

opportunity <charging (OC). tThhues rbaen gel ipmionbaltegw . o fCoan
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pantographs) or inductive charging technologies are
(battery swapping (BS)). The empty battery ig repla
or automatically. The battery is changed within a s
This concept |l eads to[] §ignificant higher investment s
I n a fuédlydeceolgleclowsneé ot edl ectri cal energy. This techno
The buses are refueled at centrally | ocatpadriRryemdger

can b[e].2me't
Environment

The drivemecgbinerepdbsalbdveralian terms of their effects
emi ssions can be idenhéefcledi ¢tchbadbtlypoeachhdékbamgpsi Binse a
i n this -tpoalhpeal: eveidd bioongl,i oxi de,panitmarcdcugeean amxdi cheoi se e
TaBshows the evalwuation of the different drive conce
on the choice of drive technrod oguwybjteoc tt htfd esttliessi arh a
Dire¢cERWA9/ 1161 stipulates mini muommargiealk Vvehi ¢ches
beginni n0dd9l. August

Econoenifd ci ency

Different KPIls affec{(  TClegalTyostiasl. Clohsits oifs owanretr sohfi pt h e
of th'Ec&RPOmMi ¢ "Bfofri ktdheem g & rhd tso rK P | is one of the i mmed
criteria because it reflects the expeatieod mso btetpgerr |
al ter nvae iwehidalie in tebms opet i sr KPhavéeleneeanal yze
switch the | ine or whetohferl iinti tg enrge soart kesloi Uungi Bnsakt si nndgiOm g
notscdared in this paper, since it depends heavily o
Grid Capacity

Grid capacity also has a significant i mpact on the
buses Theée vieghnol ogyfyt canmewevbekusaedf he depot or al or
enou@h absorb the addi tlipoomableet woad& bhwschar diengxpanded

can be EkipecKRId.only affects buses t hate meegpdtt.o be p

TalRIAs sessment of [d4dliSv ewittehc handod iotgiioenss ]

Dies(« Batte Batte Bat't Fuel
(Euro ( ON) (0C) BS
Range + + - - + 0
Char Reafg!l iimge T + + - - 0 +
(Line)Flexibil.@ + + 0 - - + +
We HdWh e Enmhi s si ons - 0 0 0 0
CQEmi ssi ons - + + + + + + + +
Nitrogemi ©3i 0a: - + + + + + + + +
Noi sné sEi ons - + + + + + + + +
ParticulEmt e s Mal - + + + + + + + +
Li Operaosbopsa C + + - 0 - -
Vehicle Costs + + - - - -
Il nvesihfmeastruci + + - - - 0
Space for Char + + 0 - - + +
Needed Grid Caj + + 0+ 0 + +
Sssi possi

Renewabl e Ener - possi possi p
a

0
++very, gooadod stat igsfG:bad
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3.2 Case Study

In the further course of the paper a case study wil!/
bus Iline in the region of Stuttgaimatd®hegkilliometlras . s
buses rhal feviekoyr on weekdays miwmiutthe d n¢ empraés diuan ntgo
6: A0m. fom8: @dd from 4:00 p. m. to 6:30 p. m. This m
540 kil ometrer swhpeth ¢y®@arespo@dskibomeppeonsi mat elgabO,]
runs through thinner and more densely popul ated ar ec

A TCO afnard ysowr different technologies was <calcul at ¢

compami value. I n addition to a pur e RRyEX onaesn caomds iad ep
that combines these two technol ogared .t W tdv er rtihgh te xt
are not foll owed uepc.h nTohleo gbya tctaenrnyo ts waep prienggartded as su
necessary production of batteries. I n addition ther
the establishment of a batterytheptwapme@mhi poiatnah
alternative for bus companies. Overnight technology
l ength is not sufficient tBi4sehoansl & hteo ruessel lybisussseosf oorfh
t tehrdee ve technol ogi es ntkinds elnefdar M hteh & estud rttsi mg @ die
included i n OPEX.
5 140% .
150% 134% 127%
100%
— 100%
=
-“3 Energy / Fuel
© 50%
B CAPEX
Diesel FCEV FC-REX
Drive Technology
Fi glur @CO analysis of20t2h0e) express bus I ine
It can be sa&lemethati aél dtihvee are more expensyive tha
to the expensive acquisition cosBg dorEMehiddtVeEs g aman
fuel cel | buses can be ab anagch tmuim ,p@ 6 ect e@UABID rHEAEHNT Wen i 0 n
values for th FCEV do not include any costs for set
the depot Th charging -REXramsd nBEViuB&udizs i med uldieldo

e
e
was assumed fo
1
w

r the hydrogen costs and Oedtl Z2sedr @ i e
was set at 1.14 euros per |liter.
The KPIs are eighted by consideringalktpyhei Bind Fmemgaes @
starting, froem L0800 cator is increasedeornn mpacrt eadned hte
anal yasniad yized. BasgdeorKPtilse sceanr ebeulrtasnked for each te
thathgéeimg one factor wusually affects various other f
example. The number of kil ometersThEtfetatsepensennéthby
by the charging keftrlheatbwsdsu,rer,equhiircdhs rmhai ntenance.
i mpact on the amount of investment for the vehicles
required charging infrastructaesek, Aydhaggeae,ierl ehbher kil
energy costs. The imdlBuences are summarized in
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TalBl eKRK rimmx

> c (O] — © —_—wn
(@) V)] [@N7)] - 0 Q [S)] (@) I 7))
[E—— N C - — S = | G G-
[OIN7)] [S7)] —_n et " 0 C o N
c o o o © O ) c o c c o
w o oo =0 > -0 O_0

Mi | eage X X X

Number esf Bus X X X X

Vehicle Costs X

Personnel Cost

Mai ntenance Co X

Consumption X

Energy [/ Fuel X

Charging I nfra X

The inflomenvadamét @rTLCO0mM eshuét darf. blehes ecemanigne i n i
parameters has dif foefr etnhte ed nfalcyt shidseind e pheen diiersddu dtdhe | w b u s
an alterndticvaen drei acBicgaal by Blkeenddg s elf etresc Hmrwlnd t he ot
they are very similar.

(a) Diesel (b) FCEV
150% 150%
£ 140% £ 140%
£ 130% £ 130%
f;‘ 120% g 120% .
h=4 o, e 0, 5 -
%110A )éllO/a ‘:2’ -
= 100% g 100% .......M ........... am—— Consumption
@ © -
2 90% S 90% e
= _ - .
80% 80% e Mileage
ok e oo do olo oo ge de oo de oo o
Y A o ,\'\9 \,”’Q \,"’Q $ A° o '\,\’Q '\,"’Q \f’m ------ Charging Infrastructure Costs
Parameter Variation [%] Parameter Variation [%)]
== = == Number of Buses
(C) FC-REX (d) BEV Maintenance Costs
150% 150%
g 140% g 140% Energy / Fuel Costs
; 130% _i 130%
s = === Vehicle Costs
S 120% - S 120% -
’ ﬂ’
E 110% ": - ’E 110% "-' K == Personnel Costs
S 100% __W/ﬁw.—— € 100 __;y_/:,..——
8 o - H Cost for Emissions
g 90%  _geZZ g%
80% 80%
oo do go do do do oo do do de oo do
B A M) S S S S
Parameter Variation [%] Parameter Variation [%]
Fi ghur & mpfactthe KPlIlanalnygsihe TCO
Except for the number of kilometers, all other fact
increéefldhsesd.i s becauseubafT€® whal gtotbss smaree Kii ll omett ers
| ower tlhnec rceoasstisnng or decreasing the number of kil ome

on a vehicle witPar aonaé¢hkt ecoatsveadei vlee grPaeebd nec
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the high acquisition costs of alternative technol ogi
zeemi ssion vehicles.

As baeeenhemgtume radnkihemg KPI's varies. They can therefol

depending on tDDeedtioveé owechmalgagy.i ti on costs, the nt
i mportant for a diesel bus FERBX WKws. al nbsattetaedr,y peel rescati
more i mportant role in diesel, as consumption and f
di esel buses, have only a rellattityel y minor i mpact or
Conclwubhedf abgl awpects are of primary interest in orde
of costs: number of buses, vemaylkdkeosistandcmbblbaeag
| ook.

4 Discussion of an Emission-Free Public Transport in Stuttgart, Germany

As shocwapt er 2, the number of busess gwifhcahtkbynawviev
2earst, Fime numbewi Idf imychrreiads ebuwssigsni fi cantl y. Batte
the depots, but not primarily. Dependiyng ogeasntvhielsls c e
increasingly be used from 2040. They wil/ make up t
However, this is tkbherbestlgcbhbnolobgprwhiindh 408 mor e e x
previously. That this technology receives such a | ar
drives in thleabbge wte sf aw pyearview ddgrtdesiexmpect ed

Tabll eEx pceocsttgdies si on

2020 2030 Sourc
Energy [/ Fuel Pri Diesel 100 ~12 8 [ 1
Hydr ogel 100 ~8 5 [**]
El ectri 100 ~92 [ 7
Cost fors[ ®BImi ssi on 100 ~203 [1, ,1184
Maintenah®wle Costs Di esel 100 ~115 [11**%]
Fuel Cel 100 ~51 [**]
Battery 100 ~51 [**]
Personnel Costs | 100 ~125 [* *]*
Vehicle Costs [ %] Diesel 100 ~116 [ *]
Fuel Cel 100 ~67 [ *]
Battery 100 ~67 [ *]
Charging Infrastr Battery 100 ~81 [ *]

*Own Cal cul af ijdnOwmsaswermrdptoinonOwn Cal culldt i

etxlpeect ed c oosvte rd etghree snseixatnst en years are included in
f ffer&egm4Thealt octosts of lyh@%lihesebstacperaslki |l ometer f
17. 4%REKobyalFC5% and for a BHEWebyes6l 2 i gompahedc

e rfersauthtcshapter 2nicnietsal inp Aagbumd sephicles, most.
hicles with conventional drives wildl account for
c ded in the forecast. Howeverncept shewsg!| d hat so h
t ut them over ti me.

f

, the directive waAssocitbtconedfi Gea mpasiTt &
€ association states-tthat sd¢ hraatngsgpi derst adfa nepaadny
ports the Hior.ePasttanttheaqubekseernroducti on

e rective, buses have to be procured that cur
Iliiatbyi t hat is required. This would also make the t
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the charging infrastructure is stildl mi ssing. The i
t a

and woul d kef2Bt | east five years
150%
100% 97% 8
_100% 92% 89%
=
Toa Energy / Fuel
< 0,
>0% OPEX
m CAPEX
., =—u HE B BN
Diesel FCEV FC-REX BEV
Drive Technology
Fi gauFcer ecTaGQ eadnal ysi s of (2680pxpress bus | ine
The predict €d@®TA®rr e2s0u3I0t ss h(cawl ttelrantattihvee odastvses wi || d
year s. However, the directive wil!/l apply from next
infrastructure wild/l be nrheccatvéysanygi at ©bhs 8 espo id rhteg/ o e
experiment with technology, but. have to commit thems

5 Conclusion

To conclude, the demand for mobility services in pas
t he | oncaatli oannmad GCbergbowebimyi ce demamndsraamasel i kel het a
years, thus |l eading to an increased energy demand i1
fast decarbonization the trawnwspodt h adeeoieo g hsee cCivga o eod
intervene andThedwmcei emims pronsr eme pte st arpeeatas oofs ttloe
vehicles withBabhéehinghi vendei siesen costs can nmakhee pub
future, economies of scale wild.l reduce the acquisit
wi || be necessaslyefior @ htehemn eixds tflerwf oyee agy s eemat al i gn w
vehiFot ecasts show ulhdataltshoe tcahkaeh gpeldaccneg wdiitrheocutti v e, but
taken compwiniesul onger CVD, external factiozaticam ¢ og
falling diesel prices).

I't remains to be seen whether govet htereannts psourbts i cdo nepsa
anapproextiBature studies should focus on t hue oipmepanct ¢
Uni on.
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