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# # 5870235821 : MAJOR MECHANICAL ENGINEERING

KEYWORDS: ELECTRIC BUS / FEEDER BUS / FAST CHARGING / TOTAL COST OF

OWNERSHIP / SENSITIVITY ANALYSIS
WACHIRA NILPRAPUNT: Sensitivity Analysis of the Total Cost of Ownership for
Electric Feeder Bus Using Various Types of Energy Storage. ADVISOR: ASSOC.
PROF. ANGKEE SRIPAKAGORN, Ph.D., 97 pp.

Electric feeder bus is currently an important development for urban mobility.
Technology options for electric feeder, however, is to be improved. The current battery
used in feeder bus contains limited energy capacity and takes too much time to a full
charge. Among others, changing the battery type along with the fast charging
technology can be considered as an option to negate the limitations of the electric
feeder bus. Nevertheless, the investment cost for those options vary strongly
depending on the different type of energy storage system. This thesis aims to examine
the total cost of ownership (TCO) of the electric feeder buses using various types of
energy storage and to reveal the main parameters that posed a significant influence to
the TCOs by applying the sensitivity analysis. The electric feeder buses compared in
this thesis are hybrid bus (currently in operation), lithium-ion battery bus and
supercapacitor bus. In addition, conventional bus based on internal combustion
engine, which is widely used, was also compared. According to the results, the lowest
TCO belongs to the fast charging system with lithium-ion battery bus which is lower
than the conventional bus and the hybrid bus by 17% and 6% respectively. The two
most influential factors that affected the TCO are the travel distance and the
operational years which supposed to be used in determining qualitative requirements
of fleet service. Furthermore, only for supercapacitor bus, the increasing number in
fast charging stations in the fleet can cause the shrinkage in battery size, which
eventually leads to reducing the TCO up to 23%. This study concludes that lithium-
ion battery bus and supercapacitor bus with fast charging technology are the cost-

effective options for the electric feeder bus technology.
Department: Mechanical Engineering  Student's Signature

Field of Study: Mechanical Engineering  Advisor's Signature

Academic Year: 2015
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3.1.1 ANAINULTUGY
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3.1.3 AN8AY

i = = o a avy ° ¢ al 19
A1I8AY (Resale value) nunefis I1uruldunlaainnisiigunsalivaneignisly

'
=

¥ UK = ! oA a ! « 1 9 Y v valo dy
NuuTLAdaiyaragrIaiienit “yawin” (Salvage value) lWuelvfugnsudeiive

)=

11l recycle udnhndualdivg dmsulunuidedeunsalinunogudiuidindyadiegh

ABLUALABIYALNT Tnekunnesudazdainisiindululduselovidlawnneneiu dewalv

a ! a A ! d‘ ! U v
LL'UG]LW@?LLW@S%U@QJ%&QW“MﬂWLLG]ﬂG]’]\‘iﬂu‘lﬂﬂ’JEJ

%

I ¥ ¥ I a aa
suvunnludiveslusalagaisasgnuandusdiuuvesiuusieilawns neninig
fivrsandeyan1duniuaaifieg lneaunisnisauinsununsidudiveadudaunisi

(3.1)

(IPC —RV x PVF )xCRF +§IZN:(1A3():”
TCO = n=1 (3.1)
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(@) (1)

SUN 3.4 gunsalildifivdewa (n) Hall Effect Sensor (%) Voltage Divider Circuit

9 Y

(A) Arduino UNO R3 (3) Ublox NEO 6M GPS

(n) (¥)
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H1519N 3.2 m@%aﬂ"ﬁisﬁwaﬂﬁqu%aggmiqLi'ﬂLQ@‘EJ?JENiﬂIWEJa']ﬁlWﬁ'W]UUWﬂIVI@@i@U

- NHNUTTUY WANUITTUY WU dasifuade
e Fuindou (Wh) Usuane (Wh) (Wh) (N3./%31.)
1 1,648 1,230 2,878 7.50
2 2,273 1,711 3,984 9.84
3 2,370 1,402 3,772 8.72
4 2,594 1,483 4,077 11.14
5 2,728 1,442 4,170 8.59
6 2,642 1,971 4,613 9.77
7 2,660 1,854 4,515 10.91
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ﬁmﬂmslﬁu%’au”aﬁu’wm 7 59U dwfumstuindeunuitiaalnii geanfisnlagans
Iylihane 1 198AUszann 58 kw eazwulsianluunansdl wu nmseendvessalneansie
Anuisege sy Je91ngudt 3.6 wuiidsliihadevesnisduindeuazeyfive 7.82 kw
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paeanalusEniisiuindeu :1nm e 3.2 eyamslindanuuazsnsisuadevessa
Tagansliihdiduiinlddoseu wudrseuildmdarulniunniaadinisldmdasmlniiis

Hanuawiny 4,613 Wh Ay 1,153 Wh/km

' ' 1% ]
a U o =

salagansluihildlunaifudeyalduummedngirinsafiinuguumnned 130 Ah
Fawudrannisnaaeu euummedlusalasansduiifundsnulniiazifuaiiugues
wummed avanusaliuinisldsuauiomn 2 sou nmenumavegeusolasansiuihves
flsrusnissolagans [32) wuimamsldnuresunneslusolasasiuazegluisdanius
Uszqlaliin 30-80% witerdunissnuiengnisldsureanunmednsinsauasiitotdunis
dosrulailindsemilununnoinunszninanisliuinns Wl we. 2556 findsad fimadd
wazmasz [33] Idvhnsmaaeuiisafuanuqliiivesuunin ednsinsafianasduilosnan
nsldemunieldnszualuiligs andoganisldndsenulusalasarsiitufinlédu wuin
nszualyliiadeisalasanslwinldeuegMvszana 20 uenuds daagiliuunneing
1hnsnuuin 130 Ah aansalindeauldifies 69.6 Ah [33] waziileRansantauiunislda
wusmesluTranuzUsEaliiih 30-80% azvildmaugluiiniiansadinldlsesede
34.8 Ah fausedoyamaifdusuldisalasasinihfivunmasouisanmseliuing
Tldifies 2 sou (dwdanuiomn 24 Ah) Tnendsudausinefide (10.8 Ah) ondau
drsosdmiulostulilisalnsansndseumunszninenisliuinssuiimsdosaninves

LuAwesiiasanengnsidanuveIkunnes

3.4.2 NNSYNUNEATINT MNaINUlusalaeans

Tusidenauntinvesdsss [34] unausnsyinuiesnsinsianasnulusasunaie
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tY

ANSLEAT VSP nudnwaansaladuialnuaaiaeisuluseauiaiuisasausulanaziianiiy

saa v ::4'

azmnlunsinluldiusosudndidunisnisasasouy annslunisadiswuudnass VSP duay

Tidudoyalunisadefides Fuilildszeziiainsiiuteyalisseziianidundinisiiv
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foyavanualnenss nuAtediadentdan vsp dnntaeglunsyiunesasmmsldnganuues
solapans dhenisadranuudiaes VSP vessalasansdunn dansldan vsp dugnldtuagis
ungvane [35-37) anfamslduuusians Vs du taeliusendnaldareluninfuioyald
gnde iesnnlaisududesindguninifutoyandsnlusalsansnndu isudlideya
5LALIAIIN GPS vassalasansusazdu danseunquienisuUsiuresannnisasasnasn
fefudndae voninidudulsslomideniniluinmginnausalasasluaonisius

A Y P 1Y
dulaumeiu

ARSI NNIZVDIE U UAL T UNITI LMD NLANIDIAINUADINTITA I 01IAVD

6 ‘41 nd! ‘é a o £y % [ o
g1ugUR Uz e nialIannils Fadeullun1syinuigdns NS ana I ULaLeRIINTg
UaasuaiuuaIs1ueus 1ne VSP auialaainmdieusudsesnistuvuziy dausznauly
Me WIaduNIMYUYsae (Rolling resistance : F ) L39A1UDINA (Aerodynamic drag
force : F,) wseluuddavealan (Gravitational force : F) WaghsaA1uAIIUL20Y (Inertia

resistance : F ) dauaasluguil 3.7 iisuiuwrasiuveseueus (36] dedunisi (3.2)

v > Ft

—

- /

‘F‘N/
Ff=Gfcosa

P st

Fi=Gsina T’\ GrEsG

\L§
G

JUN 3.7 Meseiusadmiunisaiiauuuiness VSP [36]

ysp _ Power _ (F +F,+F+F)v (3.2)
Mass m

WounuAws iU TuYUYese (F,) wisiuenia (F,) wsdldudisvedlan (F)

usTUAIINGEDE (F ) wozdnguaumsival azlaaunisi (3.3)
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[mgf cosa +0.50,CoAVZ + mgsina +(1+¢ )ma]v

VSP =
m
VSP = [(1 f +gsi 0.5, oA (3.3)
= [(1+g)a+df +gsina v+ 5p, ==V :
gl VSP  fAe AMAIIUNIEVRIEUEUA (KW/Kg)

= <@ I
v 0] ANMULSIVDITOUUR (M/s)
a R ANMULTIVDISOBURA (M/s?)

Ao AN LB INANUL TN Yeatan (m/s?)
m Ao wIaTINvessasun (ko)
P, 0 AURUILUUYDIDINA (kg/m°)
A R NUNNTNARYDI5AEUR (M)
a 0 AMUTUYDINUOUY (B9FN)
f R FUUTEANTHSIAIUNIUNITNAS
c, Ao  duUszAvsussiueinie
e R mass factor

dususalaeansnlanaaeulunuided Jurndndisawindu 7 du Inedunianswiu

g v & 2 & A4 \ 2 = ag v & P ) ~
sofbinaaeuiiy Wunuinegluaniiss@sanuilinuauuiuliiniudu (o —o) uazdl
FUUTLANTWSIAIUNIUNITNAWVIAU 0.0135 @IUANUNUILUUVDIDINTA AINRUALAMAU
1.1644 kg/m’ Fulupnuvuiuiureseneaiaamgll 30°C dmsuduuseansussinueinie
Mvualiviniu 0.6 uagsalagansinunnidamifiu 6.6975 m” (1119 2.35 m g4 2.85 m)
#1950 mass factor fuualrdy 0.1 wazdlusafagavadlaniiniu 9.81 m/s” aglaaunns

[y

VSP dususalagasnlanaasulumudded dvdiedu KW/t seaunisn (3.4)

VSP = (1.1a+0.132)v +0.000334v° (3.4)

Tunisduaae VSP asgnuuseanidulnum fim1snad 3.3 Tuusazlnunagldandng,
nslandenuaasunduiunureduuntiug lnenannistiunisuusuunves VSP [35] dudl
ag 2 o fi 1) usiavlnunazaewdiA1dnsINsidndanuiuans1anlvaundus 2) N1snseany

Mvestoyatuuiaginunagsadlndifissiunaliinanluuslaluuandadudnlng
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AN519% 3.3 WeuUed VSP weazluum
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Fedu 95% 1Judsguil 3.8 wudnwwalduvesdn VSP Tulvuail 1 §a 4 Suwalduvessn VSP 7
' v A S ' a1 g = & 1A o <

ADUT19AST LTlpsanidugiaresn VSP nliaduay daduyiisalagansvinisiusniive

ngasn Jeliinslimdsnulumstuieteu dwlulyued 6 fs 9 A1 VSP Tuuiluuiiiiugadu

a1

ulrua ATy Liesaniduriwea VSP Afanduuin Fadurieansalagaisinnisiss

aaa |

Wondeunlutimin Tunsalninisisedeevsedian VSP 91 salasansdsddndasnulunis
o v v oA " oA £ A A - [
wdeunites Tumanduiullednisiseiuindurseiia1 VSP awu Aagdnisldwdenuluns
Tuirfoufigauunuluie uazuenaniinmstuimdeuinnuiiganddmalndnisldndsau
lunstuinfeugaduiediu daunudewuunInggIuves VSP udazluuanuiniaiy
Ueauunnnsgiueguszanu 10% vasanadeudazivun eniiululuund 3 uaz 5 NllA
Heauunnsguunis 60% tesonidulnuefiaduluunszninanisisedunisiusnlu
Fradudu Feraiilideyadnsinsldndanuinisuniuantugnaniie suduaiy
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A nsunmseunuaansInislandsnulusalaeans Wussaunisi (3.5)

1 N
Tx. > DW,
100=
E = (3.5)
VKT
nofl 0] BNIINTIINEIU (KWh/km)

N 0] UIUIUATDS VSP
T R naIM$ie 1 50U (ala)
i Ao Tvunvad VSP
p, A mInsERemvesteyalu VSP luua i (%)
W Ao ans1n1stenasnuly VSP ua i (kw)

VKT Ao FEYZNNMTN 1 50U (ﬁiamm)

Tuszuinanisliusnissalagalsiy @anInn153519skazanInwInasuiluveg

Y] Ny va N I = W Y o | a
La‘LWI'NV]IGU')Q@JﬂqiLUaUULLUaQQQWaQW SZNENNEW]@EW]T]ﬂqﬁimwaﬂﬂqu1u5ﬂiﬂﬁlarﬁ LYY LUDIN

(%
a v v

Taga1sUszauiuanInn1sas1asnaade fasvinlisalaeanslandsnuuinduninung fatiuy

o
a

diolinsimseisnsnsidndenulusalasansiinnuusdudmnniy mudseiswihnsdu
foyamsisessalasansain GPS Wussezia 1 Weu lneldsnlasarsvionun 6 dulunis
Audeya vililédeyanisiwessalnsarsiianun 1,596 sou udishdoyaan GPS Feldud
AIET AUSETIUNTRNGY wazszezan ey WlEfuLuUsIaes VSP iieviuie
gasinshanasnulusalaeans lnen1svitunegsnsinistandsnulusalneasaieg Luuinass
VSP fuagsiunelanisndanussuuiumdouvindy iesannlusnuisedassmualisyuy
Uuaniavessalagarsveusasnnsiusns deesiisnsnisldndanussuuuduonie
ATy 6.78 kKWh/hour neldszernnenisiswessalasansanediaasindu 4.0 Alawns

WuIN1INsEAtefvesdnsMslindsnulusalagansidudgui 3.10

nmsiwegnsnsldndsnulusalasaismenisiiudoyanisisvessalagans

A !

1w 6 fu Wusgezig 1 deu wudnisnszaneivesdeyailunisuanuanuudenuns

= a v

(Lognormal distribution) @sfignsinistanasnulusalagansiadsuuuasnyindu 1.2046

kWh/km LLazmmLf‘imLuusuaq%’amual,t,uuﬁaﬂwhﬁ’u 0.2677 kWh/km



35

300

250

200

150

Number of trip

100

50
0 k

0.75 1 1.25 15 1.75 2 2.25

Energy consumption (kwh/km)

JUN 3.10 nMsnszaredvesdnsimsldndanylusalagans

iafa1sIN1INsEAefivelayalusalagalsudazAUNUIIUanITINLIILUY
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Tun151997 3.4 nudasINIsIEnSIuRdswuvdaniainuanasiuliiiy 10% Lazau
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iuLﬁuwNﬁiﬁﬁlﬁu%’agdumu%ﬂﬁ gy lonsinstdnasnulusalagasindniinisnszane
o | = 1Y a | 'Y Y Y
mudgiuluguin 3.10 w@ue wazA1ndINsnTEAemvesdnImsidnasulusalagans
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nINSEANELUUaRNUNRIULAEIU

M58 3.4 maTeuiisusnsnslanasnulusalasaisiefesasandssuuuInsgIuees
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ﬁ’uﬁ ?’WI’]LQ'S'EJLLUUﬁﬁJﬂ ﬂ'J'mL{jENL‘UUlI'Wﬁi"IULL‘U‘Uﬁaﬂ
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i 1.2377 0.3081
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6 1.2044 0.2691
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6 0.678 0.678 0.055
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Toyalun1sAmuin naditum nstigu naditugs
AasuENAY (Guum) 1.75 2.50 3.25
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AgeNU3seal (d1uun) 1.92 2.40 2.88
g7l 3.12 nMsiasuulaswesAsnedviusalaeanslauin

ToyatunsAuIn naditus nseigu naditug
AasvuSusY Euum) 2.10 3.00 3.90
AUUAABT (UM/KWh) 2,295 2,704 4,236
szezvneiiwo Ty (N, 72 84 100
svpzailiuing @) 8 10 12

soun1sidausunae’s (cycle) 500 920 1,000
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Distribution Summary

Distribution:  Lognormal (0.16194, 0.1749)
Expression:  0.66 + LOGN(0.532, 0.208)
Square Error:  0.016780

Chi Square Test
Number of intervals =0
Degrees of freedom =
Test Statistic =553

Corresponding p-value < 0.005

Data Summary

Number of Data Points = 362
Min Data Value =0.814
Max Data Value = 2.27
Sample Mean =12
Sample Std Dev = 0.235
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Distribution Summary

Distribution:  Lognormal (0.21349, 0.19540)

Expression:  0.72 + LOGN(0.538, 0.238)

Square Error:  0.022572

Chi Square Test
Number of intervals
Degrees of freedom
Test Statistic

Corresponding p-value

Data Summary

Number of Data Points
Min Data Value

Max Data Value
Sample Mean

Sample Std Dev

= 196
=0.913
=275
=1.26
= 0.295
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Distribution Summary

Distribution:  Lognormal (0.17706, 0.19146)

Expression:  0.61 + LOGN(0.602, 0.222)

Square Error:  0.026600

Chi Square Test
Number of intervals
Degrees of freedom
Test Statistic

Corresponding p-value

Data Summary

Number of Data Points
Min Data Value

Max Data Value
Sample Mean

Sample Std Dev

= 324
= 0.865
= 3.38
=122
= 0.291
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Distribution Summary

Distribution:  Lognormal (0.19052, 0.19997)

Expression:  0.71 + LOGN(0.519, 0.232)

Square Error:  0.043553

Chi Square Test
Number of intervals
Degrees of freedom
Test Statistic

Corresponding p-value

Data Summary

Number of Data Points
Min Data Value

Max Data Value
Sample Mean

Sample Std Dev

=7.72

< 0.005

=100

0.927

= 3.03

=1.24

0.308
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Distribution Summary

Distribution:  Lognormal ( 0.12613, 0.17534)
Expression:  0.62 + LOGN(0.53, 0.198)
Square Error:  0.017144

Chi Square Test

Number of intervals =i
Degrees of freedom =4
Test Statistic =40.1

Corresponding p-value < 0.005

Data Summary

Number of Data Points = (319
Min Data Value =0.79
Max Data Value = 2.44
Sample Mean = 1.15

Sample Std Dev = 0.236



B

| =

JUT 96 msuanuasanutazduresdnsimslindsanulusalaganslnihdud 6
Distribution Summary

Distribution:  Lognormal (0.16611, 0.19075)
Expression:  0.43 + LOGN(0.772, 0.23)
Square Error:  0.034147

Chi Square Test

Number of intervals =5
Degrees of freedom =2
Test Statistic =359

Corresponding p-value < 0.005

Data Summary

Number of Data Points = (285
Min Data Value = 0.69
Max Data Value = 3.28
Sample Mean =12

Sample Std Dev = 0.269



JUT 97 mswanuasanuiazduresdnsimslindsanulusalagastiiivianun 6 du
Distribution Summary

Distribution:  Lognormal (0.16674, 0.18734)
Expression:  0.42 + LOGN(0.781, 0.221)
Square Error:  0.018790

Chi Square Test

Number of intervals =14
Degrees of freedom =11
Test Statistic = 353

Corresponding p-value < 0.005

Data Summary

Number of Data Points = (15906
Min Data Value = 0.69
Max Data Value = 3.38
Sample Mean =12

Sample Std Dev = 0.268
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Distribution Summary

Distribution: ~ Beta (13.823, 15.415, 174.56, 1268.1)

Expression: 87 + 1.18e+003 * BETA(18.2, 17.7)

Square Error:  0.005557

Chi Square Test
Number of intervals
Degrees of freedom
Test Statistic

Corresponding p-value

Data Summary

Number of Data Points
Min Data Value

Max Data Value
Sample Mean

Sample Std Dev

=17
=14
=217
< 0.005

= 1596
=879

= 1.27e+003
= 691

= 100
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Distribution Summary

Distribution:  Beta (1.1174e+5, 16.724, -5066.2, 5.7079)
Expression: 3.04 + 2.78 * BETA(31.2, 14.2)

Square Error:  0.003607

Chi Square Test
Number of intervals
Degrees of freedom
Test Statistic

Corresponding p-value

Data Summary

Number of Data Points
Min Data Value

Max Data Value
Sample Mean

Sample Std Dev

=14
=/11
=/97.3
< 0.005

= 1596
=3.28
=558
=4.95
= 0.189
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