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A case study on optimal location modeling of
battery swapping & charging facility for the electric bus system
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Abstract

This paper propose an efficient algorithm for selecting electric bus charging facility location. In nature, the optimal charging
facility location problem is similar to Set Covering Problem. Set Covering Problem is the problem of covering all the rows of
an mxn matrix of ones and zeros by a subset of columns with a minimal cost. It has many practical applications of modeling
of real world problems. The Set Covering Problem has been proven to be NP-Complete. In order to overcome the computational
complexity involved in seeking optimal solutions, this paper present an enhanced greedy algorithm and simulated annealing
algorithm. In this paper, we apply the developed algorithm to Seoul’s public bus system.

Key words : Electric Bus, Greedy Algorithm, Set covering problem, Battery Swapping Station, EV

tE ATE FEAYY A
4ﬁ*wq

)
ol
i
tot
>
s
L
)

et wEHAFEAA 71EME” A (11PTSI-B056303-02) A Qo g 43

* AR FEGEUI FENFERIY WF A
AL ARG JIUFEFTASG W
s BAA) : FRGTULN FEWEETAG 05

Fosta FWEEFAT A4

ok FAAF B WAAR: G
T E=EEEY 20129 6€ 27Y
T E=EEAANY - 20129 79 182
T AASELD ;20133 1€ 8

Vol.12 No.1(2013. 2) The Journal of The Korea Institute of Intelligent Transport Systems 121



HIIHAE I8 HiHE| XtE nE-E5N

olmal ujx| xXMsl REE o M2 Al 24

A AAHCZ AF2dstz Qs FAEEAVL
A2 712 A4 EHAAEA 29 UNS (1992
W) o]l& wEYAA(1997¢) ¥ dFEc
grs] R Eoigitt nE
S S i FAE

W) 5 FAH =971 £
g = A Z=e]
931 i, 2 Ay dA FygkEE
(ECX: European Climate Exchange)llA] &
of tigk A7t o] FA 1 Tk
oje} o] AFsE QlIs| AA ZelA=
A AbgEokd Z2A olibsigera wjES Eolixt
gala glem 20099 1€ Syt ARe
2020 = 247k wiEFS WS EA(BAU)
el 30% #=3t71= 2R8I old wep 24 R
THE NFEEIE A3ty #Ysie
YA Ex8gAE =948t dEH 1lE 5 Hl

o =
A b FR LAVl MES 4FL AW

B
X
R
b

H
Aol .

W dyA F& coz wE#e °F 20%5 AHA
dhe FEEor Aga SAY 48 HsiA
= A7AEA B gite] dgHolEe Y=
Agth =497 7129 (2010.04.14. Aol AT
F3} A&7bs wEEF EA(2009.12.10. A1)
< B I8A-TY FEL wTrad] 243
g wraia Yot

<

A ) i Ege 4
H  130gkm, 202013l
EXE A o Ak
Ao thege o F 70| 130gkmE 23

sl ZA| A 7)o HISHR] Eela o] AR
Aol et ghlo] FobAa Slrk. ofof met 2009
109 ARA “A7 A3 2k BAE wrok o}
Halz 2011d Tol| A7AF2 ke AA =
T ANAEA B 243E AP =84S 7)eol
AT Ly 21 S AAI HHEiElPJ 7449l 9

S B A7 (S8R9 A oF 55%) A &

[\®)
=
[\S]
[-'V
Iz
o
T

rr

W

XS 2012390
95g/km<] 2]

o
of

P

Y
o

K

A48 eAARS HEF FATY 5o A3}
G5 AR BF FE e BERS
geaoles ol ede oast E#ioz 2

e L R o

W
H
BSS(Battery Swapping Stations) ] TH5].

Smart e-Bus

Z)Swa the batte
pihe ety st System

2)Entry to a station to change a discharged
battery

(2! 1) BSS(Battery Swapping Stations)2| 7=
(Fig. 1) The concept of BSS(Battery Swapping
Stations)

WS S AIABR
g A2 el

x_qs_ﬁloizﬁ EU} H].E_
B, A71E Ao] 7hsd Ble R
gk BSSell AX|== wigE] As e -%‘XW\]“O]
QCM(Quick Changing Machine)2] 7% AFAAH
o AAFEES EWE tiFE 7127 Al
AR o] 84 AN EElE ARA dEEE
o Ax|xo] AJA Ax 9 & FErt gloH
A S A8t AEEY A A AAFERE
VMS 59 AYALE wgAdd 85 HIPT F
A= gHel Aok

U~ HA7|HAE B3I W =4S
TG A AVIHETE F3hel] HFEA] REE Z

N

t

122 SIRTSYUL| =27

M|12#, T12(2013H 28)



HIIHAE I8 HiHE| XtE nE-E5N

()

olz=a} uiA| A&zt RYNY & HE AR =4

2 AFdAM e A7HEE Hg wiEE Asa
AL BSS)Y X4 FAE Set Covering
Problemol| 283t sfAstqith. wiEE S Al
Ho FIYAYE JFHeE HAF3gen vE
FolaE M9 TelY YaDEE FE A
7IH2E 9Jg wiEE X}%ﬂ%%x“‘]” AX4H

NE
ol
3R
K
e
2
Ho
o2
O{N
r o
2.:
o
>,
lo,

A7MAE A9 e AEaBEAAA 91
AR BA) AS NE ARAN FANEL A
ke W, e FAAA 7 2o vE £
A Ad FBAE ol IR sAeFaTE A 5L 3

A3t 71 AEe W E-2 Set Covering Problem
olg}al ATt

Set Covering Problem®] 7-%- NP-Complete2] 543
< 73 e, 44A EH(Integer Programming)
o 9]‘51 HEWHE /‘} gk % "Fﬁﬂﬁ‘ﬂdoﬂ o4 A

e
(T
%
m{m
-U
rUSL
_1
0,
j
5
-
r
L
_l
N
{
N
ol

g &

dae]ES N

5 A FAANEE AAG Ffdle A4
Aol AR AR o2} FAN A FR} &
FS aesor dAl AR 7hed RS Y F
ek Rz J1E FueEe AHE B A7)
H2Ag 3 v AsudsAn e Fre) &
Be meistl 4o AAE WY & Y= A=
& gneEe g

)2 4= A= Set Covering Problemol] T
T 2#2E 539 A A FE Tt

PHEe 2N B8 BA9 54 neld

o AABIAAL, AAl MEA]
Az

d 92 s
I. #3x%

1. Set covering problem?| £4

g ZABES Slal ge Al AL )
gael ge AgEI AH2E AT ol gL
Soish she glo] BHolAw BA 2ULF X

X A AR H&S FHlske FEE HAa
glatofof gt} ol gt EAIES IWHEoE $XA
7 29 (location modeling) A2} 3} 7o) A
A& Mk &4, A%AAY 7NAS A &
ARt op}, £ Ao x ] AL 3 AH
o] 92 A Fol HEHY AXAEA FAECI

2 =F9A Y5 Set covering problem-2 $] %]
AR EAY 7 712 A delo]tl Set covering
problem2 YEY I AA| =8 X Fsl= FHA H]
&9 Ald YAE AFske wAolth

Set covering problem®] 73-%- NP-Complete &#|Z
A dutd o2 472 ¥ (Integer programming)S 5
ate] At slE 7 F Atk AR #A9] A7
7} ALFE A E Fote ARto] AFF R S

= D& 7 ok 2 A7 w8 A
54 A4t T ol =
gol e 23458700128 o
5 2 ARk 7]'5}:"

25 1%6}04 A@sﬂoﬂ 7}77}% -6H—§— X;
S JREsl Tk T3 Aol F= i
He] AsuAy d7wse wigey §3S 188t
of 3 wiElE] 9] F 80%TEAA T Al TV
Ag)Ql 16kmE FFHo=Z HA3)

2. Set covering problemz} ZHE S XA}

712 Aol M= Set covering problem?] 3]Z-S
el ohekst FEl2E dagEo] AjbEo sirh
342 a2yl &18]E(Greedy Algorithm)-2

Vol.12 No.1(2013. 2)

The Journal of The Korea Institute of Intelligent Transport Systems 123



HIIHAE 21T siEH2| AtS wE-sMel=Za} vfx| 2 Mat 2L o HE Al 24

()

@x) el A Aol 942 H9F F ke e
2 oS AYS WBFOSH AHs A
@2 e eItk 70N AN Adoldt
JED Uol TFHA e BE D5 FoA A
Be 42 TP 92 SAHo Hushe A
& 2@ 2%, 2E Yo 9 ol TP
A o] HL wEFoRA HE dE Aol
oh e 53 404 43 Be 9L TPtE
Qe Auske e Y AFINE Hye A
o)A AAHoR wH HHlo] okl AnE A
2 5 Ak o FA wiRe] 19t uZ
A% e A7 ool e 2L dAR A9 A
S|

.

317] 913 Al EEclElE o9y &) F(Simulated
Anealing Algorithm)S- 7|¥to. 2 3 FE|2~g W
< ARFSIATHE]. AlEdolHE gy daelE:
(Simulated Annealing Algorithm, SA)- 1983 Scott
Kirkpatrick, Gelatt and Vecchi 5ol &3] Moo=
A7NE HESE S5 e AAA
o] ate wEl 2E 7]elth A& o]

= {02 e g3t
I H2e ss 2=

Hujgka xel

[}

2
rlO :lo{t
AC)

to rf

% g b
Oo}ﬂ}&

i

o @

o kI o o
o Irlr1

2 (o Mo B
:O'l_g’

ok
=
=2
>
o ol
:’Nj

o
D
il

)

3 0
23 24

S
fx T

N ok
=

o,
o
of, o
)
rlo
>
o
)
o,
o
(1
2
uc
e

Ach

lo
my)
)
tlo
N

of
-

Holdln Ho}h =

MAE A EFGOlEE od

3] ¢ AFelA= AlEEolE
al

Zol galaztol

2

ot
e e o Ao K
315

&l
(TP T A = |

o ul o 2 oM

QL

N
m\l
p
rir
BV In
i)
!
s

(Genetic Algorithm)<- 2}-8-3}] Set covering problem
< 239l

AR} 212 Z(Genetic algorithm, GA)-S 194 7]

Qo] ABAAQ B Thelo] 4T HBAFHE
of Ge e PyEolth ol A 133
4o) ojoltolg HHH FAl] Hgtel A
Aol H9A QaBolh The <Y 2> Db

-

| Modelmg(coding)

| Population Generation

4+

Fitness Evaluation

14—

Selection

4=

¥

| Crossover

Mutation

(O% 2) 8% €102 S8k
(Fig. 2> The flowchart of Genetic Algorithm

o

AAA e e A= W3 FAAA, I AdE
FAsh= AAES) AEA WAL Population) S F
X F4 Aol $43 HASo] Fd e 2
F=7t Fo} dopds gEo] wom, o|FA o}
H2 HAIEZIY wel(aah) B EdWele] RS
AA te AE AAEtEA 7 8 S
frdstAl |k olelst sk A4S Set covering
problem®l] #-§-3H stute] A& A7} el A
drbsallzt Ha, e d@rtsaed 4
omgitt. o] FHA dargEe AGsj ol w
2 7Vede AAT, FAAF E7 3 H(Genetic drift)
7} 3|9 %7]4-H dd(Premature convergence)S 3]
dspA dow HAze IS AT 5 ok
1 ZA9 A2717F A5 HA 9129 £7F Heg

HEGo] FELAA vehdth
A 9 18 FAA 2RI 275

5|
=
4e e A% wHos ARFFE o8

pud

124 DI=TSSUR|=2N|

M|12#, T12(2013H 28)



x5st oEY 2 &G AR 24

BA7|NI} v
S9or HAYRSE o8
2 F9sHchal

|

Set covering problems H7|HZ~ FHH oA
AXAG A 48 A5

I )

(E 1) M7IHA SHAHO|MolM] i Ho

(Table 1) The variable definition of the electric
bus charging station

Variable Definition

Whether the location of QCM to candidate

X site j

J - 1 : if we locate
-0 :else

f § Cost of locating a QCM at candidate site j
- 1 : if candidate site j can cover

Qi demands at node %

-0 else

Coverage distance of QCM located at site 7 ,
scope of influence

T - Set the coverage distance to 16km considering
80% of the QTP(Quick Top Pick up) E-bus
battery capacity approximately
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: Coverage distance of QCM located at sitej

Selecting scope of influence (SOI) -
& Distance measurement between bus 7
stations(BS)

L, : distance betweeni & |
Compare distance between BS
with range of influence
¥

demands at node i

a, : Whether candidate site j can cover |
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(E 2) L matrix . sops (Examples)
(Table 2) L matrix
from
1 2 3 4 5 6
from| 2 3 4 5 6 to
to A-1 0 19 17 17 11 3
A-1 Ly Ly, Ly | Ly | Ly | Ly A2 4 0 19 21 13 13
A2 Ly Ly, L23 Ly, L25 L26 A3 11 3 0 27 15 15
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B-2 17 16 5 4 0 20
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A-1 1 0 0 0 0 1
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(Table 6) The process of removing the bus stop
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o fom | 2 g 4 5 6
Al 1 0 0 0 0 1
A2 1 1 0 0 0 0
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|
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Al 1 0 0 0 0 1
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(E 7) a matrixg 0|25}t0{ SHIE & 0{F ZA}
(Table 7) The decision to perform a valid
inspection using a matrix

(E 8) Je2|t| ¢1e|E2 Sol T&E STAM M|
(Table 8) Installation Location of the charging
facility derived from Greedy algorithms

om 1 2 3 4 5 6 location result |location result |location result |location result
to
Yeongdeungpo
A-l 1 0 0 0 0 1 Water Lotte-young | Gae-bong gas
Hyochang - Park Purification Plaza station
A2 1 1 0 0 0 0 Center
A3 0 ! ! 0 0 0 E?i?rrlleg;?aiy San-Gol-Go-ga Sinbe}npo Seo—jung
B-1 0 0 1 1 0 0 School e Station village (in)
B2 v 0 1 ! ! 0 Lotte Gwanak |Nowon Station ch » Soonchunhyan
Branch Exit 9 Seokchon Lake| g Um\ferslty
C-1 0 0 1 0 1 1 Hospital
l Dangsan
Yungdong Shindongah Samsung
om 1 3 sum Middle School | apartment Raemian Nodeul Island
to apartment
A-1 1 1 . jei-gi  Station
Dobong-Civic | Sangam DMC .
A2 1 1 Center PR Center Yatlﬁlr iz(tmg Yeouido Park
A3 0 1 1 Children’s Catholic
B-1 0 1 1 Grand Park Bulgwang Garwol-dong Bae]'<seok,
back gate Cathedral (in)
B2 0 1 1 Achasan Station
C-1 0 1 1
Yeouido Saglnseongy © Samsung Eungbong
. ansung apartment .
Transit Center L Intersection
) University entrance
$4 FRAM AAE FFAVoZ TAHH a X | Cangom
= gle— =& . o] B o] Gwacheon Hyun-dae Office In.front of
matrixE THE1 =& % a matrixol| A 2] o] 09l Cathedral | Apartment |, .- City Hall
_ Building Street
Bol AT RE =4 4 AR2T TFIA 2
_ B Junghwadong
g Z5e gty ddsith & 25 39 ¥ Ui 1 gyo Seodaemun Hanshin | Sa-Shun Brid.
o] ontt TW E3W e M 4 BE YRLE Aparment
o o Eunpyeong .
THEE FaT s & 5 At Shin Nonhyeon | Newtown 10 | Nodeul Island se?]i()lllllwgl\fv};n
TG A A2 WAE PRio AL scetor i
W x|e & 7k A A 7 2o v Korea -
WA 3 2 32344 2 A7 1ekmit 2o Yeongdeungpo |  University J(;ng ltlzp Dongdaemun-g
A7 27 RE A4S H3EA] &1 38 45 ¢ Guro Tax College of Co?noplex u cheong
- - _ o - Office Health . front.
E]——E 94‘:’] O]Ei O] [q] }::‘i ] "H ]% %E?‘l’ EH ﬂ-:ﬂ- Sciences, Intersection
ootslk
st Agriculture,
Forestry and Samseongsan
=~ . P - Fisheries Samseong Dae-hwa Seong 1
6) 2|0 &2|F(Greedy Algorithm)S 0|&%t 91Xl Quarantine station checkpoints residentia
MA A} Inspection apartment
Division
MEA T3 Bde ddeR st Ty ¢x
=z0 B3 NRE = A AR AEA= X2 Sangbong Dobong Health
55 Tl AAE FHANAE X AFLEe T 87 Jongno 5-ga | Jungnang Post Center Jangji-dong
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location result
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(B 9) 2 =Y 16km zZHdez2 M| Alet T2|H

location result

location result

location result

e 1y

12lE 24 2o ey

(Table 9> Comparison between the result that

- NoryangjinFish
H%%Rhgm mts;llelé?ion Market, CTS| Yongmi 3-li produces when the charging fac-
Christian TV ilities install at intervals of 16km
Gyeongin | g0 Sinnae each route fand analsis result of
Middle School | “gE> VP8 | Sincheon Exit Greedy Algorithm
opened E;mlfntelu'y 4 dongsuntg;rljI ’
Intersection oo apartment no. of total average Max
) Hwagok . facility QCM* QCM QCM
Dongsan-Dong | Fam River |y Ly | Chunghwa Section | yocating | demand | demand |demand at
Middle School . Hospital . .
station stops (unit) (unit) a stop
Sungrye .. | Pungnap-dong Located at
Elementary Hwayangri Ya.ngz}l;;)llll City Geokdong intervals
School APT of 16km | 239 255 1.06 4
Yeoksam-dong, for each
. ="|  Mokdong Geumcheon | . .
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Selecting scope of influence (SOI)
& Distance measurement between bus stations(BS)

Compare distance between BS
with range of influence

Find # of BS, covered by scope of influence, Find # of BS ,covered by S0I, by
when installing QCM at each BS QCMs(1.2.3)

Select the QCM BS install location, taking the
biggest # of covering BS per QCM

Remove BS location included SOI from Remove the route covered by
install lidate I i point) CMs

all BS are included

SOl by QCM BS
install locations
selected

(a2l 5) 7WM=l Greedy AlgorithmS ol&st x| MA
SO

(Fig. 5> Location selection process using an
enhanced Greedy Algorithm
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(Table 10> The decision to perform a valid
inspection using a matrix

112|3]4(5|/6]7|8|9]|10
No. of 1
covered bus it 121101 15| 8 | 10| 10| 12| 10| 4| 8
stop nodes on 2
route by QCM| = | 28|28|23|17|19|24|27|24| 4|16
. unit
units on each
candidate stop ufm 42128(33|32|19|42|41|24| 4|24

No. of covered 1

bus stop nodes| | .. 12/ 10{ 15| 8 | 10| 10| 12| 10| 4| 8
on route by 1 2

QCM unit on . | 14| 14|11.585]95) 12(13.5 12| 2| 8
cach candidate |1t

stop 3. 1419.3| 11]10.7 63| 14(13.7 8 | 1.3| 8
unit
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(Table 11> The selection process
facilities installed

112|134 10

No. of covered 1
bus stop nodes
on route by 1
QCM unit on
each candidate

stop 3

12 15] 8 12

14 11.5 13.5
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(Table 12) The process of removing the bus

stop included within the scope of
influence from consideration
from| 2 3 4 5 6
to
A-1 1 0 1 0 0 1
A-2 1 1 1 0 0 0
A-3 0 1 1 0 0 0
B-1 0 0 1 1 0 0
B-2 0 0 1 1 1 0
C-1 0 0 0 0 1 1
|
from
1 2 3 4 5 6
to
A-1 0 0 0 0 0 0
A-2 0 0 0 0 0 0
A-3 0 0 0 0 0 0
B-1 0 0 1 0 0 0
B-2 0 0 1 0 0 0
C-1 0 0 0 0 0 0
4) AMo| wRet S22 1{st J2(f] elE
(Greedy Algorithm)2| 2|x| MZA Zn}
A7 g g wiEE] AAsussHAE
2o} &8 udd 18y gugEs s 4

(E 13) RIMY e 2+ Aot d|w (1)
(Table 13) Comparison between the results
of selecting a location methods(1)

Senariol Senario2 Senario3
Set covering
) i&gﬁ};ﬂ ztf General model
Section 16km for set considering
cach bus covering facility
route model capacity &
u size
no. of facility
locating stops 239 87 173
total QCM*
demand 255 232 198
(unit)
average QCM
demand 1.06 2.66 1.14
(unit)
Max QCM
demand at a 4 10 3
stop(unit)
E‘I’I‘l’;‘;‘g‘ - 66.67sec | 262.93sec
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Set covering model &

294 - 307 Aol weh wEle wa %
A4 gere) Aoke] Y Ak ARs AYR

&S| +
24 Aokl Yaln gAHoR Fao wEY A%
o B BeAH AW 2 AUAY AWL 2EA
oz WPt 4RE wEAES AANsD

TN rRAG] gle Aew gt
ol T8 WEARY HAF o]
A4 wEE wgEAA b A
QCM H4E Zolt AL Zxoz /sty
7N41% Set covering model®ll A A
ke FE 3 Wl 4
=

]
E E&A L matrix®} a matrix® &3 3A

Z e

Selecting scope of influence (SOI)
& Distance measurement between bus stations(BS)
2

Compare distance between BS
with range of influence

[ Selecting transportation hub sites ]

the hub site, taking the biggest # of covering

k3
Select the hub QCM BS install location near
BS without considering QCM capacity

Find # of BS, covered by scope of influence, Find # of BS .covered by SOl by
when installing QCM at each BS QCMs(1.23)
3

Select the QCM BS install location, taking
the biggest # of covering BS per QCM
3

Remove BS location included SOI from Remove the route covered by
install candidate locations(BS point) QCMs

all-BS are included
SOl by QCM BS
install locations

(O 6) wEHED Ade| 2 % F2ZE 112{5}0]

(Fig. 6) Location selection process considering
hub & facility capacity by an enhanced
Greedy Algorithm

2 Uuk Set covering modelZ} F A3}

1) WEFHE 1% 4
AEA WA o o) ZEBSAE o) 307)
MAgRRY WaeAS BEARAY BPos

274 %

(E 14) 248 o g dRra

(Table 14) Transit transfer centers & bus stops

Transpo
. bus stop
ration D bus stop name
hub
313 Seoul Station Bus Transfer Center
Seoul 2056 Seoul Station Bus Transfer Center
Station | 2057 Seoul Station Bus Transfer Center
Transit | 5087 Seoul Station Bus Transfer Center
Center
3201 Seoul Station Bus Transfer Center
Chungry | 400 Chungryangli Station Transit Center
angli 422 Chungryangli Station Transit Center
Station | 1533 | Chungryangli Station Transit Center
Yeoud 2243 Yeouido Transit Center
e ) Yeouido Transit Center

Gupabal | 4584 Gupabal Station

Station 4613

Gupabal Station

Dobong 463 DobongsanStation
san .
Station 480 DobongsanStation

Sadang 4324 Sadang Sation
Staion 4110 Sadang Sation
3030 Jamsil Staion
3083 Jamsil Staion
Jamsil 3127 Jamsil Staion
Staion 3596 Jamsil Staion Exitl
3590 Jamsil Staion Exit8
3768 Jamsil Staion Exit9
3454 Bokjung Station
4277 Bokjung Station

Bokjung | 3399
Station 4275

Bokjung Station Exitl
Bokjung Station Exit3

3774 Exitl Tranfer Parking
2104 Guro Digital Complex Staion
2122 Guro Digital Complex Staion

Guro .. . .
Guro Digital Complex Staion Transit

5253
Center
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(Table 15) Comparison between the results of
selecting a location methods(2)

Senario3 Senario4
Set covering Set covering
Section model considering | model considering
facility capacity & | hub , facility
size capacity & size
no. (?f facility 173 131
locating stops
total QCM*
demand 198 146
(unit)
average QCM
demand 1.14 1.11
(unit)
Max QCM
demand at a 3 3
stop(unit)
Transportation hub
site QCM batte >3
Y - (scale of 54 QCM
demand wnits)
(unit)
operation time(sec) 262.93sec 246.2sec
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