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K1 TR SRR E S

Charging method Coupled with bus Coupled.w‘ith Battery SOC Ownership cost Maintenance cost Charging cost Lifft-c.ycle ef.
schedule battery sizing management emission

Depot charging Yes - - Yes - - - [63]
Yes - Yes Yes Yes - - [65]
Yes - - Yes - Yes - [66]

En-route charging — Yes Yes Yes - Yes - [32]
- Yes - Yes - - - [47]
- - Yes Yes Yes Yes - [49]
- - Yes Yes Yes Yes - [50]
- Yes Yes - - - - [51]
- Yes Yes - - - - [52]
- Yes Yes - - - - [47]
Yes Yes Yes Yes Yes Yes Yes This paper

BER=AT BB, s, RAAT TR —
RGP AR R PPAl LA A FE AT R GE A Sl
PRAC PR A R o

3. HEZRFIEF IR

3.1. LCC 4 HTHE 4L

AW T AR 1 LCC 73 AT HE S8 B 72 N 5F AR 858 77 1H
WS EBIZi RGN TERE. B2 AVPANAESE, ZAESL
HANAZ NI R 78 Lk R E AT %K. B
PRERBUNESEELCC (GERZD, B AR LAl B BT A AL
W HOR B SA . RS E AR B4
PRUAR DA R AR LEAE TAE . INBIE AL (L4
BT e U ZIRBIATRE CEER3 K g 0 |
FEAN U 45 B I ) DA J — 4 T SR ) b 25 8 (50 kW
h. 100 kW-hA1150 kW-h) . HR4EILIEMARE, B3R 1
TERESR LR R (P IR/, DB AR 0 28 22 1) L 2 DA 12k
AR WE2FTR, fEMDET, 16 5 ZRIE YRin
AECE IR N IR TR, M—A T A ARZ R LS
TR EIEAY . 20 R B A ORI B R R X
Se AR 26 T B A ML) SOC Yu [, DABf {4 24 Lyt 22
U VI B/ SOC B, BESSTE N —uhifG B EAh 7. 1E
ASEERABERR Sy, AR PR AN T2 2 B B34 ] F A
AR, PR A RS AT R G I AT B 2R £ .
B, A EREH I, B 16548 (8:00—S:
40) MATRECTERL, BN RORZ R DUR tabRid . SR TT
ARV, IR sl (B RS &N
ITHE.

N T R G R s RV T S R FRI RS RIS

TP ENGRERR, AR FHAT T LN R

(1D RHFFE AL G NI EB, 8 A F it
B ENAFEMAZRE, FFEREZHAIEE AFINIE
B PRI L

(2) — Bzt 7 7 i, #iffos mA T AMA
R BRI 06 . 78 Fi i A 2 TNl S AR 4
152 B I TRk 25 78 FHL 2 R AT IRIT T IS 18] o T 70 i ol 30 2 A
RUZH0 8, FUEAE A N ST .

(3) A, HTALARFEMPTHAER, —NF
SR AR PUE T RS . AN TR 2 AR R L
E, ARLEREELA R Re 2 EE . B0
AL TR AR — A IR E TR ARG A R . H
TR ZHug 78 I 1A E 1 min 2 45[67], D9 i 25 45 i
B SE SR AN £ AR K, I HLAT LAAE AT B i IR Py kAT AR
1416810

(4) HIBAEIR A Al T 0 e e R R R it . 24
Mk B4R E G IR RE, e A ECEEYIMGMER
70%. LB A K B A FE A T EB. K& R R AR AT DL
L FH T R R A, G E R YR AR LR T AR REVR AT G -
(R I, AR 5 v vl 2 11 98 5 4 4B O 400 SEK -+ (kW -h) ™!
[53], A1 SEK = 0.09 3£ T,

3.2. LRy

KA 1) B AR R BN LR %A, BAECL R AN
FEA A, B3R THMR . 7B R A IR
VST I AR R . BT 1A H bR B2 %
B RG22 — . BN, R ST ) A E R A R
by T 7 LS R R 2 ZE B RIS 4 5ol Eh 7 Bl S
AR F SR . SRR AR, ZRE 1R
TESAS T I8 2 (8] A AH EL BRI AR 5. B, i RT
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I
| |
, ! ; ! |
Ownership Life-cycle emission Operation & maintenance
I
| ] 1 ]
| ¥ v 3 v v ¥ v v J |
Bus Battery Charger WTT Glider Powertrain Charging el Da|l¥ |
I cost change operation
| |
— e e e ol e e —— —— — S e S S S e S S S S — —— — — — — — pu—
Step 3: bus scheduling _Desﬁagn _____
Determines: BU_S SChe.dule 1{Line 16! Line 16/ [Line 16
® Bus type allocation trip 1ftr|p 2— | 8:00- H 9:00- + 10:00-
® Charger deployment trip 5 L'8'401 - 9140 100
: Bus schedule 2;Line Line 55 |Line 16
# Busscieduling trip 1—trip 3— | 8:00— H 8:50 H 9:30~
trip 4 8:40 § 5

| | Step 1: battery sizing for line 16 |
[ 150 kW-h

@m 100 kW-h
50 KW-h
s

]Step 2: en-route charging station deployment|

Maintain optimal range

80C,, <SOC<S0C__
T O VEER e [ KNS LSRR
B2, Edr A RIEIR . SOC,, « SOC,, 4N e e /MR K HL it SOC.
0] e T AR SOC Ara] s 1A 78 B s (M IE . BEIRRR WRS o A 2RI FE 1 Il 1 (1) i 4R 7 S8 7 VR AE 3.3 1 i

il T AERRE R A S P T ) RN 2 5 T DO RE T ANMTRE . A
S, 38 T 78 AT PR o7 BBt 2 A A S8 R B T 7 ) R

Consolidated optimization model

M. 2£21[1,30,51,53,69-711 AT Fitig &S
AR B EY

N %l

‘ Set partition model [P2)] ‘

Battery size Number of chargers

A subset of the columns
Fleet size ‘ RMP [P3]

Battery sizing sub-problem

Charging station
deployment sub-problem

Solution

—

Pricing problem for new

Bus scheduling
sub-problem [P1]

-e= Available charging locatio
= Battery state of charge

== Available trip connecti

3. ZE AR R .

RMP:

R2 HRMES RS HIE L

approach

[g column [P4]
Branch|
AT

Yes

Bus schedule

PRSP W A [P1]~[P41E AR DA 1]

Definition  Description Value
G Set of trips {g,h} Index O represents the bus depot
G, Set of trips running on line -
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Definition  Description Value

LL Set of trips {/}, L'cL -

P Set of bus types {p} -

R Set of lines {r} -

S Set of stations {i} -

vV Set of buses {v} -

v, Set of buses of type p -

In (g,p) Inbound node set of trip g, In(g,p) cG -

Out( g p) Outbound node set of trip g, Out ( jea p) cG —

ag. 100-year global warming impact delivered by glider 35 gCOzeq-km'1 [70]

apy 100-year global warming impact delivered by powertrain 170 kgCO,eq- (kW-h)™" [71]
aywrr 100-year global warming impact delivered by WTT 20 gCO,eq-km™" [71]

B, The energy consumption rate of bus type p -

b, The energy consumption rate of bus v -

Chic Ownership cost of an onboard battery of bus type p 5400 SEK - (kW -h)™" [53]
Ciar Battery replacement fee for bus type v 3000 SEK - (kW -h)™" [53]
Chys Salvage value of battery of bus type p 400 SEK - (kW -h)™' [53]
Chuc Ownership cost of bus type p 4000 000—6 000 000 SEK [53]
Chum Maintenance fee of bus type p 3% of ownership cost [53]
Ceus Ownership cost of charging station 1500 000 SEK [53]

Cesm Charging station maintenance fee 4.6% of ownership cost [53]
d/;. Distance between stations 7 and i+ | of line r -

Hy Indicating whether trip g is covered by trip / and can be served by bus v; if true, /) = 1, otherwise, ;=0 —

N,, Bus inventory, N, , = 1 when bus v is type p, N, , = 0 otherwise -

n Estimated lifetime (years) 12 [51]

o, Battery capacity of bus type p, 0,<0,., -

q, Battery capacity of the bus v -

SOC, .« Maximum battery SOC allowed 0.95

SOC,. Minimum battery SOC allowed 0.45

T Bus dwell time at stationi of line » minus average charger connecting and disconnecting times -

u Charging cost 1.0 SEK - (kW -h)™!

B Battery applicability level 0.7 [72]

y Discount rate 2.083% [70]

I3 Power of charging stations 450 kW [30]

4 maximum energy consumption rate 2 kW-h-km™ (worst-case scenario)
¢ External cost of emissions in SEK+(tCO,, )" 490 SEK -+ (tCO,eq) ™' [1]
Ciac Life-cycle equivalent annual cost -

Cown Infrastructure ownership cost -

Cem External cost of emissions -

Com Annual bus operational and maintenance cost -

Chv Type p bus maintenance cost -

DIS Annual travel distance of bus v -

»; Energy storage requirement for serving station 7 on line » 0, =0

el Amount of energy left when the bus arrives at station i -

SOC! Battery SOC at the station -

, Times of battery replacement of bus v -

T Dual variable in column generation algorithm -




Definition ~ Description Value
o, Reduced cost of bus v —

Al Binary variable: whether bus v serves trip / -

X; Binary variable: whether i is a charging station {0, 1}
v, Binary variable: whether bus type p is assigned to line » {0, 1}
8, Binary variable: whether vehicle v is in use {0, 1}
z) Binary variable: whether bus v serves trips g and / sequentially {0, 1}
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Initialize label (0,0, D );
LABELS [0].add (label):
forallge G do
LABELS[g] < @
end for
w=1{0}
while W= do
g=MW. extractUnreachableNodes()

for all label (g, ¢, S) € LABELS|[g]do
if label is not processed do
for all /2 € out(g, p) do
if h ¢ Sthen
label'(, ¢~ . S U{h})




58

label'.updateUnreachableNodes()
if LABELS [/ ].insert(label’) then
W« WU{h}
end if
end if
label"=(A, ¢, S)
label".updateUnreachableNodes()
if LABELS [/ ].insert(label") then
W WUih}
end if
end for
end if
end for
end while
return LABELS [0]
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O Terminal station charger
Bus fleet: 10
Battery capacity: 200 kW-h
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/\

Qutgoing trip charger
Returning trip charger

Bus fleet: 7

Battery capacity: 30 kW-h
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6000

5324.49 B Current plan

50001} N Proposed plan

4000- 3521.19

3000+

2000

1059.32
1000 929.09

Annually equivalent LCC (x 10° SEK)

. 57.59 31,22
Ownership  Operation & maintenance Emission
Measure
(a)
1.0
0.9
08 |
Q
[@]
2]
0.7 +
06 |
Current plan (battery capacity: 200 kW-h)
~— Proposed plan (battery capacity: 30 kW-h)
05 L L L L L L 1L
0 1 2 3 4 5 6 7

Distance traveled in outgoing trip (km)
(c)

60

54.25 I Current plan
I Proposed plan

33.15

30.14

Annual emission (tCO,,,)

4.64
Glider Powertrain W
Stage
(b)
1.0
0.9 —_I:\:—l_ R‘—-—.__
08+t
o
O
0]
0.7 +
06 .
Current plan (battery capacity: 200 kW-h)
= Proposed plan (battery capacity: 30 kW-h)
056 1 L L 1 I 1 1 I

0 1 2 3 4 5 6 7 8
Distance traveled in returning trip (km)

(d)

B 5. BATAFHR R RIEN . (@) FEHERLCCUA: (b) FEAREWM: (o ERMSOCHIZ: (d EIFRKSOC k.

SOR R RERNRIRETT 8 S FE s 72T % 8. A R H AL S
HHMEZE R, ESHNRA,

|3 AL Y 2R A

) Length  Travel o )
Bus line . . Serving time Stops  Trips
(km) time (min)
Existing line 7.6 26 06:00-19:00 26 146

Planned line  16.6 46 00:10-00:40 (+1) 50 312
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Single direction

Two directions
[}={=]
Existing
line E_mo m__E
[o}->=-{x]
Planned
line km
2.5 km_E
0 gt
2.6 km =
Two
lines 6.6 km—E
5.2 km
- = (0]

Legend
[©) Existing line outgoing trip
E Existing line returning trip
@ Planned line outgeing trip
E Planned line returning trip

_km_ Deadheading mileage

B 6. MHERIATIHER.

] e
) See? 8,

e Existing line (30 kW-h)
= = = Planned line (30 kW-h)
Outgoing trip
shared charger
QOutgoing trip
charger
Returning trip
shared charger
Returning trip
charger
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