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Abstract: To address the low utilization of regenerative braking energy and significant energy waste in conventional
railway systems, this study aims to improve energy utilization efficiency by developing an energy-efficient timetable
optimization framework incorporating energy storage systems. The proposed approach enables coordinated utilization
of regenerative braking energy through both immediate and delayed mechanisms. Based on operational

characteristics of conventional railways, an optimization model is formulated with the objective of maximizing total
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regenerative braking energy utilization. The decision variables include train departure intervals at the origin station
and dwell times, subject to multiple constraints such as safety headway requirements, dynamic overtaking rules, and
energy storage capacity limits. A simulated annealing-based solution algorithm is developed and validated through a
case study of the Lanzhou-Wuwei section of the Lanxin railway. A test scenario involving 15 stations and 43
passenger and freight trains during a certain daytime period shows that the total regenerative energy utilization
reaches 4 134. 38 kWh, corresponding to a utilization rate of 56. 28%. Sensitivity analysis is conducted to examine
the effects of departure intervals, dwell times, storage capacity, train frequency, and the proportion of regenerative
braking-capable locomotives on energy-saving performance. Results indicate that under high-density operation of
regenerative braking-capable locomotives (approximately 58%), coordinated optimization of timetable parameters and
storage capacity can achieve a maximum energy-saving rate of 86.33%. An economic evaluation based on net
present value (NPV) method shows consistently positive returns on energy storage investment over a 10-year horizon.
These findings demonstrate that integrating energy storage systems into timetable optimization not only enhances
energy utilization efficiency but also yields significant economic benefits.

Key words: railway transportation; energy-efficient train timetable; energy storage systems; conventional railway;

regenerative braking energy; traffic scheduling; simulated annealing algorithm
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Table 3  Intermediate variable symbol description

T B
F, G A o B BT AZEI G 4 )

a, 5 N L2 K A 1

55 n ) A R

v, 55 n MDA 191 2645 1

Fo\'(Un)\ Fup(v,) 2 E

EQ\'(”) N Ezn(n)

Jois Lt AL TR, G+ A0
QY

Ei, [eoe+ Ac], [R(e),h(e + At)]
A

e+ A m, [t + Ar]
Egy N

55 n AR B A2 5 | REAE A 2k

FE[, ¢+ Ac]BFEIRIBENY, 504 i b7 oM [ A (o), k(e + Ac) JEFRAE S
TE[ 4,0 + Av|BFRIEIBRPT, B0 R AR E A [ (), h(e + Ar) RO FRAER
BB RS HER X m (1,0 + Ar]NAYAE S| BEFEMI AL BE i

Fn AR NS ST, A dZ P RO W o, B E , ARIEHLA22 5 R st

=X
H

n(e) A IS REAL HRBCR, & ARTJE P42 2Z 181 1) B s3] o0 42 AN ke 122 T F B
&;(1) ¢ I 2 AR SIS RE I B9 4 0 e 22 5 19 42 (R AR KK 8
&, (1) ¢ N2 TR IS RE I B 47 i A5 AR RS B p MR K
i) 0-178 4, B4 i fEm 2S PRSI AP K m . (1,0 + A )N EBHEEGIRERE, &H, «,.00) =1, &
' W, a0 (1) =0
Yo an (@) O-1784%, FIEifEm. [t,0 + Ar]NRESHHAERSE, &6, v, 0@ =1, W, 4, 0@ =0
L, () TELt, 0 + At ] . m INZESI 026 1132 BRSO
Ly, (@) TEL 6,0 + At m NHIBIE 4 0725 AR
Epe et ] BN 23 R P4 T ] Sh R R B ) P
E, ST T B e RO s
En" (1) ¢ I ZIERIE 1 AT AF AR RERE B p Y RE
Ele (1) ¢ I 2SR A B it RS B p I BB
E_, ¢ — AT ZIGERERE & p AP R I
E'.. A AR B R TR REAEAETE R RESE & p h 1Y RE
E" LR X 1] o ZEE ) P (14 i
E, JEH ] FH A L e
N GNZE e s iR 4 . BRI
AV 0-1784, #AN 4 ifej 2 s Bs + 1X[A], AP=1, FEWAI=0
Fu(ot)=fo +fo +fon (2) E (n) = Fu(v,) +2Fm(v"71)ynzi’
IREI A ST, B A = 25 9T Iy en<T, 7

Wor, A

F&

— n 3
AR W
Vn = Vn—l + an—IAt (4)
y,IZGVIEAl+Vn71At (5)

PIFNGide s = 1, s IR, 504 i AE A I ) 25
KA S| BB By (n) FIFHAETISIRE R £}, (n) N

. F + Fo (v, _
Elo\'(n): QY(”n) . Q\(”u 1)

yol<n<u, (6)

O gt g, 26 AR BRI P 97 |
i 5 B T A A AR 43 0
THEIIS WA IR, A 25 R 4 225
ke 5 A e

Em,[l.t+At] — ZEi.[t.t+At1,[h(z),h(t+At)]
QY QY ’
[h(t),h(t+ At)lem iel
meM,teT (8)
J e+ Ar] i Lot + Ac], [h(2), h(t + Ar) ]
Ey, = SE; ,

[A(t),h(t + At)]em iel

meM,teT (9)



320 RYINRK 4R PR T RR EFRES
1.2 BESRENEER R RE RN
it M S 8 Ao AL i = 22 5] 9 A sl At e 2 B o 0, Eﬁé@—ﬂw(m)

B, PSR BB B R TR . B X P A 2
RE LRI R B0 e o
n(e) =(-0.0532&” + 0. 24e + 0.6351) x 100% (10)
o, RS o 4 NIRRT i S
F B P AVAER R, LA R T

1) B2 SR M B9 L e
SIS B K &, (1)

Szj(t) = LFr‘,Iz"-v- Az](j) - LE);,':1+ Ar](l’)‘ (11>
(h(2) + h(z + A) Sl an(f)
Lq;,;l+,r(j): iel (12)
. & zzxfr;.r+m](j)
jel
(h(2) + h(z + A0)) Sy, (i)
Lb[,l;l*”r (l) — iel (13)
e 2> (D)
iel
I’Ei, [t.0+ Ac], [h(2),h(e + Ar)] 0
s =1 " (14)
0, HAth
1’ Eiv[Lv1+A1].[h(:).h(:+Az)] £ 0
}’ﬂ',um](i) = . (15)
0, At

2) o I 2R ) Sl BE I B8] A g 22 A e
B RKE e, (1) N

&, (1) =|Li7, (@) = h,
1.3 BEHzENNFAE

AR i 5 22 5| g i S n] PR BERE OB/ IME,
TR A2 A% N SE PR M TR AR e . B
PR S BE IV 23500 A

(16)

Ejmg [t + At] — ’T] [ 8;",/(1:) ] min(Eiﬁ”“Am lh(z),h(1+Az)J,
EED[M+A1],[h(z),h([+m)]) (17)
E, = z z N[ &;(t) Imin (Kl w2 om0l
teTmeM
E;[){z,r+Ar1,Lh(z),h(z+Ar)J) (18)

1.4 BAEHIZEERFBE

T I Sl RE 4 R IR P e ke BB,
AR e M SEPR At 2 B 2 N R 2. o i)
ZVEES o] AR AR p (1 RE & BRI 5 1Y
TR FARER, N

Enh = Eppleer sl - e (19)

t B 2SR REAE A B RERE B p T RE RS2 2
BRI RS EMBRE], A

Elis B < C - E_y,
e -k, Hit
DR 1 i e 0 2 T R RE AR e ESE B p

Eni(t) (20)

=T (0 - B ), Jf
1 T R B MR S0 7 (338 28 2 T ELAT 00
¥E, Tkt [ 6] m A B SR A B

Er=mnle, ()] (B - EL,) (22)

T A e IX ] PR B R AT B2, AE RS
JHBY B R N

E.=> > (k.- E)nle, )] (23)

elmeM

S

2 #BAZET
2.1 [o)@sgid

W RS oAz g | iR, il sl A A
A M ShRE RS . A REREX AR AE & 1115t 4 |
RO, AL fa]— i e A A T A 5 | 00 A 81 4 fid
FH, AT A R AR DI RERE. SR, He ki A
RS BT A T ShRE R AL P AE A . RIS A ]
ik, A S RE Ol A T P 244
@ fhrp 8 N5 1 ab TR R SIS ;@ it
T A BB 42 7 A AR e R T AR A Ak TR AR S R
A QAN AR A, HIE O L
RE B R S AR LA AR I, XA ok e e it e e
SCHL A RERRYSES AT, ASATFEAE TP AR AT R
WBLIR e

230 UK B A HU R P A U AL 4 A B AR
Ml S RGeS, AT aE s (7] s ) R S A D7 itk A
R AT, AR siRe ok R R, AR
F i 80 DX T i 2 A 4 TR T R O
B, HATRERICRIGR T 178 240 5 e L & (Y b
R AL .

BT BROrAr, AT LIRSl R SR i
B SRR FL R, B A B 65
A EAR A RE R Z A,

max k. =E +E (24)

BT gk oR I . M It RS, A
WFFE IO 4777 /R R F 50 R (B4 7 16) J 2
). P 1 3 R A A i KA i AR e R T
AR O A% R AR5 | R 5T i 28 Ak 5
Q) i)z A7 ] DL 22 5 | i gh i ] 2 05 B hkfg
e B I TR ROR K 100%, A5 [ LG F54r
I, HLITHCR SR IC kR



93 B, . FIEAGRESE E AW A A REET T R 321
2.2 AFREH PATUA T A58 .

D GV iy &R TS

']a(i),min < -]ail,':)Jr] < ]l)(i),max’ ];(:)H e/’ (25)
1-1

O =05+ > (26)
i=1

2) {EEuGI Ry g

T SToS T, T.€LF (27)

3) B S At 2 RN A 20 o vh e s i,
[ NI ESES

0 =0 + T . (28)

00 =0 + 1! (29)

4) AP RS ARRCR, PRI % e ss B,
Mgz B PIEOR, F 40 st 7 i ) F il e —
SEJLFIN, R

l‘_\_+OL@ + «

Oy = 0,1 < by (30)
5) WBRETEEEE V, LR R
Vot <V, vt (31)

6) AHAR M 51 47 2] 3 ] — 42 3k BULE [) — 42 i
PRI, A Gl e /N B 3K R K I [ 1] B
2y,

0Y -0 - J'=M(AT-1),Yi,jel,seS (32)

0r — 0% — J'=-MA,Yi,jel,seS (33)
0, - 04— Jr=M(AT-1),Vi,jel,seS (34)
04, - 0%, - J'=>-M\,Yi,jel,seS (35)
7) B KA F R R R LR

|o% - 64| >3, (36)
8) fifiREde e A E IR 20l

El_,+E"<C (37)

3 RE

3.1 EESWEEELT

1455 SA LA R R 22 AL B R, fEAE
LRI R E B S AR PR R 8, Fit, 48
5T IR0 2 R SR s R 2 285 24 AR R SR P A~
Dy AT ek
3.2 BEESR
3.2.1 sk

1) BAZE. W ABESECS Z .

2) MRV p,. AR R LR PI RIE T
EIf, IR R A RS (p, ).
3.2.2 #ARMACIEAE

PEAR A YN HNREE T, = SRR T, B,

PR AR L

1) JrJEH .

5512 (RIRIAD) - BEPLIERE 1558420, X
A (B R A Rl I TR AT R, RZ ) A SR —
G EAEG Rl i) K e Rl Bg J -, R AT VBT
%}*ﬁ%%{—Z min, —1 min, 1 min, 2min} i S5 2R
BLIE B, TE s uli B9 455 0 I (8] 72 (9 75 % & Az DA
{=1min, Omin, 1 min} FZEHERFEHLILEHL .

552 )= CREBREFIAT) 2 BEAL 23 DX m A o 1F 22 B)
BRI A R AR A e R, EARRERE B AW, W
W HAF AR RE R E

2) FELYHRBE.

G ATA R i PR IXTE] (5,05 + 1), A
JE A AFAEAR TS 42 i B 8 42 i rh o 454, B
W e <0, 08 >0, HINAETEIX Mt 55
TR, MBS AR, AR E H,
B A TR s K 0 20 00 5] IS F% 1A~ [ 1 []
BTCTIE A, B0 = 079 + A, 0%
BORATI RIS, A6 s + 13 BRIt E] 7, | 9T
MRS, Bl 00 = max (7, 700 = Aw), BR
BTN ] 29 AR

ERE A 200 A A Rl RE  p TEAS 2]
MR RE S, K > Cy, DN R 5 42 1) 457 sl 1)
), I ) Al e R B TE AL Y Al ), kg
A S RE A AR A, el D RE R TR B

FER2 A HRREIES (p,.,)-

HIE3 KHE Metropolis MR RE S 15 1232 Hr it .

PB4 R LA, IR R LR

S,

it

4 FO|RERH

4.1 EHSEEERKE

LN B GEARFFARK 725 km, A5
22 F BB E 303 km, FE43AE 15 4Rk,
FELSHIRE P HIX, IR RS DI 4%
M, MU E A Hb#oR iR, DL SS8 FITHXD1 i F
R WL A AT R R, 5 7k 5)
X (FE2), REAEEE A X% 1 A iERERE S,
255 500 kW+h. 08:00—22: 00 i Bt JF 47 43 %1
A, Hp, 25 g A p A gl shag, HhS
TR RBR R E AR ——51

b



43 %

322 URYIR 252 4R TR
HEArIX 1 fit X2 HEr 23X 3 ik 43X 4 HEHL ST X S HEH 43X 6 e 2 X7
=M @ /%;* <& Je ST P &= KL T4 i R EEF R R
A @\@ g

B2 ey XAl ol

Fig. 2 Power supply section partitioning configuration.

SETARDTE R, SRS A RELIR KO
LTRGBS T BA B RESCR BT
KIOrse. ke mastriemie 3, Job, sp@gisk

=114

RERE; ahFiREESE. IbHEEER
EanE 4. %5 R 928 R 50 5B A sh RE A H =
4 134. 38 kW -h, FAHIshHER F%k 56. 28%.

=

Ry

B e e e e e B
R R R R R

ES Ik

Rx\\ 

FASIEHE

N |
R R A

b=

P
=

\

S

e

\

AN
q N
EE N\
T \\x\\ ‘\\ﬁ\ N
it AN NN
e L

08:00 09:00 10:00 11:00 12:00 13:00

14:00  15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 00:00

221

B3 itk B S T

Fig. 3 The energy-saving train timetable from Lanzhou to Wuwei section of the Lanzhou-Xinjiang railway.

ié 1.5 [
S10

B 0.5 : : :
X0 200 400 600 800
= PEAREL

B4 et hR ARk

Fig. 4 Evolution of objective function value in improved SA

1000

algorithm.

4.2 HRHW

4.2.1 K FEa A 350t R AT Ak F 60 % h
T Reis TR b R, R R AR S

=l TRV E P A e, R R0 -F A= ) Zh R ]

REA BEHW. WIS s TR, 1T
Fhi 3 T o0 R B R S S MRS, B PR R i i B A
FIH. ARWFREGIT, HuAb)s T3 e & ZE R A
11.7 min, FAERERFIHRPET 28, 5%. “FHf5uk
BFfE) 5. 1 min, P34 RE & A REETH 15. 2%, W5k
4. ERIGUE T 817 B S B0 ] e i 25 VS LY
KEEVER, A AZ BT 0 e B 25 1 5 48 4 [A] Bl [
B, #F—PMmIATL ALK HERRE
2y
4.2.2 MEEREEASTREGT A

5 AN R e A 45 b o X R
FfESL, o, BEER T, W 1—4 38R
Wil B L4 UK. AT, ERERE E A5 A
BERTE T FAERR AR, MR
B, B PR T BhRe (U B s R R, ™



34

SO, AR B IRGEREREE A AR T st T E LI 323

Fa  strEIACHTESECE
Table 4 Comparison of parameter values before and after

timetable optimization

b PR G SEEERE B REEF
5] B /min A 6] /min AR %

ke 16.0 10.0 28.5

R A 11.7 5.1 15.2

AN 7 345.68 kWeh, 52 BR A A R AL 634. 38
kW-h, fERFHRMIES. 64%, AERR I A
. Y2755 R 500 kW -h IUGERESRE B S, A

1500

4 100
1400 .
1200} 180 Sr
= N
1000 loo =
= 8001 =
= A g
& 600f —— RIS 40 2
= ook - m - F BB A H
~a-FERERFIMIR 120

200
0 0
1—4 4—6 6—7 7—9 9—I1111—1313—15
ik 53 [X
(a) REAEERERE

1500 3 100
1400 .
_1200F 180 Sr
= !
;1000- leo =
= 800 =
= g
ﬂ% 600 - > 140 29
= 400 —e— A B =
I -n- RIS AR 120

200 —a- T RE BRI

0
1—4 4—6 6—7 7—9 9—I11 11—13 13—15
P4 IX
() ffRERE A E N 1000 kW -h

JH & 0] DL FH & 4 134.38 kW+h, | JH % ik
56.28%, FKWIGAGE RGAE LA | R A] SEIL e
ISR B 21 . K B A 9 K% 1 000
kW -hisf, FIFIZE A 83. 94%, L FIIBIEM . Y
K2 000 kW -h UGERERE B I, FIHIE N 86. 33%,
UGN 2.39%. WARFMAEEATTA LT M4, il
H 1000 kW -h B EAE M LT 56, TEARIIE
I FH 2 1) (] B S 30 4 18 B AR 5 32 78 A% 8 1) e A
-1y

4 100
180 &
160 E
. I
= 00t —e— P B 3
I -u- FE SRR R 120 B

200 ~a- P A RER %
0 1 1 1 1 1 1 1 0

1—4 4—6 6—7 7—9 9—1111—13 13—15
HEHL 43X
(b) f#REEE AN 500 kW - h

4 100
180 &
160 E
e
= 400 —e— FE I SR =
i -n- R A R 120
200 - B RERLRI L%

0
1—4 4—6 6—7 7—9 9—I11 11—I13 13—15
P4 IX
(d) fiffede BN 2 000 kW - h

B5 REfERERE A A T A I o X RE R AT O

Fig.5 Energy (left axis) and utilization rate (right axis) of power supply sections under energy storage capacity of (a) 0, (b) 500,

(c) 1000 and (d) 2 000 kW *h. The solid blue line represents the amount of regenerative braking energy generated. The dashed green

line represents the amount of regenerative braking energy utilized. The dotdashed red line represents the utilization rate of regenerative

braking energy.

Tl B B A G LR BTG . EBEIIX
B, 4 T I S Bl T EOH A i S e i bR )
VR, WO E R AR AR AR B LR
s IR X BEAHAE R BB M A PR, AR R
wi AE PN A P2 X B AR il Bl RE > A EL
SR, AUHRNA R . P, 7E P2 IX
B, S IBMALI Gia T RO i P i S AE
A, MRS EERR X B, FCEMHRERE 1
IRILEL.

A¢]
N

i

ol
He

3|

4.2.3 3| F FATAFE AT VA E R B R ) B AR A AL
Z pb A5

G AT AT B AR T B4 s i PR
TS A R S R, Bl6 4Rzt T &t
o1 IXHRLE R ZhRE SAARERI IS, XTI GH RE%E B 75
o500 kWeh. FIE 6(a) AT UL, W] 77 AL i B
REMIMLZE LU 29k 209, 45 3EHR 43 DX () P 1l Sl
FEAE AR, Aiftfie e B R A I, (Y
H20% ~30%, fERERE ERCFRA IR, WAL RAHRE
BB LGB P RIR TR . K 6(b) ] re A A i s



324

RO 22 4R TR

43 %

MIBLZE LL B 29 60%, fi e A SRR R4 = &
60% ~ 90%, LBt R & T DL SE B RE 1 = 3L
M. B 6(c) Hml = Az FA= il ShRE B4 L 11 24K
23%, AT ERBER, EAERER BRI R0
AL, (RSP AE T S RE R B, AT fA g
BeE. B 6(d) bl = A P I SRR LG L1 2K

200 1585 —

sl B = AR S - 100
= —— fHREFIHR 1574
> 150 180
| 1259 1259 1308 1286 :
2 100t 94.4 160 =
&R [t
= 15+ 40 &
& -8 o E
T 17518 6.0 20.17519.16 120.03 190

25t

0
X1 4rIX2 433 4rIX4 43IXS 4rIX6 SrIXT
Ca) % BEAR A ShHL 4= He f5i]
700
608.6 P R
600 mm’ 96.00 —~ fERERE {100
=
007 4407 {go T
& 398.8 398.8 o
o 4001 B8 3668 .
& 366875598 3148 20460 E
;E; 300 - ~ 611816323 £
) 48.6 440 3

3 200¢ 27.64

100 F 120

0
A1 4rR2 4K3 4rR4 43RS 4MR6 4rXT
(o) R B - i Sh AL 42 )

&6

58%, FIrAT Bt DAY AR RE R A IR 235 1009%,
R WIE 5 BB AR AR R S PL A L 2R F T
W AR RS B LIS B RE R A R k. A,
WK PR TR 2R AR AR RS R L B
Fas AT KRB W RO AR ER G, LA A
TR ARMA e R B BRI —E S5

600

3509 w— LA |
~ 500F [ 87.87 —e— fififie FIl %
g 402.3 =0 80
) 3 399.9 180
E 400 F 3935 393.5 46 =
=z 59.36 $
23001 362.4 64.71562.63 1163.6 160 &
2 40 5
= L ] g ki
f\i 200 , =
& 100 | 420
0
AKX 4rIX2 4rIX3 4rIX4 4PIXS 4rIX6 4rIXT
(b ) R - P2 I SIL A L
1 800
160015331 100 100 100 100 100 100| 100
=1400F B 100 pap
= 12001 = EHIEIE | 1965 | o)
2 +11%HETIJ§(F)J% 1% <
-5 1000 | 986.4 944.4 9864 : o Jg\ér
qm . =
§ 800 671.6 g
T oof 140 &
400 F 20
200

0
XL X2 43IX3 4rX4 4rIXS 43IX6 X7
(d) 1% B -1y R i h L AR He A3

DU A5 PR P 0 DR A Sl RE 7 A 5 i R R R0 E
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