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system efficiency. Because gravity energy storage systems rely on numerous heavy mass
blocks, frequent transportation and storage during charging and discharging consume
significant energy. Automated guided vehicles (AGVs) offer high path-planning flexibility in
stacking areas, making them suitable for automated mass block transportation and stacking in
gravity energy storage systems. However, conventional square stacking areas tend to trigger
frequent AGV start-stop cycles and turning during operation, thereby extending transport
distances, prolonging operating time, and further reducing system energy-utilization efficiency.
To mitigate transport-related energy consumption during mass block stacking, this study
proposes a fan-shaped stacking-area layout, establishes an AGV stacking energy
consumption model, and uses a genetic algorithm to optimize the mass block stacking
positions to minimize total energy consumption. Using 1 MWh and 100 MWh gravity energy
storage systems as case studies, the stacking performances of square and fan-shaped
layouts were compared and analyzed under conventional and optimized stacking strategies.
The results demonstrate that the genetic algorithm effectively optimizes the positions of mass
blocks, significantly reducing energy consumption. Compared with conventional square
stacking areas, the fan-shaped stacking design reduces AGV detour distance, start-stop
frequency, and turning losses. By optimizing stacking-area layout and stacking position, the
comprehensive energy-saving rate of the optimized fan-shaped scheme reaches 20.28%—
33.64% compared with that of the conventional square scheme, demonstrating its strong
engineering value.

Keywords: gravity energy storage; optimization algorithm; path planning; stacking-area

design

3623

HAORERGIL A ZHE, W hEEAL R
EFRAY, (L P 34y e e 3 o ke ey S
DU RE S BB R A 2, 5 LA AE
Fe i 2 U RESEEORAN A, 3 Al BE AR5 R
oz ATONURE MU R . R, R
P RAGE R GUEAT TP L AT, iz
REFEAN R G RE

Energy Vault 2% 7] & 15 ¥ 5 sQH% if fE 5 gt
AARTH R B PR PR T IS, R B
JR BT PSRBT Y. 123807 SR HETH A
BB EAORE AN B AR E R EOR S . ARES
2~ m) B R BUE 2 T Ak RE R SEIE I E AL AR U R
WHIE bR s AT SOk RE SR RES, HPUEAM B &
PR &R Gt R iEPE . Gravitricity 2w £ H (1 & I 075
SR I KR AR B rh T S B RS, R D
2 B OR L, (EXS A B R SR
THARGUESR B . 1L T A RE T SR T L s
. B ERR R, HEEEMIR X
MRS FiE i e T PR AR . P [ R AR AR 5

filf REIT H ™, 2R AR GUIE F W 1- TR K o
BTt EREAALE, B i ke B % e R e R
B SRR W RASE T T, [
R TRCE AR ARV R 1 3 e g 3 CRT RE IS 0 2 s AT I
(A MZ A RERE -

LA R 0 ) i RE AR GE 9 B B AR
e BN XE H R T BRI AR . %R A
AR TRESCBLf L, (AR s T i s
G R E S, dEin P RSN R A REAE A AL S
REFE, FRARRDIIOA TS 2 RGBS ITRR .

H AT, H776# 6 R g0 ok T i B RS 5 ¥ (1
WA . A 7T T BRSO 9T
Bz AR f AR Ak . BN, AW T3S
RITHEE S R BB Y, fE45 € SRR E L
TSR AFRGTEOT Z WA BT IT 5 NIREE 2 f 45
THESRTE R E J1 ik e 2R Gt o BN E 1372
HM, HEAKRE, DA DO RIX 45 T3S
B REFERI B R 15 REAE AL S I N REAE S5 K 3R
HREATIATE Y o



Ae B

3624 fig

ave
F

5 # A 2026 F5 15 %

VIRt RGEH RS AL, S R A2 1 1) R
O R FE S Rl . AGV REf% 8 I % 12 K
R eI S A AT, B ROR M TH )
AE JTRNIEAT RG2S, I AGV B 788 i i 2346
W w2 B SRR N 2 R R R R
7, SEILZ A IR A ) N I TG s AT
IXEERI 5T N 71 fif BE T R P E AT AR A SR T
—EZ% ., HE, EMERGS @R e
FOFATEAMIA. 5 776 BERD X &5 b A T FLIE A2
FHhE . LEEMMAETFHESRERL . Hik, %
SGYMCEID T EARREZEN T E ke
RYi.

B IR r) R, ASHIE AT A5 M BRI VR D B
JE AT 5 i R X G5 R, R L R T BEFE
PEESAHOCRERE . %25 N REFEAN TV B FE A AL ik g
FERLA . TEULIERN b, $2H DARG AT BERE A (RN
H A5 0 o A A 7. B JE, BT %1 MWh
F1100 MWh E 71 68 R Lt 4T H 51 /3 Hr, X EEAS
) T30 7 TR 75 DX R s TR i X Hp A B R i g 1
SR TR R FE 22 R F R IR UE TR I IR M

1 ENRRARENBIEARTHE

mEA PR E R R R EEdRER. 17
oy 185 ENEMRIX SR k. HEATAR
JEUEE R FH H RE S ) B R L I AT TR AL S B A
RESRERE: A8 HL I B far AR BORT RE IR 70 AR
RGN AN L RE AKEh - T AE Sy e 4, K iR
I IOE e, BRI R 3
EIFSE U A SRR ORI A K, A FE

».

§%)

B B

R, BRI R AT

EsIX

EirE

E1 ZEhikaeRGENE
Fig. 1 Structural diagram of a gravity energy storage
system

M. HfERE R GUIE R A E KB R L AL
WUE W E AR ER, 1A i BRI i Je 16 A
FICTARE XS, PLORIEJS 82587t #ias Mkeiiod
A AT A BRSO AL NS 52 7 3 A
FIZR, A PR e A BB 2 R, (RIS AT i g is
Mt PRI AT RERE, IFIRD 2 IR
IR 5554 BRIk, ROTSUX 450 SRRk g B
PR R GERR S g

2 EHtER AR ERD KR KADIK

0%
21 IBEWBHRERERTE

XA RS IX, A& GO RIE TS
FISCEL, TR BUE R, JEIE A X PR AE R
TR RS FRIX o DAyt e i s L T8 2R 51 ) 000t
BIRGT, (LG E R IREEIE ST A HUE A 5
RKG I HTAT B k. M A ERD S, R
SRV FUEYURE THAHE, 2P, J5
FEASTR X N, AR5 AT 75 S5 5 25 AR B 7 1+
st ie 2L, R NG 52 B bz
MR ZIREAAT RS 1R, XG0 T s AT A, Jf
il 7R A0 R 2 PR L A TR R R, AT 2
N A5 AN 16 fiE

SRR
7]

7K3|?§7L53Di

iz I

7R IX
L

or]

Jo B
B2 AHREERXEEE
Fig. 2 Structural diagram of a square placement area

2.2 BREEEX
221 TEASIRUX S5k

B I b % ] S P A 5 R S I R e
EHEILA, BHECN BT AR TR B AT
B AT BT R, T B A5 IR AN 1)
TFEECR, I R G T8 N R AR K . i
P RO R b R B A2 e () 5 IR AT (R B, i — P 4



% 9 ] R

BT B A IR K E 7k BE 2R LR REAE I S H S 87 72

3625

ISR AE IR T R ARG AR, AW UL
ERH T b AL X S A o

JA AT X R A A0 A 3 R AT B 55
ABEE A, AR RIS E RN E; R
EUiAT B TR FAL R UE, iR m o R
BUBAK IR o A, TR A 1A AR IZJZ 3T (R RS T 4
¥y o AZEE K —J7 1 R AGV Hi S 558 BB M A 1)
HARBSAL, b A2 3 IR I 4 iz i 1) 53— 07
i A a4k AGV iz it #2, AT AE — 5 R FE by /b
INEI 2 AL E R . B IR X A = ) 3
Pios: sk S AL GhsiR,  [BIABUE g R A
XI5 N1 23 3-+-n,

CHERRT, st
L
bk B RS
Ama

N | )

[] (] A

n...5 4321

e

3 AKX EEEE
Fig. 3 Structural diagram of a sector-shaped
placement area

222 JiEHEHEnT (AGV)

Ji B B TACIX ) AGV SR XA ik 454
ZEAR R B G % OB LA, o B R A B A X L]
i, AGV il SUB i R SE LA TS fay o 1% 45
Y RA LT 22

(1) RiETEs: AGV Jo i W[ 2 B, wf
AR 1 T8 IX A =y A H FR ASAL Az B E 3 R AT B K
f, 3R BT AR AT SR R RS TR 5

(2) JENPEGR: AL, o R R B
A 7 O AR A ARG, AT B AGV (13 45 1
PSS, JC T R IS 5 B A R AT 20 5

(3 TR WE: AGVIEHE &% FH. &
M SER RS, R BT ESCILZ A BiE

MRIAESS 72 Be, SEA AT E IR RSN A ik
AR BEALIZAT -

AGV FERSTEX A BRI B A T e 32 3 B 4
7, OB U TE R RN R R S . I8k
S5 RE T, AGV JefT B & A byt B B B 51
RORA, BRI, OB A A S
AL 2T LR A B B b, 5 P 2 S T
b5 AGV i LR s A2 Bk ) H Fn Az 18 (a)— &l (b)—
El(c)l. FIERALIG, AGV B LA I 4| 25 Tl
TR, RRESCFRBE, B SRER 2k
1 )5 52 R S5 [ &l (d)— B (b)—E (@)

3 VAREAER AR H AT 09 ST B R A K
7 ik
34 BANEAERMALIERR

TEEE ) RSO A b, A IX P B A REFE 2
ORI T i AT B Ae R AT SRS
T2 o AHIEFORE B NS TRAT 55 B Re#E R 7 N 2 R 45
REFE. FEBSAHOCRERE . 75 PH N AEFE AN TH TH 2 2
HEFE -

T B IRAE 55 S RERE AT KR A «

E =E,+E,+E,+E, (1)

X, E NS IAES B 15 RERE: E, NEEE
FHIRRERE: E B HIINAERE: E NTIUTTRE

X EEAES TS, AR T BE

Beirisin SNy, SRR
5=i5 )

311 JE{ERERE

FER X B — Ps it 55, e iEE &
D — Il — S — R — e s g . U
9 ER R LD A v, Bl REE A

E =y M.y’ 3)
Reft, m, RGO EROT R, 2 T

SEA R GE ;s AU sl ae R A R,

GV T AG * GV
P TR TR PR
1T | b | | BT || X
e (a) S RLULES (b) S ARIHIA 3 (0) 2 THBLIKH R RESUATH () 26 THUL K I RLH T

El4 AGVI{EdiZE
Fig. 4 AGV working process diagram



ik fe A

3626

ave
F

5 # A 2026 F5 15 %

PR R A A o 5 R v, L Bh RE RS A B 2K
WO R SE B R A TR TS L 1) e B4 R AT R N -
1

4)

E.= 5
b, N NEWRES RGN v, NiZisshE
Pk B (VAR TSR o 44T BB 2 AN A2 DAt 42 4905 3
WUE i eI TV, 6 v BRI IZ B g L o
SRR LRI E 1A BRIV 00
Hoskisit R T EE 2 IR R S RS,
Y B VAT 55 1) 3 A5 RE AR 4% 25 JR 5 A RN -

51
E,=>=——m,V 5
= Do et )

X, n NS TR S PR AEREG mg, N
5 JURAE R N SRR B, RO B EDR S
THESR.
3.1.2 PREMKAE
B EAEAT WA R P R SRR BN T MLk
ZhEL ) PR S i KA R I REE AR R . AT
FONF B B AR S REABHEAT I AL BE . U2 —32 B BLHY
PR AR RERETT SN -
E,

2
meq\/p

= Fs
= (6)

X, s HZBATHIEE R, FONRBIETI; n,
DATHE R ZR BRI . B RBILT) R 5K
NE, ABFTENENIT TSR, & — 28 IE R
ZFH ) R HAE0.01~0.02 5 . KRB IS %
AN F [ — B3 B R — Ot S AR P BE AL AR AL I 2
B, A IREBIHEAS KA.

I H, R B EIRES T B R A
[, BRESHSRREAE AT — P RoR N

() () 1 1
_ fr( )mqus< ) + fr( )mqus” .
d = n ( )

A, sORI s g3 il A R B A E B AT 3
FEES, ORI EO 53 5 o 7 ORI 8 E 26 T R B BH
AEY '8
3.1.3 A nRE

W AGV 1E % [a] ik 72 o 1 BRI S N DI 2N P,
(), JFWEBI 2R, SR ZINL, R W REFERT
KRN

Eue = [ Pun (1) ®)

e, 9258 B VR 113 P T HE
TR, Py ()0 1 SR TP I S . 127
555 0 BRI S W R A P 3 R P D AR B I 1] A2 Ak

BOAHRFAE, 3 T2 T S o 26 it 2R B A B ) A
BIRIREFETHT -

A AGV 1L % [ i 2 h D) 2 AR N, R
) R P Th AL N P, LS N

Eun ~ PumTum 9)

K, T NTEBOZ I W BT TR B 0] 2 2240
DL ABATE 52 A 38 w 58 BRCEE N O 1R B n) B 1
i, A

Eturn i Pturn% (10)
VU ) 75 2 5% 1) BEAE 5 5% A 2 T B AR R AR
E!um = kee (11)

b, KN R SRR R, 2R
rad. %R MLE A R T AGV B 1 78 0 4 3
. FEERE. R ERE BBk AR,

W BT %, AGV 767 B BRI o B
SY TR O ORI ) TREETS, 60 R 60 4 BB R
VOHE 56 o 7 B B R T B IR B S EO R A,
S IR AT RN

E, = EQ + E) (12)

L, 51 VCEE % AGV [0 24,86 25 IHH 506G AT

53

iy )
= 0 0 1 1
E, = k9316 + k3 |0)]
=1 =1

A, KO K 03 N S BRI AS T ()
R BN eeAE R 40
3.1.4 TiJlae

e E I 5SROI, BRIz s
REFESL, IEAELEH T e B TAEm ™ A= B n e
Feo TIA IR FEQRTEWI: — AR S ER
PTG I e i e H AR AU B
T I 58 BUE # o

F IS TN AL sh a2 . B0 2k S %/
MU AT A 5, SEPR A BEE AT R A«
- mygh,
* n

X, E, NH RIS #Re#E, i sk
JREAm, TFAEENh, EIMEE Ng, Tt
RGN A N FIFH5 N 2K A R AT HL
¥, HeeEHFERrrEa il —2, WeriE,,, =E,.

U, PR TR # S BEFE V] 5 N E =

2O g 5 YR R, AR

(13)

E (14)

h



% 9 ] R

BT B A IR K E 7k BE 2R LR REAE I S H S 87 72

3627

RAE—RTTHN— U8R - BRI T S TSR E O
BWIfESS, B EEEMNE, =B - E.
3.2 REREMAGE
AW TR F B T A% SR R /N B FE SR A 7 VU
RN . iR R — ki A 2 Sk, I 0-
1A R
_ |1, true
0, false

U 7/ELy = e s TS LY VA SERI By STy
X N AT AT T E R B S . B — A%
BRI RE R —AN RN, 47 x=1, FoRE iMELL
Wi b CE R #5 x=0, TN ZEAAE
R, — NG AR R — AN 58 B R R SR W] R
FX=(X,, Xy oo Xy), RGUDIBHRFEN :

(15)

F(X)= iE;X, (16)
o A E BRSO H AR
minF(X) = miniE,.x, (17)

FEAZ ARSI RE AR, AR AT BEAS - a2 Bk
LR . ik, ABEFESIN T R BOS AN AT ME AT
. E NERE AR EON

®(X)=F(X)+P(X) (18)

Horpr, POXONTTRRE. 5 REREZIR ., s

LR LA SN 203, 51 B e SOA -

in—B‘ (19)

A, X TSR AL AN
1S el D) VAR PSR e i - A AP A IV
FEOBRFTR MR, PRIMRE & I FE R K SO -

HuX)=T:%ﬂY7 (20)

UL L, AR S P FE RN . 20
JEFRRE I, JLE N R ROR, RS SeidE it iR
R DR Nk RS M, U AE B
BEAT RN AN PO = (X0 X0 X0},

WGP HE B A MR FBENL T A, 78
FRAEESEAE AR A, A FU R AR B M I 1808 5 H
TR B SRS AR 25 5 1 07 S AT MR IR B . X TR
FEmAAME, Hpkigrh RS E SO

py= g Ka) (21)
SUFit(X,)

Dy¥g SR EALRE ST, AT AR A X

P(X) = A

PR 138 X7 AR o B AN AR R BE L
HL—ANEE AN RS XA E, WA Ytk Fr Btk AT 48
e, 1F2FRAME. BEFMENP,,, WXL E
P oy 3 R SAT B4R, R x=1—>0 8 x=0—
1, BT A8 ORISR S 4 vl e AR RO AT AT AMA, AR
WF5E 5 NFTATPEAB IE N, 5 B A i R g fr
BOAREET B, W 3d I M o R N 3 R A ) 1”7
AT, HZRWEHRBLAWN. &5, BEHEIEH
JE PR — 2 AR5 1k AR s Oik 2 i KB
Gros QESF TREMIE N EEASF L @Y
T S5 MR L5 A2 TIAORE P 2R
SRl E, PR IE N B AR X
=(X), Xor-+Xy), HdiE 2 x=1 1 BANE AL, BN
AT B [ e N FERD RO, ORI B/ s
TFER
E..(B)= iE,X[ (22)

SR TR RAE W S PR

( o )
WABHL RIS, B
En FURUHB. ATARM. 55

B P A H G

B S AT N
Hh AL S T B

Y
i%%%ﬁﬁ#ﬁﬁﬂﬁﬁ@ﬁ‘
v

T R RO F

] Yok }4
v

’ﬁﬁﬁ%ﬁ%@%ﬂ%ﬁﬁﬁ%w

BEATAC XA X IFH A A AT ‘
Hefrfiz i

| SRR BRI MR

y MR ERSER

El5 EEREEMKGERIEZEE
Fig. 5 Flowchart of the genetic algorithm-based
optimization method



ge A

3628 fi

2
=

FERM L E R B e, ft— 2D
JITE A ) S B B FROWUFP AT L3R, A8 SR i TG
FEHT, AGV Mt i R, AR 1) 3 18 3 A H
PRASAL, FEER TR R A H b ML B, R e
JRJ B HUBCE . Dy G CAF IR B RO 2 AGV
B AR IE B, ASHIT FUAE S DR IR, B E
KA “HemEi. HAMA A BRSO . BAR T
5 PUEHEBCERBOR I ANZ RS, RIS
BT R RS 4R B g
RIRS 4 A TR S F > PRI PR A AT
B BE T RS T

gi b, BT PTR T ATEX HAA  RE A 4
PIANEIR: B, BUREIEIRYEEL B REAE. RIFRE
FERES (7] REAE T E o BEAE SR/ I A B s LK,
FERME AL SR S HE 5, A% B4k P R 3T
PRS2 T5 IR BRORIE D A 45 R B A B S RE
Mo, D CAF IS PO i SR IE R AR B R
S 1 TR T IX S B TR A R AT S fti v

4 HH o

41 1 MWhENEERZ S

B, EERRBREASHIERA PR,

E5E, 2rInns TT TR TR DX e T A TR XA
B UL AL SR 5 AR G U7 VR i ARG X
WAL E, a6 7 fros . w BAUR BT TSR
DX 5 i RS TR X AE LA 75925 B B HROR 8 23 73 AT
FEFE R BRAT,  TMARSE 7595 BB A R 1
R BUE AL E b PN AS R HE B AR A

5 $# R 2026 55 15 4%
=1 ENEEEASH
Table 1 Basic parameters of gravity energy storage
S Hiff S Hfl
J PR 35 TEH R E v 2
REPKESEEm 2.4 EHEINEE a 0.5
BT 15 MBI RS, 0.01~0.02
W HRGEn,  0.85 | FHEL MHFEREY(Jrad)  4.15 x 10°
TR RERE . 0.9 | BERE FHFEREY(Jrad)  1.38 x 10*

[, PEAL A T SRR A I ARIRR, i B
BSRERE, DU SRE AT DURRE AN [R I Ao R 4 AR Mk
B e/ NREFERS TR B A A

Hk, N LCEEAS [R5 TSR g 55 A TR R i X 45
X R GEREAEIIREI,  AHT FULE K LA DUAR 5 £ HEAT
XA T AR X AR TR A s @ B 6
TRIX AR AR TR AR 5 B)T7 T AT X A% e A TR
@ AT AL GRS TR RN o Forr, AL TSR s
LAR G s s Re i/ Ny Hbw, 8O0 I 2k #%
7 T REUOR I T RIS AL 4L . BT MWh
RGEA R =T AGV BEFER R 2 57, AT
T AN B P A A 00, X DU AR SRR
ERERE. RITHEME. BRRREAE. BRI REREAITNTH BE
FEREAT 1 2 WX EE, S5 5R I an &1 8 Fr .

SAEKE, 1 MWh RGEEES I EOAE TR
JR TS TRX S BERE RN T 07 TR RS FRIX ) L RERE, 3L
w5 BEFEANBE B REFERCR, R AT RERE 5 Lok .
PSS TECIX ) THUT REAEAH A o

AR FELE T T A T30 R FR B IX 22 A A
ORI R, RV R S50 500 N2 1 R el e

| |

49 47/ 45 43| 41 40| 42| 44
32|30 29/ 31/ 33
25231 22| 24/ 26
20118 117 [ 19 21
15 16
10 11
6

46 48| 50
35037139
28

38 36| 34
27

13 .12 14
7
4
2
1

(a) 1 MWh J5 TEAR AL 7 V55

|

36 181 9 |27 45
3517 | 8 | 26| 44
34 16 7 |25 43
33 (15 6 |24 42
50132 1415 |23 41
491 31 13 | 4 | 22| 40
4830 (12| 3 | 2139
47129 11,2 | 20| 38
46,28 10 1 |19 37

(b) 1 MWh J5 TEAR S8 5 VLRSI

E6 1MWh TRGFHFHBHXARE 7 ERDR EE

Fig. 6 Comparison of different stacking methods in a semi-loaded square stacking area for a 1 MWh system



% 9 4

3629

(a) 1 MWh B TEAR AL 7T

(b) 1 MWh A% 2 77578
7 1 MWh TREZEE BB G5 AR BT L E

Fig. 7 Comparison of different stacking methods in a semi-loaded fan-shaped stacking area for a 1 MWh

system

o ARG
i TEARAL
BIEAES
(i d

FAf i BE A B Y AR FE/KWh
w

0 LEZE - A f
MBERE  BETARHE PEBSARRE SR RERE T RERE
HEFEIRTY
16
14177

7

NN

N
NN

%
-

s
f’%10
2|7
zZ sl
w7
& 6-
2 [
=y
s 417
ﬁzé
oA | e VA
RERE BETRLEE BEESAY
HeREAT
E8 (a) 1 MWh & TIUMEEFEXTLLE; (b) 100 MWh 7

BT REFE XS ELE
Fig. 8 (a) Comparison of four types of energy
consumption for the 1 MWh system under half-load
conditions; (b) Comparison of four types of energy
consumption for the 100 MWh system under full-load
conditions

FFE PR EERAE R — AR T R EEE AR, H
SE b TAREAE A 538 % DL e O A e, i
TR TEIX B8 - 53 A0 PR32 A DX Seonfle AASERS T 2 G 78
SR, PIEASE TSI AMEA ] R 8a, B

A, (23)

G=XI

A a R T R B A RS TRIX 52 B
TR AT B A RO AR s A D 2 X AT B
FT it A EAE T AR o AW FE RO T AR TSR 4% T
BHJ UG R & DA, T2 2 TR T S i
PEEAT TR o B FEAE I r A ) AR ) A LA A
AN SE R, AR5 RS RCX v i e e [ o A
EWAR, RO ARSI 5

WO — W JBOT RN SE PR T REFEN E, fiEHh
MRy a, WHAERRERE T RN -

E=E (24)

a
b, E, 0% 18 A R I A3 A 1 S5 R RE
SR REFEXT LL AT 9 TR

16
—=— J ARG
14 —— Jrtf
e ARG
12+ e B
< 10F
2
5
qm 6-
4_
2_

0 10 20 30 40 50 60 70 80 90 100
ER=1T4
E9 1 MWhZEHHeFELERITELE
Fig.9 Comparison of equivalent energy
consumption results for the 1 MWh system

MEQRTLLE i, FERSIR 30 B2 Ja B AL ik U5
R RLRERE BTN T AR T i, AR 38U %
RPN EE . Z7 B PR B AL X AT BLAT Rt/
BRI B RERE . R 1 BEREAN L A REAE HLOUAL DT
EIREREI BN TR GIERIRERE,  JAIE 1 J5VE M
P



3630 it fe & 5 ¥ R 2026 445 15 3%
iy & i
4.2 100 MWh EHERERZE TR B o
25 WAL

FHAAATTE T R ESR A5 1 MWh R4t
FAL, w1011 Fros. i T AN FPUE 1 EEEE &
HAR, RAFIA e T R R BN B AT
T8, i DU T X 2 RAR A T

(b) F AL Gt 7 iR T

(a) T TEARAL T3 iETSTR
10 100 MWh TR G+ H AR X TR 5 EEK
xFEE
Fig. 10 Comparison of different stacking methods in
a semi-loaded square stacking area for a 100 MWh
system

(a) 100 MWh J5 AL 7 i1

(b) 100 MWh J5 J A% 4t 7 26575
100 MWh T RG34 8 75 A X AN 6] 73 7 RS A
PofAdES!
Fig. 11 Comparison of different stacking methods in
a semi-loaded square stacking area for a 100 MWh
system

&1

51 MWh 242500, H4 100 MWh R4 7E
SN I O DT N G U iy S N S
Fe. BSAERE. PEESRERE. FEmAEREMTTT AEREHE
ITXTLE, SR 12 s

XTECE 12 i DY R REFEIR, 100 MWh & 4t
S EREEAE T I T AE X A BEREIE & /N T O T
TR IX I S RE AR, R S 45 B FE RN PR 25 R FE RO,
51 MWh RGN A 1) A2 BE 3 BEFE 5 LL R, N

ARG
WA

20¢|
150

10}

FLL Ak BE A B R RERE/KWh

WREHE ALk BRISRERE
fEkEA T

12 EeRE T REFE

W 1 R G B B REFE I 1 RERE THFHRERE
REFERAY
E12 (a) 100 MWh 32 T UMEEFEXTEL B ;
(b) 100 MWh i##k T~ U #hseFE X L &

Fig. 12 (a) Comparison of four types of energy
consumption for the 100 MWh system under half-load
conditions; (b) Comparison of four types of energy
consumption for the 100 MWh system under full-load

conditions

A ReRE

RGHON %, KK KB B AL IR
Huf

P13 R, DA A A RETE
I BN T TR, 35 T A A S 2o e 2
R R, ELYE AR B R R S e
SN T 7 RS ALK . 100 MWh % %51 T i IX
AT LA RO A 2 B 3 e D R RE AT
RERE ELAIL L 7 V5 1 S RE T 8 /N T4 G073 (0
Y2215 TR o T B AN

it B RALARAL B ST X 4 Mt R Gt
MBI, AT 9020 R R MR RE Ot b 5 Sk
VL, SRR A AR . W ALK
BTV RN By J7 TR A 7 4
FENE,, BIBIIX G A RN E,y BTY
R AR AL 75 7 R R RE S E, o



gl ] FRIAE: T RS E 6k e R SR AERE R P T805 7%

3631

7000

—— ARG
—e— AR
6000 " o psAE L A
o BRI
5000
<
< 4000 [
=<
2
#3000
2000
1000 [

0 1000 2000 3000 4000 5000 6000 7000 8000 90001010
LS
E13 100 MWh 3 aEFE LS R EEE
Fig. 13 Comparison of equivalent energy
consumption results for the 100 MWh system

BT e 2 F T RAEAERD X S5 A0 AN AR () 4%
T, B REM B SO E T REACR . AR
FECATT TR IR Ayt Hoit 5300

n, = L‘é Eso x 100% (25)

Kb, n AEETTRER . AR RO T AR
W80T % BRI S5k, AL x e
JRURERE [ PR AL

LRI RER T RALAEAL RSO LN, R
P8 XA BT A X T RERCR . Heit SO -

Es = Eev s 100% (26)

KA, n WG TTRER . IARPR L T AR X 254 A
FIADCACTEIE T TR X X A RERE A PR

Za TR RN T RALAT TR “ B TK
DX+ OLAC ST AR G807 TS TROT SR ) AR
THRERCR, HitHh:

et Ero s 400% (27)

Sit

R, n AGEIEER . 1ZIRbRIFIN % &Y L
X 25 A AR L A T A AR I L FIAE T, A8 = ik
A FCRTHE JT AN AL G 7 AR T S W AR AR Ak
R

s Lk X, AR RFE A [F K L
TR RERE LT RERITH A R R 2R .

205, RAEIETE 8 T T EA R
TRERCE, Hd 1 MWh 1100 MWh £ Gt 50954
e 35 )9 8.829% F122.2%; FEii# T,
TR RS 5, AR A B2 X A A a2 6 1Y) 1

*2 AEREBTHHSHHTREER
Table 2 Energy-saving rates under half- and full-load
conditions at different storage capacities

AGUAE T FIETWRER/% STRERI%  LRETITREE%
1MWh R 8.829 13.141 25.890
1MWh i 0 25.023 25.023

100 MWh 22.205 3.736 33.64

100 MWh  jifi# 0 20.28 20.28

2SN, PRI EVE T R 9 00 AN FRAG X 45
AR AR, 2 [BIAD J5 IX AR 7 AR X FR) 54404 g
N 3.736%~25.023%. L4 % RE Y TR IX 45 M9 AR
ARG B SS BT AR T AL 5t
77 R T BE S 20.28%~33.64%, Ui B TR
T X 8 ¥ AR T v R 5 A A PR ol i e A Jid
FE A () RERE

5 % #

AW FT L E 14k e R G0 = B O R A A
AR A5 . 1) AN AT T B2 0 T ) R RE 1)
B, LT AGV U FEREAE T SR, FE S
fill b, $RH T RIBRX it R AR AR
JR AL BT, BTSN

(1) AW 7T 38 X b AR Gt il s 5 e A ik
1 MW E /16 RS EAF TR FIREFERDL, R
GLor AT T TS IR TS X AR AT RE R . S
SERRE, AT B T B A
X RERE . BEESHRERE. B4 BERERI S 15 REREXS /D
FOHRIIX, PE LA ITHER N 25.023%, JifiEk
LR AT RE R AT A H) 25.89%, Wi T4 T A
Rk

(2) Xt EeAE SR O vk S5 Ak ik T LR H
TR SRV R 05 AR AR A S SR AN REFE B A5kt 5 S By
BHATEF SN, FAGV [MIEIT A NG B,
MALIE 5 5 B BRI FECAN P AN A8 ] 5 Wt B3 )
B, MR LA AT IR . s IR BRI 17
SN R T oA T

(3) %100 MWh i fit R4, AW Tk
— IR T SERUREFE T DL W T
SRERELLIR . SR ER, ERERRAET, L
SRR R TERGTRUX B REFEAR T 7 TERDIRIX, 3K
ZEA T BE R N 33.64%, A LE A T RE R AT A F
20.28%, iM% TR RGBLY KGR A



3632 & fE

Bo% 5 R

2026 #5515 %

G BRIE I . BB o R B R AN RS PR 55 AR
P, TX E5 H X AGV AT Bk 4% A1 REFE K 52 1
SEANBAE B PR T IX AE Bz S e A 7 T A
SR HH ) RN A

& % 3wt

[11 Energy Vault. G-VAULT ™ gravity energy storage[EB/OL]. [2026-
05-12].

energy-storage.

https://www. energyvault. com/products/g-vault-gravity-

[2] MOORE S K. The Ups and downs of gravity energy storage:
Startups are pioneering a radical new alternative to batteries for
grid storage[J]. IEEE Spectrum, 2021, 58(1): 38-39. DOI:10.1109/
MSPEC.2021.9311456.

[3] ARES North America. Advanced rail energy storage: The power
of gravity[EB/OL]. [2026-05-12]. https://aresnorthamerica.com/.

[4] MORSTYN T, CHILCOTT M, MCCULLOCH M D. Gravity energy
storage with suspended weights for abandoned mine shafts[J].
Applied Energy, 2019, 239: 201-206. DOI: 10.1016/j. apenergy.
2019.01.226.

[5] HUNT J D, ZAKERI B, FALCHETTA G, et al. Mountain Gravity
Energy Storage: A new solution for closing the gap between
existing short- and long-term storage technologies[J]. Energy,
2020, 190: 116419. DOI:10.1016/j.energy.2019.116419.

[6] Energy Vault. Energy Vault announces successful testing and
commissioning of first EVx 100 MWh gravity energy storage
system by China Tianying[EB/OL]. (2024-05-07) [2026-05-12].
https://www.businesswire.com/news/home/20240507725790/en/.

[7]1 China Tianying Inc. The first charging/discharging unit of Rudong
100 MWh GESS project successfully tested[EB/OL]. (2024-05-04)
[2026-05-12]. https://www.cnty.cn/en/category_440/2866.html.

[8] WANG Z, WU G, ZHANG Y, et al. Dynamic programming-based
mass block stacking method of gravity energy storage system for

minimum energy consumption[J]. IEEE Transactions on Industry

Applications, 2025, 61(6): 9628-9639. DOI: 10.1109/TIA. 2025.
3569250.

91 MREJE, 5, AR, & . 5T URBEAR 4 I 2% (1 RHE TR )ik &R

S5 BRI B 4 ) 77 VA Y], Bl S FE i R, 2028, 50(11): 37-
45.DOI:10.12177/emca.2023.139.
CHEN J L, LI Z, ZHU Y Q, et al. Control method of mass block
grasping device of slope gravity energy storage system based on
deep neural network[J]. Electric Machines & Control Application,
2023, 50(11): 37-45. DOI:10.12177/emca.2023.139.

[10] LE-ANH T, DE KOSTER M B M. A review of design and control of
automated guided vehicle systems[J]. European Journal of
Operational Research, 2006, 171(1): 1-23. DOI: 10.1016/j. ejor.
2005.01.036.

[11]QIU L, HSU W J, HUANG S Y, et al. Scheduling and routing
algorithms for AGVs: A survey[J].
Production Research, 2002, 40(3): 745-760. DOI: 10.1080/0020
7540110091712.

[12]KIM C W, TANCHOCO J M A. Conflict-free shortest-time
bidirectional AGV routeing[J]. International Journal of Production
Research, 1991, 29(12): 2377-2391. DOI: 10.1080/0020754910
8948090.

[13]MOHRING R H, KOHLER E, GAWRILOW E, et al. Conflict-free
real-time AGV routing[M]//Operations Research Proceedings
2004. Berlin, Heidelberg: Springer, 2005: 18-24. DOI: 10.1007/3-
540-27679-3_3.

[14] SHARON G, STERN R, FELNER A, et al. Conflict-based search
for optimal multi-agent path finding[C]//Proceedings of the

International Journal of

Twenty-Sixth AAAI Conference on Artificial Intelligence. July 22-
26, 2012, Toronto, Ontario, Canada. ACM, 2012: 563-569. DOI:
10.5555/2900728.2900809.

[156]ZHONG M S, YANG Y S, DESSOUKY Y, et al. Multi-AGV
scheduling for conflict-free path planning in automated container
terminals[J]. Computers & Industrial Engineering, 2020, 142:
106371. DOI:10.1016/j.cie.2020.106371.



