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Abstract: This paper proposes a novel compressed air energy storage (CAES) system that fundamentally
integrates gravity to achieve constant-pressure operation. By simultaneously storing thermal energy, pressure
potential energy, and gravitational potential energy, this innovative system facilitates highly efficient and
stable-pressure energy storage and release performance. To thoroughly understand its performance, the study
employs a comprehensive methodology combining mathematical modeling, thermodynamic simulations, and
theoretical analysis to investigate the underlying energy storage mechanisms and the specific characteristics of
energy and exergy storage. Furthermore, a scaled-down experimental prototype of the gravity-enhanced
constant-pressure air reservoir was constructed and tested, successfully verifying its dynamic pressure-stabilizing
capabilities under realistic operating conditions. Theoretical analysis yields several critical insights into the
system's thermodynamic behavior. It reveals that the system'’s total energy storage is predominantly in the form of
compressed thermal energy, whereas exergy storage is primarily driven by pressure potential energy. Gravitational
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potential energy accounts for less than 1% in both metrics. Despite this, the system demonstrates exceptional
thermodynamic performance, achieving a maximum round-trip efficiency of 68.33%. When compared under
identical heat storage temperatures, this novel system consistently outperforms traditional constant-volume CAES
systems. Moreover, the constant-pressure feature provides a massive advantage in spatial efficiency. For a given
power generation capacity, the required air storage volume is drastically reduced compared to traditional
constant-volume systems, with the maximum volume reduction reaching an impressive 91.07%. This significant
reduction in reservoir size can substantially lower capital costs and alleviate geographical constraints for
large-scale energy storage deployment. Experimental results further validate the system's operational robustness,
demonstrating that the gravity-enhanced constant-pressure reservoir can maintain a highly stable pressure output
even when subjected to significant fluctuations in inlet and outlet flow rates. However, the study also identifies a
practical engineering challenge: real-world applications must carefully account for pressure losses caused by
mechanical friction within the gravity-based pressure-regulating mechanism. Additionally, economic analysis
indicates that the novel system possesses promising potential in terms of cost and revenue. In conclusion, the
gravity-based CAES system offers a compelling solution to the inherent inefficiencies of traditional systems. By
maintaining constant pressure during both the charging and discharging phases, it effectively prevents
compressors and expanders from operating under off-design conditions. Therefore, the operating efficiency of the
compressors and expanders can be maintained at the designed level, leading to round-trip system efficiency
improvement. This not only enhances overall system efficiency but also dramatically reduces the required air
storage volume. Ultimately, this research provides a novel, highly promising technical pathway for the widespread
commercial adoption and scaling of compressed air energy storage technologies in future renewable energy grids.
Key words: gravity-based; compressed air energy storage; theoretical analysis; experimental validation;
techno-economic analysis
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MRIEHAJREE, = Jj{H K CAES nl#k— 52 i
KU FERR 1) 5%, PR R CAES fEN Fli . T 5
DX I8HE T N . AERESE Rk, BEAEE UK
FIRL TR TG K SEEH ) CAES #ERTT1H
A8 THbRE, JHm RERIGTT R 7R M
Bl BEEIUE . ASCEI M@ =R, T
# J7 CAES BERAFAENLIE R OCHAR SR AL R @
ARG &, IUE T EEEEA R e T
BATRES); S5 IR T S BOR M A Y,
%t 100MW /7 CAES #HT T WIS &5 01T o

1 RARG IR D4R

HF#HJ) CAES HAREH, &itE 2 i
100MW X 4h KRG T.ZME T & .

5

@ Loy
O s

htt@/rlfd.cbpt.cnki.net

E 2 £/ CAES & T ZRiEE

Fig.2 Process Flow Diagram of Gravity- Based CAES
System

ffRES, REUHEN BBIHLIKE) =R R T
APV (C1-3) , BHFAEE SR 2 il s FOIRAS
Horh il od & 9 R 4e L5 e i 1B BB IR &
A SRS A A AE e e B P, e s R
his B EH R ER A R R, R E
HASRIESEIG N, B R R S RS T B
W bR A E

R, s RIREN A8 456 fa HE AU R R
JEIK A LA (T1-2) KR k. T
A NS FIZNLAT, B ESAT G s
e B A BT, e A S s 2
HEi.

R 2 s KRG L2 E R G170 B
B, WASHIER 1R,

®1 RAGHESHIE

Tab.1 System Simulation Parameter Values

75 1 H LA ZH
1 JEZIK A HL T 2R MW 100
2 7] LGRS h 4
3 Ak R h 8
4 HHLHFELL - 1. 0%
5 Ei S IEE i) kPa 100
6 FEAERLSEN k% - 88%
7 R AL 35 R - 92%
8 FEAENA R - 98%
9 JEZIK R H LA 35 - 99%

A BHE NP CAES Hbf, EBUINEKME
N He A A, I R i BGIR E A m ANEE d
180°C; [FIINy, ¥ B HE4atl C1-3 & HHF IR EAHSE
AL, BE SRS T AR 2SS IR /K ) f /N ik
PIRZEN 10 C.
1.1 ik BEN IR ST

M52 7] CAES B, RGHAIIHAEN N
ZE AT I OKZE B IOFAEE, AR A
SEETMARE (EABEAT) , DLAERE ST
EEWAE T

18 s 7 JECO R R il O N BN R AR
(AR YA SIS NTTICIR 87 & AR A WA R
A, AT S R R R T RN

AE = AE¥T 4+ AEBTaV (1)




4 A%

HFER

A, AE NEUERRREARMLE, AR air M
grav 73 ) R i s S R B . AR SCER IR 73 Hr B AR
THJJ CAES MR N, RF AN UREE
PR 5 EE AR

filt U S BRI OV IR A R E B, T
Fe e E ) B RE IR B BE LR R 4 U A
VU b=l pei s 2 A /S F

air .airpair _ pgair .airgrair air air
Min Cp Tin - Min Cy Tin +pin AV

sk
Mianircgir (Tierllir _ TO)
= Miar}rcx?ir('ri?lir - To)
+ oAV
qrb, MOARBE, T NENIRE, p AL,
Cp M1 oy NE B LEMERE R HULINE, ToNSHH
SHREE, AV NERBARLE; g0 AZHRETHT
(I S REME IE R EL.
A (2) HA AR () I, EAERER
P S BERIiUE e R T LR ) 4 R R
TR RS2, T T fE B Xt
FESZH R ERATEIE, PRImASGE E X
po NIEIE RBUREBAR ARG TR L AKX (2)
(3, EABBASHIEE T BILEREON:
Tin — T
Tin 4)
T 2 e A fik 1) 25 B 23 e B Al R A R SN 528
i
AEWater — Mivr\lzaterAh;/;zlater
.

3)

Po =

AEair — MianirAhiarir

EE™V = 9, p€aVgAH 8" = @ pfir AV AT °)

A, A water RIRIEKE AT, Ahiy
RARXS T2 H AN RIARRT LU E, p AR
fE, g NEIIEE, AH NER EFEE.

it sl (5) RjEXE ) CAES R4ihHtE
TR AT BT, WE 3 AR, RGREEM
g AR N T, HAARRAF i A b G Sk 71 BTt
MG, X2 TSR 38U R 461 CL1-3
FE4a bt HURE BT, RN, EA#EE N E
HABRPIFEMAN BN, HHTRERAEEAE,
P S5 B i SR T 8 BT N . EAR R
&, BINEIRTE, BEIBRETREE RS, £
g R EEPOE D, X —g5 e 6 g2l
k.

http://rifd.cbpt.cnki.net

3 RBHEETFMAENE

—o— JARE
1.66 - |_o E)J
—— HN

i

B 25 B (< 10°MT)
g
A\
A\

=3
=
o

0.00

s s 1 s 9w
fi#t <k J1(MPa)
Fig.3 System Energy Storage Capacity Allocation

13 —o— ik
' —o— &7
, —— &
1.2 | >
= -
=
2 L
= 1
X
— 0
iz W
o3
pid
&
Eo02
0.1 F
0.0 1 1 I T T B ;2 s
4 5 6 7 8 9 10

UL J1(MPa)
4 REGREREENE

Fig.4 System Exergy Storage Capacity Allocation

2R (LD £ (5) , WX ARG
SRR A TERHE S A I, 4R 4 Fis.
A AR SRR, Hi TR AR A
EZmmTHEE RAEMKAEALUE BN T —
IX7N & CAES i RERIAZ O R BLFTTE . MR, REEAT
fift 1 AR ——FAREXRT . A M 72 5T 2 251G, L
it SRR TG R, WS NIl S48 TH 46 HE
BRVRSE, DMRmERRER R D& .

SAE E, BRI SRR R A A R & A
& 1%, UL E S CAES R40%: WAk Rk
W e /), DRI TT o AN R R 20 55 7 T . R T FE AL
TAE, DASEIFRIEIAE R T RE .
1.2 fEREE T

BT & MRE 5SS N B 5T R4 HLA
JEAEEARDS, IS S, AT R R T A
RS RGE SRR AR B S, 2R A 5 o,
HAp ARG, A ERIRE.

fiff B RCR BB UL I T m e T E FE, IRAE 12




HFEHIK

XX & XX 5

MPa AbEUA5- 5 K {H 68.33%. fi# & /1T 12 MPa
I, fERERCRBEME TR KN K, —RHTE
PRI T v e A B A IR B AN R R AR B T
TRAESRIE RIS AR R TIE AN, RER
JE A REIRE R BT N . BRREEHER RS 12
MPa i 4z 180 °C LRR, i — 8Tl <% /1 75 30
SMEIN— GRS, SFEURAIIFERERE BT, B
BEE TR, REEIIE TR KM, iEH 12 MPa
NINE/K &R /) CAES ARGt =IE S .

70% 182

— REGBFE
—O— HMELIE

VANTAYE
A8 180

68% |-

A
2
]
>
>
1>
>3
>
L 1 L 1
s 505 3
) o0 (=3 () -
SEIMEFE (°0)

(2200 SN

1
N
=

60% L

[ 73 (MPa)
5 REEMEREMET(LiaH

Fig.5 \Variation Trend of System Energy Storage
Efficiency
1.3 fiERE SR

P12 MPa Jy EFRAEUES), 3875 T PR A
SRS HESY CAES 5 J) CAES R4k B
FAESBAR, aER K 6 Frow, HrhRih oy E )
AEED) (RMERGESETRES)D , ERoyf#E6e
R, AR

B R G0 Ae SR BRI S T e B BT
#, (HIRZMR T E I RS hT1E% CAES — il
Tk U R B A8 2 4 EE K R I LI B B s

350000

70% |

300000

68% |-
250000

(m®)

3 66% |- 4 200000 iy
= =
i =
= -
SHA J@i
W 150000 =

64% - r

sz
2% Fo 0
50000
60% 0

7 8 9 10 11 12
£ 7) (MPa)

TP /rifd.cbpt.cnki.net

PUAESE I BHASUTEE, BRI R I8 AT X (A,
REEARNL I AL T 008 BN, Rk
Rk, RauginE R, B 6 hEHAER
S 1t e R I 203 ) ) R
El 6 RGMESHSERIL

Fig.6 Comparison of System Efficiency and Gas Storage
Volume

YT EIRGE, U IR SR
TR X AR iR /G R, FSERKEAE
PG K S ko, A SRR NN ——1X 5
Kl 3. Bl 4 &R R AR AR A — 2. A
R FRREESES BT R FFE R RS R
REPHAE, HHTTRESEDT “5B”
G EEIRTE, TEARAEEMAR SR TR
97 MPa #1111 MPa Itf, TEAESAIRLIA 7.05X
104 m?® 1 31.79X 104 m*, TMAHMN E /1 RSN 5.14
X104 m* F1 2.84X104 m*, 5l 27.09%A1
91.07% = R it L&~ B JJ CAES fili LA RN
Re % RN E .
2 IR IL R o7 K SR IR O IE
21 ENHEERESER

NSRS K E )] CAES HiARJREE, A
R T H ) CAES WIS & o MKFEIES & AT R T
[N H ) CAES RS RERENE, BT UMk
S9N I e it

RIS G A% 0 B G SE S S st 5050
WK 7 3% 2 fis. B EPCS 7K A — 1R i
FELURREE M, I TR B S B B TS,
TENEIE R AR R ERAHOAHES
M, & R 40 R K s 2% e & 25 DY 4% 1
HFH, BmEHEP B2 R, P
FEH BB E R IEAT.




YA A

HFER

s _[] I
¥
B
i -SmEE
m .
b N i
\\G)t
O
@ g
N e e
| mEM
mHEn . & | [
WRO « ek, HSDO

E7 RREENESESNTER
Fig.7 Schematic Diagram of Gravity Gas Storage

Reservoir Structure for Test Bench

*2 ZofiRELFSHIE

Tab.2 Boundary Parameter Values for System
Simulation
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