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Figure 1 (Color online) Hydrogen density variation with temperature
and pressure
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Table 1 Performance parameters of LLNL’s cryo-compressed

hydrogen storage vessels!”)

B ROETUE AR BUEfEE REEE

(kg) (kg) (L) #HE  (kgm)
Gen-1 9.6 341 135 2.8 19.39
Gen-2 10.7 187 151 5.73 33.16
Gen-3 10.7 145 151 7.38 45.49
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Figure 2 (Color online) Cost composition of cryo-compressed
hydrogen storage systems and liquid hydrogen storage systems.
(a) Cost composition of LLNL third-generation cryo-compressed
hydrogen storage systems!'’]. (b) Detailed cost breakdown of liquid
hydrogen storage systems!'®
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Table 2 Common types of fibers®' 3]

LY PPERTE(GPa) BRI EE (MPa) i PIrE(kI/m?) ¥ (g/cm’)
LT 4 230~588 3530~7000 5~15 1.76~1.81
PR weran 85~95 3100~4840 50~100 2.6~2.8
T 70~186 2400~4000 200~300 1.44~1.47
By EE AU 72.5~86 3100~4650 20~100 2.5~2.6

BOSRR R, NG TR EsR S Y, R a4
wERCDN, IEEA R p Ik, etz 2 et
REREMRS KA BE T, o G b A% s A4 0N g, ke
WS, — M FH T B MR R L R By ik R v 25, plias et
Y L2 T E A MRS AR R b b 2
T 55 V88 2 261,

WG B E R RS 4T 4, JHL b ey, SR &
MR RE S, HA LA R 0] S R AR .
ABEPIEE . RBEV A IR, Harx TR AR5 £
2 H A bR, T LGE i E A R AR ok
G 14T, R E A ARNE T 2R RE I BB 1R £F
A SRR IARAI RS, BURB A GO AE(URRAN K 2R
HELRS | BYORAF YR SR YK AR YR LIS N £F
YR THIREFERE, HCGELF4E R I MR Z R 25 A,
TR R AR A RE. RSk R ) — e
7 ¥ B g 4t SR an e 3 b g 26000 SR T X A RTRE
PEAT R PR AL BRI B, XA Bh TR H 2Pk RE D
P2 5 i SO AE AT = FE A 1 T e Pk 5 mT S k.
nZhang%E AURRFSE, FIH R £ WX RS ik
V£, FEHE R RHTRI R B (04 [ 30 T W2, ke
ACPEAR i 1 2 1 52 A Rk AR e R SO B 3,
BT R, TEGEFREBEE AT, W T
32.65%M4ELE)Z, HAN T 50.69% 14T 4E ) K.

PRI, MR R G Ak, R T AR 220
B AR Tt A IR = He A U SO 9 1) S R 4k 2 —.
A WFIE S0, B Ja A %) o e e 32 i o L AR A1 o
s, JREAE TGRS TR E YR E S, BT
SFIRISE A HAME AR, B0, Chen%s N5
BIAH L FHR,  FRE AR LRI 77 KA s i 154
h26%, R EIEINT2%, X —A b [FRE S MAEA g
MR L, RORE A TR RRAIS, 48 2 ke I 4
B SRR AR, 2R gEAE AR e AR o A i R
AR, Ak fh B Ao F B ) T AR, R
WX RERS AR B AR/, (BB S MR, 4
TR S o A s ) 2 ok r) 5 40 S AE IR T TR B o

(12 REL RARRET A A BRI REA 2T 4
HEMRAEEIRAMTT KB A PEREXT T, & BRI
APRHTRRIE | U R A S . X
Pl SR AR —J7 K AR RS ARR BE i e, 5 —T
PR TR, 27 4S5 e PR i Ak 28 %022 5 e
PRI ) AR SRR AR M EAE ], XA
B B SR AON 2,

SRMMERSTE B AR, KRR R TERESR T
Rk, ML ARG Z [ AR AK R RE
RIF, ATRES BT e SRR 2 W) AR TR AR,
T A R AR TR L . 1 2 5 B SR AR B 28 S5 4,
SRR AR R . Yang%E NG AP RHE(R
T BN AT 1. DR, A ARk
FRAI S FPAEAHSRET 2 22 [B] A S ARk, IX R B
SEPRTEARIR T Al 5 1219, Coronado®5 N 5%
AL X 5 ATV T Bk 2T 4 e B4R g 1) 23 J 25 1
LB, SRRV T2 R, miHAT
R PEIER B9 5 G PORHE 2 70 Bl B2 R AR R B B i A
PUORST P IERE T, BT LI B, BN A A T ey 512
PR, DL T AR IR s
I = AL RN B b, b, ST S AR ) A AR A 1
[ RTEARIR AR PF S e, IRy S B4 1 %)
A BAT BE P .

PR, R AT AR 2 B AR AL R i
PR BT BEAE B T ML s Tt S B R RE S A7
TS, IR PR R AR REAE I 9 I B AR )
SAPERE, (ARSI G A A IR, TR <
BRI AT FEE. AR BIWTFE T 18] 7] 4R v 7R SOWAS 13
PLRI TR A AT, DLE— AR RE, SCBUIR =
FEAAET B nl SRR S K ARt

2.2 MBS

ARGt o5 s it S OB P e A 52 i (R TR 1
ARG IR IR 2 B RHR R T PIRAS, R4k hl
Wili, mAMARATTERRAL, FRHEVEREE ML

2179



M4 Z b B 2025558 F70% L1148

*3 EAMBRERE

Table 3 Modification methods for composite materials
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Hydrogen energy is a crucial component of the energy system, but its low density and low boiling point characteristics make
densification challenging, restricting its large-scale application. Cryo-compressed hydrogen storage is an innovative storage
technology that offers significant advantages in hydrogen density, energy consumption, and cost. Due to the simultaneous low-
temperature and high-pressure conditions, stable and reliable hydrogen storage tanks are essential for ensuring high-density and
safe hydrogen storage.

This paper introduces the domestic and international development history of cryo-compressed hydrogen storage vessels,
including the four generations of vessels developed by the Lawrence Livermore National Laboratory (LLNL) in the United States
and theoretical and experimental studies conducted by various research teams in China. A comparison of the cost structures of
cryo-compressed vessels, ambient-temperature high-pressure vessels, and liquid hydrogen vessels reveals that cryo-compressed
vessels achieve a better balance between cost and performance. The review covers research progress in the materials and structural
aspects of cryo-compressed vessels, including:

(1) Research on high-performance composite materials. Composites are composed of fibers and resin. The fibers bear most of
the stress, while the resin binds the fibers and transfers the load. Under low-temperature conditions, the increase in the resin matrix
strength and the compressive stress generated by the difference in thermal expansion coefficients between the fibers and resin
enhances the strength of the composite material. However, when the difference in thermal expansion coefficients is too large, it
can lead to material damage.

(2) Damage characteristics research. This section introduces the types of damage in hydrogen storage vessels, including damage
to the composite material and damage between the composite material and the metal liner. It also discusses the applicable
scenarios of commonly used damage detection techniques.

(3) Lightweight and high-strength structure research. The winding method of the composite layers affects the mechanical
performance of the vessel, including factors such as the winding angle, ply sequence, winding tension, and autofrettage stress.
Among these, the optimal winding angle should be designed based on the specific dimensions of the vessel; an alternating winding
sequence is more beneficial to the mechanical properties; excessive winding tension leads to performance degradation; and
autofrettage stress helps to increase the fatigue life of the liner.

(4) Efficient insulation technology. This section introduces common insulation methods and support structures. Currently, the
mainstream insulation method for cryo-compressed hydrogen storage vessels is vacuum multi-layer insulation, which faces
challenges such as high manufacturing costs and stringent sealing requirements. Future research could explore alternative
insulation methods by considering a combination of insulation performance, cost, and vessel weight.

(5) High-density hydrogen storage performance research. Methods to improve gravimetric hydrogen storage density are
introduced, such as reducing vessel mass, increasing volume, and selecting appropriate operating pressures.

Based on current technological advancements, future research priorities include: developing novel composite materials to
enhance load-bearing capacity, uncovering the damage mechanisms of materials under temperature-pressure cyclic conditions and
related influencing factors, establishing optimization methods for winding process parameters of cryo-compressed hydrogen
storage vessels, advancing efficient insulation technologies, and optimizing hydrogen storage performance based on multi-factor
synergistic effects.

hydrogen, cryo-compressed hydrogen storage, composite materials, mechanical properties, damage
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