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Internal Aging Estimation for Lithium-ion Battery Based on Spatio-temporal

Convolutional Neural Networks
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Abstract: In low-temperature environments, the electrochemical reaction kinetics of lithium-ion batteries
become hindered, leading to accelerated capacity decay and increased internal resistance, which severely impacts
their lifespan and safety. To achieve non-destructive estimation of internal aging, a battery internal aging state
estimation method based on a spatio-temporal convolutional neural network (ST-CNN) was proposed. Firstly, in-
situ analysis techniques examined the battery's incremental capacity (IC) and differential voltage (DV) curves to
calculate quantitative parameters for three aging modes: loss of active material (LAMD , loss of lithium inventory
(LLD , and loss of conductivity (LC). Secondly, a quantitative characterization system for internal aging was
established by extracting features from material morphology changes and electrochemical impedance spectroscopy
(EIS). Thirdly, a temporal-spatial feature modeling framework based on ST-CNN was designed to accurately map
complex internal degradation mechanisms. Finally, the proposed model was validated using experimental data from
low-temperature conditions. Experimental results demonstrate that this method achieves high-precision aging state
estimation across multiple low-temperature conditions: MAE<1.3%, RMSE<6.1%,and R’>0.99. These findings offer
novel insights for battery management system lifespan prediction and safety management.
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Tab.1 Performance of battery with temperature changes
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Tab.2  Degradation modes of lithium battery
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Tab.3  Parameters of lithium-ion battery

HARSER XS HL

BUE Ay i 2.5 Ah

FARA 2.4 Ah

WG N BE 25 mQ)
FEHLEOE R 4.2+0.05V
YGRS 275V

CERTIIE S 9 mm

CERTLN=5:3 65 mm

W75 0.25 mm

; 500 RAGFR=>80% T VK it AL 75

Tt (25°C,4.2V/1.2AFHL,3.0V /2.4 Ajift)

Wi 48 ¢
CERTN=5:3 65 mm
AR FEHL 0~45 °C JHHL-20~60 °C
CiRTB SN Wi GRS FerL 1.0C it 3.0C

32 XWAHR

IR T FE b Al i AR A ] 4 BT FR RO
Jei , RFET LIt HEAT KIS AR T, 5 ST R AL
DST T AL Bh A A0 S5 . H b =& Ak it i i 3

T4 27 CUSABC H it 38 T 01 ) Hh 2 21 i 8 2%
JO7 3 L U T

| LT |
|
| EISFIRFFIIZ2S °C) |

|

DSTHEH &AL L
(-10°C,-5 °C,-25 °C)

| DS Tt e
| 10/

AERARE KRR

| EISAIRTHIi£(25 °C) |

| IR I3 °0) |

2k
K4 itz
Fig.4 Flow chart of battery aging test

4 LZRE55

M3 B s SOC & PR 4t 2% 40 2Kk A e
TR A T B IUE B R 2 AR S e
S0 EIS FUE 5 280, 36 T ST-CNN [l 557
SEI R AR AL T Al A R A 5 TR (L
JE/R=5 CHYSE ) AN 25 °C, -5 CHI-10 CH
RAETHERE AN 4 FTR

W 5 R i) AR RS S R (3,5)
R AR U S B0 S 0 Sh A R (A 3 5 R 48 st
AR R 2% ) , K RSHE B (7, 9) e K i 3
R CANAE PR A 2 v A 25 f S R A ) |l e AT
TT5 7 35 AN AR (k7 B B R AE AR B i i — R
FE R B P R AR 8t U o BR8] 35 AR 4% 38 T8 A9 -2
PO (ELAR e T AR AN AR AS [R) B i) RUBE - o i A
U P ) 7 588+ A 308 3 X O — R S Y S [
% (3,5,7,9) , ASTRLR /NI 6 B RE S 4l 4R AN
(v i i) 225 2 (g S 2, 3 U 1 2 7 i ol ) RUBE 1Y
FRAEXT Y FAT 55 2

wmE e s, 25 GBI 126 (256
128 3 i )i 48 3x3 F5 FUZ WA il 8 42 Jm) 25 1] ¢
B, i U8 SRR TR MR 5 2 2 B R (128—
128 383 ) >R FH AH [R] 38 18 Flo 11, 9 Ak oG B 2s [ g
fiIE Can S5 R 5 B # R S 502 &) I 3RAE
AE 1465 3 2B (128—64 JlIE ) F— 4 1 4 4%

63



wAMES 2026 H 568 4 FEAE A R T A E B AR 22 W 250 42 ol Y BRI S A

MEYESE o 3225 65 BUR FIFEHEEA BatchNorm 55 BHUGR BJF 46 2 [B) A il X A THAT 55 fig by S . 2
GELU, B 25 AR IEAE R e R P AN 2R AR Tl P30 SR B HEATHE R, 23 (8] 5k e i
HAR, HAERFUIZRad FE R B EARE R o Gl P2 A Sk TSR] 2 [ RR AL A S AR, HE A B
SIS VA A VB o - 1 Ronq T 15871 W 1 W N /3 BT 7y VD E S R IO K R W g G E 38

2.450 2.450
60 60
1.926 50 1.926
s 1.402 m 40 1.402
= ;
& = 30
i 0.878 i 0.878
0.354 0.354
10 15 20 25 30 -0.170 : 15 20 25 -0.170
sf [i) 25 23 (Al
(a)isf [ R AE F1 ] (a) s} [ R AE $A ]
1.000 - . 1.000
14 60 : L
b 0.653 0 0.653
» 10 0.306 40 0.306
# .
® 30
= -0.041 ¥ -0.041
20
-0.388 hl-'-'E d ~0.388
10 qr
v
0 2 4 6 8 10 12 14 -0.735 0 10 20 40 50 60 —0.735
AR5 3 AE
(b)) [ 435 i AR B ()25 ()45 FE A B o4
16 000
0.20 140007
12 000}
0.15
o 10000}
Jactd
= §8000-
2 0.104 R
B 6 000F
0.054 4000F
2 —l_‘\
000570 20 30 40 50 60 079 2 4 6 8
FEAE I 1 H SO
()3 3 - $4) 3840 o ()&% ()RR 3 15 43 A
0.45 0.40——————
035 M mme e .
0.301 FEEEE A
& 0.250 .
KR
3 0.201 1
B
& 0.151 1
0.10F 1
0.05F |
1 1 1 1 1 1 1 0()() 1 1 1 1 1 1 1 1 1 1 1
010 20 30 40 50 60 V=724 6 8 10 12 14 16 18 20
FRAIE 38 18 3 HE 44
()R ] 75 S (dlyf % i i

5 ] BURHIE S IR
Fig.5 Temporal convolution feature extraction

64

K6 2 ) AU AEF HiT 7 O

Fig.6  Spatio convolution feature extraction



FEAE S B TR R AR 2 W 4R 60 48 v, e 3R 2 AR A E AT

B A AR 20265F H 564 F 4

R4 EBfEITHEEREITLLER

Tab.4  Comparison of various estimation methods
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