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Abstract

Aiming at three key pain points—“low-price competition, soaring freight costs, and complex com-
pliance”—in exporting forklift lithium iron phosphate batteries to the EU, and considering the unique
attributes of industrial equipment cross-border e-commerce (small orders, low frequency, strict
compliance), this paper proposes an Al-driven dynamic pricing and supply chain risk early warning
framework. A multimodal attention mechanism fuses heterogeneous data (product parameters, cer-
tification documents, shipping manifests) to dynamically extract cost-risk features. An improved
Spatio-Temporal Graph Neural Network (STGNN) mines spatio-temporal correlations of historical
freight rates, port congestion, and the EU Battery Carbon Footprint Policy (Article 7 of the New Bat-
tery Regulation), enabling 21-day advance warning for scenarios like the Red Sea crisis. A “battery-
certification-logistics” knowledge graph provides an interpretable basis for intelligent pricing of high-
value industrial equipment in cross-border e-commerce. Based on 24 real export orders, 68 weeks
of freight rate data, and supplemented by industry reports, experimental results show that the method
achieves a MAPE of 4.7% (95% CI [4.1%, 5.3%], t-test p < 0.01) in predicting 20GP DG container freight
rates from Shanghai to La Spezia in Q4 2025, an 88.4% accuracy in identifying EU customers’ accepta-
ble premium range (95% CI), and a compliance clause miss rate of 0.9%, significantly outperform-
ing traditional cost-plus models and mainstream cross-border e-commerce platform pricing tools.
This research offers a reproducible, interpretable, and implementable engineering management par-
adigm for industrial equipment cross-border e-commerce, enriching the theoretical system of cross-
border e-commerce dynamic pricing.
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3. MR A B3 5 HEMARERE, TR MmN, SCREANIFE8]. *

2. ZETSHERMAIRE
2.1. FRHGBIRRS ERBEX

A N i -

A : CE/SGS TETi. UN38.3 Mllit#f 5. MSDS AR T &7~ A

I P AS : BRI B I 5% 1t (Trading Economics, [ 451) . b3 — R & 16 i (D G) 46 i #3tiz 4/ (Freightos) «
KRGS R VER . P & WAL P 5E (st (/). = RS R, A0 &SRO F

BY);
BIRERS: 0 - W PN L — S i i 5 W~ AL B R 2 48) . & - 7 - NIE - P &R H YT
4.

HbR: i shA s i Ct. XK A& Rt 5 RS IME & St, At R ieidif .
2.2. i TCN-Transformer 3244

fti % TCN-Transformer (4% /0 ALH (X ZEAGTERS 7 208 AL B . 2 RS R& 1) 5 A3 RIS IE[16]), 1H¥4F
Dilated Causal Convolution (DCC)¥ J@ £ Z & & M /¥, JF1E Transformer JZ5I N “3CA - B F” & XIERE
77 B 5 58 B R e e A T 2 SR ARV T, R AR A& I DMV & IS RS 5 i s A AR B R [12],
DL Ik g 388 5 T B A IR AR R IR SRR e P, AR SCBTH 459 5K R R 45 45 (Gated DCC)-5 5 AT I G4 2k
ERAE
AR 1. FREREHR(DCC)
DCC @i fa ™ KB Bl 4K 7 SR,  HLBERIE N
DCC(x), =215 f (1) %o, (1)
Ho d AP RET, kK ABPRST, £ (i) AIERSAE. ERRENHEII Y, & d=1, 2, 4, 8
AT 1N HE 8 AN H s A 1.
AR 2: [T TCN @&
IHEHLAIIEE TCN-1 73 SCA sl A AUEE, T s 5 RRAE -
GTCN(X)=TCN,(X)Oc(TCN (X)) )

O NWEIEHR, o 4 Sigmoid PR, SKIRRoR, [ IFREE RS i B FROAR BEARAE A A2 R AN 2790 &
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), p=5000 JyPR A A EL T RAHTZER B IR E IR RRZ ;. PFTS(i, j) (Platform Trade
Strength) -1 5 28 G S A — A B, St O RS 5 H RO rE R 28 5 R BREE ;. PB(t)  (Policy
Boost) WERE R P I, S CBAM ML 520 PP E H[2], 18 I Bk AR R (R B S AT I AL S
FE

3.2. I'#Z TCN + £BEEFRMLE(Graph Convolution Neural Networks, GCN)gh&

A 5: BAEJERE
SR T M TS T I TR AE Hy 5 2% RAE Hes
G, = (W, -[H, IIH]+b,) ©)

I AmEDHE, GEHIN 2E BiRtm, S BREBOE - hREPRERAE 1.2 K. BT 68058
AR 4 1) Platform Trade Strength (i, j) CRl & 76 25 (R AL E .

AR 6: REAERSEFE
TR P 11 XU Bt T ) P AR 2R P 1

OR; .
E‘ = aszN(i)Wij R, + - PolicyShock (t)+y - PFRS (t) (6)

1 IR A 5 BRI TR R 22 2% FL R P R TR AR AR R 518 [14], 7 FUIRIE IR 6 /Ny 2 4% 5

&4t STGNN FIZE 1 BURI Mtk 52 Hte S FD I, ASCHRE —FGH R 1 STGNN AT

.

21 Riathr 5 XS ERGAEILACES B HL R« H BRI BIUE - AR AZ SR AT AR " 1012 & 1542 [14] [15], #i8)

6 T KMEEE R SR N T M —— UL X BRI F b, SEAT TS vl ik RAE
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4. X Rt 15 R 7R AR
4.1. AFEI

AP RREE A A B 7 R SR 5 R RN &RV [8], AT % 0 =il <Hiji Y
5, hasCertification, CE/UN38.3>. <%}, acceptablePremium, +30%>. <51, hasDelayRisk, Score><
Hil 5, belongsToPlatformCategory, LMVik+# - 1 /1HIIBKE>, & 6 K9ks 8 Fik R, AT
B ISR R OR, B REsE iR n] R AE 2R (R 1)

Table 1. Ontology design
F= 1 AT

SRR KE SRR B
CEMCRIVE=S it CE iAiE {H#% M. 2025-10, HLHJ: SGS}
Hh A 5 J&T FEXKHE Tk - 375t

%) CIE=-37 btk iz +13.2%

9 P sEAT B Hith AL S 80V525AH x 8 %

W AFLE R FERVT S PR : 0.3 (fiK)

4.2. SEE5XFAHEN

KH BILSTM-CRF $EUE 545« MAAI . 200, LA 80V525AH 1) CE iE5 A, AR ik
94.2%, A% 89.3%, F11H 91.7%. AZ(7)H CRF 414 ME A (R Sk i S vEAf 14«

Hin:ﬂ//i (Vi Vi X)

zyrHin:ll//i (Vi Vi x)

K F Bootstrapping HiHEL “UEF 72— %77 B R . Neodj £44% 5 52 £F Cypher #rif):  “4&
i 80V525AH H E 4 CE/UN IERIIATA RS o KR 0.9%, e\ B E K.
4.3. FAMUTERFT A)

FEU A: 2 S AT N

MINZS ID S5 is, g m s wm A g, DRI 5T IR . LLEKFIZ T C220 )
80V525AH BS54, H 8 21T AT & 2.

()

p(ylx)=

Table 2. Query data table
%= 2. TIAREE

ITEHEM BE H.4(DDP) wrE
2025-01-15 14 €11,320 B
2025-01-16 14 €11,872 +4.9%
2025-01-24 14 €12,817 +13.2%

" A AT AR, LG R N +138.2%

Python
# AR BT A G A): SRR P S AT
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def query_customer_ruleA(cust_id, model):

7 i 7

mit
=
o
A
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T
e
2k
s
¥
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=
|
bais

ot
pu
uy)
oF

cust_id: 2/ ME—ARiIR AR (1" C220")
model: 7= i L5 4w 5 (41"80V525AH")

4 EIR
dict: B ERM AR TR, DI BN T

- median_premium: JJjj 52 %A 28 H A7 5 (U1 0.132 K 7R+13.2%)

- order_freq: [ SE1T HLAIR (B EK)

- required_certs: JiT 5 N UEIE BL(F 7 H F113E)
# Cypher )15 4] 1t B «
#1. MATCH 74): LR -1 B b g A%
#2. WITH 74 THERE O 28 b A 0N T K
#3. BB A MATCH: SCEG™ & BT A E
#4. RETURN T4 R[EIZE G4,
cypher = f""
MATCH (c:Customer{{id:'{cust_id}'}})-[0:ORDERED]->(p:Product{{model:'{model}}})
WITH percentileCont(o.premium_rate, 0.5) as median_premium,

count(o) as order_freq
MATCH (p)-[r:REQUIRES]->(cert:Certification)
RETURN median_premium, order_freq,
collect(distinct cert.name) as required_certs

# AT E IR A S5 R
return graph.run(cypher).data()

# RG] AR ORI S C220 X 80V525AH A5 1) I 54T

result = query_customer_ruleA("C220","80V525AH")

# TR . {'median_premium': 0.132, 'order_freq': 8, 'required_certs": ['CE', 'UN38.3']}

WA ME: ZEH DR S AE RIS B R “R i PR 527 1)k 5535 [11] [13], k55 R
VI CRM 5°F R a6, 3 EIT RS L@ kys, Mo 7 TS e, & ik
7 AT LI R

4.4, HEERHFI(B0V525AH H ORAF)

B 1 HREREQ4H)
2025 4£ 1 F, C220 #4/r 80V525AH Hiil 24 #H(20 o R Ml 4 3 4 (20GP) ¥4 46),  ER 5 i fa 22 ¢
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(DDP)k 2%,

SRR P T A A

ZOPEAR: FOU A R EE AR + 13.2%, AUEESK CE + UN38.3, il ¥k 8

AHEA: €6,000 (CE + UN38.3 i 2) + 24 4 = £250/4H.

PO R RS I CE A BLA K 22 150 km), e HE IR B R GEE D, B R)

B i STGNN TR, F iS5 A Ak 21 RIAHETEEL 0.3 (IRAK:), 20GP #4Hiffiz
9%€3240 (DG FHIHIE AL 522 B Fi i I 18 20 FEARAE[L7], B S B it 38 A P B n 2 R 40)

G RS 2%

A8 Ui B i 7 A AR A

C +C_.+C

cluster cert freight
Pooe = T % (1+ z
1-7

) X (1+ ”service ) (8)

premium
margin

ARNEAG (5 AT W I HE B A€9500), 28 UM 7 promium =13-2% » Zprgin =15% » Zgryice = 2%

p, = 200042504135 ) 155 1,00 - €13427

1-0.15

gER: EIRINEL3, 42714, K VT FLHL€12,755 (MLEITHIS), FHEE 22% (FHXF Rk R A T
B) . WIS S E M, 12T ZEEH L 7 HBECE X CSRTIE W, S miEY” %0 2R[12],
S P RS R DT EC R T T AT B AT R ——C220 % /1) 8 LE B AT B AIE , 3T AR T R RS e 2
Wra BT sRE FORYE, REEEEE CKEE . BWEAL” 1o s,

% 2. DRI 012 H)

2 C220 DRI 12 I, JiR B SRS R I A 5 4 52 I BIL A A i A -

Python

# EUANER 5N 8RR B

MATCH (p:Product {model:"80V525AH"})

RETURN p.min_lot_size as min_size, # iRx[a]: 12 4

p.fixed_cost / 12 as cost_12units # A iE#E44€500/4

HEBZE R WAERMA T 22 €500/40, (H KT AN 1L 20% > R EI{E 15% (A 78 B0 N Tk ik %
MiE 42, KRk rriaE), REEUGEE, AT s “IT RN FEE " R

5. LGRS
5.1. BUEE SRR

TR : 24 ZERUCE DT (N =24), EiikE. FPEF. &AR. Hit 4 [, DDP (5Lt 91.7%.
Frh €220 257 1) 80V525AH B5iT 51 8 28, IIF/IMFEAY) St B 1 [18] 0 AT VAR 25 BUE A s 5304 (3]
[11].

W EE . B REE AN AR (6] i — R (iS50 20GP A 4iia/r(2023-10 & 2025-01, 3 68 ).
B MBI T .

P15 : Python3.9, PyTorch1.13, Neo4j5.14, Scikit-learn 1.3. Intel Xeon W-2295 CPU, NVIDIA RTX 3090.

5.2. L4 1: HARTSEESIREIMERE
R BEERHT: R 5 I XIGIUE x 3 RE R LR RETRARFEA (n = 15), t ARRIG IR i) 22 57
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FH1E(p<0.01), FFEHLEE 2 IR FU )2 ARG . I3 30 3 (BRERARAN 4SOOI (R o 22 LU R) PR 0.1 N
O ri SSGER IR UN38.3 IS fa e B hn 2 B oGt RBEAR iR 48T} 14~16 N F 2>
m WSGREESRTY 44%. (ORBEE2% T RARIRTHIR AL T30 3 AR Gei R 5 AT U Y ) 1k e ZE B T H 5545
).

Table 3. Performance comparison of multimodal feature extraction (t-test, p < 0.01)

3. SRTSHHEREUMEREXTEL (1 4238, p<0.01)

HE BeBhERI% 95%EMXME  MEFKKHIRE/ % BB RER R
TCN 0.173 £0.012 [0.161, 0.185] 78321 0.52 +0.03
Transformer 0.195 +0.015 [0.180, 0.210] 802+ 18 0.61 £0.02
BT TCN-Transformer  0.068 + 0.008 [0.060, 0.076] 942+15 0.89 +0.02

LRSI S, AR BB T ST “AMAR AR + TR SHAEER” 10
ARALAR T K 12], B A IR ST G AT, RN WA 5 T3 R B AR O D A, SE LS
B <RIBS RO FR.

5.3. 5CI8 2: HNHENETEELE

A A 21 REUVEAG L UL RCA =) BEARAN F 300, HY RG] E3hBUE N H &40, #lik 80% LA Eig
Wb JF H 21 RWUEAM SRR “ A RISz E R SR, S T U A R A
BT G fhR A BCEIE PRI, AR RS i R TR R BT, RIS E A AR E TR 4).

Table 4. Performance of freight rate prediction for 20GP DG containers from Shanghai to La Spezia
#= 4. EE-RHRT I 20GP DG FIE MMM A

HEAY MAPE/% TERITRR WOMERRE/0  BOR-WREAPRER
ARIMA 113 35.7
STGNN 75 15.2 183 5.7
AL HGE STGNN 4.7 21.0 4.2 1.2

TE: ORI = SR TIUE(E SEhR R A I B SE PRl S < 100%, 2T 68 JA i is i K gt it
s BOK - phRIFERE DR SRR T A B i o A 5 6 1) 5 S B A% S I 1) ) 22 4

5.4. 5238 3: ANRERERMIAA

%5 BHIAE: X C220 % 1 2025-01-24 1] #.(€12,817), Kk KZ155 N 0.89 (154 Vel 0~1,
e R s HERZ BRIV 5% 1 FR K), TR A 10 €12,650, RZEAN 1.3%, W EAL TG,

Table 5. Performance in identifying acceptable premium ranges (t-test, p < 0.01)
Fz 5. AIEFIHNMXENRFIMERE( I, p <0.01)

R HHE% 95% & 5 X ] F1E FHRE%

FSCAR N A 63.2 [60.8%, 65.6%] 0.61+0.04 315+35
BEALARK 76.8 [74.5%, 79.1%] 0.75 +0.03 182+2.7
ASCEIRERE + GCN 88.4 [86.4%, 90.4%)] 0.87 +0.02 0.9+0.3
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5.5. SEEE 4: /MEREEMEIE

%6 YL AWK R 2] + SURAHRA R LS, (HFEA RG], 45 % 7 7E R
HARhIRUE . ASEIGE RUIRUE VAR AT, M ARR LSS .

Table 6 Comparison of pricing errors in small sample scenarios

= 6. PHERGRTEMRELE

VEXET X8 BRAEIBREY% AITIEREY%
8 2£(C220) 19.3+2.1 6.2+0.7
24 2 (& HIE4E) 145+1.8 47+05

5.6. jHRMSEIE 5T REREM

o RPL: AR & RG] R R A [19], B ERJG MAPE MERERY) 4.7 T+ 11.3 (2 7),
RZEREIE 140%, HIGEAR “CE UEPH#hk—~Z A7 XSRS R R 7R AL, Fdsird
7~ 65 B RV R SRS, %0 A B0 UE I SRR 1 DT R —— SR IR 2 AU ST 5 R i L 58 B AR S P s 48
H AR S NBIEAA, 7ER—NHRSE L S2iife $] MAPE =8.2 (£ 7), e AINIRL) 74.4%,
N E TG 5N Tk 28 Al E M TSR AL T STIE S #13].

Table 7. Analysis of the contribution of each module

"7 BIERTTEE ST

B SERAR T FEWNEXAE FEAREE EEHEETEEE
MAPE/% 47+05 6.8+0.7 11.3+1.1 8.2+08
TSR 2R 21.0+1.8 165+1.5 85+1.2 142+1.4
AN R S HERR 2R 1% 88.4+21 82.3+23 65.7+2.8 76.3+25
6. &8

ARSCERE SCEES) it T RN AR AR = ORAT R, FR AL RSB E A S R
BEXG TUEENELE[2]. SR dET 24 ZZEH S OV RS 68 s #dE, %3E T TCN-Transformer £ 25Hl
A Uit STGNN B 23 002 L iR 3 vl g et — SR B B RN EL[ 7] [16] [17]. B FT4h KA

1) /IFEAREFEM: £ TR AFEIT AL 50 EMEEERIS ST, ASCTramnt mil B i
290, FEMRERGE 4.7%, WERTHEGRAIN MR (RE 14.5%), NEZEF NV EE T E
HIR B Al TR AT

2) PRI RS T B P ik STGNN SEEL 21 Kig i ST, LU fablig s s D g IR
X 4.2%, BUE - MREPPRZRE 1.2 K, KB O RRAUE Mo, FUBERFE 0k .

3) AIfERE ML : AR “ I - YGIE - 2907 AR ERE SR A ARE E Bl S e R, ok
%5 N OR] SRR VRS R A i o BB S BRI R, SN “ BARTRIN” B “ AFEUR” 1) AR R
HIFR[8]

4) MBS A, AW TR B A UE R X3 it i 2, i BAUR. X
AR S H A = A Tl 26, NSRS B TSR it T AR S5EE S H[11] [12], B
TEMR C T RIOEE A AL B
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