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Research and application of hazardous waste export risk warning model based on K-means clustering and PSO-BP neural
network. WANG Zhao-long"**, PENG Yu-hui*, YAO Pei-fan*, SUN Zhi®, ZHANG Xi-hua*', ZHENG Yang'"" (1.Solid Waste and
Chemicals Management Center, Ministry of Ecology and Environment, Beijing 100029, China; 2.University of Chinese Academy of
Sciences, Beijing 100049, China; 3.Institute of Process Engineering, Chinese Academy of Sciences, Beijing 100190, China; 4.School
of Resources and Environmental Engineering, Shanghai Polytechnic University, Shanghai 201209, China). China Environmental
Science, 2025,45(10): 5619~5626

Abstract: Improper export of hazardous waste may cause serious environmental pollution and regulatory risks. To improve the
accuracy and scientific nature of export risk warning, this study constructed a hazardous waste export risk warning system based on
K-means clustering and particle swarm optimization BP (PSO-BP) neural network. Based on multidimensional indicators of
historical data, the export risk of hazardous waste was classified using the K-means clustering algorithm, and the initial parameters of
the BP neural network were optimized by the PSO algorithm, thereby improving the accuracy and convergence efficiency of risk
prediction. The experimental results showed that the consistency between the risk classification by K-means clustering and expert
annotation was 93.2%, proving that the inherent risk structure of the data could be effectively revealed by this method. The prediction
accuracy of the PSO-BP neural network reached 92.5%, and the mean square error was reduced to 0.012. Compared with the
traditional BP neural network, the prediction accuracy was significantly improved, and the training convergence speed was increased
by 40%. Based on the above model, a hazardous waste export risk warning system was developed in this study, through which data
collection, risk assessment, model prediction, and warning visualization were achieved. The implementation and application of the
model were verified using 30 types of hazardous waste as examples. The results showed that hazardous waste export data could be
analyzed in real time, dynamic warnings could be provided based on risk prediction results, and the efficiency of hazardous waste
export management could be effectively improved.

Key words: hazardous waste; export risk; K-means clustering; BP neural network; particle swarm optimization; risk warning

fa s Yt T e E o, e s, B O
s Yeks BEA: 2025-03-24
M = b A g S ek M T e A Tk K frd
. r%iﬁ%% ri’ﬁn%?IETéﬂﬁbEX?Aﬁ@ EEWAE: EEKESHIR LI H(2019YFC1904803)
}%ﬁn%iﬁﬁﬁziiﬁﬁu@[ ],jﬁﬁ%&ﬁ% «E%Uﬁﬁﬁ * AEEE, BIWES 0, zhangxh@sspu.edu.cn; ** iE 4 TR,
PR B RS J A B VIR AR A ) VNS, HEE hengyang@meesce.en



5620 A 45 %

5 IR 6 6 A M 1 b e L R B 40y
PSR R, a2 ™5 BE G (5 1R W)l 85 5 ¥ 3
2y, % HE G B4 22 DA [ e A B4 v 1 HL
ToUe BRATAK, PR LA AR 1 H A AR 2O H
A WRE LA N SRS R KT B R IR 28 D A
1] 5 VL AR, i T 5 D8 RS sl 36
YAk B 22 55 AR K 25 18 K B R e 16 R e A8 52 [
HMEEE AT RE S AARILMUE] L Ak B A8 S8
i 051 DR b, B B 35 G 7 A S U 5 S A
JRAD) Y T IR T8 A 5 35, 7 A 4 1 B I A
HE S R AT BB SR X

C A BT 5T 22 R A3 AT N 4 g AR R
GG RN HAD IR IR A B R A T VP A 5 P
1 4 ke AR 2 O L% P B AR A S A £ U s W 1

B W R 5T ST RE S B S I N T
RETE A IR B 6 BE b 18 N FH £ Bt 23 T A AR 2R 4
S UOGE S I F AR AR Y — VR S LSS K R
it 8 B RE M 115 B AL R4, BERE X FE B I LA I is
R T A R IR AU O O R Sk e
Kk fgis AT 7oA 3 N AR AT, e Tl
T rf 2R G H B 58 e 0 7 Sl A B Ak I L A
T A RESEROAR I v 0 I Al A A R 1 S A R B
IRBE LGN L % R R s, S IR S 2 U A 4
DR B8 IR P R DAy 5 S I 2 g S el 2]
PE T ol I A B XU TR 41 Ak - Bh A FE I IR 4
YR Gy T T A R XU DAk A 2 (s U
FREEVEY . KBS e R B, Ak fE K IR A
AN [ Ak BT (195 GL P TSI SRR IS ]
Py JRE vk 5 O S O R S B AR
SIHL 4 o FE R SR AR RSN 725 XU T 2 s g 1)
DAk 7 2 30 S R S T £ B S ) A 58 R VA 92,
IR B8 IR 52 A i 55 2 R XU B 42 5 1
SRR ) AN TR AR AR R R B IR A BT R
LM AR AT 25 VP Al T R A AR TR o BT —
B VCHCARE, O 22 A A A AR . A Ik T A 88 142
YIRS AL BRER AL T R 22 7RIS S5

IEA, 0 W 50K N LR Re AN T2
IR I () T Takata 25041 T &1 16 FIHL # 2
SIHEAR BB, A T AIST-MeRAM il £ 1
76542 Fh A ML 7, WO I S0Pk A &

Alibakhshil "W Hy 7 —Fft HI T 350045 HLAL A0 A 4
(N T AP W AR T 740 Bl HLAL S
HH A2 10 DN AL TR R R R A R 8 i
e

JRUE IR S P ) R i i e T 4
AR SCRF AT AAAE— € 1 =) BRAE . — 7 T I B 9 1
IR 25 2 K1) 43 ML AN R B8 A A — 58 1 E
PE. 5 — 5 T, K 2 BO0E AR g 78 00 5 RE & K IR 1)
ZEGFE - H RN 17 RS R 28 0 DA R X
B VA (R RE 2 M S5 RS v DR e, i 75— Rl BE S 1 B
I3 REUETIGI, 545 5 18 22 4 52 1 DR 35 119 XU 7
A7, AR R DA (10 R AR I .

AP T —F T K-means IR T
AL BP #1125 2% (PSO-BP) 1) F 6 14 4 H 11 KU
T4 J5 vk K-means S AAE Ky — PP B 22 31 8k,
RN A0 I 1 16 2 1 HE A S HR AR 1V 9 ZE R 1E A 3
R 53 DRI 25 20, 38 G 1 A% 48 T v N T ¥ e AU 2
S ET REATY A 110 2 XA 22 A5 T, S e A O Tl
F K-Means 205 1) B it 122 4 KU VAN A5
iz WBS-RBS y200) g1 it T 17EAT US4
X A EE ISR T Fh LT K-means
SR I B AL AR AR 23 SRR Ty v 5 XU VP Al A1 52
A R R R ST ERCI E Y R SRS
PSO-BP #4451 A\ PSO HikX BP #li4:
o 28 P AN R B A AT 4 R A, DA T A 2R g ]
SRR T TR B A0 Aok X R ) 2 v T
B It N R (e I R g ]~ 2 R e A
30, G0 FH 195 R 42 A5 P XU VP A A R R XL
W73 5 eI T IR B (A0 FH M S5 R k481 4, K im
A USR T — PR Aot a R N EE R EES
WCREA A k—means SR 2ERAR UL ER I 717 b (1) R 4
e A i) AT 1y AT T — R B S L B
PSO-BP #1525 [ £ Fi b i 3R A5 (SOH) 7E £R A1k
THI7V. 5858 45 R A% T VEAE el SR 22 RUE AL
4% AN, I KR 2N 3.39%, H. PSO-BP RERYAM] LuAL
4t BP PZE I 45 P11 72 B AIK 25%, W35 48T TG
i i At 22 25O BT PSO-BP A1 I 2% 1) 5G 4k
S 58 AV 7%, 8 ik Hample 31 35 Rl % 4 4 BE CST Z¥s,
4545 Chan 5925530 AP 1 B AR5, 55 5625 1 PSO-BP
PRI G A 45 BP A I % 8 2 3R T 1R B, = AR =5 Y
AP SENRZESY AL 0.32m F1 0.96m, H. 5 ANl 7



10 3

FIR A FT K-means 28255 PSO-BP 120 4% 11 £ B 140 H 11 IXURG: PR 45 U A 9 2 3 5621
Iia) BN K R A A T e B e AR B SRR 2 A R P S (E AN R
28 LT IR, AW UK 45 & K-means A FAAE V2 AT R0 A, DL R AR 0 40 AN 5 2 PR 0 B 18 )1 25
PSO-BP 125 [ 25 Fa) S £ 16 k0 H 10 DR T i 7 (R EL I, A T R AN TR AR AIE R) B AW AN — S50 [
B ¥ K-means SRISEE T XS5 %oy, )F 45 BT B AR T 35 R ) e N de KA — A iR AT
& PSO-BP 12t i 2% AT XU T, LA v IR IR T P4k Ak B A5 FL IR Y R O 210,17 DX ], LA 3§ 5
VEIAS R B TH FE 6 2 W 10 RIS DAy (R} 2 P A PR PR R e P RSP E A — AT 5 =
AR,
1 BIES5RE
1.1 FRARIEEURIE Y Tiisb B

X —min(x
mom T hax(x) — rr(lir)l(x) M
B AR, E B AL PRI RE A R B E 9T 75 SR AR A S
PREEREAT T A LRI 43, Lod gt Ul 245 5 MR 4., T
PR TR YN 25 ) B 25 0 S MR BE VRAN ) T SE v )1 25
A TR 2 JOL A RV AE 27 20,1 il 4 F T

SEIG U R A fE )1, AR PRAIT 5T 45 SR IR RS e 2k
1.2 K-means FHRH L

W 1 R AT I S RS A ik e ) A
SEIS R YNEAE 2 BRI 2 AN JE L S DMV HR b
St TR AR 1K) % TR I 5 D R A 40, I TR0 5
RS RO AW FUEE FEACR AR IO I RIS L - 2023
F~2024 B XEONTL RS 13 AN, 1B Oh 48 7R B0 A AE PR KU 20 A1 5 48, A BF 5 R
300 Z SIS R IANE AT 50 I i SE B ) K-means SRZSFVEN GRS P FUAHOGIRFREEAT 58
PR AT g AL AL A T S A B RS ST, DLSEBUREAS 1 B B0 2R I 4 A G K R
JE I R E BAROC I P Sl AR MRS B e W PRG35 4 K -means FLI% A% 0 JEAR
B EFON S SEFRFIE. urrE i ndy
15 D0 S A SR BRI DR 3R 4% Bl 32 ke Uit 1 4 [ e £
R BT RARGELL AR SCER T T i sy Al

e d /MR N FEAS 5 o Z 8P ik 22,30 H
bR HoE AP
IILAF B DAL o T2 e 3 o 2 SRTE R AR 3R AT i
GEAEIT

k
J=2 2 m

2
j=1 xeCj
e RO FEARL R 0 W2 7 AT C NS
Fz 1 REEMET

Table 1 Model evaluation indicators
- ARFR

PRI IFEARLE S VR S ALIE I K W16 50, 8
Jii ) FH BRI B B 4 A5 A A A 4 T 38 B 8 5 30 1) o
SO T A, L BRR B s 15 20
— b SHHR ECom) =Y i=1"(x,— 1, ) 3)
ST o B S HBL(TA) . — 1 s SEFSRURNITN fop
SERBAPRIIENT (DN in RORFEARHIE (1) 4 £ v 5 & b e Ay
FE I B BE(WN) PEA (1) 35 (8 5 50, B
1 B BRI A H(W'S) 1
e I L A S S pj=reyxeCpx (4)
el P RAYEE(EN) | f|
@gf@ﬁw) K AN WK ARTAT FE AR 23 1 5 000 BB 1 22
T AP TR(WI) Ny e e s
ERPVHERIN o mm onony T B U A B AR AR PB4 B £ 505 B 88 K
FEBEICAT B(WS) IRARCIRE LT BRI 25 S AHIE GRS FE B 2 ) th 11 R
Sl BRI 4P 48 1 11 A DB (LP) RN R < 388 i 1 KU
S o N 8] kﬁﬁ,ﬂ%&ﬂ)1&\$ﬂﬂﬁ AU
I e fele B B 4M(CM) 5
Jeks it Y15 Tk (CP)

—F RS R XURS:, BL AR D S 8 KU
N SR R BB 5 S e 8200 W B HE AR R, AN 5T
X BRI BE AT T ARG TR PE. 58, R T B i

T AL YN R R Al bR 2545 B A% IR AN e A
VETT RS BRI AR 2 BA7 A Sk 2 57 3 IR A X

TR A A AT R U] AN R XU 2R3 PR FE A4,
3 Dy 30— 2 Ky g R T M >0 K XIS T A 2 g
P67 B BLIOATAR 70 A, AT THE R 1) IR IR
o i 3 RTINS .



5622 A 45 %

1.3 PSO-BP £ M %%

Shy SE B XIS 5 20 PR RS A8 TI0, A B 0 Re T
FEF R TR AL (PSO) ST BP #1445 1571 BP
P 0 284 2 — b 22 22 i ot 1Y 8%, LN ORI 1% 2
S 1) A 46 0222 DU O R 25 (MSE) 1 451 2K v
B AR A AN

E:%Z(rk . 5)

o RO kAN AN IO B ARy, A S Br
HAELAE 5 22 I IR AR R v 1 s T S 2
TR R 2 0
§, =, —y ) fk(net,) (6)
A ety A HI I TCIFRI Sk S MR AT
SR B e B2 2 oo, SR I 08
9, = fl(net,)> kwjke, (N
2wk R Bt 2 A o i HH R AR 0 2 1AL
ASCHR AT BE BT UL B R ARl A T B B A A
Aw,, =1,0€,,0, (®)
IR
Aw, «—w +Aw 9)

AT AL 22 K o, KR —ZHE
JCIIHT .

SR, 1T BP A28 N 268 70 I 5ok A2 rh gt it L
WG A R AL R AL, 75 2 B N R s e U A HL W 8
3 A P P g B v I % (1 4 R R RE D 5 I R A
R ORTFFEGIN PSO FLE%T BP #1285 I 28 R4 Ui A .
AP RAT A PSO SVE & — Rl AR et b 55
155, A% 0 JEVALUE: 10 ok B ADLRE 170 98 2R 2 (0] v )ik
AR TR, DL T R A P A AR5 Y - — > BP
P22 ) 4% (AL TR 2 B0 A A U AE 38 2R 25 1) o IR Ao
RIS B e R AR P

v+ =awv, (1) +cnlp, () -
X4 (D] + eyng, (1) — x, , (1]
X () =x,, () +v,, (t+]) (11)
S o Al vy g 50 RS i AR TAE SR d e 4R
R E 3 ps ) FRE T AR SR AT B ga(n) R 2R
AL B o WS E e R ¢y A2ESIE Py AT py
h BERLEL G B A [0,17). 308 3k AN 7324 Qi 380 kr 1 (47
H,PSO HILRHEAE A v Bl N R 5 L) BP i
W 28 491y 2 55, DA S A5 28 1092 A B8 ) RIS Sk g
B2 K PSO AL G S 504 BP #hZe M 45 114)

(10)

B, FFIE— 20 R FH 8 22 I ) AR SRV E AT SR Ak,

DA g AR 0] 15 865 B 40t 10 XS0 5 0 P T .

TES R E D7 R BB 15,5 KA
RECA 20, LA 2% g ) 50RO B = 4
JCEIAE[10,100]5E Fil N 48 2 B RN ZRAe Eos - 500.
DAL H bR R 10 P28 SCIGUE T [0 T HEAf 2R A0 28
2% K H ReLU ¥iG pR 205 Adam AL 3%, LIFETHII 25
TR AR R e k.
1.4 RS FRUE A A 4 57

AT R S 1) £ 65 P2 40 10 X 4 A 24 £
Hiz T K-means 27311 5 PSO 1AL ) BP £
W% 530, TE L T — 8 R G AL FE G I H 1 ARG
TR R FET K-means EISH VLN LT FAL B
F5 B 2 )t VB AT SRS O A A B s R A
Bl 53 AN [7) AU 28 31, I 45 G A0 3 i TR 5 % e
ST TR B RS . — e 1 XU ™
T XURS DU AN 521

SIHHE KA R AL
2

ST

&)
f

5

fﬁﬁzﬁiﬁ@%

SIR L FEA R
Boim ks sr

R SR T
|—>[ LRt )

S4 PSO-BP# R 3
L RSB HRMN

Ssfak R O
RIS R TE

BT G ARG I A

Fig.l1 Risk warning model for hazardous waste export
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Fig.6 Risk results of hazardous waste export
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