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Abstract

Under carbon emission reduction targets, the synergy between environmental and financial perfor-
mance in heavily polluting enterprises has become a key issue in green transformation. This study
uses a sample of 53 listed companies in heavily polluting industries from 2012 to 2024 to construct
an evaluation system comprising nine indicators, including pollution discharge fees, return on as-
sets, and Tobin’s Q ratio, and systematically investigates the nonlinear coupling mechanism and bi-
directional lag effects between the two types of performance. First,a WOA-XGBoost coupled regres-
sion model was employed to reveal the nonlinear relationship between the two variables. The
model fit exceeded 0.92, and SHAP analysis indicated that firm size is the core driver, with hetero-
geneous directions of influence. Second, a panel vector autoregression (PVAR) model verified a bi-
directional U-shaped lag response. Return on assets contributed 8.7% to pollution discharge fees in
the long term, while the contribution of environmental performance to the Tobin’s Q ratio rose to
20.9% as the time horizon extended. Finally, using K-Means clustering, firms were categorized into
three groups: economy-focused, environment-focused, and economy-environment-focused. Only
16% of firms achieved dual-effect synergy, but their environmental and financial performance sig-
nificantly outperformed the other categories. This study empirically examines the nonlinear cou-
pling mechanism and bidirectional dynamic lag effects between environmental and financial per-
formance in heavily polluting firms, providing empirical insights for optimizing environmental reg-
ulations and formulating corporate green strategies.
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AN RESNTE; B IESAIRIT “FE4rI0 " HOBURF € BUR BT 7 56 1, EETEA 2, MBSO A b dat
SATAFIE . BORBRARSER RS, e aisa 4.

BRI LA RV, EEESE: (1) RS SERERER: (2) FEAREME; (3) SN
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3. BIEREEREE
3.1. TESHIERA

A SCHET 2012~2024 4 53 FE TG G BT A F TR B AL, FEATRIE AR N ek
PSS E G Y AT\ A5, e bR Ay BBk 055 12 27k @ R ESG i
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Table 1. Variable description
F 1 TERA
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B AL 22 T o

3.2.3. K-Means B ¥458Y

K-Means 32— Mk RAEEE, HHRRBEIEED Rk AR, 555 N A LR
K, WA FIFEZ AIRIARURE B/ o [FIES, RGBS 2 S M ARl i 25 sk A7 R 43 AT 1R AR i
U/ WY e SR

1
new - X. 3
i |Ck Xugclk I ( )

Forf, e R MR L, C, 2 R A A%
4. SAERRSREESR
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Figure 1. Changes in pollution discharge fees for five heavily polluting enterprises over 13 years
B 1 AxRZ|ISREN 13 FHSHRETD

4.1.2. R MG
AAFH Python X HEVS 2 5 %= BIRZE . F65= Q HAM K42 HI R | IR G iH /b, /b sl Rk
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Table 2. Results of descriptive statistics
= 2. RS AR

A FEAREL HE PRt 22 RKME /ME

Hevs 9k 689 14.996401 1.619505 18.998938 11.259026

B ER R 689 0.037418 0.053497 0.406690 -0.136700

fEE QA 689 1.567896 0.872820 7.132740 0.749435

Al KA 689 23.350953 1.393218 27.524550 19.909550

I 55 AL AT 689 0.522487 0.154530 0.966518 0.100981

AT A 689 0.119074 0.295790 2.664706 —0.534884
1SO14001 A 689 0.334906 0.472329 1 0
PR R =L 689 0.514151 0.500193 1 0
“CZ[RIE 689 0.388365 0.487762 1 0

Xf 689 MREAKIE AT R MIEMATTE, HivG HIME 14.996, triEZEHy 1.619, fEIX[A][11.259,
18.9991 N S BB/ Aii s W 55 b b B 7 [l R MH 0.037, #r Al B ke 2t , Mg Al gs vt . oo
Q fHIIMEH 1.568, brfEZEN 0.873 W R EEAARGH, M ZRRE. HEERERER, L
33.49% 3BT 1S014001 PAIE, 38.84%HAT “ =R i, HFREFAREHEFAL . BIERVIES
Jefi b TSR IA BT B, MBS DR R R 8
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4.2. EXMSTERE

4.2.1. Pearson fEX1 94
Pearson AHSSME 20 T 2 —Fh H T B Ak AN E S48 B 2 [0 R 10 56 R oS 5 07 M 4i it 7. HotZ 0 JR 3
BT U5 2 ShrnEtb i BAR, KA R A (LR M A FE AL bR ELL R B, BUETE N1, 1].

r= = 4)

Hep, XY AR A E TR

Hr=1, RrWAPAZELEIEEIEMG, BRI, 5 PMEEhaDREELpIREm; =
r=0m, FRMNMEETEEALMEMEAKRR: Lr=-1I, LRWNIZELEI TR, %
BN, 53— AR S UEE > . diitt, ASCAS 3 %A E ] Pearson AHIG/KT-HIIE] 2 R

PDF

PDF /1/0/ ROA

0.80
ROA | 0.071 / TQ

0.60
TQ |1-031, (037 /0/ SIZE oo
SIZE / 0.025 =036 /0/ LEV - 020
LEV 041 "-035, -0.17 (041 / GROWTH - 00

GROWTH | 0.036 0.30 0.15 -0.033 -0.031 /I/O/ ISO -0.20
L _0.40
ISO | -0.014 -0.0054 0.10 -0.090 -0.10 0.012 / EME
0.60
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Figure 2. Pearson correlations among variables

[ 2. &Z58 Pearson XM

W2 BoR, AR S HRG PR VEAR SRR i, A SCTE REOA S 0.90, (HHEAE NIZH R AR EEY
MR AR AR B AR AR BRI AE RS /N T 0.5, WFER Q E 5 HHS 98 M, DL 3™ [FIRk =
S5 S AT AR AR . BB RLIESCBE AR, DggHRNE, Fik— SRR RE 51
iR A R RNV £ R AR LA P LA

4.2.2. SEHEMEE

% B ALV 2 G EUENE R B A R M, AT REMA A R R AR RO 8 . DRIk, ZEREAT RS
IINTZ R, BN AR R (AT 2 EIL AR IS, R A T I R AR b 5 AR & R A7 TR
M. AII AR ARG 2 B, RA T EEHKE T (VIR A, AR
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VIF, = (5)

1-R?

b, R?FORMENVABAR HAR X, 5HAD B RMEIEFT R, #VIF >10, WA N ZEEESHHS
A8 5 A7 12 ™ B 2 B3Rk

Table 3. Results of the multicollinearity test

F 3 ZEHLEMRPER

HAR & VIF

B 4Rk Z(ROA) 2.275
E% Q fE(TQ) 4.725
Ak AR (SIZE) 5.856

W % ALAF(LEA) 3.979

A ] K (GROWTH) 1.304
1SO14001 AIE(1SO) 1.687
I FAF R 2N LI (EME) 2.521
“Z[FIF” HFE(TSS) 1.952
Mean VIF 3.037

WyE L 3 hai R, SEZRENTTZBEKE TN T 10, XEPAIFAEL HILLMERB. XK
PR R SRR AR A T RAFIVEEAS, RORHE B AR A A £ B3 TR S H it .

4.2.3. FRRMRI

TEHBREARE A, 51NE TR 48 5 75 385 P R A 36 X o AR S I TRI RO, DASR TR A R g
AR H Phillips-Perron (PP S, i8I S A AR MBI W /7 51 P42 i . AHEL ADF K56, PP K38 78 7 07 %
Wi PR SR, BEA BUBIE T HIA DSR2 8, # AR 1A A AT A PR M AT SR . PP AR IR 4
Rz 4 Fios:

Table 4. PP test results
% 4. PP RRIGZER

A P {4 R
5 2% 0.000 Fha
A CE & 0.000 A
B QE 0.000 TR
A lh A 0.000 AR
4 5 ATAT 0.000 A
2w KA 0.000 P
1SO14001 AiE 0.000 A
PR EGEA  2AL 0.000 A
“ =R R 0.000 i
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{3522 /N T 0.05, FELE AR IR B, I ST AR B T A8 . 245 R R 1 AR AR 1 S B0 D 815 XU,
NJE SRR A iR A e vh AT SRR R R . Bt P RRVE AR R 1 AR R 1A Sk R RO AR R S T RE 7, A (Rl R4
EE R HAEE, SR AR R A .

4.3. WOA-XGBoost 24 B3t H

4.3.1. FBEEIVAERE T SR

AW FLESE WOA-XGBoost A8, FEILT LU T HF: Hyg PR S08 5 W %5 5318 &
ZEWNRZHM, BRERFAERERIELME SR IARE. XGBoost L7 MR, fEHIEMN %
BERHRFR, HXGIEM R EHBEGREGENE, a0 Tk 8. B8 51 BB s
FIN g AR AL S (WOA) XS HE S HOIAT 4 Jy G0, 7T ik G % e P AR A3 2R BN =) S s o

AR BT A DA 78 5 31 8 0 BR 5 M R IR 2 5 7%, WOA-XGBoost 783 #e i 4848 T 5 i IR 2kt )y
T SE L R, (E AT AR T . DUk, AT U DL SHAP AEZE T RFAE STk, JFiEId PVAR 33
BARLFEATAS AR UE,  DAYRAN L — W35 5 SIS R LE 22 55 2 WL A 7 THD AR AS A2

fii f6 L AL 551 (Whale Optimization Algorithm, WOA) & — Fls il J8 Sk it £ 17 4 1 7t 8 R SR 532,
FEMH T RIOESARA T . WOA AL T Sk (1 Fhdel 847 . I 5 M4 45 [5]. XGBoost [A]
AR RS R — PR A S BE B R B R T R R RRAS, RIS A T RHIE DG R E B B D
(0 ] VAT 55 o 1A 2L A A B B A 0 29 A8 LA FH R0 AL 1) 22 A S B SR B €, RS AT 280 0] o 4 45047
AR LB VERRAE Z MG R, FE HH B BAT B4 (9 B 1 [6]

ARICHE . WOA-XGBoost [l RY (i AE 73 VU 1 Je g AT S g v IR B i & LR L
DURFIEAE fE LRAE Z 455 B B R @ (A BT BR A 2 5, SR TPz At e Je R i e A fk
H(WOA)XT XGBoost [ 2 ¥k 474 RSk, TRWAE G2 BOR R R 5 SR ] 1248 S A i
WOA [ 82 JiE4r B LRI I SO S, 7S50 A N i AOR R I SE, e il TOURG P ol oL 5
A B iR ) A ] AR Y

2k WOA b siik, Mfiifafitly 70 i, BTG R LT BB S A & (44 5):

Table 5. Optimal hyperparameter combination
5 mMBESHAEE

ZH A
max_depth 5
learning_rate 0.214
n_estimators 175
colsample_bytree 0.66
reg_alpha 0.26
reg_lambda 2.92
min_child_weight 3

e FrakAs 1 e 2 2 5 N H T XGBoost [BI VAR R AT 10 6 5 7000 i, 75 21 1 AH R AR5 25 20
M5 6 IR R 5 5L, T DAFE HY WOA-XGBoost 5 R 72 I Zr A At A L AR e Bl 1 5B 1R fE
WIZREE R? 0y 0.983, MIil4E R? v 0.924, #£0.06 MZEEIERAFAE @ MG WA, IWTAEA R
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SRS A TR . EIHREE R? 38 0.92 H MSE 4ERHkfr, RUIBEAIZIAET RIF, ZOX AT,
NGERRILAN TR AHERT RS, A TR SHAP (B iR HEAT S5 e, JFlid PVAR B B &I 1y
Y A8 SCIRUEAR B[] AW ML S 2R, AT FUES AR AN 58 A MR T B — WL 2 2 TR R 1 s T &5 2R, AT 5
SIS . FI, AR RS R R T BTG YA MY IR SR W 55 SR A A7 A 2 2 (AR 2R L [ 0L
KE, N F—BHSAERTOAR

Table 6. Fitting results
6. ELHR

sk =S UIEES
R? 0.983 0.924
MSE 0.001 0.002

4.3.2. SHAP =B figHE

EFX%) XGBoost BRI AT RREVEA . ASCHIAFE TV EFER) SHAP HESL, il BALRIETTikE S5
AL 7T, EOEE R R SE A . 12T VEMNT TR R B AR AL SR IE S BN, AR 4R S R LA
TERTE T EMIE S R HEW 1, A RCT TN e AR R

X WOA-XGBoost a1 45 R 24T SHAP fifhe, RT3 21 LU 4 Jay RIS A=) S5 A R2 0 34 P -

SHAP{E 7> 1h i B¥ ] Wigh SHAPHFHEEZE M (M{ELEITED
CURE 4 m ot b n R e s
MSALHF mzstr [N
FEROME . . sezot [N
BEERE E wremmz [l
ARRKE . Z aamki: [l
TR RS S mmmemans i
“SFIR" HUE zmnt s [l
1S0140015A3E 1S0140013A3E .
03 -02 -01 00 01 02 03 Lo 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
SHAP value (impact on model output) mean (|SHAP value|) (average impact on model output magnitude)

Figure 3. Impact of global features
3. 2EFFERM

higher 2 lower
f(x)
v.41
0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46 0.48 0.50 0.52

— )f,-,,-_‘__-

1SO14001KIE = 1.0 BPERE - 0 3792616720955483 [FFABARAIE = 1.0 | "SRR SIE = 1.0 | RUAVE = 0.3925305318450425 HEROME = 0.338626307218594 FATHF = 0.5106200555978606

Figure 4. The impact of local features
[E 4. FBEREHESRZMm

K3 51 4 MR B, AU R MRS B A% 0 R 3R L SHAP A B30 38000 A K 7 1) 3 i
RIS . 85 Q EANIRERR, SHAP AT T[-0.1, 0.0]X Al HZ Ay filn, FREIHSRTH
ARG B W SSATAT S 5377 R A B S S B IEAR G, {H SHAP STlRiEEZEUN, SEPrsgmia . i
SRR ABE R “ ORI B R AR i RS B (8 EAR T 200K, #85% Q M@ B AT 7
fEDE B AE IR o W S5ATAT 15 B85 [l 40 4 10 ol 395 ORI S R IABE A N AL i, FRIRITZ B AR
T T - AIH LA - WSS a7 KRS R, SRR 2l ARXTARI T TS
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BT R B Aol AR I i 5 2 ) AR 2R ME D LR s RS 2R A2 s A% Do SR B 223K, $05% Q fEE I
%A S A% R AR AR, 0 AtV 55 R0t bl TS B £ 52 M R I BB 8

4.4. PVAR & X AL R

BT IESRE W S5 SURAIARLRNE B 828, ARG — DR IR A & A A (PVAR B, &
A =3 OO B AR AE ELAON o 8 L Bk 25 77 22 0 s 4878 W 55 BURRON A B B R Bl N S A
Wtk &, MNP L T AR RR Y S B AR R, R B A S AR SRR H LA (Y A -

441 FRERE

THI AR ) 2 9 [0 U5 (PV AR) S 2 75 B4 ~F- A A3k 5 O 5] U o AR SR ADF G364 W 45 G5 300 (3 7= [l iR 2R
FEIE Q 1H) KB G (HES )R B AT FAR M 24, 185 51 N3 J5 TUE IE B AR G, B R A S0 25 R Aa i .
* T EREAAEYEN ADF 5, P < 0.05, fE4li ik, HiETHPER, WL PVAR BT, NE
BN R R TN S

Table 7. ADF test results
5% 7. ADF RIGZER

e ADF 4iit & P{H
5 2 —4.736 0.0000
BE7 MR R -13.732 0.0000
FEE QfH -5.3188 0.0000

4.4.2. BRHEMEBHIEN
A TR [ B2 1 T RO I, 5 0 B IR J o OR PRUE R TR PR HE R 2 520 . ASCER AR
RS S AENI(AIC) . DU S B AE N (BIC) AN R — [R5 2 B vfl U (HQIC)JEAT FI17, R0 2 %
A — B, DABR R AR IR g T A SR
AIC =-2In(L)+2k
BIC=-2In(L)+kIn(n) (6)
HQIC =-2In(L)+2kIn(In(n))

Hrp, LOAVBRELURREL k WERSHIAN S, n AR R,

Table 8. Optimal order of lag
= 8. mIHEME

i 5 B3 AlC BIC HQIC
1 -8.220 -8.136" -8.188"
2 -8.214 ~8.066 -8.156
3 —8.205 ~7.994 -8.123
4 -8.236" ~7.962 -8.130
5 -8.214 ~7.876 -8.082
6 -8.199 ~7.797 -8.043
7 -8.213 ~7.746 -8.032
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gk
8 —8.201 —7.671 —7.995
9 —8.186 —7.591 —7.955
10 —8.172 —7.512 —7.916

T AR AR AR B P SR I die DL I B K

H7 8 & R n 1, AIC {5 B NIFR R AL IS 8Ch 4, BIC. HQIC A5 S5k IS ) st i )5 7 4k
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Table 9. Results of the Granger causality test
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Figure 5. PDF-ROA impulse response results
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Figure 6. PDF-TQ impulse response results
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Table 10. Results of the decomposition of variance
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Table 11. Results of the DW statistics and test for normality of residuals
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Figure 7. lllustration of the elbow
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3D Clustering Visualization with Representative Labels (k=3)
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Figure 8. Clustering results
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