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Abstract

Against the backdrop of global climate change, carbon markets have emerged as a core mechanism
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for regulating greenhouse gas emissions. Since its launch in 2021, the price of the China’s Carbon
Emissions Trading System (CCETS) has been presenting jumping fluctuations which are triggered by
factors such as policy shocks and extreme events. However, existing studies have generally overlooked
this critical factor. Based on daily trading data from the national carbon market from 2021 to 2024,
this study constructs a forecasting framework integrating the Autoregressive Conditional Jump In-
tensity (ARJI) model with machine learning algorithms to investigate the impact of jump risks on car-
bon market volatility prediction. The study finds that both the ARJI-GARCH and ARJI-GARCH-ht mod-
els effectively capture jump risks. Notably, the ARJI-GARCH-h: model significantly enhances the fitting
capability for abrupt volatility by introducing time-varying jump amplitude variance and asymmet-
ric parameters. When the jump intensities calculated by the two models are incorporated into ma-
chine learning models such as Partial Least Squares (PLS) and Radial Basis Function Neural Net-
work (RBFNN), the forecasting accuracy of China’s carbon market volatility improves significantly.
Within those models, the PLS-AR]JI-GARCH-h: model represents the optimal performance. This study
provides a theoretical basis for policymakers to optimize carbon quota allocation and for traders to
design risk-resistant strategies. It also offers methodological insights for volatility forecasting in
emerging carbon markets.
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1. 5|8

TEAERFUR AT SRR A ORI R, BT 3 O RO T I & SRR AZ O AL . EE Dy 4Bk
BicHE R &, A RIS AR E R T M e S kR . 2021 A IESE B E BHEBORUAE 5
14 Z(CCETS), & B M3 AL RS () G 2548 . X T A2 5 & M S, FUECIRR T s £ 5,
A BT 8 B A HLRIAE 5 SR, R RS . SRR A s BRI 2 75 BRI B T A I A B A, il E )
ST RIBOE, ESHRRIEHE PRI SEI; RN BT IRANR BT S I, iR R IR e
SCHRE. MTRRHETBOBUN b B HERR TN, BB IR & 7 SR BE OGS U SR, Bh 0Bk T 3% s AR e 18 AT -
AT AR T P E ik, BEiEH A BB B (ARII-GARCH)REL AL JAH G485 1 500, R
FUBRER RS XoF FEAN A% U8 20 6 FUl (1 5200

BT AN A SIS R T — B 2 W MR . Wang 25(2025) 1142 H— i 25 X 1) F0 HE 22
AR o [ 4 R TT 3 B dr, @ o BB i s s i, R AR SERRIE; 4 BEMD /it as SRR A
W59y eI 5, 5IANARASE G ) dyELM A1 ACIX REFU TR, 25 A0 TRy, $ 7 l&hs
71 Rk, TERRTTHIT AU, I E N A0 ST IH 32 B b T A% S A B IR RSB R o
A& AT B2 . Segnon Z5(2017) [2]f B M the European Energy Exchange (EEX)FRER %4, X3 #7H)
Markov-Switching Multifractal (MSM)#%! 55 GARCH. FIGARCH Fl MS-GARCH %4 () Fiil & /1 Je 7 1
. fEMLIEFE R, GARCH HEAYHE A TR IR 55 T 34 0 A RIS BN ARFAIE, 352 S Hh AR 418 05 B0 SR A 2 (1 e
77 5 AR 5 (2016) [3138 F] GARCH #7155 VaR J7¥%:, 5t o BB 1173 = AN B KU R AE J2 T 2047 »
RIX =B BAEM RS 5 B2 B ab i A iel, 25 200 AR SR DA R g = R A Rr I o X 2 BRI
£(2022) [4]%E Ave. Med. Max Fl Min X PUFFAE 515858, (58I TGARCH-VaR AR A [R5 58 F ik
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HEBAAE 5 T 3 i AR IR« TGARCH #E 71 GARCH BB (31, AR B T GARCH B AL HE ik
BREMNLIITGE, SRS T B AER R

BN ERR R T E R WA, HEATEE RSN RSN, RAeH IEK T T TR
PRI BRER AR o 6K XU A2 48 B P2 A B B 2 I SRR . ANIELARA . X R RS 1) 205 7T e S BUE T
Sy vei FE AN 5 I S 1) TOU A0 SRR VPAG AN HERf . H BTBRHE T 3 AE R X i e P e, (R AE Hifth— 2Lk,
i, BRER RS (1 51 ARSI A 800 AR PR2E(2012) [SpdEE R Bifg A IRTTIA ML, 18
AR AR 2 7B AES 5 — ST, IESE T RS S RGP HURAAE R % %2 % . Zhang
Tu (2016) [6]7EMH ARJI-GARCH #2473 A3k i A pp i) v (B 438 T 3 52y, 60T Brent JEIH AT
RGP sZ I, AT R B BRER 5 ZEAE 1% /K B IR, R S8 (5 B 51 R I BkERAT SRt & 9 30 A 1E [ 52 m,
X AE AR RE T A M A T S S B O, 3 T O o A T 4 8 T 3 S i A i R . A A ATk )
RSB, O 5 B ARJI-GARCH #5284 f D4 H2 21 B R RS 147 TE A e Bs, AbAT TR B TR AT
(RRFE FEAIE S T AR A 7 A B R S0 Bl 5 TR 3E FH [ 7] IR SRR FRATT LK B R XU 51 N BSHE AR 7 3 1 23
Mo T kR RS 7E B HE ST 3 R R BMAFAE R, FH ORAFF 7238 5 WCR B HE T 3 R e M B, FeANA%
SR B AL AN R R P (R BR8] [9], X U B TERRHRBCTT 340t 70 Hh 51 N BRER R H A B S = 3o
DR, A FEN R kR U 51 N Hh L e 22 5 B T b, R AT B HE TR PR AN A% LA 0 B4

B2 7 GARCH AL GiiT AU AL, HLEs > J7VRTE 2 AU I 8l 5 T o O B A8 5 1
ARSI BN, ETFE%. MRERNE. BEESEUET, 15% a B A 42 ) 45 (RBFNN) FEAH 58 K ) JE 2k 1 B
WHRE 1, Be A ORI EEE 2 248, 1 Taghavi A1 Gharabaghi (2025) [ 10178 A 5t i B A AN kATl
FRER AR ERBENLAI T ER AL TN, R A Rt [V 42 1) 35 pR AU(RBF)RE A, LR | (45 k) T 4
K. RLEE AT RIS A R RS N, 45RO, RBF B A HER M RORS B M £ TR b R . 1
TR MG A, O 25 B4 17 FE 4 28 W 28 (RBF) S BIL 1 X6 22 5 46 b A R0, 5 34k (2017) [11]
AR PG 44 $ 48 4] (1 SRR 5T 27, RBF HEAY BRUF AR 5F RNV ARLRIEAR-E, X TCBEH /R TERRHETK
TSI 7 5 N ZA AL T A7 s[RI, d5e /s — 3R (PLS ) [ U= I i ok o o Ak 38 At e 2 T SR 2 P () i, 7E
2B TS TR R E . A4, T ERR SN 2] 07 AT R B e S A
fil: Byun Fl Cho (2013) [12]Z5 % T = Ff 77 v % Bk 0 02 5 s 6 100 T30 66 775 o il 2 R F sk 3901 0% 40 A 1)
GARCH Y, Sk B IR A% (B Bk 2 36 LA K k AR . 25 R, GARCH 8B (1R BT
Fa Bl 2 A k EARIEAY, X R THHACE 5 &%, HE S M E BR8P . ZHHTRE K,
A SO BT M TE B HE T 3 0K ARJI-GARCH 8 54188 27 ) V0 AT 45 6, AT BN LU A 7 vk
FoLA 205 R 20 T A (A

HER TR T R EN B, BEAEARZH/NMSE, WSS 5 LA G LA B R A
R SE B G ARFRRAE . JABTIESE(2025) [1317E (P EIRRHEBUNAE 25 113 2024 SER T SR EED) $8H, “H
] B¢ 17 37 P B AR T R PSS R S AT ARG, ) 2021 SEFFTT AR, 38 220 N2 5 H IR ERAC & AE 1000 N
LR 57 MG HBISACE < 10 W), S5E AR T, B E 7058 51 R 2
FMAR” o X —FHEEHE T P ERR AT T R R B, 5 EGAE BRI T ZE R, TR S BURET
BEER KBS A R, ASCE T E R BB S BsE L. NS ZTHE, WEHRLE
T HABBR A T 1845, U0 Dutta (2018) [9]1%5 A1 F JE I 5 Sh 248 KOV X) 7 & I A AN 1 1 %o B fic
BUEUA) T N 22 (200, T ASHIE 78 5] NAERE S H RS b 72 S Bk R KBS RS, i i i A0 A& Dk
AVERE AR TRHESE, FE TSSO AN, BT RSB mTTANIERLE. WEERE
T, RT3 2 0 A ReFHE B 28 2 L ARARAE T SR m . Fil IRU:, 34 Re R IBURE il 7 2 41 M i Ak 4
Bk E tisp it Bivaam RS, HESRRIRHE H bS5 S aAs e O E ST . Fitk, A0 B 7R b
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WA E, 8L ARJI-GARCH BRI AN M IO SRR AL S O e s R K52, I 4 bl 25 2] S
ERRIAROR, DR AEL N b E AR T I A B, TS 53 . BUREE#H AR SRR
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2. BB 55%
2.1. ARJI-GARCH &3/

NI E B EEE VLA R BN RS BEERAFAE, Chan A1 Maheu (2002) [ 14142 H 7 H A5 BE K%
FEARIDIERY . RS54 T GARCH A FIBKER R FE BN ASRFAE, B B LA b 20 i 55 7= 0 b R0 B0
PE S HBRERAT A

7E ARJI-GARCH #8H, B BRAT 3B G kA S A ELk A 2 B A8 A Y o AR A A IS 25 4
fiE, ARJT BRI RIA R
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2.2. ETRERER PLS &g

(i~ Tl (PLS) R — Fb I AT 77 v, B TR S R P (0 B PR 28, TE M
EGHR T 2 3 0 I R O VTR, DT A AR A R I 7200 % T SR MW 15, S e
SRR AFAER PLS B, BUNZRERIEN {(4.01).(Aor) (A, )] o 300 4 € R BENKFEE, 4,
TR I TTHS GHLE BRI, BT I 5, € R AH RIS . PLS i
SN A = [ A, Ay, 4, | AR FE ¥ = [y, vy, T HERFWRAE, AR R AL 2 I, B8
FEAR R R R HEE 2 S RAFROFORAE . AN TE AR Rl LU B R A 3R

T=AW
7
Uu=YC 2
BeAh, A AT AT E AR B IR P T ZE RO, TR SL A R
maximizeCov(T,U) = lTTU (8)
n

Hoof, TRBNEIE A BTERERE: USSR Y IO RAMERE 7 R A B R 107 40
C R A B AR A A
S35 AL A LR 2 [V 7 2 H BB AE A LS, PLS M Tl e it T 1 U Sk sy e 2%
By e TR
P=T-p ©)

2.3. ETEkBRIRE A RBFNN RE 5

RBF #1228 — PPl B N T2 M4, S50 F EEAFERMANZ. RBEAGEZ. S8kt
BRI /2, RBFNN Aef% i i = 46 2% ok BOR I 4 i N 508 S 28 iy R AE 2 0], AT SR B 2% bR
HRRNIENT. 2% Coelho &5 Santos (2011) [16], AW FORAR Y (140 A\ B8 NBRERIREL 4, , 1% 5 Bk
T HERE I SRR A RS BRER ISR, B RAF R XS RE ST . IIZRFEA T id A
{(4:31):(A0.3) (A0, ) i, BRERTRPE 2, e R AMINKFAE, BRNIS U ), e R A E R, A
AT G LI 1

Figure 1. Architecture of the RBFNN model incorporating jump intensity
& 1. ETHERSEEHY RBFNN R BVEEH[E]
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BEAN 7 22 PR BSOS I B
2.4. FEERNEFMED TN

N AT VPG AN RS R AR B3k 7 3730 s 2 00 rh R B, ARSI N 2R 2 BN AR 22 PP F6 A . 29007
MR ZE (RMSE) AT H 25 % Z2(MAE) o« 3X IR I AAN [F) Sy B2 i BB R TR 55 S Bipl 3 2R 2 TR v
BSRERE, NIA RSB IIERE . Horh, RMSE WHORN R ZZRA O BURdE,  RENS 58 B RAE 57 WU
GO T IR, 1 MAE MRAE 7 — XM IR Z 5, RES AT ol S BSOS KIRZ IR

Mo PRSP FEARE SCHIF -
RSME= |~3(6,-R ) (11)
n

MAE=lZn:|&t—Rt| (12)
n =

3. SCIEffR
3.1. #iE

T PSR F REEEA A AT BB, A SCZ B SRR 3 ILA SRR R 36 10 P 7 Ao
AR, 6 Ay A SO AT B I S5 TP fl . ZESCIRI TR . AR SE M
S B G BTEBTICRIR B ZESIBR A A BURBR T, ASOITE A KRR S T 2021~2024
LA BN 777 55 B . SRR, KR 70% BRI S B IIZRE, FA 30%1E
SRS, DIV B R B RE RS A BRI 1 RS RE R BT, AP BRI R R
PRI AT A A B, LAARAEHCHR MO ESERE S5 5 60 . JEAh, T 975 REN BURLFE B AT s B T
PEIRERE, ASCRA T BN RERE AR A bR, SHIITHL LR T BOLS IR Hy 1446, it
T8 7 LA
3.2. ARJI EES YA

97 AR M 22 B T b T BRERAT 9, AR A% ARJI-GARCH #i%81 5 ARJI-GARCH-h, B/ 3
1TT7 B8, SRVENSE 1. % 1 Fias, ARJI-GARCH FERUFT ARJI-GARCH-h AR A ¥ITE 1%
K 2 IX R R T I A7 AE 3 TR BB AE , b oh, X PPk ERAT v 5 Tl 37 2 Ak 2 R DL X GARCH
BN B2 A R I 2 2 R U S5 G RE,  R I e 1T 3 () R BR AR AIE AN 25 0

BRI, e ARBRERGREE t, S50 p (HAE 1%KL 82, X3RRI BOR v -5 8 SEF
(52 I B A B A A R o 7R R BT 3 R, BRI R A FO R BT« A7 M0 a5 30 T R AR s R
ACF AR A 1 FE 3 BRI TR SR R R R AR A — MRS, TR I T 3 TR T R R
o B, 2023 FAEBIERRATH CBRAPEBCE 2 8 B INECGRAT) ) BT RS, EAER 2 WA R 5] &
it 7% 2k = 0 B 2 R xR 8l R EIE T p fB 35 B AR LI B vh T Rt o RIS, kR R 2
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Table 1. Parameter estimation of the GARCH model with jumps
2 1. wHERAY GARCH #RE KIS H kit

AR AUk R i A AT ARJI-h #5784
0.000 0.000
U
(0.000) (0.000)
0.000 0.000
Q,
(0.000) (31.623)
0.812%%* 0.223
o
(0.059) (31.623)
5 0.187%%x 0.768
(0.019) (31.623)
-0.003
Un
(0.006)
1.866*
m
(1.086)
—0.976%%*
m
(0.010)
0.000
So
(0.000)
0.935%x
S
(0.069)
-0.001
0
(0.002)
0.021 % 0.0427%
o2
(0.002) (0.005)
A 0.456%** 0.344%%*
: (0.051) (0.031)
—0.941 %% —0.277%%*
p
(0.003) (0.038)
—0.600%* —0.747%%x
y
(0.003) (0.009)
LLF 2206.772 6395.576

t statistics in parentheses; *p < 0.1, **p < 0.05, ***p < 0.01.

TS g MR VR D IGE 1 BRER KU 5 T 37 3 R i A A RIRHL . RIS AR s R 1 1Tt &=
RN M B BRER IR B AN E M, X S h ER T BRI RHIEm R G . 2 R BORR
(UBREC A A2 70 T LU B4 ) Y B sh 28 BT, Al el B A TS0 AR AN A8 Pt Bt 1 0, kT LA 2
PERSORBRERIEE , T B AN (£ R P9t B SE R 20 sl o i, 2022 SF AR BR TSI N AT ML R BURe A%
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e, A AN BRI BE R AT IS K 37%, BRI T ksl SRR R N RS Ak, JEX
P Hn, 5 n, 102 540 5535 32 B 5 17 37 0 B A I8 3402006 3 35 1 17 5 97 1 oo s 47 6 B S50 010 S J 2 i 7
BART S, X P IR AR LE o E G T 3 M S5 A PERHAE RIS SN R . TR R T 3 LA K s Ak 5
T EARNE, ZKS5FHRBORF 2 1 SN FE UK, 310 S 800 m phed 51 1Bk BRI 2 35 (A 48 %HE
FER s 17 I g o (A 4 6, 4 Rl S RE B 32 5 B0 I R T 34 T s MEAS 2 (2021~2024 4 H 35 A8 AU IR B
BT 1 1/8), Bk BRI B AR X 722 . iX 3 W] ARJI-GARCH-h, B84 IR 1E fiph o il 51 & BB ERAT N 22 5,
AL BN TR B ER AR EE , AT B v A S B T 37 S U Bl IR S FERAIE . B, AULSR R BUE B
ARJI-GARCH-h 5 8 #H Eb ARJI-GARCH 458! B A 5 i (R ALASR oR 4000, X 136 BH 51 N B BRI B J7 22 Bh A AL
JE B RLEOL R R SR, AR A S B T B T 35 R SRR AE

72 NIRRT IR R AR B A S A . B 2 WL, BRTTIAIRGE R J-B Gt R R E
S E A VAR B, B B S A AR IR A VERRAE « AR 58 P 1 0 AT RFE SR, 5 508k R 88 B 1) 4 D-0.6953
WERESy 2.2688, IR i AR RS, S e A iy 17 3 0k 2 (¥ 20 i e 70 A PR, afE LA 7 23 1AL
ST IR . T ARJI-GARCH-h, #5578 BT A6 71 (0 Bk B 5 52 7 41 LA BE N SR H I 0 AR AE, RSN
5.8656+ WEJE )y 45.8965, FRILH L3 145 It 5 906 JB R MEARFE . 1X KB ARJI-GARCH-h S5 REE A5 2L
WAL T 5 P RIZLBRERAT v, B BRI BE /1. EAh, ARJI-GARCH-h, BkERGRSE [ J-B Siit &
IS 61000, IR IEARMER Y, X85 Rk PR T R R AR A vl Oy T A R .
I, AR T A HORASY, 5] A ARJI-GARCH-h, ffi i+ (05 A kR 8 2 58 HA W AT, AF T8
ANBE T 3 TR ERERAT A (B AR PERRAE

Table 2. Descriptive statistical analysis

2. iR Gt

AE R R R R ARJI-GARCH-h,
¥IE 0.0008 0.0783 0.0003
PRz 0.01869 0.0417 0.0009
1k 0.238 —0.6953 5.8656
e 8.7886 2.2688 45.8965
I-B &t i 87.08%** 76.21%%* 61000%**

t statistics in parentheses; *p < 0.1, **p < 0.05, ***p <0.01.

3.3. BEASMTMRIR

Bl 2. 3R 4 a5l EoR 1 AEAR T ABRERFFIES 5] NBRERFFIETS T, PLS #2845 RBF #48  2%
B BBk T 3 AN ZE T S5 R o A 20 [ 3 F0E 4 aT LB B, 3xX /N 2SR AR BRI A i il 4 3% L ik T 3
AR, R BEF B RE. 2 3 WETH T AR5 80 R TN 45 3 .

M 3 ATRLE R, TERGINBRREHE 3R AER A R, PLS #AY7E RMSE A1 MAE W IiifE br 3570 £
T RBFNN 84, 765 NBRERRFESG, PSS (0 T00 P BE 3506 BTt o X 3R BBk ER R I 51 N B
R HE R 1T 37 R BSOS v o B s S E 5 1UR  AEE S R IE, T 5 3 THE SR M TS £ LA PLS
RG], fE5] N ARJI-GARCH-h, # RN (1) 2h S BhERGRZ J5, MSE M 2.4665 %% 2.3793, MAE M
1.1668 [£% 1.1384, Xit—LIGIE | BRER XS LR T 37 Sh R rh i B E R, 14 SRR U6 A s ek
BRAT A 2 F B 22, 110 Sh A4l BBk R i B () B A% 14 B {5 25 1 s A 70 1) 92 4k e
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Figure 2. Architecture of the RBFNN model incorporating jump intensity
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Figure 3. Architecture of the RBFNN model incorporating jump intensity
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Figure 4. Architecture of the RBFNN model incorporating jump intensity
4. 5IN\ ARJI-GARCH-h: BBk 5% B AR B TRNEE R (&
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Table 3. Evaluation results of volatility forecasts from different models

3. FRIEEUE BRI LR

PLS RBFNN
RMSE MAE RMSE MAE
ENIIPNE RS 1.5705 1.1668 1.8096 1.3485
AR 1.548 1.1411 1.7729 1.3723
ARJT-hy BREK 2 1.5425 1.1384 1.5989 1.2081
ToAS B $E T2 1.78% 2.43% 11.64% 10.41%

H—5KE, 51N ARI-GARCH-h # R 5 1) B A5 B ER5H BE 5 ARJI-GARCH Bk K 5 B A5 A HLAT o
NIRRT S R TR I . 54K 378G H, SEMEBEME, AT ARI-GARCH-h, BkEL5H 115
R Re 58 AL A M HE 2 2 NN B, BRI Z AR A (e B8 Dy R, RIS BT B TS B v . 534t
3N ARJI-GARCH-h, BkERGRFE ) PLS AP N2 TKS £ BT RBFNN A4, XK B PLS fA/E
A EhASHEER 90 5 e A R BT SR AR et . BRI S, PLS REALMEIE iy AL, BN IR
B R 74 B oG R PRI, 1T RBENN BAR R ARLMERL G R Ty, (H i T 3 S 8 U A i s
P, M DL7E A B B R R 5 Y S A A R 52 AR 6 D0 R - (1348 102, 5 PLS £AUAHLL, RBFNN
BEAIZE 5] N ARJI-GARCH-h, BEERAFE J5 R I H 558 535 1 M RESR T, SR TINRE B R T4 1%, XK
RBFNN #5284 i 51 57 Hi R FH IS A2 1) ARJI-GARCH-he BEERSR L R T & S 2% . AELIEE R, Bt HAE
I A2 A5 J2. 77 THT EL A R R 0 0L

BAKKE, HIN RBFNN-ARJI-GARCH-h BAYE TR FE R — @ AR RI4e T, HAEARZItAs
FEFRECT TH I R 77, (IR TN RE 154 S PLS-ARJI-GARCH-h #5278 . [RIt, M5 TPl FE
PrKAE, PLS-ARJI-GARCH-h, A5 547 I #)) Z 3500 77 T AR 8T FARASE AL LA o i 0L & RO 5 R Re B
T T AR (0 TR RS P R B A R

4. B ERR

SAGEARIE OO A BRMERRAR, T8> A R SRR B AR HETBUR RO X — 7] R R . B
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P B b s T B AR, A H AT T AR R SR AR o ik, ARSCHET 2021 & 2024
SRR R E BR T HEEAS 5 808, #% ARJI-GARCH 5 ARJI-GARCH-h, A5 %4 DL Z1 i) 5 A7 4% 1 Bk BRARFA1E
Fradk— 4 kRO B AT S 5 N\ PLS A RBFNN AL 5 SI AR A, AT S BN v 6] e 7 46 38 20 23 () A
HETIU . 25 R (1) ERRTT A4 i 3 B 3 AR BRERAT N, ARJI-GARCH-h BEAUMI T 14 5t
B RE B A 0 A R s S BRI B 7 2 sl Ak, BB R S A AR (2) TEBRIRSREAE A
FHERIAMIHTHE R, PLS 55 RBFNN SRR Ti I KS B2 39 A Frde Tt (3) 5 RBFNN BEAYAHLL, PLS-ARJI-
GARCH-h, 1Y ELA 5 {088 1 9% ) 2 TR B8 7, 3% B HCAE R 2 2% Bk R JRURG: 1 3 28 M AR A I B A B 5
(AR R I R

BT B, ASCRBI I ERS#IG

5, A SCGE 5 NBEER K AFAE, JF454 ARJI-GARCH FIHL 2822 SR, ST T a2 1)
THMAE 2, S BUR 2 # PR T SRE I T 3498 3 20 b TR o ST BSURT E 1) 2 R 8 e iHR TS o B
W BUSR DA S T 3% 58 R R sh st 3436 1 B (0 BV AR B o 38 3o T A sk b AR S AR TN B T 3 R D AR i XL
K, WO E & e K SRBUS S i, BRARASH 2 VEXT T3 i S mi s, A 4Ed i i ke
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