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Abstract

Under the guidance of the “Dual Carbon’ goals”, China’s carbon market is at a crucial stage of tran-
sitioning from regional pilots to nationwide integration. The determination of market transaction
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prices and their associated risk volatility is a critical concern for effectively linking local and na-
tional carbon markets. This study focuses on the carbon prices of eight carbon trading exchanges
in Beijing, Chongqing, Shanghai, Shenzhen, Guangdong, Hubei, Tianjin, and the national market,
from the initiation of carbon trading to May 30, 2023. Employing the ARMA-EGARCH cluster mod-
el, the research conducts a quantitative analysis of carbon price volatility risk. The results indicate
that carbon prices in these eight markets are significantly influenced by previous transactions,
exhibiting long-term memory and cluster effects. Additionally, there are evident leverage effects
and asymmetric shock effects. The study validates carbon price volatility risk through Value at
Risk (VaR) quantification, revealing a consistent trend between VaR values and return rate fluctu-
ations across the pilot markets. Based on these findings, the paper proposes recommendations for
refining market pricing mechanisms, diversifying trading entities and products, and progressively
opening up carbon futures derivative markets.
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1. 53|

BEA&E Ui H bR (3R, Bk T 3 0 DG AR 2 v H ke s A R o BRCHETBORUAE S WL 1 UE 2 |5 TE AR
BSR4 “BRHEOR” BINTH A 5 T HAME, BT 758 5 i
WU R B8 b 22 L YR/ FH o LR RN 48 B SR 72 AR A A 2 AR (AN B B8 75 e 55 ) A8 S MR AN
FRAS, NI G3E H BE A 28 T3R5 SO 23 T A5 X T . R E Mt 5 iy T 2013 ek, T
2021 AF ARSI B A E . Bl A BRSBTS, BT BRAE 5y BT IEAE 1 A0 1) 4 [H S — Bk T
Wi K R

KT RHEBA I 7T, B A 4538 1 et R IERRHEORG h [R 25 O 7, [ AR 223 B R Bk T 3
Wik o5z 3 — LA R (L an Aol . RIRAEE), JEH R AARENE. BN E W RS B EEH
KA, (B = E VOB E BT 5 SMEE B RBANTE S, A1) 5 2R A (2022) W\ H [EH ik
AL 5 T AE B4R ERIB RN GG A RBOKT o HIRE W I35 WEAT T IR Z BAMMERHE IR 7L, T fe
HH R HE IO B0 B 256 AT R 06 JE R R 38 3 SRR SRR AIE , S5 0 WA TR A5 1 DX A 5 IR S 00 X kb 225 5 o
W27 BRZESE N (2010) FE 348 e A B AR Bl |, #4957 GARCH 1 VAR A8, Hiff 7t 45 JR 3 B Wk R Ak Ik ik
B 9 A IR IE BIVA[3] . A R 2255 N (2016) 6T XA I BRHE RN b AT B 9T, il o Hr KB, Uias
57 3\ 25 (B 8] F7 91 [ R OGP AN S A 557 07 22 OB RS2 [4] o B3R 5%(2016) [R1 % LA 58 8 A28 50 i R
RIAFRRSAE G MBS AR A, 22 5 i R0 AR MR IE A RR BRIR A, A7 41 ok 2 I8 ATk
IEENS

RARTTE , BN AMEE I T RRAN IS R sh R E Q2T T H R AW IT,  (H R 2 500t 50 [ P ik
BN I B0 26 R A T IR U AR v TR E G — Bk 34 8 B0 2 0, BRI A BOE i ) 25 B A5 o DALk
BT A 8 MR, ASSCERICT B 2 s s 1 i5ss 5 B, DAk R, Bl AR BRI
WAL REFAE 8 Mk 5k sl B 5T H B2 G W AWE A 5, 37 ARMA-EGARCH %A%
BT B AS 5y T BB AN 4 0% 20 o] REHEAT AL 0BT o B T IUE S RWE A B, ANSCRI A 7 58 L
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RMERIRRAS 5 5 - WU B R P AE \ A2 5 il b el bt BRIl 2R, R3IL
by REL L AEMERBN . SR ARMA-EGARCH #REERL, & 76 & /A1 o B A8 2 T 3 e
BN RS BB ARFAE » A SO AL VaR BE A0 UE AL A BRI 45 A S BRI BN A R S R AR REAT
RE XTI NSEEL “BRIA I BRIPAN” R e S 5 e R Bk T4 5E e 3t S B A
2. BiRRIRMEIRRE

ASCEEAE R, B R TR WIIL WiE REAIAE 8 MAL 4K AU A A 5 G H & 2023
5 30 HIBRECHTE o B B Ext R o AR, HER. REHA 5 60A 21 45 M0 BudE R &
A, DIRAEST IR REAI R U BOAIRAZ 5 T aa B 2 A A6 B 5ol B o LB $odfe
BEAT X B oy A BE, B

R =InR-Ink, @
KO, BFRZG H AR Py Fom o il — WA o AT B R T [ 2 2 di e

B AL BE AT Python o
3. IEpHER
3.1. ARMA (p, q)t&&!

ARMA (p, q)FRZY S —FRist (6] 7 51 23 #7438 B BHRAR) M 3~ F I (MA) R . i, (p)a&
N B B AL ()R RB BB M, ¢ WL AT, BIE(g)=0, Var(g)= o2,
Cov(e,&)=0, s=t. IXFMERIYYE T Hlid i 6] 5 5 B b (FpEa 34 R BE LIS 2y, AR i e e AR 52 3
H & a1 SR ZE T S5, T RS EEETRN .. HEREERu T

Vi=ap + 2 Y e+ 2 e 2
3.2. GARCH (p, q)t&&!,

GG BB TR IR I A B A T 25, RME/RIEH T ARCH MR (H RIA &M 75 Z 1),
BENS BER 20 I 5 2 RS AR PE AR Z I R EM I G . N5EE X R R s MR T, a8 Wik Rt
TEBERRE, UL ARCH BAUNIER, $EH T GARCH #AY()] X H BIAKM: 75 ), HEeeRIA
Wy, = e . Fo, y, AR IR SR

=0t =g n e ~N(0) 3)
h = 5‘*‘(0‘15124 +ay8l, +'”)+(ﬂlht—l + B0, +) =5+ Xl a8, +Z?:1 ﬂjatz—j (4)
Hrt, 6=0,(1-B,), h =0, WPRNEFIEaq+p <1, ,p;>0.
3.3. EGARCH #&#!

HHT GARCH #7501 BR 1) 26, 5 & BIRR AL 5 T 3% 5 &l i 35 AR ALLYE , BT DR A JE 2R #% T 1991
R E EGARCH M 3H4T 3 — 5 IISIE, EGARCH M ELAG 88 /7 He 15 T AN £ 43 2 5 4 Bl % 7= 1
o, HRERA T

In(0?)=k+X%, @ |25

& .
+2, }/if+z?:0 ®, In(atz—j) ®)
i i

XE)F, Wy BEANE, IBAARXSFRIA y, LY 5 32 2R FRE o RN . 2y, > 0,
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VEHIA T B R R TR B, BN AT 8. 45 y, <0, NIAFAE.
3.4. EKANME VaR

TE & RhAe, 7ERE (Value at Risk, VaR) L —E I B /KT o kTR, R HE2ald &M ER KN
TH— FRIOBR., HEREARIT:
P(ApAt<VaR)=a (6)

IR A Z R RIS 5, 454 EGARCH RIS Bul 1145 5, T N — A B M4 Ik 2 A0 2844
.
4, SCIESTHR
4.1. RSt

M 1 AT BVE Y, Tl e 5N NI B8 5 (BRI AT R [5], BRI R TiT 3 SRS AE
FEA O ARG BR . REEE IR L EHZ 5 R L O E L Ry, HAlAbE N EEE, A
I, PRI AN T 3738 BR AR RE o 4 [ B BC A0 T 7 SR AR UR it [ B2 e, REA Bt Al X i Ab, H
R PSR L AT I R, BRI iE R . H PR T T R R X B 2 5 B A 4 22 i K 1
X, RUIHB AN DS BR3P By o WS At X ff JBE RO JEE B mT A i, R
EipfmE N T%, SO IR RN, A RE R BOE, 1A i O SR B  —E RE R e
R Ao A1l 3 X BR A A Wi 2 26 e B (Vg B2 iE 3, IR AR B E AR B AT R U J5 & (leptokurtic)
(RIRFALL -

Table 1. Basic statistical characteristics of logarithmic rate of return series

F 1 N ERFIIRE ARG

2 5 i FEAHL H{E PRtz /ME SN i 5 e &
e 1321 0.0004049 0.074 -0.391 0.37 -0.551 3.730791
R 529 —0.000409 0.166 -1.071 0.701 -0.557 3.959773
IR 1995 0.0001703 0.044 -0.446 0.342 -0.614 10.86054
iRl 2090 0.0002915 0.032 -0.397 0.365 -0.273 21.48304
iy 1380 0.0004791 0.065 -0.504 0.885 1.473 36.46817
I 1028 0.0005192 0.086 -0.551 0.476 -0.028 4.851896
K 648 —0.0004478 0.071 -0.693 0.728 0.607 4753179
%[ 453 0.0002929 0.155 -2.331 2.296 -0.33 219.7267

B R AF A HRAE [ 28 2 Ml e R

iAo Bl s S L I 1, W] DRI\ SRR AE B B H i as R B 3448 0 B R ssh,
Wi 4 (R Bk C A0 717 30 0 H A s S S FE A W 8, 4 R C A B AE /NG T A i3l T9 R B )
REEMVFFAL. HIKERECH T 0 Bl s R AE 2017 SEZ IS 58/, 17 SEJRBEE AL R, BEh%
SRARFAEIZHT S e o R BRIC T 70 IR S s R (I LU B S, AR I I BO IRk . BT, AR
A2 53 T FR 0 B0 2 R 1) S Al SR AR, o Bl et A OR B /L BEALIFE B R, PRI AT DA EGARCH E Bifif
BB
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Figure 1. Logarithmic rate of return trend chart

1 ke as E

4.2, EXMEIE

i3 Jarque-Bera U4 45 SR, W14 2 s J\ S5 5 T O H0iC i 35 51 B AELXT 2 ) P 341749 0.000,
XU R PP PN & RS 70 AT ORI, FE468 SR AR BE

Table 2. JB test of normal distribution for logarithmic return series

F 2. MBERFHIMIERSS T IB 458

A X JB 1 GRS
Jext 477686.707 0.000
ENN 1575.243 0.000
J" 7R 330.066 0.000
Bl 18205.303 0.000
1 7801.740 0.000
I 5240.628 0.000
Ko 5267.140 0.000
4= [H 833.554 0.000
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4.3. FRMERE

TGO ENE, B ek R R 2 T B HEAT ADF R o 5T DA BB X HUSe 28 2 IR BE AL A a3
FERAT RIS R 1 AN S BRI SBIRER . In3% 3 KR4 R BIR, 12 1% R E KT, Frai
i R P YIAE ADF BR8240 26 1 A7 AR AR (AT A2) B R AR, R WX Sl s R e S B PR 1

Table 3. Stationarity test of logarithmic rate of return series
= 3. WMBWEEFTITRMRE

X t4tit & 1%l 76 5%l {5 10%Ilf {6 P {&
b -16.232 —3.435 —2.864 ~2.568 0.000
EUR -8.415 ~3.443 ~2.867 ~2.570 0.000
IR ~12.450 ~3.434 ~2.863 ~2.568 0.000
iRl —19.465 —3.433 —2.863 ~2.568 0.000
tifg —5.948 —3.435 —2.864 ~2.568 0.000
I —35.924 —3.437 —2.864 ~2.568 0.000
K ~7.728 -3.441 —2.866 ~2.569 0.000
Ea ~8.452 ~3.445 —2.868 -2.570 0.000

4.4. RAEEMHKIE

FESERCT AR SR n 75 2R IR PP HAR S MR AS B RO J5 i, AT S T RER B, IR 22
e R A O A R B Al AR 5 R B BS RS 22 F BIAT A — e R L I ARG . DRIk mT BA(EE ] GARCH #57
BATHE— B M

Table 4. Heteroscedasticity test of logarithmic return series
=4 MNBWEEFIFHEMRE

X LM Ziit & FERER F4tit& FERER
b 269.660 0.000 169.158 0.000
EUR 110.338 0.000 69.347 0.000
IR 119.978 0.000 63.734 0.000
iRl 355.821 0.000 214.190 0.000
Ly 196.400 0.000 114.259 0.000
7 158.061 0.000 93.133 0.000
PN 137.211 0.000 86.667 0.000
4 44.838 0.000 24.723 0.000

GARCH AR ({3 AT w2 A2 I [R) Fe 91 5t AT O 220, IR T 7 o 2158, #72% White
KB WIS I P 21 7 28— HF, 24 P EARRT 0.05 i, BB Az R, ol R & 575
ZRFE. A 4 MARW LR W, BRI 20, AT LLEAT JR 48 ARCH ZONAS 5.

45. ARMA {EHRIHET 5K

TS ETRE L, BRATE ARMA (p, )RR Fin G B0 EE ps g € (1, 4)TEE AN . BT 8 T F R
SR B A R AR PR A B, 45 A /M E BHEN] AIC R S50 T A I6 45 0, &
E TR ARMA BERIFE M E. K RunE 5 Frn(@ B S s R A S 4080, 1), AT
MA(L)# 7).,
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Table 5. ARMA model of optimal lag order
= 5. RMUTEM R ARMA 1REY

R X Jext HER I biik]d
T ARMA (2, 4) ARMA (4, 2) ARMA (4, 4) ARMA (4, 4)

X e YNl Kt ]
R ARMA (2, 2) ARMA (3, 4) ARMA (4, 1) ARMA (0, 1)

451 BRABREST

SR 2 Bk X ARMA BERL 5% 22 Fr A1 1 B, B /N 0 i S 3 4 S A K B /N, K
AR I ) O AR RN, LRBARSE ,  BRURPRRE P A 7 ZE R AR SRR, 7 Bt — 2D kAT ARCH £ %.
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Figure 2. Residual sequence timing diagram

2. BREFYIRFE
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452 BMRERE

P Q Giit xS AR A% 72 AT (M P A B0, DAV A AR (0L 5 20 B 3 2R, k05 ARMA
BB 723 IS B 5 Q SEit & p (KT 0.05, FIIANIXAMEARLE T (IS KA . DRI AT LU H A 7Y
R RIFHIIEPERE, FR2 R R IUA M AR A 25 B .
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Figure 3. White noise test
3. AR

45.3. ARCH ¥R #&3%
ARCH SN ATEG I B R IR Z 2 2T 2. RAMES T EAEREN T, 44 GARCH
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FEAS L FLRAT I IE R 5 FE A R A FR M % T iR ARMA BB 5% 2%, 14T T 2 B j5 ARCH-LM #856 .
W4 6 Pron, LM AF Siiti) p AE#R/E 0.000, RUIANFIAZ 5 i (5% 2 7P FILE 1% 22 VEACT BRI
ARCH 2N, XM BRI BB R RN . Rk, T LB GARCH AR LK 3K 0 57 7 Z2 1)
Je B IE A i

Table 6. ARCH effect test of ARMA model
%< 6. ARMA {2 E/H ARCH IR #& 38

AT X LM it FEBERE R Fgiitat PR BERE=
Jbnt 242,689 0.000 12.747 0.000
HR 67.343 0.000 3.923 0.000
"R 409.237 0.000 19.597 0.000
9k 555.236 0.000 28.802 0.000
i 86.911 0.000 3.798 0.000
el 205.314 0.000 11.457 0.000
R 303.854 0.000 28.450 0.000
£t 328.292 0.000 71.602 0.000

4.6. ARMA-EGARCH #&&ISCiF 4347

T Jei#Er GARCH AL 4341 )\ FKAE 5 BT I IS 2 %6 7 S B P o bl 8%kl ) 380 5 R AN 5 22 7 72
MSE A HEH, %3R5 ARMA-GARCH B[] ARCH i 5 GARCH I &3 M¥#in+ 1 HAF 1,
A S R B 2, BARE —EF2 % LI ER TR ZE T AR 5705 20, (R IEA ik
BeANHIAERTFRIE o 0t TR 25 F e B AT AT 2R, A SR # 37 EGARCH HERY (1 715 . S8 i
FHIIE, ¥ EGARCH BRI 52 € N ps q € (1, 2). Rl EGARCH 11 K& L&A, 45
& AIC EE/NEN, A T HIES T ARMA-EGARCH #EMFERL, 45 R4 7 R,

Table 7. Results of ARMA-EGARCH model of various exchanges
#=7. BRXFHAH ARMA-EGARCH #&ERIZE

A 5 BETELE S
oI R =0.004+1.0041R , —0.4094R , + £, —1.1781¢,, + 0.5175¢, ,
bt it +0.0510¢, , —0.1586¢, ,
ARMA(2,4)-
EGARCH(2,1 73 _
1) Uik In(?) =-0.1708+0.7104| %=1 + ~0.4181/“2+ 0.0134-2 +.0.9617In (2, )
Jife O, O Oy
o R, =-0.0006-1.1939R , —0.4220R _, +0.2558R,, +0.2004R , +&,
R e +1.3051¢,, +0.6099¢, ,
ARMA(4,2)-
EGARCH(2,1 73 _
1) Uik In(o?) = ~0.4336+0.4084| “1(~0.1551 2| - 0.0174-° +0.8840In (2, )
WEE: O Otz O
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2R
Pl R =0.0002-0.0788R, _, —0.1724R _, —0.0696R, , +0.8159R , + ¢,
R Tt +0.0090¢, , +0.1439¢, , +0.0192¢, , —0.8557¢, ,
ARMA(4,4)-
EGARCH(2.1) ks In(o?)=-0.1341+ 0.5856| 54| — 0.2784| 52 +0.0367-2 4 0. 9783In(o?, )
75‘$l3:'5 O-t 1 o-l 2 O-t i
Pl R =0.0003+1.1797R , —0.0254R _, —0.6155R , +0.2348R _, + ¢,
Ji g ~1.37345,, +0.2361s,_, +0.6465¢, , —0.3668¢, ,
il
ARMA(4,4)- ;
EGARCH(2.2) i |Maﬂ=—1&%4+0ﬂ2361 ormz;z+00Mn;
- t t-i
Jife 2 i
+0.7711InIn(o?, ) +(1.0972e-15)In (o7 ,)
i}g R =0.0005+1.3596R_, —0.7449R , +&, —1.4973¢,_, +0.7925¢, ,
i
ARMA(2,2)- - In(?) =-0.1775+0.7280 % ~0.4974 272
EGARCH(2,1) Iz 1 .
77%35 gt:i 2
-0.0721--+0.9640In (o7, )
Oy
i R =0.0005-0.3984R _, —0.3739R_, —0.9309R , + &,
Tt +0.2841s, , +0.3484¢, , +0.94545,_, —0.1069s, ,
el
ARMA(3,4)- P &
i In(o?)=—0.1895+0.5312| <L - 0.2374 |-
EGARCH(2,1) S (o) o -
IitE
+0.04175= 40, 9653In (o7, )
O-'l i
il R, =-0.0004+0.8051+0.0458R,, +0.3044R _, —0.2221R ,
TiteE +¢&, —0.9890¢, ,
R
ARMA(4,1)- . In(c?) = 0.8792 +0.6650 “11+0.1631 “2-
EGARCH(2,1) Ji¥% oL mz
IitE
+(3.7637e - 03) 2=+ 0.8527In( 7, )
Gt i
@E R =0.0001+ & —0.8380¢, ,
% 77 +
ARMA(0,1)- ,
EGARCH(L,1) 77?; In(07) = ~0.1771+2.0614[°1| +1.3073 1. 0.8836In o7, )
JikE Oy Oy

B EEERATUUE Y, BEANB AR AE AR P 2, OV B B A y i THE S A D8 0. EEZR.
FigRRATIARR T y <0, REIF B2 S CE RS, AT RN, BRECH A% T ok ARk —
M B BRI BE K, AT & RS A R . A EBH IR ) y (0 EUE) R K, 2 1.3073,
XA R R SR AL Sy T 370K B 2 (e SRR HEIBORL B2 7 (1 A B
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4.7. BT HERNE VaR HBRECE 17 XUBG (E N B & 534

44 Fik ARMA-EGARCH BRI Al 45 5, THE & 28 5 Bt 28 5 i B0 5 %6 /7 41 VaR i
0 R, BAS K508 99%F1 95%. Z5 KW N4 8 Fian. H VaR K& Xl 14, 7E 95%
MEEAKFETR, dEmmUiss VaR [ERbrdEZ 5K, v 0.674574, XEMETES 5 AN AL 5 kA
W R F PR BN IR B B N 3 . AHLEZ R, ) ARBRI ICEE 2 VaR E bRt 2 &, 4 0.013386,
YLEH T AE 95% BEAS KT, T AR o 28400 R Bl B T Fa . XS )\ KA 5 BT i) VaR fE 115>
MrAnfem 2 3, s, NN NG, $1R4E T — @B LT I458 5 K ik 75 T A
MmBE.

Table 8. Descriptive statistics of daily VVaR calculation results of each exchange

#* 8 BEXHEA VaR Bt EEREAR M ST

Lo BEAKT B/MA SN iz %4 VaR ¥ VaR IpifizE  HAE

99% 0.0673 0.2587 0.1460 0.1336 0.0418 1315
bt

95% 0.5164 3.0240 1.3074 1.4134 0.6746 1315

99% 0.0378 1.6759 0.7399 0.7512 0.4029 527
HIR

95% 0.0262 1.2047 0.5302 0.5366 0.2910 527

99% 0.0032 0.1799 0.1457 0.1413 0.0185 1993
IR

95% 0.0019 0.1275 0.1030 0.0997 0.0134 1993

99% 0.0629 0.2595 0.0878 0.0915 0.0211 2091
A

95% 0.0442 0.1993 0.0622 0.0649 0.0153 2091

99% 0.0023 0.3005 0.2264 0.2072 0.0586 1378
Lifg

95% 0.0009 0.2133 0.1605 0.1469 0.0415 1378

99% 0.0798 0.2868 0.1614 0.1844 0.0500 1026
|
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Figure 4. VaR value trend chart
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