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Abstract

This study examines the cumulative log returns of China Emission Allowances (CEA) in China’s na-
tional carbon market and conducts conditional quantile forecasting for 5- and 20-trading-day hori-
zons under a strict out-of-sample framework. Nominal 90% prediction intervals are constructed
using the 0.05 and 0.95 conditional quantiles. To accommodate horizon-specific information needs,
this study first constructs a horizon-specific quantile forecasting structure as the core forecasting
layer: same-quantile forecasts from S, SL and SLM are equally weighted for the 5-day horizon,
whereas a threshold-based volatility-state gating rule is used for the 20-day horizon. On this basis,
Sequential CQR is employed as a post-calibration tool to adjust the raw prediction intervals using
previously realized forecast errors. Relative to the benchmark method (Scer) under the same Se-
quential CQR calibration rule, the proposed horizon-specific forecasting structure reduces Mean
Pinball Loss by approximately 2.13% and 7.00% for the 5-day and 20-day horizons, respectively,
and the corresponding average loss differentials are statistically significant under multiple robust-
ness checks. Before calibration, the interval coverage rates are 80.79% and 65.79%; after Sequen-
tial CQR calibration, they increase to 89.27% and 88.55%, respectively, approaching the nominal
90% coverage level. Further analysis shows that the method’s forecasting advantage weakens in the
later evaluation subsample covering 2025~2026 and is no longer statistically significant. These
findings indicate that the horizon-specific differentiated forecasting structure is the primary source
of improved multi-horizon quantile forecasting accuracy, whereas Sequential CQR is mainly used to
improve the coverage reliability of the raw prediction intervals.
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Table 1. Sample and experimental design

%= 1. ARSI

TR A5 IT 9 B HASBREAS CQR "I FFAH Ja B AR
5 2023-01-03 799 755 315

20 2023-01-03 784 725 300

VE: TS 05 0.05/0.50/0.95; 4 20 NTINAZ 5 HE LA Sequential CQR K JJ1 SEFEAEY 40,
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Figure 1. Time series of national CEA closing prices
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Table 2. Definitions of models, information sets, and regularization parameters

F 2. RASEEEENXRENKSY

h=5a h=20a

BB X ZRY (q05/g50/9%)  (q05/q50/g95) “OR
S 13 /I\Ejﬂaigi% 2;%‘;3%@2% 13 0.01/0.0001/0.001  0.1/0.0001/0 75
- S ﬂli%g%gwm 23 0.01/0.1001  0.10.1/0.01 7
SLM SL “%E éo’g\fjfa%i;% EUA 33 0.1/0.1/0.1 0.1/0.1/0.01 5
Scor A Scagsoég,qzss(ﬁi;g;mial 13 0.01/0.0001/0.001 0.1/0.0001/0 £
A AR S, SL. SLM Z=A RAW FijllfE Yo 1% ] 520 i A 7 S S
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s Scor HAH M2 _CQR R Sequential CQR BIAERIIN, {H 53 Sl K445 - 11 JE 4 F0000 X[ £y JF B2 Tt 6 22
THERGHERL . b =20 BPIRZS T2 BB AEFEA SN T UG HTARE 7 52 voloo HH L H0— KPR E FFIRES, PRI ASE 3T
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voly, > c ik #% SL, HIiEHE S R —
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0. (u):max{ru,(r—l)u}, (4)

Hrh, wu=y-0r.
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T = B 32 36 TR0 A 25 B A A 2 7 BT 4544
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EiT
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k,=[(n,+1)x0.90], (11)

Hep, [FoR ERCE.
BT JR 08 b, AR BRI TS X TR B S -

g, =max{0,5, | (12)

M EIRAEE, KRR AR UE . CQR R VR ORFFERY IR AR IXF], AT B X (A .
Zexd B NG, T X E] B S ) D

S
U,cor =Ub T, » (13)
TR
Lt,CQR = L,‘raw —(}t . (14)
PRI, I 1 T X 6y
Crcon = Licor-Urcar |- (15)

fath, AU 0.05 F10.95 3 Ar Fons B 1) T X (B3 SR dEAT R vE ,  TIAN I %E 0.50 43 H w25
Ho X—AFRRELREE T 0.50 F3 AL BN S5 A4 o0 AT O A B HEIA ,  SCRERE R 7 S T i 22 0t S
X (R AT B A A I

TEUAMIZ, A Sequential CQR TE I [A][F FIFEASNASE T K7 ST R HE T8, FEHE
FLSEBRE e R, A I 3 TRAEAELE IS [ 2% A7) B 2 A e AR T I BRAFE AR 78 5 ORAIE

2.4. AR IERRS SRR

ATV AN [R) FIN J7 45 BOREA SR I, AR SR A3 R IO 2 Tt DX TRD AR P X[ 430 52
Gt B A A E#ATEE R . KA Pinball Loss #1 Mean Pinball Loss A4 22520 A2 BTG B, Rl SR
F 78 75 Z2(Coverage) VAN T [X [8] PRI HHERE B2, K P 241X [R] 58 52 (Interval Width) WEAT X AIBEEE, I H
Interval Score %74 i & P [X 18] ) 5 B SR A i 2k o R BSKF Newey-West Fa {4355 10]+ Circular Block
Bootstrap [11]. Stationary Bootstrap [12]LA 5% Holm £ B AGIGAR IE[ 13 S MMM R I ZE RIS 5 .

B, T o, RAF(4)FTE X1 Pinball Loss i & 5% 140 AL AR %, $22k /N o
I3 L IR R 2 A

% T [ B 0.05. 0.50 Fil 0.95 =AM, 35K Mean Pinball Loss (MPL)VEH =441 43
PEBH BAR TN R I . 5T F TN BT & ¢, Mean Pinball Loss B =347 & i) Pinball Loss T2 -1,
HEEFEARIMEAR TR N

MPL =1 13, (v-0., )} (16)

3 €{0.05,0.50,0.95 {" =1
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Horp, 7 H00.05. 0.50 #10.95, n &Ko A BEEASNTN R . MPL B, oA R I 2 2% AR 70 Al 5
A PRI TR FEE R
HIR, K78 352 Coverage i & 0 X [A] (IR HERE RE o ¥ L, AU, 43 A 227 OIS R0 ¢ 568 I PR F000 X
B NI ESY,  y, NSRRIk ETE, T Coverage & XA :
Coverage = lil(Lt <y <U,), (17)
n

t=1

Forbr, 1(-) NoRTER#L. Coverage BRFEIT 0.90, X [AIRSHERE B .
TEVPA Coverage MTRIA, A SR ~F 34 [X 8] 6 & (Interval Width) & Fl X (B 8, Hoe SCN:

Width=13"(U, - 1,). (18)
n =

fE Coverage FHITHF, Width /N2 7 X [6] B i ek v o
RERE T R TIIN [X 18] 98 B2 S5 IR G 0L, AL — D15 90% 00 [X [A] % B2/ Interval Score 17K
18,10 =(U=L)+20(L=y)I(y < L)+20(y-U)I(y>U). (19)

(7 e A5 577 DX 1A) 5 AR 72, BRI RATE

FEARSC T S ETTE R H AT, SRIZS AR Sequential CQR RAERE T S 15 AR Scor E N
AT EEREAE, JRR IR TT % _CQR 5 Scor TEAR FIFEASMEAN I MR =AN0AL i AH IR CQR AL HERL I
DA AH [F) S ARA HERE A R R EAT LU 70 WP J77%:_CQR 55 Scor 73 I3 T H S AR LB HEX 8] (4 7 52 i
MR ZVFAHER ¢, UL B R AR RN, (B B AR AE AN ZSR AR -

X FAE— BBRAR IR, A SCITVERNS T 2R 77 32 48 2k 50 5 8 SO

LSS, ,iine — LOSS

Improvement = candidate 1 ()% , (20)

Lossbaseline

Hrr, Loss,, e 75 Scor AN IR,  Loss,, e 28 77 BABR 7775 _CQR XJ 8L Fill 453 2K« 4
Improvement > 0 B, IR A S ¥ [ TIN5 SR AR T J ok 7 2%
ik — VPN AR ST 5 B 2 TR (R PO P 2 22 e, 78 SCTRUIIINS 0 2 FR A3 2R 220
d, = Loss —LoSS qetine. - (21)

candidate,?
B, 2d (1) <0, FARARSITIEAERS R f B PG AR T FEHETTVE o A SR X I8 R Z AT

RS, AR BE N
H,:E(d)>0, (22)

H, :E(d)<0. (23)

B, KM Newey-West 5 /5 72 5 B AR KRBT il T R Z2 e S BME AR ER, IF{3 H] Bartlett AL
H, KR RN 20 NSRS

d
T, =TT
T IRV

b, d FoRREATEARRE, LRV, 5 Newey-West 774 HH 0K 7 2 . 38 T4 0 Rt 5 A
B p AE, VASISA SO 1502 15 B A 2 AR~ 35 F 451 2%
[ Newey-West fafgt 4k 4h, #t—25 K Circular Block Bootstrap £l Stationary Bootstrap X} 3= % il

(24)
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T2k EEECHAT A AR B . 32 B 1) Bootstrap ar e FH T IR BN AT 2025~2026 J& BOFATFEA Mean
Pinball Loss, Z¥0%k#H BN L Bootstrap. H:A1, Circular Block Bootstrap [iil £ Ht K4 20, Stationary
Bootstrap “FHK Ty 20, HEMAE Ty 120, PIFTIEEIEE 5000 K.

FEBIASCER 5 5 QA 20 HPATNIRR, EE—FEAR. B —1F e E — kT,
O 5 HAT20 H PSRN HIR # p E4% Holm J5¥EKLIE(m =2); Coverage 5 0.90 f 7 7K IS i — HilAG:

%
3. SCEE RS9
3.1. BTG R

% 3 LEB R 2 7EAH Rl Sequential CQR BRI T, 4 #AFR 70 7575 5 Scor E#E AT Mean Pinball Loss,
A] SH A 2 A 56 0 H PR o000 &5 ) A 5 B FE AR SRR EL, 17 4F Sequential CQR B #ETTHR . W7 3.

Table 3. Quantile forecasting results for the full rolling sample

3. EREFARTNHFNER

TR HIFR RS WA CQR MPL Scor MPL MPL {EX
h=5 755 0.007560 0.007724 2.1292%
h=20 725 0.018782 0.020196 7.0009%

W R = (Scor — S IR A% CQR)/Scar x 100%, IE{HFARAS /%] Mean Pinball Loss fi& T~ 3% #E .

MEARTIAR R 5, PIA U AR N AR S 77 ¥4 %) Mean Pinball Loss 3K F Scoro X1 5 H il
IR J77% CQR ) MPL A 0.007560, fi%F Scor [ 0.007724, #5159 FFE2) 2.13%; %FF 20 H i, MPL
HH 0.020196 TFE% 0.018782, FFMRZIN 7.00%. MAHX G ZE, 20 H B4 2 oS iR B T 5 H i
b

IR 2.13%F1 7.00% 1) B 51K H 2 IR 7772 CQR 5 Scor Z [BIFESE—BEUESAF T HLEE, AT 24
FEFRFT 5 HERAEE 20 FURAS T R 2 A TIN5 . Sequential CQR I RIIFE F —11
it RAW 5 CQR [X[8]f#] Coverage. Width £l Interval Score 25 {k, Ffl % %% ,

3.2. FiMIX[E]5 Sequential CQR BIfELE R

5 B4 WIBR777%_CQR 1 Scor AN LEIANE],  ASHTE R — I 4544 T ok LR HERT ) RAW X
(Al S5RHE/R ) CQR XIH], M55 B 3L R HERT /5 TN X R A2 4 . 32 4 il 17 S T S R T 1
Coverage. “F-¥3J[X [A] %& FE F Interval Score. HAREGE R ILF 4,

Table 4. Prediction interval performance before and after sequential CQR calibration
< 4. Sequential CQR BOERTFHITUNX B I

FIHAMR RAW Coverage CQR Coverage RAW Width CQR Width RAW Interval Score CQR Interval Score

h=5 80.7947% 89.2715% 0.098225  0.134160 0.194259 0.181142
h=20 65.7931% 88.5517% 0.191903  0.334761 0.574219 0.447245

7E: RAW ERARL Sequential CQR ALHAEMITHMIX (8], CQR F7~FKH] Sequential CQR Wk i (I FRM X 18], 4% X%

FH 90%.

WEHRHERE, RERMER RAW T X R BAEEA F R ) R B /. 5 H I RAW Coverage A
80.7947%, 1T 90%M14% X w5 /KF; 43t Sequential CQR K Ji5, Coverage H&7m & 89.2715%, Wiy
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2) 8.48 NN 4. 20 H Y M JFE 4G R E 5 M ™ 8, RAW Coverage {{H 65.7931%; K f5iem 4
88.5517%, HIINT %) 22.76 NE I £l K UG IRR, AT~ RAW XA Coverage 35\
FET 90% 4 LK, 1T Sequential CQR 2 /5 1) Coverage 5 90%Z [BISIANFER 2R, Hb h=
5 AT h =20 XU p {E 4374 0.5044 A1 0.1935, % L, Sequential CQR B IE 535 1 J5L 4k T X [ () /R 7
i ), A SR 2 G BT TR ) 90% 7K P

100%

80.79%

80%
65.79%

60% 1

40% -

20% A

0%

h=5 h=20

—— BMNEEZI0% [ RAW (BT I CQR (=)

Figure 2. Prediction interval coverage before and after sequential CQR calibration
[ 2. Sequential CQR #AERTfE BTN X (8] 78 2E LR

MIEL 2 BT, Coverage M et £ bifl 25 TR0 X [F) 56 B A3 o 5 Y00 () ~F- $37 [X ] %2 7% £ 0.098225 4™
K2 0.134160; 20 HFMNI 1 0.191903 K= 0.334761. BT RUEEBIRHI NAES, Sequential CQR 1X
PREF S 5K JF 46 T X (8], PR bt DX [ 5 P2 386 n 5 LA HE ML — 3. 4805 T RAW K78 5 f2 FE = 1 20
H 0, A S i DX ) 5 i B 58 K

M Interval Score % %¢ Coverage 5 [X [H] % FE 2 [B] I 2R AT . 5 H 150 () Interval Score HH 0.194259 '~
R %5 0.181142,20 HFIIN H 0.574219 R &2 0.447245. /X% Sequential CQR #™ K 7 Filil| [X a], {H Interval
Score TEH /TN IR T ¥ RHUE T B, 3 Uk BA RGN 0% DX 18] B8 B A — 8 FR A b R e 78 450 % R 980D B f M
DAL, CQR AR FH R AR T SR T DX [, 1 2 ARG — e X IR0 P 17 40 T o508 e X V) ) 78 2 A 1
T

HBE—20 B D5 % - BB KA, Sequential CQR 7E AN Tl A PR " ¥573@ ik 7 K [X 1] 460 B v Fr) 7
sl g, (XA A FIIR EAEAE I 22 5. 5 H T Coverage Hi 80.7947%H 1 & 89.2715%,
BINZ) 8.48 ANF 4y 5, [AIIFE X 6] %6 B i1 0.098225 W94 0.134160, FIXTHEINZ) 36.58%; 20 H il 1)
Coverage H 65.793 1% 51 25 88.5517%, ¥4 % 22.76 A E 43 ssi, 10732 X 18] 58 £ FH 0.191903 3442 0.334761,
FHXTIE N2 74.44%.

RE XA T R %, Interval Score £ 5 HA 20 HFM R 43 %I 0.194259 [#2% 0.181142. H
0.574219 [#% 2 0.447245, X FFEL) 6.75%M1 22.11%, 15 IR 451 5% A9/ 70 $0 8T REAE M350 43 [X 1)
FokmiA. #—0 1R EERR RN, YR T Interval Score B34 Holm % 1EJ5 ) Newey—West [] p
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{E¥IN 0.1069, MARIER] 5%HIEZE KT .
33. BEMSEEMSH

Rt LY BIAR Boe 5 B A R AR e M, B G SR FE AT 245 2 I W A AL A 55
PR 4 A 2025~2026 Jo BEEENAEAS LK Z2 i R] 4 R AR 38 34T A0 AT o

B HEE 2025~2026 J5 BAFMFEAS . SFEARJE T SN HIR G BC T REAS, AR TR &
RN, DA 2 ZH T 7 L AR G BUR B RE4ERr . HARGE R ILE 5,

Table 5. Stability results for the 2025~2026 late evaluation sample
= 5.2025~2026 [EERFRE M LER

TR R 5 MR % 4 #IFR5: CQR MPL Scor MPL MPL 2 Holm-NW p 18 43 #iR 5% CQR Coverage

h=5 315 0.007972 0.007870 —1.2886% 0.7901 89.2063%
h=20 300 0.019964 0.020267  1.4939% 0.5711 90.6667%
H: BERNIERR DI I CQR [ Mean Pinball Loss {6 Scors 2025~2026 AJ5 Bk e MEREA, AR FHloL
7R\
— h=5, 120835EI9E HE IVFOSMBSERIE(T
000024 EEBRIS ///\/f/\/\ /J\TN
A
0.0000 N
w
i) -0.0002
5
&
-0.0004
-0.0006 -
-0.0008 - H
202_‘%~O9 202;1‘01 202;1-05 202;1-09 202;3-01 202!3-05 202|5»09 202&5-01 2026—05
—— h=20, 12083AEHSME S NTFORTR RS,
0.000 + <oooee BERTIS I/\_IL/_/—\
-0.001 4
iy
&
0% -0.002 1
=
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Figure 3. Rolling mean loss differential between the proposed method and the benchmark

3. AN ESREERBRREFHIREE

MG BREARRINAE, A5 A PR T &85 9 7 79 /> Tt TR T 35 oK 4k 82 AL o B 3 1)~ 340 Tl e 35
h =5 [f] Mean Pinball Loss ¥ 0.007972, =T Scor 1 0.007870, XI55 2 4-1.2886%, RIASLHETE
ZI B L) 1.29% 1 50E %4k, Holm #Z1E )5 ) Newey-West p 154 0.7901. /=20 [{] Mean Pinball Loss
HH2E7E M) 0.020267 T F£42 0.019964, M54 1.49%, {H Holm-NW p {H5 0.5711, [FFERIEE] 5%I1) 0%
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MoK ZEE, SRIRENEARMEL, ASCTTVERRE B AAE 5 BOREA W 2055, Ui B 70 1 R 00 5 4y
IO BA — % B BOHOm I «

Rt — 2 SRR ST AR TR SR B A S (B 284k, 15 3 25 120 BHIRBNFIMik 22 . k225 IR
@21). Hrb, SFUEFRIRASCTE R TRNAR R B 2B T b i )24k, AR R S i 4%
AR o

X}-F Mean Pinball Loss, 7 =35 [] Newey-West. Circular Block Bootstrap 1 Stationary Bootstrap 2 Holm
RIE S5 1 p 155379124 0.0377.0.0380 1 0.0402, FAK T 0.05; 7 =20 XJ B 1) Holm £ 1E p {E 5331 4 0.000856 -
0.0012 £110.0064, [FIFEIMLT 0.05. =Fidei i EA 2] BLhe, BIE 2023~2026 £RSIVENFEAH,
ASCTTIFEFANT T Scor A 22 ALK 3 AL 8 Ha 2k . BARSE I W 6.

Table 6. Robust significance tests for Mean Pinball Loss
%= 6. Mean Pinball Loss FUf2 2 B E M INLESR

FEA FNHIER NW Holm p{d  Circular Holm p /8  Stationary Holm p f  5%/K-FHI W7
4VRE 2023~2026 h=5 0.037681 0.0380 0.0402 e
A¥EE) 2023~2026 h=20 0.000856 0.0012 0.0064 v

2025~2026 J5 BREA h=5 0.790147 0.7870 0.8174 NTES
2025~2026 JEBeFEA  h=20 0.571143 0.5468 0.5120 TS

T WRZEE XN d, = LoSS ggiguer — LOSSypgetne, » AL B HIGEK:;  Circular Block Bootstrap 5 Stationary Bootstrap
WHEHE 5000 Ko £ p EBINER—FAY F— PP e M E — 07575 T, 0 A =5 F1 h =20 PTG 1 ERE
17 Holm 2 IEJG &5 R .

L Mean Pinball Loss fHEL, Fillll X (] 25 & R IM G HIESRA X5 ERRAFEAR T, ARILT7IEAH
XFF Scor 1 90% Interval Score 7E h = 5 Fll h = 20 FYERIUNBENE, H Newey-West 464 Holm £
1EJE ) p {374 0.1069, KRAEEIEF] 5% K% & K. L, Interval Score 45 MR NEUE FIIEGE,
MABER IR NG B

ik, ARSCTI SR REAR VPO LB A I T 35, (XA I AL T A W B R AS E . A
M, FEAAMERL LG BE T B 52 A P38 R B, N (R I i  AS [RIB B R 1 38 Gl B P 4 45
AN AR G ) TRIIAR #5

4. g

ASCLAE 4 E iR 1T CEA Wi AR AN R, EF=HFEARSMELZE FIF/E 5 HA 20 H 46470 A1 2
T, FEFIH 0.05 F10.95 437 Fka) & 44 S 90% Wi [X (8], 3 — 25 K H Sequential CQR X J5 45 [X [8] 47 5))
AR

AL RIS AR BIAE 43 HIIBR 22 5340 TN 45 44 RO RE AR ARG B e . 7ER I AHIR] Sequential CQR
RHERIN (264, o0 BHPR TN 77 VA AE AR BhAEAS 1 ) Mean Pinball Loss 7E 5 HA! 20 H T 7755
S_CQR F:HENEL) 2.13%F1 7.00%, H 2 Fifaf@ia e ) R X Fi-F i R A B A Gk B3 M X R H,
ANTEI TR PR R 22 S0 f5 B s B — 2 B BN 8, Jerh 20 H FIIRHE B850 B R I BT B R
U

Sequential CQR WU == 2 & 4% [X. [A] o] S PEASHEVE F - ARG HER S H A1 20 H S0 DX 18] 4775 B & R 5
HE G Coverage 73 AR 45 89.27%H1 88.55%, 2 90%M 4 L i /KF; SULFIRF, ~F¥X I8 % 5 A0
LI, 2B o n] SRR G LR 2 BUEE R R N AR A . BARTMARR R Interval Score ¥R I AHUE 2
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B, (AR R PR IG 1 AN A2 DAVE FLERE X MR DA AE SE i B 25 0035 . AL, Sequential CQR 3 EE fiff
SRTHE i w] SEVE S RHE TR, WO ARA S o Bt i 1 2 R

JEBREARZE SRR, ARSI VRTE 2025~2026 SERI T 300 Bk 55, HoARZ SR I B2 oL .

REWRE SRR T BT P A GE TR P AMEZ A T B RRBEFURT AL DR FF ™ R AR AR S BT
RPN, 20 BN R 1) e 51 X TRD A v AL A 6 78 i 35 B 2 RV 22 57
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