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Abstract: The pyrolysis—gasification process has emerged as a cutting-edge technology for sludge

treatment and disposal because of its resource-recovery potential and high efficiency. However, the
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emissions of harmful gases such as SO, during operation limit the widespread adoption of this
technology. Achieving accurate emission prediction and optimizing process parameters to improve both
economic and environmental performance are therefore crucial. In this study, we used a high-resolution
industrial dataset of 106 variables and 64,801 minute-level records collected continuously over a 45-day
operational period at a full-scale plant. We developed a comprehensive time-series prediction
framework that integrates historical process records with future operating conditions. The predictive
performance of representative algorithms—including XGBoost, CatBoost, NLinear, and the Temporal
Fusion Transformer (TFT)—was systematically evaluated and validated. Experimental results show that
the proposed multi-source time-series prediction framework, which accounts for process dynamics and
lag effects, is essential for modeling complex industrial gasification processes. Among the tested
models, CatBoost performed best, achieving a mean absolute error (MAE) of 269.17 and a coefficient
of determination (Rz) of 76.53%. To assess the reliability of these results for production guidance, we
compared the framework with a traditional non-temporal cross-sectional baseline model. The baseline
attained an R* of 22.51% and an MAE of 542.20. Thus, the proposed framework improved the R by
54.02 percentage points and reduced the MAE by 50.36%, indicating that traditional models fail to
capture critical temporal correlations and the delayed response of pollutant generation to control inputs.
In contrast, the proposed framework effectively leverages historical inertia and future setpoints to
provide robust, actionable insights for industrial regulation. By combining interpretability tools such as
SHAP and ALE with process knowledge, we identified the complex nonlinear factors affecting SO,
concentration fluctuations. The interpretability analysis reveals a high sensitivity of emissions to
temperature gradients, suggesting that coordinated control of the gasification and combustion stages is
key to emission suppression. Specifically, the results indicate that optimizing steam pressure to
approximately 0.28 — 0.30 MPa, gasifier outlet temperature to about 100 — 160 °C, and combustion
furnace temperature to about 800 — 900 °C can maximize resource recovery while effectively reducing
SO, emissions. In conclusion, by integrating process mechanisms with advanced data-driven analysis,
this study achieves precise emission prediction and operational optimization for sludge gasification and
provides a generalizable methodology for intelligent modeling of other dynamic industrial systems.
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0 5 B

B T 1 4l L A A R A A 5 ¥ 7K Ak 335 it
BRI e, SRS K AL BEAE 11 B 280 2 12 m'/d,
PR ABR 7, B IG5 R AT = 1 (4% 80% &5
KR T 6000 7 m' FEILTE R, 157k
A S A HE A R LA R AR S IR R I, K
hy— i HLAT S pe T =0

15 Ve R A TR VS S 2 2% 1 P B Ak 2 I
N o V5 U 7 it S B TG SR 2R E T B A AR A
CO. H,. CH, A &, & H,S. AA/EM . KES
SRR BT R B, RN AE TG ML I 2 g7
AP A AT AR R A S AR, T
DX AR P 2 B2, T S BRE B A [T i )

5t )7 XA L, 15 e i AL (B A B = i
AL PR, I Rk SRS U8 AT FE R A X IR K
TR e, Yk ke i v ) e & AR R DA B &
JRAE R, B PR IS TR A IR R AR AR
1M, % T ATEs T ™A1 SO, A F UK, LUK
2 HIT 5 38 R FH B R v 9 BEAR 2 IT 75 9 e A AR,
JSN 2% AR B B R R R, R
TREFUI  ASCHERIC . TR0 G55 ) 2 80 S BRI it
Ak, JEPR TR AR LT 5 BB R 45 H% L o

AR, ML 20 LR K A AR 2t L5 g
J7, 78 Tl ik i A2 5 il ) 451k Jre 2R 1
Fos U TG KA R MR B 4 5 5,
XGBoost, 1 £ [ £ S5 455 18U 2 94 8 D) g FH T 6

SR



- 104 - (LR N T T

5540 B4 2 4]

SR, 3875 e gk Ak B4 HE TS 7F 5247
WM. 5, BALE RCERT AN R . 2R
FEALIE T /D R BE L A A TR DA TOUI0 G 2, Bk
Z ARG gy (AN SO, ) AR AL H FY) 28 SRR RS
L5 e P b v, S BOHE LA R ] P 5312 e 1 5 %)
25 PR P AR LR PR AE Y, ok, i Ak R
— AR B B S R, WPRES SN T ) Sh AR
PR 5 28 HETA A S A7 AR 20000 B 2+ Lo B i s
JERUNE o SR, SATASE RRUAE 28 22 56 T i 25 A0 T
Y, ZAL T IR rh OC B Y B SRR S R RO,
BOBRICTE R B e R OC &, e LS8l S 5t
TR TR T R A, BT R R Y
SR PHAT T TN o = R R (A R
AR TR IG5 11 25 Sy ] T s LA % e 4] % T
SR R, DT HE LU ARy T2 U {5 6t
[ FELRISINT S S5 TR

N T BRI, AP T — AR
Dy s A 55 ROk T UL AR B A IR P BAESE . %A
IR SB AR BT — Bl BB Rl Rl by sz Ay
TSP A A TR A Bt AR Ak BLIL S A
TUAALRE S 7 > Dy st PR 2 X6k AR A HR M 9 42 22 32
M, i B AR T A8 R A TS A R R R . A
BB g A ALHE D) SR S HE A B i T LS
e, D e LA AR R AN T2 S
SOMBPRLBOI L, B i o AR R 5 R SHR O B
JIT ey At ) P P R DA T AR 1 e, T i AN TR
e 05 E ORI R, B TEA RUE
PEIR THEC ) iy e O 5 B AR AR

FE LBl T, A58 ARS8 X 35 7K b BT
OB G As AT R g S, A Rl D S R R
K T LR IR Py EMAE LR, 28 GEX He 22 Rl o7 )
BEAIXF SO, HFMAY T PERE . 1 — 20 i, d i 25
A R AT 7 %, PRI SO, HERHk B 5%
T ZSH B n AR LR, sl b
BRTAE, B 4878 5 Ve R A f2 T o0 3R <
HEMCR AR LA 5 5 B2 R, O R P ] S T
SR AP SR, WS B SHE L R/
e, $ETH5 eI AL BOR B 22 T rT A7 1 5 3R 05
P8 Sgé

1 BEKARTE

1.1 HIERIER AL R
TA] B A8 FR P T X5 K AR BT Ay [ N 1 A SR
SRR AR D) T g b S T, FFA AR

F124 36.5 Jy Wi, 0] i 40 4B N T 2 50% 1 T LTS
. &GRS T L LI TR, 5 iRTE
Horp i 4R sk BR A 1 T & AR I AR BN, B
FEAL R LA B S A 2A M R 1 TE ML s,
U] ELEAE S SR SR IR AL R . B
LA A S ARG, A s S H e 4
WRBE, WAL= BB RO B IR AR AR AARE . R R
RS IE AR IR R G, T 7 A 28R DA R A
SR, WA SR REE R E
o A AR A A8 2 BR ORI, B SR FH PR 25
(SNCR) #FA47 BE B M A A fb i it UG BR &AL AE
Yy, et ALBRIE IT DUSHE T HEH

AP WCEE T %) 1€ 2025 45 5 H 2 H 08:00
%2025 4F 6 A 16 H 08:00 1] it 43 4th 4% 43 He %
BT, 3L 64 801 Zkic ik, Hdis 7 75 M A /0 Al
TG Z AT SCHE T B, RS B A il
B, MASERA A ARG . SR 106 4~
B HIB AT 5 YR & (ki KWL R | )2
WL TR 2RV SRR T4, R
W T R SO, e . SIEG I s B AH Lk, A
AIF T A8 19 4 20 B 1) 3 9 R 5 B0, BE IS T L
S H R A Hh s T 8 A A ot AR 1 Bl AR E
R O o AR R T, B R Tl I 1 Ik
MR AT B R RE T BRI AR E S
BT, AR —HHAT T U F AR

(DANT A& HLIX ] 3T T A%
T, WOE T AR A B S (AR A
TR I AR5, B8 G B A 5L
fHFRIE R -

(2) SR AR S5 A0 T SR W sh i D gEit 7
Bio BARDER: 1o, R o HEH R 30 min;
HWR, FEREA T O AR U545 5000 A B SR 38
(B PO AR 2 B, A R E S S
LB i 22 M A 3 FrbmvfE 22, WK HB 2l
1B e, XRS5 8, R MR (8 7 vk
T LA, A5 SR A T AR T A e R, W L
BT A

52 R IR B VE R , 6 TR A BcdE AT s 1]
NS 55 . LA AMER A SAREAL AR B, AR
RN Zrifase vk
1.2 BEiRiEsE

AR T 4248 % 2 BEARL, L FE
XGBoost. CatBoost, NLinear &% TFT., H 1,
XGBoost il CatBoost 2J & T #f B 2 F| ot 3K #



WO

FilEy g S A S ROk T B35 PR R AR AR sh A T

- 105 -

(GBDT)HEZY, & —FE I ZR 85 —FR CART [al
DI T Y A0 2R 0 SRR B, 0 BT A R ) g S
BCEIMPLBE AL BRI SRR 22 . HEBEET 2 R
Jirt R i S A R A 22 i Ak [A] i AE etk 5 A2 B
KFR, X RAS A T B B R i fa gt 5T
fifR B . NLinear X 45/ B [8] 7 11 N 4548 & 19 J7
HEEN o AR HEAL, 7 IRl L e R )=
SEM AL, ARSI T L DR Ak, AT AR
it ) HAR e W2 24, A Bl T4 i AR L AR
RUAT R 8 25 . TFT WSS & 1K 81012 W 4%
(LSTM) (B} J37 882452 fi 71 55 Transformer 33 & 7]
BL, AR H REAH 42 R S8 s A A K a3,
Jfl AR R BRI K AE 2 AR i, 2220 T rp 5 1
DCHHEI 21 5 SRR AR, T ELIZ A 454 R AR Sy
“CHIARDERMGIA, EH T RN ZE
i 2L T St ORARAR SRIORS B A AT LG PE,
4 PSR (el AR [R] FR) 5 A RRAE F500 , - Bsf [i) 0t
T 01 2 B ER DR B R A IR AR L RS
Fn A, DLk g I 5o A0 1k 2ok 7R b 45 S
# . A MBS SRS FR AL, WA A
T &

AR RS R LRHRFIESRE

R MR A A B T R A HE R A
e 5 W) ) 8 R4 A R 18 {48 T F000 A
AR SCHY T Rl A D7 s AR Aok T BB
FERHELY . SRAEEMIRG M 1 min, 764T 2 00 B 21 ¢,
7 S S 11 L=12( Bl —12~¢~1), B 11 H=12
(B t~e+11), Gnl&l 1 B, AR 0 ARRAE 3 7>
B S B G (1) TS —12~0-1 B Z RS
(1) SO, W BE 515 (2) -12~—1 B H7 S0 k4% hn &
M T ZSHU075), WG TRRE (m) | ARk Tk
& E (k) . ZERM & (kgh) o ST E S
(kPa) . #KUP VA S S (kPa) | A3 I R i
B (m’/h) SRR KB R (Nm¥/h) | H R
JECC) IEJZEIECC) BB iR EE(C) L E
K AMLRE (kPa) | R AER Y28 KA KT (Pa) . B
PEZRIE S1(Pa) | A 4SBRA 85| KM R (Hz) . %
BEAR R (Hz) . B K i (m’/h) L B4
KBS (Hz) o W35 A7 (mm) 555 (3) Kok
t~t+11 B 2 7E 453 R g0 rp 2 BRI B P R N =
WRSHBEE.

1.3

_______________ i @i}ﬂﬂﬁt
R 7 [P 7 T P (P (P [ )
TS LY 7 I I Y
i ________________ ?;ﬁ ;)ﬂiﬂgt:l 777777777 l
SO I 7 P (2 e P e
SO o . S 0 ) B P
! Bl (]
SRy I N I A NN I ) I [
v [ [ [ [ o [ [ [ o e e o [ [
IR S RIS sy ;(7);;{5;%; o

4 )

1
J

B 1 maHESRETIRREFEZEER

Fig. 1 Temporal modeling framework integrating historical and future operating conditions
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Fig. 3 Parity plots of predicted versus actual values for various models
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