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Optimization of operation strategy for single-tower double-loop desulfurization
system based on improved NSGA-I1 algorithm

ZHAO Zheng?, JIANG Guiwen?, TANG Xinyu?, HE Peng?
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Abstract: [Objective] Driven by stringent environmental regulations, coal-fired power plants urgently require
highly efficient and intelligent emission control technologies. The widely utilized single-tower dual-loop wet flue
gas desulfurization (WFGD) system often faces significant challenges during practical operation, notably severe
fluctuations in outlet sulfur dioxide (SO2) emissions and high operational desulfurization costs. These issues
primarily stem from the system’s complex nonlinear dynamics, large inertia, and time-delay characteristics. To
address these operational bottlenecks, this study proposes a novel hybrid optimization strategy integrating an
advanced deep-learning prediction model with a multi-objective optimization algorithm. The primary goal is to
achieve a win-win operational paradigm, ensuring strict environmental compliance while simultaneously
minimizing economic expenditures. [Methods] The proposed strategy is implemented through a systematic two-
stage framework. First, a predictive model is constructed by fusing the Transformer architecture with a Bidirectional
Long Short-Term Memory (BiLSTM) network. The Transformer effectively captures global long-range
dependencies of operational data, while the BiLSTM extracts complex bidirectional temporal features. To overcome
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the limitations of empirical hyperparameter tuning, an improved Black-winged Kite Algorithm (BKA) is introduced.
This heuristic algorithm systematically optimizes the model's key hyperparameters, significantly enhancing the
forecasting accuracy of the outlet SO, concentration. Second, a comprehensive multi-objective optimization model
is established, taking into account both the predicted outlet SO, concentration and the system's overall
desulfurization costs as conflicting objectives. To solve this complex trade-off problem, an improved Non-
dominated Sorting Genetic Algorithm Il (NSGA-I11) is applied to optimize operational parameters and derive precise
setpoints for key controllable variables.[Results] Extensive experimental results demonstrate that the improved
BKA-optimized Transformer-BiLSTM prediction model achieves superior performance. It significantly
outperforms baseline models—including standard BiLSTM, CNN-BIiLSTM, and the unoptimized Transformer-
BiLSTM—across critical evaluation metrics such as Root Mean Square Error (RMSE), Mean Absolute Error
(MAE), and Mean Absolute Percentage Error (MAPE). Furthermore, by utilizing the improved NSGA-I1 algorithm,
the optimization system successfully outputs a set of well-distributed Pareto optimal solutions. These solutions
effectively balance environmental protection and economic efficiency, providing power plant operators with a
diverse range of flexible control strategies tailored to varying load conditions.[Conclusion] The proposed hybrid
optimization strategy proves highly effective in the intelligent management of the single-tower dual-loop WFGD
system. By integrating accurate deep learning predictions with robust multi-objective optimization, the strategy
successfully mitigates outlet SO, fluctuations and substantially reduces desulfurization costs. This research
rigorously validates the framework's ability to achieve a balance between environmental protection and economic
efficiency, offering a practical technical reference for upgrading industrial emission control systems.

Key words: single-tower dual-loop; transformer; bidirectional long short-term memory; multi-objective
optimization; improved non-dominated sorting genetic algorithm II
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Fig.1 Single-tower desulfurization system with double loops
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5MAE =N_Z| Yi =i | (28)
test i=1
l Niest L= Ai
Opinpe = N_Zl Sk |x100% (29)
test i=1 i
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Fig.7 Fitness value iteration curve in optimization process

K 7 00, F9R GBKA EikE i T3l At S
FARTE LS W LA T BV URIE N, (HZ SRS
ARG TR 2, §RT 2 RERE RN,
TEER 8 ARAEAIRR| TR . BKA ByAAES 13104k
LA TBEFGE  GBKA Hykin & F 18I AL TR
W22 0.017, {&T BKA Hi%[1) 0.022. 1B GBKA
SRR A R 1 23 350% Sk s o i e L g 70 b e 3%
T BKA k. ZHBIVIMEIER & BKA HiA
GBKA By L R 2.

2 BERBSHIMER
Tab.2 Optimization results of model hyperparameters
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ZHAR s 2 %) BKA GBKA
7 B G e [ [20,26] 64 4
RIS H [20,26] 64 2
EUEZVTie- Nidden [20,28] 128 16
ERE P. [0.001,0500] 0.0010 0.0711
LR ES U [0.001,0.010] 0.0022  0.0044
3.2 FR AR AR A

AT LR R ST e 2 HARTEAL, H 2L H
I SO Jiit 5k FEAE e e AE BT » A N B AR B AR A AS
P R A 2 B AR AR FEREIRA . AL XL
FERUAS B AT IR ATV FERAS =B 7 2 B DART SO S
IR R Geth 1 SO2 i Sk FE AR A LA, 45
&% AL, I R SRR BT
ASCIEFE A AL &3 s R pH A W AFT
PRI pH H FRBEARIT R G4 AN
IER=E (@

AR E 2 VR

minF ={fg, , fo} (30)
fso2 = (C -G, )2 (31)
fcost = fpump + ffeng + fCaCO3 (32)
I:)Amin < PA < PAmax
PCmin < pc < PCmax
s.t. 1<N,,, <6 (33)
1<N., <3

feng =
e oo, NWRGH F SO JF I FE 15 B MR 2
ERPTT s feost BB ELAS, JT/(MWe=h); C AH
SO, JFi ik EE TS R fr S i 4B Cs i 1 SO J5it
B BE M, B 17 mg/m3; foump A1 freng 73591 9 B
IR HL BT RGP 2 A AL UL FE AR A
TEMW=h); oo NARATTHEFERA, T0/(MW=h);
Npump 9 IBAIGFRIEF JE G 3 Nieng AN LI SR
EH Pamin 5 Pamax 73709 AFT S5 2840 pH HEI T
PRE ERR, X B2 550t 6.0 A1 6.9;5 Pemin 5 Pemax
I ARSI pH B FRR S R, X B4
#itN 5.1 F16.0.

V=waé+mm (34)
Npup = 32V, <V <3V,
N =43V, <V <4V,
pump 0 0 (35)
Ny = 5,4V, <V <5V,
Ny = 6,5V, <V <6V,
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VNI R IR I &, m3h; Qgas NHMHA &,
mé/h; LIG NS, 22; q AN fifa, MW; Py
RN HBIGA RN, KW; Pe MY, 0.4
TEI(KW=h); Vo A BAEIF FARBLR B, 12600 m3/h.,
1.2xV, x ans X (Csoz,in -17)

37
2x64x0.21x10° 37)
N =LN <N,
N =2 Ny <N <2N, (38)
N =3, N 2 2N,
1 Nfeng
ffeng =—X Z Pfi x F)E (39)
q =

qf: N ONTHFE SO Fr = SRR &R, m3h
(CRARBIERRAIRE T 5 Vi NAREERIER,
0.024 m¥/mol; Psi &S | AN XML T %, KW
PRt 2 S R SRR 302 21%; No AEAL KL
¥, 11500 méh; SO, [fEE /K5 & v 64 g/mol.
B 100 x Qg x (Csoz,in - CSOZ,out) xTg
CaCO; — 64><q><¢><109

A Cyo, iy WA SO FURIKEE, mgim®; Cgp
NHE SO, FREMREE, mg/m3; re N4 KA AT,
100 Jt/t;
3.3 ZEMRMMHER
AL I O 3X Sh TR0 AR 5 2 H A ik
WL G 2 BRI R A 8 Fror.
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CHUFB+ T K AT FED

(40)
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Fig.8 Multi-objective optimization model structure of the
desulfurization system
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Fig.9 Comparison of prediction results of different models
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Tab.3 Comparison of evaluation metrics among different

models
et ORMSE OMAE OMAPE
BiLSTM 1.0820 0.795 4 0.052 6
CNN-BiLSTM 0.867 3 0.608 8 0.042 4
Transformer-BiLSTM 0.652 4 0.506 9 0.0325
GBKA-Transformer-BiLSTM 0.3275 0.2175 0.0145
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4.2 ZEMMMILER

AR [ SIS HE bR e, BABENLAE tH 1 SO it
EIRFEA IS 35 mg/m3. HAE LRI AT A AE 5 fr
WA S HEESEATTERE, TR FE O
SO i B LR, RIHAS SCHE E 2K H H SO i &
WRIERRAE 35 mg/m3 (A B 5 N2 R, B H O
SO it B LI HRAE BE A 17 mg/m3. il R4t
e RS A T pH RN AR RV FE R B, E ORIE H
H SO, i R EEAF A FrHERTHE T, PRI T REFER
T AT RGN 25, AR &
EMNRACSIE 1S 2 Pareto BT 538 — i,
RIAE SEILE AR5 BRI A A 2 18] AP 44

NIGE S fF NSGA-N 5L AR RCR,
55 NSGA-II 5% A1 SPEA2 S I A 45 AR X .
ACIEHL 240 NI 4 DI T s fidls (R 4)
KA 3 MUAEE R TaL 3 #4730, 53]
Pareto Fi#, 411 10 . HHE 10 A&, Mo ak
AFNH 1 SO, Ji FEik FE 5 ¥ e 5 2= ([ 1P 7 225U
5. MET SPEA2 S A1 NSGA-I1 5%, GNSGA-
[ B3%EA3 20 1) Pareto BTV LA B4 (S 5
W, s BAERN RS RGET), AR
G AN R R o

4 BB T REE
Tab.4 Typical operating condition data
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Fig.10 The Pareto front obtained by three algorithms under
operating condition 3

5 MUBIEEHO SO, RERE FIBL AT A A XTEL
Tab.5 Comparison of outlet SO: concentration and
desulfurization cost before and after optimization

i s RO w0 SOu

&M MW (ﬁ; o) meht)  REI(mg m?)
Thl 271 2289 1325579 17.618
T2 342 2393 1431960 18.739
Th3 403 2442 1466 067 18.007
T4 482 2653 1484473 19.007

N T SEANEVL I b 3 AN AL R,
HUREAN R Pareto BTV R HPELME N & rtifb 5
B, BRI 3T 3AFEIALRTE R D
SO, FiEIKREMMBLE A, A TUEB] GNSGA-II

AL HT SPEA?2 NSGA-II GNSGA-II
H SO, Rk
y 17.618 17.311 17.313 17.237
T E/(mg m-3)
1 oL AT 10622 7630  7.630 7.630
G MW h)) : : : :

. H T SO i FEik
T E/(mg m-3)
2 Bt AR A
(7t (MW h)?)
) H 1 SO, Ji ik
L g m?)
3 Bt AR A
(7 {MW h)?)

18.739  18.225 18.098 17.939
8.613 6.237 6.237 6.237
18.007  17.495 17.490 17.389

7.368 5.352 5.352 5.351

N Hi 11 SOz Ji Bk
LB pi(mg m)
4 T B AR A
Ut AMW h)1)

19.007  18.143 17.994 17.972

6.276 4591 4591 4.591
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PR

BIE & BT 20l NSGA-I S I BB XU 34 2 Gris AT P Ak S s 11

BUHEATALAL, AHECTARALET, ARAKJEHIH O SO2 i
TR E RN BAR AR A B R PR . H R GNSGA-
I AR R BT - LA T30 3 i), A3 GNSGA-
IS5 O SO, Jii & Wk K N
17.389 mg/m?, Ji#i A BE{IG Ny 5.351 J6/(MWs=h),
i F SOz & IR AR T IALHT N I% T 3.43%, i
BRBAS NI T 27.36%. DA, i F AR B R
5 B 1 SO JoT SR FE RIS A, A5 it
RGBT I BEFIFAR o

il F GNSGA-II FHiEXT 4 A~ 8 T i B e ft
JEMIGE R I 6. R 6 A5, ARG i BeAi A

B, I AR SRS S pH B . AFT 3528 pH
B FIBIEA TR G BT E KNI S G H0x 1
AR R, W LA IR H B SO it &k BT
BB A, SRR AN AN T B JE K 2 B
EAEAANL, T 1B, oAb )5 =AML
DRI 4 G2 GRS EMLE, BERAMN
10.622 4 Jo/(MW=h)ig/b 7y 7.629 9 J6/(MW=h), K
R PR BB PR AS o ZARAAR T IR R Rt T A
R RE . AR SLBUER RS R I
BrigsT.

F 64 NAB TR TR RSEMAAIEXTEE
Tab.6 Comparison of the desulfurization system before and after optimization under partial operating conditions
T b AFT % WA IR AAL R H 0 SO, fifi & BRw A
e R pH E R pH i IFa a5 JFE 64 WJE/(mg m3) (Gt MWL h1)
AT 5.742 6.195 4 2 17.618 10.622 4
TH 1
i 5.366 6.724 3 1 17.237 7.6299
AT 5.652 6.128 4 2 18.739 8.6128
T2
Ak e 5.776 6.526 3 1 17.939 6.236 9
AT 5.749 6.147 4 2 18.007 7.3675
TH3
s 5.851 6.395 3 1 17.390 53515
HeAGHT 5.807 6.100 4 2 19.007 6.276 3
T4
s 5.707 6.356 3 1 17.972 45907
5 & i 3) ML ARG S 4 A TR
2R T

1) ARSCEF XA ) B XU PR IR 2 I At R
GAEISAT IR WAt A i s %t 1 SO2 HE BB I
WA, PR T ST IR IR S 2 5 bR
AL LS A PR A ARG . s T T ootk
W A4k Transformer-BiLSTM F FIARZY, DL
H 1 SO i Sy FE A AR A A AL B bR, K ek
#E NSGA-II 5i%43 2] Pareto fi fLA#LE -

2) XS 600 MW LZH g 52 HcHE 1 17 FL5
ilF, GBKA-Transformer-BiLSTM A7 {134 77 AR 1% 2 |
SRR A TR ZE . P RTIRZE 4 N 0.327 5.
0.2175 #110.014 5, #HEk BiLSTM. CNN-BiLSTM &
B B B ARG, RS R HERR L ERBE H 1 SO,
RS R A AR . TEARAL IR ST, St E
NSGA-II 5 %3 %K) Pareto RIHYEL NSGA-1II 1
SPEA2 Bk B A W ITAEs M 5 IF I, 153 2K
HEBCE SR AR, RERT T RAEMAETHE.
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ZRARARUR, ERER, AR
REME AR SEPR 00, X RUIEE IR pH . FRIBU0E
IR A RALIT R 6 RS G AR o e i
SEME, AR T B TUARIEAT FEUN s REFE IR AL,
(Rl e T SO R Bk AR BUE(HITIE . A NiE
TN GARMERHARI R 598 3, SCHUREE ) LR
RGHPIMRE R TIEAT.
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