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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 sulfur dioxide (SO2) emissions at the system outlet and high 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 the
limitations of empirical hyperparameter tuning, an improved black-winged kite algorithm (BKA) is introduced. This
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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-II) 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-II 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 neural network; multi-
objective optimization; improved NSGA-II
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Fig.1 Single-tower desulfurization system with double loops
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SARALEERT Transformer-BiLSTM A5 (i) e 4 i
ZHAT I
WAL IS B0 H5 Transformer [RIA7 B 4 il 45 15
(position embedding dim) £ Sk i = FIHLHI k%L
(numheads). BILSTM JZ k& & JZ# £ oA %
(hidden units) LA 372 (dropout rate) FIJUG
2221 (learning rate).
PMERBAERES ZRKER LB RET
Transformer i 387 ZI K AR KA FIRE /7; BILSTM [
E R B IT R E T AL I R B AR A
R GG 2 5] 2 e 5 R B R IR SO S 72
1hhe
PABSHIESE F 3T iRIR 224N GBKA HILH
TN E R AHE— P IGE GBKA SLIE I i,
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Fig.7 Fitness value iteration curves in optimization process
7 AL, BAR GBKA Bk T 5 AL S

AR S W IR S BT AGE S BB, (HAZ R
ARREE T REZ RN, 5K T R R G
e 8 AL [ . BKA BAFES 13 AL
FALFNRGE . GBKA BLL i 24 FAF I TR
R4 0.017, {k T BKA 5% 0.022. iH] GBKA
SRVAE A JRy A8 R RO Sk R i i A e ) b R
T BKA ik ZHHIAIIR LTI L & BKA AR
GBKA FLEIIMMEE R L 2.
*2 BEBSHIMER

Tab.2 Optimization results of model hyperparameters

e EA g i Sil| BKA GBKA
[DAE L IT ;s Cpos [20, 26] 64 4
RIS H [20, 26] 64 2
A TLEL Nhidden [20, 28] 128 16
ERHE Parop [0.001,0.500]  0.0010 0.0711
WIS > & n [0.001,0.010]  0.0022  0.004 4
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3.2 A AIRE

AR RS e 2 Hirfidk, HEZEH
1 SO Jii R B 7E 1 B T, [R] B PR AR AR B A
AR A B R IR BB I IR AR AR . A AL R
FERUA K AT IR AT A A = 38 o0 e ik DART S ST
BV RS H 11 SO2 i IR AN IR, &5
&2 B RAGEE, X R G AR & AT AR
o RSCEFERIPAAS T4 R IOE 2R pH 1B
AFT B pH B BB ZI B 68 AdbX
GINAREREE

AR b YSP

minF ={fs,, fooxd (30)
fsoz =(C- Cs)z (31)
feost = Foump T Treng + Feaco, (32)
Pamin <= Pa = Pamax
1< N, <3

feng

A foo, WRGH N SO, UK e E %

EHIFTT s foost MIRBREAS, JT/(MW h); C it
SO, Jii B YA B TR Y i Y4B ;- Cs 9t 1 SO2 Jit
BIREWEM, B 17 mg/m3; foump A1 freng 20 1A
B R LR SRR A AN S AL XL R AR RRAR
TG/(MW Hh); fCac03 NAKAEFERRA, T6/(MW h);
Npump J9HIBAEIA ZIT IR G50 Neeng 9B XBLITE
EH Pamin 5 Pamax 73010 AFT 35380 pH fEI T
BE5L|3§, ﬁi%%”ﬁﬁ‘yﬂ 6.0 *D 6.9; Pcmin 5 Pcmax
I3 RS SR pH B TR 5 _EIR, 3 L))
B 5.1 71 6.0.
L

V =Qqq x  +1000 (34)

=3, 2V, V<3V,

N
N, =4, 3V, <V <4V

pump 0 0 (35)
N,y =5, 4V, <V <5V,

N

=6, 5V, <V <6V,

N

P, x P, (36)

fpump = pi

1 pump
— X
q i=1
b VAFTRIEA IR, méh; Qgs NI E,
m¥h; LIG A LE, H8 22; q N7, MW,
Poi N | N RAIEAZ IR, kKW; Pe NN,

0.4 JU(KW h); Vo NIBIEIAFARFNR &2, 12600 m3fh,
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%8 M
1.2xV_x x (Cop i —17
— m ans ( SOZ,IT; ) (37)
2x64x0.21x10
Niewy =1 N <N,
Niewg =2 Ng <N < 2N, (38)
Ny =3, N=2N,
1 Nfeng
ffeng = a x Z I:>fi x PE (39)
i=1

A N ATHFE SOz A K UM AA R E, mh
(CRARBTERRUEIRS T )5 Vi AR EE RAEF,
0.024 m3¥/mol; Pri A2 | NMEARALI AN D)2, KW,
PR = SR A ST E0 2 21%; No AR
My &, 11500 m¥h; SO, 1 EE/R i &4 64 g/mol.

100 x ans X (CSOZ,in - CSOZ,out) X Ig

= 40
€2C0s 64 x g x ¢ x10° (40)

;—Et[:lj: CSOZ,iny\j)\D SOZE%%{?E’ mg/m3; CSOZ,OUI

NHE SO, FREWREE, mg/m3: re NA KA HAT,
100 JG/ts

3.3 ZEMRRALIREY
AT ) B B S 000 A B i 5 22 B bs gk
WEEAR S A 12 BT an & 8 Fio o

DCSJJj 52 # 4i&

! 1
H SO, ¢ I B 2 Ji % P A
(GBKA-Transformer-BiLSTM) CHELRE+AT I A1 T FED

|
!
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il KW mwwE I
pHiE  pHfE JFIHAH
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Fig.8 Multi-objective optimization model structure of the
desulfurization system

HH I 8 7] L, M DCS AR g 74, A
H 5 AF N G SR B SN o R FH AR SR ) GBKA-
Transformer-BiLSTM 4125 4 £ A5 70, 32 i g N\ A
i, it Transformer $2EL 4 R RHIEIF45 & BILSTM
AR P ahAs, RGHETN N — B2 H 0 SO2 i &
WRE . BT Wi RIS ATALEE, 7 B A A
V4 FROMAS FY 6 1) HH T SO 5 58 A B AR B o A A
Tt 1 () R A 1 GNSGA-I 5132319 2 Mtk
HbR, AT 2IRICE IR pH 18 AFT 253 pH

SO, & ¥k %
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B WG E IR NHNUTT E & B s e
B, 28R AT N iR IRk 51 2.
4 KIGEER T
4.1 N EIFUNARE 59520

1LHE 43 200 AREATE V@RS, KT
0% HIEHEAE I Z55E , 5 10% HIEHE/E il ik 4k .
KA RN GBKA-Transformer-BiLSTM #1£2 k1
%%, JcH Transformer $2H04 R FFfE, FH BILSTM
RN P ENAS, e i ot B S A A BN
BSHGHAT I

NISUEAR SCHE SR I T AR, 5] A% oA
43518 BILSTM #5871, CNN-Transformer #5711
Transformer-BiLSTM #5784 . 754 [F] frt) 4 A\ 4 AR
=, R B RS A ST GBKA-
Transformer-BiLSTM #5284 (1) Fii i 25 S LB, 255 n
Kl 9 fr, BERIPE FE bR WL 3.
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Fig.9 Comparison of prediction results among different
models

& 3 TRREHITF N faRaT L
Tab.3 Comparison of evaluation metrics among different

models
R ORMSE OMAE OMAPE
BiLSTM 1.0820 0.7954 0.052 6
CNN-BIiLSTM 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

& 9 7] )., GBKA-Transformer-BiLSTM #& 74
PIPLE R B i, A B8 B A Hh R 6 H 11 SO,
JR B LS AR E S . HER 3 AT AN, AR
R TRZE . PSR AR IRZE . FI4aXt iR
Ze L5 HAN 3 MEIAUAH AR I BRI R . i)
GBKA-Transformer-BiLSTM #4143 T BIiLSTM
% A . CNN-Transformer #: A fiI Transformer-
BIiLSTM H8Y HAT S iy (I TR RG 2, SESE H T B b
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BUAGH I IERL IR R 50 SO J5t & B2 7l .
4.2 ZERILE

AR B S IS HE SR e, ARENLAH tH 1 SO i
BEIREAIT 35 mg/m®. (HAE SERRIZ AT HHAFLE Ffar
BB SEGEEATERER, JRaFsuhn
SO Jin SR FEHIR, IASCAEE K H SO i &
WEEARUE 35 mg/me (LAY E 5| NS, KO
SO i M BE 2 A B oy 17 mg/m®. B R 48
It A FCAS = ey FRE RN AR RV BRI B, AERIIE HY
F SO, BBk EEFTEArdERTHE T, PRIRIS 1T REFES
T AR, 5, AR
EMAALEIEE R Pareto Fi v _E Sk — 7T,
RI7E SEE BRI PRI B A 2 [R) B4

NIGAE S fE NSGA-N B IR R, I
5 NSGA-II 5 ik A1 SPEA2 Sk A 45 FAEST L
AICIEHL 24 h I 4 NI T AL sl (3R 4D,
KH 3 MEACTE L I T 3 #4738, 153
Pareto Fi#Y, 411 10 Fros. K 10 WIAN, JBAK
AFIH 1 SO Jii Sk B 5 v e (B ZAE IK°F 7 2 U
Ko HET SPEA2 HILAI NSGA-II 5i%, GNSGA-
[ 55245 21 Pareto R W AR E AT S8 47 1S 51
W, fEfasiadh B E R RS R, AR
V1 YN 54y S

x4 BT RHE
Tab.4 Data of typical operating conditions

T fad AN SO iE AR/ P SO iE

%1k MW K fE/(mg m=) (m3h W E/(mg m3)
T 1 271 2289 1325579 17.618
T2 342 2393 1431960 18.739
TH3 403 2442 1466 067 18.007
T4 482 2 653 1484 473 19.007

T EINE M 3 AN TR MR, B
BEANFLIL Pareto BT U T E AR B & AL S5,
RN THL 3 5T 3 MEEMRALHT SR 1T SOz i

IR FERI AR A, N T IEB GNSGA-I1 &kl
FRMEAE 4 A TR X 3 ML BRI AL AT fE 1
SO, Jii &l FE AN I B A AT X L, S5 3R LR 5.
535191
5.351 814

53517+ \
53516 “
53515 -~
53514
53513k

53512t * -~
53511
0

[ 7% B A/(OC- MW VR

1 1 1 1
0.2 0.4 0.6 0.8 1.0
OISO, & L e i 2 0T
a) SPEA2E %

535201
5.3519%
53518
5.3517}f
5.3516F
53515¢F -~
53514}
5.3513} =

5.3512F \

5.3511

it A% % A/ MW S h )

0 0.2 0.4 0.6 0.8 1.0
H SO i & BE 5 v e {22 48 19 °F
b) NSGA-TIH %

5.3520r

53519
53518
535170 N

53516}
53515) "\
535141 .
53513}
53512}
53511

i 7T A /(T MW h Y

0 02 04 06 08 1.0
H CISOL T & B 15 ¥ 58 B 228 16 T g
¢) GNSGA-ITH i%
& 10 TR 3 B 3 MEXISEIRY Pareto BIA
Fig.10 The Pareto fronts obtained by three algorithms
under operating condition 3

5 MARETEEH O SO, RERE FABLET A A X EL
Tab.5 Comparison of outlet SO2 mass concentration and desulfurization cost before and after optimization

AL H] SPEA2 NSGA-II GNSGA-II
Tt H [ SO, JF EIR E/(mg m3) 17.618 17.311 17.313 17.237
BB A (T AMW h) 1) 10.622 4 7.6300 7.6300 7.6299
Tr2 H 1 SO i 3¢ /(mg m3) 18.739 18.225 18.098 17.939
BBR A/ (T (MW h) 1) 8.6128 6.2370 6.2370 6.236 9
T3 H 111 SO, Ji ¥ /(mg m3) 18.007 17.495 17.490 17.389
BEBR AT MW h) 1) 73675 53520 53520 53515
TH4 Hi 1 SO i fE Kk BE/(mg m~5) 19.007 18.143 17.994 17.972
BB AR (T AMW h)) 6.276 3 45910 45910 45905
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& 5 /T LUE H, 3N 4 AN AT
BHEAT AL, TR RT, PGS I 1 SO, Jii
B2 R AN BE A AR #G BH 5 1) PG . b GNSGA-
I EERA R B i - LT 3 A1, A 3C GNSGA-
kA5 O SO, Ji & Wk K N
17.389 mg/m®, i A FEAIK N 5.3515 Jo/(MW ),
i F SOz &R AR T IALHT N I% T 3.43%, i
BRRA T BT 27.36%. UL, 1A RS
5 RS HE 1 SO Ji SR FE A BLAR A, A5 it
RGNNEAT A G AR

il F GNSGA-II FHiEXT 4 A~ 8 T i B i

JEHISE R 6. HIR 6 AIAI, K5 i AR A
B, IS AR S pH B AFT 3528 pH
B FBIEA IS & B EA AN E G Eox L
AR, W LA H B SO, it &k BT
LA A, SRR AN AN T B JE K 2 B
EAEAANL, T 1B, PRk )5 =AML
DRI 4 G2 GRS ERMLE, BERAMN
10.622 4 Jt/(MW h)igi/b oy 7.629 9 /(MW h), K
R PR BB PR AS o 2 AR AL I R Rt T A
HEnr BB E . NIsSEBBLR R R IR R
BrigeT.

F 64 MABRTRTRMAZMUATEXTEE
Tab.6 Comparison of the desulfurization system before and after optimization under four typical operating conditions

, i biTiecsy AFT % WG TR FALRHBL H 11 SO, i & e T
Lo S SWpH I RWpHE  JFRAN  JPRe% WEmgmd)  POURAGEMWERT
TH1 R eA:] 5.742 6.195 4 2 17.618 10.622 4
i 5.366 6.724 3 1 17.237 7.6299
T2 AL RT 5.652 6.128 4 2 18.739 8.612 8
[uRta= 5.776 6.526 3 1 17.939 6.236 9
TH 3 HALHT 5.749 6.147 4 2 18.007 7.3675
A
Ak 5 5.851 6.395 3 1 17.389 5.3515
Tia %A 5.807 6.100 4 2 19.007 6.276 3
i 5.707 6.356 3 1 17.972 4590 7
54 % W L AMWANIT G & B A gy A i
=l

1) A SCEFRHRSE L) RS XU IR AR
GAEIBAT IR P IR A i = %t 1 SO2 HETBCER I
WA, $EH T R T BRI A S 2 H AR
AL B R A ARG . MR T T o 2
WS HEAAL Transformer-BiLSTM F TSR, D
H 1 SO Joft Sy FE AR BRA AL H b SR 2
#t NSGA-II 51745 % Pareto f i fidE -

2) JEITXTEE 600 MW AL 7 52 5Hs 1 15 4%
iIF, GBKA-Transformer-BiLSTM B AY (1 4 77 AR 15 25 .
PSS AN R ZE . PR 2 5 0.327 5.
0.2175 #110.014 5, #HEt BiLSTM. CNN-BiLSTM £
PR B RS B, RS SEER L ERRE 1 SO,
RIS PR E AR . R, S )s
NSGA-1I L3 EI(1) Pareto FI#YEL NSGA-II Fl
SPEA2 ik B HIF IESL M 5T B, 16 2K
HO LR FR, RERTE T REMA T,

3) EHUBLER RS S HdE T 4 AN M TSR IE
R OR, R EIR, AR H PR
REBE ARG SLhr T, RHRIOE I pH 1B ZRIBTE
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SEAH, A RURR T R TURIBAT SR A R AL,
[l IR 2R HY 11 SO Bk FEAE BUE (A M . 7T iz
TN ARMRFAI SR 516 %, SCEUREE R B iR
RGHPIMR G R THEAT .
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