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Abstract: The presence of chlorine in municipal solid waste incineration bottom ash is a critical factor
restricting its potential for reuse. However, the current understanding of the speciation characteristics
and formation mechanisms of chlorine within the ash remains significantly limited. This study
systematically investigated the influence of waste composition and incineration parameters on the

content and speciation distribution of total chlorine, water-soluble chlorine, and water-insoluble
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chlorine in bottom ash. This was achieved through experimental simulations involving both the
standalone incineration of municipal solid waste and its co-incineration with waste printed circuit
boards (PCBs) and two types of sludge (Sludge 1 and Sludge 2). A backpropagation artificial neural
network (BPANN) model was developed using the data obtained from these incineration experiments.
This model was employed for modeling, training, testing, and ultimately predicting the water-soluble
chlorine content to optimize the regulation of chlorine speciation characteristics in the bottom ash.
Experimental results revealed that, during the standalone incineration of municipal solid waste, an
increased proportion of textile and wood/bamboo components, along with elevated incineration
temperatures, contributed to a reduction in the total chlorine content in the bottom ash. Furthermore,
both increasing the incineration temperature and extending the residence time led to a higher proportion
of water-insoluble chlorine in the ash. In the context of co-incineration, compared to standalone
municipal solid waste incineration, co-incineration with waste PCBs at 950 °C resulted in an overall
increase in total chlorine content in the bottom ash, with 950 °C identified as the optimal temperature
for promoting the formation of water-soluble chlorine in the ash. The addition of Sludge 2 caused a
general increase in total chlorine, where the increase in water-insoluble chlorine was more pronounced
than that of water-soluble chlorine. Notably, the incorporation of Sludge 1 significantly inhibited the
formation of water-soluble chlorine compared to co-incineration with PCBs. The BPANN model was
successfully developed to predict the water-soluble chlorine content. Model prediction on the training
dataset yielded a fitting coefficient (R*) of 0.74 and an average prediction error of 0.06, indicating a
high overall predictive accuracy for the model. Further validation through cross-validation and
independent experimental verification confirmed the model's robust performance. Based on the machine
learning predictions, it was determined that under optimized conditions—specifically, a
plastic : paper : textile ratio of 3 : 2 : 1, inclusion of 50% waste PCBs, an incineration temperature of
1001 °C, and an incineration time of 10 min—the predicted water-soluble chlorine content in the bottom
ash increased significantly compared to the lowest predicted value. This comprehensive study provides
a crucial theoretical foundation for developing source control strategies aimed at the efficient removal
of chlorine from incineration bottom ash.

Keywords: Machine learning; Municipal solid waste incineration bottom ash; Co-incineration;

Chlorine speciation characteristics; Water-soluble chlorine
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Fig. 1 Effects of incineration temperature (a-c) and time (d-g) on chlorine speciation in bottom ash



$152- (LR N T T

5540 B4 2 4]

S (HAL BNBR AN ) o 3% Fl R K ¥ 1 S 184 T
(F2h Ih A i Eh A AL A ) A = A R
AR T B

MR i OB S 5 BEOR B, £ 850 °C 11
BERETR T, A b i R b K M S T LA TR AE
50% fe A, Horh 2#2H 0 5 L R (81.70%) , 4#2H
S AR (43.85% ) o X 3 B i i SRR U £
EA RS BUKIEEE S LT ik, 4838,
LUYIRURAT I B AR R b, S S B 5K 3 1
SR T WA DG . MAEBEIRE R 950 °C 1,
LR S ER R, A0 34U HE R o, X
< B SBLAE v I P v T A ) TR K U 1 S
RO R, 2620 B B KU T S EE DR R e A, 3
TS 3% ol 28 3 RS FI T K VA BT . IR AT
900 °C Y AELEIR LT b i it B IR A K i 1 4
FEAR . [ e 8 BRI h 850 ¢, dE— 5% T 4%
LR B X i TR A A RV KR TR SR K
PES) S R AT He g, t L 1(d)~(g) n] A, B
& AE BT R Y AE K, Pl A 2 T e, HLAE 30~
40 min AYE R BT R, il S A B . (B
AR, SR RE R ] 19 2E K S BUKE A S =
FEARTT B, AR A M S R RN, X ] A2
PR R R 1o 2 rh S5 s ) R 5 A T
& 0E | ALY e IR AEY T, T T KR
Tt 8 . BB KT 10 min B, froid ek
VSRS 7 HL AR AE 20% 224 o
22 AiELIR/E PCB hRE R I iEF SR E
5

PRSI A: TG SR A be i) St T, g2 A:
TG B/ PCB Rl ke, [ #beif 8] 24 10 min,
WFE T & PCB 5 in A0 5% e I BE X 4 75 vp S8 21
A3 RV, KT SR AR AR i 50 & 1 K o HE i
S, & 2(a) BTN, FE AR IAAT 1 B3 21 4y
i, B 2 PCB £ i (38 i, b s bk i R
AR KM S w8 R 3, 50%0 30 &
At 43 53105k B 0.329% AT 0.23% . XF HLIE 2(a) FI
B 2(b), 1#4L IR KR S B e R v, X fE—
SEFEEE BRI T IS S0k EMERE . X E 2(a)~
(d), TEIRRE . 4038 SRR R BE AR & o, B
% PCB BN 3G N, B be i vk s ok & A
RV T SR B AR LR B RIS AR AT B 2 A,
{AEMFE PCB BN S 451 T, B IMAAT (1 5 b2
Jrs b S S R R AT R AL . teAh, Y
J% PCB # a8t 30% B, 3 in 4 9 He il B

TAE /KB PR KPS Z R & i 25 57
LEAYAT, TR B S R PCB bRl 4 e i 2 45
THER RS R BRI AT B A /N
TR Z AR I B S PR A 70 JE 9 45 B B ) T
AN B S o3 i, (SR i TR Y 22 (AN, IR
PCB 7£ il T 20t i B S 27 e A A F & 1 L
TR, W] REA WO ARIE LS Fh, (i H %
Tt
XF LA TR B8 8 i T A is v
I, 950 C MHELIREE T MA & = 9 1.18%,
AEBIR FEIRF] 1050 °C I, A SN 1.09%,
X TSR KR ) BE R AR 1 T AE e R v
AR . EIR AR LY B3R R
£ 950 °C i, B PCB $ i X b i 1 5 & 5 il
B, R A G SR AE 1050 °C BT, X
SR, AAE 40% BmE i B SR E D
oo FESRRL AR SRR B AR R
J% PCB 5 1 X6 4 i f 58 2 A 2 Wi sl 55, (B4
TR B R AR W B S a . P POk
PEGE S HAE 950 °C B, vE— L A e iR
1050 CJ5, BEFTRAKBEEASEY B
REAK . B baild B X SR 853 A A i 52, 950 C
BF, i FR oK PR S A AR R, R4 850 °C HFES A
Tk SR, #E 209%~40% R K PCB i T, 4
A AKEES S R BT M. BeAh, Bk 4K
B, BUPRIURAT B B AR 2 b R K M S0 L
. R E IR R 1050 C )5, yik
HEE K T SR L — 20 T, ARV LR
ik, Bk PSS 5 K PCB 40 &t 5 17 AH
Ko LER MY, A2 b3 /E PCB P R 48 B ik R
H1, 950 C o F T K g S8 B IE B, 4ksk
Th e A e T B s T BOK I S R KR A
2.3 AFRLIRAS R E R E P SRS
R A= T b7 375 Ve Wb [l B e, i1 5 4 e ik (1]
“h 10 min, BF5E T 15 Ve 45 02 F0 58 b i B T A i
WG 24 GV KT PR E AR KA S e &
A s . R R 3 T BnTE e 1S i
S EBN, IETE 15%~20% W& T 53R 5
{8, PE— g, Pl S A S ' T, e
BE GBI B AR R b, B TS 1 B0
3G, i AR KA AT R R, 7
10% W45 it & JE 7K i P 08 3 e KAH 0.41%;
FESRRL AU SV R Y B AR R, R

ey Giiays
B
554



i ARAE HLERSE ) R B B SR A I S AR A 153 -

di b /%

TR %

0 10 20 30 40 50
JEPCBH /%

(a) 1#413, 850 C

07 /%

EE/%

0 10 20 30 40 50
JEPCBHNN /%
(c) 6#41531, 850 °C

1.0 7 100
0.8 T n I 80
& 06 - 60 5
T 0.4 40 O
0.2 20
0 0
0 10 20 30 40 50
JEPCBA N /%
(e) 3#4151, 950 C
0.5 100
0.4 80
203 B 60 5
<1 0.2 40 O
0.1 20
0 0
0 10 20 30 40 50
JEPCBHL /%

(2) 6#413, 950 °C

B2 & PCBRME (a~d) FIRLEIEE (e~h) X 4P SR TFHEAI R0
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