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A A He A2 oA S §7] H D5 E0) §7122 9 20718 o) o] §5 ey BUE Eg
1 3oH, ol BEH QR Ao A2 He AAAII S G HpA| ot} whetbA], ek AR K71 H 4= A 2 A& CPS
(Cyber physical system)4} Water digital twin Q. 2 7123} COD (Chemical Oxygen Demand), TN (Total Nitrogen), TP (Total
Phosphorous) & TMAH (Tetramethylammonium hydroxide) 5 %-7] 2 G&2 9 AA && H717} 7Fsst ARG H 4 ES
g 7ol B g 5lr}. 2 Aol e AHAAAY F713 5 AA WA YZl tiet £ n 8= 43T AFE S O]EXWJ
HRS& 2o Z|dkst ok AXALY Hl E5F &4 &R 2 (Electronics industrial wastewater activated sludge model,
e-ASM) ZJELSISIch. et c-ASMS HAARR) S22l 8 oA ShAlshs £71% Ak, HAS), 2 W8} 34 Rek of
Uk IMAH 5 Ba4 $712209) 2e)78 2 $aek 2Asto 4B o] Aol (Inhibition) 28 5 BT 42T 2
WA Z0] BA} Asstet. ol T8 ehel A A4 7194 A2 A 48 Water Digital Twin & 7@ 3}0] CPS (Cyber
physical system) Aol A A4 H| =2 2] 7o]| Hl4= §- Aol et 34 BElY, &5 A5, 38 A%, 44 2& B
S st 53502 g8E 4= Q.

ZHO : ¥E gAE EY, ARAY Hl4= A E], Y AE A3, e-ASM, CPS (cyber physical system)

Abstract : Electronics industrial wastewater treatment facilities release organic wastewaters containing high concentrations of
organic pollutants and more than 20 toxic non-biodegradable pollutants. One of the major challenges of the fourth industrial
revolution era for the electronics industry is how to treat electronics industrial wastewater efficiently. Therefore, it is necessary to
develop an electronics industrial wastewater modeling technique that can evaluate the removal efficiency of organic pollutants,
such as chemical oxygen demand (COD), total nitrogen (TN), total phosphorous (TP), and tetramethylammonium hydroxide
(TMAH), by digital twinning an electronics industrial organic wastewater treatment facility in a cyber physical system (CPS). In
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this study, an electronics industrial wastewater activated sludge model (e-ASM) was developed based on the theoretical reaction
rates for the removal mechanisms of electronics industrial wastewater considering the growth and decay of micro-organisms. The
developed e-ASM can model complex biological removal mechanisms, such as the inhibition of nitrification micro-organisms by
non-biodegradable organic pollutants including TMAH, as well as the oxidation, nitrification, and denitrification processes. The
proposed e-ASM can be implemented as a Water Digital Twin for real electronics industrial wastewater treatment systems and be
utilized for process modeling, effluent quality prediction, process selection, and design efficiency across varying influent

characteristics on a CPS.

Keywords : Water digital twin, High-tech electronics industrial wastewater treatment, Digital transformation, e-ASM,

Cyber-physical system (CPS)
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42} A+ ¥ (Industrial Revolution, IR 4.0)9] o F=<}
oA 2 EE Ax 419 Higo] AAAZE AAH(1] ICT
(Information and Communication Technology)& HIEO & A%
A 34 W 4L e, & 52 5 etk ANE 9EY
(smart factory)7} FEITH2]. H 7]&9] 7|Hto] H= A
A} AFA(Electronics industry)Q] 71513491 AFo 2, A|xs}
sHlA= 7129 2214 71ed tAE 7lec] TE a4
AR mulgE], H4 $=4 AJAL, Al (Artificial Intelligence),
WA 59 43t AHIET Ay AkQlo] B ZRgar ITH3).

ARAERAS] A AR WA AlA| A TE= Figure 1(2)
oF Zo] 20161 0] 47} 4ol AAH o]F F&3] F7H3
o, 20209 7|F 4,498 g2, AW thH] 9F 7.6% AF55F
HCH4]. =W BE=A Aol A, & =90l 201049 7]
61.3% QoflA] 20201 7]& 115.5% Yoz oF 2uf Z7letAtt
S1. olAe WAL elfet 3 S20l oF 20%E AAsHE
2] % BSol) AYATLO] TR 20057 ol
HFEA] G AW 9.7%, ALENHEA] AAL 34% A%
o Ao g2 AYPcHe). E3t dtls FR= 4% tlo] & 2}

5G % Al 7|&S 5571 Slsl "AE w2 SHE K-
EA HE 25 THstlon, ojof wh A&l A
AzAE S0l Hod 2o g diHrte).

ALY W of wheh i) WA A SHE 95 &
A 9] tjx9d 3K Digital transformation)°] 71535} 1o,
oo wg Hd MM W ¥=A| 5 AlF BAF 5789 wlA|
stz Qlsto] A wlao] AT F3fstetEde 2
Fot7k S7kekar Qo ¥, 20189 7| U ARt
d = HPEiﬂ A9 w4 LAYFL 886,000m’ d'E T= H
2ARER 71 14719] 9 AY =2 A2E YEHY

1. AR} A2 oA EAshE w2l et 19
-1—9} F7lHa2 SR AR Haols A2 383 Al
g 340 FdE= B4t Q4tom Qs oo F71E-0]
Z3Eo] o} ARt o g 77 Hes EY IohE WO
2 AAEH, 4 AA%= Ca(OH)H CaClh g o839t A
W, 7tAZI B ES} SER F4 52 o83 &2
< o83 o3y Fo] AMGHIL, A2 AFHEY
= A8l I AATTHSI.

AR 771 weol A 12 A2 & BEsH] A

ZHH | membrane

4, 29, 43

(Biological wastewater treatment) A4 o]-8-3f 1 =X &5}l
SUEHI0) 53] TEo] Wawo] A9, 1% Belstate] A
22 Qruviolg ©yIAY|w, Blet g A WAl 2% okt
;G ;‘qaé 71;‘4 3}57@ oz A@%@L;ﬁ' ;‘qaé *sh:} 11]. ook A
A 7171 Hee 8 4 54 &5 F COD (Chemical
Oxygen Demand), TN (Total Nitrogen) TP (Total Phosphorous)
7b LubAQl sk Hlsf w2 YRSt F HES Hole
4ol 3t L=, SuUE AR ARAIE F AlE Al
of 2413t G AFe] 42} FolA LA F4=2] COD+= 7,010
mg L'2, A ALY wj& 38 7]£9 <F 1754 OVJ'—QE
BIEQon, TPE= 2400 ~2600 ppmO. 2 H I EJTh[12].

3t HAR= 3,000 ~ 5,000 ppm@] 115 % TNo| EZ3HH H+& HH
=5k T 10].

olo} 2ol % HAA 7] Hk QukH9l 5 Fo]
Hl8) D5 E0] $7122e e Y Bt oplz), TMAH
(Tetramethylammonium hydroxide), DMSO (Dimethyl Sulfoxide),
IPA (Isopropyl Alcohol) 5 207}%] o]A4}9] 9= Wi E4&

zgstn Shisl 39 @4 9 B4 FH0A AsEE
TMAHE =3 4| 58719 1, 3538 Aok, $54774
5o Holg Porl 5 AA] Ao faet 2ol
DMSO2] 7% PR (Photoresist) 2] -G = ARE= 0] 5 T3

= S A7IH, AdollA AR=dS doXItH14]. IPAE Al
I Eee 2R g2 S40IA Aoz ARG 9
<, 22 AlA paot o mhy] E4o= Q3| HiF2e] =
o 24L& 7HIH, AR g Al A kg AATIE 9%
< Fe Aoz BAEIHI5]. olAH A A= SN A
|EE GOl EEES w2 548 1a Eofrh w2 34
I JAA ] ol S E0h mERA, A AR we
COD, TN, TP2} %’rﬂﬂ TMAH % $&2sid frledes a8
o2 Aste AL 43} AdggolA Hd ARG 3
A o]t

71Ee] AR 5 Hel ATk Heg 53 24 242
2ol 9 Helo] WEstEon, Wil dray 571289 5
A Aok, 24 BE FAteh W 2 Gg 9 AALL T

7 Tefst AT wulste, E5 AT AL 9% 8 0y
sk o] §7123 24 2] 2] o] dEEs ¥
o S3b8 ABIA AARIE PPk AL UHoE
w9 ojele Aolc. by oleist BAIZ sidsh] S,
Ak AR BeA A AAAL Digital Twino= 7



Ao

Worldwide Semiconductor Market
History & Forecast

Unit: billon dollars
800

700
600
500
400
300

200 1
EEEEN

100

1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023

YEAR

(@

Design Stage Operation Stage

Semiconductor manufacturing plant
Electronics industrial wastewater plant

Physical

Operating system
Wastewater characteristics

=
S

Semiconductor wastewater plant component é_ P
TEEL

& 22 88 Cp

Process operation & Unit operation

Digital
Twin

Model

(=TT
)

Figure 1. (a) Global trend of semiconductor market from 1997 to
2023 and (b) conceptual diagram of digital twin from
physical to cyber systems in high-tech electronics
industry.
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Figure 2. Emerging inorganic and organic wastewater across semiconductor and display manufacturing processes.
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Table 1. Statistics of the semiconductor wastewater components
[12-14,21,22,24-36]

Statistics (mg L™)
Component -
Min | Max |Average| SD |Skewness

COD | 73.6 | 5085 | 1299.9 |1740.63| 1.58
™N 15 | 3000 | 493.55 | 860.67 2.94
TKN | 70 300 | 140.14 | 79.27 1.37

C/N/P
NHs;-N | 0.1 720 | 125.63 | 197.32 243
TP | 1.063 | 203.5 | 37.438 | 81.42 2.44
PO4P | 26.77 | 432 | 213.09 | 138.92 | -0.01
Non-biode | TMAH | 154 | 1800 | 734.75 | 637.11 1.00
gradable | 5000 4000 | 1575 |1705.62| 1.44

Organic
matter |DMSO| 20 908 | 276.57 | 291.64 2.14
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Figure 3. Normal distributions for experimental dataset of the semiconductor wastewater components.



Aok ARFATY #4522 A4 2] Water Digital Twin(l): e-ASM 22 743} Digital Simulation 78 67

2.94R1d], ©]3= Figure 29} o] AAm5o] FA o] v =
O APAA eEFoR 71 HIE T 22E 7L 9
= 2vlsiH, %’\101] Y o] ¥Eol HAgUE Qv

U

ATH37). ofet o], RIEAZ tE== A AAAA] H
€ 342 A e 229 SR w4l B2 bzl

:l

7
=
N

Sjgeo] Hls] AEO] EE WAL 2 EAL M
o v 4 A HE AeAE Wg

W4 44 9 B4S Tes 94 44 AA wA
% vtoto] Saiw|ojof ghet.

¢
4
)

L%E we r
rr.9

3. HXpue Hl= g & MA HAHUS

A AZAG Q] AR oA TR E H$LE Ao o
2t A, S, B E, f71HS So8 FEEH
_,_7]:11]/\‘— =] -3k WS S5 AYEH, fr1Hes =
2-3}5H4] A o]9of & HAYES o83 FETH A7
578= 283t A2|HH8]. Figure 4= diB A AT
ol HFeAot tjAEd o] AR FHolA AREE AL = H A
A HY AFEE UEhlt dd AR Haole /7149
ot Fr)H7E EEo] o g, Figure 49 o] F7]¥
= A olF f7HSE AYFo 2N BdEA Y A<
Aot fol F71E8S Al AAst /784 A2 &
& SAAZ F ok 59 A AR AR SN
o= f7lvleole AdA o R & BoiEA il &4 &9

Ag o837t BETA AYRE EoE7] o#¥ TMAH,
DMSO, IPA 22 FEsi4d f7]=0] EAsteg, &4 &
do A% A= 1 #Heo #EE AR AlXK(Hydraulic
retention time, HRT)2 J7HA =24 Eojl=l= &8 &
AE AASH: FAoE fiFE FHsta eH12].

3.1, R7|H4 B2 X7 HAUS
A A4 F A 2 g asdol Az 3] B

Semiconducton
Masulacturing Process

Geinding |

< Pl AT Ha, e He, 24 e SR
TEEH13]. FEe W '=a ARle =224, stk A7
WS o] &3t F2 % A, o], of3t A2 ol QL
o dEes 32 9 YA gF s, 2E, 2 JM}Q
= % S50AtsE, §48 FAAR 0|85t BHsehs
< 5% B4 584 JHIZ Mol & S ;“1“15’]h
sfeta A= Woltt. 7 ¥ FoE 9 PSS °l
&3t otebd AWy FAe S5 AlAET3s]. Fek A
Z%2 Equation (1)¥} o] F-&jo]2< ol (HzS) Foka
TH(NasS) 52 AH29] Fshtels g3 & 283 oi A
AlA AARG. Aok JAW el 3¢ Feke AW vk
7HA & pH 9~ 102] &Ze] 27404 Equation (2)2F o] <4t
SRS FAAA AR AASHs shebA A el

Cu *ag) + S “(ag)— CuS(s)| (1)

Cu *(aq) + 20H ~(aq) — Cu(OH: ()| Q)

3.2. R7|H2 YEstH ol HFLE

3.2.1. ®71=, 4, 219 ”%3—?‘* w=ofl HIAHLZ

At AR A3 HolA EA Ho] f7]E2 duHE
o AR RS BVK, G, F0E 289
Al B BE] EofiErgol wEt AESE o R AAE. 2714
FNA= F71E0] Atstet A S F Y= (Heterotrophs)
g] k]xcl-oﬂ g Q3} 7]X1§M1 —‘?—EHE]D:] 637]k1 z;qoﬂ/ql: U]/\ﬂ
= 2880t ofy gt 7158l (Hydrolysis)2} ¥ & (Fermentation)
£ &9l EofiEh

AZAY B Y AETHE A4 AAL DASKNitrification)

@} &S Denitrification) T 0.2 FLEETE AAS) 752 &
Zyobyg AAvt AA AR AStEls 3goz, ofryo}
d it o= 23k ALY HeAE e i AA HAYUE
olct. qHA Q1 AL} u|AER] Nitrosomonase} Nitrobacter2)

[ water | | Irscaganic
| Dicing _'_ Ir,,.-- WA Wt --\I Physical
1 Chamical
1 Wydroftusric [HF) Treatrers
Shaging | Aok Warttewater
| —
_ I. ) i, Cannlic I——
Surlsce Wastewater '
| Treatment | Copgeer-containing -
1 Wastewater Conditioning
Plarking | Halagen Frecipitation
' * ) R Mewtralization
[ o | H Coapalation
|momost o | SN FProceulation
I' - — Filtration
;:;:I Adsorption
c oo .
Dicing

Inorganic
Wanbewraber
Organic
.-”- Wastewater Biologacal
Treatment
ThAAH Wit swated
— — Second
Inceganic

MHH4:-M Wastewater Il B

Treatmant

DMSD ‘Wastewater
Anserobic wastewaler

Treatment i

IPA Wastewater i
Arobic watlewater

H Treatrsent i

Advanced Treatment of

Mitrogen & Phosphonas Dachariph Recpding
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manufacturing facilities.



68 olg - oLts] - A - ST - B

Mo

714 2704 9] A4S HH-3-A]-2 Equation (3)X} Equation (4)
2z}

NH;(aq) + 1.5C:(g) — NO, (aq) + 2H “(aq) + HOD) (3)

o for

NOy (aq) + 0.50:,(@¢) — NOs (aq) )

C/N ratio= A4S 3Hg9] =8 F3F AAEH, dutdor
3 0]5}2] C/N ratioof| 4] -2 A4lskgo] Yehdth39]. AApAF
% H2] ON ratio= °F 0.50] 22, o] & Hs}7] ffsto] o
U A AHE 6] HE v £ A v, 183 o
A9 F9do] Bastrh. W& ON ratioo] A A4St 2 F
715 BY AHEE S T®aYo] BT AL oF w©4d
Fdoltk Y §EEE o] &3 ©®AaYE HF5to] Equation (5)
o] Faba 7oA 9] g4t B gt

6NO; (ag) + SCHOHI) — 3M(@) + 5COig) + THO0) + 60H “(ag) (5)

2ot QA AA= mdEe] e AdFiste] Alx &
o7 o]&stAY, ¥ AF(Luxury uptake) T Polyphosphate
FEHE A Wol] A5k F7HA o] 23] o]Fojzit. A
=84 Q1 AA FAL @71 247 37 2AE AFFL
2 AT o) ¥, @7]4d 27004 Poly-P bacteria (or PAOs)
2 HeERE gAYE AFHote] PHB (Poly-B-hydroxybutyrate)
FH= A 2T|2ANA= AFE PHBE 95t
PAOs®] /70| o]Fojz|H, FAlo] Poly-PE /57| f18t <1
o] MF=Z AAETH40].

3.2.2. HEdd TMAHL| WESHH Zalf HAHLZ

TMAH: BHeA| 9 tAEe o] A= 374 F PRO d4
o7 AgEHE A4 AEOR Fehz oz obgEQl S1gHEo]
Aqt, AESHY o7t o8 HEaA EZoln skofA
=48 viEslth iEgE SHEEL vdE 439 A AR
2 {718 AAEES FAAIY, ES TMAHO|= 47t &2
Eo] B2 TMAHZ}E £3E f A== dryorg &
A& Qlsto] i A HAYZE JFS nlHTh41,42]. &
7195 W TMAH:= E2|3F5Hs Wiyt BE5He WS B9
Aejget. Eejsistd W ogs Suf Akl o] wdk, d4t

I u
£ 50| AAEAT AAH vl go] ¥7] ul, vlwx He
M0 QPYAOR TMAHE Held 4 Qs ABote W

o] F= AMGHETH?29]. Figure 49} #o], TMAHS| A=3H4] A
2= methylotroph, Paracoccus spp., Kluyveromyces delphensis,
Bacillus circus, Acinetobacter sp. T|A& 5ol Q5] 714 =
A3 37144 27904 SAlO] B3E 4 ATH43,44].

71 Z7A9 TMAH B3| URWEL  methlylotrophic
metanogeno] " TMAHE |43 7| A= o] &3ttt TMAH
+= TMA (trimethylamine), DMA (dimethylamine), MMA
(monomethylamine) 714 HEH 02 NH,o| Fe= Rajwch
[43]. TMAH®] A|A B & SHEEES WS- v R g
o FEUo}f o] o] F= AGHETH43]. H71 £0- TMAH

S HEREE

AA E&S 70 ~ 90%22 EAT, Hgt, HehE, oj4lslerArt
BabEs PAECH43]). 5714 27014 TMAHE TMA, DMA,
MMAE AA FFH0oZ NH,Z o=, &7 243 2
= oA ELHSto| =7 A E AL, o] wWEA] AlSlE| o]
olAtsletAol B2 AMFHTH44]. TMAHS] X 23] AHE=
NO; o] vi&Hr} 550 mg L' 0|4l 15=2 TMAHE
3714 27AA Aalst 9 & v]YE] Ao AfUR=
285 TMAHS| 27] -5of| Hg|sto] AASERE NH7H A A=
£ AlZto] XA ETh44]. Figure 5(a)= A1 A3 TMAHY]
71 9 3714 2HA Bl whg9 IS UrERdT

3.2.3. DMSOZQ| M=3atM Eofl HAHUS

DMSO (Dimethyl Sulfoxide)= AR} AFQOA E&] AFREE
FA9 §718ME, 2 FEES 7 d9TH R oHY
sttt 3 BAERA 2719 ¢S s e 7] e
E 71 IS B 85iAE o Q] el MiEAE
Bl cloret Alglol A e AT lck. e} DMSOe)
Guald U2 Qslo] DMSO g H4E UE 47 0
He) wpue] 1§ Het Wasi

DMS08] 4% 2 wAYZo] tig dseiTol e
DMSO 23] BB £4990 422 DMSOZ k4 & o]
Qo7 ARESE 4= QItH35]. DMSOS DMS (Dimethyl sulfide)
2 Bol5t= FQ vhg|g|of & Escherichia.coli, Pseudomonas
spp 5 EFS| W2 Fo] UARL DMSE 4t 0 & 43} 7hs
T2 A2 7t AUHH35]. DMS9| AstAlte 2= 714 1]
ME9 Hyphomicrobium spp., Thiobacillus sp. 7} HJEZ Q] £0
2 SRIEA oW, Hyphomicrobium spp.7t Thiobacillus sp.©l| H]
Sko] DMSOOJ|A] B4t 7kA] o] Atstut-gof 2% wafjatgof =
Al o gtri45]. TS DMSE ZAESH H]AE<Q] AOB (Ammonia
oxidizing bacteria)o]] et A3l Z-& 072 AALS) IS A A A|
ZATH35].

Figure 5(b)oll A4 #4229 DMSO7} @714 € 5714
AN AESHOE BoHL Ao HPS et
DMSO= 4t Ee @714, 2714 27004 &dass
Z3) AR} -8 (electronic acceptor) ZX w|AYEo| 2]slo]
DMS= $hel=1r, /4% DMS+= #ofi=o] ZEUH|s| =9} 3t
22 PFITh DMSE £714 27N B3R! Methanethiol
MT)7F & & oA F3a(HS)E =350, HS2os &
AFA(SOMHE RBAFRTH35]. ZELHS| = CO2 HHA
U A g0l AH&Eh DMSO AAo] that A8 dte] o
21 800mg L'9] DMSO 3% Hl4g 4&HAHE &3
24A7F9] HRT (0.8kg DMSO m” dh& £I93LS 1 90%2)
DMSO AALE E3= ). E3E 1925 mg L'9] DMSOE= 72
A7t HRT(5-5H 0.64 kg DMSO m” d)Q wf 7} & Eaj=]
< o= HIEITH46).

3.2.4. IPAQ| ME23IX Eaj 7S
IPA= ARAY, §56] WA 9 qAEH o] A4 F4 A

>
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Figure 5. Biological degradation pathway of (a) TMAH, (b) DMSO, and (c) IPA in electronics industrial wastewater treatment.
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£ oA DSk vYE vHS-S 8 F4lo=2 A%t
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9 584 JRE0 AR A7 WAUST 04 Fois
# £ soto] 3tk Figure 62 e-ASM Rdl 3] w1
Zol AXEo] Qom, A7 54 U A vlgE] ot
coD, A, 91 AA WAUZ, Teln Hek AR Bl
2791 TMAH, DMSO, IPAS] 2814 29 s7uzo] %5
%o} 9lt. S Table 29} o] e-ASMO] Y 2B 0] £
MAUSE Whewa el SEskd wetuE 9 st
22 A% ] Table 29} Zo] WLo| Fejz mAL,

4.1.COD, E, 910| Y231 23 K75 Yz
e-ASM R El9] COD, A4 Q19] Eaf wAYSE PESH]
A4 9 9] AA TAHE EAE & e Activated sludge
model no.2d (ASM2d)E 7|5t 2 7fEslict. ASM2d= A&
54 da 9 Ql AA 3L EARE 4= = Activated sludge
model no.2 (ASM2)0]] F4ta ZHAE QIZ IHF AT &
%l DPAOs (Denitrifying Phosphorus Accumulation Organisms)
€ =9 RdE, SHIYAEXaT S5IYE
Xuen)®] 483 AR, 7heE8iE 2t 21719 343} 18
N9} B (343 "é—‘:# YA A2z o] FolA AtH16].
2 Aol s AAEY woll A EAshs v daet )l
o] AFE 27| fI5) ASM2dE 7| Hd= ARESHRL
o YEHY AA H7d2 Table 29] Process 1 ~210] YERH

A - ST - A - A - R

tH16).

CODSH o) K ol oIAAFE Bk ok,
Process 1~32 AR 71535t 7|29 45} ¥-3-& e,
Process 4 ~ 5= Xyerd 2714 9 714 ZAA _,] X712 9]
v|Skal, Process 6 ~7< B3} 9k, Process 82 W& WS-
Process 9+ Xuer &3l (lysis) ¥HS-, Process 10 ~ 112 Xaur2]
A 9 23] 232 LERFATE Process 12 ~ 19 AJESHA 9
AA HMAUEE e, Process 12~ 14= PAO W THRIAMA
(Poly-P)9] A% HAYZEZ H|5tH, Process 15~ 162> PAO
9] AA}, Process 17 ~ 19= PAO«] €3]] U2 Process 20 ~ 212
Q19] sfakd A 2 23 ure-S oJu|sict,
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Figure 6. Metabolic pathways of the proposed e-ASM including TMAH, DMSO, and IPA compounds in electronics industrial wastewater

treatment system.
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AFER FUlstol=E st XF AR NHS/E A34%
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dXr40 Sraran S
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degradation organism)°]| 2J3] WAJSIH TMAH”} TMA, DMA,
MMAE AA He22 B3jEct TNO= AAE Qs 7142
WSS AFSILT BAEE Hehg e eASMolAE 2
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o =lmo * . Sot+ K, * Xovo—bmvo © Xivo (8)
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Table 2. Stoichiometry matrix and process rates for e-ASM

component )
s . 1 2 3 4 5 6 7 8 9 10 11 12 Process Rate, p
i
3l
- b T Si| Sk | Xs| Snu4 Spos SaLk Xu So2 Sa Sn2 Snos | Xa [ML”T™]
j rocess
Aerobic
hydrolysis of
L ot el el al Y vl S Y
. wly S I | - N Lpou LALK 4 Sos + Koz XsfXy + Ky
biodegradable ’ ’
substrate
Anoxic hydrolysis
of slowly v \% K, s, Xo/X
2 . f l-f -1 V. Ky s - 02 NO3 . s/Xu Y
biodegradable | ' St NH b4 ZALK BN G Koa Swos + Knos Xs/Xn + Ky
substrate
Anaerobic
hydrolysis of v v
Koz Kyos Xs/Xy
3 _ slowly for | 1t | -1 N R e S Ky Svor + Kuon Kol +
biodegradable ’ ’
substrate
Aerobic growth of] S S S S
heterotrophs 1 € B S Ky S5+ Ke Se1 53 Sum t Ko
4 v 1 Y, %
on fermentable " _q ﬁ#
substrates pos + Kpos Su + Ky
Aerobic growth of] s, 5 s, 5,
1 S Sr _Sa_ Sm
5 heterotrophs 1 7 MM Sz + Koz Se+ Ke S5+ 51 Swus + Kums
on fermentation _q Yy Ltros_ Sak
prod cts Spos + Kpos  Savx + Kavk
u
. . Koo Kuos S _Si
Denitrification L —y —y B INos G Ko Sms+ Knos Sp+Kr S7+5,
: _ " P . Swma____ Seos
6 | with fgrmentable Yy 1 286« V,| 286« } Swia + Knna Spos + Kpos
substrates S
Suk + K "
i K Ko S S
Denitrification . - ——y NS Ky Svost Kuos S+ Ka 545,
2 : = H H . 'NH4 . PO4
7 [with ferr(;lentanon 1 Y, |286+ 7Y, 2861 Swus,+ Kuns Spos + Kpos
products Sk
Spuc + K "
. dre Koo Kwos  _ Sr _ Sux
8 Fermentation -1 1 "¢ Sor + Koz Swoa + Knos ¢+ Kr Sux + Kux
X,
Lysis of
? hete};otrophs fa -1 1-fx bayr - Xqur
: S 02 SNH& SPO&
10 |Aerobic growth of] v 457 Y, . fu At o+ Koz Swna + Ky Sros * Keos
autotrophs 18.NH4 Y, L S
Sank + Kari
. 1-
11 |Lysis of autotrophs f fxi baur - Xaur
X1
storage of PHA by
poly-P Sa . Suk . Xee/Xeao
12 accumulating Yros -1 Yoo | b e R S R oo oo + B 1
biomass
Aerobic storage of] Gy -0z Seor
So2 + Koz Spos + Kpos
13 poly-P by poly-P 1 v | -Ypu _ Sux . Xpua/Xpao
accumulating ) T PHA A Sux K Xeyaogo +Kono
MAX — APHA. PAO
biomass Koo+ Kouax — XoualXoso * Koo 7%
Anoxic storage of
K, S,
poly-P by poly-P -Yeu Dy Mg 02, ONO3
14 accumulating -1 I-fsi |-Viznos | Vizwos 1 N P12 = P INos g S T Ko
biomass
Aerobic growth of] Son Sum Soou
Hpao * ‘T T
oly-P . 1 Soz+ Koz Swis + Kyns Sros + Kros
15 poly . -1pBM V13,02 v o Suk_ . Xewa/Xpao
accumulating 4 Sax + Kark XpualXeao + Kop
biomass on PHA Krao
Anoxic growth of
poly-P . 1 = - Koz Swos
- - 3 3 - P14 = P13
16 accumulating 1pBM Vi4No3 | V14NO3 Y, 14 = P TN Ty e Kvos
biomass on PHA
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Table 2. Stoichiometry matrix and process rates for e-ASM (Continued)
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17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Lysis of poly-P
accumulating
biomass

Lysis of
polyphosphates

lysis of
poly-hydroxy-
alkanoates
Precipitation of
phosphates with
metal hydroxides

Redissolution of
metal phosphates

TMA production
from TMAH

DMA production
from TMA

MMA production
from DMA

MeOH production
from MMA

Growth of
anaerobic
TMAH-degraders

Decay of
anaerobic
TMAH-degraders

Growth of aerobic
TMAH degraders

Decay of aerobic
TMAH degraders

Growth of
acetotrophic
methane
producing
organisms

Decay of
acetotrophic
methane
producing
organisms

Growth of
hydrogenotrophic
methane
producing
organisms
Decay of
hydrogenotrophic
methane
producing
organisms

Growth of
anaerobic DMSO
degraders

Growth of aerobic
DMS degraders

Decay of
anaerobic DMSO
degraders

Decay of aerobic
DMS degraders

1-fx

0.25

0.33

0.5

1-fy

1-fy

1-fy

1-fy

1-fy

YTXU

YTA o

y.'l MO

Vi5,p04

0.75

fu

fu

fu

Vap,ALK

Va1,ALK

0.67

0.5

1

Yous | _

— 7
DMSO
Ypuso _

fy

fy

Yous

Y,

HMO

fXI

Yrvo
-1

Yy a0
-1

Yiao
-1

1

)/]IJIO

SALI(

Bose - Xppr - ——2LK
PAO PAO SALK+KALK

SALK
bpp - Xpp - ——HE
PP Sk + Ka

SALK

bos - Xppy s+ —ALK
PHA PHA SALK +KALK

kPRE . SPD4 : XMeOH

SALK

Kewn - Xogop - ——AEK
RED MeP SALK+KALK

STMAH

U —X
T S raan + Kruan O

Srman

Urman o XNnv0
Srman + Krman

Spma X
Hpma S—DMA ¥ Koz TNO
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Table 2. Stoichiometry matrix and process rates for e-ASM (Continued)
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Figure 7. e-ASM development for digital twin of electronics
industrial wastewater treatment plant using GPS-X.
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Figure 8. Water Digital Twin implementation procedure of
electronics industrial wastewater treatment plant from
physical to cyber systems (CPS).
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Table 3. List of kinetic parameters and yield coefficients in the e-ASM

& 24 W3t A olofg

Parameter Unit Value Reference Parameter Unit Value Reference
Ly d! 6 [16] K d! 3 [16]
Unut d! 1 [16] Kx gCOD gCOD'! 0.1 [16]
Upao d! 1 [16] Kr gCOD m™ 4 [16]
Lrman d! 2-5.04 [42, 43] K gCoOD m* 20 [16]
Lra d! 2 [43] K gCoOD m* 4 [16]
Uy d! 2.5 [43] K gNm? 0.05 [16]
maxir'num Lhavia d! 1.4 [43] Kp gPm? 0.01 [16]
Sf;zc‘inﬁlf Lo d' 0.37 [43] Kax | moleHCO3- m? 0.1 [16]
¢ rate Uamo d! 0.33 [43] Krvan gCOD m™ 15 [43]
Lino d! 2 [43] Half- Kinia ¢COD m™ 0.06 [43]
" Saturation 3 4
Lrao d 0.924-1.106 | [44,51] | o officient | Koma gCOD m 2.50 % 10 [43]
Uomso | mggVSS!'h! 45 [52] Kunvia gCOD m™ 0.15 [43]
Uoms mg gVSS™ h’! 2.6 [53] Ko gCOD m™ 0.2 [43]
Lipa hr! 0.0227-0.337 | [54-56] Kamo gCOD m™ 0.04 [43]
Uace d! 9.59 [55] Kivo gCOD m™ 1.00 x 106 | [43]
Koa gm? 0.2 [16] Krao gCOD m™ 800 [51]
Knos gm? 0.5 [16] Kowmso gm? 10-190 [52]
I“hibtition Kipp gg’ 0.02 [16] Kows gm?® 10 [52]
coflasteant Kir gm’ 2 [55] Kipa gm’ 241.6-733 | [54-56]
Ki gm? 270.75-898.87 | [54-56] Kace gm? 94.8 [55]
Ka gm? 544 [54-56] Cross- Ka - 2.58 % 107 | [54-56]
-1
" o o 06| consant | Ko : 437 10| [54-56)
baur d 0.15 [16] 3
_1 Yu gCOD gCOD 0.63 [16]
beao d 02 [16] Yaur gCOD gN'! 0.63 [16]
bre d 0.2 [16] Yoro P ¢COD"! 0.24 [16]
beua d’ 0.2 [16] Ymo | 2COD gCOD’ 0.065 [43]
Decay | bmo d’! 0.017 [43] Yao | gCOD gCOD! 0.026 [43]
rate | buo d 0.017 [43] Biomass |y ' 1 4cOD gCOD! 0.05 [43]
0 yield
Bivio d 0.017 [43] Yiro gg' 034 | [30,51]
brao d' 0.017 [51] Yomso gg! 0.08 [45]
bwso d' 0.017 [28] Yous gg! 0.1 [53]
bowms d’ 0.017 [28] Yiea gg’ 0.29 [55]
buea d! 0.016 [57] Yace gg’ 0.40 [55]
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