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2.8 3% b|& 3 — Anaerobic granular sludge (AnGS)
full-scale bioreactors and machine learning modeling

Justin Chun-Te Lin (k% %) §

Department of Environmental Engineering and Science,
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Feng Chia Univ‘e%

. . EVER T I 3
Presentation Overview LN
1. Introduction
1-1. Anaerobic bioreactors evolution
1-2. Whiskey Distillery Wastewater (DWW)
1-3. Synthetic Fiber Manufacturing Wastewater (FWW)
1-4. Introduction of Machine learning modeling

1-5.8% LA 1357 (AloT) &1 ¥ & -kAFE
2. Materials and Methods

3. Results and Discussions

— Full-scale ECSB and EGSB bioreactors for whiskey DWW,
— Pilot-scale UASB bioreactor for synthetic FWW,

— Two full-scale ECSB bioreactors for synthetic FWW,

— Machine learning modeling of ECSB and EGSB bioreactors,

4. Conclusions
- AR AESE A BAl BT G %
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Evolution of Anaerobic Technologies in Wastewater Treatment
« Schematics of anaerobic digester evolutions:

(a) Continuous Stirred Tank Reactor (CSTR), . -
(b) Contact process, e s e ey ™

i e o - O Y1t e T L

(c) Up-flow Anaerobic Sludge Blanket (UAS B), the 15t g;:eration
(d) Expanded Granular Sludge ( AnGS ) Bed (EGS B),  the 2 generation

(e) External Circulation Sludge Bed (ECS B). W TRET R e

g .
The 3rd generation high-rate anaerobic bioreactors 4- v -

g

three-phases (gas-liquid—solid, GLS) separators x2 onss e
(R.C.: relative capacity) RS ke j
+

O Granule-based reactors: ! fa

{5} Upflow amcerobic scge blarket (Uase) (¢ panded granular dudge blonket (EGSB] - (d) nemcl on UASB (IC)

Submersd Biogas.
gas collector Recirculation f,_#

Ref. Wastewater Engineering: JEo et |1/ | Etoent Phase Bisgastiomass
Treatment and Resource " B R
Recovery, 5% Edit, Publisher: e i i S
Metcalf & Eddy Inc,, (2014), infuent |y 1y Siudge bed inbusnt .-"I* bod nfiusnt Miting charnteg

]. -2 . Intro duction Feng Chia Univ‘e%

RALARFEE K

How whisky was made? and Sustainable

Nanotechnology Lab.

how the wastewater were generated?

You Won't Believe Where the World's

Best Whiskey Comes From
(=1 - [}

Cereals - 2

(malted barley .,

and wheat), - - i

Water and

Yeasts

»  Malting » Mashing » Fermentation » Distillation » Maturation >

milling blending

( Oak Barrel )

bottling
2

LT 2

— 10 L of pot ale is discharged per 1 liter of pure alcohol (LPA) in the case of malt whisky
— 18 L of spent wash per.LPA of grain whisky (Tokuda et al. 1999).

00000000
00000000
00000000

The Edinburgh Malt Whisky Tour
hitp://www.dcs. ed.ac.uk/homefjhbiwhisky/glossary.htmi

Distillation Warehousing and Maturation
1. Liquid residues in the wash still 2. Waste streams generated in the
i istillation spirit still after the distillation By Matthew Tubin, 201
_

2026/4/17
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https://terms.naer.edu.tw/detail/22c4025da9ceca71d30b6fca573911b9/?startswith=zh&seq=1
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1-2. Introduction
Characteristics of whiskey distillery wastewater (DWW)

Feng Chia University ;
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* one of “high-strength” wastewaters; from: “spent wash”, “pot ale” and ...

* rich in organics, i.e. high COD (38.5-62.9 g-L1) and BOD (13.0-35.3 g-L 1),
as well as high solid contents (23 g-L* in pot ale and 17 g-L™* in spent lee);

* high amounts of

Spent wash sampled on: 2019/9/27

Constituent Concentration,[mg/L]

pH

Alkalinity

Total Hardness (TH)
Ca?"ion

Mg?* ion

K*ion

Na*ion

Conductivity

wastewater |

4.0 []

764 (as CaCOy)
334 (as CaCO;) )
411

105.0

888.0

251

4,110 [umho/cm]

Constituent Concentration,[mg/L]

BOD(sg, 200¢ 1,950
sCOD 37,750
TOC 13,500
TIC 251
™ 330
NH,-N 80
NO;-N ./ N.D.(<0.005)
NO,-N { i 0.0153
Urea \ - 1,425

a

Ethyl carbamate (EC)
2,4-Dimethylphenol

1,534
" 0.0113

HNo T eH,

Therefore, DWW is often regarded as a hurdle for conventional biological treatment!

Nanotechnology Lab.

1-2. Introduction

Feng Chia University
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Nanotechnology Lab.

Various bioreactors for Whiskey Distillery Wastewater Treatment

Table2  Anacmbic systems for weatmentof mak whiskey distillery or other high-strength wastewater and biogas production

Systemname  Fead type Scale and capacity Influent water quality  OLR Biogas rte (BPR)  Effluent water Ref.
kg CODm™ quality
day)
UASE Pot sk from & Tl labs i COD35-a79 L 17228 (15 st BPR:05-128 Lday " COD: ~90% Goodwin and
commercialmall resclors (=05 L stsble aperstion) Siuart 1004
whidkey distlley sy ', Vo
1.05 L TD 62 e
UASB Aleohol distllery @m. oL COD 3093286 g L7 28 BFR. BOD: 81, COD: Harads etal. 1996
waslewaler T oohmm (H4 m, 029 N CHykg 39-57%
(cane-molasses LD. 20¢it, Vs 0D,
vinasse) diluted 126 ) with s G-§
with 5p water
o4 — Media UAF Noodiluted CoD63gL'in 20 BPR: 075 m'kg COD: 76%, TN: Tokuds et sl 1999
whiskey pot sle potak, dk2g COD... CH.: 0%
Re——— 75
GR ABBR Diluted whiskey w 059,153,237, 10-22L asy " BOD: 9%, Alunns smd
Anaarcbic distllery 166580 gL ndd% COD: 0% Clak 2000
reasior wasteuster CODin influent: 8.5 3 L
(DWW)
UASE Potak from = COD 2865286 g L7 1361002 S0—03Ldsy’  COD:BUR Goodwin et al. 2001
experimental mall
whiskey disilley 1D +
UASE Wine, qmeeifled and  Tolo lsb ke (4 Fomdl©2l9  NA oD > 80% Laubscher et ol
setlled) grain 160 am, LD, 6 em, 2001
DWW Vo 102 1L,
@=412L day ')
X e X BEFE (AR + MR) Spent wash disllery  Tw lab-scale resiors L'.COD:  OLRofAR CH. ofMR: COD removal Acharys etal 2011
blphaSIC fixed film 1. K Ecor L 380 OLR 269-123 m* of AR: 20-4.1%
X (AR} H 134 em, oFMR £-19 m ME:813-51%
bioreactor (BFFB) LD.9 cin, Vw3 L (oo st s
2. Methenogenic rescior ey
(MR). H 152 em, AT T T OB WATER LTI
LD. 18, Vo W
,;':?;";"f nL‘f‘ A full-scale study of external circulation sludge bed [ECSB) system
UASE Wanedstlsion (PO} A for anaeroblc wastewater treatment in a whiskey distillery Wobmarans and
westewster o i G - W Rt O e L Villers 2002
sequencing batch s
UASE (AvAe | malt whiskey Lab scale: o ammerobic gl 3 0019-0020m* BOD: 99.5%, Uszsl el 2003
reactor (SBR) SBR) distllry UASE Wlmns COD:30.1-507 g L el ©0D: 983%
waseuater comected in series
1) Anosrcl hyrd prcss CANHYE) e :
o [ i ing: Tr and Resource Recovery,
| one serobic lask 5thEdit, Publisher: Metcalf & Eddy Inc., (2014),
A S0mE)
UASH + filier Spent wash disiillery |_Lsb scale: & 150 cm, fur HRT:  COD: 1348gL ™" 1113, 870, 7.13, ~68m'm " day ", COD: 60-79%, Kumaret sl 2007
lamserin: w, s 57, and 453 Ve, sulfsi: 60-§0%
hybrid reacior) 10510 cm, s 0334 m COD ke 6
hepperin the botom,
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1-2. Introduction
Example of ECSB: for Whiskey Distillery Wastewater Treatment

Table2 foomtinuedy
a - Systemname  Fead type Scaleand capacity  Operstion time, Influent ater quality  OLR Biogs re (BPR)  Eifluent water Ref.
External Circulation T Gscopm? iy
and temp. day'y
S|Udge Bed (ECSB) = EsB m*mea Fn‘nxig') Wm 49 dma. oD S3a08g L7 OLR vooong CHa > T5%, ave Removal: COD Thia smudy
day” ssm. . M EITNC COD day™', l_!fﬂln dnf:. $53%
T '\’;“"’:“‘”“‘ EGSB : upflow anata G
-

velocity 3 m-ht

(D: 6.55 m,
H: 15.9 m,
V: 490 m3)

EGSB : l i 3 l

organic loadin 3g L] Flore a
600 kgCOD-m?. '

P IR

——  Scrubber i T ]

1 A' ECSB System t
- -6

Distbery W
ECSB : BRSE SERd
organic loading - a
900 kgCOD-m?.

- —RRERE

(neutralization
, NT tank)

1-3. Introduction
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» Wastewater Source: Synthetic Fiber manufacturing and Textile chemicals

» Composition:

> Tetrahydrofuran(THF: C4H80): ./ 3,500~9,000 mg/L

» 3-Buten-1-0l(BTO; C,HgO): e~ "ou 5,000~6,200 mg/L
KEPIIEERE ¢ 3- T 15

» 1,4-Butanediol(BDO; C,H,,0,):

] pEmxaaEsnsE2%
200~350 mglL BRI EEE 92%

. S B ] deteiters
* Raw WW Quiality: s
o pH' 7~9 110£424c g « 2 (EHERATAAF L)L FAEZ
§ nEen, LAHEAEG S EAF S (RE

+ COD: 18,000~30,000mg/L

+ SS: 20~50m%/L
Chemical Industry Effluent Standards
(Abolished Date : 2017-12-25)

DR ockd, A P RIRH I, ¢ 8 T
BiE e T E ) H0g s H(137 - f 7 %)
2T HIRH A (HAY. ZE ). Wi

Ref. it 1 ¥z K-k FE P 2 RE(f# 2 )

« for Synthetic Fibers Manufacturing: o EALERHERE A =0
(a) BOD and SS: 30 mg/L —HF K Er T EE YT TR
(b) COD: 100 mg/L | =RT % B BERAGEHGE |0

-8 3k ;
(c) Barium (Ba): 2.0 mg/L jf{:ﬁjﬁ;i ; f\
(d) Dichloromethane (CH,Cl,): 0.2 mg/L A A E ok
(e) Chloroform (CHCI,): 0.6 mg/L ';“H:ﬁ,{bf%' B )

2026/4/17
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Full-scale study of ECSB for Chemical Fiber Manufacturing
Wastewater Treatment and Biogas production evaluation

Chemical compounds found mean ~ B
_ et o, n 3 s c% 1 (Tetrahydr()furan‘ THF)
+std. dev. CAS No.109-99-9 .

(i simpoierzs L L LW (¥2%)

E::43; 244.7+141.0 > EF PP F(58 > 54%)

(n=15)  1023.3268.9 > EF BT (AK ~ $5%)

(=13)  49:70 > R (5 22

{B_;—:Iérl?;—Butyl Hydroxy (n=3) 46.3+13.0 > A }? i 4 / “/;i, (§§ 2"&)

(n=2) 29.0£39.6 > BE G/ TlEmp (% 2A%)
THF is a polar aprotic solvent, which is called as anthropogenic ® BRI BRMICEF o
universal solvent and intensively used in the manufacturing of various ¢ = & X

bulk chemicals. THF is used commonly as an intermediate in ® L RFRATIEG T
pharmaceutical synthesis or as a monomer intends to produce valuable ¢ ;2 = 4 & 35

copolymer products, such as polytetramethylene glycol (PTMEG). ¢ ;s BoE Pep g o

The PTMEG is a raw material in the production of polyurethane & i

polymers (Spandex, a.k.s. Lycra), which is critical to global V'S
*

RN c:i’c}'“l‘g' rﬂ/;; o
flourishing textile industry. B

b
vid S F R o

e

9

Feng Chia University
Department of Applied Mathematics,
Prof. Cheng-Shu You (#4424 )

1-4. Introduction %

Machine Learning {4 5 ¥

Decision Trees: Classifying Step-by-Step with Questions

What is a Decision Tree?
» A decision tree is a simple, intuitive method to classify data.
» It works by answering a series of yes/no questions, one at a time.
» Each question splits the data, helping us find the final category.
» Example: What animal is this?

How many
legs?
4
2 0
Can it talk? Snake Does it purr?
no yes yes
Does it understand
Kanearoo what it’s saying? Gt Dog

yes no

Human Parrot

10
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1-4. Introduction %

Machine Learning {4 £ 5 ¥

Decision Trees

» A decision tree is a model for supervised learning represented as a binary tree, where
each internal node corresponds to a decision rule that partitions the input space, and
each leaf node corresponds to a predicted output.

» A decision tree composed of:

» a root node (or starting node);
» interior nodes;
» and leaf nodes (or terminating nodes).

» Each of the non-leaf nodes (root and interior) in the tree specifies a test to be carried out
on one of the query's descriptive features.

» Each of the leaf nodes specifies a predicted classification for the query.

Decision Trees i+ & At

BT TS EE Y LR
FPood A E Ry b
o il P 0 - B
-

4 a1 B
m el = ] 1

1-4. Introduction >
W hine Learnin . SGTITTTRD 4
Random Forest 18 & 1+ & L g $ ¥ AU Prof. Cheng-Shu You (12 )
F-BAWEEY Y AP ayr 2 > v £ 5 KT S oAl (model) » A ik 4 &
Wik R di(exi100) » £ d o ik KA

.. A R enig S R R (A 2 R )
Motivation for Random Forests + (il A 8 80 K A 18 chid % TR o

Problem with Fully-Grown Decision Trees:
» They tend to overfit the training data.

» Characterized by low bias but high variance.

sepal_width

» Small changes in the dataset can result in
drastically different tree structures.

» Example: Two trees trained on different -
subsets may produce very different results. . Model 2D-Sepal-

110-8
Random Forest Idea :

Build many decision trees on different subsets of
the data and aggregate their predictions (via voting
or averaging).

sepal_width

sepal_length 12

2026/4/17
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= . Department of Applied Mathematics,
Machine Learning # B § Prof.Cheng-Shu You (¢ )
Random Forests Algorithm

» Bootstrap training data 1" times. For each bootstrap sample, build a decision tree as
follows:

@ Initialize with all data in a single node.
@® While there are impure nodes:

® Select an impure node.

® Randomly select a subset of k features. Usually & = log, d (Breiman, 2001).

® Determine the best feature and split threshold to minimize the loss function.

® Split the node into two child nodes based on the chosen feature and threshold.

» Prediction is made by majority voting (classification) or averaging (regression) across all
T decision trees.

This method introduces two key hyperparameters: the number of trees 1" and the number of
features / considered at each split.

13

1-4. Introduction % ‘%

M a ch i ne Lea rn i ng % x § sds Department of Applied Mathematics,

Prof. Cheng-Shu You (#4424 )

Summary

» Decision trees provide a powerful, non-linear method for classification and regression.
» Fundamentally different approach compared to linear models.
» Capable of modeling complex decision boundaries.
» High risk of overfitting if not controlled.

» Complexity control often involves heuristic and practical methods rather than purely
mathematical formulations:
» Imposing hard constraints (e.g., maximum tree depth, minimum samples per leaf).

» Employing pruning techniques.
» Leveraging ensemble methods:

® Bagging-based approaches (e.g., Random Forests).
® Boosting-based approaches (e.g., Gradient Boosted Decision Trees (GBDT), XGBoost).

14
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(¥ACost 1K) »
B 7 MERERE  KEFR [HRD
predict: -2.8 actual: -3.0 predict: -2.12 actual: -2.5 diff: 0.38
predict: -3.2 actual: -3.3 predict: -2.65 actual: -2.8 diff: 0.15
predict: 1 FINE SCREEN
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predict: .8 W o —
predict: : -3.2 | an.l g [
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2. Materials and Methods /s | @,\

Full-scale treatment process
€ Product Features

v One of the most advanced up-flow anaerobic sludge blanket systems in the world.
v High organic loading (10~35 KgCOD / m3-day), minimal land required.

v’ A separation of the conditioner is designed to facilitate the pH value and the addition of microbial
nutrients, to help granulate anaerobic sludge.

v Adopt external circulation mode to decrease the influent concentration to reduce the impact
of toxic or inhibition substances. EIOgAS

v Capable of recovery effluent
alkalinity to reduce the addition of

agent for adjusting pH -

v' Apatent on high efficiency EFFLUENT + heles e
double-layer three-phase
separator, effectively reduces the
outflow of anaerobic granulated —

sludge by the exhausting biogas T SEPARATOR
under high rate operating .
v' Designed with a closed over

pressure system to solve the odor o,
exhaust problem. —— SEPARATOR

UPPER, POLISHING
+——— SECTION OF
ECSB REACTOR

LOWER, HIGHLY-
<+—— LOADED SECTION OF
ECSB REACTOR

www.eigengreen.com
INFLUENT =

10



2. Materials and Methods ¢/s5) %

Sustainable
Nanotechnology Lab.

Full-scale study of ECSB for Chemical Fiber Manufacturing
Wastewater Treatment and Biogas production evaluation

2. Materials and Methods @5 %

Molecular biotechnological methods for microorganism ## ==«
analysis — Next Generation Sequencer (NGS)

Nanotechnology Lab.
* Why not traditional microbiology (based on culture method)?

» Molecular biotechnology (based on DNA)
— culture independent method
» Understand the composition of microbial communities in bio-system
can clarify the biological role of microorganisms
and its possible function.
v' Ultra High throughput sequencer, up to several GBs
v Reduce the sequencing cost
v’ Several companies are commercialization:

MiSeq System MinlION system -
from Illlumina Oxford Nanopore

2026/4/17
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2. Materials and Methods @/s)

Molecular biotechnological methods for microorganism
analysis — Next Generation Sequencer (NGS)

Primer information - 16S rDNA

0 100 200 300|400 500 600 700 80p

Sustain

Metagenomics from
environment samples

S: unspecific applications

VARIABLE REGIONS: group or

2026/4/17
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Nanotechnology Lab.

900 1000 1100 1200 1300 1400 1500 bp

Primer (5~3’)

CCTACGGGNGGCWGCAG
GACTACHVGGGTATCTAATCC

SD0341
SD0785

Organelle from
bacteria to human:
Ribosomes (The
Protein Factory)

¥¥ ‘

BOA
220A

Universal prokaryotic primer: Ribosomal DNA

Y 002

L ¥

35 base m

RNA

2. Materials and Methods /5)

Sustai
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Analytical methods and instruments for wastewater renereneer b
Items Instruments Company Model MDL
2-Methylphenol, and other GCIMS Agilent GC6890N/5973MSD -
Phenols 0.00204|
Total organic carbon (TOC)/ TOC Analyzer Ol 1030W 0.16,
Total inorganic carbon (TIC) -
Total Kjeldahl nitrogen (TKN) uv GBC Cintra6 0.018
Ammonium nitrogen (NH,~N) / FIA Ol FS3100 0.011,
Nitrite nitrogen (NO,=N) / 0.005,
Nitrate nitrogen (NO;—N) 0.001
Urea and HPLC pump Shmadzu LC-10ADvp 0.0078
Ethyl carbamate (EC) Controller ~ Shmadzu SCL-10Avp
2 % 0.00071
Detector-FLD Shmadzu RF-10A
Column Oven Shmadzu CTO-10ASvp
Auto-sampler Shimadzu SIL-10ADvp

Column Sharpsil SHARPSIL -U C18 S-5um,100A
T : 250(L)x4.6mm I.D.
Calcium / Magnesium ions ICP Agilent ICP-OES 5110 -
pH pH meter WTW InoLab pH7110 -
Conductivity Cond. meter  WTW LF330 -
Hardness NIEA W208.51A 1.88
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3. Results and Discussions (1/22) {%

Two full-scale anaerobic reactors (ECSB and EGSB)
from Jan. 2017 to Dec. 2020 (3 years)

(a) 400 61 O 389 (highest) 380
036 360 T
oy 352
300 |
<)
)
£
1] 4
g 200 o
168
o o
= o
5 o
100 {3 f° L
o
@ % 3
O ° 500 8 ° B!
w S
° E 7 (lowes! n
0 5 35 40

Operation accumulated months

Figure (a) Box plot of ECSB effluent flowrate,

(b) box plot of EGSB effluent flowrate, bar chart of operation days per month. E u ‘mw
£ E -

(b) 400

EGSB effluent flowrate [m’/d]
8 8

112.7.
(highést)

™

Feed days of raw spent wash to WWTP [d]
No raw spent wash from WWTP [d]
Estimated flowrate value

.p
Operation days per month [d]

0

30
5 187 lowesy 20 2 20 35 40
Operation accumulated months
Gl
E o

e, ¥i-Sung L, Wei-Kuang Wang

3. Results and Discussions (2/22)
Two full-scale anaerobic reactors (ECSB and EGSB)

REIARLPEE
Sustainable
Nanotechnology Lab.

from Jan. 2017 to Dec. 2020 (3 years)

* Variations of COD in
(@) the influent, effluent of ECSB [mg/L] and removal [%],
(b) the influent, effluent of EGSB [mg/L] and removals [%].

a) 40000
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removals (94.8+ 3.0%)
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Feng Chia University ;
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3. Results and Discussions (3/22) ﬂ%

PR ERTEY ¥

Two full-scale anaerobic reactors (ECSB and EGSB) el
from Jan. 2017 to Dec. 2020 (3 yegrs)

— = —  Akalinity in the influent

9] — —5— - Akalnityin ECSB effluent

77777 Alkalinity in EGSB effluent
(a) 80 — —v —  pHinthe influent 8 - -
s} — —8— - pHin ECSB effluent 70 —_
g 7.8 ——-0-——  pHin EGSB effluent §- /\/é
3 60 £ \ 5 i
s} 15 A & é/%% ok
I} SRR SARNP = ¥ T ,% / i ?}
O 744 Ly T4\ \ 018 % 1 %
w f \ NS p % / % ED ]
E \ 4 LD % v %720
8121 ‘% i \% /Y § 3 L
7] X 2125
3 N £ %
Q701 % o % %Y{ ¥ A %Y%\}L%
: : [ 138 el Yy
2 66 % H}\f % H( ﬁ
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g 6.0 %#Hﬁ T%H # ﬁ / ﬁ &J}i Operation accumulated months
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Operation accumulated months 60 I

1
= R : mmﬂﬁ M il
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W VFA in ECSB effuent
VZZ3 VFA in EGSB effluent
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le study of high-rate a
wit
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Operation accumulated months

3. Results and Discussions (/22) @;

RH 1AL F

Two full-scale anaerobic reactors (ECSB and EGSB) -
from J,an1.53g017 to Dec. 2020 (3 years)

Water analytical results of (a) nitrogen related items,
(b) sulfates, hardness and cations detected in the raw
spent wash, influent, and effluent of ECSB.

1600
1400
120 1 N.D.| Ry
1000 (410.0078)‘0Nog'78) N.D. f A —— -
I - =6 (<0.0078) 7
800 1 0 By
-}Z Urethane + D R N 1100
600 ~' 305 .‘ Urea | 1m0
400 96 TKN |
200 ¥ s
/ Ammonia_N
o y @/ pitrite(NO2)_N | 6m
Spent ¥ p ’0.%4 £
wash ECGB - / / Nitrate(NO3-)_N b
(Sep.27) influent ECSB E—
7 (sep27) effiuent ECsB
(Sep.27) Influent |

(Aug.12) effluent

(Aug.12)

e ———— _- 2§ 753“ wash (Sep.27]

Bioresource Technology

v ¥ EcsBinfuent (5ep.27)
Joursa homegage: wev s comicn i v W/ EsBeffuent(sep21)
» kil M\;ﬂ;‘ _7_7_726;, - ECSBnfluent (Aug. 12)
pieny Mgl gl _ ECSB effiuent [Aug.12)
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3. Results and Discussions (s/22) @;

LR S
Sustainable

Size fractionation of ECSB granular sludge Nanotechnology Lab.

Biogas Biogas

WW Effluent

15 4 . <0.177 [mm] Second Phase
14 B 0.177~0.25 [mm] Separator
IS 0.25~0.5 [mm]
134 0.5~1 [mm] Upper, Polishing Blogas

ection of ECSB

N > 1 [mm]

E
2]
£
o
Q
=4 d
% 10
£ o459
8 8539 e
o 71462 =22 L
S 61427 30.3 Lower, Highly-
T 5+ 3.7 84.5 Loaded Section
§ 44125 83.7\ r;fECSiRg-aaclur | Chemicals
g 3198 86'1‘ - i WW Infl
> 2y 21 91.0 e Brernal| e
14 0.0 95_3‘ g ns Circulatign
0 T T T T T T ] ! "
0 20 40 60 80 100 H :

Percentages of five fractions after sieve filtration analysis
T

Percantanes of fwe ol ons afer 5lows 1l on anahsls

3. Results and Discussions /22) @,\

RALAARFEE L

GC-MS analysis of Influent and Effluent of ECSB reactor e tob.

* Possible abaerobic degradations of phenol derivatives in the ECSB reactor
(not stoichiometric balance!) Influent Effluent

OH

OH OH OH
GC-MS analysis of
First sample ©/ S -+ - -+ Q
(2019/8/12) oH

zzgﬂggg IE]Z?C;’ ! 2,4-Dimethylphenol 4-Methylphenol  4-Methylphenol Phenol
: (0.004 mg/L) (0.01 mg/L) (923 mg/L)  (0.57mg/L)
GC-MS analysis of ~_Partial 2.3 NH,*+ 1.87 O, + 2.66 HCO;—1.02 N, + 0.26 NO; +0.02  Eqn.(1)
nitrification CgH; NO, + NH,* + 1.32 NO, + 2.55 CO, +3.94 H,0
Second sample Anammox  NH,*+ 1.32 NO,+ 0.066 HCO, + 0.13 H*—1.02 N, + 0.26 NO;  Eqn.(2)
(2019/9/27) reaction  +0.066 CH,OqcNq 15 + 2.03 H,0
Hydrolysis CgH,00, + 2H,0— C¢H,,0¢ + H,
Acidogenesis  CgH,;,04 <—— 2CH3;CH,0OH + 2CO,
CgHi,0g+ 2H, «——> 2 CHyCH,COOH + 2H, s
CgH,;,05 — 3 CH,COOH 3
Acetogenesis CH;CH,COO™ + 3H,0 «—— CH,COO™ + H*
CgHy,06 + 2H,0 «— 2CH;COOH + 2CO, + **" e
CH,CH,OH + 2H,0 — CH,COO" + 3H, +H* '
Methanogenesis CH;COOH — CH,+ CO,
CO,+ 4H, — CH, + 2H,0
ACHUN TR T I S 2CH,CH,OH + CO, — CH, + 2CH,COOH

15
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iscussions (7/22) %

R AL LA
Sustainable

etagenomic analysis of anaerobic granular sludge Nenotechnology Lab.

The complex hierarchies of metagenomic classification
Krona chart for First sample (2019/8/12) Krona chart for Second sample (2019/9/27)

Feng Chia University

iscussions (s/22)
MP) test of

Nanotechnology Lab.

granular sludge in ECSB and EGSB reactors |n DWW plant
Biogas was sampled at the 12th, 24t 36th, 48t and 60t to analvze

and cultured in three individual tests

(1) Total gas production of[ECSB: 24.0+2.0 mL, |
EGSB: 23.0+1.4 mL.

(2) Methane production of ECSB: 0.610 £0.085 mL,

( EGSB: 0.718 40292 mL .

(3) Gas composition (N,) of ECSB: 36.2 6.3 vol.%,

EGSB: 37.0 £8.6 vol.%,. . Cumulative biogas procucion volume of ECSB{mL]

©  Cumulaiiv biogas production volume of EGSB{mL]

P . 1 . Cumulative methane volume of ECSB reactor [mL]
(4) Gas composition (CH,) of ECSB: 3.0+1.3 VOLYb] 5" Cimuase maare wiume of 698 st i 7
— — — Fiting with Modifled Gompertz mocel £
[ EGSB: 3.4 +1.7 vol.%. ] ﬁﬁﬁﬁﬁﬁ Fitting with Modified Gompertz model 3 E
= 3 ]
- Foo %
s 5
~ £
> //,///E 06 2
10 o g
i i 03 O

0 % 0.0
’ 0 12 2 3 ) 6 7
>, . ' Time [h]
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3. Results and Discussions (9/22) %

PYSE Ty

Sustainable
Metagenomic analysis of anaerobic granular sludge Nanotechnology Lab.
ECSB sludge (2019/8/12) | (2019/9/27)
Archaea 63.50% 57.83%
Methanosaeta 41.85% 37.66% methanogenesis
7.31% 16.56% methanogenesis
Bathyarchaeia 6.27% Methanogenesis (£ & )
Methanobacterium 2.58% 1.74% methanogenesis
[Methanomethylovorans] 2.27% methanogenesis
Bacteria 36.50% 42.27%
Bacteroidetes 18.90% 11.60% OM decomposition; fermentation
Nitrospiraceae 2.56% 2.83% OM decomposition; fermentation
Geobacteraceae 2.46% OM decomposition; fermentation
Clostridiales 2.98% OM decomposition; fermentation
Synergistaceae 1.65% OM decomposition; fermentation
Total OTUs 306 327 (Note. OM=organic matter )

Total sequence number 64728 73882

3. Results and Discussions qozz) . )
Pilot study of high-rate UASB for Synthetic Fiber P imble

Nanotechnology Lab.

Wastewater (SFWW) Treatment and Biogas production evaluation
from Jan 19 to May 5, 2016 (~5 months)

Intemnational Biodeterioration & Blodegradarion 143 (2019) 104658

® UASB roactor volume: 10L

® Foed flow: 7 miimin

® Recirculation: 21 mijmin

© Hydrauiic retention time: 24 hrs.
‘Contents lists available at ScienceDirect

International Biodeterioration & Biodegradation

journal homepage: wurw alsevier.comilocatalibiod

Simultaneous biodegradation of tetrahydrofuran, 3-buten-1-ol and 1,4- [ )
butanediol in real wastewater by a pilot high-rate UASB reactor =

Yuan Chang®, Yu-Chung Lin®, Justin Chun-Te Lin™

Mo Univraity of Pharmacy wnd Sience, Tebas, 71710, Tabwan

@ 72 Ak COD: 30,258 mg/L

€ i 7 47 4:CODk & (3000,
5000, 7000, 9000 mg/L)

* /?’J;é‘é_f‘f (CH4+C02)§_

®

el biogas production [Ld ]

17



3. Results and Discussions (11/22)

Pilot study of high-rate UASB for Synthetic Fiber
Wastewater (SFWW) Treatment and Biogas production evaluation

from Jan 19 to May 5, 2016

Phase V (Day 80-96),
Phase VI (Day 97-102)

Feng Chia University ;

B ASPES
Sustainable
Nanotechnology Lab.

- (~5 months) Phase V11 (Day 103-108)
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3. Results and Discussions (12/22) "5,’*

Feed flowrates and VLR of two full-scale anaerobic reactor
from Oct. 2017 to Mar. 2019 (17 months)

*Feed from raw wastewater flowrates are fluctuated with respect to time (S.D.~ 22 m3-d-1),
but constant flowrates for both ECSB reactors were fixed at 25 m3-h-1.
*This is in order to maintain high upflow velocity inside the two reactors (5.10 m-h-1)

\Volumetric organic loading rates (VLRs, kg sCOD.m=.d"1) were controlled close to each

other over 526 dayé‘) 200

tax: Wax
VLR gcspa) B Feed flowrate of ECSB-A H:
=16.9 164 Feed flowrate of ECSB-B | &
250 + Y * VLRsof ECSB-A "
s v VLRs of ECSB-B ‘el
° a
%
v (o]
200 +
& O
T bt %5 @ |
= i | & 2
£,150 - e [
£,150 B s@ . g * 2
2 20 50 uS & 5 a@ x
( \g 1 § ® oy % g [
o v
S 100 ~ % o i @i v E& o 3
° M o
b 5
w
50 g
S
Ave. S
Qrecses = ol
46.06122.09

0 100

200

300 400 500

Accumulated operation period [d]

ETERTE TN
Sustainable
Nanotechnology Lab.

Ave.
20 VLR ECSB-A
=55+29
[kg sCOD.m=3.d1]
15

Ave.

5
Min.
VLR ECSB-A
=0.1
-0 Min
VLR gcses
=0.1
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3. Results and Discussions qa2z) "%

Monitoring COD of two full-scale anaerobic reactors

from Oct. 2017 to Mar. 2019 (17 months)

*Feed COD in raw wastewater are highly fluctuated (3025~15170 mg-L) w.r.t time,
and changed from time to time.
*However, effluent COD of the two reactors are both stale (S.D.~ 360 mg-L1) and robust,

even high COD in the feed.

*As a result, average COD removals of the two ECSB reactors are good (85%) and on the

same trends.
Max. Feed COD

= 15,170 [mg-L7]

Ave. Feed COD =

9519.14782.1 [mg-L !

(b)

Feed soluble COD [mg/L]

18000
16000 -
14000 4
12000 4
10000 4
8000 -
°
6000 4 S ¥ ° 0@ sCOD in Feed
° )
1y * sCOD in effluent of ECSB-A
4000 0%?@ @f’gfﬁ v sCOD in effluent of ECSB-B
008 * sCOD removal of ECSB-A
v sCOD regoval of ECSB-B, ,
2000 - ? %;g 03 2

0 T

100

r 80

r 60

b 40

r 20

T
100 200 300 400

Accumulated operation period [d]

T
500

EY ST Iy

Sustainable

Nanotechnology Lab.

Ave. Removal
CODgecspn =
85.0£7.0 %

Ave. Removal

G-

ke
N

L]

moval of soluble COD. [%)]

HAve. Effulent
CODgecspa =
1205.5£364.3

Ave. Effulent
CODgecsps =
1173.54+376.3

3. Results and Discussions (14/22) f’%

RALAARFEE L

Monitoring pH of two full-scale anaerobic reactors
from Oct. 2017 to Mar. 2019 (17 months)

» Feed pH are acidic and fluctuated with respect to time (between 5.1 and 7.3).
* pH in the two ECSB reactors are controlled well (S.D. are both 0.08 only!).
» Effluent pH are slight alkaline (<8.5).

o4 e d e

pH in ECSB-A reactor
pH in ECSB-B reactor

Effluent pH of ECSB-A reactor
Effluent pH of ECSB-B reactor

Feed pH

F70

i es

r 6.0

r 55

@) g5
"
o
Q
©
<)
m
k=27
& {7
f=g]
Ave. pH in IQ.E
ECSB-B= 75
6.82+0.08 ;|
Ave. pHin 65+
ECSB-A= ]
6.8010.08
5.0

100 200

o ed Min. pk 5.1
T

300 400 500

Accumulated operation period [d]

5.0

pH in effunets of the two ECSB reactors [-]

Sustainable

Nanotechnology Lab.

Ave. pH of
ECSB-A=
7.7240.27
Ave. pH of
ECSB-B=
7.69+0.27

Feed Ave. pH =

6.02+0.41

2026/4/17
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Feng Chia University ;

3. Results and Discussions (15/22) roeume
Monitoring VFAs, Alk, and temperatures of two full-scale rerecracsy e

anaerobic reactors from Oct. 2017 to Mar. 2019 (17 months)

®
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3. Results and Discussions s/22) @,A
Concentrations of THF, BDO and BTO in feed MR capan)
and in two full-scale anaerobic reactors, and removals

from Oct. 2017 to Mar. 2019 (17 months)
(80.1%, 78.7%)

RALAARFEE L
Sustainable
Nanotechnology Lab.

(100%, 100%)

a) 3500 100
@ T L oo (b) 1200 —ﬁ/{ £ } 100
& e a L 1100 4 ——e—— BDOIn feed I =
30004 [ A n M%%m\ AA%A ]Q 80 v BDO and BTO in ECSB-A 1169'332 B
S e THFmTeed F70 1000 4 ——-a-—— BDO and BTO in ECSB-B ) 31 g
2500 { £ v THF in ECSB-A 2473.6 \ o Leo o0 | T BDOSNdBTOremaval 8 Ef
s ——o— THFInNECSBB 2 | g ~— © — PBTOinfed |\ 942.7 5
S ——A—- THFremoval 8001 £ c o 2
@ 40 = AT b
2000 | £ 7004 § e o 67?23 S8LE S e
] g g RIS M E
5 1430.74387.8 mg-L1 S g 520.9 go o 9
18009 © 3 s00 { 8 R —~ 4 @ | 4
© 1299.2 8 113438 2 5
10004 @ 15 4040
8 + 1 é g 20
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3. Results and Discussions 7/22)
Characteristics of Synthetic Fiber wastewater (SFWW)

Two ECSB reactors, sampled on: 2019/10/25

2026/4/17

Feng Chia University ;

LR S
Sustainable
Nanotechnology Lab.

Constituent | Influent conc.| Effluent conc. | Influent conc. | Effluent conc. | Unit M.D.L
of ECSB-A of ECSB-A of ECSB-B of ECSB-B
pH 6.33 7.17 6.4 7.2 - -
Conductivity 3,470 3,760 3,500 3,940 pmho/cm b
BODsq, 200¢) 559 107 553 94 mg/L <1
sCOD 5,970 1,570 5,910 1,670 mg/L =
TOC 1,550 228 1,560 204 mg as C/L 0.16
TIC 225 138 24.0 123 mg as C/L 0.16
TN 129 133 129 139 mg as N/L S
TKN 129 133 129 139 mg as N/L 0.018
NO;-N 0.0394 0.0203 0.034 0.0236 mg as N/L 0.005
NO,-N 0.0286 0.0079 0.0467 0.0029 mg as N/L 0.001
Org-N 25 34 21 23 mg as N/L o
Inorg-N 104 99 108 116 mg as N/L i
Alkalinity 627 1,026 727 1,175 mg as CaCO,4/L -
Sulphate 113.06 ND 111.8 ND mg as S/L 0.805
Phosphate 44.3 42.6 45 44.2 mg as P/L

3. Results and Discussions qs/zz) ‘5,\

Size fractionation of granular sludges

Typical sizes of anaerobic granules are in the range
of 0.5-5mm (Bhunia and Ghangrekar, 2007)

ECSB upflow velocity (5.1 m/h)

I <0.177 [mm]
B 0.177~0.25 [mm)
BRI 0.25-0.5 [mm]
0.5~1 [mm]
. > 1[mm)]

[
o o
]
J

N
Second Phase.
Separator

£

Upper, Polishing
Section of ECSB

Reactor

i

TSt Pase

Vertical heights of sampling points [l
Vertical heights of sampling points [l

RRLAEFEE L

in two ECSB reactors sustinabe

Nanotechnology Lab.

UASB upflow velocity (~1.1 m/h)

settling velocity of 86—225 m/h
and 27-180 m/h,

I <0.177 [mm]
EEE 0.177~0.25 [mm]|
BB 0.25~0.5 [mm)]
0.5~1 [mm]
- >1(mm]

o
N
S}

Percentages of five fractions after sieve filtration analysis

0 20

40 60 80 100

Percentages of five fractions after sieve filtration analysis
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3. Results and Discussions qeza) 2

Biomethane potential (BMP) test of el
granular sludge in ECSB-A and ECSB-B
with different heights (1m and 9m)

28hr ER=21{E(mL/hr) 28 hriP ¥ E & 2 (5(mL/hr)

400 a 0.40
s e A9 g 0.30
£ 200 B1 = 020 AL
R = ——h9
2 100 LS “...Z:::i:::l‘.g:'.::'.'.i:'.::::.n“ (] o B9 010 —— Bl
L] = Al — -

0.00 L BiAL 0.00 — —s

oo ® 10 20 30 oo HE(AD 0 5 0 15 20 25 30 Te°BS

) BRI (hn) iHBL

B RI(hr)

Biogas was sampled at the 4t 8th, 16t, 20t, 24t and 28t

3. Results and Discussions (2o/22) ‘5,*

H ARG F

The microbial composition from ECSB sludge for chemical suseneoe
fiber manufacturing wastewater (FMW) treatment

Possible biological function

Archaea 27.09%
[ Methanosaeta | 18.90% | methanogenesis
Bathyarchaeia 8.17% methanogenesis
Bacteria 72.90%

SRR Palud.|b.r:1ct¢.e.raceae, 43.13% |OM decomposition; fermentation
Marinilabiliaceae)

Firmicutes (Clostridiales) 7.15% OM decomposition; fermentation

Lentisphaerae (Oligosphaeraceae,
Victivallaceae)

Synergistetes (Synergistaceae) 5.29% OM decomposition; fermentation
Patescibacteria  4.37% OM decomposition; fermentation
Proteobacteria (Sphingomonadaceae) 2.06% OM decomposition; fermentation
Total OTUs 290 (Note. OM=organic matter )
_ Total sequence number 54991

5.85% OM decomposition; fermentation
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The complex hierarchies of metagenomic classificatio
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Our results: Krona cart
A % / HOL o~~~ o

e Sulfate-reducing
microorganisms (SRM)
are a group composed of
bacteria and archaea, can
perform o
respiration utilizing
sulfate (50,%) as

terminal electron acceptor.

¢ From our ECSB sludge,
several sulfate-
reducing bacteria (SRB)

- were found
:
Thermodesulfovibrionia (Nitrospiraceae) 0.13%
Desulfurellales 0.06%
1 Desulfuromonadales (Geobacteraceae) 0.02%
‘f' ’ Desulfovibrionaceae (Desulfovibrio) 0.01%

' §111t!3iscussions (22/22) q
‘ic.mi BRLAKPEE

Sustainable
The complex hierarchies of metagenomic classificatio

nNanotech nology Lab.

o ECSB-A_Influent ... ECSB-A_Effluent
e Butanoic acid s
e (C4H802)
= Hexanoic acid =
2 (C6H1202) ol
" Heptanoic acid
= (C7H1402) Octanoic Acid 1
= (C8H1602) B
E L
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3.4 Developing machine learning models of two AnGS bioreactors

Feng Chia University ;

LR S
Sustainable

for whiskey distillery wastewater treatment

Collaboration with Prof. Cheng-Shu You,
Department of Applied Mathematics, Feng Chia University

Introduction

» High-strength wastewater from malt whisky production

. COD: 38.5-62.9 g-L™
. BOD: 13.0-353g-L

» Solid contents: Up to 23 g-L™% in pot ale, 17 g-L™* in spent lee

» High-rate bioreactors with anaerobic granular sludges (AnGS)

* AnGS: Aggregated clusters of multiple microorganisms
» Benefits: Tolerate high organic loading, enhance biodegradation

» Study location: Full-scale bioreactors at a whisky distillery in Taiwan

Nanotechnology Lab.

We will focus on EGSB (2nd generation) and ECSB (3rd generation) bioreactors

47

3. Results and Discussions

3.4 Developing machine learning models of two AnGS bioreactors

Feng Chia University ;

RALAARFEE L
Sustainable

for whiskey distillery wastewater treatment

Collaboration with Prof. Cheng-Shu You,
Department of Applied Mathematics, Feng Chia University

Characteristics of Bioreactor and wastewater

ANnGS bioreactors EGSB ECSB

Hight 14 m 159m
Diameter 6.5m 6.5m
GLS separators 1 2
Upflow velocity 2mh™  5m-h?

1 Data collection period
January 2017 to April 2023

2 Water Parameters monitored
e Chemical Oxygen Demand (COD)

the 2nd generation the 34 generation
EGSB ECSB

Nanotechnology Lab.

Second Phase 1
Separator

Upper, Polishing Biogas
Section of ECS8 >
Reactor

First Phase
Separator

Lower, Highly-
Loaded Section
of ECSB Reactor

Neutralization
Tank

Chemicals

e Volatile Fatty Acids (VFA) e [ s
Circulation
e Alkalinity (Alk) 48
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3.4 Developing machine learning models of two AnGS bioreactors Nanotechnology Lab.
for whiskey distillery wastewater treatment

Collaboration with Prof. Cheng-Shu You,
Department of Applied Mathematics, Feng Chia University

Data Analysis & Feature engineering

Table 1 Statistical analyses of the dataset
ECSB (the 3 generation)

EGSB (the 2" generation)

Influent Influent Influent Effluent Influent Influent Influent Effluent

CoD VFA ALK CoD COD VFA ALK COD
mean 8871.06 39.91 9.16  535.85 9110.27 40.65 018 447.72
std 3490.71 15.99 514 44234 3334.27 15.14 487 29487
minimum 800.00 0.00 -6.80 6.50 1140.00 0.00 -8.80 40.00
median 8837.00 40.10 8.80  377.00 9087.00 41.30 8.80  360.00
maximum  20000.00 83.70 46.40  3030.00 19568.00 82.60 3200 1689.00
skewness 0.19 022 | 1.8 1.80 | 0.16 0.12 051 [ 181

] —

2026/4/17

Table 1 shows statistical anaI);ses for both

1 systems, indicating slight positive skewness
in influent Alk and effluent COD for ECSB
and EGSB.

A robust scaling to standardize the influent

2 features and power transformation was used
to make the effluent COD data towards
normal distribution.
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3.4 Developing machine learning models of two AnGS bioreactors
for whiskey distillery wastewater treatment

Collaboration with Prof. Cheng-Shu You,
Department of Applied Mathematics, Feng Chia University

Data Analysis & Feature engineering

Box Plot of ECSE Effluent COD (the Sfd generatlon)
3 Outliers in effluent COD for both ECSB and EGSB could

negatively impact ML model performance.

4 Use an isolation forest algorithm to detect outliers and

. N jox Plot of £GS6 Effluent COM d :
created a new feature marking their indices. forfololiGsEen ot (the 24 generation)

I R R T

(

The isolation forest works by randomly selecting a

feature and a split value between its minimum and
maximum to isolate observations.

1e box plot of effluent COD for ECSB(top) and EGSB(bottom)

50
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3.4 Developing machine learning models of two AnGS bioreactors Nanotechnology tab:
for whiskey distillery wastewater treatment

Collaboration with Prof. Cheng-Shu You,
Department of Applied Mathematics, Feng Chia University

Data Analysis & Feature engineering

Data preprocessing
Removal of invalid Robust scaling for
data influent features

Split data into training and testing sets *Dataset size after cleaning:

+ ECSB: 569 data points  (the 3% generation)

« EGSB: 501 data points (the 2" generation)
*Model input variables:

* Influent COD

* VFA

+ Alkalinity

* Outlier indices (new feature)
*Model output variable: Predicted effluent COD
=Data split: 80% training, 20% testing

Power Outlier detection
transformation for using isolation
effluent COD forest algorithm

51
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3.4 Developing machine learning models of two AnGS bioreactors Nanotechnology Lab.
for whiskey distillery wastewater treatment

Collaboration with Prof. Cheng-Shu You,
Department of Applied Mathematics, Feng Chia University

Machine Learning Model Development

Basic estimator

Model Architecture: Stacked model with three base estimators

* Ridge Regression
+ Linear regression with L2 regularization to prevent overfitting
+ Suitable for datasets with high correlation between features

Prediction
* Support Vector Regression (SVR)

+ Non-linear regression method based on support vector
machines

+ Effective in capturing complex, non-linear relationships in
data

* LightGBM Regressor [ .
+ Gradient boosting framework using tree-based learning
algorithms
+ Handles large datasets with high dimensionality effectively

Stacking Methodology

* Base estimators are trained on the original dataset

* Their predictions are used as input features for the final
estimator (MLP)

This approach leverages the strengths of different
algorithms to improve overall prediction accuracy

52
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3. Results and Discussions

3.4 Developing machine learning models of two AnGS bioreactors
for whiskey distillery wastewater treatment

Collaboration with Prof. Cheng-Shu You,
Department of Applied Mathematics, Feng Chia University

Evaluation Metrics:

* Root Mean Square Error (RMSE): Measures the square root of the average
squared differences between the predicted and actual values. Lower values indicate

better performance.
1 ~
RMSE=fﬁZiJn—yo{

* Mean Absolute Error (MAE): Measures the average magnitude of the errors
between predicted and actual values. Again, lower values are better.

1 -~
MAE = ZiL4lyi - #il,

* R2value: Proportion of variance in the dependent variable explained by the model;
ranges from 0 to 1, with values closer to 1 indicating better fit.

G FRYL i) %

=g L i-9?’
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3. Results and Discussions

3.4 Developing machine learning models of two AnGS bioreactors
for whiskey distillery wastewater treatment

Collaboration with Prof. Cheng-Shu You,
Department of Applied Mathematics, Feng Chia University

Results
Table 2 Statistical performance metrics for the proposed model
Train Test
RMSE MAE R™2 RMSE MAE R™2
ECSB 0.5656 0.3919 0.7184 0.6109 0.3919 0.6693
EGSB 0.8444 0.5512 0.5981 0.7465 0.5512 0.5777

iror for StackingRegressor

EGSB

(the 2nd generation)

or for StackingRegresso

ECSB performs better than EGSB overall, as jry
evidenced by its higher R? values in both »IEL ECSB L
training and testing. (the 3" generation)
ECSB model also has lower RMSE and MAE ) ] A% e
values compared to EGSB, indicating more ~ ’ Tt :
accurate predictions for ECSB.

The R? value for the test set of ECSB is 0.6693, 'y
higher than that of EGSB, which is 0.5777,
showing a better fit in the testing phase. |
Outliers present significant challenges for - v

both models, potentially due to operational Error plots o
fluctuations or measurement errors. ECSB(left) and EGSB({right) 54

.
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3.4 Developing machine learning models of two AnGS bioreactors Nanotechnology tab:
for whiskey distillery wastewater treatment

Collaboration with Prof. Cheng-Shu You,
Department of Applied Mathematics, Feng Chia University

Conclusions and Future Work

The stacked machine learning model demonstrates potential
in predicting effluent COD for AnGS bioreactors,

with better performance observed in the ECSB system.
However, significant room for improvement exists.

Future research should:

* Address challenges associated with high data variability

* Exploration of advanced deep learning techniques for better handling of
outliers and non-linear relationships.

* Development of real-time prediction and control systems for optimizing
bioreactor performance.
55
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3.4 Predicting Effluent COD in Wastewater Treatment: Nanotechnology Lab.
A Comparative Study of Machine Learning Models for ECSB Systems
Collaboration with Prof. Cheng-Shu You £ 7 + & #icip 1 #M 1L & =512

Data. DeSC” ptlon Two parallel ECSB reactors
(D:2m, S
H: 16 m, -y
V: 50 m3)
Data Count: 1259

Input Variables:

» T-301 Influent: pH, VFA, Alkalinity, COD, Temp

+ ECSB-A Effluent:
» Measured twice with average: pH, VFA, Alkalinity
» Daily Flow

Output Variable:
+ ECSB-A and ECSB-B Effluent: COD

28
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Machine Learning Model Development

We employ three base estimators for the modeling process:
* Extra Trees Regressor:

Atree-based ensemble method that aggregates the results of multiple decision trees to
reduce variance and improve robustness. Constructs trees using randomly selected
features and split points, providing faster computation and potentially better noise
handling.

 Random Forest Regressor:

Another type of tree-based ensemble model that combines predictions from multiple
decision trees. Each decision tree selects optimal splits from random feature subsets at
each node, providing robust performance at the cost of higher computation.

* Linear Regression

A simple yet powerful method that models the relationship between the input features and
the target by fitting a linear equation. It's useful for understanding the contribution of each
feature and serves as a baseline in the ensemble.
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Evaluation Metrics:

* Root Mean Square Error (RMSE): Measures the square root of the average
squared differences between the predicted and actual values. Lower values indicate

better performance.
1 o~
RMSE = ,Ezfil(yi -2

* Mean Absolute Error (MAE): Measures the average magnitude of the errors
between predicted and actual values. Again, lower values are better.

1 .
MAE = ﬁz%“:ﬂ)’i = ¥il,
» R2value: Proportion of variance in the dependent variable explained by the model;

ranges from 0 to 1, with values closer to 1 indicating better fit.

I Gi-7)®
2 — 1 — Zi=1i
e g E%“:i(Yl_?)z,

58

29
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3.4 Predicting Effluent COD in Wastewater Treatment:

A Comparative Study of Machine Learning Models for ECSB Systems
Collaboration with Prof. Cheng-Shu You £ 7 + & #cpf SR L5 =84

Results

* Extra Trees Regressor:
Best performance for ECSB-A and
ECSB-B COD predictions, with
lower errors and higher R2 values.

*+ Random Forest Regressor:
Strong performance, slightly less
accurate than Extra Trees.

Feng Chia University ;

B ASPES
Sustainable
Nanotechnology Lab.

Model performance comparison for ECSB-A Effluent COD

Model MAE RMSE R
SHE S 157.3884 | 225.3099 | 0.8746
Regressol’

Random Forest | \¢; 4gcs | 235.0360 | 0.8634
Regressor
Linear Regression 246.7525 316.3391 | 0.7521

Model performance comparison for ECSB-B Effluent COD

* Linear Regression:
Underperforms compared to tree-
based models, failing to capture
complex relationships in the data.

Using ensemble-based methods is highly

effective for this type of regression task

Model MAE RMSE R
TR UEE 158.5538 | 216.4700 | 0.8798
Regressor

Random Forest | o) cegy | 232.8699 | 0.8605
Regressor
Linear Regression | 252.3271 322.9200 | 0.7321
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3.4 Predicting Effluent COD in Wastewater Treatment:
A Comparative Study of Machine Learning Models for ECSB Systems
Collaboration with Prof. Cheng-Shu You £ 7 + & #icip 1 #M 1L & =512

Predicti

Prediction Error for E

TreesRegressor

Error f

on Error Plot for ECSB-A COD

r RandomForestRegressor

Feng Chia University ;

ETERTE TN
Sustainable
Nanotechnology Lab.

« Extra Trees Regressor is the best-performing model, with the highest R2 value and
predictions closely aligned with actual values.
+ Random Forest Regressor also performs well but has slightly more error than

Extra Trees.

* Linear Regression performs poorly in comparison, unable to capture the underlying
relationships in the data as effectively as the ensemble tree-based models. 60
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Prediction Error Plot for ECSB-B COD

As the results are similar to the previous
analysis

61
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Residual plots Analysis for ECSB-A COD

Most residuals are The residuals show more The residuals are spread
clustered around zero, spread than Extra Trees, out more widely, especially
indicating that the model's with a wider range of for larger predicted values,
predictions are very close errors. However, most indicating that the model

to the actual values. residuals still cluster struggles to predict

There are a few outliers, around zero, indicating accurately as the target

but the overall solid prediction values increase.

distribution is well- accuracy.

centered. 62
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Residual plots Analysis for ECSB-B COD

As the results are similar to the previous
analysis

Extra Trees Regressor performs best, with lowest residuals and highest R2
values, capturing data complexity most effectively. Random Forest Regressor
follows closely. Linear Regression underperforms, showing larger residuals and

lower R2 values, less suitable for this task than ensemble tree-based models.” 63
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3.4 Predicting Effluent COD in Wastewater Treatment: Nanotechnology Lab.

A Comparative Study of Machine Learning Models for ECSB Systems
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Feature Importance Analysis for ECSB-A COD

RandomForest ... e s ExtraTrees I LinearRegression e imperemmce sir
7 Jexe
.2 | nnizzaen

While all models recognize VFA as a key factor, the tree-based models offer a
more balanced use of features such as COD and Alkalinity, suggesting these
models are better at capturing the complexity of the data. Linear Regression, on
the other hand, focuses primarily on pH, which may explain its lower performance
in earlier analysis.
64
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3.4 Predicting Effluent COD in Wastewater Treatment: Nanotechnology tab:
A Comparative Study of Machine Learning Models for ECSB Systems
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Feature Importance Analysis for ECSB-B COD

ExtraTree S RandomForest o LinearRegression
 miczaa

The tree-based models provide more balanced importance across features,
with VFA dominating the predictions but still accounting for COD and Alkalinity
Linear Regression, on the other hand, tends to distribute importance more
evenly but underperforms in capturing the complex relationships present in the
dataset.
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Conclusions and Future Work

+ Extra Trees Regressor consistently provides the best performance for
predicting ECSB-A and ECSB-B COD

» Linear Regression underperforms significantly compared to the tree-
based models, showing larger errors and failing to capture the complex
relationships in the data.

» Volatile Fatty Acids (VFA) is the most critical feature across all models for
predicting COD, with Alkalinity and COD also playing significant roles in
the tree-based models.

» Future Work

» Skewness in some data needs further processing in future steps to
improve model performance.

* Include Mixed Liquor Suspended Solids (MLSS), Suspended Solids
(SS), and Sludge Volume Index (SVI) as essential features in future

analyses.
66
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