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BOONSITA NAMMANA:  WASTE VALORIZATION AND ENHANCEMENT OF
BIOMETHANE PRODUCTION EFFICIENCY FROM EXCESS SLUDGE THROUGH
ANAEROBIC CO-DIGESTION IN THE RECYCLED PAPER INDUSTRY

THESIS ADVISOR: ASST. PROF. PATCHARIN RACHO , 276 PP.

Keywords : Anaerobic co-digestion/Biogas production/ Biokinetics/Recycled paper mill

sludge/Sludge digestion

This study aimed to valorize waste and enhance the efficiency of methane
production from excess sludge generated in the wastewater treatment processes of
the paper industry. The sludge consists of primary sludge (PS), which is recalcitrant with
a high carbon-to-nitrogen (C/N) ratio, and secondary sludge (SS), which is nutrient-rich
but has a low C/N ratio. Using each sludge type alone results in poor biogas yields;
therefore, this research focused on anaerobic co-digestion (AnCoD) of PS and SS, and
developed a two-stage continuously stirred tank reactor (Two-stage CSTR) to improve
stability and performance of the process.

The research was conducted in four phases: (1) evaluation of the effect of PS:SS
sludge ratios on biodegradability; (2) determination of biochemical methane potential
(BMP) and biokinetics; (3) operation of a Two-stage CSTR to assess stability and
efficiency; and (4) techno-economic assessment of scaling up the system for industrial
application. Batch experiments revealed that the PS:SS sludge ratio of 1:3 achieved
the most favorable results both in terms of organic matter biodegradation efficiency
and methane production, with the shortest hydrolysis period (1.6 days), organic matter
biodegradation reaching 57.55%, and a maximum methane production rate of 1,750
mL/day. The Two-stage CSTR further improved process performance: task separation
between reactors enhanced operational stability, increased a maximum methane
output to 3,060 mL/day, achieved total volatile solids (TVS) removal of 84-99%, and
converted 12% of organic carbon into biogas. Microbial community analysis confirmed
functional specialization, with Bacillus cereus dominating the first reactor to support
hydrolysis and acidogenesis, while Bacillus megaterium and Bacillus firmus prevailed

in the second reactor to drive acetogenesis and methanogenesis.




At the industrial scale potential assessment, results indicated that excess
sludge can be converted into both biogas and refuse-derived fuel (RDF). Biogas
production required only 3.9 MWh/day of external electricity, resulting in a payback
period of only 3 years, while RDF, although economically viable, had a payback period
much longer than the project’s lifespan. Both pathways demonstrated substantial
potential to reduce greenhouse gas emissions and to promote circular economy
practices in the paper industry. In conclusion, this study demonstrates that the
combination of PS sludge and SS sludge at an optimal ratio, coupled with the use of
a Two-stage CSTR, significantly improves anaerobic digestion efficiency, stabilizes
process performance, and enhances methane yields. Techno-economic evaluation

confirms the feasibility and sustainability of scaling.
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ANAIULEDYTVDITEUU Two-stage CSTR #89AT28LLIA1N1TNARDI
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ATNNSIALRDIAUENTDIMSIUIEUU Two-stage CSTR

Usunaiednnminanlaainssuy Two-stage CSTR
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4.10  wNunMENAaNIaA1TeINIANTURY Tulnsiau uazneanasaves

S8UU Two-stage CSTR 105
411 AN YedAuEEiuenlsinInsEuy Two-stage CSTR
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413 ununwausavesen TVS lussvuthdadnde 111
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4.16  UWHUAWALAANSINUITENINANIUMINN 1 (MIHANTDNEEY)

wazanuNsai 2 (Mswaninedannm),_ 120
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418 ununmeangandanululssnunszavilodaluaaumsai 2 122
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9.2 Mass Spectrum LLﬁazﬁaaéﬁﬁﬁﬂuﬁquQﬁ SO0\ \ 236
2.3 Mass Spectrum Ustazagnaiiuniigamgil 35°C

wazdin1siag Methanol 1%-1 237
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AMBSUNYAEYANYALATAED

AD = Anaerobic Digestion
(nszvarumstesaaisuuulildonndiau)

AnCoD = Anaerobic Co-digestion
(szuugesaatssmLuuliltpendiaw)

AS = Activated Sludge
(STUUATNBULIY W3TLUULDNTILLANEDRT)

BCOD = Biodegradable Chemical Oxygen Demand
(ATloffigesaasldniadinm)

BMP = Biochemical Methane Potential
(AneAINNITAAAFLNUNIITLAL)

BPCOD = Biodegradable Particulate Chemical Oxygen Demand
(Adlordusymauazgosaaslsvmnadiniw)

BSCOD = Biodegradable Soluble Chemical Oxygen Demand

(AefNazatsulwazdasaanslan1sdInIn)

C y Carbon
(A15UDW)
Ca = Calcium
(LAaLgea)
CaCOs4 > Calcium Carbonate
(LAaLTENAITUBDLUR)
CHq4 = Methane Gas
(fnasdinu)
C/N ratio = Carbon-to-Nitrogen ratio

(Fnsduasuaunalulnsian)
Cco, = Carbon Dioxide

(faesuaulnanlyn)



AMasUNYRYaNYAlLALAED (FD)

DAF = Dissolved Air Flotation
(NSEUIUNNSUNUATUALAIETIEN15AB8)
F/M ratio = Food-to-Microorganism ratio

(Bns1eueImIHoydun3d)

H,S = Hydrogen Sulfide
(fnelalasiaudalns)

HRT = Hydraulic Retention Time
(szEEnaNnAL)

IRR = Internal Rate of Return

(é’mwamammumﬂu)

N = Nitrogen
(lulnsiau)
NPV 5 Net Present Value
(yaA1aqiuans)
OLR = Organic Loading Rate

(BMTIN5TUTINNANTBUNTE)

P 7 Phosphorus
(Woaneda)

PBP = Payback Period
(5p8ELIA1AUL)

pH 3 Potential of Hydrogen

(PNUTUNTA-AN: L)

PS = Primary Sludge
(Mnegnawdgund)
SBOD = Soluble Biochemical Oxygen Demand

(AMUABINNTDBNTLIUNIIT AL AL AU UleRarangun)
SCOD = Soluble Chemical Oxygen Demand

(ANUFBINTTRBNTLIUNNWALNAZA8UN: Ylafazanetn)



AMasUNYRYaNYAlLALAED (FD)

SRT = Solids Retention Time
(@18nznow)
SS = Secondary Sludge
(MnagnaunRenil)
TBOD = Total Biochemical Oxygen Demand
(mufpsn1soendaumstaaiiveun: Tlervenun)
TCOD = Total Chemical Oxygen Demand
(mufesnsoandaumanaiiiaonun: Tlofnmun)
TDS = Total Dissolved Solids
(vosudazansimann)
TKN = Total Kjeldahl Nitrogen
(lulnsaueanviariomn: o)
TS = Total Solids
(vosufaianun)
TSS = Total Suspended Solids
(voeudauviuasesiavn)
TVS = Total Volatile Solids

Two-stage CSTR

(Voaudespive g i)
Two-stage Continuous Stirred Tank Reactor

(STUUAINIUANYTIRUUARITUABY)

UCOD = Unbiodegradable Chemical Oxygen Demand
(AdleRfilianutsndanaatyliviadanan)

UPCOD = Unbiodegradable Particulate Chemical Oxygen Demand
(Adlerduoynauarbisunsodosaaslsmadanim

USCOD = Unbiodegradable Soluble Chemical Oxygen Demand
(AdleRTiazanetuayldaunsadesaansldmedann)

V = Volume

(Usun9)



AMasUNYRYaNYAlLALAED (FD)

VDS = Volatile Dissolved Solids

(TBQLL%Q@S@’]EJﬁ’ﬁSLM?NI’]EJ)

VFA = Volatile Fatty Acids
(nsalviuszivedng)
VSS = Volatile Suspended Solids

(VD IWTIVIUADLTEMNBIE)



uni 1

UNUI

1.1 anudunuazanudrfgasstyn

nsgvumsttaindengramnssunseatenoliiAnninazneuduiulseanm
200 919 400 Alansusian1swanANIzA1Y 1 AU (Balwaik & Raut, 2012; Turner et al., 2022)
waznINAZNaULIUIZUIM 40 B3 50 Alansudasiunszae (Mahmood & Elliott, 2006; Jele
et al., 2022) mﬂmzﬂauLwéﬁﬁﬂizﬂauﬁwmﬂmzﬂauﬂgmgﬁ (Primary Sludge: PS) Useaneu
70% LLazmﬂmﬂaunﬁaQﬁ (Secondary Sludge: SS) UszunaSouas 30 launinngnau PS
LAR91nNTEUIUNIIUITAT UR uR 1838015888 (Dissolved Air Flotation: DAF) #3 e
nsAnAEneuduURY (Primary Sedimentation) §an1nazneu PS drunilsamnsarinduuld
Tunmsudnnszauidundndeinounme wu nsgawuds & 1wy wisinandou
mﬂmzﬂauﬁautﬁuﬁﬁaqﬁqaammmzwﬁau%’wqq WAZNINAZNDU SS LANIINNINNASNDU
Fuitaes (Secondary Sedimentation) TuszuunznauLss (Activated Sludge: AS)

dmfunisdnnisninngnauduiurisaestseay dndeunausiuiunaudng
nszuaunsdnuteenannInagney wierlsanuiumsieudiluinay eglsini
mstnavenadeliiAnmsvuiiourewaiivdefuwasiiliiu fseradoaderlidoifiui
Tunsilusuazudlodgm dadu Tefuuamsunisiininagnoudiudualdusslowd

[y

Tugduuusng 9 wu nsldidudanusuuiu niensudssuidudamds lnanisnindan

q ] 0]
)

Usudgsiunnmanznoudiuiu uwsidunssusunsilinelmifnnisinlug uinde s
flddyarmaasugiadeudish Turasinimdadamaninninagnauanusaiiuyac
Tivondsuazadeneldlifugaamnssulduinnit el msthninaznouulduselovd
donsuBandsnumuisufiogassuumendn ldun n1ssdndemdeey (Refuse-derived
Fuel: RDF) Uag N1SWaAAT9330m (Biogas Production) Inensguiun1suan RDF wifanunse
iluldnaandsonlditud wisidudedindanugddunisminanuiuseninmnagney
wazdamnundssinunsUdosuaiivnnsennia vngiinssdniietininersldnaiuiunia
Tunsnaandsanu udasnsalindanusuigenda mndnsusulsanisifussuy

Tifiuszansnmunngadu wasunyuleuindaladiaunsadluldiduaisvewasin



\evaen1sUdesingsounseanveIn1ngnanssulaanmiey

nn1siiudeyaid eeduveslssnunszauslatdawnani sludszinelne

= )

FafugnamnIsunITATULIUATUNDT Tadut nanain uazUagtn wudn Sninagnou
Adunslumsmidn dsznouse mnagneu PS daufudeTundegeis 1,275 gnuiariums
foIU (m?/day) %39 27.5 lUASNAUAZNDULAEBTY (tons-dry sludge/day) Lazninnzneu
SS druvfiuseTulad sussuas 1,570 m¥/day n38 33.83 tons-dry sludge/day Aau
a1s8unidarfuouluguvend i sonainszuutdaindegeieonay 35.6 9y
msthndualduselewd dadu mnegnoududuiiAnanssuutidmindelugramnssu
nspany Sadeifuunamdsnunyuisudnamadenuils Saaeandosiuuleuigveniniy

! o

AeadudnenafivilulienieduRaveu (Polluter Pays Principle: PPP; Usznimnsensas

Y Y

& v A

gRavnssy 3esmsdnnsasunavietanililiudy na.2566)
NNMINUMUITIANTINABesiudn AL IININ AT NeuA I ALIINgRAMN TTY
AszATWTKILITNUTY nnagneudLAUININAZNOU PS waznnazneu SS Sanutulutas
To8az 53 9 77 (Siméo et al, 2018) lagn1nazneu PS azdlanwusiduaisdunsed
figosaaisen Uszneulusae andufevar 5.7 waglaaegludieiesas 32 71 81 uaz
Lafliwag ladey luyl93eeay 6.5 09 12 (Siméo et al,, 2018; Lopes et al., 2018) Lag
fiAvoandaianun (Total Solids: TS) aglurasfesay 32 i 80 iudvesudsszinedng
fiavain (Total Volatile Solids: TVS) agflutinsdoray 32 fis 58 B (Ash) Yssanaudoray
55 fiA191aA (Chemical Oxygen Demand: COD) Uszunad 64,300 diadnsunadns (me/L)
(Lopes et al., 2018; Chakraborty et al, 2019) uawilsmensaeuine Insninngnou PS
da19mnsdrunisvausalulastaw (/N ratio) Uszanas 32:1 19 930:1 (Kaur et al., 2020)
FagandrAnumuzanluszvugesansuuulildeandiaud 20 fa 30 (Veluchamy, 2018)
9g1917n A1 /N ratio gaAuldlulnsiauazgnldmuasganadilasqduvidiadiny
(Methanogenic bacteria) 4t oltlunszvaunisdsiasizilusiuvoaad viliqdunie

aaa 1

lianunsavufAsedeaniveudivieluansdadures ingAuazdmalidnnisndn
fradaamiAnlden dnlunnnzneu SS wusinansemsgs Taedllulasioudnulng wuin
JdrA7Aeu (Total Kjeldahl Nitrogen: TKN) Uszanau 560 me/L (Kinnunen et al., 2015)
wazA C/N ratio aglurae 9:1 §i1 86.21 s 1 (Lopes et al., 2018; Kaur et al., 2020; Turner
et al,, 2022) fiA1 COD Uszanas 11,000 mg/L (Chakraborty et al,, 2019) Fs9nmstiuteya
¥941599UNTEA1YT LoLAa WUl dA1 O/N ratio 983nINAENDU PS azNINAENOU SS

U210 277 919 1 WAL 7.3 A8 1 AINA1PU FI0ANALASIAUNAIEIUIT8Y19A Y WY



NNSANYIUY Lopes et al. (2018) lavinnrswauninaznou PS wazn1naznau SS vinli

A1 C/N ratio wdsrananawlu 31 so 1 WanaINT NNAZNBUAIUAUIINGNANNTINNTTATY

a a v a1 a A

SlotAa §aden pH oglutie 8.19 §14 8.25 FainannszuiunIsHAnAE auazNIEAY

(%
[V g

Fifinsfuasifinusaiiondeunsene Wy CaCo, dwalvilandunisdou 9 fuiueiades
finsufuan pH Wegluteiimnzauiuszuudesaasuuuldlteandiau fe 6.8 fe 7.4
(Veluchamy, 2018)

nszvIunsdodaatsnuulildoandiau (Anaerobic Digestion: AD) Usznausmanaln

a

= Ad o Y P a a a I~ a
P9TNALNTUGaN Usenausiy talashatd asdlalaludd 9slaLaiudd wassN1luLLuda

Qe

Fawsazduneugnmuaulnenguedunidianizngy Fafianuldednuazesansd du
funnsnatu warluszuugosaaesuuuullldoondiau (Anaerobic Co-digestion: AnCoD) T
ansd sunsazinvzd il ug mantidu lvnssvaunismeiaeiudagdunou
fiuszansamunduniinisldansssdueiaien Inen1sdosaansuuulildoandiau
LUUNINAENBY PS Saufuninazney SS wuin Sfnennwlunisiiudsyansanuazusuna
finuedsfifoddnlumars i iiiium WesanadsaunaseninsUszanumsdunsd
LAE5INDIMNTUDI9AUNT Y FesruudesaansTauuulildoondiau wudt nnagneu PS
LAYNINALNDY SS TIENAILNANNINAZABY PS sia nnmznau SS (PS:SS) 71 2 de 3 Tinands
Ju 150 §9 170 fadansdmusionsudn TVS Ao (ml CHy/g VSiy) é‘ﬁaqmd’mﬁwam
fadinmuesmsdesaansninaznou PS 13aie Tnenurieglutag 3.5 fa 248 ml CHy/g-
VSeq (Veluchamy & Kalamdhad, 2017; Bokhary et al., 2021; Lopes et al., 2018; Bayr &
Rintala, 2012) wagfnen1mn1sanfnedannuesnstesaasninnzney S \3auies wuii
fr19glut a9 47 §19 61 ml CHy/g VSiy (Lin et al,, 2011) §nit9a1nnsANEIvee Bayr &
Rintala (2012) §3wu31 AnCoD nandnunnninmstesaaaninanay SS iufendeuas
59 uwaYN1SANYIVEY Sun et al. (2022) WuifidndrunaunInavnaw PS:SS 7 1:3 Tinands
U 75 ml CHy/g TSSwy Beannnaanistesdalssanyesninazneuiidndiunay 1:0 3:1 1:1
way 0:1 %aagﬂuﬁw 60 19 74 ml CHy/g TSSteq

a

nsinTzrguEaunidlunszuiunis AD SungliiuunumdAgvesgdunsd

Lildoondaulunsdesaansvesdefiianluwaglaags Inslunszuiunislelasladadiy
LuATLSe (Bacteroides uag Bifidobacterium) wazloulwal (wagiad, lyaiua) 11110
govaaswaglaailunglaauara1sfisduns (Intermediate) wu nsaWesin (formic acid),
nsaaqailn (levulinic acid) waz lansandwiiawesysa (hydroxymethylfurfural) i usiu

aaa s

mﬂié’fﬂgﬂiswaumamé’uﬁ’uuﬁa (Scano et al., 2021; Ugwu et al., 2022; Devi et al.,



2022) Tunsgviunisesdlaaiuda wuafilsentinnse (Micrococcus way Streptococcus)
ansadovaasansseiudunsaludusyiedne (Volatile Fatty Acids: VFA) AnelsTasiau
(H,) wazfamsuaulasenled (CO, Mluaniizfifidn pH Uszanas 5 (vanchenko et al,,
2021; Bolzonella et al,, 2020) Tunszurun1sosdlalaludaunuaniise Syntrophomonas
gzideu VFA [Juesdmauas H, metoulwil hydrogenase (Yaashikaa et al., 2022) Ejmﬁw
Tunsyuaumsumilueatiy wuaise Methanosarcina was Methanobacteria 8&unna
acetoclastic/hydrogenotrophic WasueBwauas CO/H, WU CH, Tnedosmsansemsuwan
(Macronutrients) 11 A15UBU ANLEY LagWeanesa TIudeE1501115599 (Micronutrients)
¥un dnifa Tavead wan wasludufty am WenswsyiAvlauazissufzennsudn
Aradan1n danszuaunis AD wisesndu 3 svuu Ao ssuutuneuliie (single-stage
system) SEUUNATET UREY (multi-stage system) LagszUUReLilad (continuous system)

a

Tneszuudunouifenodeeuannauesqiurignanvaienguludesudy uddanudss
sonsaraua1ssuds ogslafiniy srvunaetunuT RS Avininunsusndusey
wazduasunisateloudiannseussningaun3dlaense (Direct Interspecies Electron
Transfer: DIET) $¢%1214 Syntrophomonas-Methanosarcina druszuusawl 0sga8snw
5h EJ‘JmWququ\;ﬁuw%‘ (Ruminiclostridium wag Caldicoprobacter) (Galvez-Martos et
al., 2021)

uanandl MmgnauIngnaMnTIINIEAusleAa Tnslanizninaeneu PS ua
nnmzneu SS 1utngAvifiidnenngdenisndnfivdanim malulad AnCoD uas
sguvaInIuaNy sal LUUADIT URDY (Two-stage Continuous Stirred Tank Reactor:
Two-stage CSTR) ansnsaifiuuszAvsnnuaziadosnimvasnszurunisliegsiifodify
ot slsfnudinsivesinswesuidolududadiunanninazney PS:SS 7lnunzan
JAUNAMARSIBINTTUIUNTT LAz sUsEiuTuasgmansiilovenegdsefugnavngsy

(%
v v

AIUU mu?ﬁ’aﬁ?ﬁagqLﬁum'ﬂ,ﬁ'mgaﬁwauﬁaLLaxﬁ’ﬁumﬂwﬁmﬁmmumiwﬁm
fnwdinuainninaznoudiuiumessuy AnCoD lugnamnssunseanuslafasiuiussuy
Two-stage CSTR tiletasduasdunidiinnsauduasifinlenadudatuiwadedunsdls
ety s?fa%a'qmaﬁaﬂszﬁw%mwmﬁéaaamswm%amwu,azmqmﬂau (Sludge Retention
Time: SRT) Tuszuy AnCoD $uAdeiiaeiiasdussnaundnlumsine ¢ suneundn Taud
(1) MUsELliunavasdndlu PS:SS AaANEINITOLUNNSEREEA18NI9TININ (2) N1SNAEDU
Angamnsiiameiinuniediall (Biochemical Methane Potential: BMP) kagn153tas1ey

QUNAAIEANT (3) NITLAUTEUU Two-stage CSTR 1 aUszLduUszdndnnuaziadosnin



N5 ag (4) NsUsEludNgnIMNSVEIBVRINGSEAURRAUNTTUNSIUmALULAE LAY
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LATUFANENS

1.2 Jngusven

121 euszdudnenmvesszuvgesaaesinuuuliltosndiauluniswan
ﬁ”w%’mwwmﬂmﬂmzﬂauﬂgmqﬁimﬁumﬂmﬂauﬂqagﬁmﬂiwuﬂwﬁ’mﬁ’]Lﬁﬂiuqmammiu
nseAYIlaLAa

122 ewmunszuudinuanysaituvasst uneulunadudsufnsaidmiv
Wanfwdin et sruvgesaateTankuulildeandiauainninagneudgun dsudy
mnagnawyigiiainszuuthtnindslugaamnssunsyayilefa

123 ilevsududnenmninfiugarvaininagnoudiuiuain seuutiiminge
Tugna1vnssunseza1us bolAan1unN15UsELd uN1SY818UUNNE SEA UG AAIVNTTY

Tusnumaluladuasiasugaansion

1.3 Yauwalun1sAnen
n3iveasedifunsnaaoni oUssilludnenmues szuugesaatssamwuuldly
89NTLaU (Anaerobic Co-digestion: AnCoD) TunsHARMHTINNAINNTHENNINAENEUUTUN
(Primary Sludge: PS) wagn1naznaunieqil (Secondary Sludge: SS) fildarnszuuyitn
51Lﬁmaqqmamnssmszmﬁlmﬁa Imm{qLﬁumsﬂ’@umizwﬁamuamuﬂaajl,l,waaaéﬁ”’umau
(Two-stage Continuous Stirred Tank Reactor: Two-stage CSTR) Tvilueiauf) nsaififiuszaviznm
TunswanRRIeTn ma1n AnCoD il veuwnvasmsAnwiiseazdeniwelud
131 @oufiniiun1sise: nsusadiudnenimnisudnfnedanimainninasnau-
dauAdlugnamnsamszavilafadieszuy AnCoD dudumsnieglueiasiaiesile 4
W Ingaemalulagasus
132 wnasfinnvesninazneudildlun1sdnen: nnazneu PS waznnmaznew SS
Al lun1sfnw1sEuu AnCoD uag Two-stage CSTR sfiunisiiuiieg1aanszuuiada
didsvedssnunseaviladawtmidulssnelne Tneiiseazidonsi
13.2.1 mnazneu PS fie massneuduiuilinandmnasneutuduves
syuutniide
13.2.2 MAngneau SS Ao nnazneuduAuiinandmnnzneut uiides

299330 UUNUAUNEILUY Activated Sludge (AS)



133 n1sAne1fdnen 1nuesszuy AnCoD Tunisuann19daa1n: nsuseiiiu
ANEN1NUBI52UU AnCoD Tun1sHaRN 19530 1MaNNNINALABY PS LagnN1NALABY SS
ﬁlﬁmﬂszwﬂﬂﬂ’mfﬂLﬁ&Jsuaqqmmmﬁmﬂismﬁlmﬁa ANTUNITNIUYANARDILUUNE
(Batch Test Reactor) Ingvnsuusiuasudndrunauninazneu PS:SS dsldmsfmasudn
Tuns3asnest Usenousay Angainlunisiianiedinunisdiaail (Biochemical methane
potential: BMP) A1Asi n13aaunarans (Biokinetics) wazdndaudlaf (COD fractions)
e uneauanunsalunIsteyaanen1eiInn

1.3.4  MINRIUITEUU Two-stage CSTR TilludsufnsaldwsundnfinaTaninain

v

5%UU AnCoD sfiunislaeldyanaaesluseauredduianis laednisidinasvdn

% a IS

lun1sianausenaumeUsgdnsninnisnianansdunss dnsn1siainedinin aunauia

a

s [ a L3 6
4159113 (A5uay, Tulnsiau wag Weanesa) waensIATIenyuYLaunsd

135  n1sUssiludnenInnisvensruing seaugnamnssuisnumalulaguay
wswgeans iimslinsesideyaiildansefuiesufifinisannismaassiududeyaydond
Houndsodlsanu 17 (2566) IHun aunaduvidevauluszuuinininds aunandsny
vadlssny uazdafimaFeuisunislindanunyudsuanidemanninagneudauiu
Tugnanvnssunszmwilaida 2 anunisal WWun (1) nswandemases: wog (2) n1uan

Faudsiedinin iedilugusadiunnudululidanaluladuasiasugenansidossiu

1.4 @UNAFIUYDIIUIRY

141  msindadiuvesninaznouneniludiunauninazneudiuiiudawali
Aruannsalunsosameysn A SIIMIAnfein L RLgeiy

142 spuudesaasiruuuuldlivendiauuvuassiuneulaglddaniuauysal
Huwnsalluniswdainedanimainninagnoudiuiuainssuuiimindelugnamnssy
nsvmsSladalfinnnisruudesamesiutuulilieendlaunuuduneuiion

143  msthnnagnoudiuiuanssuuiidnindslugaamnssunseadleda

naunldndn Jundanumyuisuiinuduamisinuasegaans

1.5  Usglewuniaadnagladu
151 Wudeyatiugruiteldlumsimunsiosenmeluladifieldndamediniman

Aa I v
nnagneuiiiosdusenauvenduless



152 wunuamislunisii uyan1vetdeuszianninaznoud 1usiu
Tagnisiinduvuldusslesdliidundsunawnuliduenainssunszaviloifauay
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USnAd2saunIsuLazIuIdeNing1994

N1SANYINITI Y AAYRLFgLAE T AUIUTEANS AN SHE AR 19dnuain
nnegnauduiune ssuvgasaate Hnkuulildeandiaulugnainnssunseauilafall
lavin1snumuenanskarnuITe N eItenugnaIunIsunTeny 1AgisuanNn1sAny

a v

faumaanllauazdnvarreaninaznaudiulievLlugaanssunszay Taduingiums

9

YBINSANYIT MADAIUNG BN LA 8ITIAUAIINANITLUNITEREAR18NIITININTBY

nnegnau n1sgevaalesikuulilyesndiau wazmalulagdauiserdimsunisngn

ATINTN TILT1WALLOYA Al

a a =
2.1 AITUIUNTIINAANITATWYLASNIILNAVDILEY
A g v Ao - oA

gRavnssuNszAviallugnamnssunan iilmudeuleswialiladnnnanunsnITy
IneldiimgRvddty wu Weamausa Wil Yo vhsdm wazviwdey Wusdu Gadnfiunumddey
AaN1INAILIgAaMNITUNTEAElulTEIe Lazdmarorsugialaesiusgalived1Amy
nszvIunskaniansenuinlugnamnssusulivesgnainssunszay Jeneuenluy
PAAMNTTUNAIUT LU NITHAANTEAWALITTEU WAzNTEA¥ATIN AaenIuveeHalUg
gravNIsLUanen lun gnavnIsuussasiam Wi naesnsznuwazgenszay Jaludiumily
YDIQAVNITUAINUN 18N 1NTINVDILATIATIDAAMNTTUNA AT DUATN TEATBUANIAIFUN

2.1

2.1.1  NITUIUNSHAAEILAZNTEATY
nsudndonszavliingAundnaiuuseian laun BT 1wy gadudanas
nsgdu Tngaunlillyl wu vwdes Youna vt wagllii sudnseanwniiniindun iyl

NUNTEUIUNISALE olny willd 991nnTEA1EN192 T AULT ILTILALAIIUALDIARINTY

s
=

Bousavd windudewnaiudadiunmslitanmuidsuluanamnssy lnediegranszawn

q

—

o

Mlpuanld lawn naesgnilnldud nszavdidnaulduds wasrvnszareainraieviin
U

$UuUNUY



2.1.1.2 ASn1SNAALLAZNTEAY

dutnghvmdntunisndsiowaznszay lneUsznoumeigaglad

Sovay 45 1adwaglaasosay 30 uavdniusovay 25 Fednduviminfiduasidey

o
SIS

Wowaglaawsieiu uenantifalansusenaudy q dnUssanaifosar 5 vy sBuwagluiu

gnamnssudouaznsEAwiinsruIUNSHAANaNAd Ay laun nsmTeade Wy nsaen

wWaenld (Debarking) nszUIUNISHAMTanTEAY (Pulping) msvlenidenszany (Bleaching)

WaNIIYINNTEAY (Paper Making) LaAIAAITINN 2.1 War2.2 AIUa1AU FIUTEnaune

a r-ﬂy 1 a a =1 % u b4 v
nsiLile Tdsdu/m151u n1sTUSANTEANIY/IATUIN N1TBULTY kaznNI5LUL (Kumar et al,,

2020a)

¥
DAENUNTTUALUA

¥
qﬂﬁ']’lﬂﬂ‘i‘illﬂ'ﬁ']\iu']

¥
E!'Flﬂ']ﬁﬂ‘i'illﬂﬁ"lﬂu'l

olven
filagau wu dusedly duauly

WENIzNY

dalodu
& % : 1l
Uiiioudauazlillngy wu il
ligaduda vwdos vl

WD

WovniAunIzATY
Lﬁﬂﬂﬁiﬂﬂﬂﬁ:ﬂ'ﬂ:ﬁﬁ?aﬂﬁ?ﬁ'\ﬁ
fldauudn

nszATEAI VA
nszawiAIndad
nszAwinaaugnIin
UAUNTZATY 787

neéaanIzAY
4N5EAY

nszaTENIiIdaY
siinlindouiiu/nszarelaud
wliandauiiu/nszauenin

N5zATEUILY

=

nIzATUMLAE LW

ns::ﬂ'mfiu 9
Wiy nszATUEY NSEATENDY

JUN 2.1 NNSIUTYDIQAAINNTTUNGANTEAY

(nfiwgn Iashn, 2552)

Aauw
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A19199 2.1 T5n1INanBanIzANY (Pulping)

JURDUNISLATEY

SUASLDYN

1. mawseuingau™ ™"

(Raw Materials Preparation)

aenwdon (Debarking) wazsimiduTudn 9 (Chipping)

2 msndadansea (Pulping) Lun1suendniu 1s3u uazludueenaniawaglad

2.1 mangnn”

(Mechanical Pulping)

(1) Stone Groundwood - nMsuaduliilvavidenlaglsAuun

(2) Refiner Mechanical Pulp - n15UaTuliii181A3 09UALUUIIU

(refiner)

(3) Thermo-mechanical Pulping - 1¥a11u5 o r8vais i 11

ysaLpaunTulyl

(4) Chemithermomechanical Pulping - dn1sldaisiaduniaedn
A3maed wardinasldnisuaidudsnienieninunasianiu

wiiesgamilivesUSinaunieyluingau

2.2 mawpdl”

(Chemical Pulping)

(1) Kaft (Sulfate) - 14 UNTTUIUNISYILE BNTEA1BATING
Ineldlaneulonsonlas (NaOH) wazlatAvudalg (Na,S) vinlw

\ensgmuiinundusegs

(2) sulfite Pulping - T9uundtdou/uaatdauludalng
(Ca(HSOs5),/Me(HSO,),) wagnsanuzau (H,50,) wiANMLT LT

YaudansemuliwingonseawasIng

(3) Soda Pulping - llaaeulansenlan (NaOH)

3, nsdnade” * (Washing)

WANTBLMAIAT FaUsznaumeasiall antu dudsznoudu 9

28NN

4. nM339uULEe™ * (Screening)

Wekpndaudevusenamniansea wu Juldiligneges uly

ndsluwendudase wensiansie wWaenll Wusu

5. MsanmaniiusuaandLau’

(O, Delignification)

Junstieendiauiufisenduaniu iislianiungaesnain

WHBNTTAUANNINTY

6. nMsvteniile (Bleaching)™ "

ey FunanmigslumuataimtenLYINfeINTs

7. MOULIS (Drying)”

a a 1 é’ | a [ I3 ) 1 1
LwamuLLmumugULUumamm%LLazaammmamalU

NLEe) 91989970 " ndlug Iuaseu (2552), Y daen guesiu (2554), wag © Kumar et al.

(2020a)
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AN999 2.2 T5n13WERNTZAY (Paper Making)

JuUpBUNIIATEL FaLden
1. \p309fLde (Pulp Beater) Wensgarwuisgnuauiuin wazgninluanieauniile

waliiduloduas wastWuNn uid9 AW IUIa way

ANNEAEU

2. Msldasiiuues (Addititives resin, | n15TA@ISLANLAS LYW L5TY AUTed W51 WSvian
clay, talc, paraffin uazdu ) W aUSUUTIAAINNTEATY LU YIINTEATYT bl va Ul

wiupuuua Jusiu

3. wsallsasiies (Fourdrinier WIBEINTEANWHNIDULIN LA8IN9UUALLASI AT NSASHYS

machine)

4. NTLUBNFUULIN/NTEUBNgULTIAUES | Ietnilndesanainidenseay laen1sidn wagnseny

(Yankee cylinders/High pressurized | aggnasrialufinszuanguusadiugs ivelviliiidudaseu was

cylinders) Tilanuadiaue
5. 1A30989n37 (Calendering) IodnINNTEANY
6. M3 (Circular rolls) viedingau wazdndunsedsluldlugnanunssusiald

UG 1999910 Kumar et al. (2020a)

2.1.2 nsinnvaude
vosdeUssnnvaauds (Solids Waste) fntulugnamnssunszaudiulg)
laun mamﬁaﬁgﬂﬁ’ﬂﬁa (Reject Waste) NANLABUIANNNTEUIUNITAIIANI N (Deinking
Sludge) saudaninagneudAuInszutitnuds ?faé’wmmawauﬁa%%yuaaﬁu

a g v a a A N W Yy
NSEUIUNSHANTLY Inelistgazidunlrasnuivuasuaddensnalul

1 v
a A vV A

2.1.2.1 voudenNgnAavs (Reject Waste)

%adLﬁaﬁ'Qﬂﬁ’mﬁy@Lﬂumamﬁmsﬂ”wLﬁmﬁll,ﬁmmmizmumiwﬂ
dswuitieueenainimgivilada dsznousewanadin Tave 4o uazuia Inedndu
Uszanudosay 6.5 vesnseannilefadlfiiutngfu (Monte et al, 2009) vandeinanil
fidnvaznarnvans sauadulng Wy defuazvan PET Wauidauleusuadn wu
NIRLAENTIEazBun perUsznouTesUeNdLINl TN TTATBLANANA N YTy Al B TaLY
lneilidulonsegavgeninUseannsosas 30 warlinatainlulSuaunniasesas 49 fa 51
FadenalsifiAnnnuiougs (Higher Heating Value: HHV) agjfi 18 fie 28 winzgasiedlansy
(MU/ke) Tndfpsugrufiuinsasi fisldn HHV 71 24.86 MJ/kg (Lou et al, 2012) n159ANTS

Yaadusndudainen PVC aanwiatasnunisiinaistasandulunssuiunisinalugl
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Jagtunsilanavdaduisvanlunisindn Anluiesas 69 Tuvasiiiiesdosas 28 M1y

Judamdmeaunu (Turner et al., 2022)

2.1.2.2 AMNAZABUANNNTZUIUNISANAANIIN (Deinking Sludge)

nmnazneuannszuIunsidaniiniduvendeannisuenuiinuas
ddfonoonannidulonszmuiluidadionszuiunisase T9esduszneuiignueneonun
Budulonszanudu vilnfiud arsifuuds wasdsudou 019 Auvn wleiady way
weaLfouaniuoiuniefesay 45 8 65 Ingumiin (Kloekke, 2018; Lou et al., 2012)
nnagnauiinudugesranaienay 35 81 60 wazArAufouTINd10g7 6 89 10 Mi/kg
Lﬁaﬂmﬂﬁﬂ%mmﬁﬂqa (Monte et al, 2009; Fifer Bizjak et al.,, 2021) 1d1711E8910N154HA
Usznausisergiiieunazuaaidousenlediiundn deamisadlulfiduarsidunds
Tunswandiuud Tuvazdiundssnuudssunnezneuduingivemmsdniileriingan

LaranNaNIEVURaAtInday (Noreren, 2022; Ingale & Nemade, 2023)

2.1.2.3 mangnaudruiuluszuuihvatnde
nnagneudaiiulugnamnssunszniwUsznaudetinfudniug
MlsinszuiunsuannseanwsboAanslnaninaenaudluiuluuSunauseuias 200 99
400 Alansuvesninagnaunafunszay (Tumer et al., 2022) wagluguvaaninaznauli
avaglutie 40 fia 50 AlanTusiaiunsza1y (Mahmood & Elliott, 2006; Jele et al., 2022)
mnazneuduiulugravnssunszmwulteandugesUszinnman

a

A NMneznauUgull (Primary Sludge: PS) Mtinainnisanaznautuiu Ussnaumiaiduley

Y

a

waglaauazasdunidnanagnoulaite wagninazneunfeni (Secondary Sludge: SS)
A a A a = o & Ao & a A ¢ al

MAnINNsEUIUNIINIITIN I lusEULLeN IV IAnaand danwasiduiiagfunidfnenn
fanN1sheNUI0an nanaluninagnpudluiuazUsynaumenInnznau PS Ussunnuiosay
70 wazninaEneay SS Uszanmuseeay 30 (Turner et al., 2022) nAnznau PS AANEIUNse
lunisueniinaninilasanileuninvuialng luvugiininagneu SS durndudagainl
LENUIBINNIT AW NNALNINALNDUNIEDITILAUNBUNISUIUANIBNITHENUT (Johansson et

al,, 2024) InguviasiiliaveaninagnaudiuiuiiadulugnamnIsuNseAy Wanagun 2.2



13

2.2 nnagnaudunuluangmnIsunseany
gaamnssuNannsyawidugnavnssuiiiiuTinaninazneudiuiugs Wesnnn

Anlusaglaafieseimiavinduiignuasududenssnvdmsuldlunssuiunandn dwivde

agnanetluvoads (Balwaik & Raut, 2012) virlsininagneudruiuadiuluaiduasdunse

WardmuTugs dnvaizvenInazneudzkandeiulununsTUIuNISHARNTEA YT 9

........ » o
—_— ¥ Pulp Mill > Paper Mill > End of use >
Virgin Pulp 5 i Paper or board Waste
Waste i ! Wast
wood i i Offcuts | i aste
Initial waste [~  Deinking sludge : Initial waste
Solid waste 4— . i " Gaseous emissions
treatment — Gaseous emissions ! treatment
i Liquid waste i l Liquid waste
Primary Secondary _______ Primary Secondary
Clarification Clarification Clarification Clarification
Primary Secondary Primary Secondary
sludge - sludge sludge sludge
Pulp mill sludge Pulp mill sludge

sUT 2.2 uvdaiilianinagneudiuiiuiintulugnavnssunseay

(Turner et al., 2022)

ndoyalunisnedt 2.3 wudininazneu PS N1nALNBY SS LALAINAZNBUNAL
(Mixed Sludge: MS) 91ngaa1mnssunszatuiiaiiud ulugasning lagninagneu PS
farauduoy sendnedosas 17.50 3 85 vgiininagnou SSdaraudugands
Tugnedesay 53 89 99 A1 pH YowTNINAZNBY PS WasnINALnaL SS ag/lut19 5.0 9 11.0
ilesannszuiunsadnidouaznszaviinsiinansndounseny WU uaadeuATULLS
(CaCOy) @ vyl andunnsgeu Fsdndudasusuat pH ey lugaei mungauiy

=

szuudevaatanuululdesndiau Ao 6.8 69 7.4 (Veluchamy, 2018) L eUsedns n1w

¥
] o s

Tunsgevaaeuaznisnaninatanmdiatu dmiussdusznouesuds wuin mangneu PS
firnvesudafiamun (Total Solids: TS) gefledosas 80 warlidvoaudessmederianun (Total
Volatile Solids: TVS) agjfisevas 57.94 vaziininmzneu SS flf1 TS f1ndn (Fewaz 1.0 A
2.0) usidldn TVS gen31 (Sewag 65 Ae 97) dauendn (Ash) Tuninagnau PS frasieiosas

54.06 luvaugiinnagneu SS fimegseninsdesay 10 s 25



o

M19197 2.3 dnwazvesninaznewdiulugeamnssunszawluidenigites

Assis & Chirwa Jele et al.
Chakraborty et al. (2019) Kaur et al. (2020) Turner et al. (2022)
o & (2021) (2022)
WITULHDT
ANFEZNDU
nnRENau PS N1NRENBU SS N1NRENBU SS n1NRENBU PS | A1nmgnau SS n1nRENau PS ANNRENBU SS
MS
Moisture (%wt.) 20 98 - 99 52-60.3 68 - 99 43 -85 53-99 17.50 78.77
pH 7.39 6.0-7.6 55-8.2 6.5-7.6 5.0-11.0 6.0 -85 N/A 8.10
TCOD (mg/L) 64,000 11,000 N/A N/A N/A N/A N/A N/A
TS (%wt.) 80 1.0-20 39.7 - 48 1-32 15 - 57 1-47 82.5 21.23
TVS (%TS) 57.94 65 -97 85-90 65 -97 85 -90 80 -90 63.31 75.31
Ash (%TS) 54.06 3-35 10 - 15 10 - 20 10 - 15 10 - 20 31.51 24.69
N (%TS) N/A 33-7.7 0.045 - 0.028 33-7.7 0.45-28 ¢g/L 11-77¢/L N/A 0.57 (%wt.)
P (%TS) N/A 05-28 0.01 - 0.06 05-28 0.1-6¢/L 25-28¢/L N/A N/A
C/N ratio N/A N/A 32:1-930:1 9:1 -81:1 111:1 - 943:1 8:1 - 50:1 N/A 74.56:1
2.2-20.92 16.85 - 58.0
Lignin (%TS) 5.68 N/A N/A N/A N/A 335
(%wt.) (%wt.)
23.6 -60.8
Cellulose (%TS) 32.49 N/A 2.0-28 (%wt.) N/A N/A N/A N/A
(%wt.)
Hemicellulose 49-14.2 12.0-15.0
6.53 N/A N/A N/A N/A N/A
(%TS) (9%wt.) (%wt.)

naneme N/A nanedislinudeyaluniuddeiiieitos uag %wt. vianeds Sevavlaguninden

1A
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dmsuesAUsEnaudunsy wuin Mneenau PS Usenaumedniuluyiesesay 2.2
f14 58.0 lwaglaasosay 2.0 89 60.8 wavialilwaglaasovay 4.9 0 15.0 d1uUn1NALNBY SS
fiansemsvangs laemnzlulasiau (N) sglugievay 0.57 §s 7.7 veanesa (P) fovas
0.5 89 2.8 upzruwdu (S) ovaw 0.61 i 4.18 wonanil AdnsauAUsudelulasIY
(C/N ratio) ¥eaninmgnau PS oy luyag 32 fio 1 9 943 e 1 @ agaiuy29i ivunzay
fonssulIunisgevaatsnuulultoandiau (20 so 1 69 30 o 1; Veluchamy, 2018)
ogalfdrdny o O/N ratio gaiuly lulnsiauazgnadunidadnafing (Methanogenic
bacteria) ldlUognmnsalunsdunszildsiuvenead dwaligaunidldannsadosaans
mfueuiwdsluingAuldiud uasvinlvidnsnmssdnfedininandias vaefininagnau S
fif1 O/N ratio 932773 8 o 1§14 86.21 fle 1 ManauNINAznousanslszandaiy
nMsfiansnsaUiuannasIne1s Ineainn1sAnuues Lopes et al. (2018) wuinawnsa
anA" C/N ratio asmdouszanal 31 sie 1 Guvanzaudonisgosameuvulildoondiaunas

ASNANNIBTINNBE NN UTLANT AW

2.3 ﬂ’J']SJE‘ﬁil"liﬂbl‘l«lﬂ'ﬁﬁjE]ﬂﬁﬁ']ﬁlﬂ']ﬂ“?i')ﬂ']W?l@ﬂﬂ']ﬂﬂZﬂ@u

doduansBunsganunsonudlalusurasdianudesnisesndiauniaail (Chemical
Oxygen Demand: COD) & ald1l s urednwaznisy suaateansdunisluszuuivn
wuudanm Tnerdleddannsaluldussdivandfinuaunsalunisdesaaematanmn
ya9i1081971vmsAnYT uazvhuneUsyans nmmlunsidnansdunidlaidesdu wiold
Tunsidenuazeenuuuszuutivn samaldinnesnsinsiinfednmlussuudes gang
wuulildpendiaulasgravungas I%mmm?miwﬁlﬁﬁqgﬂﬁ 2.3 3auts COD Tavun
(Total COD: TCOD) ponid uassdundn laun (1) d2uil gopaaianiadininle
(Biodegradable COD: BCOD) wax (2) @2ufidosaalanisdananbils (Unbiodegradable
COD: UCOD)

(1) Biodegradable COD (BCOD) wusaamdu 2 dau laun Ao Slofidesaaryls
atTEviseduiiazaneth (Biodegradable Soluble COD: BSCOD) uax@loffidenaansld
Fwisoduitliazaneii (Biodegradable Particulate COD: BPCOD)

Tnedndruigovaneldegemniail Aedndruarsdunislugy CoD Aawnsn
dovamelfiedmivgduiEduuuemelsingiin ledndufinaifntussriamslelasloda
vesdndusynnasdunididesaaslddn wasiluumamasnuddydmiunssuiums

govaany Feansdunidludadruiarusogaduingivadafunidlade Tussuy
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a [y

wuuldeandiau é’mdauﬁa’aaamaléfﬁaazﬁmﬁﬁimmaam%wuazmaﬁgﬂ Tngdunils
sznanelunmaandsnud miumsasydulsveasadeduvsduazudaigmsueulaoanled
ylsfUSanas COD Viamunanas Bndruvilsazgaldlumsadianatinmuiowadlnl v
Tuszuuuuululdoondiau dndudidesaneldifadiinannislelasladaaisdunss
figevanlatusuientuiussuuldesndiou wagvihmihilduasfefudmiunsudnnse-
Suridsemehelneuuaiiieadnsludunouiiaes

dwfudnduansdunigfdesaarsldtiu asduarsdunideuraluanalvg
asAoaaes uazoynAasdunididesitunszuiunisialasladanisusnivadnoy
Fazannsndesaasld Tnsdndrudasgndosanislinarsdudaduiisevaasldiss
mﬂﬂ?uﬁqgmmmmgyim&qumuﬂizmummwawiumaé warludunoutiaylifinstovaans
asduviIdiiain vilvie3ledaAnnsd

(2) Unbiodegradable COD (UCOD) wuseanidu 2 dau ldun dleffidoaaansms

Fanmilaildlusunuuiazaneti (Unbiodegradable Soluble COD: USCOD) wasdlefiigosaans

iﬂléﬂugﬂuuumﬂazmaﬂjﬁ (Unbiodegradable Particulate COD: UPCOD)

Total COD
(TCOD)
: ) :
Biodegradable Unbiodegradable
(BCOD) (UCOD)

Slowly biodegradable, | |[Readilly biodegradable, Unbiodegradable Unbiodegradable
particulate (BPCOD) soluble (BSCOD) particulate (UPCOD) | | soluble (USCOD)

Uil 2.3 dnddlofivesnnazneu
(Orhon & Cokgor, 1997)

TnedndIUANTAUNS daza1uUu T lau1sagasaaen18ssuUUIU AU LE 8912 bUT

s

foluansnisnsnasnanszuiuMseayaais wazalunsnasnoudadiualsdusongesaanyle

a s A v 1

1990y agarsdunidviaiiintuainnislalasladavesauninarsdunsgniedndu

a1sdunidazargunldarunsadevaasla luruendndiuouninansdunidiliaiuise
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dosaaeviietosaaglddiunnd 1nannsaatefuasunniivesead s1uEsnnstosaans
128920 dawalvusuia COD favunanas dndaudiindaiAeudisgsluninagneu
Afiszozianfudnuiy ey n15Uszudy COD Fractions 93 dndufi uana 19y
Tunnsmaasafitasengmznau (Sludge Retention Time: SRT) uanaafy Tasdauide
vaneTuiiFnudndiudlen (COD Fractions) 91nnNAENeY waRsnSIed 2.6

[y

A19199 2.4 ANEINsaluNSYRYEaNENNTIN NYEININAENBUAIUALTUUITTN

LR RN
UYsgAnnin COD Fractions (%) .
RENRN
AYNoU BPCOD BSCOD UPCOD USCOD
AnALNeY PS 12.17 - 13.47 - 41.71- | 092-205 | Cokgor et al (2006)
AntAsTY 14.25 4335 73.43
MARgneuLniEY 35 a7 13 5 Ciaciuch et al.
YUY (2017)

WeaiasuINan1sAneUIsulguues Cokgor et al. (2006) way Ciaciuch et al.
(2017) wuindeya COD Fractions finuunnasedeiiedAgniuisnisuasiieulanld
1ne Cokgor et al. (2006) 1N sudnnnngna PS Aeldaniiziliaunudaali VFA
WnTuegsiiiudAey W COD Fractions aan1sudndasildndquigesaaslatn (BPCOD)
49011 BSCOD avviouliiiuinnisgesaatsninagnowdaudenliauisadeu COD
dlvgylloglusunqdunidlalaviui vaein1s@nwives Caciuch et al. (2017) wuin
nsgesaaruuulildondlauluuasstunsusiununislidmusoulinasonisiudsunyag
COD Fractions 88138 tsd1Agy Taevinli BSCOD iudufssovas 43 wag BPCOD anad
Sovay 28 uanslimiiuiinisldaiusoudasisinisaatelaseasrea1sduniidedou 1wu

¢ v o A S a A6 o Yo a
rRARBERLaraNTWIUaRY inanalduasuseneuiavanetladeuazg nadunsgunlgleviug
= I aa Ly 1 12 o dy 4
Fadulumunguldnin n1susulsenssurunisgesaaisalsnisusuaninleswiu (pre-
treatment) @1u1saLiuUTUNal readily biodegradable COD wazdsnanonIsNanA1s3InIN

1998198UsEANTAINUINAIINITULTNLUUFITUAN
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2.4 Welaza1sdugeinnsgeaaten1etininluninasnay
arsunadanindanududugaiulvenaduiiviegdunidluszuugesaans
manmlel IneszivvssanuluivivivedivedawasUSinanesesivivuleueglussuy

Faanunsaduunesnidungueng o L

2.4.1 BesulszauInlanziun (Light Metal Cation)

deaulszyuiInvadlansun Wty (Nat), Inuvadey (K, waadey

a

(Ca?") wazhkuamda (Mn?) araindulaainnszuiunisgesaalsalsaunsdngluszuu 3o

a

a a A [ ' = a & 1 < a 1 = '
INNTAUANTLALLNDUITUAN pH %Q@@@ULWaquanqﬁﬂa\maLUUWU@@Q@UVI?ETLU?%UUEJE]Elﬂa']ﬁl

q

[
= (5

wuulildeendiauls Tnenrudufivfinaniidnvazduujisoidudeu uazeasiuegiu
mututuvesdoouUszauanveslansiuusiazyia Lansssei 2.5

yiail ruuiivuesdeeulszquinveslansiuiuiazedndsziunnuguls
laiwindu Tnedeauiiinaudivinfu 1 Wu Na* uay K* agimnudufivdogdunidosnin
Seouiifinaudwindu 2 Wy Ca? war Me?* daflaanudufivuinninga 10 win fetu

< a a a X ' aa &
ﬂ'ﬂllLUUWH%@Q@@@UUiS"QUTJﬂSU'PNIﬁ‘MSLU']f\]gLWN?JUGHN?]TJ’]L@U?W]QQ?JU

a Yy v A v v O a
M19190 2.5 mmL“UMJUV]H‘JWJULL@%EJUENGUENQEJEJmJisf\;U’JﬂIa‘MzL‘m

foauszauan ALY (me/kg dry weight)
langiun nsesu Fududs Tudagneguuss
Ca** 200 2,500-4,500 8,000
Mg 75-150 1,000-1,500 3,000
K" 200-400 2,500-4,500 12,000
Na* 230-350 3,000-5,500 8,000

RUBLE 81989917 Veluchamy (2018)

a

& A v v A

anuluiiwresdesulszauinvadansiunaiunsaanasiinielidouly

A Aadaa a o &4 a
1139Usen15 nanfde lunsdidfesudszyuinveslansiurviani@adanuduiivie
wupfiselaldoandian mnddeeulsvauinvedlanviundnvlianilaegsiunig o1dmaln

3 a a a e‘dycl J . 1 [=3

Anuduiiwresdosuviiausnanas Usingnisalilisunda Antagonism ag1alsiniy Tunis
asafiudnu Seeudsyuinvedansiuiuiiinanudugvsiulardmalinnuduiviniy

a I P P ' . Y d'
LﬂJaaQﬁ]@Jﬂu YIIYNIT Synergism LLEAINIRITIN 2.6 LLag 2.7



A13197 2.6 Beeulszquiniansiuiiuauduiiy (Synergism) uazdooulszauintans

wianAutdufie (Antaginism)

19

dopulszuInlavei inaududie (Synergism) anALdufie (Antaginism)
warluLdy (N) Ca, Mg, K Na
Ca wanlutile (N) , Mg K, Na
Mg wanluile (N) | Mg K, Na
K - K, Na
Na wanluiily (N), Ca, Mg K

WINBLUE 919899710 Nllugn Iuashi (2552)

M15197 2.7 BeaulszauinlansiunlunINAznauaINena NI TUNAANTEANY

AALTNTU (Mmg/kg dry weight)

deauUszauINtavsi 91984

ANRENBU PS ANRENBU SS
Ca 31,560-38,000 16,900-25,600 Kaur et al. (2020)
Mg 540 3,830 Monte et al. (2009)
K 200-455 900-1,820 Kaur et al. (2020)
Na 500-2,938 6,000-10,800 Kaur et al. (2020)

il andeyadrsfunuirdesutssauinvedlangiuiluninagneudiléain
gaamnssundnnIzauiinmmainvats Taglamzlunnazneu SS deliuiinmuansemis
asnininazneu PS adwdtsdidy auuandatiAaainnssuiunisndndenszaiy
MapdiAdnsiiuansiadiang 9 18U NaOH, Na,S, Ca(HSO5), wag Mg(HSOs), L‘ﬁIEJ‘LJ%'U‘LJiqﬂ

AunMRnte dwaliinmsazauvesdosulszuinvadlanziunluninagneuludiinags

2.4.2 lanewnin (Heavy Metal)
Tavigniin ldun win fyn ez dangd esuas uaaillew lavead lasidlew
warfiniAa (Judu dedeeuvedlaneninmardannsanoliiinfivdeqdunsd lnssedu
audufivredlavgninduegiuauannsolunisaraeiiveandelavevinyiagu «

a

Feladudrdyniinasionisazansveunielaventnfeysuavedalasaudalng (H,S) niley
Tuunde Wesnnlalasiudalidazyinufiseordulangndniiadundedalwaiiliazaieun
wazanusannaznauld ag1lsiniy mndndeivsunadalnsliiisae Aagliaunsavinla

Taveninanaznaulag19iuszansnin deandudeeiinisifuindedalisvsoindadams
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dinis Tnendeviaessiindanunsagniiidnielaaniizlieandiau (Anaerobic condition)

Tinanedudalild wagvinlianuseananuduiivwedansuinluszuuld (01381 3593908,
2546)

INAIT19N 2.8 WAAIAINILI NI UYDI L AN NN UL AU BNTEDYAANY

wuulU T 2and ey warm1519% 2.9 waneAAuLl uTuuadlanennluninnenau

NYPAMNITTUNEANTEAY WU leedlnglavemindlegluseauaiududuimungay

dmiunszuiunmsdegaaeuuulildoandiau eniiu Fe Fanundanududugningie

o [y a & o) 1 < A a 1 a v ] P
AN HUAINIUNTINAAN 1YY INTIN @Bﬁﬂliﬂm’m Fe ‘I/lll@@JIU‘UiM?M%QSQﬁW@J’]ﬁOﬁQNﬁ@

sansiiuNananfedinnls Wesanaunsatelunisanaznauvaadndalng dadunali

ann1siia H,S Tussuuls (Wood et al., 2009)

AN5199 2.8 ANULTUYRalarytn s ausenseesaaswuulilteandiau

Tanguiin AU (me/kg dry weight)
Co 150
Cu 75
Fe 1,800
Ni 100
n 60

RUIBR 919899717 Veluchamy (2018)

M15197 2.9 lavieninlunINAzNouAINENANTTUNEANTEAY

. ALY (me/ke dry weight) . .
Tanenin 91984
ANRENBU PS nN1NFENDU SS
Co 1.0-1.5 1.0-3.0 Kaur et al. (2020)
Cu 15-238 12-71 Kaur et al. (2020)
Fe 1,930 6,280 Monte et al. (2009)
Ni 6-89 8-38 Kaur et al. (2020)
Zn 26-141 30-475 Kaur et al. (2020)

9l N15AN®ITEY Kaur et al. (2020) wui18eau Ca wag Mg luninnznou

PS (31,560 £19 38,000 mg/kg Lag 540 meg/kg ANUEIRU) agiiuizé’uqqLﬁuﬂ'jwﬁmﬁdua%u

N1591191U59UAU (synergism) senindlangiuioatvayunisaaigdivesqauniglal

[

U

a aal o 1 I~ [V Py a Lo d'
DNYLIU FIUNE W) NLUSUTIN Ca, Mg hay K ﬁ’JillﬂrJ’mLmﬂﬁﬂuauﬂaLW@Lﬁiuqmﬁﬂu IusUmg‘Vl
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Na Faflenfa 2,938 mg/ke Fadusaduds (antagonism) sEUIUNITE (ndugn Fuasni,
2552) uanani} Monte et al. (2009) 57891431 Fe luninaznay PS faududy 1,930
mg/kg G?f'qqaﬂdﬂmmszﬁﬁmmzauﬁm%’umiéaaaawqulaﬂ%’aaﬂ%wu (Fe <1 800 mg/kg)
ylsAssdenstiudanisadafing BuduinmsauauszdulanemiinliliiAu Co <150, Cu
<75, Fe 1,800, Ni <100, Zn <60 mg/kg vJudssndunaninuiadesuazuszdnininaes

syuudavaanawuulildoandiau

25 walulaglumsiinyadianninazneudiuiulugnamnssunszae
welulaglumsiiuyaiannnsgnaudruiulugramnssunsyay Tnsmsthngusn

THuseloviifundsonuvyuiou Tva1e38 daaznanisnszuiunmedinm fe nswdn

gt (Biogas) WaZATZUIUNITUNAINT DU AD mwém%amﬁww (Refuse-derived

Fuel: RDF) Tneusazisisnuazden ¢9i

2.5.1 NSHAARYIININ (Biogas)
a 2% a 2/ a 1 1 14 a
nsuanniedinnleeldinalulagnisgesaarvuvulyldoandiau
(Anaerobic Digestion: AD) 1Junszuaun1sUItavedden lasun15eeusUne 19uns nane
H99NHTeAnauUTENITNINIUAILINA DI ANTIANITUDUAY LAZNITNAANEIIU U8
Larnguidannd 09iu31NTzUIUN1T AD dru1saanUiurasazanududunsioves

vuzyarlosdunsd nieuvsanndumiiu Yagmdninme wazmnudndulunsldnunidnay

v
a v @ a

(nflwgn Fuasni, 2552) Bnviedsanunsandnfinadinimiilundsnunaunulugvvesdiny
FAUANYNINIUNITNALNUNT UMY DLNAINDETE WALLAUNTAUADNIS TN UYDLALL TN
7 luarunsanla g9 Use@nsaan (Jameel et al, 2024) ag1alsAiniy 4831179

voawmaluladldl lawn n1ssuduszuuldiaaIuiu AnuUsIsuNresaunaydunsdlussuy

6V

a o &= U a = £ o ] ¢ o ‘N’J a
waznsinfiiglalasaudalid@anendusuniukaziignsianseuaunsal visinguuas

LUINN1T3T8T T YMIAINA1IETAUTINLA R 1ENITAIVANEN1IEAITLA UTTUY

a a

| o & = a a A caa ] | !
RIMNISZE R EAGHN ﬂ'ﬁﬂ@ILa@ﬂ‘Vﬁ@Laiu%aumiﬂmuﬂi%amﬁﬂqw LLa%ﬂ'ﬁUﬁgQﬂGﬂﬂfﬂ']iEJ@fJﬁa']EJﬁrJll

a a a

(co-digestion) ¥asa1sAsiuvateyin LitaUsSuaunas e skasiuUussdnsnnn1sng

N Y

24 = = Y & 1 £ o v a a va @ v @ =

98309 Feuansliiuiinseuiunts AD wlddedniadelun windaudumalulad
nifneangesdmiunsinnisveddsuaznsHaana Uy U Iguluszeren
v | a a6 9 ¥ a <

nannsnisgegaatsalsduniduuulaldoandiau (AD) iunsyuIUAIT

Wasuarsdunsdlunneznaulinanadutiedinin lawn Jwu (CHy) asvaulaeanled
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(CO,) lslnsiau (H,) wavansdu q meldanzusiAnnesndou (@unns 2.1) nsyuaunish
Usznoudae ¢ duneundn taun lelnslada (Hydrolysis) azdlaauiuda (Acidogenesis)
0v3TaLaLuda (Acetogenesis) waziuniluiaiuda (Methanogenesis) Tnsunazd unou
flunumenglunisaansansdunssuaznaniedanmiianunsesh Ui selemile
Tudumoulslaslafa asduvidlaanalva) wu Wity utl uaslutu gneevaans
dulaanaiduier wu nsnesdlu tinanglea woznsalusiu lngldiouleiuanisad
nnlelaslafnuuafiide (Hydrolytic Bacteria) seuntunauszdlaauda wuafiiserdlanin
(Acidogenic Bacteria) 9xmsinansauns gwanilinateiduansianans 1wy nsaozdin
nsalnslnledn nsndafisn Hudeinglelasaunazasvaulasenles Jensnezdfnuay
Arlelasiauaiduansiafudmsunsraniion (Hilsemann et al, 2020) Juseussdlaiuda
wuafiSuerdlalatinuas Hyproducing Bacteria 921 U8 sunsadunigszmednanas
woaneged Winaaidunsnesdin Awlelasiau wazarsveulneanlan lnefesedeaniig
anudulalasiousn 4eimnuduiusuuuil swondeduiamiluauil oaruauaufy
lelnsiaunasfosiunisaauuoinsndunsgvunnidniienadus sn1 svhauvesuuailse

Tutupoudald

BUVSEANT + RUNSY — CHg + COx+ NH5 + Hy + H,S (2.1)
CO, + 4H, — CH, + 2H,0 (2.2)
CH,COOH —> CH, + CO, (2.3)

funouaainede wnluawda falunssuiunmadefieimulaewmiluay
WwUsoondy 2 naugay tawn lalasialulnsilawuniluiaw (Hydrogenotrophic
Methanogens) fiUdau Hy waz CO, 18y CH, muauns 2.2 wazosdlalnsfawmniluiay
(Acetotrophic Methanogens) iiUasunsaesdiniy CH, uaz CO, AALNTT 2.3 Wiy
nquerdlalnsfleddsnsnisnigivlndninguild H, wifunumddysonisude
Arafimu Felunszuiunisudntietininaneldansmungay senuinfsdmulssana

Spuay 66.67 W19NNISLUALUNTABLYRAN Lazdnsosay 33.33 4191NN153ANTUVae CO,

e H, lnganiiznisyinauimangauaansoagulaniunise 2.10
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W05 ATl nza

Temperature Psychrophilic (5 - 15 °C), Meso philic (35 - 40 °Q),
Thermo philic (50 - 65 °Q)

pH 68-7.4

VFA >2,000 mg/L (Acetic Acid)
>6,000 - 8,000 (Total Volatile Acids)

Alkalinity 1,000 - 5,000 mg CaCOy/L

C/N ratio 20 - 30

Sulfide < 250 mg H,S/L (pH 6.4 - 7.2), 90 mg H,S/L (pH 7.8 - 8.0)
> 100 mg Soluble/L

Cu 150 mg Cu/kg dry solid

Co 75 mg Co/kg dry solid

Cd 150 me/L

Fe 1,800 mg Fe/kg dry solid

Cr 200 - 250 mg/L

Ni 100 mg Ni/kg dry solid

Zn 60 mg Zn/kg dry solid

TKN 1,500 - 3,000 mg/L (pH >7.6), 600 - 800 mg/L (free ammonia)

RUNBWAR 919899710 Veluchamy (2018)

2.5.1.1 sUuwuuYANAaReAngAINNIsian1imun19all (Biochemical

Methane Potential Test: BMP Test)

NsVAEaU BMP Test aiunislunisvnasiuuny (Batch Reactor)

wazluszauneslfUanms IngdnuTunaietinimvselulefinugeanindnlaronsuves

3 ] & Aa a R I & v |
YRILLYITELNYIN8NIUUA (TVS) V]ll@EﬁJJIua']iEJumﬁfJVﬂﬂfLﬂuaqimﬂWUFLUﬂigU'JUﬂ']iU@U dany

wuuldldeandian Feguuuuganeassnfoudnuiludagiu denisen 2.11 lnenisAne

BMP Test ludagduiinsnaassiiiieuyiniuinnsgiu 1SO 11734:1995 Afinsivunaniig

mIvANreIN1Taaeslunstesaatswuulildeandizauveininaznau lagivunel TS

luszuuegludae 1 84 3 ¢/L naasslun1vuzlanatuauaumad 35 + 2 °C lagilen pH

SUAY 7 = 2.0 waglszaziantunivaaeseglugie 25 1 30 Ju dmsunisanwluansaaiu

a v = ) ' & v oA v =~ Y
VIEJEJEJﬁﬂWEJlM’]EJ LLazﬁJT‘UQ\ﬁN 60 U Iumjﬂaﬂﬁmaaﬁmmu%SaﬂaaﬁﬂlmEJ’]ﬂ LW@Im@I

nsgayaanggagn (Ultimate Biodegradability)




A51aRl 2.11 JULUUYANAaD BMP Test

YANAFDI BMP Test

sneazldun

919949

Inverted bottle filled with|
2% NaOH akaline solution)

Graduated cylinder

naaedluriaui vuIn 1000 faddns laindouazansieduiidurszyadosyumy
Tudnsdn 2 fo 1 inthauldusanssan 500 fadans wazidiu Na,CO, Usvana 0.10
§4.0.60 n¥u wiatlosturn pH anatee195Insa NINUAAINYNTANILURUTI AUV
5 fadwns Saudufeiindsimarainiiianzasainats vangnivgudunan 30 uni
#en1157 80 seuseunit uasuglusraihfeuntmilsvosrugminiigungd 35 « 1
°C Suazads MadousefumMAURRILR 1,000 Si8dans %ausif\gmsazmaﬁaﬂﬂaﬂ

2% wazdaniiniiatauSunafeiivy Wusseznal 60 Yu

Esposito et al.

(2011)

Gas collection

—
——o—e—— Water
°o

—

. ‘ Water
Raw materials — :
LGS replacement

neaedlurInkiwuIn 200 Jadans lngussyamsisnuduninaznoulidunaz e
laeandiausisfinglulasian 2 uri neulanin VIngnLug 1UWATEY orbital shaker
7121357 180 sousiowil uazUnfigamgdll 38 + 1 °C 1Uuszewiian 60 Tuaunseis

ASIINUNISHAAMLYINNUDENIN 5%

Kaosol &
Sohgrathok
(2012)

%4



A5 2.11 JULUUYANAGEY BMP Test (vip)

YANARDI BMP Test avldun 91984
naassluriann1wuIn 1,000 daddans lawudouazninnznouainlssnunseaiey | Veluchamy
lugnsndn F/M 619 9 Wudauldusuinswindunnean laesndaudiefiiglulasiau (2018)
Ungnensatin Tadsunadivuneiulagisnswnunii ansazane NaOH 1.5 N iludwgadu
fngansueulaeanleduazinglalasiaudalng wasUuiigaumall 30-38 °C Wuszeziian 45
T
NaOll
Bio reuctor solution
Collection
unit
naaedlurInuidvuin 500 daddns Fellandeaidnuazindintuauine lnemiivun | Kumar et al.
US11m3n15veuvesnin 300 $adans wastiuiuiiufiniy 200 faddns arsaasiudu (2020b)

Feedstock+

Inoculum
£ Gas volume measurement
(water displacement)

nnegnauINgnavnsTudmegnitsludnsidiuderiaide mifdu 1 se 3 awe1 VS ves
A1599AU NOUSUNISNAGDT ¥11n5ta eandausiefwlulasiaudunian 5 uf andu

UnwauarUuiigamad 35 + 2 °C WJuaan 30 Ju

G¢



A5 2.11 JULUUYANAGEY BMP Test (vip)

N8azLdun

919949

YANAFDI BMP Test

nAaadluvInkil YuIn 1,000 daddns Hdynleatdniazi@eusaiunseuanaisgului

WaTaUSuufing AuunUsUIATN1YINIUYe9vIn 800 addns wasi uiudiufiy 200

a a

1adans A10819U58NaUNIY NINAZNBU SS 0.3 4A5 LAy YAy 0.5 A5 laeandiau

sefglulasiau 1wl newlavinuazudlugisimuaugamalif 40 °C Wuan 10 Fu

Amo-Duodu

et al. (2021)

vIavdin

Ty -

Ay,

o
s

__goo™

Toiuulsnsonled
Youay 12

dndu

N3TUBNAN

nAaodluvIAkA 19N 500 daddns lauussyalsazaleuiung 400 Haddns was
Lﬁmﬁ’sl,%aaﬁuﬁﬂué’mwmu 2:1 phmiinuesen TVS vesansasuiifuaemsuay
vssatausiesigesangldvnadanm laoondiaudeiglulasiaulssann 1 und
roudashmanded manainuiandeniduiudsiauasstu i dusefudosoanumis

wazaweRdmiuiausinaiaiing visgnunlugeuiiaamgl 35 + 2 °C Wunan 30 u

Igna wnyas
IR LI
(2566)

9¢
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2.5.1.2 ANYAINNISHANAIYYINTNVDININASNBUAIULNY

MNYAGINNITUNISAY

a

NSANIANENMNITARAYINUNTLATT (BMP Test) Wunsusziiiu

o 123 =

Anannlunisuaniiedininusefaiinuainnisgesaatsuulildeandiauvssansaany

finanld Taeiduisadsumuiuarannsavindnld yilvansawisudisudnenmnis ade
Arafanmuesansnasurioanngnsvaassiiuansiuldognmndes Snvedaie Uswen
anngfivanzaniigaluniseenuuuszuugesaarsuvuliliesndiou Tnsarnmsmuniy
235UNTIA USRI nusdneamlunsiinfiedinimuesninazneu PS was
NNARENBU SS qumamﬂiimimw LARIAIANTIT 2,12 uay 2.13
INNITANYIANEAMNITHENT19TInINVDININALNOU PS Uag
NINAENBY SS IMNPAAINNTIUNTLATY NUTIHANITNARBIIINNAIBIUIILLAIUADAAR O

Tuansaudungud W ugiuvesnisgsgaatsuuulildeondiau lneninagneu SS

' '
a 6a = a1

Fausznouseqdunid ineuduazarsdunididesaaslsine snlinandninadanimgs
ndmnmzneu PS fididuleiwaglaauazdniugsdsgesaassin lnsteyaldauiuim
wansliliuInnInnzneu SS arunsalrrananinulugag 77 89 519 mL CHy/g VSey (Elliott
& Mahmood, 2012; Lopes et al,, 2018) wigininazneu PS linandnog 44.8 fa 417
fiaddnsimudansudl TVS Adau (mL CHa/g VSeqy) (Bayr & Rintala, 2012; Lopes et al.,
2018; Bokhary et al., 2022) Fssndnninazneu SS aEnsiaau Tailaenndosiunguifii
lassasadanlugaglaaluninesnau PS danududeunagiiuniunisdosaans vinlv

[

nsUanUanyansdunsgazalsuinIulaanm

1 [ a

Haduntsufuaninadednoammsnanfiedinin lfun snsanse-
U59YN&1358uu38 (OLR), 8nsdauermsseqaun3d (F/M ratio), sveziaaniniiu (HRT) uae
21gnznau (SRT) ﬁ?fﬂﬁmaﬁaamqasumﬂizmumi hydrolysis, acidogenesis, acetogenesis
WAz methanogenesis a8193tBd1AY 1B9IUIT8Y09 Lin et al. (2011) waz Karlsson et al.
(2011) #11 Maifiuen OLR wag SRT meldiannefimngauaunsofiunandnivuld uwiile
A1 OLR gatiuaningd (u1nndmseivindu 5.0 Alansuan TVS degnuiafiunsaedy; kg
VS/m>-day) agiinnsagau VFA danaliaunasening acidogens wag methanogens (dely
wanedpfnsaigapdeiafiosnn Sadulumungquinisdudilag VFA vaedl Veluchamy &
Kalardhad (2017) U1 F/M ratio fwnzauiignfie 2.0 1iesanannsnainiaunasemniig
msvanUdesansduniduaznisidsuldiduiimuldgaan windr F/M gaAuluaziilug

(%
v a

NTdsdal VFA LagnN158na3uas pH %’Qsrusmﬁ%ﬂsimmaw’%sﬁwﬂumu
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[

uenani é“awud'lmiﬂ%’uamwL‘ﬁaaéfwuaqmﬂmnauﬁwmwﬁww
somsiisUszavnmmananfwdanm Tag Elliott & Mahmood (2012) Teamu3n msusuann
mMnAzneu SS MeIBidna wu msltusudeuwdnaniemslteraulsin amnsaiiunandnfing
Ignniederas 15 osmntieisenszuiums hydrolysis wazviliansduniaidadounandy
ponunluguilazaneiiléinetu uazauideves Bayr & Rintala (2012) wuihmsidsilulasiay
Tuszuuiildnneaeneu Ps dreunandafinuuasyilissvuiianuaiosinndy esn
nnAznou PS A1 O/N ratio geuazuialulasiautisawe vnizd Bokhary et al. (2021;
2022) uansliifiuinnisnruau SRT AgnaduauisnrilfiAnnisudsuntadiasadng
anluagladlunnaznou PS uazifiunnuannsolunsgosaaslduiniu Ssaonadosiy
nguifiinsdinnalunsinfvazdagligdunidlalaslafinuaziumluainiinainne
lumsaauansBunsdiedou

Ingagy Toyaanauided 4 uandbiiiuegsdaauinninazneu
ss difnanmlunswaniedinmginiininagnay PS uidngnnueinInazneu PS a1x1sa
Uulgsldriunsusvanmdesiu madiusmenaaiy wasnsmuauieulunsifuszuy
WU OLR, HRT, SRT way F/M ratio Tﬁ’aq”lusdwﬁ'mmzam wgaﬁyaamﬂé’aaﬂvumwﬁ
nsgosaatsuuulildeondiauiissyaivszdnsanlunisndafedinmd uey fu
nstesaaeansdunidluudazdunouresnseuiuns denansndvaugafanaald

AYLUNANAN AT UANNITININAZNDY PS wazninaznou SS laagnaiiuszansnin



[y

M19199 2.12 Angnmlunisifiafinedanmainninazneu PS lugnainnssunseaylumnuddennedes

VS loading
VS (or VSS,
Uselam COD TS (or VS (or rate HRT Methane Experimental -
COD) RENGN
nINAZNDU (mg/L) TSS) (%) | VSS) (%) | (kg VS/m>- | (days) Yield setup
removal (%)
day)
nAnRENaU PS 21Al599U 2,100- 2.2-3.1 1.6-1.9 1 23-32 71 230 ml CH4/g CSTR Bayr &
NIEAYATING (S/1 1.7-1.9 ¢ 2,900 (Cellulose VSioy Rintala
VSbstarate’€ VSinocutum) (SCOD) removed) (2012)
MneENeU PS NLSsNUNTEaY 1,600 27 57 - a5 15.73 248 ml CHy/e Batch test Veluchamy &
AT (F/M 2.0 d) (SCOD) VS Kalamdhad
(2017)
nNAZNBU PS 91n15991U 1,217 mg 31.99 31.56 - 20 - 417 ml CHy/g CSTR Lopes et al.
NTEANY (/12 ¢ VS, pemrare’S | O/STS %wt. %wt. VSteq (2018)
VSinoculum)
AMNRENBU PS 910 194 11.8 ¢/L 93.93 2.5%, 3.7 3,5,8 46.13 185 ml CHy/g CSTR Bokhary et
1599UREANTEA Y (SCOD) az6.8 kg TSS emoved al. (2021)
COD/m>-day
A1NEENU PS 910 47,660 11.68 ¢/L 96.39 2.15-2.25 5 a7 - 44.8-87.7 ml CSTR Bokhary et
T59UNAANTEATWTING kg TSS/L- 54.9%TS CHy/g VSieq al. (2022)
day

6C



M19199 2.13 Angnmlunmsifafingdinmainninagneu SS lugnavnssunseaelunuidenneites

substarate/ gvsinoculum)

VS (or VSS,
VS loading
Uszian CoD TS (or | VS (or VSS) HRT COD) Experimental -
rate (kg Methane Yield 9714999
ANAZNDY (mg/L) TSS) (%) (%) , (days) | removal setup
VS/m’-day)
(%)
nARgnau SS 9N - TS 3145 | 623 g/kgTS 1.5-5.0 1 47-61 434 ml CHy/g CSTR Lin et al.
N3AY g/ke VS emoved (2011)
nNAZABY SS NI - 0.6-11.6 - 3.4-18.9 20-22 - 145-188 ml CSTR Karlsson et
nEATEATINILaTalA CHa/g VStey al. (2011)
ANRZNBU SS NI 47,000 3.2 2.8 1.4 ke VSS - 29 77 mL CHy/g CSTR Elliott &
NTEAULTING /m’-day CODyoy Mahmood
(2012)

ANRZNBU SS NI 2,400 2.2-2.9 1.7-2 1.4-2 14-16 73 100 ml CH4/g CSTR Bayr &
nseAwAINY (S/1 1.7- (SCOD) (Cellulose VSeq Rintala
1.9 ¢ VS pstarate’S removed) (2012)
VSinoculum)
ANRZNBU SS NI 1236 13.77 11.73 %wt. - 30 - 519 ml CHy/g CSTR Lopes et
nsEAY (/12 QS mgO,/gTS |  %wt. VSiy al. (2018)

0¢
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252 mandndiamAsusy (Refuse-derived Fuel: RDF)

HomAswes mnefs nngaavnssufiiiunszuIunIsinnesig 9 1wy
msfausntaninlnaldldoon viensdnuiedaninesnfuiudn 4 Wemdsesildd
fiaanufeugindt viefauandhidudomasinimshnngramnssuiiiusus
wlflaenss iesnfesdusznausianenienmuasmaaiifiadiavendt Wemdswesils
annsnihlUlfdud emdadi endandsnuldviesuuuundsnuanufouna swdseulad
Tagenvvsd i luldussloviluaniuiindnd eimdsszios niovudsluldlud s uld
uenandl daanunsoldinsmiuaiuiiu (Co-firing) WileanuTinamslduiilugaamnssy
UN9USELAY LagANINTaNUsUsELNYes RDF azihluldaiusing 9 (nsulsasugeainnysy

NITNTNYAFINNTIN, 2559)

v
a v ¥ = v 1

nsudssunmngaamnssulidudomdsiu Fesfinssuiunmstamsetia
aa"lwﬁm%wmaa&J'N%ua@jﬁw;mauﬁ’ammL‘%@LW%Wazﬁéfaami Tneluduneunsdnns
WU Msfaneniiunasinda n1sfnuensaeiionsoiniesdns n1sanvuin AsLENILIN
nTHEN N158ALT a1Vl n1sUsTauaznisiiv ldudy detladed desdiils
Tunisiwdsuningaaivnssun ouiduanie ldun Arrudou audyu aoiugves
NINAFIMNTTY LaZeIAUTENOUNIINENINLAZLANVBININGAAINNTTN NI1TAIUANAMAIN
yesnIngmavnsIuAoui sz g unndinaiinesidfyamuszmansuauauuaiiy
301 audnuanilesiuiivmnzaudmiuidemdsmeranuesyarosyunu (2561)

uided A itunisnand omdsdnuvisainninaznouduLiuves
QRAAMINTINANG 4 Fam9nadl 2.14 uansliifuuunliuiidenndostunguiiugiuieaf
nsdauviadends dana1ndn nisiudauszaunietagiesufifanuvuiudugs 1wy

ANNAENBUIINLTINUNTLATYNS DFITIILNA FEBIYLAUAIAINUSDUVDILT DLNA kAL

'
a IS

WalndalAuAIiIuInTY (FuSan Juilew, 2553; Avelar et al,, 2016) g3 T8va9vusAn
ullen (2553) wulnmaindaguninagneunlssnunsemElugnsnig 9 iliaiausou

I (3

=~
%
& a o ' 1Al a a1 a P Yy o ad & a
geanveeIndsdnuiaegi 4,366 Nlaunaeireilaniy Fedennneanungu)nInelnas
NilaAUIENaUAITUDUEIMAANNTUAILTAINE 1A



M157199 2.14 AdeTAgItsiuNMsiiMNaznaUdLANIINgREMNTINANN 9 N NaaTulolnasdauns

U3eLNNnINnENaU

WAlLlagN1onLATBINEAS

ANWULNINALNDUNEINN RDF

919949

iyt nnadusnduninvede

MNLTIUNTEAY ("MapgnaU PS

Screw press

- Moisture 5.02 - 5.80%
- Ash 2.90 - 3.29%

- Heating Value 4,310.59 -
4,366 kcal/kg (18.04-18.28

3300 Fudew
(2553)

JmAUNARENBY SS) MJ/kg)
mMARznew SS 9nlsauAmenay | Piston Press - Ash 12.73% - HHV 21.32 MJ/kg (5,092.19 | Avelar et al.
fuginihegmamnssudme kcal/kg) (2016)

NINAZNBU SS IMNYAFINNITN

NaNERNAULITILNe

Piston Press

- Moisture 14.3 - 16.3%

- Ash 16.1 - 39%

- Heating Value 2,500 - 3,770
kcal/kg (10.47 - 15.78 MJ/kg)

ANNT W81 Way
ATUNT NDIAS

(2561)

AINAZNBU SS ANNYRAINNTIY

wtlsiudUymasiunguules

Mill ring die pelletizer

- Moisture 5.13 - 9.05%
- Ash 11.95 - 56.58%

- Heating Value 8.18 - 13.82
MJ/kg (1,953.76 - 3,300.85
kcal/kg)

NI NIUAT

(2564)

MARENBU SS ANsEUUTIURU LA

YavU

Piston press

- Moisture 3.5%
- Ash 36.6%

- Heating Value 12.9 MJ/kg
(3,081.11 kcal/kg)

Rocha et al.

(2022)

43
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. & - aa
't’]EJ’]\ﬂﬁﬂ(ﬂ']ll Naﬂ']ﬁﬂ/lﬂaaﬂsﬂaﬂﬂﬂﬂi LD WAYAIUNT Nouds (2561) LLay

a a

fns AAUART (2564) Lanalwiiulinnisoaunyians awialuaiuisavinlel aaud uues

BND

nnagnausAuluvIesnadruseninetngAvliiningay demsstunguiiiauiu
fonnzandudssuiuielifnnsdamessineyniavesdomas uenaini swideves
Rocha et al. (2022) uandlidiuiudaamdundsdouiszsdnfissfosay 3.5 witiuaudas
fe¥oray 36.6 shilsiAnusouadond 12.9 Ml/kg dazviouiiesdussnauresninaznay
fnadoauUaniemusousgedniay

Taasyu rAdsmaniaonndestungui Ao n1sidendnadiutanuas
msenuAuesLdHaar WALy SR TS ALYUALA A LT N aINds Bnvian1suUSUle

TagvannvangUssiananansaiiinauseukasSuuaauaudinmmenmuesaiomala

2.6  walulagnisuaninedaninainninaznau

walulag nsnani1gdi01manninagnauld ndsaudagniinisuidauuy
T¥eendiau wazanmsavianiluannefisasanszansduridganiimsiidauuuldesndiau
Usganal 5 59 10 11 (Bajpai, 2015) Wlesaniiuszansanlunisidnansdunidas uas
fimaluladfidesldou foil

a a ¢

2.6.1 szuudunznaugdunsduuulildeandiauuuuluayu

(Upflow Anaerobic Sludge Blanket: UASB)
[ Aa v 1 = o [y o w o a
55UV UASB Wussuuniealdannninssuulseandu o dmsumstidainde
wuulidldeen@iauluningnanngsy WeRINa1usasusnTINTeUTIYNansaunsdgala
d‘ 961 =) ¥ U d' ] a
INFUN 2.4n dndeazgndeuainaiuan wazdlonaiuluasiinnisasauveninagneu
auansvesAsefnsal n1snIuinduainnisnasiikazudauaesfing (Gomez, 2011)
[2% A a dy Ay @ v @ 2% = o Y a [ 1 g; a
feinvuaggnsruniuiiuuukasiuliluduivineg Fahldldndandsnusiely dnde
MrunsidaudivzgnudegeanainenuuuvesiswaziilUindasield nisldssuu UASB
lun1strdadndeainlsenunseawnuingiuisandne COD tagsiaTosas 80 fis 93

(Chinnaraj & Rao, 2006)

2.6.2 szuUUBNIadl30anTau (Anaerobic Filter: AF)
Aansesluszuy AF 9vgnusslumedud 1 pall ring, glass, PVC, baked

clay, polypropylene rings Wag coral/mussel shells (Show & Tay, 1999) fiansost8dLasu
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nstasgiivlavesuuafiizouazn1suan exopolysaccharides szuuiiiduia3 esufnsal

= '

LUV fixed bed Falvangnulewdaunonueg199aLlad N195n5eeuUlsoanTauilanuwauy

n15UUAIBUNTENIULUU upflow filter uaz downflow filter Inafianwuzyaluvessyuu

WARIAIFUN 2.49

2.6.3 32UUdeaU (Expanded Granular Sludge Bed: EGSB)
52UV EGSB 1unisanulasszuy UASB 1u6husuaammqmu';§ﬂ Ineanuay
Y9958 UY EGSB uansfaguil 2.4a 4 aunsyaszqnvilingdladdrenislnaidnie
N1IUHUIBUVDIN1Y (Jianlong & Jing, 2005) wum'jygﬂisz’ﬂﬁalwﬂf%ﬁa ANUTININ g
Fanaluedeafeaiu Tnofuen 3 aidnuuanvesszuy EGSB fnuandAnisineming

NATwleiguiusEUU UASB wagiidnaninganit asanaiunsaiidaiidendan COD

fnan 1 g/L 1(31’@smﬁﬂ'isﬁw%mwﬁqmmﬁﬁﬁq 100 °C (Kato et al, 1997)

Y

Biogas

I— 3 phase
_—)Eﬂ‘luent separator
o]

Baffles -q_.rmb

°
?' L Oq;:—._ Gas bubble

Sludge

e < granule
° o © .
(-]
b| @ (-] o]
o ® ° Sludge bed
® 05 o @
(-] ]
_— (-]
(ﬂ) Influent — ° L4 (GU) setter anagrotic iterunits

I S

1
Effluent ﬁ ettler
/ © \
[}
e
o
)
Gas bubble ————po © Recycle
o e
Sludge e
—r0
[ ]
granule o %°
)
°
°
o®ie
L)
Sludge bed o g (®
g °|%
]
° AL
° -] °e Mixed product
-
(M) )

sUil 2.4 weluladnmsudamedanmainnnmzneuiide i
(n) 38Uy UASB (v) s8UU AF () SeUU EGSB waz (1) seuu CSTR
(Anijiofor Sandra et al., 2017; Rifaini & Noerhayati, 2024;
Alipouri et al., 2014)
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2.6.4  seuudenIuanysaluuusialilas

(Continuous Stirred Tank Reactor: CSTR)
szuu CSTR Wuszuuifessluniuiieliauniddudanuansisiuegneings
naBANITEUY Ingdnuaealuvesseuy CSTR wandsiagufl 2.49 ssuullimusoganinain

a

§9808ALNDUAIIBUNITULUUETIUAT (Conventional Anaerobic Digester) @aiiUse@nsnne

(%
Y 1

wazlinisniunauflin dwaliisveziiainisgesaniosiuiu Aanuddinisinnaniieniu
(lunu) Wergiiudsednsninnsdosaaisvasaunse dwalidnsinistosaasfa

149N T SzUUTE SRT windu HRT 3amunzausunsinvnansdunsgndassaanslaeinuway

a A [
NUINIUVDILTIEN

2.7  msWaningdanmalenisgagaanesaunuulildeandiau

(Anaerobic Co-digestion: AnCoD)

nskanfeTinmmen1sgesaaesiwuuldldeandiay Wunseuiunsniadiniw
AReestunsaaneimdenfuresaseurssvioasnadunaoia aslagilufevesde
u3odamaa neldaningusimainoendiau (eondiau) nszurunisiiing miwnld
‘Lumiﬁﬁﬂ’mf%ﬁaLLazmaé’fﬂmiwxgamaa%uﬁé ofiunaNAn BTN AT aANANTENU
dodwanden Aedinmdnlngusznaudgluledmudsaunsoiluldndnrnudounas
Tinle ansaefunanvinanunsados aanesauiuldludndunauvesninazneudiuLiy
Fnzan vlinsgosaarsuuusndumadendifiuszavsmnniuuugesaatoiduied
ﬁzhaam%’aaﬁ’wﬁ'@LLazLﬂ'ummﬁmmmqmwgﬁwmqmmmmé’aaﬂWSLﬁmawémﬁmu

fofvasnisdesameianvasassadunatsaia lhun msUsuaunaasomTuas
A1 C/N ratio mnﬁué’mwmiwsmﬂmﬁﬁum%sﬂuszw 19309 asNwluready way
nsiaUsEavSnmnIsanfeiny Unnglusmiddeddnudneninnis udefedanmann
N1SYBYAR18IINVRININAZNBU PS LagnInezneu SS qumawmimszmw é’qmimﬁ 2.15

=

2N159uTT87A 827U AnCoD 189N1NAZNOUIINYAAIMNITTUNTEANWUAE
mﬂmﬂaumﬂszwﬁ’]ﬂ’m}nﬁwmu WU';"]wamﬁa‘i’adaﬂmﬁiﬁﬁuﬁqmmﬁ’wﬁ’ﬁgmaa
dadqun1snan A1 C/N ratio kagn15UnTnUTuan mmaUsz@nSn1nnIsNantiwganIn
lagngufves AnCoD 8UI1NNTE08aANEIINYIUEATUANNAVDIE1ND1MT Lagianiza C/N
ratio 7l \nzan (Uszanas 20 4 30:1) anwnsaanaudufivainuenludediinain
nnmzneu SS Aflulnsiaugs uasfinaansalunisdesaaivansanluwaglaadiny

luninagnau PS yilmAnnisasisinedinimiigandiiledes aanvansauiiisayiained
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(% 1

foyaanemiddeves Tnen quesiu (2554) wuin mnagneuneudathsmiulideslu C/N
ratio 30:1 lsinandnfwdan wgeanis 4.46 L/kg VS-day wazdldinulad s¥euas 4639
fegeniminegnaufiinunisintihdeininfuaisned dwalissdnsamnisuaniianas
WS eufies 0.02 L/ke VS-day wasiifimuadefissionas 40.69 donndasiuwuiAniinisiy
asifionaneliAnansdudaunidlunssuiumstdenanie

WBNINE U8 Saha et al. (2011) WuinnsgesaatesINveININAZNEY PS LAz
nnazneu SS ludndiunauninazneu PS:SS 7i 42:58 linandnadinuiiad 55 ml CHy/g-
COD,., usitilorunsuuanmd ssfudedanslednuaz lulasiom wamﬁmﬁmqvﬁulﬂu 55
89 75 uay 60 B¢ 70 ke TCOD/m’-day Mgy wanslidiuinnisuuanmiesfutaeiy
NSeo8aanyvYRIaTaUN3 LT stouLazannsazay VFA Tuviueaieany Bayr & Rintala
(2012) 1891U31 M3tordateninazney PS Wadeiluszuu CSTR aeld HRT 23 e 32 Su
Tinandndmuiades 200 89 240 ml CHy/g VSwy uadiatninaznau PS wasninaznaw SS
wdasaatesnludndiunay PSS @ 2:3 lnglddnisifululnsiau nandanduanas
Widewies 150 89 170 ml CHa/g VSeg FwnninstovaataiBanen é’wﬁaammmmﬂﬂama
Y09a159115 081sl5fmu nsdnlulaseundurisaiesnMuesTU LAY NaNER
franduugsiu aenndestiunguiiitinsiansaugasneims lnsanglulasauiinade
nswasAulavesaunIdwmiluatn

Tudnd1unila Hagelquist (2013) WuInMsogaaILNINALNOU SS ANYAAIUNTTL
nsga Sawfuninpzneu SS nszuutitu ey ludndiu 1:1 Winandefnggegn
84 ml CHy/g VS BalndiAssiunisgasaataninaznou SS mmzwﬂ'}ﬂ’mﬂéﬂ,ﬁwmu
YaugAinsiiudnduninaznou SS angaamnssunsgay \Ju a:1 ndulvinandndigaies
40 ml CHy/g VS, Beaziouinninaznen SS IINYAAWINTTUNTEAY ﬁﬁmiaﬂiuma@ﬂaa
gauag C/N ratio a1 lavmnedenisndafemnldifuasasdulunisdosaaiduien
LLm'%ﬁilﬁzﬁm%quﬁuLﬁ'aa’aaamaﬁwﬁ’umﬂmﬂau SS mmwuﬁwﬁﬂﬁ%ﬁwmu
ﬁﬁluimwugaﬂdﬂ nadnsTiaonadasiusures Lopes et al. (2018) isnssuiinsdossaans
Fadeamesninazneu PS linandnfafimuiies 417 ml CHy/e Vi, vaisfininaznen SS
T9g9fia 519 ml CHy/g VSrq LlB991nnNRZRDY PS HasdUsznauvesanlulsaglasguay
gosaanslaeinnin eg1slsinin n1sdevaanesanludndiu PSISS 7 2.5:1 (A1 O/N 31:1)
annsoLiunandnfieiinuldde 443 ml CHy/g VS %"’qqaﬂdwmiﬂaaamamﬂmmau PS

FRguAinIInInagnau SS esnniinnsazaunsnerdinuaza pH anasaudunse



37

Adelutlagtuves Sun et al. (2022) Budunaluvihueudeniu lngwuinmsdeyaany
nINATNBY SS Lﬂz‘?qL?{miﬁmamﬁmﬁ”wﬁmuqaqm 75 ml CHy/g Sy Vs n15mau PS:SS
Tudndaufininaznoy SS uNA91 WY 1.3 TNanan(19a989 67.5 ml CHy/g VSpy hae
Tanuduty VrA saufsdadrudimulufiediningnindadudi dninaznou PS
ohafitfuddny aenadeatunquifiinnisiiunneznou SS lunistesaasiindiosuauna
Y99E1501MT L NNITARERI0sA1BUNT S warduasunisaiefinulngananieduds
NNTALAUNTA

farfu deyasinauidertanunagiouliiiula AnCoD vasninazneu PS uas
nnaznou SS idneangslunisifianandnfiedanmuinniinisgosaa1eid e o2
ynansamuausnsdumsnaliedlutisiimnzamiiousud1 O/N ratio Timns iy
ArwiFeINsvegdunis sdinslitsusvanmdosiuiioannududeuvesansdunis

zeiiuAuEisuazUssdnsnnluniswaningtinmlaegredidedaey



AN519% 2.15 NsHARRNLTIN NIIESTUUgRsdanystkuUlllteandaulunuldunine e

seuuUUndndeyusy

(SS:SS 1:1)

TS VS VS loading Detention VS (or VSS,
Uselanm COD Methane Experimental . -
(or TSS) | (or VSS) rate time (DT) | COD) removal 271999
ANAENDY (mg/L) Yield setup
(%) (%) (kg VS/m’-day) (days) (%)
MNRZNOU MS 9nlseu | 136,997 271,875 | 216,594 - 90 - 4.46 L/kg Batch test 4nen
nszeumALTUTEDE mg/kg mg/kg me/kg VS-day GRRERRY
(PS:SS 9:2 kg Dry w.) (Carbon) (2554)
ANRENBU MS 910 34,229 2.2 1.8 1.98 kg TCOD/ 21 10 55 ml CHy/g Batch test Saha et al.
Ts99unszay (PS:SS m°-day CODyy (2011)
3:2)
ANRZNBU MS 91N 2,500- 2532 1.8-2.1 1 25-31 70 (Cellulose | 150-170 ml CSTR Bayr &
1599UNTEAEATING 3,000 removed) CHy/8 VSig Rintala
(PS:SS 2:3 VS, S/I 1.7- (SCOD) (2012)
19¢
VS pstarate/ §Y Sinoculum)
AnRENaU MS 91n - 5.1 35 - 19 50 84 ml CH,/¢ Batch test Hagelqvist
15997UNTEAY WAZAN VSteq (2013)

8¢



AN5199 2.15 NsHARRLTIN NIIESEULgRsaanes uwuUlilYeandaulunuddeMiieted (7o)

(PS:SS 3:1, 1:1, 1:3%)

TS VS VS loading Detention VS (or VSS,
Uselnm COD Methane Experimental -
(orTSS) | (or VSS) rate time (DT) COD) 271984
ANAENDY (mg/L) s Yield setup
(%) (%) (ke VS/m™-day) (days) removal (%)
ANRENaU MS 910 1223 mg 26.79 25.90 - 20 - 443 ml CSTR Lopes et al.
1599UNIEANY 0,/¢TS %W. %W. CHa/8 VStey (2018)
(PS:SS 2.5:1 TS basis, /I
2 S VS substarate/g
VSinoculum)
AMNRENBN MS (31NTTUY - - - - 17 38-47 67.5 ml Batch test Sun et al.
thintideem) CHa/g TSSieq (2022)

6¢
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2.8 sUuuudufnsalluniswaningdanin
nsuaniedinmlugnamnssunseaviimslddansalvaeguuuu lngudazuuy

Y A v

1705 Tedfin uazUseanSamuansaiumudnuaevendeiaringUszaaanisldau

2.8.1 STUUMINWAILUUABLLBY (Dry Continuous Digestion)
9 1% oA 1Y) a N eaa < v =2
sruuminuviakuusieifl ez Auvezdunigniiveswdesovay 20 fa 40
lagszuy Plug Flow fidinnsSlatAaansiigneesaatsudnduninanliusednininuda
Angdinugada 0.35 019 0.45 m? CHy/kg VS-day angldaniizineluildan 50 fia 55 °C uaz
AIMINNTUAITAIVUANTIS oA 30 fa 35 litadesiunisazaunsndunse widgymimanse
N159ARUYINIT AR uLar AN LN AL LEN0VRITNIINTHARA 1Y (aa1TWITeuasTaIL

PAIUUATNIA, 2559)

2.8.2  szuunmInuisuuunund (Dry Batch Digestion)
SEUULUUBUATANUTaNITAv8 o UNs g luuSuiad 5 09 20 Aumosau
LaraNNsSaRaNaNsgngeudatenalseua 10 i 15 nszdulviinuivsvey (leachate)

Useanad 200 94 300 Anssiadu FeagmuaNAuTLNTesas 45 89 55 Hglilafinedinugn

v A

0.25 §14 0.30 m3 CHy/kg VS-day WAt ad1indAyAonutlsusiuaesdnumy leachate

o

Inunvzveziiudy (ndwst Juasni, 2552)

%9 Y

99ealiszuu

2.8.3 N92UAUNTIAY-LUA (Leach-bed Processes)

Leach-bed Process 158 SEBAC lddaunundaduiunaniua surasinad
sewiawuatiinuazling 918an739 lag phase Windewfies 2 8 3 Tu unuiiasu 7 8¢ 10
fulussuuuund warlinandeiugsdunidosay 15 winutlgmidoanmsmuaumsszung
losvmenieluduaznssaduuns leachate isavay 5 8¢ 7 Aoty (@anduidouasiaun

NAIUUATRAIA, 2559)

2.8.4 msudnidenuuusiaiilos (Wet Continuous Digestion)
mandnaananldds CSTR lunstlou slurry vesudsdosas 8 §v 12 Aruay
99310158 UTINNBUNT I 4 619 6 kg COD/m3-day WA 19dinule 0.30 9 0.50

m?3 CHy/kg VS-day n1snsedienvednainduanldlidiesnuinuninaniiz pH 7.0 83 7.5
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wifidgymisesnisanazneuvesgdursduaznmsiviiduioudisedigunsalnzunsinsouasy
(et dlaan, 2561)

285 mswindenuwuuvatesuneu (Multi-stage Wet Digestion)
%UU%mEJGﬁumauLLEJﬂ hydrolysis-acidogenesis 88n311 methanogenesis
191 Anaerobic Filter fisgoziaandnifiu 12 fis 24 $2lus uay UASB ansnsadunszussyn-
duUVSY 6 89 8 kg COD/m’day WaKARTUTINE 0.5 m? CHy/kg VS-day usidaundeyUam
n13AUAY flocculation YBININATNOU LLasmﬁqcyLﬁmmLLsﬁaLmuaaﬂuﬁwﬁﬁaaaz 10 89

15 (@ TUITLLASWAILINAIUUATAIA, 2559)

2.9  NUARPENNYITINUNMITHEATIBYININAIYTZUUAINIUANY TAUUED-

YuUndL (Two-stage Continuous Stirred Tank Reactor: Two-stage CSTR)

v a 4

32UV Two-stage CSTR tdudsufjnsal

AdnsnIukas yigaunsdivansaanududaniy

v
| 1

fiads upeiidnuarnmstioumsduvidingssuveswiaidomasnim lnsasiwiuazgndesaas
melufs§Asevranamiluazgndwesnandefjisonogreseidonsuiieadu demals
seuuiUTEANSAmgean uanInil ManARAET N LUUABsTuneudlanBnfedanm
A9nINszUULUUT URRWAEY Aznaullvioninnisdes ameiauasiagauasiAnnasa

'
o

yansndunidsemedrelussuus daufAsefaesanunsagesaarsarsdunidlendanis
dausn ilesnnansdunidfingdeiiaenduamsdunidfdosaniedne danadeiiAsites
anunsoasuldfenanedt 2.16 dil
InRan1SANwITLA BTt unIsEee @aten naznaulaeIEUL Two-stage CSTR
WU LLu'Jﬁ‘mmq‘1/1qngsuaﬁzuum‘“aﬂa'mﬁﬁyugwm1ﬂmﬂwﬂﬂszmums
Hydrolysis/Acidogenesis wag Methanogenesis 89n31n1U Lﬁaa%’wamaiwdwmmma
ansduvsdiiedounazmaasy VA Widufivu lnevhludausnasiiunumlunisdesaans
ansduvididsdeulsinanedu VrA feglustasansinldine uasdeiiaowimiinddudonan
T TnewUd su VFA wadulinanadufedinmed1eilusza@nsaim sgaelsinn
mﬂ%mmm’iﬁswudﬂNaé’wﬁﬁaﬁmqwmﬂmmaﬁuasﬁuamwmitﬁmswLLazmﬁmmaq
@N5HaR 19U 91U3TEUes Gagliano et al. (2015) wuin & Acidogenesis Tuanzillafian
IWHandnfi1993071ma 31 (0.28 ml biogas/g CODrey) Jlewisuiuds Methanogenesis
fvaluaniizmeluiidn (0.07 ml biogas/e CODyy) Lﬁaﬂmﬂﬁ;éuﬁét,uwﬂuwﬁﬂiuamw

gaungdgerasldiiariudiiuiundn vauenuideves Maspolim et al. (2016) Aid N



a2

nMsgeAaNENINAENDY PS WagnINAZNBY SS NUTIN1580NWUUTEUUTIa Acidogenesis
agluannzmeludidn uazds Methanogenesis agluanzillailan aunsalvinandndinu
g98A 297 ml/g VSeeq hagUsedninimnisinda COD way VS wavSouay 41.2 wavdovay
46.0 AU wanafsnumnganvesnndengungivwanistuluudasd uney
loannsaranves VFA wasifitiafesnnyesssuy

Tuueaiendu muideves Liu et al. (2019) #ldninnzneu SS SufuiAweIg
wudn wiis Hydrolysis igaumgfiwelufiBnuay HRT durzanunsondnfedanings (147.6
MU/ VSiy) WAds Methanogenesis Tnandnsnngi (74.6 ml/s VS, Lilosainnisasay VFA
ﬁﬂﬁamaﬁuaﬂﬂszmumi Methanogenesis QﬂETUE?ﬂ Gumzﬁmusuaq Wang et al. (2020)
518973104 Methanogenesis Melaannezillaflinlvinandniinugaininanngimeluilan
fefovay 62 widnuszAndnmnisiidn Vs luanzmeluilanazgenin Jeuansieunuin
489n15azas propionate fidudrdnfanisndndinulufiiaes aenndesiunguiiii
nsazaunsaluduszive laglany propionate Way butyrate aunsndutiadeduds
masgiulnvesdunidumiluadn uagihlinsudndinuanas luvnigfiamaes Sani et
al. (2022) wansl¥iiudnn1sgeuaaneIauseninenINAZNeU SS WaTNINAZNBLT Hu T
annsauinUsEansnnuessyuuldegiefitudidny Taeds Methanogenesis Tinandnilinuge
019 423.4 mU/g VSey wazdlUszdnsnimnisindn COD uay VS gaflalauay 68.65 uazsogas
55.6 ANUANRU a8 audUaRveIN1TE 08 aa183ulUNTAT19ANAAYDIEITRINITHAY
annsazaunIa vy

MnmaFsudisunansfnuionund aiunsaagulddn usfszuu Two-stage CSTR
A N15UUANTZUIUNIT Acidogenesis/Hydrolysis 991270 Methanogenesis JzaeLiiy
ArunadesuarUszansninmandnfiedanin uinansnassaianduluegfuvanstade
lihasduriavosansiediu anududuresarsdund a1 HRT/OLR wargaumniluusazds
Tnenseenuwuuiiunzas Wy nsldannzmeluiianludy Adidogenesis Liiaissnnstasaans
o9y waznsldaniaeilefanluds Methanogenesis it eia3uninuiadosvosqdunis
wynluadn oradunmeilinandnivunazUssavsnmnstesaanegaiian Jeaenndos

funguinisuennszuiunistosaansiduaestunou



A1997 2.16 $1UIWTLAYIVDIAUTLUU Two-stage CSTR

CSTR 1 CSTR 2
— — JTULIAN
. - - Useansnw - Useansnn . - R
ANYUT VDL ANITLAUY CH, ANIELAU CH, ALUUNT 27904
RN COD’VSremoved RN COD’VSremoved 9
U yield YUY yield (1)
(%) (%)
AnRenau | TCOD 200 CSTR |-V 7L - 028ml | CSTR |-V 7L - 0.07 ml 81 Gagliano
SS (Acid) | -HRT 3d biogas/g | (M) |-HRT 10d biogas/g et al.
-SRT 3 d CODpgy -SRT 10d CODyy (2015)
-OLR 10 -OLR 2.5
AnRenau | - TCOD CSTR |-V 75L 41.2 119 CSTR | -Vvd425L 41.2 297 250 Maspolim
MS 210 32,300 (Acid) | -HRT 3d (VS emoved) ml/g (M) | - HRT 17 d (VS ermoved) ml/g (3 wa) | etal
syuudn | - VS 20,200 -SRT 3 d 46.4 VSeoy -SRT 17 d 46.4 VStey (2016)
e | - OLR 1.5 kg (CODeyec) (CODepged)
COD/m’-
day
AMnegnau | -TCOD 1,307 | CSTR | -V 0.65L - 147.6 CSTR |-V 3.6L - 74.4 120 Liu et al.
SS way mg/g Vs (H) |-HRT0.8d ml/g (M) | -HRT45d mU/g @ wa) | (2019)
Wwens | -VITS -SRT 0.8 d VSiay -SRT45d VSioy
82.3% - OLR 39.6 -OLR 6.1

2%



A1997 2.16 $1UIWNLNYIVRIAUIZUU Two-stage CSTR (#19)

CSTR 1 CSTR 2
— — SrezLIan
. - - Useansnw - Useansnn . - R
ANYULYDILEY ANNLLAY CH, GERPEIGN! CH, ANUUNNT 971494
RN COD’VSremoved RN COD’VSremoved 9
U yield YUY yield (1)
(%) (%)
nAnngnau | - TCOD CSTR | -V2L 29.2 37.9 CSTR |-V 2L 37.3-414 74.5 - 53 Wang et
SS 19,371 (H) |-HRT4d (VS ermoved) ml/g (M) |-HRT20d (VS emoved) 87.5 (2 wa) | al. (2020)
-VS 17,000 -SRT4d 7.7 VSiey -SRT 20d 21.4-23 ml/g
-OLR 4.4 (COD, o) - OLR 0.62 (COD,emoved) VSiy
nAnngnau | - TCOD CSTR | -V50L 11 1.7mUg | CSTR | -V 120 L 55.6 423.4 201 Sani et al.
SS uag 90,349 (Acid) | - HRT 3 d (VS ermoved) VSioy (M) | -HRT17d (VS emoved) ml/g (5 wa) | (2022)
AnREnNau | - VS 62,929 -SRT3d 1 -SRT 17d 68.65 VSteq
gty -OLR 12.6 (CODarmoved) -OLR 2.26 (CODermoved)
nlsenu
Uamun
nszUng

wuewR COD %Y me/L, VS e me/L, OLR iy ke VS/m>-day, Hi Aa Hydrolysis, Acid A8 Acidogenesis uag M Aa Methanogenesis

12%
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A5 IUN15IY

N1SANYINITI Y AAYRLFgLAE T AUIUTEANS AN SHE AR 19dnuain
nnegnauduiuiiesruvdesaaiesakuulildeandiaulugnamnssunseauileifa

NS = o a a i ] Y &
NSUUW@UﬂqﬁﬂﬂU']WQEﬂV] 3.1 LagsgagtagnUDLAREYUNDU @Q@aiﬂu

© O Paper Making Process O Power Generation
‘EJ' £ W & v
g LﬂU“UE]Q‘J'ﬁLUaﬂﬂU O Wastewater Treatment Plant O Excess Sludge Generate
ks lugnavnssunsza1uilaida (WWTP)
c
S O Waste Sludge Management  © Organic Carbon in WWTP
A
> Lﬁuﬁqaﬂqq/ﬁLﬁiqgﬁgqﬁﬂigngu Q Physical/Chemical Characteristic
§ 8
£8 Tunnazneudauiu © Biodegradability

fAnwdndiunduninaznau (PS:SS) © BMP Test
fmunzanlunisuanfnedanan © BMB Kinetics

= L. O System Efficiency
ﬁnmmimmﬂizawamw
O C, N, P Mass Balance

Laboratory scale
experiments

A8TEUY Two-stage CSTR
© Microbial Community

s w O Organic Carbon Balance
UL UANEATWNITVNBVUIRA

VYB952UU Two-stage CSTR
Tugaanunsunszauileida

O Energy Balance

O Renewable Energy Scenarios and Evaluation Indicators

Scale-up

Feasibility of

O Techno-economic Analysis

5UN 3.1 dunounisinw
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31 mafudeyaifesdululssnunszavilaida
nsAnwifinisfudoyaidesiuredlsanunszauilodauimilsdluyssinelng
Fafugramnssuasuisasieiu nann wasdaeth Taedimasaanszeannnsgauldudn
U nsvawds runsEUUNsde uazidnidunsyaasugniin nszawdmSuThRIndes
uazuAUNTEAY LilenAndusidsagy WuA naesnszauiazgnseavdmiuUTIRoIIaR
Budu wagdimdanisudn 2,500 dusotu Tsanudinanldndsutslniuasndsay
Afeu (Steam: lot) Inedaindmdn Usznoudae diufiu tidfue wazhdufios
Tnefinsldidomdaimfundufiedinmaindidenislulsanu Snvadeinsdolnii
nmslihduniane (nn) Tefiuinunsldwihsunasnisduiiy 18,445 wneind
2l Bedoyaillflunisinwiadsiiu doyanfogi (Secondary Data) Tnslssnuanlsssny
nszawiluiAadina1n Geasounquszeziian 19 (2566) InsiAudeya 4 viaaandn tile
Huteyaiiugrulunindentasnailunafiuiedininaznoudiuiuiiodinseidnuauy
Jowiluiaded 3.2 uanfudoyaadvayunisussifiudnenmnnsvesruinesssuy

Two-stage CSTR Tuiie? 3.7 U510az198aRIM15199 3.1

a & v & v ) a
M1919N 3.1 ﬂ']ﬁLﬂUGU@%IJaL‘UEN@u1u13QQWUﬂ58WWU51%Lﬁa

mnanveteya sen1sfeyafiivTiusam Tnguszasanisldveya
NTEUILNITHEN | - SIWIULAUTZLAYIVBIMUILNTZUIUNTS WieatiuayunsUsiiu
nszauslafia - yilpuazUTunanvoindly augandanululssanu

- Mslindsuvasas e fuRnis

szuutoide | - SusuuazUssavvesmietit WieatiuayunsUssiiu
- dnsnnsinaluszuy aunadunsdasuauly
- yfipuarUsnudomdaily spuuthiimiide/auna
- psldndanuveasiazniietin wasululsenu

- A1 COD, TVS way TS vasveadalussuy

N33ANINN - 9RTINSNANINAZNBUAIUA WleatiuayunsUssLiy

Aznou - wiwidaninagneu aunadunsgansueuly
- Mslindnuveusavig sruuthinide/auna
- A1 TVS uaz TS Tuustagdumeu nasululseau

NINAANGIY - PMUIULATUTENNVDIMNILNAANA Y WleatiuayunsUssLiy
- ylauarUSaudomdaiily auandsnululssny

- USInaundsnunuante

- Mstenasnulunsazmhendnwazlugiudinagu
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3.2 msiuflegneninaznauduiinanlseunseanes luiha
nnagnaudiuAvanlsiunsEauiladaildlunsdnui 1dvinisiiusiegng
nnaznaulgunil (Primary Sludge: PS) Fadunnagnouduiuiiinannmnagnoudusi
vosszuuttatide waznInaznounAend (Secondary Sludge: SS) daduninazneu
duiuiitiaandmnaznaunadinm §wnazneuduiiaes) vesszuunzneulss (Activated
Sludge: AS) Mnszuutnideveslsinunsyaniloda Wusiuau 2 adslul we. 2566
(AoudluIANLAZdINIAL) WUV (Grab Sampling) ﬁ’qgﬁﬁ' 3.2 Wi of nudnuazves
mnnzneudruiududeyadsugd Tneifusnwdmetssiensaivquaunndi 4°C
AewrhmsiaseidnuarnmnazneunInIenm wil wazdinm Jdimaniweslunsiesen
Fawanslumnsnadi 3.2 warisn133msz9en98991n Standard Methods for the Examination

of Water and Wastewater (American Public Health Association, American Water Works

Association, & Water Environment Federation, 2012)

A15199 3.2 WI0LMDSIUNITATIEVANEULNINAL NBUAIULAL

W15 0s WBsaszi
pH pH meter
COD (TCOD, SCOD) Open Reflux Method
BOD,, (TBOD,q, SBOD,) Oxitop® Method
Alkalinity Titration Method
Ca, Mg AAS Method
TKN Kjeldahl Method
TS Dried at 103 - 105 °C
VS lgnited at 550 °C
TSS Dried at 103 - 105 °C
TDS Dried at 103 - 105 °C, TDS meter
VFA Titration Method
Higher Heating Value Bomb Calorimeter Method
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[
=

3.3 MIRNEARdIUNANTININAZNBUEIUAUNIRUNZEY
dndrunsuanvesninaznoudnuiuduladvddyiidwmasenisiiafedann
Tusruugevaanesuuuullldeendiau (Anaerobic Co-digestion: AnCoD) LlB3NAI AN
vosmnaznoudmiAudaduasdsiuisaosin lnsninagnou PS fUiauasdunida
Tnssairandniduwaglaa waziisnnomislunznousi vagdininaznou S dUsuna

a138unIgAnIININAENaY PS uallsine1msaniuarilaseaiisluanavedaisdunid

[
= [

Ngudautioandt Ay nMsfnwtuneuldlliingUsvasdiiioUssiliudndiunauninagnay
| a o A = & o v a e P~ a a

VOIAIULN UM IFDIVUAT WUV UATAIA UTUNISHNANN 19T IN WA LU EN tneniswUsilaeu
ARFIUNENNINAZNDY PS:SS 31UU 3 A1AB 3:1, 1:1 way 1:3 (lneuSuins) lngonededndu
NALDINNNSANBIVDY Sun et al. (2022) wazyiN1SIAIILNBIAUIENDUNINIEAIN LAT LAY
= g o = o a o = = = . .

FAINIW INNUUNINITANYIANYAINAITLNANIYHLNUNI9YILAN (Biochemical Methan
Potential Test: BMP Test) U890 1NAENaUNALLUS UL 8UNUNISYREEA8YBININAENDU
WA g7 S2UMIUsEUAIMUANNNTLUNISEREEANEN1ITININIAENTILATIZNEREIU T LoR
(COD Fractions) U84N1nALNBUNANLUS UL 8 UNUNISE DEER8UBININALNDULT 967 87
W PSU18ALAILNTAIUNISERYEAENITININ 18 I8aLREANIS NS NITIUNTRUSEUU
BMP test hanaf 015199 3.3 4ag 3.4 waza Nwuei Ll 03 GuN3T g7 101y BMP Test

LAAIRINISIN 3.5

a a 5 a
19190 3.3 WW?’]@JLG\@iWI“ﬁUﬂ"IiL@UiS‘U‘ULL‘U‘Uﬂ%

. YANNI YANNT YANS YANNS YANNT YAAITUA
PIFIHHDS § y " y y
e 1 | vnaesn 2 | neaesn 3 | veass 4 | veasan 5 (Blank)
GlGRAG
A1NRLNBDU 1:0 3:1 1:1 1:3 0:1 -
(PS:SS)
Wegdunsd
2 2 2 2 2 2
(g VS/L)"
pH 7+0.1 7+0.1 7+0.1 7+0.1 7+0.1 7+£0.1
aunnil (°C) 35+ 5.0 35+ 5.0 35+ 5.0 35+ 5.0 35+ 5.0 35+ 50
Vreactor (L) 4 4 4 4 q q
HRT (days)" 31 31 31 31 31 31
$1uIue 3 3 3 3 3 3

nuBLe " 91999970 Rajput & Sheikh (2019) wag ¥ 91989910 Bary & Rintala (2012)
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A19199 3.4 99AUTTNOUTBIENTAIAULU BMP Test 83N Innznoundndunaunig ¢ (PS:SS)

dndrunay Primary Secondary Seed Dilute Water | U3umssu
(PS:SS) Sludge (ml) Sludge (ml) (ml) (ml) (ml)
1:0 980 0 80 2,940 4,000
3:1 980 326.67 80 2,613.33 4,000
1:1 980 980 80 1,960 4,000
1:3 980 2,940 80 0 4,000
0:1 0 980 80 2,940 4,000

A15ILASIEUNIIED AL BLUS B UL B UFAAIUNAN VDININAENBUAIULA U LU LAY

pudunislaelenisitasizianuuususiuniaien (One-way ANOVA: Single Factor)

Nszauanudetusesay 95 Ingldinasinaisuiaiauiiazidu (p-value) WeUseiiiu

AMULAnsi1seg19ildeddynisadfntglunau Ingd198931nN15AN1909 Janke et al.

(2018) wazN1TIATIEIToYaNANINANTWMMRALANARdUNANNINAZNOUY PS:SS 71 3:1, 1:1

uag 1:3 gnivseuiigulagldadiuuy ttest dmsudeyauuuduglseuiiieu (paired two-

sample t-test) AszAUAINT DI USOEAE 95 lnglUinausiNansauna p-value LNanNAdDY

AULANANNBE1HTYAAYN19ETATENIINGUNAGDY KAz LTUNAYDITNTIAIUNTHAY

'
a0 [

ALNAUNLADFANSNNWLUNISHNAND LT ININ

A5 3.5 Snunizadun3d (Seed) Alalu BMP Test

N15759103

A1

pH

8.72+0.02

TCOD (me/L)

122,400 + 91.92

SCOD (mg/L)

96,600 + 282.84

TS (mg/L) 130,530 + 7,948
TVS (mg/L) 101,475 + 6,173
TSS (mg/L) 29,055
Alkalinity (mg CaCO4/L) 9,635 + 205

VFA (mg CH,COOH/L)

2,378.06 + 31.43

a 6

AUNIY

(Seed) Mldlun1snaaes nuaanyaanslunsuaesgnIvewmINg 18

walulagasuis Taedan pH 8.72 = 0.02 wazdnsau VS/TS LvNAU 0.78 wanda

AYNEANLNT I UNTERURANUN T INTNUDIANTOUNS

6l

gegluguuds Usunmunsnludussivediy
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(VFA) windu 2,378 Jadn5u184nInedfinaeans (mg CH,COOH/L) wagarmauidunng
(Alkalinity) t¥infiu 9,635 dadinsusieding (me/L) Fe8ns1du VFA/Alkalinity 8¢/ 0.25
sglugismngandmiunsndninedinmuuuldldeandiau leglidludeaiuansiaiiy

sty yagnslignldiduiatodmiu BMP Test ioUszidiudnaninnisiindiesdinu

NM9FnALlA

3.3.1  nsAnwIdadIua1sdunsed (COD fractions)
A133L1AS1Z98AN COD fractions vinnsdnwilagnisAndlednanun (Total
Chemical Oxygen Demand: TCOD) wuseanidu 2 daundn lneg198ensAne1wes Orhon
& Cokgor (1997) A (1) Hosaaten1s¥anInle (Biodegradable COD: BCOD) uay (2) tiosaaney
11933071416 (Unbiodegradable COD: UCOD) & saunsamuiadld fannsnedi 3.6 uag

IS = £ dy
UINYATLDYANAIU

A1519% 3.6 15n15A1LIR COD Fractions

COD Fractions s
1. Total COD (TCOD) TCOD
1.1 Biodegradable COD (BCOD) TBOD,,
1.1.1 | Biodegradable Soluble COD (BSCOD) SBOD,,
1.1.2 | Biodegradable Particulate COD (BPCOD) BCOD - BSCOD = TBOD,-SBOD,,
2.1 Unbiodegradable COD (UCOD) TCOD - BCOD = TCOD - TBODy,
2.1.1 | Unbiodegradable Soluble COD (USCOD) SCOD-SBODy,
2.1.2 | Unbiodegradable Particulate COD (UPCOD) UCOD-USCOD = TCOD - TBOD,, -
(SCOD-SBOD,y,)

(1) Biodegradable COD (BCOD) ¥1n1531A51£ A LAENISUIAIAIINA DINTT
gendaumaduaiifiazareth Biochemical Oxygen Derand: BOD) 20 Sulunznoudiuiiu
shegunsnl OXTOP-C® Faflumslinszsiseimnaiiaves Resprirometric Method Liteliin
AUWNEluNTIAgIzsian BOD A1 BCOD Tunsfinwgnudaeenidu 2 d@wfie (1) Adled
fievaansliimidediuiiazareii (Biodegradable Soluble COD: BSCOD) Inanisiiasnes
A1 BOD 20 Suvesiiagrenznaudrwiufiazaretnas (2) Ardlendidevaanslidnie

dndruitlilazansth (Biodegradable Particulate COD: BPCOD) Tngnsiasnesian TBOD 20
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Fureai0g19nznoudIUiUaUR18 BOD 20 Turesiing1anynouduiuiiazateii
(TBOD,-SBOD,)

(2) Unbiodegradable COD (UCOD) AMu284%191nA 1 TCOD - BCOD
weeendu 2 dau Ao (1) ATleAfidesaanemedanmidldauitazaneth (Unbiodegradable
Soluble COD: USCOD) fuanain SCOD-SBOD,, kay (2) Ardlefditosaaisluiladiuiill
avaneih (Unbiodegradable Particulate COD: UPCOD) f1uagsann UCOD-USCOD

3.3.2  ASANEIANEATWASNANIYINUNIT A

(Biochemical Methan Potential Test: BMP Test)

N15AN®Y BMP Test Ll un1susziiudnaninlunisnand19d101nnse
o ' 9 v a & v g & adaa v °
fingdivuannszuiunsgesaasnuulilteandinuvesasawiuildatly Ineidwisndsunu
LALANNNTOVINGWNBLUS UL UANSATNNISHAR NNYTININVDIANTHIAUNT DFNILNITNAABDY

Munnsineiulaagnagndes iliaunsatavenan e auignd msun150NkuUTEuY

v

Y

gagaaeuuldldaandiauls 3 9lunisfnwn BMP Test v9991u3781 8199935015970
Veluchamy (2018) Tuansd 99 uannaaaivnssuiaedny taelddeuisetauin 5L

a

USnmsmavhay 4 L fsUsznoudig Usinesii SRINEE] waznay (YANIINAARIRE 3 %1)
Tnerwnmuiadeiifiny USue pH deudunisvaaedlimdu 7 + 0.1 ¢e HCL e NaOH
uarld NaHco, Wudwiles anduldielulasauldoondiauludefisendunan 3 wi
iioadanngleendiau deUfiserasdouderudefiussaasazanslnieslansenled
(NaOH) 1.5 N %qﬁmﬁﬁﬁ@meﬁ’u CO, waz H,S lnufedanwilunudiarsazats NaOH i
aduiunureafneiinu (CHy) Talfsiiseiomnualuieseuaugamgiifl 35 + 5 °C
(mesophilic) LaglugfsFATerum 1 wit Aewhmsiaviinesieseisunuiiaisazane
NaOH #281a3 83aUSunsA 19820 (Gas Counten) wansAs5U 3.3 navea BMP Test
wTausinaieiviiintuluesasuldeg wudugh

Nan1sMAaesii liaunsatianadensnuansmuduR LS seninaUs
frefmuazauiiintuluusarTuls dmsunmsiinssisaunamans (kinetic) 190 13nan
Areslmuszanl 8198991nnsAnY1ves Veluchamy & Kalamdhad (2017) Tnglduuushass
Jaunarnans Modified Gompertz (Lay et al, 1996) SununzaudmsunisAnwidnenn

A AAN TN UNIT AT BMP Test Aaaun1sh 3.1



53

Gas Counter

Produced CH,4 and CO,
going to CO, removal
bottle

= e
R CHj, going to
— ' detection unit
; | ¢co2 y z
Y _

Valve for taking samples and

gas to make headspace

{

anaerobic

cHd

NaOH + CO,

|

\/

NasCO; + H,0

Inoculum with
PS:SS mixtures
(varied ratios)
in reactor
bottle

NaOH Solution

Reactor

o

Ui 3.3 msfnsaanaass BMP Test

= P

F991n5UN 3.4 \Junsiuansnisuaniedimuazay (wnu y, M) o 1aila 9

Y

(LNU X, 1) T,mﬂﬁé’mmqaqmmn’limﬁmﬁwﬁmu (R.) %1b921NANUTUVBINTIN ANYAINUD

nsifiafnedmu (P) wildainnisudnfingdvuazandsqn wavszezinan Lag phase ()

a = 3 a 4 1% <@ 1% v W

uansfieszozinaiveunaunisialasiada (Hydrolysis) mlaannsimnasniduanududn

fuwnu x wana1ndl Sadanaldadngadnveadunnu P uay R, Weondonasuniuny x azidu
‘:l'ta' v ] i a a

naSuhganramlunsHARTImY

wUUIaRIAUNAA1EnS Modified Gompertz:

Mt) = P*exp{-exp[(Rn*e/P)XA-t)+11} (3.1)
Tefi M de  Usunanswaefnedinuazan (ml)

t Ao naavaulunisuaniieiinu (d)

P Ao Aneamnisiiaieiivuazangegn (mL CH),

Rn AR dw9gegavesnsnaniedinu (mL CH, d)

A Ao szezian Lag phase (d)

e Ao emsdl (271)
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300

"ﬂ

250

g

lllllllllllllllllll]l'l_llll

150

Methane (mL)

8

50

Time (days)

E‘U‘ﬁ 3.4 Modified Gompertz Model
(Lay et al., 1996)

wonni Sainmsieuiisunuusiaesey q liun wuusaessaunamans
Modified Logistic (Zwietering et al., 1990) kaziuuitasavaunamansaduivil (Pseudo
First-order) (Bernat et al., 2017) f3aun157 3.2 uag 3.3 AUy WoUsuifiuanumanza
Tun1seduiengfnssun1suantiiny wagilSsuiisuauaunsalunsussanuamisiines

AUNSAARSNAAQYVDILAAZUUUT IR

LUUINaIauUNaAIEans Modified Logistic:

M) = P/{l1+exp[(4*R,/P)XA-t)+2]} (3.2)
efl M@ fe Uswaniskanfnaiinuazay (mb)

t Ao nanagaulunisuanieiimnu (d)

P 0] Angnmnisiiaieilinuazaugega (mL CHy),

R Ao 9n31E9aRYRINSHARTEWMY (mL CH, d™)

A Ao szwzLan Lag phase (d)

e R AAsi (2.71)
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LUUINADIaUNAAIEAS Pseudo First-order:
Mb) = P*[1-exp™] (3.3)

gl M)  Ae YSuraunmsuaniieilimuazad (mL)
t R patazaulunsuannaiimu (d)
k Ae ApeTivesufisenduduiivids (d)

[y

A5USULEULAILALUSEUIUAINNT T 95UDILUUINA D9 MU U dell

[

WHUNIS

EN

Ingldganiias SPSS iemAmnsdmesivagauandnSukuuTIaemaIaunamans

Doy

TAgN1SUSELTUAINUALNEAUVDILARLLUUDNADIVLAENI1STUIANVBIAFUUTEENT
n1sanneY (R?) LarA191nN7 d09U03ALAR 8838999890 aAANAIA (Root Mean Square
Error: RMSE) L9 iAAIULANA19SENI AN A AINWUUINEBIIUANRSY tneandulsyans R
TioUseiliunuaennnodveIlayaTENI NI UUIABIALHANITNARBY Yaue?l RMSE T4iite
Taauaaandouduimsluniieiiednuteya (Sanchez et al., 2021)
Q’lj a 24 = Qll a ¥ :.I/ ¥ o CY

waNANU Usuraun iy (BMP) PNAnleNANTHIAU Qﬂmmmimamimau

USuaui el unnan 1N ieaananUs IR wRER L9 NN TEUUNTNISIRNNIEN 599U

waziTesuiu (Elsayed et al, 2016; Xue et al,, 2019) Fsaunsii 3.4

CHg4 productiongsggusside — CHg productiony,d,
BMP = (3.4)
VSfed Y

Tnefl - BVP A ANEAINAISINANYEMUNSTILAL
(ML CHa/g VSiey)
CH, productionsfsguswade
Ao USuaunseandmuazauaanluynnis
vnapsTilsan R uLazde (mL CHy)
CH, productiong, s
Ao USuaunseandmuazauasanluynnis
vaaRsTitifiewide 3o Blank (mL CH,)

AULNTUVDIAT TVS Tuanshsay (g VSey/L)

o))}
©

VSfed

Vv Ae  USumsmisvinnuvesdaufisen (L)
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3.4 msLauizuué’qmuaugsnﬁuwam%’umau

(Two-stage Continuous Stirred Tank Reactor: Two-stage CSTR)

msam&gmmmamigw Two-stage CSTR WionpaeumaifiuszuuAsionos uansiagui
3.5-3.8 sxUUUsENOUMY CSTR 91Ul 2 64 laun CSTR 1 aua 3 ans (L) dwmsumsdevaany
wuulildoandiauluduneudt 1 Tnevhmhindnlunslelnslada way CSTR 2 vwm 22,5 L
dwfunisdesaarsuuulildosndiauluduneuil 2 Tneaviuidiluniswan CH, Tnetou
nInpgnaufieanan CSTR 1 14ngds CSTR 2 8¢ CSTR 1 Anstsszuunaudagluiauuunuy
2 wan (flat paddle, 2 blades impeller) 4t alsfiAinn suaneg19aane d3u CSTR 2

Tﬁﬁj’izuuwguﬁaumauaﬂﬁwﬁ 4 (External recirculation system; Appels et al., 2008)

o
[ v v

?famuﬁwﬁwﬁﬂqu’;uﬂé’wﬁﬂaﬁq WleifiuUsgavEnmnsdudassminqadunidiuansnasiy
anAudEIrasnITuendy wasifiualiosnmusinazuIumsaing CH,

msdududussuudidunmslasmsiuiadeduiafivhauluanneilldoondiou
Tudsuusesas 10 vosUsuaslauvesuaazas auALugIves Hobson & Wheatley
(1993) Tan CSTR 1 wag CSTR 2 SUTumslfnuminiy 3.0 way 225 L mudidy Safuiado
TuuSuna 03 way 2.25 L anud1dy waud edanaiildunainninazneutesszuunan
fetanmainlsanuussuiudendsuimidudmiaunssedin

szuunaassdiumsmeldlvuanisteuemsuvuisielilos (semi-continuous
feed) Ingvhmsteunayszunetndseonanddluuiiauvindunniu e ssesnaninifu
(Hydraulic Retention Time: HRT) li#As7i Tnetfouninasnounad CSTR 1 wazszule
nnAznouiuay 1.640 L d2u CSTR 2 Jouninaznaunaudi eonain CSTR 14 9wy
nszuiunistalasladauan wazszureninaznauiuay luusuin 820 Iaddnsseaiu
Tned1viunsszu18veavaleenaIn CSTR 2 azszungeanianizduiliiu supernatant
ndsnudeslrnaznoulussuudunan 2 $2lus uasinmsiivdeyassuuluannsiaiios
UL 60 Ju wazifiusuusesnidustazaUsEatal 90 Ju Turieiiszuuidigaag Dead
Phase tilafnwifadufidsmaliuszsannmnisesaaisanas deiasiiadosviinig duom
Anadofudiuidonvuninsgiu wWersdadifaaruay (UCL, LCL) aundn Shewhart
Control Chart 9ntuUszifiuauaiesvesszuulnnsaaouindoyasy meludniifn
muauvdslsl madldfiAuTasiansesuuuuiinndiedtssuuliadios munisAnuives
Alcantara et al. (2017)



Silicone é
rubber tub;\\A ¥

Gas outlet
sampling

éas Counter

«

% Outlet
Sampling
CSTR 2
(PvC 6")
Silicone Gas Counter Outlet
rubber tube ﬂ =4 Samupung
Gas outlet
sampling
Inlet % Outlet
Sampling
Pump
T
Y CSTR 1
Outlet 1
o | (PVC 6"
Sampling _ji Inlet o Recirculation
Paddle 2 cm x7 cm i = )
TR Flance PVC 6" »] RIS Flange PVC 6"
Rubber Pump Féubser Pump v v
Gasket Blind Flange asket Blind Flange E
Influent PVC 6" BVC 6" Effluent

;J‘lJ‘ﬁ 3.5 WHuN W P&l (Piping and Instrumentation Diagram) ¥845¥UU Two-stage CSTR

LS



Front

—=— 1533 mm —=—
Gas outlet sampling
Inlet [ .
— 2.04 cm 1 e 1
g S = = = S
=¥ T —
L - 1 | —
o ] 1y © B o
Outlet )
Sampling |
18.28 cmj |
pvec 1/2° , T i
Paddle JAY
2cm xl cm .'-Jl—J
EEEEEERLT
Rubber |
J Gasket
8cm
CSTR 1
n
(PVC 6")

sUT 3.6 Luunthinda CSTR 1 ¥993UU Two-stage CSTR

5cm

4 x Silicone rubber tube @ 7 mm

Flange PVC 6"
Blind Flange PVC 6"

@ 153.3 mm

@7 mm

3x@ 7 mm
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Front

Gas outlet
sampling

4.85 cm S

153.3 mm 1

STE ke
121.96 cm
915 cm
61 cm
I::E]’.’f““f—_
30.5cm
{ e — 4.8 cm
4.8 cm
Ruhh\‘ir —_\lange PVC 6
SUN 3.7 uuunthdinga CSTR 2 ¥8358UU Two-stage CSTR

@ 1533 mm
2x@7mm
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JUN 3.8 NSAAAIYANARDISEUU Two-stage CSTR

NanAnilnu (CH, yield) nidnefiaddnssansuvesd TVS Aideu (mL CHy/g VS)

gNMMUAIINUTIAUNSHARTMUADMIIEIAYDNTBUNTE (Wang et al., 2020) lngAuiny

ANUAUNITA 3.5

CH4 y|eld =

Tnefl CHq yield Ao

=

CH4 production A®
VS

o)

3]

Q R

CH,4 production

(3.5)
VS *Q

HARARTIWNU (ML CHa/g VSiag)

USHaINSHERIIUIIETU (ML CH,/day)

AT UVBIAT TVS TUaTAIAU (g VSiy/L)

dnsn1sinavesszuy (L/day)

PISITLADSA LY L UNITLAUTLUULANIAINNTIN 3.7 hazlddndiIuNauuaIn1INnnau

a' Y = v v a I3 aay v a ¢
VlL‘Vill']gﬁll‘(]ﬂ‘l@ﬂ']ﬂﬂ']iﬂﬂ‘lﬂ'f[,u‘ﬁjsﬂ@ 3.3 ﬂ']i'lLﬂi']%ﬂﬂ'mﬁﬂmisﬁﬂqiqLﬂi']%ﬂﬂ?']llLL‘UTU?'JU

191787 (ANOVA: Single Factor) L 8NA@8UAINULANA19YD3T 3 ATENI 18 CSTR 1

uag CSTR 2 Aisyruanudetusosar 95 lagldinusinarsairianuuiazidy (p-value)
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LY

1ngd198991nNN15AN¥IBY Janke et al. (2018) wananildelin1siaTenyusugdaunsed
90 CSTR 1 uag CSTR 2 luhide 3.6

A9t 3.7 AINTAUSTUU Two-stage CSTR

W05 CSTR 1 CSTR 2
dnduna (PS:SS) mfwnzauniate 3.3
aungil (°C) PUNAUTIYINA
OLR mfnzauIniate 3.3
Vieactor (L) 3 225
sreELIan Lag phase vasdndu syogadugedaues P uay R,
HRT (day) HANNNANDY PS:SS Tiwanzal YOIEREIUHALNINAZNDY PS:SS 71
ANITe 3.3.1 WANZANNNTITD 3.3.1
Mﬁ’]ﬁm'ﬁﬁwm Hydrolysis - Acidogenesis Acetogenesis - Methanogenesis

NsAnwIaNAaNIaasluszuu AnCoD vnsAinwaugauiavesnisueu lulnsiau
uazveanesa Turieiszuuiimnuiaios ImﬁwmﬁﬂizLﬁumiéaaamaﬁ”’ﬂugﬂmmLlfﬁﬁLLaz
YoM IBUUIN9INNSAN1U8S Muhayodin et al. (2021) FaiimadianisAnuauga
wIaasluszuu AnCoD snUsuiiunalnlunisgesaangvesszuy AnCoD uagmsAnyiauna
waasannsolivssdiuaivoufiannsadsudufredaninld SnvsdanunsoUsadu
§9991W"5VAN (N P) i9onainszuy AnCoD ileltluuselovilumssesenaiuidouazdni

LWINNNTsINeIINaUIN Ity levusely Tneaunauda Asaun1si 3.6-3.11

M, = Mgy + AMB (3.6)
Min = (Qps:s5)(Xps:ss) (3.7)
Moyt = (Qsp gis)Xsp,ais) + (Qup gis) Xipgis) + (Qea)Xpe) (3.8)
AMB = (Qsp cstri)Xspcstrr) + (Quocstr)Xipestri) + (Qspestra)l(Xsp csrrz) +
(Qup,cstra) X p csTr2) (3.9)
Xspais = %(C or N or P) * TS * %Solid,Separate (3.10)
Xipgis = (C or N or P; meg/L) % Liquid,Separate (3.11)

=

g M, Ao dnsINsivatiavesasiauafilidssuy (L/day)

Mo  AD  9R5IAN5lnaniavesansnanunieanainssuy (L/day)



AMB Ao
=1
Qpsss  AB
Xps:ss Ao
=1
Qspgis  AB
=1
Xspdis A
Quodgis AB
=1
Xipdis A®
Qg R
Xac Ao

=]
Qsp,cstr AB

=1
Xsp,cstr1 A

=)
Qipcstrr AB

=1
Xipcstri AB

=
Qsp,cstre AID

=1
Xsp,cstrz AIB

=
Qipcstre ABD

=1
X pcstrz AIB
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nsasuilamesnadawianigluszuu (ninen
nsgaalenIaNISavaNYeIasaunsgnalusuy (L/day)
dnsnmslvavesnnmeneusa (PS:SS) Mddszuu (L/day)
AnuduiuveInsusuy v3es1ne s INNNALNBUNANT
Wgdseuu (g/L)

dm3n1snaves Solid Digestate (SD) fleenanszuy (L/day)
ANULLTUTDIAISUBY 11305190115 9N Solid Digestate
(SD) fleenvnszuy (g/L)

9mIINskaves Liquid Digestate (LD) fleananszuy (L/day)
ANULLTUYBIAITUBY YI50519@ 11T 21N Liquid Digestate
(LD) floonanssuy (e/L)

SnsIn1sManIaeateTanIn (Biogas: BG) findnldain
J¥UU (L/day)

ANULLTUTDIAISUBY 1305190115 Tufinedaniwn (g/L)
AAIAY 0.5357 w191n Usuneuing CH, way CO, 1L
fianneg STP @fUszanas 0.536 ¢ C (anfianne STP (0°C,
1 atm) g 1 mol AU3NAT ~ 22.4 L; Wang et al,, 2014)
9n51M3kaves Solid Digestate (SD) fleena1n CSTR 1 (L/day)
ANUTUTUTDIAISUDY 11505719815 91N Solid Digestate
(SD) Tu CSTR 2 (g/L)

dmTnsluaved Liquid Digestate (LD) figen9in CSTR 1 (L/day)
ANUULTUTBIAISUBY V505198115 21N Liquid Digestate
(LD) Tu CSTR 2 (g/L)

dnTnslviaves Solid Digestate (SD) fleena1n CSTR 1 (L/day)
ANUTUTUVBIAITUBY 113857981915 27N Solid Digestate
(SD) Tu CSTR 2 (g/L)

dmMsvaves Liquid Digestate (LD) fiwenan CSTR 1 (L/day)
ANUTUTUVBIAITUBY 11385198191 21N Liquid Digestate

(LD) Tu CSTR 2 (g/L)
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3.5 WIS IUNITAATIZN
WA TIUNTIATIZR LaAnFInNTIeT 3.8 T3n1TIATIEaINS198991n Standard
methods for examination of water and wastewater (American Public Health Association,

American Water Works Association, & Water Environment Federation, 2012)

A15199 3.8 WAL IUNISIASIEARI8814

A
WIS 03 WMTIATIEHR BMP Test Two-stage
CSTR
pH pH meter . . NN
JULSNWAZIU
COoD ., 5
Open Reflux Method gy 7NN 39U
(TCOD, SCOD)
BOD,0 4 9
Oxitop™ Method FULIN -
(TBOD,;, SBOD,)
JuwsnaE U .
Alkalinity Titration Method . %N 3 U
ganne
TKN Kjeldahl Method Tuusn N 5 u
TS, TSS Dried at 103 - 105 °C
VS Ignited at 550 °C TuusNUAE U N 3 Ju
DS Dried at 103 — 105 °C, TDS meter gavieg
VFA Titration Method N 3 Ju
YSunauiednnw nsunuith, Gas Counter NN NN
CHN Analyzer 628 (§1115U Solid
G N sample), Multi N/C 3100 analyzers Do o
. YINTEUUH
(dw5u Liquid sample) -
- ANULENYST
Perchloric Acid Digestion g o
(3UN 60-127)
P Vanadomolybdophosphoric Acid
Colorimetric Method
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a N ¢

3.6 NTIATIBRYNYURAUNTE (Microbial Community)

MsiATIgsNTLAUNTS vinnsiAudegedunidinauiuninpzneuluszuy
Two-stage CSTR Turawievesmsmaaes uaziluideaseidlsuuudsdsaus 100 §a 10°
f\mﬂﬂyuﬁ‘mwamﬁquﬁuw?ﬁﬁwm@ﬂ spread plate U157 (Nutrient Agar: NA)
Tngvheudagaududu 2 91 auisves Madigan et al. (2020) 3MuLWI#LE B39 NU
flgaunndl 35°C 1unan 24 $lus ielsiAnlaladadunid dmsumsnwinavesuniuea
Tuduuvdsansveu lévhmamnsdesadunissngamisluemng NA fifuumusadesas 1
Lﬁ"aa'aLa'%um'sw'%@lﬁuimaaLwﬂﬂﬁmmwdmﬂﬂLLazmﬁaMs‘?\lﬂ (Waturangi et al.,
2011) MIULLIEYAVAEsTIABINTyTigungll 28°C way 35°C LiteiUSeuisunanes
pumgiifunnsstusionImaINvANELaY I3 AUBIRAUNSE

nFsmMUsieqdun3s dennumizissiiflalatuensdnmuieiluuenie

a

Uiqw‘é (single colony) mﬂﬁuﬁuﬁﬂﬁﬂwmzmqﬁ'mgwuaﬂﬂiaﬁ (morphology) wazynmMsnTIvaey
DosfuresqaunidieiBnisdouunsy Mntuhinnsnaeudisndosganssmikaniiefnu
sUTwAzdNYzIgad (Gibbs & Hayes, 1998)
dmsunsseuriinvesgaunsdluseivaneiug atunsiasizvimemeiin MALDI-
TOF MS @n335984 Zakavi et al. (2022) Uszunana mass spectrum profile AraaandAnIs
Flexcontrol v. 3.4 3131¢41 Protein mass fingerprint Tutsanuaainedouimiinlanana
7l 300 ppm wd a8 90ya protein mass fingerprint u189¥aNAKIS Maldi Biotyper
Realtime Classification (RTC) v.4.0 LUTyULTIBULTABUN U mass fingerprint U836 19813
fugnuteya lnnisulananisszyviafiansanainazuuuils Tnsaziuy 2.000 f 3.000
minefsnsszyaeiug (species) AflAnudesiugs Azuu 1.700 fs 1.999 munefsnissey
Tusefuana (genus) uazazuuusnii 1.699 fednliiindefe dsazfiansanamziiedng
fldazuuy » 2,000 whbuildsunsssyrielussduanauieaneiusogreiula Taya
AUNAINNAIELAT AN ANANY Sl VRIRAUNT O nUNausluI ULUUAITIMaEN TN

\alUIgulig UnavauMUaLa gUMAINTUNRBLATIAS 19 YD IYYURAUNIE

3.7 MSUTSEUANEATNAITVYIIVUIAVBITEUU Two-stage CSTR

gnsuszendldlugnavnssunseanyilalaa

g o

¢ N o a v & v a = a v v A
ns@nwdandunsinudeyaissiuainlulssnundanseavslada Tuiided 3.1

Weldidugiudeyadmsunisusaidiuanuduldlalunisveievuinszuu Two-stage CSTR
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MnsduresUfiRnsludsedugmamnisy Tnedeyadesduiituntssiduduaunauia
sun3dansveulussuuthdamindsnaraugandinuredssnutuannsnasfouuiunues
wamslunisihninagnoudiuAualdusslenidundsnunyudoululsany venani
Faiin1sTinszsitadumalulad esugaians uaznansenudud windeuid eady

WRMTUALLINITRLIMALLL BN T ULALNZaNR D UTUNUDIDRAIMNTTUNTEAS LELAR

Tuuszwmelne

3.7.1  MIIATINENNADTUNSIAISUBULAZNG9 Y
AMsinEviaunadunigats usuLazangandsnuveslssnu W eszy
N15LTUNAINEULAENITNEANG 19U AaenduantilaveudsluunavriigU1ln
TneRasaunsisaunavduazanoan mufsdnenmlunsinduanlivioTledaln

19198 5ANYIENARANIAYeY Himmelblau & Riggs (2012)

3.7.1.1 aU9ANIADUNTEAISUDU
n13UsviuaunauiaveIdunidasveunielussuuirdnunde
TugUveudadun3d JauanilagUSuinvesudassine s (Total Volatile Solids: TVS)
< T a < ! R I a aA¢ ¢ °
weludndeuazninagneu Leew1nen TVS Wudiuwusinuasdunigaisueu nMsAuIu

lmdnnmsaunauIanaunis (3.12) wae (3.13) (Himmelblau & Riggs, 2012):

Zin,\/\i - Zou‘[’\/\e =0 (3.12)

Y

Tedi M, Ao Svsnslwavesen TVS fimada (ke/day)

Moy AB Snsnsiavesan TVS finiseen (kg/day)
ﬁm%’uammiﬁ"ﬂmamu@amaLLazWé’meﬁqﬁ:
Accumulation = Input - Output + Generation - Consumption (3.13)
Tnefian TVS luudazundanudagnauinlagnisiiAiaududy

P09A1 TVS (W1a/U5u1919) @jmﬁUéJ@ﬁﬂ’]ﬂMa“U@ﬂﬂiSLLﬁﬁu WU3u15/12a7) LialilaA1emsn

a 6 ! o (% a 6
NN3ZUIINNATBUNIYUDIAN TVS ﬁ"lWiUI“ﬂUﬂTﬁ'JLﬂ‘i']%ﬁﬁllﬂallﬁ]ﬁ
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3.7.1.2 EUAANAINU
nstAsgiann andaunseungui sszuuv A dsuay
ATEUILNTNAR Ll B5YANNFBININd L UszidudnainnisdAundsauluszuy
uazidenmeluladndanumyudsuivangan mslindinuduuanidsiwiivesgunsal
ausvsaNInAue et Ty v iindsumuieunnfieiinmiasd e vy

(Refuse-derived Fuel: RDF) Usgiliuannaunistusmee 3.7.2

3.7.2  @01UNTAINENURYUIBULAZATIAN1TUTTIIY
Wausziufneninnisiininaenauduiundui i dundsny uided
NANTUNADIADIUNISUNAN ta A (1) NISHARLY DLWAS RDF hag (2) NNSNARR1wTININ

WunszuIunstevaaewuullldeantiau dveulwnvesmsusuiiuuiaraniunmsalaagun 3.9

3.7.2.1 MINAALYDLIWEAY RDF
luaniunisald nnegnaudAu1uNTanANTLITYNLUTIY
Ju ROF wieldiuomndslundoletnveddsu lneAirinusougean (Hisher Heating

Value: HHV) Talun1susziliudne nwndseiuain RDF auaunis (3.14) (Singh et al., 2020):

Eeror = HHV * My (3.14)
Tneii Efror P WA UTBLWEIR1A RDF (MJ/day)
HHV g ANANSDUTBININRZNBY (MJ/ke)
My Ao wiavesnnmznaufianaudulds (ke/day)

3.7.2.2 ASHARNNYYININ
anunsaiifinsanmaneneuduiuduirgivdmiunssuiums
govaarsuuulildeandiau Ingldmrdneninnisiiaiigdinuain BMP Test (Veluchamy,
2018) AU IRsAITnusIeYuLasnd s omasnimuniuaunis (3.15) way

(3.16) (Singh et al., 2020):



Drying Sludge Process — T
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l % £ : : power plant
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Tank Sludge
Belt Filter Press

Paper Mill | Thickener
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( y Chain machine Conveyor bin Block forming :
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Biogas Production $ A
—————————————————————————— - p— ‘:
| Chemical Feed | —
Excess | : -
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| power plant
|
|
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-
- e e e e P — e~ ———— :
- l |
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. . ” Belt Filter Press
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|
|
| Conditioning Gas
|
|

|
|
|
|
|
Cleaned Gas :
|
| |
| |Studge Holding
-

Excess Sludge from biogas production

(%) Biogas Production

JUT 3.9 YoulunszUUYas (N) @01un15alfl 1: MSWAneImEs RDF uag (¥) @a1unsalil 2: nsudainedininainninagnaudiuiuiminiu

Tulssunannseanwslaaa

L9
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Vera

CVera

BMP

Crvs

Qs
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Vepa = BMP * Cys * Q. * 107 (3.15)
Efcha = Vera * CVeng (3.16)
Ao Usumsiednu (m3/day)
Ao ANAUTIUTRINUY

(35.9 MJ/m?; The Engineering ToolBox, 2008)
Ao ANINERIWU (L CHa/g VSieq)
Ao AuNTUYesA TVS Tuninaznau (me/L)

) nsINsiavesninagnay (L/day)

3.7.3 fngamnasautazladeniswdag

NAI9ULY DLNA 9977 RDF LLazf‘T’mﬁ‘?aqumLUmLﬂu"Lau”]LLanLWﬂf]

IngldUaduuinsgiuniuanainnssy (Zaporowski, 2003; Suthaphod & Yoochatchaval,

2021) guguns (3.17) a4 (3.20):

Tefl &

nel
a

D) D D D DD Db Db
© © © © © © ©

o))}
©

Fo = E¢* N (3.17)
M = Ve * O (3.18)
M, = E,/ H, (3.19)
Ee = Ms * Ne * 1,000 (3.20)

WA TN DLIAS (MJ/day)

wdsenloth (MJ/day)

waleth (ton/day)

wasaulnih (kwh/day)
Usgdvsnwnswasundsudemdnduleth
Enthalpy vaslerh (MJ/ton)
Uszavsamnsudastovhidulii

PRIINSHARLDUNINALTININ (ton/m? CHy)

AMSUNTISHN RDF 1 MJ 989naaauLdonaalvinanantounussuin 0.25 i

0.38 Alansu leediuszansnmniialauis1i5essay 80 Fuieuwinuszunal 1.2 9 1.5 fu

To/éu ROF wazanmnsandalndinlésn 0.14 wnefastaluy/dulet (U.S. Department of
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Energy, 2012; EBE Engineering, 2024; Thunder Said Energy, 2019; Ariunbaatar et al,,
2014) yaugifedaniw @) Wanudeu 35.9 wnzga/gnuierdiuns (The Engineering
ToolBox, 2008) Wé’qmuﬁéfaﬂsﬁumswﬁmlmfmﬁqﬁuasﬁﬂizmm 2,585 Lun¥3a (Green,
2008) wazausananlnilaUszana 0.14 wnzTaddaluy/duloun (Arunbaatar et al,
2014)

a 4 S 4 o .

3.8 msasiznmalulaguasiaseganans (Techno-economic Analysis)

nsfnwilasndunisussidudiumaluladuaziasugenans (Techno-economic

A a ¢ I 1% a = = o

assessment) Wadnsizianulululamaasegia lnaiSeudisuiuinianistiininazneuy
druiunauanldusyloviidundanumyuilsuaansal@ne laun (1) n1sudsiamads RDF
Lag (2) NMsHAnTandsinedanin nedingussasdialSouiisudununisuianuag
ANUANAINNNTRUYBILAREN TN

N15U5eLIUlATRUANTIIAN UNITNBASINTUAY kagauNUNISATUNUIAEIT04
AUNISN0as19lATIATIINUFIU N33R UNTal KIIIU NITANTUIIUTEUY Uae
N15U1395n 1 91989 TaYATNe NS IULMATIYINTT (81989970 WIS AUdv, 2565; Lim
et al., 2021; Sani et al., 2022) 14l YayanI1TuUsELliuAUANAT lULAaTanUATTHINTANW
N

¢l a &' a
A07UNTAIN 1: NIIHANYDINES RDF

2

N15UsELUAINANAIVDINITHER ROF Antdunislaeldvayaniunisaanuuas
mMssniunundn arldieasmuisududmivnsieaiuazgunsaled 599,987 umse
WASNAUYBIVYLABITU MINTIBIUVBY NITHT AUAU (2565) 518laUsyanTainnisalann
mysmnglidlusns 3.6 vindenlaaddalus Fwaenndosiulasasisandsau i
vosuszmalned faiulnensluidrondawdsussmdlng nisldndsudusunisuan
Fowmds ROF AwaiainanudesmsinihvetedednslusyuumuluEussiavedlasinis
Ypal59UNTEANYS buLAa (2566)

Aunun1satduulsenaualtealdatga1ulii Ause wagAU13e M

[
v a ¥

lngAwiuilsnowinadluwdasl niendnseidiinaunisdu taun ssesnaAunu
(PBP) yari1aqtiuans (NPV) naone1glasinis 20 3 isnsAnandesay 8 uagdni
nanauwnun18lu (IRR) ndnde RDF Auanla 21.46 uasndumedu (ton/day) 31n9m57
n15uUsENIN 350 Alan3u RDF movey 1 fu wazUsunaveysiy 61.3 ton/day d@aulwiin

nlallandnezdadeanmsliihdiugiinig (PEA)
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aounnsalil 2: nskAnRneTanw

dwdunsdniswdafiedanim IFussifiuduunisasmusudulasldaiiede
n13feasne 14,074 UmeegnuIAfUnIYeIUTUIATHIUATEY 1N518911204 Lim et al.
(2021) waz Sani et al. (2022) Inefisrelandnainnistmrelailudnsiaeiduiunsd
RDF (3.6 U wi/Alafaddalug) nsldndsnudmivniswanfiadanin 0.14 kWh/m? vas
idefiiuniniide wasnislindanuresmsiolediussana 20277 kWh/d dwiuaanug
220 ton/day (Mndeyanisniilssnunszauilafia, 2566)

Funun13Aduus198991n Sani et al. (2022) asounquAnldT1od Tudu
semssiusruulvdussansam flsneunandmuanduned wagldftiamanisiiu
1w NPV (@hanan 20 U idnAnaniesas 8) uay IRR lunsuszifiuaudueisseze
uena il lERsanmsianliifianaieuen Imaammﬁeﬁamﬂmﬂv\lﬁﬁdauqﬁmﬂ (PEA)
uenfunsdl ROF (Mswdasenymansuiamuaduneaansanssld Sasuaniudeu 36.5

o

UIAD 1 ADAANSANST)

o

dmsunisiasieigan1dagduans (NPY) szezlianAunuy (PBP) Lagdnsn

Hanauwnun1ely (IRR) ieUszliunuAuA1ve LAz anIuNsainAny) tnediisn1sAuiu

1Y

D!

a

yar1U9qugus (Net Present Value: NPV) 38 fianasiuvesnanauunugnsile
UFUAN7043811a2984lATINT Y5aRATINYRIYAA TR UYBIHANB UL UAUMEHATINYDY
warilguesiunuiintusseneglasans T NPV enafianduuin au vierus Juegiv
yuavasyarUagiuvesrayseleuilsiu (Present Value Benefit: PVB) Winaneyar1tagiu
yeafuNUTI (Present Value Cost: PVC) inausinsdndulaasyululasinis fie msit NPV
firnunningud Femneamingartagiuveswansuuyumnnnityaatagiuue wumu
uazuansfiansasuiidua Tng NPV ansnsadmnaldnuannisi 3.21 uay 3.22
dandmanildludianesilasenis fie Snsiildlunisuvasyadiuluounaslny
yadfsuittagiu lnsazvieuisnnuddyveaiulutlagduileeuiuFuiiegldsy
Tuewandmiulassmsndsnunaunuiidssoznanlunsiniduniseniuiu Jadasanan
Amngandudsddglunsseduauduauazanudsaveslaseng lnsialudmiu
Tassmandsnunaunu Samananiineglutasieasy 4 & 10 el lasanlasenisussinnil

'
v a v CY (] Y

fnddunuisudugs wirddunusasselireudiaduas dmsunisiasieilunuided

L3 (%

Td9nsndruansosay 8 9199991NWITEVRY URE A9Ne9Ty (2550)
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NPV = PVB - PVC (3.21)
NPV =5 " [(B-C/(1+ 1] (3.22)
Tnefi B = naUszlovinienanauwnuvaslasanstuli t
C = Funuvedlasinsluli t
r = SnsnAnaniivuzay (Discount Rate)

vsednsmenileiug (Sevay 8)
t = Ywodlasenis Al 1.23... n @Eadu 1 )

n = FuuUneduredlaTingg @Eadu 1 )

5¥881Ia1AUNYU (Payback Period: PBP) A s28gl1a19 Hanauunuaniain
nsasuudAiuRuamusuauredlasins wsedruulnldlunislifuraneuwnupiu

uwiuRuamuy ansarmwalansaunisn 3.23

. Alganelunsamnu
SYELLAAUNY = L. 3 W (3.23)
HaRaULLLRGYaNTHel

snsmanauunungly (IRR) Ae dananauwnuivibiyardagiurenssuaiuan

[ ~ b4 1 Ly a

Sugvizwinuyadndagiuvesnseualuandnegns vienfednsmivinliyanlagiuans (Net

U 9

Present Value: NPV) wiriiugiud Faanunsamuinlasisaunisi 3.24

- Ao g v n Bt - Ct
IRR UMD r M NPV =5 " —— =0 (3.24)
t=1 (1 4 r)t

w87 IRRr = AT ANBULNUYBILATINISNYNIA NPV = 0

Tunsdifn NPV ldwindugud arunsalddsnseuinuwuuiisudygdlnsened

(Interpolation) tieUseanaAT IRR @snsamuwalansannisi 3.25

IRR = 8031dUanRIAN + HARITENINEnTIdINanTiaaasan (NPV 1ldansdiuan

Y

WHARN9v89 NPV Nlaansidiuanisand] (3.25)
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LNIINSNATUNEDNTATINTALATEYINIRENNSIUSULTisy IRR AuAdslaniavas
Ruaamu vednsnendy () lagagidendniiulasanisnilen IRR g9n319n51ARaARINGAT7

Tunnanduiu 10 IRR dnIdns1Anan azludanandulasanisuy



unil 4

NAN1SILaLNUSIUNE

4.1 é’nwmwaemnmzﬂaua"suLﬁuﬁ]ﬂnisadﬂunszﬂﬂw?lsz!Lﬁa
nnRgneudIuAuIInsruutTauLasveslsuunsyauileiAad Anw wuin
JUSunauazanwazuanaaiulunusiinreadnINALNoULALSOUNISHANUDELSINUN N1SANYY
adailyjaiunsiinsesisnsmainninaznou ssdusnaunenienInuazeall naenIy
awanansaluniseepaaten1adanm el Lﬁ‘lQI%Lﬂu%jayjﬁUi%ﬂaUIUHﬁﬁlmﬂ?iﬂﬂﬂ&lzﬂ@u

wazUsziiudnaninnisinlulgusslesdluauins

4.1.1 aasnsiianinaznaudIuiu
911915797 4.1 wansdnnsiinninazneud AT BiReu wuinUinm
nnagnaudauruLUImMuYILIal Tneninegnaulgugi (Primary Sludge: PS) agsening
727.5 014 887.6 fiu/iieu NnnznaunfAugil (Secondary Sludge: SS) 8g381i14 907.3 g

1,202.3 fu/ifiou wazninaznounay (Mixed Sludee: MS) fd1tads 1,839.9 fu/ifou

'
[

Ingnurgegalupieu waaIniey (2,054.1 fiu/isieu) kavsgalulaeu nIng1as (1,660 i/

£
=

L) AXVIDUNIAINULANAIIYEIUSUIUNINALNBUTLNATUAINTBUNISHAR
AU ULUSAINANEURNUS AU AIIUABINISHANNTEA1WT LUE suwUad
MIUAAIA NINTNITHERNE Usununinaznaufaziiudunuluaie vuznedtu Ussansam
voaszuutUaude Adusndadeddy winssuurauldtaies YSuiuninagnou
' v = | a A oA ) a a ° v
LADUTNIAIT AN INNAAINBUTUTIUNI A NTUSULUE 9UNITLAUTETUU BV A

AINAENDUNNTUNINUNG
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) BnIINTAANINALNBY (Fiu/ifowu)
L)
nnAzneu PS nnAznau SS nNAZNOU MS

UnIAY 748.22 920.31 1,668.53
NUANUS 889.84 1,094.51 1,984.35
TR 887.62 1,091.78 1,979.40
BWBU 967.74 1,190.31 2,158.05
WO BNIAL 826.88 1,017.07 1,843.95
ﬁqmau 797.35 980.75 1,778.10
n3NHIAY 737.62 907.28 1,644.90
damay 813.57 1,000.68 1,814.25
QUEREL 756.79 930.86 1,687.65
fAAY 886.21 1,090.04 1,976.25
AN 827.83 1,018.22 1,846.05
suAY 761.37 936.48 1,697.85
Aade 825.09 1,014.86 1,839.94
S.D. 70.96 87.28 158.23

4.1.2  ANWUSNINNIZANLAZIARVDININAZNBUEIULAY

NISNAFOUS NEUENIINYAINLAZLATVDININAENOUAIULAUINNLTIU
AszAuslaAa (M5797 4.2) WUl AnAzneu PS waznnaznau SS Titiufiegiedsluniu
nsEUILASILENU ﬁﬁiﬁﬁmms‘f‘}uuqqmn Tagnineznau PS fidndsdovay 97.21 + 1.66
waznInAznau SS fiaadusosas 99.02 + 0.59 azﬁ@uﬁﬂﬂﬁﬁﬂj’]LLWiﬂ@QIULﬁ’@ﬂWﬂmzﬂ@u
TudSunasnn Sserademansenuselszansnmuesnistosaasuuulaldoandaulumay

A1 pH vesnInagneu PS wazninagney SS Inaldvadunais (6.38 + 0.54
Way 7.16 + 0.26 auaau) Feeglutraumuigansion1sansadinvesqdunid inlvideslyd
arsadlunisusuan pH Wisaanies arussAUsznau wulininaznou PS fiA1veatds

v
] Y

e (Total Solids: TS) $oay 2.81 + 1.69 warA1vadkdesemedneianun (Total Volatile

Solids: TVS) ¥eeay 5457 + 10.93 Lansfisdnduasduns dfigenitninnzney SS
aeaflifudfey Tennagnau SS a1 TS wAsfieadosas 1.02 + 0.63 wazan TVS Souas
29.17 + 13.76

Tudus1nes wuininazneu SS fvsualulasaulugvesafiadu

(Total Kjeldahl Nitrogen: TKN) g4n3in1nngneu PS feanuivin vagionsidiuasveause
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lulnsiau (N ratio) ¥esnInaznau PS g4fils 301.25 FaAuniivaiivmnzausonisdeaans
wuulbildoondiau (20:1 fis 30:1) egan wazeravhlrqdunidldlulasaununiinoud
AITUBUYNEDYAAIYIUNUA HIHAAUADNITHANNIFTININ AIUIUTTBVBY Lopes et al.
(2018)

mnagnouadesiingsilunadouuasuuni@eslussduld dufivdessuy
dovaneuvulailioandiau uazildmundusng (Alkalinity) Aeudnsgslugy HCO, Fatae
WnmnuassalunisnaznouvedlessuuIn Wy Ca?* wagyie3nwaiesn muedszuy
lusgyy acidogenesis VausLAgU dndau VFA fia TCOD 984n1nngnau PS Laznnngnou

a

SS ag#l 0.37 way 0.47 MNAIRY Ui sdansdunidsemeiienydunidamnsadeals

59157 (Orhon & Cokgor, 1997) Ime Duarte et al. (2021) 51897431 dAdau VFA fio SCOD
fi%oway 30 89 37 Prevfindszansnmnisudafsimuld Sosas 20 1 25 wazlineliiie
Msgud mnliasiuiavar 50 (Magdalena et al., 2019)
dlewSeuiiisuiuruisenouni wu Chakraborty et al. (2019), Kaur et
al. (2020) az Turner et al. (2022) Wm'ﬂmﬂmzﬂauiumuﬁyﬁmms‘ﬁyul,aﬁlaqam'mrm
Tngawizninaznay PS fidAnAutiiesas 17.50 8 85 vausfininaznau SS :ﬁmm%uqaﬂdﬂ
ogluria¥enaz 53 A9 99 A1 pH YBINIAAENBY PS FINTIIAINATT 51891 (7.39 Tag

Chakraborty et al., 2019) d@3uf1 TS Uagan TVS MInnaznay PS uazninaznau SS aglu

'
o

STAUMNINUANENWITEAUNLN Tnaa TS A83n1nngnau PS ladeiesiasay 2.81 Wiwuiu

A = v

ANNAID95eLa 80 TUUNTI89IU VLA TVS 9899n1nREnay SS ANNINT95aay 65 09 97

Y

o w

RN ERRTT

Tushugn O/N ratio wuinninmenay PS ddedsgaiuliun Weifsuiy
Framnzan (20:1 f9 30:1) wazdageningis 32:1 fla 943:1 1 Lopes et al. (2018) wag Kaur
et al. (2020) 1gnuliegeddedAy avvoudisauliaunavessinomsiuninagnay
druAuanlssnunszn1wileifa 910198 mansznuie sy Avsamussnswaniiadanm
Tuszdugeamnssy faiudsasfiansunisivaunasino1vs nion1suaunInaznay

druiunsassviaiielimunzauseanisgesaatsuwuulildeandiausaly
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A19199 4.2 anwaurNINAgNaUEIUALINITNIUNTEAYS lelAa luUAYe Y
.. Uszlnnninagnou
WITELADT
nnaENau PS AMNAZNBU SS ANAENaU MS
Moisture (%wt.) 97.21 + 1.66 99.02 + 0.59 61.26
pH 6.38 + 0.54 7.16 + 0.26 N/A
TCOD (mg/L) 54,994.98 + 35,292.57 4,437.78 + 5,093.27 N/A
SCOD (mg/L) 6,330.60 + 3,848.32 2,594.24 + 4,168.05 N/A
2.81 + 1.69 1.02 + 0.63
TS (%wt.) (28,774.33 + 17,286.29 (10,061.67 + 6,180.56 38.74
mg/L) mg/L)
54.57 + 10.93
29.17 + 13.76 (3,451.67
TVS (%TS) (16,524.67 + 11,039.06 59.21
+2,906.73 mg/L)
mg/L)
TKN (me/L) 37.82 +15.72 115.80 = 110.92 N/A
Alkalinity (mg
1,170 - 7,380 751.67 — 2,790.5 N/A
CaCOy/L)
2.07 -8.17 1.13 - 7.40
Ca (mg/L) N/A
0.83 - 1.04 (mg/9) 0.57 - 0.75 (mg/9)
0.61 0.58
Mg (meg/L) N/A
0.067 (mg/g) 0.063 (mg/g)
VFA (mg
2,341 1,225.2 N/A
CH,COOH/L)
C/N ratio 301.25 18.14 N/A
Higher Heating
N/A N/A 7.4
Value (MJ/kg)

e N/A = kifiveuasieeany
q U



7

A1397 4.3 dnvUTNINAZNBUNSINITNENTARAIUNANAS 9 (PS:SS)

. dnadunas (PS:SS)
WIFTIULADS
1:0 3:1 1:1 1:3 0:1
Moisture (%) 95.41 + 0.77 95.65 + 0.04 97.33 + 0.08 98.47 + 0.01 99.70 + 0.01
pH 6.02 +0 6.26 + 0 6.51 +0 6.95 +0.01 746 +003
68,729 + 53,265 + 37,801 + 22,337+ 10,310 =
TCOD (mg/L)
1,574.77 2,976.03 5,952.06 2,976.03 2,232.02
10,774 + 9,764 + 8,754 + 7,744 + 7,407 +
SCOD (mg/L)
6,494.04 583.18 3,247.02 583.18 1,166.36
26,513 + 24,661 + 22,392 + 18,972 + 14,513 +
TS (mg/L)
127.28 353.55 671.75 176.78 1,626.35
16,739 + 14,480 + 12,878 + 10,021 + 6,283 +
TVS (mg/L)
240.42 176.78 452.55 21.21 664.68
TSS (mg/L) 16,739 10,181 9,514 8,951 8,230
154.92 +
TKN (mg/L) 37.35+£2.89 | 163.39 + 7.01 145.00 + 4.95 | 37.64 + 1.65
10.73
Alkalinity 7,380 + 7,311.67 + 4,646.67 + 2,186.67 + 751.67 +
(mg CaCOy/L) 355.07 236.71 118.36 313.14 118.36
VFA (mg 2,341.18 + 2,045.47 + 2,579.16 + 1,769.28 + 1,225.20 +
CH,COOH/L) 115.71 67.55 317.17 140.97 52.86
C/N ratio 1,840.35 326.01 24399 154.04 27391
TMP
(mL CHy/g 1,437.07 1,284.48 1,027.36 780.16 574.33
VSfed)

wanEwe TMP: Theoretical Methane Potential fidnig STP (Metcalf & Eddy, 2003)

1NA151997 4.3 WU nnstldsuwlasdnaiunauninnznau PS:SS (1:0, 3:1,
1:1, 1:3 uag 0:1) dawasiaauaudfnianieniniaziadvasninaznausgddedAgy lng
Wariudndiuvasninagnou SS wud1 Anududvwilduasu luvaeiid1 TCOD, TS uag
TVS Fsazvioulsunamesduaransdunsofidovaasls duualduanas A1 pH Waguannse
< v 1 a o 1 Al v !
WWNWeY (NsYagaaIgnINnznauy PS mem)lﬂqmﬂﬂamﬂmmq (MsypyaaIENINAZNDY
SS Wahen) Bee1vdanansanisinauvesaunsduuulilveandiauy

d11sua1 Alkalinity uagainsalagiusyivedny (Volatile Fatty Acid: VFA)

~ v A o s & = N
llLLU'JIU@Ja@aQLﬂJ@a@aQUﬂ’]ﬂmgﬂ@u SS INHUU LAANDINITLUA UULLﬂaﬂiuaﬂJﬂaﬂJﬁﬁig‘UU
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Jyliaswazarsianulunszulunisgevaatswuululdoandiau d@auan C/N ratio WU
ludndunay 1:3 deransgad owisuivdadiunaudu 9 wideliegludrsimunzay

v o w

AENISHARAITINI uinazvioulisruuanAsvesdnennlunsessaatyeg1ditedfny
AU NMIHAUNINAZNDU PS LAaZNINAZNDU SS AINalnanIInoanyuzUDy
NINAZNBULAZDIALNANOANEAINNITHAAN19T1A N FeRsdn1Anwmeluiile 4.1.3

Wansiaaunalnnseayaalen1siinnlauazLden

4.1.3  anuau1salun1sgagaa1enIeyININYININAZNaUEIUALY
nsAnIAINAINITalUNTEREEaIEN TN NV dRdIUNANANN 9 1aaIn
NIAIATIERERd1UT oA (COD Fractions) wazn1snagaum1Ulefd (Biochemical Oxygen

Demand: BOD) 20 U %39 BOD gmate 91870 Oxitop Method Felriwassdl

4.1.3.1 UlafvainInaznau
91NN1534A519% BOD,, #2835 Oxitop Method Aidndun 1snay
AAREABY PS:SS WNAU 1:0, 3:1, 1:1, 1:3 way 0:1 WuIdA1 TBOD,, 1iNAU 5,190; 4,248.64;
3,344.04; 2,401.30 Way 1,475.50 4adnsuaodns (meg/L) AuUaInU YT AN SBOD,, dAN

=

3,629; 2,763.52; 1,787.80; 967 Uag 150 me/L Muddy (Ui 4.1)

dlofuiasasidan SBOD,, wusndiawwiniu 0.70, 0.65, 0.57, 0.42
wag 0.10 auasu wansliiiunludndiunay 1:0, 3:1 uay 1:1 a1sunseigesaansls
ws‘ﬁ’gmwa"guﬁl,myjae_ﬂugﬂmiazmﬂﬁmmmdaﬂamﬂﬁadwimL%’J (Readily Soluble
Biodegradable) vauziiludndiunas 1:3 uag 0:1 ansdumidigesaanslinistinmeglusy
aumﬂﬁéfaﬂ%’nm&Jaaamamumﬁ (Slowly Particulate Biodegradable) Fsanunsaaiune

dnd1uved COD Fractions lngasidenlaluiige 4.1.3.2



BOD (mg/L) BOD (mg/L)

BOD (mg/L)

T L] T L] T L] L] L] T T 2F000 T T T T L] T L] T L] T
(n) Primary Sludge (PS) 7 1,600 | (2) Secondary Sludge (PS)
1S 1,200
e~
o 800
18
1 400
1 1 0 1 1
2 a 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20
Time (d) Time (d)
T r T r T r r T T r 3,500 T T T T r T r T r
(A) 3:1 (PS:S5) ] 2000p (3) 1:1 (PS:55)
3 2500
1 2 2000
1 3 1500
2 1,000
] 500
1 1 1 1 1 1 0 1 1 1 1 1 1
2 q 6 8 10 12 14 16 18 20 22 0 2 q 6 8 10 12 14 16 18 20
Time (d) Time (d)
(2) 1:3 (PS:59) i
m TBOD
1 L 1 L 1 L L L L 1 ‘ SGOD
2 a 6 8 10 12 14 16 18 20 22
Time (d)
5UM 4.1 M3UaeuLUarANLABIn15eenBaun1etiiiail 20 Ju (BOD,) ¥8In NAznauNauidnaduNaus1e) (PS:SS)

6.



A137197 4.4 COD fractions U0ININAZNBUNALTIAAAIUNENFHS 9 (PS:SS)

dnadunas (PS:SS)
COD Fractions 1:0 0:1 31 1:1 1:3
(mg/L) (%TCOD) (mg/L) (%TCOD) (mg/L) (%TCOD) (mg/L) (%TCOD) (mg/L) (%TCOD)
Total COD 14,900 100 1,783 100 10,527.78 100 7,030.00 100 4,172.52 100
Biodegradable
oD 5,190 34.83 1,475.50 82.75 4,248.64 40.36 3,344.04 47.57 2,401.30 57.55
BPCOD 1,561 10.48 1,325.50 74.34 1,485.12 14.11 1,556.24 22.14 1,434.30 34.37
BSCOD 3,629 24.36 150 8.41 2,763.52 26.25 1,787.80 25.43 967.00 23.18
Non-
Biodegradable 9,710 65.17 307.50 17.25 6,279.14 59.64 3,685.96 52.43 1,771.22 42.45
COD
UPCOD 9,189 61.67 244.50 13.71 6,204.99 58.94 3,584.00 50.98 1,719.51 41.21
USCOD 521 3.50 63 3.53 74.15 0.70 101.96 1.45 51.71 1.24

NU8LG) Biodegradable Particulate COD (BPCOD), Biodegradable Soluble COD (BSCOD); Unbiodegradable Particulate COD (UPCOD);
Unbiodegradable Soluble COD (USCOD)

08
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4.1.3.2 dndudlef (COD Fractions) ¥aIn1NAZNBU
15U Udnd1UY09 COD TUNINAENDUNANDINITIUNTEANY

SluAafidndrunannnazneu PS:SS WAy 1:0, 3:1, 1:1, 1:3 wag 0:1 (151971 4.4 waggU
4.2) WU A18RT189U TBOD,,/TCOD 1A 0.35, 0.40, 0.48, 0.58 Lay 0.83 A1UaA1IAU
LARINEIUNEY 1:0, 3:1 war 1:1 Jarsduniglugy TCOD ﬁsiaaaawlé’mmﬂumuimyj
YA SBOD,/SCOD WAy 0.87, 0.97, 0.95, 0.95 wag 0.70 ANENU Vst inansdunid
foglugvagarwaruisagosanslddroidudiulvg wed 91n97unes Racho &
Pongampomnara (2020) 5¥U31 8951891 BOD/COD 11nn31 0.45 fia71dAuau1sa
dosaanen19inInlan, 0.30 09 0.45 ADUYNA, 0.20 B9 0.30 gowaansla wazieynin 0.20
limngannonsUesaaIgn1eTINImN

NaN1TILATIEAINUINIUEREIUKEY 1:3 Lag 0:1 i Biodegradable
COD WA Usay 57.55 Lagiosay 82.75 U3 TCOD AU&a1A U si'qumd’m'ﬂﬁliwmu
Tu2558uN553 WU Cokgor et al. (2006) (Saay 25.64 fiv 57.37) wag Ciaciuch et al. (2017)
($ozay 35) pgnsiivediAny Tnedndiu 1:3 Laz 0:1 Usgnaunie BSCOD (douaanalaiii)
Seuay 23.18 uaz Sovay 8.41 989 TCOD way BPCOD (govaanyladn) Sevas 34.37 uay
Josay 74.34 Y83 TCOD ei'qum’hﬁﬁwmwaq Cokgor et al. (2006) (Sovag 12.17 9
14.25) pg1aifuddey d1u COD filiamnsadosaasldfifin Souay 42.45 uay ovas

17.25 9494 TCOD AUEFU Youg?i UPCOD 289n1nnznew PS ag‘ﬁ'
a

1%

a8ar 61.67 agluyas

fisnsalineunii (Sesaz 61.71 §3 73.43; Cokeor et al, 2006) @ziiauiininanau PS

oA !

H03AUTENOUANTOUNS 8918 08da1881NUINNTININAENDY SS UBNINT AdndIunau

nnaznaudl 1:1 I BCOD Muanei9ain 1:3 ag1sliladfgy

(%
(Y2

AU AISHANNINAZABY SS 1WA UNINAZNBU PS Basandndlu
COD ildannsadeaaasls uazindneninlunistesaasvnsszuulaesu lnsanis
dndrunay 1:3 197 Biodegradable COD gefia¥oray 57.55 usiindndrunan 0:1 9glof
A" Biodegradable COD @3 w019l v AR AR IN NLALANARAITEINTAIMSY
AUNIE

ag19l5fnu dndrunay 1:3 WJudnsrdruiilngdesiudndu
AdnTusssluszuuthdaiidevedsaunssasdlada (1:1.23; PS:SS) vilinanisanunil
fuaenAdoatuanINANSAESTUUDSe wavwiayleian Biodegradable COD 1udunuans
uitodnhaulesgdduyusewosmsiansnnagneuluningam iesanazvieudneam

fenunsadnluusulalaasddussduanaivngsy
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35 0.7 1.45 1.24 353
100 ‘ ‘ | | |
M USCOD
13.71 UPCOD
BSCOD
801 41.21 8.41
50.98 BPCOD
3 58.94
é 61.67
w60
c
ke
s
© 23.18
; 40 4
o 25.43 74.34
(]
26.25
20 24.36
34.37
22.14
10.48 B
0 T T T T T T T
Primary Sludge (PS) 3:1 1:1 1:3 Secondary Sludge (SS)

PS :SS Ratios (%)

o 1

JUN 4.2 dndudledluninnenounaddnsndiusing q (PS:SS)

4.2  ASANEIANEAINATISAARYSTIMUNITAT

(Biochemical Methan Potential Test: BMP Test)

nsMaaey BMP Test gnisnlfiiledsuidutiinafedinmiianmsondnldain
nnegnaudlwiuvadlssunseasAanelaanizlseandiau lnegudunisingien
wavosdadIunaunInazney PS:SS sedneamlumsnanfiedinn feyadiladgmianld
Tumslinsgiidaeaunamans ieilSeuifisunnumnzauvesiuudiasmneadnmans
fesurgnszuaumstosaarsuuvlildoandiau nasnauuszgndamisfimesalaluld
IumiaaﬂLL‘U‘Ui%‘U‘U5’@ﬂ’3uamgiﬂhwuaaﬂﬂgumau (Two-stage Continuous Stirred Tank

Reactor: Two-stage CSTR) lviflussanSangaan

4.2.1 HAYIIEAEIUNENADANIATNNISHANNYTININ
nan15UssLTudneA1nn15LA RS 19T 1NuaIn BMP Test fidnaunay
AIARENBY PS:SS WNAU 1:0, 3:1, 1:1, 1:3 wag 0:1 (gﬂﬁ 4.3) NUIUS U udTay
(Cumulative CHy) V1A U 23,684; 36,394; 38,510; 39,973 wag 32,188 ml CHy #1U&1AU

lnedndiunay 1:3 ielmuazaugeigailoWieuiudadiunaudu q
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dlofiansanandniiiny (Methane Yield) Tuniae ml CHa/8 VStey (M54
4.5) wuiuaasdndunauilen 31543, 576.96, 689.66, 918.66 Lag 1,170.59 muady
Tnsnisgosaatsninazneu SS 1T (0:1) 1A Methane Yield gsfian uazilen Vs
removal $aeaz 78.11 §3geninfisrsaulusuideves Saha et al. (2011) uag Lin et al,
(2011) 7 oy Tur9fouas 10 §9 73 uazganiiaAf s1891ulag Bayr & Rintala (2012),

o w

Veluchamy & Kalamdhad (2017) uaz Lopes et al. (2018) (44.8 §13 417 ml CH, agisiltiednAey
og1lsfiny dndrunan 1:3 AlviAn Methane Yield uazfuiimuazangenindndrunandu o
iwﬁy’ﬁﬂ’ﬁeiaaaawmﬂmﬂau PS L%@Lﬁm

NANSNAFOUNERRTUSUIN ALads Methane Yield vesdndiunay 3:1
waneinseg el doddyandnadiunay 1:1 way 1.3 Aszduanudeduosay 95 d1uf
Wisuloudu q luandnstuegnaifedifny vasieiiu nnagnauiidnaiunay 1:1 uas
1:3 Liuananafulusudszdnsnamnasnida TCOD §saonndasriyu Sun et al. (2022)
fi519971U71 NARTNOU SS ffngn1NAISARIMUgINIININAZNDU PS Lazn133Iumin
fidndrunanresnINAnoudIALmIZaN (71 1:3) Pretasudnnimnisiasimuannd
TnduNaNdY

dlowSsuiiouuan TMP (Theoretical Methane Potential) mumn3199 4.3

wuin TMP Suwnltiuaraailodndruninnznou Ss iy Tnodadiunan 1:0 (PS) lie TMP
g9gm 1,437.07 ml CHe/g VSpeq wazanadlnde 574.33 ml CHy/g VS fidndrunay 0:1 (SS)
Feazsioudnugdan TMP vaanInazneu SS AeAninninaznay PS ag1adted1Any wina
N1SNAABINAUNU Methane Yield qvﬁulumﬂé’mmumam Taglanig 1:3 wag 0:1 LanIns
synergistic effect 91nN15USUaNAAAT C/N ratio wazn1sfianssunsdiidesaarsladng
TunnAzNoY SS FaaerinUseansnnuainissaumn

§P317138UTIMNa158UNT ¢ (Organic Loading Rate: OLR) 7 uansi1afu
luwpasdndrunauninagnoy PS:SS dnanafnan nn1stian19dinuy lnodnd1unay

1 Y a

aa = o A ) v v a ¢ a o o

#e OLR as¥ulusgaunsrsuudssuniselavenseduliadunidumiluauninfiviiny
lpanngu esnniivsunaduamnvseasduvsdiiuau usdled1 OLR agluszaunliauns
AudndlunauvesnInaznounsofnen1nueaunid vdwaliusednsainnisniidn

A5 UNTIUAYNITASIAIBTININAARY LAAIIALTAUIINITAINUAAT OLR Mnunzaud sy

]

windndunanduladedfnsenslinandnfinelmuiiatieswaragalunssuiunsd ogaane

wuuliltean@iau
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agslsfny winsveaeddunuiseidlda OLR Aoudhedn (0.2 8 0.54 ke-
VS/mi-day) wagsragnaniniiu (Hydraulic Retention Time: HRT) windu 31 Ju usnauls
UsgAvBamnistesaansuaynsadnineiimuganitlunatensdl Weisuiisuiuauide
#14A1 OLR §9n77 (1 018 3.7 kg VS/m3-day; Bayr & Rintala, 2012) agviauflesdngn1nves
nssammiinnIneenau PS wagninaznou SS Aduultuaduquitilunszuiunsdesans

wuulildeandiau

T T T T T T T T T T T T

, ||~ Primary Sludge (PS) o ||—=— Primary Sludge (PS)
6.0x10" o - 6.0x10" -
—@— Secondary Sludge (55) —@— Secondary Sludge (S5)
—— 3:1 (PS:SS) —— 31 (PS:SS)
—— 1.1 (P5:59) = —— 1:1(PS:55)
1:3 (PS:SS . .
asxiot J[F 13 (PsSS) 1 D asagr R 13 (Pe59) 1

3.0x10" 4 3.0x10" 4 4

1.5x10" 4 1.5x10" - 4

Accumulated Methane (mL CH,)
Accumulated Methane (mL CH

()

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

0.0

Time (d) Time (d)

5UN 4.3 nandnmuilinuazauain BMP Test lag (n) uansananfingiinuasas uag

() WaRHANAR BN UALANTAITN A1 INEANIZATUAN



AN5199 4.5 WSsuigunan1sNaaaInlafne N lun1sNAR AT ULAZHANISNAABIINNUIFD UMD VD

dadrunan (PS:SS) (NsAnwil) Fndunay (PS:SS) (1u3deilddnade)
Bayr & Rintala (2012), Lin et al. (2011), Karlsson et al.
Saha Bayr &
- P Veluchamy & Kalamdhad (2017), Hagelqvist (2011), Elliott & Mahmood (2012),
WsRes L t al. (2018), Bokhary et ot (2013) Fintala Bayr & Rintala (2012), Lopes et al
. . . . . - ' i R .
1:0 21 1:1 1:3 0:1 opes et a Yy (2011) (2012) Yy p
al. (2021), Bokhary et al. (2022) (2018)
1:0 3:2 1:1 2:3 0:1
HRT (d) 31 31 31 31 31 3-32 21 19 25-31 14 - 30
OLR (kg VS/mB—day) 0.54 0.47 0.42 0.32 0.2 1- 3.7 1.98 - 1 1.4 -18.9
VS removal (%) 46.47 76.11 56.55 12.88 78.11 1573 -71 10 50 70 29 -73
Methane Yield (ml
315.43 | 576.96 | 689.66 | 918.66 | 1,170.59 44.8-417 55 84 70 100 -519
CHy/g VSeg)

A15197 4.6 ARAY TCOD LagAuadLds (TS, TVS) Y89nINAENDUNANNDULALUAINSNAZRU BMP Test

a&z:?;ﬁjm TCOD Removal (%) TS Removal (%) TVS Removal (%) pH (Inlet-Outlet) VFA/Alkalinity (Inlet-Outlet)
1:0 66.94 51.66 a6.47 6.02 - 7.75 0.32-0.16
3:1 73.79 65.57 76.11 6.26 - 71.63 0.28 - 0.10
1:1 50.83 31.38 56.55 6.51-7.56 0.56 - 0.09
1:3 53.62 19.01 12.88 6.95-7.48 0.81-0.12
0:1 20.44 43.74 78.11 7.46 - 7.90 1.63-0.16
Blank 39.39 31.74 7 8.72-7.69 025-1.11

q8
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4.2.2  UsZANEAINNITANINAITDUNIIUALLEDESAINVDITZUU BMP test

N19ILATITRUTEANS nnuszUUNaR I 193n WlEA1 COD removal wag
A1 VS removal {umdn fannsnad 4.6 Tneen TCOD vesdndiunauninazneu PS:SS i 1:0,
3:1, 1:1, 1:3 way 0:1 ﬁﬁ’]LQgEJ 67,903.78, 52,749.14, 37,594.50, 22,439.86 Way 10,652.92
my/L Audiy uanafaUiinamsdunidgegaiianunsaasuduinedinmld

UsgAnSnwnnsida TCOD Ladwayi¥esas 66.94, 73.79, 50.83, 53.62 uaz
20.44 pid1du Tag Blank fiF1esay 39.39 deganiinsdesaarsninazneu S 13
(0:1) usisnimndndunauiiininazneu PS wansiiiuinisldninagneu PS e vie
nauRuUszANE nmnseoaans COD ladindn Snvednudn TCOD wasanshduanas
pdndunaniilininazneu PS fouas aenadesiunsvussmndunidiianas uazdumus
fiu Biodegradable fractions (Sun et al., 2022)

d19135UAT TVS removal Laﬁlaaqﬁ%aaaz 46.47, 76.11, 56.55, 12.88 uay
78.11 suasu Tnenisdesaananinazneu PS 1@ud ealias1saindadiunay 1:1
atnafitfudday vauedl 3:1 Tusnsannnisgesaateninazneu SS iRy Seaeiiouindnaiy
mamzney SS Tunndugieiulsyaviamasiind TVS iosmnduassunidfissnede

AUANULADETVDITEUU WUd1 AN pH neuniinayluyie 6.02 fis 7.46 uay
wé’wﬁﬂaqﬁ 7.48 99 7.90 6'?&@aﬂummtﬁmmsﬁmfamsa%’wﬁmu (Veluchamy, 2018;
Sawatdeenarunat et al., 2017) A1 Alkalinity neuwiin 751.67 89 7,380 mg/L wagnasnin
W udwdu 3519.45 &9 5,218 me/L Tneuannaians 1,000 me/L 7 wuzii wansds
AMNansavsssuulumssnwan ndwiieslan

d7U VFA nounin 1,225.20 99 2,579.16 me/L LaganaInaIniniuae
368.93 §19 1,589.40 mg/L donAa 8 uNIsE ouaatua1so unie i JuUssansaan
(Sawatdeenarunat et al., 2017) dna2u VFA/Alkalinity ﬂ'au%ﬁ’ﬂaq'ﬁ' 0.28 3 1.63 33

a

UNFAFIULNU 0.8 WAAIRIAIULELINITEUTIARUNTE WevaIninanasuds 0.09 9 0.16

3

£ saa

Fedseglunaeinason1suaningdinim (Berglund Odhner et al., 2012)
nsldnneEnay PS lagIvMsorautetiuUsednsnImni1sndnal COD uaz
A1 TVS lafind1nistesaaieninaznou SS13uAyd seuuiliadesaingsainan pH uag

Trliesmvunzau dwalvdneninnisudninedininegluseeud
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4.23  M5UsBEUUSEUTBULUUINGDIRAUNAAIEATIIN BMP Test

AsNAdauAnenINAISIAadnulaelywuudiase Pseudo First-order,
Modified Gompertz Wa¢ Modified Logistic (115197 4.7 wagg U 4.4) wu?1 Modified
Gompertz model Tnausiugriian lnoiien R2 gagn 0.986 9 0.990 uaze1 RMSE g
Soway 2.90 fia 3.56 avvisunuaenndesiuteyanismaassnnniuUUIady vz
Pseudo First-order TAn R2 f1dn (0.889 f4 0.946) uag RMSE 49 (3evay 6.97 f9 10.35)
@3 Modified Logistic w3l R? Aauv19g4 (0.978 i1 0.988) Usl RMSE fannnin Modified
Gompertz luyndndrunay sy Modified Gompertz model Favanzaufianlunisedune
daunamaninnaniinuresuided

9NHaves Modified Gompertz wuin A1 Lag phase () anasdlowfindnaau

NEUNINAENBU SS 18an 4.21 Ju (@adiunad 1:0; PS) wae 1.46 Ju (@adiuxad 0:1; SS)

N e r

LanataNTUTUAIveRaUYsENTIMITUluTEUUNnINAENaY SS g9 YeasviouRnunInes
nnegnau SS deulwdlunissanszuiunistalaslagasusiu nsdldndiunay 1:3 inafige

Tnedl Yield CH, d98n 918.66 ml CHy/g VSfed i1 A wiles 1.59 1u uagdnsiniswandinu

'
a1

2949 (R,) 1,750 ml CHy/d viathdunadnnesdusenavasdunidngesaaisladn (Slowly
Particulate Biodegradable) 4 sfiunludndrunausinand Junuzauianlunisualy
Uszenigsyuunaninedinin vasidndiunaudu o wu 1:0, 3:1, 1:1 uag 0:1 1 Lag phase

Y1IUIUNTN



Accumulated Methane (mL CH4) Accumulated Methane (mL CH4)

4x10" -
3x10"
2x10"

1x10°

(n) Primary Sludge (PS)

Time (d)

35

4x10"
3x10"
2x10"

1x10*

(9) 1:1 (PS:SS)

5 10 15 20 25

Time (d)

30

35

q 4
101 (¥) Secondary Sludge (S5) 1 ¥ 1 (A) 3:1 (PS:S9) T
3x10° 4 3x10° = 1
2x10° 4 4 2x10° - .
1x10° 4 4 1x10° - 1
04 1 1 ; T 1 T 04 T T T T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (d) Time (d)
4
4x10 1 E
* (3) 1:3 (PS:SS)
3x10° 1 -
1 T Experimental Data
2x10" T .
~ Predicted Data-First-order model
1x10" 4 Predicted Data-Modified Gompertz model
1 Predicted Data-Modified Logistic model
0 L] L L] L L] T
0 5 10 15 20 25 30 35

Time (d)

'
o

UM 4.4 HandnilnuazauveInInagnouraNdnd IuNaNs19 9 Aviuemelusunsy SPSS
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A919% 4.7 AIASNINIBUNAAIAATINN BMP Test NdnaIUNELAIN 9

dndrunan (PS:SS)

AAsTisarans
1:0 3:1 1:1 1:3 0:1
Pseudo First-order model
CH, Yield (ml
275.78 524.64 633.07 844.71 1,075.55
CH4/gVSfed)
P (ml CH,) 18,465.39 30,388.08 32,611.12 33,860.68 27,029.40
k(dh 0.049 0.058 0.061 0.061 0.059
R? 0.889 0.931 0.943 0.945 0.946
RMSE (%) 10.35 8.19 7.36 7.19 6.97
Modified Gompertz model
CH, Yield (ml
315.43 576.96 689.66 918.66 1,170.59
CHy/gVSeq)
P (ml CH,) 21,120.47 33,418.45 35,5626.22 36,824.93 29,417.78
R (Ml CH,/day) 1,029.95 1,614.38 1,702.63 1,750.36 1,366.34
A (d) 4.212 2.292 1.731 1.590 1.464
R? 0.986 0.989 0.990 0.989 0.987
RMSE (%) 3.56 3.07 2.90 3.05 3.28

68



A15199 4.7 AIASNINNSAUNAAIEASIIN BMP Test NdnaUNaNAS 9 (5iD)

dndrunan (PS:SS)

AAsTisarans
1:0 3:1 1:1 1:3 0:1
Modified Logistic model

CH, Yield (ml

327.20 594.49 709.47 944.95 1,205.26
CH4/§VSfed)
P (ml CH,) 21,908.21 34,433.82 36,546.73 37,878.94 30,289.10
Rm (Ml CH,/day) 1,028.31 1,571.31 1,643.13 1,686.53 1,316.74
A (d) 5.016 2.824 2.150 1.994 1.852
R? 0.988 0.985 0.984 0.982 0.978
RMSE (%) 3.39 3.75 391 4.13 4.46

06
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4.2.4 nsUszgndldrnaaunariansain BMP Test

\iDaNUUUTTUY Two-stage CSTR

NAN153LASILRUUUTIaDITaUNAAIEAST A1 Modified Gompertz model
Wunuudrassilvimnuuiugigsiian Tnefian R2 ogflurag 0.986 fis 0.990 uaz RMSE A1gn
Wieedonay 2.90 83 3.56 §eaziiounuarunsalunisiunswuldunisndn e
IelndiAeafua1a3auann3a Pseudo First-order uaz Modified Logistic ka1 R sndn
wazdl RMSE gendnegeilifedfny nadnsnenaiaenndasiusneaIuyad Sun et al. (2022)
Fawuin Modified Gompertz Tanuusiugigeanlunisesuissaunaransvesnsuaniliny
Pnnnagneu tnefien Rz 110Nt 0.98 way RMSE snindeeay 5 wuieniu

Jofinsandimisdmes ldainuuusiass nu3n Lag phase (\) anas
aunsindnauvasninazneu SS Taean 4.21 Su (Msdesaalsninazney PS Waaen)
waeLies 1.46 Yu (M3devaaneninaznou SS BaAe) uandliiiufiansususuesqdumnsd
firmdtulussuuiifinnegnou SS g9 wltudaenndestuauues Sedighi et al. (2022)
FIFNBIN158 08AAETINVBININAZNOU SS WAZLAWEINT WAZIUTT Modified Gompertz
A0 PUNITANAIBISEYELIAT lag phase La7An11 Modified Logistic Inaan A anas
970 2.13 Fu wideiiies 0.84 Tu

uananil nnagnounaufidndunay 1:3 Wuandaiduiign lnedan Yield
CHg g980 918.66 ml CHy/g VSpeq WaEHIA18MIINITHANN1WE9A (R,) 1,750 ml CHy/day
Feaonndosiunanisfineves Zainal et al. (2022) way Hossain et al. (2022) 518971731
Msiudndiuansdunssigesaaslsdiietaeiia Yield CH, 1lndiAes 900 ml CHy/g VSiuy

wazdusinseuiunndniglugaenu e Zeynali et al. (2025) AnwinnaznoumAUIa

a0

wuswildulnaiAesiu Aensiintanigesaanalaievinlian lag phase anasmoiilos

q

IS Y 1

Tavasy s1uidedduduiinisld Modified Gompertz model iuuuanis
fumnzauiigadmiunmsssunenalntaunamaninmsanfivuannnagnounay Snviads
Fnduinsiiudadiumesninaneu s iiiesiieane lag phase usdtheiasudnenm
Tunsudnfefinuszezenn deanuaonndostazatuayunasnauidenount

Y LY

RN ERRLT
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4.2.5 nsweuledna BMP Test gnisitvuaeulunisiaussuy

YANAABY Two-stage CSTR

PNNANIINAFOUANEAINNITNEANILTININLABAS BMP Test Wuin dnau
WENNINAZNDY PS:SS 71 1:3 Taussaugilanwsiu Taglian Methane Yield gagnil 918.66 ml
CHa/g- VSteq WaZdlA1 COD removal winfiusesag 53.62 %qqm’hmsﬂaaamEJmﬂmzﬂau SS

a N

LA 829819l T B AN INED A NISIANAAIUNANYDININAZNDUAIULAUAINEA 1D
Feafanumnzanlunisinluldiduansd sdulunisesnuuuszuy Two-stage CSTR
wuusewies ieUsuduusyansnnlussdunsinauase

A159BALUUTEUU Two-stage CSTR fis1azidundinsnsil 4.8 uayguil 4.5
Ty CSTR 1 viwthilduda hydrolysis-acidogenesis SUsumsuinsal 3 L U UAUgNaNg
15.24 e WagAAGe 19 cm WuszUUT HRT 1.6 Yu vauzdl CSTR 2 vimiiil acetogenesis—
methanogenesis fU311nsU Nl 22.5 L LdusuAugnatavafiy udaenda (126.81 cm)
Auszuuil HRT 24 $u FasvaziBeanuumaneairauandlumanuan v eszuugnesniuy
I%5ien OLR 128 0.44 kg VS/m3-day Wa¥s¥ezIanAUSEUUT LA 220 S 1l as1anq

NYUTeTEUUgRsaatesauulildeen@iau (Anaerobic Co-digestion: AnCoD)

m'i']\iﬁ 4.8 AINTTLAUIZUU Two-stage CSTR

_® ANNERUTTUY
NIFILLHDI
CSTR 1 CSTR 2
Feed fogunas (PS:SS) 1:3 Effluent CSTR 1
Volume reactor (L) 8 225
Dimeter (cm) 15.24.(6”) 15.24 (6”)
Height (cm) 19 126.81
HRT (d) 1.6 24
6.65 0.44
OLR (kg VS/m’-day)
0.44
Operating days (d) 220




Biogas 1.66 L/d

»

|
: |
| |
I |
I |

| i >

| : Effluent CSTR 2

: | 0.82 L/d
| |
I |
I |
I |
I I
| |
|
Biogas 0 L/d : |
|
r_____________________! Recirculated |
: Effluent CSTR 2 :
Primary Sludge & | 84 L/d |
| Effluent CSTR 1 to CSTR 2 |
Secondary Sludge (1:3) | I
0.82 L/d I
1.64 L/d : |
| |
| |
| |
| |
| CSTR 1 CSTR 2 |
: Ver 3L & HRT 1.6 d Ve 22.5 L & HRT 24 d :
[PEEEPEPEPEPEDEDEG. | "SRR L | S DS, . L

—»  Sludge discharged from CSTR 1 0.82 L/d ——>» Excess Sludge discharged
from CSTR 2
] o a
JUN 4.5 aunadnsIN1slvavednIsiiusyuLuveYnnAaed Two-stage CSTR

¢6
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Snuazveninaznounauidnduna 1:3 Aldiduasdeiu uandunisd
4.9 Tned A1 TCOD 1ad & 42,019.17 + 12,888.14 me/L waz SCOD vad o 23,911.17 +
8,304.86 mg/L 6’?}&asﬁauﬁqﬁ’ﬂamwmaamiﬁuw%ﬂazmaﬁwﬁsjaaamadwlmzéﬁ’uqa A1 pH
gl 6.96 + 0.16 IndiAssdvanzmuzaudviunisadisfing (6.8 fe 7.4) uazden
Alkalinity 1@ & 2,130.37 + 377.81 mg/L as CaCO, 3 uiftvanalun1sinwiaunanin-aa
Tussuu uenanil A C/N ratio 1nfis 84527 usfagAeudnegs usllddswansenusionisvsin

Wntin WesnninagnauNauiiesdusenauvesansduysendesaanglainegs

N1388NLUUYANARBILUUABLTBY Two-stage CSTR Inglddayasnn BMP

Y

[
a ]

Test \Jugutoyas1ada Faglvianunsaivunaisenuuuiidemiumansauviaiiy HRT, OLR
LazaunaansauNIg Feagviouian1sysanssenitanisnaaedluseauresifinisuas
nsUsegndldasslusedvgnaivnssy viliknanisuseliuiladainuundefouazaiunse

unlUlgaivayuniseeniuussuuraaing@inmndsgule

4.3  NISAUITUUADLUBIUDIYANARRY Two-stage CSTR
IINHANIINAFOUANENINNIIHANT 19T 10U AU RIUJURANS (BMP Test)
lavgrenis@nuilug nisnnasatduseuy Two-stage CSTR AneldnisUdausinisg

WUUNFBLTEBY WBUSEEIUAMULEDESHALUSEANSNANUBINTLUIUNS AN MENNAABY AU

'
a

MslEnuass mifinwaseuagu (1) MISUFUTEUULaENISUTUaN1ENMSINNY, (2) Msiamy
UseAnSnmnisgeangilagn1sHani1wda01m, (3) NIANYIALAANIRAITVRITEUY kY

=l

(@) MTIPTelATEI NN AU ENTUNUIMEAsanseUIuMstaraanawuulilldeanBiau

431 N15BUAUTTUU Two-stage CSTR
HaNSAUTEUULEYIe 24 Tulsn axviowdnseuy Two-stage CSTR §eagluy
s¥ezUsuM (acclimation phase) 1@l pH angmeNﬁmmzawiaﬂizuauﬂwiLuwﬂIuLﬁ]Lu%a
(6.8 f14 7.4) uaga Alkalinity Tuurlefui ud u (1,200 94 1,800 mg CaCO4/L) Lansd4
NN5a519T T HeS A LT BaWe vazd A1 VFA aq’lum’amﬁﬁqﬂmﬂma (200 94 1,000 mg
CH;COOM/L) wawdadau VFA/Alkalinity <0.5 (3U7 4.6) Fhszuudilsifinnnzninaya
ﬁmqmmwﬁ{"}ﬁqumﬁ TCOD way SCOD §amsga (Uszunay 19,000 fia
38,000 waz 9,000 914 19,000 mg/L AINAINY; M91991 4.9, E‘U‘ﬁ' 4.7) wardaluinnisuan

a

fadan1m (=0 mL/day) BadudnvauzUnfivesszey start-up 9aunsgngu hydrolytic waz

q

acidogenic fipeUuiuazaivaunaiuadunIdnguumIluY
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dlawssuidisuiunuideneunii @ Laig Ur Rehman et al. (2019) uaz
Lin et al. (2011) fis18971usz8y start-up 20 89 30 Fu WUIN5EEANYRIUE (~24 Fu)
ogluthilndiAssuazasnadesiu Tnsealdsudvinasiner TCOD fideudnags (=42,019
me/L; 151971 4.9) wazdndrunaunInazney PS:SS 7i 1:3 fidosemswaningluszezen
wigasldnanivaunatisiu annsnaguldinssuulunuitedianuafioslusseztudy
uazndoudng steady state Ingliiinnnizdudnnsnaran Fauduiladoddysenisndn

AaTinmeseliuseansanlussessaly

4.3.2 UsLANSNINIZUU Two-stage CSTR

d‘ a U 1 d‘ 1 U
INAITNN 4.9 LLagNanNITAUIEUUSaDm 220 71U WUINNITRBALLUUNLLHNA1NNU

5¥1719 CSTR 1 ha® CSTR 2 @9HALAYASIADLED TAINWLAZNISNANN 1T ININ tae CSTR 1
losumsteuansBunidnilainududues (OLR = 6.65 kg TVS/m>-day) Uay HRT du (1.6 Ju)
YedgN CSTR 2 A1 OLR si1n11u1A (0.21 ke TVS/m>-day) tag HRT 817 (24 Tu) anwag
Y] ! v v & | ° v A & ) Y] ° ) a Nco v
fanaasauliiull CSTR 1 YNnumdud i nnsadInsunISaa1gansouns g uay
d@7U CSTR 2 YintAnantun1sUSuLafgsnInwaznISHANA19TINAIN MIHNANISHUSEUU

guduin CSTR 1 Wlasnsonaningla Tuvasdl CSTR 2 Wil3uaudi (lag ~35 T1) udauIse

Wngmsnaniwegwioiios lnenudseansamaiusiig 9 Awisluil

4.3.2.1 anudunsa-ansnaziniwes
A pHuazdnd1u VFA/Alkalinity ¥eazveunalnasnanala

o

SRR LA (gﬂ‘ﬁ 4.6) 1o CSTR 1 fA1 pH 6.9 &9 7.2 Indiearuaninznsa vauedl CSTR 2
A1 7.3 0975 aaﬂuszmﬁmmzamiammiuwu Faunnensiuegefiedday (p < 0.05)
denndasiuauuad Gensollen et al. (2022) 5189UINAIILUANANTBIAT pH SEMINsa0IE:
UeuonianssuimuUeaTaiianizenzas tenanni dndau VFA/Alkalinity Tu CSTR 1 fiAgenin
1.0 dviounsazaunsn vaiii CSTR 2 ansndt 1 egeasiianevndsiuil 80 wanafeinines
Wigewe dsauayutedunuves Hasan et al. (2018) waz Markphan et al. (2020) 3758

ADITUNDUANNTNINNITAMENTAAULAANINTEUUTUNDULREN

4.3.2.2 UsZANSAIWAISN1ANDUNTE

AUTUUTEANTNINNNTANINDUNTY STUULLEANATIABUIN9UIND D

lagAn TVS removal agluyieiosar 84.03 fis 99.06 (3UN 4.7n) wandlmiiuInNIseasaane

Y
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a159unIdvwdadulusgraliusednsnain wiinasianusuniuluuieie vugia TCOD

'
o a A

removal 1pABifiBsForas 50.28 + 6.66 (FUT 4.79) waznndufuAAadututiisifag
(20,553.98 mg/L) avvieuiatedinvesssuuiidsliansaandunisavansinldetareiios
dauein SCOD removal Wds¥ovay 57.10 + 4.65 (U 4.7a) wansfanisannadiosnim
syuvegeilltfod iy nadngddenndeaiu Donoso-Bravo et al. (2015) 183155 UULUY

dosupauilauanIalunMsiuNMsaaed U dNavaeumnasnsamutan s liatius

4.3.2.3 5199 1SHALANAAYAUNITE
Tud1us17 91115 NUIIAT TKN 989 CSTR 1 dA3108UNIUgS
IngunayadiAAY 70 me/L vadgl CSTR 2 Aoud19AaiuINAdn (5UN 4.8) n1snaaey
ANOVA 8u§UA1UBANA195ENI19d8369 (p < 0.05) a291audInuLANA19U89Aans sy
WAMUBATY wenaNtn1savau MLVSS 71g9n31 60,000 mg/L Tudui 152 YIrdn1siiy
o a a6 ! LY L v s CY v L2 ] U a a6 . Al 1
FUIUAUNTE UANFUFNRUSHNRUAUBNTId IS 0aUNTE (F/M ratio) 71 lalauna

Feo1vdmaliiinnsduginisnaningmnliniuauegisminzay (Zhang et al., 2022)

4.3.2.4 MINAANYIININ

NANARN19TINN (gﬂﬁ 4.9) Wui1 CSTR 2 SunAnfandsanssey
U¥ui uastituduauiergedn 3,060 mi/day Tuiudl 60 & 127 fAnadonisude
fuganind 1,664 + 752.23 mL/day laeila Biogas Yield winfyu 4.85 + 1.80 mL/g-
TVS emovea-day dauamaaajﬁ%aﬁa 435.97 + 52.65 mL/day Iaglug19918999015M0a 03
1A Biogas Yield anad Wi1AU 1.8 + 0.48 ML/g TVS emoveq-day hansfistgyninisanasves
falusyzvngaonadesiuneaues Zhou et al. (2022) fiosureiimiuvuuudun3d
ﬁquﬁulﬂawé’fug'qmiﬁ’mmmL.wﬂuwuléf

INANIAUFIOEIUUU Grab Sampling 2 ASsly 1 T wuwanan
fradanmanauieldiegrsainseud 2 eswndan VFA wisuiies 769 me/L Fesindn
gaafufl 30 8 80 Aifien VFA Ussunas 1,562 me/L wazlvnananiNvg Yaueiian Alkalinity

o A a

Tugaeiun 80 fia 115 dAnadiegads 2,174 mg/L Fs0n3aevioulnseuvagluynydunsd

(% v s o

Mdssudmselinneirinesgaauinlinssuiunisaseineveasdy egnelsiin nandn

v o
=

Aggan N uN ALY UDNATIILY9TUN 115 D3 130 lnediAady 1,894 mL biogas/day

LAADINTTHUAIYDITTUURAENINGUNNTAaNAaTENIN VFA wae Alkalinity BnAss
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N15LAUTEUY Two-stage CSTR lunisurdaninagnouduLliu
NL5UNTEAET ILARAINN T LAT TN anAA-INITAYANNTA WazATUAYY
nsuAnfinedInmsaiiodls wildn Biogas Yield deaglusgduuiunans winwiliaennges
AUSIB9UNDUNTA (Hasan et al., 2018; Markphan et al., 2020) Ngududolaussuvesseuy

g =) & a 1 [ Y 1
dostunauwmilotuneauifed ag1elsiniy ANNAuUNINYeY TCOD wazlamanuliaunaves
A1 F/M ratio Famailudadnind1dy denislasunisusulsedienagnsaivaunisdeu

=) Y

AN5DUNIINTDNITIANISTILIALNBLALNANAR A TLAS ANULED 8T LT L L)

4.3.3  WNANITNUYDINTAZAUNINAZNDUEIUNY (Excess Sludge Accumulation)

AU ANSA NN TNARAIYYININ

wilslutadendniiodurenisanaswesusuafiedinnlussegsineves
AsLAusEUY (3UA 4.8%) Aenisit LildTnsmdnninnzneudulAusenainsyuy
ogsaane wiiszuvasdnganiizasiuda urdenaiuszuudedosneliieuly
MsAIUANIE UL BT UT s sEuUTiafiosam 1 esandesnsussiiuauseieswes
UszAnsamszuuidlelifinsszuieninaznoudrufussnvidouluszuufuanisada
wazii olWaunsnaziounansenUaINNIsarauT 18R 0LAT 8N NLAZANTTAULVDY
NI¥UIUNITLI R 1 TALIY Tagnulninnisazauusdiulaluds (MLVSS > 60,000 mg/L;
AN5197 4.9 LLazgﬂ‘f?f 4.8%) uazi1g919 endogenous UYINEYBINITAUTEUY uonand

LY

gdanansenuviateuszng feil

4.3.3.1 anuliaunavas1dnsidiuanisiegdunsd (F/M Ratio)

A o a a a A PN A o q v
\dlalinsavaugdun3dlulSunags wivsunaemnsndeuni vinli

a Y 1

A1 F/M ratio fin3evsnzay Aaguit 4.8v Janneldaniigil 9duvsdasiing endogenous

q

respiration Aeviululdarsdrsesnelugasunuy dwalinanssunIUoaTUanaILAZN1INER
Aatilvnuanas (Metcalf & Eddy, 2003)

4.3.3.2 A1SNANSEUENTIATIE519 (Mass Transfer Limitation)

ANsazaNveIt1uIaf nukdusn uluvinliii e diffusion barrier

'
=~ o w 1

FA91AANITUNTVOIA IR Y WU VFA uazlalasiau 1WgadunIdumilulay nasnsae

eansfudsludangninsenszuiumaumluanga udasasmuazddleglussuy
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A19199 4.9 HANSLAUITUUSEUU Two-stage CSTR Tutsiissuuiinnuiaies (Jui 60-127)

N150M835

Influent

Effluent

pH

6.96 £ 0.16

7.25+0.18

TCOD (mg/L)

42,019.17 + 12,888.14

45,129.25 + 12,284.27

SCOD (mg/L)

23,911.17 + 8,304.86

12,585.25 + 6,138.53

TS (me/L) 35,469.62 + 17,193.44 1,922.10 + 822.10
TVS (me/L) 10,640.89 + 5,158.03 576.63 + 246.63
VDS (mg/L) 1,171.92 + 644.48 -

Alkalinity (mg/L as CaCO,)

2,134.37 + 377.81

2,317.09 + 654.69

VFA (mg/L as CH;COOH)

1,460.18 + 468.68

188.97 £ 104.96

(ML biogas/g TVS,cmeveq-day)

TKN (mg/L) 64.18 + 22.21 16.61 + 3.01
C/N ratio 845.27 + 758.93 2,796.19 + 852.38
TVS removal (%) - 91.55 + 10.63
Biogas Yield - 4.85 + 1.80

(116.98 mL biogas/g TVS;.)

Biogas Production (L/day)

1.66 + 0.75

4.3.3.3 M3EULNULYBIRAUNTY (Self-Inhibition)

UYL Zhang et al. (2022) Fan1siFamraazauuniuly

Inglifinisauau 81avilig

a

YUBUIAUNIL0Y denaliiaunaseninagaunse

q

a6 a

AUNTYLNANTIL

a 6

waziinAuliiafoslunssuIunsndnilivy

4.3.3.4 nansenunae1gnznay (Sludge Retention Time: SRT)

“self-inhibition” 1H#8991nNSkY9TUAUN1eTU

acidogenes Wz methanogenes Qﬂ‘ﬁﬂma

Li et al. (2019) 5789771 @1gmgoY (Sludge Retention Time: SRT)
Juthdedfyseaiiosnmeesssutgesaamaiuuldldeendiau minlifinsidnninagneu
dufiuoonannszuy szuvazingnnie “overload MeTin” usidn OLR 9zAsil aenndes
fuimuluniseisuansainnsanasmeananinalutasing wiranndududunidundn

o w

azliasundasedslidudAgy



VFA (mg CH,COOH/L)

3,000

2,700 4
2,400 4
2,100 4
1,800 4
1,500 4

1,200

900 4
600 4
300 4

Time (d)

80 100 120

140 160 180

200 220

(A)

20

40

60

80 100 120

Time (d)

140 160 180

200 220

Alkalinity (mg CaCO,/1)

VFA/Alkalinity

3,500

3,150 4
2,800 4
2,450 4
2,100 4
1,750 4
1,400 4
1,050 4

700 4

350 4

2.50

80 100 120
Time (d)

140

160

180

200

220

2.25+
2.00 4
1.754
1.50 4
1.25 4
1.00 4
0.75 4
0.50 4
0.25 4

(9)

0.00

20

40

60

LI |

80 100 120

Time (d)

140

160

180

200

220

—&— Influent
—#—— CS5TR1

—&—— CS5TR 2

SUTl 4.6 FrmuLafiosvessE UL Two-stage CSTR napnszeziaInsnaaed tiuA () A1 pH (@) A1 Alkalinity (A) @1 VFA

waz (1) A1 VFA/Alkalinity

66



TCOD (mg/L) TVS (mg/L)

SCOD (mg/L)

2,000
1,600
1,200
800
400

48,000
38,400
28,800
19,200

9,600

24,000
19,200
14,400
9,600
4,800

100

.. | Q0 | ! | | ‘. |
.....'.

0 (o
O SO0 S TR

- 80

95
90
85

100

75
50
25

100

75
50
25

Time (d)

SCOD removal (%) TCOD removal (%) TVS removal (%)

220

—J}— Effluent
—{_— Efficiency

JUN 4.7 UsgdnSamnisidnansdunid lawn (n) Yseangnmn1smana TVS (v) Usednsamnsindaen TCOD

waz (A) Uszansnimn1snidnal SCOD 9893UU Two-stage CSTR

007
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100

90 4 —8—CSTR 1 i

—&— CSTR 2

80
70
60

50 4

TKN (mg/L)

40 4
30 4
20 4

10

—t . r - r~r-T1rr 11T 1T 171"
0 20 40 60 80 100 120 140 160 180 200 220

(ﬂ) Time (d)

70,000 4——r—+—F———F—+——7—"+——7—+—717—+—71T"—"—T71+—71+—7—7 010

63,000 —— MLVSS

—O—— F/M ratio

56,000 =
] L 0075
49,000

42,000

35,000 - |- 0.050

MLVSS (mg/L)
F/M ratio (d™)

28,000

21,000
L 0.025

14,000 —
7,000

0.000

T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220

Time (d)
(v)

UM 4.8 Amfiwesauansemsluseuu Two-stage CSTR oA () Arlulasiaulugy
Y09A1 TKN wag (1) A1vesudawvinasgluszuuiaydnsdinemisreqaunse

(A1 MLVSS wag F/M ratio)
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3,500

3,150 —- -
2,800 _-
2,450 _-
2,100 -
1,750 _-
1,400 _-
1,050 _-

700 4

Biogas Production (mL biogas/d)

0 20 40 60 80 100 120 140 160 180 200 220

Time (d)

JUN 4.9 Usinauiadinminanlaainssuy Two-stage CSTR

4.3.3.5 anudesian1sgyideaiesamssuulussezen

n15dzau excess sludge YIlAANUNALA (viscosity) VDIUDILAAD

lutegeiiy dewalinsnaunaznisnszateanse msiuseuuaegusednsain mnliaiuay

WNAAAN™ME short-circuit ¥asNslua ¥3a1An dead zone Tufe Fansenumeaniseaeaane

AUV IWALNISNAN A

4.3.4  @UNAUIREITITUY Two-stage CSTR
NAITNN 4.10 WazUN 4.10 ULARINANITIATIEVNAUARNIAAITONMITNEGN
(C, N uag P) 9945¥UU Two-stage CSTR wudnweazn1silasunlasiiunnsnsnuluunagzes

[
Y A

Ufinsal lnganunsnedunglanadl
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4.3.4.1 aA15uau (C balance)

lu CSTR 1 nuAaunansuewduay (-0.21 ¢ C/day) aziioufis

dunsdAnTueeetiuszansamlutunaun1ndnnsa (acidogenesis)

[
a0

yaugdilu CSTR 2 wunnsazasn1uaugs (+2.09 g C/day) Jaustid

v a ¥

a N eay & o A | ¢ a i v
EN&Iﬂ'ﬁ@u%iEJVII@JQﬂLlfda\?LTJUﬂ']‘USU'Jﬂ']WE]EJ'NaNyﬁm ﬁ']LW@]@']‘ULﬂﬂ"U’]ﬂ (1) AANULYUYU

a ¢a

a159un3 g Jaugs (TCOD 42,019 mg/L; 1151991 4.9) %30 (2) Nazanalsdunsgn
gogaagen (slowly biodegradable) Fegananaariunan1suanfing@Inmlugui 4.9 Mians

wiIluuanaslusEeLng

4.3.4.2 lulnsiau (N balance)

s

aunalulnsiaulu CSTR 1 1ndeug (-0.01 ¢ N/day) Ut

13n153 bovAa
lulnsiauluszuulaegnafiusz@nsaw
Tu CSTR 2 wuAuan (+0.16 g N/day) uansdsnisazaululasiau

P 1%

lusuBiiadiunid Jeaennnesiudaya MLVSS Mgnd1 60,000 me/L (3UH 4.8v) lag
nsazaululasiaudnvaedazioufanisaiayidulnvedunid uwimnlddinisaiuay
N13MIANINAznaudILiueenINTEUY 21991AT F/M ratio anasuaznanisudnfing

Tuszuze1n (Metcalf & Eddy, 2003; Zhou et al., 2022)

4.3.4.3 Waanada (P balance)
aunaveanedaly CSTR 1 fadndesiliuau (-0.01 g P/day) wansiiy
nsilUlglunsdansziigad
Tu CSTR 2 wur1uan (+0.16 g P/day) dgvioudsn1sazaunoanosa
Tuszuu s?fmﬂﬁmmsamiaLﬁmawﬁﬂﬂa‘imsmﬂmzﬂau (precipitation) ¥83a15Usen8U

WoRLNe LU struvite %30 hydroxyapatite LLazﬂ'aiﬁl,ﬁmﬂzgmmiqm@fuﬁuaqswu

Nan1sAnwIaunaudaaIsasouliiiud ulseuy Two-stage CSTR
avannsanUasansdunidlaluseiunile widiinisazaunsuauadly CSTR 2 vagnauna N
wae P wansdanwildunisazanluzuiimauinnitnisgnudasdufiiedinin denadeariu

A1 C/N ratio Migaunn (845 83 2,675; m15199 4.9) Beldmunzauseanisduaseilusiuy
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aun3d yilgdunidvinlulnsiauiaze1amgansiauln daNanednsInNIsHanineTInn
(Li et al,, 2019; Zhang et al., 2022)

Wolfiuszansammsudasafueudufietnniw msfinnsaniiadude
(1) MsuFuan ON ratio Tfeglutsimangan (20 fa 30) dunsiAnlulnsiouady (Wu
urea ¥3® ammonium salts) (2) 115AIUAL SRT KATAITAITANINALNBUAIULAUBEN
9nszUy edesdunisazan N waz P Tusudimaunniiuly uaz (3) n1susuusedn OLR
Tagnisanniszarsveulu CSTR 2 nioldszuuiasy 1wy biofilm %38 granular sludge

d' a a a ! a A ea ¥
L‘WE]LWNU?%EV]ﬁﬂ’]Wﬂ’ﬁEJ@ﬂﬁaﬁﬁlﬁ?iau%iﬂﬂﬁlaﬁlﬁl’lﬂi@

A19197 4.10 AUNRUINAITBINIFVBITEUUTEUY Two-stage CSTR

CSTR 1 CSTR 2
1591915 AMB s¥UU
Input Output AMB Input Output AMB
ASUBY
7.36 7.56 -0.21 3.78 1.70 2.09 1.88
(G, ¢ C/day)
Tulmseau (N;
0.59 0.61 - 0.01 0.30 0.14 0.16 0.15
g N/day)
Weavaia
0.079 0.103 -0.023 0.051 0.056 - 0.005 -0.03
(P; ¢ P/day)




Massbalance Delta
1.88 ¢ C/d (25.54 %)
0.15 ¢ N/d (25.42%)
-0.03 g P/d (-37.5%)

Primary Sludge &
Secondary Sludge (1:3) [ gua [
7.36 g C/d (100%)
0.59 g N/d (100%)

0.08 g P/d (100%)

Effluent CSTR 1 to CSTR 2

Biogas 0.89 g C/d (12.09 %)

Recirculated
Effluent CSTR 2

3.78 ¢ C/d
0.303 ¢ N/d

CSTR 1
4.97 ¢ C/d, 0.42 g N/d,
0.103 g P/d

0.05 g P/d

CSTR 2
4.91 g C/d, 0.43 g N/d,
0.049 ¢ P/d

Sludge discharged from CSTR 1
3.78 ¢ C/d (51.36%)

0.303 g N/d (51.36%)

0.05 g P/d (62.5%)

Effluent CSTR 2
0.21 g C/d (2.85%)
0.089 g N/d (15.08%)
0.05 g P/d (62.5%)

Excess Sludge discharged
from CSTR 2

0.6 g C/d (8.15%)

0.052 g N/d (8.8%)

0.006 g P/d (7.5%)

JUN 4.10 ununwaugasiaansemsasueu lulasiau wagrlealesavesszuy Two-stage CSTR

10}
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4.3.5 WAN1TIATIZAYNYUNINRAUNTE (Microbial Community)

[ a a ¥ a

Naﬂ’ﬁLLEJﬂLLﬂS‘-U’]LLuﬂ@auVISEjﬂ’JEJL‘Vlﬂ‘lm MALDI-TOF MS (Gﬂi’]\‘iﬁ 4.11 uag

U7 4.11) uandliiudian1sdaduning (functional stratification) vea9aunsgsening CSTR

1 uag CSTR 2 Miunnansiuegwdldedrdy lag CSTR 1 vimindindnlunns hydrolysis uag

acidogenesis Uz CSTR 2 dunuimaulunszuiuns acetogenesis Waig methanogenesis

4.3.5.1 laseadeyuyugdunsdly CSTR 1
1w CSTR 1 wu71 Bacillus cereus 18 uanewus i ulunnaniiz
(MALDI-TOF score 2.189 i1 2.303) agvipufisunumdrdglunszuiunisgesanieivaglaa
wazialiwaglaaainninaznaunszae dueuley cellulase wag xylanase (Normand et
al., 2017; Morel et al,, 2018) 13Uu#l 35 °C dsnalvFruanuuaiForfindundn 5.6 i
(42.00 x 10° CFU/mL 18Uy 6.35 x 10° CFU/mL 7 28 °C) § s@enndesiugmngd
alafaniivnzaudoeuleilolnslain (Zakavi et al, 2022) wavdsnalinsaansfives

¥
a6 a =

ﬁ?i%ﬂﬁiﬁlLﬂ@%Ui?@L%’ﬁu

4.3.5.2 lnseadneyuyugdunsglu CSTR 2
yuvuluy CSTR 2 Auvainvatsuind u laswy Bacillus
megaterium (score 2.232) wa ¥ Bacillus firmus (score 2.012) F 9T unuanan Aoy
Tunszuaunis acetogenesis Inevimtinfioandlad VEA Ty acetate uaz H, daduansa
AUVD methanogenesis (Hsueh et al., 2014; Mortelmaier et al., 2019) uaﬂmﬂ‘fi gINU
Bacillus subtilis waz Lactobacillus plantarum Fuduanewusiianusanuanizdunsa

]

wavdieUsuaunaszuula

4.3.5.3 NAYDIUNYAUAZINNIUIBFABYNTUAUNIE
MsULfl 35 °C meldmsinuniues duadun1siaSyves B firmus
was B. megaterium Feflanuiendesiu methylotrophic metabolism tnesusunuafise
Mo VSS Wiiudu 1.8 15 (9.72 x 10° Wlsuiu 1.47 x 108 cells/g VSS 71 28 °C) (Khot et al,
2012) MsufuUasusananagioudsnudavg uvosyuruadunislunisldiuniuea
\Ju co-substrate LagaoAAaBINUIIBIIUVDS Kim et al. (2015) wag Schulthess et al.
(2016) finu31 mesophilic temperature (35 °C) Wa8tasuAINs T 8521319 hydrolytic

waz methanogenic guilds aAN15azaNBY VFA LaZIiNAMNULEDEIVOITIUY
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4.3.5.4 4931119V8IN1531ATIARATLLIMIUTUUS
winamsuenidoszuannisdsuudanddasiadrveuaiise
uiilalan1150¢ 29U archaea N methanogen T#lagnsa 1189970 MALDI-TOF MS sjaitiu
nssuunuuaiseldundn (Vianna et al, 2021) dwmalbilianunsoszyaeiuglvuay wu
Methanosarcina #se Methanobacterium téegns¥aau faiusinisiasusenisinsig
fusunng wWu merA nienisidmaia hish-throughput sequencing Lt aUszLiuuNUW

methanogen HagAMuFUIUSAUNTHARATIN NEE9IIUE (Schulthess et al., 2016)

- B. cereus

100

100 4

80 4

60

40 -|

% of bacterial diversity (%)
% of bacterial diversity (%)

20 4

CSTR 1 CSTR 2 CSTR 1 CSTR 2
28°C+1% M 35°C+1% M

a a

(n) nsunngamgil 28 °C (¥) NMsUNNaUnl 35 °C

k) Y

JUN 4.11 Anuvannvianevesgdunsenuentaainsguy Two-stage CSTR
meldanneiuumiuea lngldinatin MALDI-TOF MS:

(n) MyUNgaunail 28 °C uag (V) NM1sUNNgUMAil 35 °C



A1319% 4.11 NISKENBKUATILSE dnwalenNdugIVINe LAz sdouwNTL NMITwUNYinmemalln MALDI-TOF MS ¥835gUU Two-stage CSTR

AElAANIIENNSINZLASIILANAINY

. 0192 ATUL o FuIulsrvIng FUIURUATILTY
9 “ s . . - Y wuAdLsY M VSS )
— n13 Isolate YDUUANLIY anuazdugIuINg? NNTYDUEALNTY MALDI-TOF 9uun (x10° M9 gVSS
Ufnaen (x10° CFU/mL) (/L)
NAADY MS CFU/mL) (x 10%)
1 B. cereus Taladila fudlon + 2.189 5.65 + 0.21
28 °C + . -
2 B. cereus ju voulalailliisey + 2.303 0.3 +0.42 6.35+ 0.7 1.47
1% MP —
3 B. cereus 2ju vaula fidlen + 2.238 0.4 +0.14
7 B. cereus ju voulalailliisey + 2.001 2 +0.00
— 4.32
8 S. maltophilia Talaiila fideon L 1.997 3+ 124
CSTR1 | 35 °CY ———— 42.00 + 2.2 + 9.72
9 B. flexus Taladlla fAuRsnu + 1.899 36 + 18.38 0
10 B. licheniformis | dudlen la figaguénansliiFey + 1.706 1+1.41 '
18 A. schindleri Taladila fudlon - 1.715 7.5 +4.95
35 °C + . "
19 B. cereus 4u lalativsinay - 2.204 7+283 17.00 = 0.6 3.94
1% MP —
20 B. cereus u veulalailiGey + 2.182 25+212
4 B. cereus Talaiila fideon + 2.201 56 + 1.27
28 °C + , 7
5 B. cereus u veulaladlizey + 2.260 0.35 = 0.07 6.55+ 1.7 0.45
1% M"
6 B. cereus YU vaulalailla + 2.312 0.6 +0.14
11 B. pumilus Taladlla difion + 1.631 0.5+0.71
, - 14.56
12 B. megaterium Ju laladnsanay + 1.516 25+0.71
CSTR 2 - +
13 B. pumilus Taladlla wisenas + 1757 1+ 0.00
1.22
35 oCY 14 B. pumilus Taladlla ddwdes 1 1.749 1+1.41 8.00 + 4.0 0.55
15 B. subtilis 917 fifleon + 1.886 1.5+212
16 L. plantarum laladlla yaqudnanaliisey - 1.475 0.5 +0.71
17 B. licheniformis Telailla nswnau fulafu - 1.843 1+ 0.00

80T



A1319% 4.11 NISKENBKUATILSE dnwaenedugIUINeLazNsdouwnTy NMITwUNYinmemAalln MALDI-TOF MS ¥83sgUU Two-stage CSTR

AElAANIIENNSINSLAINWANANAY (8D)

. 0192 ATUL o FuIulsrvIng FUIURUATILTY
9 o . . . - v o HwuANLTe s VSS ,
o 13 Isolate PaUWUANLIY AnuzdnugIuINe ANsgaudunsy | MALDI-TOF 9nUa (x10° fia gVSS
Ufnsen (x10° CFU/mL) (g/)
NNABY MS CFU/mL) (x 108)
21 B. subtilis fidlon Ta veulalafiliSeu i 1.739 4+283
22 B. cereus ﬂju NIINaY ‘ﬁuﬁ?éjﬂu + 2.200 55+ 354 14.56
CSTR2 | 35°C + , -
, 23 B. megaterium 4u lalainsanay + 2.232 0.5+0.71 15.00 + 0.8 + 1.03
(%0) 1% MP -
24 B. firmus Taladla nsanau 2.012 5+ 1.41 1.22
24 B. firmus Talaiila nsanau L 2.012 5+ 1.41

o X ¥ ¥ o , N Y
MUNYLAE " LNNZLAYIVUBIMNTLIAELTBYUA nutrient agar (NA) YILANLUNIUDATRYRE 1 LazUUN

U nzdeun NA uaztnfioamnll 35 °C {Wunan 24 43la uae "ineiiesun NA Nduaniueaiosas 1 uasunfigamall 35 °C

Wuan 24 7l

'
1 ]

Y

aUnNA 28 °C Lﬁunm 24 GBD’JIQJQ

601
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4.4  MIUTTUANYATWNITVINIVUINYBITZUU Two-stage CSTR

dnmsuszendldlugnavrnssunseanvilui@a

N1TUTEITUANENINNITVUIVUINVDITEUU Two-stage CSTR A ATUE 1A QY
sanisnmuadnaninlunisdimalulagluldlussauanaimnssy lnsanzlugnaimvnssy
nAnnszaludaiiiinisanudesninpzneudiiAusiuauann nsfnwadsilsdlifies
yafunsusziduussaninmmsdosaasluseduviesufidnig uddudeulostoya

WU URnslUd msdanisvesds nsasiaunan1sual wasmMIUsEEunaunaLNY

441 augauraduvidasvaulussuuthtainge

aunanAaN B NI uaurassruuT Tt LA aufluandugudl 4.12-
4.13 Thnmauvesnislvasesansdunidaiveunslulssunsgasiluda uastliii
Tonaddglunsiingadmineinsaenad ssduuAnmswgAava ey (CE) Usuim
a1sdunidarsueuTuiidignssviunistidaiids daunudiedn TS gnusdulid
56,044 Alansusaiu

dadumsdunidanivauiianniian S1udu 36,044 Alansusietu (Fevaz
64.31) inanidenszniwilufa degnvauisunduiiignssuiunisndnanszaiuisnun
nstnduinldidudied i fvesnisuszgndldnagns CE agdiusz@nsam daeiiiy
UszAnsnmmislinineinsuarannisianiingaulninudinuginves Husgafvel et al
(2018)

Fnduiidfusuiuaesvasarssunidasusuluszuutivaundoie
nnagnoudiuiy 9y 19,955 AlansuseTu (3ouay 35.60 20941 TVS Wanun)
wiseaniuninmzneu PS Sesar 30.53 wazninaznau SS $euag 5.07 1nansianuiies
Yowar 0.073 v03A1 TVS luthdisduaniine uandfiiuiszansnmaddunsuenvesuds
wazvoamanelussuuttainde Aldesuuaugainasay (AMB) Auwialdviiuiesas

v = 1

+0.0068 F9@xyaunIANUBI UG IUNITUTELNUNT AT 9U7aka U UAIMUU LT DD 9UD4

(%
[y ;Y

lunaaunaansdunsdasusuildlunuideil $198wuauideves Hakiki et al. (2019)
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TVSinfluent 17,449 ke/d TVSinfluent 38,595 keg/d

] T

TVS excess pulp
2,134 ke/d

TVS excess sludge

TVS excess pulj
11,692 ke/d e

33,910 kg/d

TVS excess sludge
1,730 ke/d

TVS excess sludge
3,690 kg/d

TVS 992 ke/d

F——==

Conditioning Tank
#1

TVSrecurculate

2,729 ke/d

TVSremoved 1,870 kg/d

9
|

V5 212,139 :4_>
|
_

TVSremoved §73 ke/d
g/d

Secondary Sed
#7,8

— =g ===
|
|.
I I

TVS excess sludge — = =

TVS excess sludge
1,870 ke/d TVS 22,58 ke/d

973 ke/d

|
|
|
|
|
|
|
|
|
|
|
|
|l
|
|
|
|
|
|
|
|
|
|
|
|
|

TvSeffluent 22.58 ke/d TVSeffluent 18.6 kg/d

JUN 4.12 wunmaunavesan TvS Tuszuuthdminide

AMB = +3.82 kg/d

(+0.0068%)
_ Primary Sludge (Excess sludge): 30.53%

(TVS 17,112 keg/d)

Secondary Sludge (Excess sludge): 5.07% D

(TVS 2,843 kg/d)
. 0,
R Effluent: 0.073% —

(TVS 56,044 kg/d) (TVS 41.18 kg/d)

Recycled pulp: 64.31%
(TVS 36,044 kg/d)

JUN 4.13 ununmaugavesen TVS lussuuiidminge
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ndeyansdniuanusserenfiiusususznitufoussou 2020 &
NUAMUS 2025 L59NURAANINAZNUEIUAUTIN 2,841 m?/day WaIHIUNTEUIUNTINTY
FntindeanenIu wazauwis anansarAaninazneukisldUssann 613 weindusoty
(ton/day) Fagsunmnagnauuisidslaildsunsindualdnelulsnu wignuudeoenly
fdnaneuen Sudunsnanalenalunsgaundsnuniely

pansedfeiiiundmfuidnenmiundsnumuisureninagnoy
druiuainlsanunsznivilafa fae8199u Fioreze & Silva (2023) wanalwiiuan
nsUfuanmidesduninagneudieisaruiounienuiou-aa aunsoifiunandndiny
Ifunds 4.7 windefisufuninazneuitldliiaion TneifiuuIunavesdr BOD fiazansld
wazensnaedny (nelu 15 1 20 Fu) luviensdl nandafiedanmamfuduanniy
Fouay 300 AuFeundoldarelulssnunszarvilandadiadvayuanuduldla
YNAATHERITINAEMSN ST NINAYNOUMATT

Tuanderiu Kuo et al. (2023) S1891uNad N7 A9nnsNaNAINAZADLY
druiutvvendsgnaivnisudu 4 wlendn ROF-5 Wemawdenmningedidamdsny
TndiAsstudemantoadamly uwmsitheldansandandsnuanufounielulsanuld
wousannsfiamnsilanay

AMUTNTUTBIA TVS gar0dIn1nagnoudIuliu laglanizninaznau PS
wansfednenngdunisfaundsuniunszuiunstesaatsuuulildoandiau (AD)
namsAnuiaenadesiu Hagelquist (2013) Fsdudupudululdmassusiavesnisuan
fafanmainninagneudiAutedlssnunsyaviladarlanszuinnsdanmuuuun
WAZMUUNININ

ajuladn aunaulaansdunIdrsusued azBun e sgudunisivaves
arsdunidnslussuuiiiamindewinty widissyunasendodidn 1dud nnazneu
drutAunazninagneuusiy Juduniweinsi atnsauusuidufiedanimnie ROF
nslduselovdannuanisAnuilenaissnssuiunisdsudiugssuy WTE wuuysang

WNUsEANS NN uEIndaNLaIATYgANERsURIlsIUNTEA S leAa

4.4.2  augawdenuvaslssunszauslufa: wuamdlunisysunnis
WASUNY UL
a a (% a a a I
finsusziunsivaveandsululssnundanseanvslodasgsnseunqy

Welasean mndsnudagtuuazsrylonialun1sysannisunaangsunyuisy
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LY A o

nadnsAUnaualugUN 4.14 uaz 4.15 uazans1e 4.12 wansbiiuisssuundnuidudou

.

IS v

FafldnwazdrAgAefanmdsnureatastisgs iansgadendsnuluseduann uagdadl
Fnonmvsmdanuvyudsuiildlignldediadui

nFaufildlulsanunanuna wdnanudsznn dun Tiihddeann
mslifirdaugiiann (PEA) vesUszmnealng Iniluaglothiindalaslsslifrduiiuniely
590 wagndaruaudoud fAuaini1edanmd swinannszuaunsiidadude
nnwdsnusamiild¥esay 77.45 iannisinlulanuiiu viewieusin 2,877 wingTadtalag
ety (MWh/day) Tnegnsdaannnislaauiiu 221,983 ton/year 1siuian (462,818 L/year)
LaLiA (206,020 L/year) fidnauiiniudndosas 0.38 (14.01 MWh/day) waz¥ovas 0.15
(5.7 MWh/day) suaneu

duiiuildlulssnududwiuduiyivaanduladide Tnedamdany
ANNSaUUNATENING 4,100 519 5,300 kealzke (Belkin & Tewalt, 2007) dusudenaiuiiu
AlulssunsyauilodaiiaiedeUszann 6,070 kcalkg (Munsnagauvadlssy)

Arnds1ua1ufoures T uazdaii lilulssuey A Uszuna
11.05 kWh/L Wag 10.1 KWh/L m1ua1siu 4 adenndeaiua1uinsgiui meeulay US.

Environmental Protection Agency (2015) 71 32U 31447890 U LA LA Lwa0Y 7

Uszanad 10.69 kwh/L

Coal: 77.45% Loss of Steam &
(2,877 MWh/d) Total E §>Electricity in Power
il otal Ener:
Fuel Oil: 0.28% & Plant: 49.11% (1,824 NWh/d)
(14.01 MWh/d) — B -
Consumed: 100% Loss of Biogas: 1.94%
Diesel Qil: 0.15% — (3,714 MWh/d) (71.99 MWh/d)
(5.7 MWh/d)
Ste C ed:
PEA: 1.36% (50.5 MWh/d) = gl
(1,172.5 MWh/d) 31.56% D

Steam Recovered

O from Recycled Paper
Process: 12.41%
= Electricity Consumed (498.3 Mwh/d) N
Biogas (methane) from = Electricity Produced:
. (124.7 Mwh/d) in Biogas Plant: 0.55% Electricity Consumed
wastewater: 3.36% (20.3 MWh/d) ) 17.39%
- in Power Plant: 3.34% O (645.9 MWh/d)

(124.187 MWh/d)

UM 4.14 ununmnisivavesndsnululsanunszanyilafa



Power Plant

14,008 kwWh/d
(0.48% of Fuel)

2,876,989 kWh/d
f Fuel

Coal Mill

Incinerator
(Fluidized bed)

Copdensate 1,321,526 kWh/d (45.6% of Fuell
-«

2,623,258 KWh/d

H

Steam Production
2,556,634 kWh/d

Steam Recovered 498,280 kWh/d

Electric Production

Energy Loss of Piping 22,015 kvl
595,387 kwh/d

(0.76% Fuek; ton, 2013)

Steam consumed
1,099,475 kwh/d

Electric consumed

Fteam consumed 1,099,475 kWh/d (921,734 kWh/d

Energy Loss of Incinerator
273,449 kWh/d
(9.44% Fuel; lon, 2013)

Energy Loss of Boiler
66,624 kWh/d (2.3% of Fuel)

Energy Loss of

[ Generator 16,511 kh/d

(0.57% Fuel; lon, 2013)

Steam conqumed 72 GBR KNI

Sieam copegment 1172 863 kWA

Electric
consumed
124,187 kWh/d
Electric consumed
4
Electric consumed 488,472 kiWvd
574 kwh/d Process
A
Office & M1
Maintenance
PM2

Energy Loss of Paper g |

Making Process
1,162,655 kWh/d
(70% of Input Energy of
Paper Making Process)

B a

ipins 2.25%, Deying 57§01 Y 8,702 kWh/d

Steam consumed
246,982 kWh/d A
Electric consumed wyip
164,923 kWh/d

Steam consumed
220,488 kWh/d
Electric consumed
68,049 kwh/d

Steam consumed
s 39,349 kiWh/d
Electric consumed
23,621 KWh/d Energy Loss of Piping

947.8 kwh/d

Steam consumed (0.76% Fuel; lon, 2013)

261,099 kWh/d
Electric consumed
118433 kwh/d

Steam consumed
404,545 kWhvd
Electric consumed
113,786 kwWh/d

Electric consumed

108 kwh/d

Biogas
System

Biogas production
124,704 kWh/d

Electric consumed

Boiler Biogas

\J

Enefgy Loss of Boiler
71,045 kwh/d

JUN 4.15 ununmaunandenululsaunseayileda

Electric consumed
601 kWh/d

Sludge
Dewatering
Process

Electric consumed
20,277 kwh/d

123



115

WII1ZHURAINAIIUNAINAAE Lwﬂiqmué’qmﬁqwwwﬁmuﬂaasﬁaaEJ"NQN
Fadenaranifuaunland uiveslssnu suuvuiastounuldulugnaiunssudiniredu
G?jéﬂiwmuim International Energy Agency (IEA) Wu1n ‘1Ji3§%§ﬂﬁwwﬁﬁﬂ1u1uqmaﬂwﬂiim
nszawinlananasadsiesay 1 selliwsd 2010 (EA, 2023)

Tsslulihnelufiud Fd4lniin 124.2 MWh/day dmdunissiduauniely
(Andudovay 3.3¢ veansldlniinimun) nanlnile 646 MWh/day (Fovay 17.39) uas
lau 1,531 ton/day lasileu i f AuainnssuaunsndanssniusloiAasiuay
498.3 MWh/day (1iguiin 694 ton/day) gninausnldudnlil Anluiesas 13.41 veq
nslENasIusI LLamiﬁLﬁuﬁﬂmﬁmmaﬁﬁumm%’auﬁﬁﬂazﬁw%mw TngLanIzegn98s
Tugmanmnssuiifinszuauniseunsenulindanuanndsfesas 70 vesmslindsnuiianun
(IEA, 2023)

agalsfinnu nsgadendinudnadulgmdidey Tsdlifhneluiiuiiae
Judeway 49.11 Guaamﬁcht,ﬁawé’amuﬁy’wm mmsﬁmsmsmémmsmwﬁmiqagtﬁawé’amu
geafiedesay 70 voandsudeuidl neUsyuin 1,163 MWh/day 7 93m31nlein 940
ton/day wagluin 488.5 MWh/day é’hLawmﬁﬁzﬁauﬁqmmﬁwLﬁulﬁ'qmﬂumiﬂ%’uﬂqﬁ
UsgANSn Mgy

SEUUNE AR9T 10 N0 AULE 8 22,428 m3/day waznAaR1gEanN
15,444 m3/day lagiianuiduduvesdiinugedsesay 80.97 visaiiguivin 12,505.18 m*/day
493 CH, sruuilanunsandnleun 103 ton/day Ineldlaliiniies 20.3 Mwh/day (fesaz

=) v [24

0.55) M3gauLdenauAINTEUUAITIN R UTEAUM gaSosas 1.94 YDINEUTIY
Mglulseanu wadnsinaflaennaasiu Larsson et al. (2015) Futudisdnaninuesdide
AMUTNTUgIRINLTIUNTEAET leAalun1SNER e In MU Ul eilin1siANI
a
Nsngay

wii1vzdnsnaananulunuriogeldvdAy 1sserudsasdng lni

50.5 MWh/day (3esay 1.36 vesmsidliianun) nnstiduginie (PEA) denalvt

=

AnAldaeUseatussana 65.7 auum wdinmsienbiinieueniagligann winisy
19y A oal o DA o & Y = N
ArldIrenfgteatuiismnudndulunisvenessuundanunyuisungluiuiiiedie

ansuyunsaLuukeziinaududasziunaany



M13199 4.12 agunslindanuiaznmisirundanumelianunisainisaniunusing 9 vadsenu

kWh/day
PAIIUYIDN NAIIUYI90N NAIY
. . o . | mEu ngniau GSNQIE R
aeu YDULYAVDITLUU PR NAIIUIN RAEREY NASUN LY . WA N
\TDLNAS . oy . naualy (Energy
AYUDA N | (Output of PAIIUYN
(Fuel) Y (Output of (Recovered | accumulated)
(External) SIRPFATNY useful) 29NITUU
loss) energy)
(n) anunisaitagduvedlsau
1 T5alaidin (Power Plant) 2,896,707 50,534 2,947,241 1,745,396 1,700,125 3,445,521 498,280 0
Tssluihdedanmanninide
2 (Biogas Power Plant - 144,981 - 144,981 72,988 71,993 144,981 - 0
Wastewater)
NSTUIUNTHANNTEAYS L9LAa
3 1,660,935 498,281 1,162,655 1,660,935 - 0
(Recycled Paper Process)
() @0un15alf 1: nsHAMTeIwAwey (RDF Production)
1 Tsabwidin (Power Plant) 2,940,813 85,550 3,026,363 1,786,012 1,738,631 3,524,643 498,280 0
159l Aetinwanninde
2 (Biogas Power Plant - 144,981 - 144,981 72,988 71,993 144,981 - 0
Wastewater)
159971UKER RDF 91N negnay
3 a@11LAu (RDF Plant — Excess 126,006 - 126,006 44,106 81,900 126,006 - 0
Sludge)

911



M13199 4.12 agunslindanuiazmsirundanunmelianunisalnisaniuausing 9 vadseu (o)

kWh/day
PAIUV DN NAIIUYI90N NAIY
. . o . | mEu ngniau GSNQIE R
aeu YDULYAVDITLUU PR NAIIUIN RAEREY NASUN LY . WA N
LIDLNEY . goydie . AGRIT (Energy
AYUDA W& | (Output of PAIIUYN
(Fuel) Y (Output of (Recovered | accumulated)
(External) SIRPFATNY useful) 2ONTTUU
loss) energy)
() @0un15ali 1: nMsuAnTeIawey (RDF Production) (si9)
ASLUINTHANNTEAYS L9LAa
4 1,660,935 498,281 1,162,655 1,660,935 - 0
(Recycled Paper Process)
() @0un15aifl 2: nskANTeNAERNETIAM (Biogas Production)
1 Tsabwiain (Power Plant) 2,983,476 54,421 3,037,897 1,766,363 1,769,814 3,536,177 498,280 0
159l Aetinwanninde
2 (Biogas Power Plant - 144,981 - 144,981 72,988 71,993 144,981 - 0
Wastewater)
TssludhAe@innainnineenau
3 iy (Biogas Power Plant - 109,722 - 109,722 86,769 22,953 109,722 - 0
Excess Sludge)
ASEUIUNISHANNTEANES LA
q 1,660,935 498,281 1,162,655 1,660,935 - 0
(Recycled Paper Process)

nueme seuuailuaunelian1eai (steady-state) lnglifinsavaunassu
—

L17
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4.4.3  wuINIMIANIITWANLlUIREMNTSUNTEAYS LUIAR

nansAnwilududeuntifagveuliiiuiseududeulassssumfves
srvundanululssnunszanuileida laslanizesad slusnunisasiaaunasening
UsgAvBanmmdsnudiunsysanmsndanunguiou uiinlssnuagldihuasnsiindur
wld wu msdAuleviuaznisndefedinmagluiiudl uinsiiesgidmumsgade
n¥anuogsiifddy uavauilanndsnuneadadinsdios Symunariagiiouuuali
allugnaimnssuuagitugndsnnudndussiaulunsdiduningnisfiy vl
TaFuAwIndeLwazAsYgAaR

Wioatiuayumsidsuriuganudsdulusuian Sedinsaueiinniadna

gnSranelsEns Fesimdensannisagdondunasnnszuiunisean tngiuduniee

9 Y

'
=

finsiuUszAnsnmlumbendslaiuasduneuniseunszaudsldndsnugendoudul
ALy sanmswdandsoumyudeuliinngy lnsamenmaiudneamlunisdiy
n¥aunszuuieianmnelulsany uenaint msfienuneewszezenilunisdiss
Funanisiuyadivondedugs wu nsdunelulagluleslndiue? (biorefinery) 1l
Wieuussunnaznounszaslifduanstauniinas Yananmyadngs (Bajpai, 2015) 11933
i sutuudiaziaeliAsuumeasuaseslunisusuuseisussans nmiuduandon
wazmsldnsnensanglulssany

venand deuugdlddnseiidunisuseiduieasdia (Life Cycle
Assessment: LCA) 9953 UUNA91u90s15391u0819a50UAqu Ll ol Tanmsinves
n3uantUa sudud swndounaenraele g uA I nE1U uagaenAdaafUALLY TS
WUIBITUNG 191145297 19UTENA (International Energy Agency: [EA, 2023) Tunsiiiy
arulusilavesieyauarmsammanuoursmsuilugnannnssunseanyiluaa

:mmmsmaﬁﬁyﬁmmﬁ’wﬁ'aﬂmLawwa"m%’umimsqLﬂmmamﬁﬂa'aa
fwgvisiluaud (Net Zero Emissions: NZE) anglull 2050 desfaaiinisusuugsseansam

naauunnitseaulagiuisaesinieglul 2030

4.4.3.1 UWUINNINTITIANTITNENY
WiedaaiuswiuUaiaswgnavyuieu (Circular Economy: CE)
lunisafiuanulugnaivnssy dnisiaueassan un1sainIsHAANANIUIINVB U (Waste-

to-Energy: WTE) dwisunisiiuyarninagnaudiuiuiiinainnisuinnseaiesluda
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danun1sald 1: nswamdewmdwes (Refuse-derived Fuel: RDF)

INNINAZNDUFIUNY

dmsuanunsalii 1 (Msuandemwds ROF 91nn1nRZnoudIuiy)
finrsannnagnauiatiuiina 61.3 ton/day TnsfiAwdsugegaiads (Higher Heating
Value: HHV) whiiy 7.4 My/kg uingiudemas ROF grunludlundeleduuy fluidised-
bed iondnndanuanuieu Fsieangnuiandulwihieriesiudaluihnelulseny

AUNTUSTLUANRAANS 197U (gﬂ‘ﬁ 4.16n Lagd.17; #1519 4.12%)
ﬂizU’MﬂﬁﬁﬂﬁNﬁNﬁﬁlWﬂ’]ﬁﬂ%Lﬁ/f’]ﬁU 600,987 kWh/day (n15lalWi1n1euen 85,550
kWh/day s2adunsldlnitanun 686,537 kwh/day) ognslsfiniy Arssiunis
audaunsalivilianudesnisiiiinsuenfindudesas 69.28 wiswieuwi 35,010

kWh/day dnalisununistelninusgindiintulssann 46 a1uum

danunsalil 2: mswBmdemasinedanan (Biogas Production)

INNINASNDUFIULAY

dmSUaaIunIsalT 2 (MIHARRI9TIAIMIINNINANBUEIULAY
HunseuIun1sdesdatsuuululdesndiau: AD) UseiludnaA nnsuant1gsinn
Tneldninaznaudiu 2,841 m3/day Tudndrunauninazneu PS:SS 71 1:3 denaliusuna
nskandvuUsZIIM 11,002.8 m*/day 1ng8ns1n1sNandiinuiany 918.66 mL CHa/g VSiey
aeldansiiviunzay §9351e9ulag Nammana et al. (2025) agslsfiniu n1sAnwves
Lin et al. (2011), Bayr & Rintala (2012) wag Lopes et al. (2018) Fidnsnananiiinuain
nnagneulssunsznIwiinegseming 230 1 519 ml CHy/g Ve Tnsgnsdatsnindoya
484 Nammana et al. (2025) LagALNAT§IUINITTUINTTY FaldArdnsmandniivuiade
WINAU 582 mL CHa/g VStey dmsunsUseiiiuil

funuiindnldgninlnifioadnslovh daiouldudealndih sufinans
sifugﬂﬁl 4.16% kagd.18; waLa1se 4.12a ﬂszmuﬂ'ﬁﬁiﬁmamﬁmlﬁf\Iﬂﬂqﬁwhﬁ’u 612,467
kWh/day (n1slaladnnteuen 54,421 kWh/day sndunsldluienun 666,888
KWh/day) eehslsfinny danunsaliivinlinnudesnisiiihaneusnifiududesas 7.70 vie

\Wguwin 3,887 kWh/day dewalinunuuseantiiin@udssan 5.1 Suum



Coal: 72.73%
(2,877 MWh/d}

|

Fuel Oil: 0.34%
(14.01 Mwhvd)
Diesel Oil: 0.15%
(5.7 MWh/d)
PEA: 1.82% -
(71.13 MWh/d)

RDF from excess
sludge: 3.23%

(126 MWh/d)

Biogas (methane) from

wastewater: 3.206(124.7 MWh/d)

(n) d@a1un15ain

Coal: 74.74%
{2,877 MWh/d)

|

Fuel Oil: 0.36%
(14.01 MWh/d)

Diesel Oil: 0.15%
(5.7 Mwh/d)

PEA: 1.41% (54.4 Mwh/d)

Biogas (methane) from —

Excess sludge: 2.85% (109.7 MWh/d)
Electricity Consumed
in Biogas (WW &
Excess Sludge) Plant:
1.07% (41.24 MWh/d)

10

Biogas (methane) from

wastewater: 3.24% (124.7 MWh/d)

1
=1

(2) @a1un1sain 2

v

JUN 4.16 WHUNNENAANANIUTENIN (1) d01un15ali 1

Total Energy
Consumed: 100%
(3,902 MWh/d)

Steam Consumed:

Loss of Steam &
DElectricity in Power
Plant: 50.21% (1,959 MWh/d)

Loss of Steam & Electricity
in Biogas Production from
wastewater: 1.85% (71.99 MWh/d)

(1,172.5 MWh/d) 30.05% D

Loss of RDF
Production from
excess sludge: 0.3%

Steam Recovered
from Recycled Paper
Process: 12.77%
Electricity Consumed (498.3 MWh/d)
in Biogas Plant: 0.52% Electricity Consumed

(20.3 Mwh/d)
in Power Plant: 4.22%

(164.8 MWh/d)

Total Energy
Consumed: 100.01%
(3,849 MWh/d)

Steam Consumed:

(11.9 MWh/d)

Electricity Produced:

17.59%
(686.5 MWh/d)

Loss of Steam &

Dﬂecﬂi:'ﬁy in Power
Plant: 49.21% (1,894 MWh/d)

Loss of Steam & Electricity
in Biogas Production from
wastewater: 1.87% (71.99 MWh/d)

(1,172.5 MWh/d) 30.46% D

Loss of Steam &

Electricity

in Biogas Production from

Steam Recovered
from Recycled Paper
Process: 12.94%

(498.3 MWwh/d)
Electricity Consumed

in Power Plant: 3.23%
(124.187 MWh/d)

al

(1) @01UNNSAIN 2 (NSHARNLTININ)

excess sludge: 1.14% (43.745 MWh/d)

Electricity Produced:

17.33%
(666.89 MWh/d)

[

(MSNARLYDLNAIVLL) LAY
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Electric consumed
12,517 + 28,099 = 40,616 kwh/d 18,008 kwh/d

(0.48% of Fuel) A
Fuel Ol 2,876,989 kWh/d ROF 126,006 kWh/d
(99,329 of Fuel) Process |
5,710 KWhid Energy Loss of ROF Process
(0.20% of Fuel) Conl Mill 81,900 kiwh/d
ot (65% Fuel)
iesel O
Power Plant 1
A 4
» Incinerator e ENergy Loss of Incinerator
o | (Fluidized bed) W 273,449 kh/d
(9.84% Fuel; lon, 2013)
+z‘sza.zss KWhid
44,106 kWhid
<
Boller L
Energy Loss of Boiler
' 76,605 kWh/d (2.60% of Fuel)
Steam Production
Copdensate 1,349,464 kKWh/d (a5.89% of Fuel) ?'.55&"”,5.,‘, ,:“”,':
Steam Recovered 498,280 kWhid
Energy Loss of Generator
P 176263 kwivd
(0.57% Fuel; lon, 2013)
Electric Production
s of Fiping 22,350 kWhvd 595,387 4+ 5.600
(0.76% Fuel; lon, 2013) 600,587 KWh/d
Steam consumed
Electric 1,099,475 kWh/d External
consumed Pl ;23:%
124,187 + 40,616 Suply o kihvd
= 164,803 KWh/d kwhv/d
Electric consumed
Electric consumed Bteam consumed 1,009,475 kwh/d 921,734 kwh/d
Electric consumed 488,472 kwihvd g —leam conumed 12 988 WiNd
578 kwh/d Process Seu conumed 1472 465 Wb Electric consumed 8,702 kWh/d | Electric consumed Electric consumed
(Pulping 2.25%, 108 kiwWh/d
O 91 750 ¥ 601 kWhv/d
Steam consumed - Sludge
Office & PM 1 246,982 kwh/d VWTP Biogas a
Maintenance Electric consumed System Process
164,923 kWh/d
Biogas praduction
Steam consumed 126,708 kWh/d Electric consumed
M2 220,488 Kwh/d 20,277 kih/d
: . Electric consumed
nergy Loss of Paper g 68,049 kwh/d
WMaking Process & Boller Blogas [l
1,162,655 kih/d Stéam consumed
70% of Input E f
(70% of Input Energy o s 39,349 Kh/d
Paper Making Process) Electric consumed
23,621 kwh/d Energy Loss of Piping ]
9478 KWh/d -
Steam consuméd || (0T6% Fuel; lon, 2013) L”N;g\tulfs"i ™
M4 261,099 kWh/d
Electric consumed
118,133 kwh/d
Steam consumed
PM 5 404,545 kWh/d
Electric consumed
113,746 kwh/d

JUN 4.17 wunmaugandsnululsanunseanesladaluanunsaii 1 (nMsudageinds RDF)

1¢1



Power Plant

14,008 kWh/d

Electric
consumed

0.48% of Fuel)
2,876,989 KWh/d
(99.32% of Fuel)
5,710 kWhid
{0.20% of Fuel) Coal Mill Flow 2,841 ma/d
L Electric
A 2 consumed
Incineratar . Energy Loss of Incinerator 690 kWh/d Biogas
(Fluidized bed) 273,449 kwh/d Systern
(9.44% Fuel; lon, 2013)
+ 2,623,258 kWhid Biogas production
Electric 109,722 kwh/d
w, Energy Loss of Bailer
Holler P 66,620 kwh/d (2.3% of Fuel) | Sosumed y
20.277 Energy Loss
Steam Production kWh/d P Soller Biogas — o Boller
2,556,634 kKWh/d 22,119

Ca\der\s:!l(‘ 1,389,755 KWh/d (46.23% of Fuel)
Steam Recovered 498,280 kWh/d

Steam consumed
1,099,475 kWh/d

Energy Loss of Piping 22,849 kWhvd
(0.76% Fuel; lon, 2013)

Steamn consumed 86,769 kWh/d

+ kWh/d

I Energy Loss of
Generator 17,137 kWh/d
(0.57% Fuel; lon, 2013}
Electric Production
595,387 + 17,080
612,467 iWh/d

120,187 kWh/d

External Spend
Power 3,887
Qﬂ'y 54,421 f kwh/d
Kwh/d

[Electric consurned

Electric consumed
574 kwh/d

Office &
Maintenance

Energy Loss of Paper g

Making Pracess
1,162,655 kWh/d
(70% of Input Energy of
Paper Making Process)

Electric consumed
488,472 kwh/d

Process

Steam production
87,603 kWh/d

Energy Loss of Piping 834
kWh/d

(0.76% Fuel; lon, 2013)

Bteam consumed 1,099,475 kwivd |54, 701 kh/d

tearm conumer T2 088 Kb

Pulping 2.25%, Drying 7. 7§%)

Steam consurmed
246,982 kWh/d
Electric consumed
164,923 kwh/d

Steam consurmed
220,488 kKWh/d
Electric consumed
68,049 kWh/d

PM 3

Steam consumed
39,349 kWh/d
Electric consurmed
23,621 kwh/d

PM &

Steam consumed

Electric consumed
118,133 kWh/d

M5

Steam consumed
404,545 kWh/d
Electric consurmed

113,746 KWh/d

team consumed LLT2.66% kWh/d

Electric consumed
601 kWh/d

Sludge
Dewatering
Process

Biogas pr
124,704

Electric consumed
3,108 KWh/d

Electric
consumed
8,702 kwh/d

Biogas
System

roduction|

kwh/d Electric consurned

kwhed

20,277 kwh/d

Bailer Biogas

Energy Loss of Piping
947.8 kiwh/d
(0.76% Fuel; lon, 2013)

v

Energy Loss of Boilat
71,045 kwihvd

UM 4.18 ununmauganasnululsunssayilodaluaniunisali 2 (nsuaniedinin)

44"
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4.4.3.2 nunzveadomAuarfnennaund sy

Snvazvendomaas fnun waung ey LLamﬁmmmqmiWyw@
wiuegadidiuainninasnouduiureddsinunszasslefa da1unnsaindn 2 wwania
1¥uA nsHEREaINES RDF uwagnskaninedinmenunszuiunstevaansuuulldesndiay
ﬁy’aaaamaLﬁaﬂﬁﬁﬂamwﬁmwé’muqq LAz AN SNINE sueaanseunfisensndudase
PIUNGINUVILTNIY MTIATIEAUSHUT S UNSREANS 1 TUVBILAAENIULEBNANORTINSLAA
nnagneuduAy A dTutesdt TVS wazuszavEammaiuasuguidundanu ﬁy’ﬁugﬂ
ANAINSBUVBY RDF LALeRIINISHARTUA8nTEUIUA1SYaansluulildoandiau

lngatuayualgNanIsAnylarUayalnenansodeiiing1ves

ganumsalil 1: Anenwnswaadewaswes (RDF Fuel Potential)

MnnsUsEliuUinamnazneuintaeu nuiUsnanInAzneu
ogfiUEaN 61.3 ton/day (MAs3A) anunsaldndnsiael ROF 7 21.5 ton/day Tnefin
aadousuny (calorific value) ¥ald 7.4 wnega/Alandu mndoyadundanud wdsnus
ﬁanmam‘?y\luwjmﬂmﬂmﬂauﬁmwhﬁ’uﬂszmm 158,782 wing3a/u 38 44,106 kWh/day
sﬁqagﬁauﬁqﬁﬂs;mﬁwqﬂumsﬁuﬁwﬁwmmﬂmﬂmﬂamﬁamﬁumzmumswﬁmﬂu RDF
FepmananaenndesiunanIsAn®ves Kuo et al (2023) Feuansliiiudsnnudululs
vamnadelunisnanid owas RDF-5 AMAINGIIINNINALNBUVBILTNIUNTEAYST LULAa
USunamd i lauansdsfnenimiidiaulalunismawnuid e masloadauisdulussuy

w1 mglgnanvnssy

ganunisalil 2: Aneannnskan oA ANe TN

(Biogas Fuel Potential)

nnnRgnaudaAuAlY 4 2 930 laun n1nezneau PS way
nnmzneu SS Tnedusunanadeuszuna 1,273 m¥/day uay 1,568 m?/day suadu vl

UTununinaznausiutgssuugesaanswuulildoandiauniy 2,841 m*/day

¥ '
14 =

TagdrunaniidAnu g uua TVS AU 6,651 meg/L annnan1snaaesluiiten 4.2

be

ANBAINAISIARAIINUIINEIUNENTIYINAY 582 ML CHy/g VSiq (AR881n9 W H A
NUITBIU ) lriUSINan1NaRTvuUsEIa 11,002.8 m*/day WaaAIANsaudLmg

YOIWUYNAY 35.9 MJ/m? (The Engineering ToolBox, 2008) A41U ANEATWWEIITUTIU

Uszana 394,984 MJ/day @s899ulsssnunszmuiloifaamnsandn i lduszuna
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595,387 kWh/day n13ysINIsiaindean1udenainveadds (RDF wagingdinin) Wiy
syuunanteu (Steam Production) 3edulenadiAglunisiiunisudn i nandnloi
wazlnusazaniunisalagulilumsned 4.13 FauandiiiunInsinvesnsuannd e

7897U9N RDF kaginedinIn

4.4.4 msUszdiuiumaluladuaziasegatans: anudululdvesmaden

NISHAANAIIUIINNINAZNDY

nsUssluiumaluladuasiasugenansi nvunszezalasanisi 20 U
A = & v a & ¢ a Y
waAnwaudululaniinisdukarauggureaeianIun1saln1SNEANE W IUIINTD
\de (Waste-to-Energy: WTE) @1915Unsiil ugaa1nInnenouduLiuainlsssunseany
Flada lown anrunisalil 1 (NswaaLeLnads RDF) wazan1un1sadil 2 (nswanfinedinin
| i 9 v a = a ¢ @ A Y & e
H1unseuIunstesaansuuulilieandian) dnan1saseiaanisnen 4.13 wansliiiugs
anudululandAgyseninmanauwnuninasesnalussezdu n1sufvRnudanivun

ANUAILINADY LazANudsdulusreze?

A1319% 4.13 NMSWIHUTEUNIGATETAEANSTENINaIUNISaIN 1 (NSHENTRLNES RDF)

WAZADIUNITAIN 2 (MSHARAITININ)

yar (L)
18019 — p
An1un1Iun 1 ANTUNITUN 2
Ruasunisneaiiadudu 55,170,000 69,612,000
s1elaannnisvelnined 7,358,400 22,443,100
yarnsilinaviianlsiet 11,187,250 2,125,580
algIelunsautiuaiunel 14,317,700 1,256,900
Mafing e ldaelunis
. L 3,676,900 -
AHUURBUINN APCS
Teldgneed 551,050 23,311,780
szsmmﬁwqmmudm @) 100.11 3.0
yaragtugns (NPY, 20U @
5,410,430 159,276,220
8%)
ansnanauknuAgly (IRR) > 100% 33.38%
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A1519% 4.13 N15USHUTIBUMLATEEANERSIENINNENTUNTAN 1 (NMINERLToNEIYE)

WALADIUNITAIN 2 (NSHARAI9TINN) (AB)

yaf (Um)
819 o ol

ga1unisan 1 FDIUNTUN 2
NNAZNBUAIULAUVILN 22,385 metric tons/year 2,841 m’/day
nsWaRYoEwes (RDF) 130
o 7,831.9 metric tons/year 11,002.8 m’ CH,/day
ANYININ (Biogas)
nswanlein (Steam) 40 metric tons/day 122 metric tons/day
nsguLrilin 5,600 kWh/day 17,080 kWh/day
ANSLINA U 40,610 kWh/day 20,967 kWh/day
AuAINIsilnina e o L

+35,010 kWh/day (:Wuaw) +3,887 kWh/day (bNd)

NguLn

wanewme (1) APCS 6931131 Air Pollution Control Systems (S¥UUAIUALNATIENIDINFA)
(2) oy ‘+ uansdsanudisamsliihiiuiuvionsdolnihaisuen
VBITLUY
(3) muavueUAzeNenERARTIN MUSEINA 4,946 M TiA1 OLR 3.82

g VS/L-day (Sani et al., 2022)

dmSuaniunnid 1 (Mandademas ROP) ddeldiuseududunuisusy
fisn Tnedesldiuamuiiusu 55.2 Suvm wazlnansuuyunelusnimansuununely
(IRR) Tiannnin¥esay 100 Feilauiaund ilosarnnarilssediisann wazyanitagdu
and (NPV) 5.4 druvmaaena1glasins selagnddeUnauinaguseunn 551,050 um
Tnedulngiinnnisvislafinfindnainniswilus ROF USua 5,600 ton/year dauuad
1NINNINAENBUIALI 22,385 ton/year (Wit AUSY, 2565) peslafiniu nszuaunsil
dodldluinuTunm 35010 kWh/day Fedesdamarnmisiaiidiuginng denalidunuy
miﬁﬁLﬁumuqqﬁuuazLﬁmmiﬁquLma'qwé“wumﬂuaﬂ

uananl nanAnuazmnlugd ROF SanoliiAnauinadudwindoy
pg193uuse InenaunndvesninazneuiathannsntanUsosuafis 1y uazons (PM)
Tulnstausenlan (NOY) daweseanlan (SO, lanenmin wazlnoendu (Ledakowicz et al,
2019; Pérez-Galvez et al, 2016) nMsfnwil lallduFuyuiuamuuazailddeduiua

WA mTusEUUAIUANNATivN191INA (APCS) iamnalulagnisiunlnddugendndu
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delndulunudefmundudanedey TasawzdosmsUantdoslasendu smnsiudunu
wienil TelFssuniaesugmansvesaniunsal ROF enaanaveehailiuddiy

Tumansstu anunsalil 2 mawdefedinmdedldiuamuibudugada
69.6 & v lagAuinnvnadaUjaseniendnfedanm 4,946 gnuaadiuns uas
AUNUNITNBATN 385.6 NRAANTANTT/QNUIANIAT NSoUTEN 14,074 UIN/gnuIenluns
(Lim et al,, 2021; Sani et al., 2022) LLﬁ’h%ﬁﬁﬂ%ﬁiwﬁuﬁuqa LASEUUNRTININIA IRR
Audetuldfstovay 3338 uaviisolianieel 23 duum FuAnandunuinidunuities
1.26 aruumeiel szezliataunuy 3 Y wag NPV 159 d1uuimn azvieudiaanuiiaula
yensiiuluseezen uenand anudesmsindinneuensaiiiies 3,887 kWh/day il
ansamUVamMAIUNBUDN

Tufifduawinday ssuufednmlideldiuiouesnsfitodfy arunse
annsUanUaesfinmiseunszanlagnsaiiunisiniudmuainninazneu wavanuuiuves
Fefiazilanavld uenand mnnieveundeainnistesaaisfedinm arunsauiluld
Ustlerdmsnisinunsvienisusuugsauld ieifunisdaaiunsvauisunsnenns
ANNINGY donAReITUNANLIATYAIYUIEU (Circular Economy) uazidmanglaseasng
fuguilaunsouiusrensidsuuasaningiiennia (EA, 2023)

a3ulad7 win1swds RDF 9 nminagnoudIwiuainlssnunsenysleifa
prammnzautunmssLiunusrerduiomnamuSudusiuiissesnaAunuiiuvundieny
Tasams dsmsudnfiednimdunadond dedunaziuamiaasygamansluszozen
Tnglanngluudungaamnssuiiininnznoufiosne amwanansamanade wazusagdls
fuuleviganingfieinia szuundniiedanmidnoningeninlunisaireaiusiung
AUNGI9U (Energy Security) Anstdunalanisaisusy (Carbon Neutrality) LLazmiWyqu
n¥wens (Resource Recovery) n5UsvidutUSoutiioud 3 Wiiudsaanusnduves
nMsTenesiildanaluladuaziasugaiansmug funisussiiunansznud awanden

Wiaidentdunis WTE dmsumsussendldlugnamnssy
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4.4.5 MINTUINMIAVANNANENDINMARAzHANsEnUiaaadululd

NNALATYNAVDUYDINES RDF

nsATzeumaluladuaziasegaan e Usediudununsaiue
AMUlATaMNUAATUE WINRDNAMSUADIUNITUN 1 (NTNARLYDIWES RDF) W18
izum’mﬂmaﬁwmqmmﬂ (Air Pollution Control Systems: APCS) & $LAiNA 19910

¢ a & a o = = Yey o o ~
#01UNSIN 2 (Msuanalndeinedinn) Wesnnmsinrdinedinmlaenalufiauazenn
P ] v & a = & a aa = & o )

wazAauAulaend mMawnlndiomdswesdalurendeniauliidudodeddu uas
Usenaumeasuuilausiuiuiin wu laventn Aassu wazansdunsd suduansdeduvas
lneandu d1dudedldszuu APCS a819msU995 WU gansesu (Bag Filters) 1A309ANTU
NaNWULUULUNUIBWUULIS (Wet or Dry Scrubbers) N1sanduaiea1unusiug (Activated
Carbon Injection) wagszuy Selective Catalytic Reduction Units LiteannsuanUaseru
avend (PM) lulasiaueanlan (NO,) dalesasnlyn (SO,) lanenin wazlnesnduasn
Qiax‘iLLméJaﬁ,J (Ledakowicz et al., 2019; Pérez-Galvez et al., 2016)

Tunensaiudy Aedanand sildmu (CHy) 1iussaUsznaunani oy
& a o ! Y Y o e a v aNa oA & v |
WolndaareianiuariianwuylndlAgsnui19sssuYIf uiinardiduisluantes iy
lalasiaudalna (H,S) wazloasnigu (Siloxane) Wia1u1san1dnlaeg 19T UsEdns a1
v Y & Y aay ° | v v v I3 H =
mewalulagusuanimilasruniidunue 1wy n1sandumeirdniesi (Sponge Iron) 138
arufudud sufeszuurinaudunagauLyu (Cooling-Condensation Systems)
Fandesirunistvanar Aedinmaisnsasnludlundeledrlalaglddndudesfinfesyuu
APCS A unugs 797 Neuwahl et al. (2019) szulilutenaisinaila Best Available
Techniques (BAT) va3Angn3sunsn1sglsudmsussvuindnvendesin “n1smnbudifing
FramluiaseseudiignseniieolounfioldunsyuiunisazenuarinisUanUassuaiumn
suumuautaiwsemAinlisudu madmshdatuzdulasusuanmingneunswilng”

NANTEVUAIULAS BFAIARSAINAULANA1IIwnAT AT azsiouliiviudd
A01UNITIN 1 FIHANYoINFIverA Ny AUAU LS UaUTUANa W uT1ITo8aE 50
(Amann, 2012) iesassUMIARATEUUAUANLATY UonaNt AuuMIAiuOuUTuRLTY
ieaseuAquAUNTIS v Lar TanduaRIvassyUU APCS TngUseiduagh 146 fa 183 um
favpudenlaunsnaunbug (Neuwahl et al., 2019) HANNSTIATIEVLAASIUATISIN 4.13
Invazviouliiiuiinnudululiiosnuasegransvanisiininasnaudiuiuainlsany

all a a [ & a A a A 1% a 1%
ns¥AYs lLAaunandudomdsezidioNansuteuluaudanind o
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ajUuazUaiauauue

51  d@5Unani1sive

[
a1 ¥

N5t llyjaiumsiiuyacivaadeuag nmsiauusedninimnisuaninedinuain
nnaznauduiulugaairnssunszailaiaa lnslduuinianisgesaaissauuuuldly
98NLaU (Anaerobic Co-digestion: AnCoD) s¥#Ia1anInaznauUsuil (PS) uagnnagnay
nAund (SS) agldsyuudaniuauysaluvvasstuneou (Two-stage CSTR) N15ANYIY
ATEUAANNITUTZIIUYTIAIUNIEAINUAETIAT N1TIATIBNIAUNAAANT WazNITUTELEY
o a 3 oA 9 ¥ a o

ANunINNIsTE18vuIn LT LAsYgAIanskavinaluladiion1susegndldas sluseau

PAFINNIIN

5.1.1 @nennwvasssuvdasaalesusuulildeandauvasninanznau

(Anaerobic Co-digestion)

Y & 1 v
ANSHAUNINALNBY PS hALAINAENDOU SS LAAILMLANINNITHININAZNBU
Wessiaaedldaiuisalinaniuseans ainseni1suanfisdininlaog 19 @fud 1199910
YINANUANAANNOINIT NITNARDINUT NNSLTNARAIUNANTDININAENDU SS TdndIU
NnunzaunanmodndiunaunInaznay PS:SS 7 1 #io 3 Gea1u15aUsuA ON ratio adld

1 1 < Y 1 1 1 =2 4:4' | a a a 6
wiig1elsnmy deldogluaae 20 B9 30 Amuzauson15iaTvaIRa UNTun1lulu
ludrdulldsinlniszziaan lag phase duaundaliies 1.6 14 Laglipuausalunstsgdans
19T 10MEdadasesay 57.55 uandliiiud 101sHANNINATNOUDE 1IAUAAFINIT

LSINTZUIUNISHALLAUANENINATHAANTIULADT 9

512 WAANSIINNITNAABILUUNZLALNITIAUIEUY Two-stage CSTR
=) U ! L 1 ! ¥ o a
NsNAaRIUUNEEuduIN PS:SS Tudnsdiu 1 #ia 3 @13130a5198n1N1HER
Aatlnugeda 1,750 Tadansaedu Swasniinslimnagneusiafeiognsinau agslsiny
oA uTuiazaRenisldszuy Two-stage CSTR #luuanisiaueeniduansds Tnadausn

wWunsdesaanaitalalasladalaznsnadne vagidiaontunszuiunis acetogenesis Lagy
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A15199 1.1 A1 BOD,, 578974 U9sdndiunauninaznau PS:SS 7 1:0
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oL | luad TBOD,, (mg/L) SBOD,, (me/L)
TN estu | dlt | 9wz | wdn | =D | 91| @2 | waw | =50
4 141 141 | 141.00 0 113 | 844 | 987 | 2022
8 212 212 | 212.00 0 113 | 1612 | 1271 | 19.94
12 2825 | 353 | 317.75 | 49.85 | 169.4 | 169.4 | 169.4 | 0
: 16 4235 | 4235 | 423.50 0 226 | 1978 | 2119 | 19.94
20 4235 | 4945 | 459 502 | 226 | 226 | 226 0
24 565 635 600 a95 | 282 | 282 | 282 0
4 775 705 740 495 | 338 | 338 | 338 0
8 920 775 | 8475 | 10253 | 368 | 424 | 396 | 39.6
12 990 845 | 9175 | 10253 | 368 | 452 | 410 | 59.4
? 16 1,130 | 920 | 1,025 | 14849 | 424 | 536 | 480 | 79.2
20 1360 | 990 | 1,165 | 247.49 | 452 | 594 | 523 | 100.41
24 1,485 | 1,060 | 1,2725 | 30052 | 480 | 650 | 565 | 120.21
4 1,625 | 1,270 | 1,447.5 | 251.02 | 536 | 678 | 607 | 100.41
8 1,765 | 1,340 | 1,552.5 | 30052 | 564 | 534 | 549 | 21.21
12 1905 | 1,410 | 1,657.5 | 350.02 | 594 | 820 | 707 | 159.81
’ 16 2050 | 1,485 | 1,7675 | 399.52 | 650 | 848 | 749 | 140.01
20 2190 | 1,555 | 1,8725 | 44901 | 734 | 876 | 805 | 100.41
24 2260 | 1,555 | 1,9075 | 49851 | 734 | 932 | 833 | 140.01
4 2,400 | 1,695 | 20475 | 49851 | 790 | 988 | 889 | 140.01
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12 2615 | 1,905 | 2,260.~| 50205 | 876 | 1,158 | 1,017 | 199.4
‘ 16 2,825 | 2,050 | 24375 | 54801 | 960 | 1,242 | 1,101 | 199.4
20 2,895 | 2,050 | 24725 | 59751 | 988 | 1,328 | 1,158 | 240.42
24 3,180 | 2,330 | 2,755 | 601.04 | 1,102 | 1,480 | 1,271 | 239
4 3250 | 2,400 | 2,825 | 601.04 | 1,130 | 1,554 | 1,342 | 299.81
8 3460 | 2560 | 3000 | 650.54 | 1214 | 1638 | 1,426 | 299.81
5 12 3670 | 2,685 | 3,177.5 | 69650 | 1,300 | 1,724 | 1,512 | 299.81
16 3670 | 2,755 | 32125 | 647.00 | 1,328 | 1,808 | 1,568 | 339.41
20 3815 | 2,825 | 35320 | 70004 | 1,412 | 1,920 | 1,666 | 359.21
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 \de +SD g1 | 92 | wde +SD
5
oo 24 3815 | 2,895 | 3,355 | 65054 | 1,440 | 2,006 | 1,723 | 400.22
q 3955 | 2965 | 3,460 | 70004 | 1,526 | 2,090 | 1,808 | 398.81
8 4,025 | 3,105 | 3,565 | 65054 | 1,610 | 2,204 | 1,907 | 420.02
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20 3955 | 3035 | 3495 | 65054 | 1,752 | 2,430 | 2,091 | 479.42
24 4,025 | 3,180 | 3,6025 | 59751 | 1,808 | 2,514 | 2,161 | 499.22
q 4,095 | 3,180 | 3,637.5 | 647.00 | 1,864 | 2,570 | 2,217 | 499.22
8 4,095 | 3250 | 3,6725 | 59751 | 1,920 | 2,598 | 2,259 | 479.42
12 4,165 | 3250 | 3,707.5 | 647.00 | 1,978 | 2,656 | 2,317 | 479.42
! 16 4,165 | 3320 | 3,7425 | 59751 | 2,034 | 2,684 | 2,359 | 459.62
20 4,165 | 3390 | 3,777.5 | 548.01 | 2,090 | 2,684 | 2,387 | 420.02
24 4235 | 3390 | 3,8125 | 59751 | 2,146 | 2,712 | 2,429 | 400.22
q 4235 | 3460 | 38475 | 54801 | 2,174 | 2,740 | 2,457 | 400.22
8 4,235 | 3460 | 3,8475 | 54801 | 2,232 | 2,768 | 2,500 | 379.01
12 4310 | 3530 | 3,920 | 55154 | 2,288 | 2,768 | 2,528 | 339.41
° 16 4310 | 3530 | 3,920 | 55154 | 2,344 | 2,796 | 2,570 | 319.61
20 4380 | 3600 | 3,990 | 55154 | 2,400 | 2,796 | 2,598 | 280.01
24 4310 | 3600 | 3,955 | 50205 | 2458 | 2,796 | 2,627 | 239
4 4380 | 3,670 | 4,025 | 50205 | 2486 | 2,824 | 2,655 | 239
8 4,450 | 3,670 | 4,060 | 551.54 | 2542 | 2852 | 2,697 | 219.2
12 4,450 | 3,745 | 40975 | 49851 | 2598 | 2,852 | 2,725 | 179.61
’ 16 4520 | 3,745 | 41325 | 54801 | 2656 | 2,852 | 2,754 | 13859
20 4520 | 3815 | 4,167.5 | 49851 | 2,656 | 2,882 | 2,769 | 159.81
24 4,590 | 3,885 | 4,237.5 | 49851 | 2,712 | 2,910 | 2,811 | 140.01
q 4590 | 3885 | 4,2375 | 49851 | 2,712 | 2,910 | 2,811 | 140.01
8 4,660 | 3885 | 42725 | 54801 | 2,740 | 2,938 | 2,839 | 140.01
12 4,730 | 3955 | 43025 | 54801 | 2,768 | 2,938 | 2,853 | 120.21
1 16 4730 | 3955 | 43025 | 54801 | 2,768 | 2,966 | 2,867 | 140.01
20 4,800 | 4,025 | 44125 | 54801 | 2,796 | 2,994 | 2,895 | 140.01
24 4,800 | 4,025 | 44125 | 54801 | 2,796 | 2,994 | 2,895 | 140.01




A15199 N.1 A1 BOD,, 57874 U9sdnaiunaunInagnou PS:SS 71 1:0 (#9)
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 \de +SD g1 | 92 | wede +SD
i 4,800 | 4,095 | 44475 | 49851 | 2,824 | 3,022 | 2923 | 140.01
8 4870 | 4,095 | 4,4825 | 54801 | 2,852 | 3,050 | 2951 | 140.01
12 4870 | 4,165 | 45175 | 49851 | 2,882 | 3,050 | 2966 | 118.79
! 16 5015 | 4235 | 4625 | 55154 | 2,824 | 3,136 | 2,980 | 220.62
20 5085 | 4380 | 4,7325 | 49851 | 2938 | 3,164 | 3,051 | 159.81
24 5085 | 4,450 | 4,7675 | 449.01 | 2938 | 3,192 | 3,065 | 179.61
i 5085 | 4,450 | 4,767.5 | 449.01 | 2966 | 3,220 | 3,093 | 179.61
8 5085 | 4520 | 4,8025 | 39952 | 2966 | 3,220 | 3,093 | 179.61
12 5155 | 4590 | 4,8725 | 39952 | 3022 | 3,220 | 3,121 | 140.01
' 16 5225 | 4590 | 4,907.5 | 449.01 | 3022 | 3,248 | 3,135 | 159.81
20 5225 | 4,660 | 49425 | 39952 | 3050 | 3,276 | 3,163 | 159.81
24 5155 | 4,660 | 49075 | 350.02 | 3,050 | 3,304 | 3,177 | 179.61
i 5225 | 4730 | 49775 | 35002 | 3078 | 3,276 | 3,177. | 140.01
8 5225 | 4730 | 49775 | 35002 | 3,108 | 3,304 | 3206 | 138.59
12 5155 | 4,660 | 49075 | 35002 | 3,108 | 3,362 | 3235 | 179.61
P 16 5085 | 4,590 | 4,837.5 | 350.02 | 3,108 | 3,276 | 3,192 | 118.79
20 5155 | 4,590 | 4,8725 | 39952 | 3,108 | 3,304 | 3206 | 13859
24 5155 | 4,660 | 49075 | 35002 | 3,136 | 3,334 | 3235 | 140.01
i 5155 | 4,660 | 49075 | 35002 | 3,164 | 3334 | 3249 | 120.21
8 5155 | 4,660 | 49075 | 35002 | 3,164 | 3334 | 3249 | 120.21
12 5155 | 4,660 | 49075 | 35002 | 3,164 | 3362 | 3263 | 140.01
1 16 5155 | 4,660 | 49075 | 35002 | 3,192 | 3,362 | 3277 | 120.21
20 5225 | 4730 | 49775 | 35002 | 3,192 | 3390 | 3291 | 140.01
24 5225 | 4730 | 49775 | 35002 | 3,220 | 3,390 | 3,305 | 120.21
q 5225 | 4730 | 49775 | 35002 | 3,220 | 3,390 | 3,305 | 120.21
8 5085 | 4,590 | 4,837.5 | 35002 | 3,192 | 3,390 | 3,291 | 140.01
12 5225 | 4730 | 49775 | 35002 | 3,248 | 3,418 | 37333 | 120.21
o 16 5225 | 4730 | 49775 | 35002 | 3,248 | 3,418 | 3333 | 120.21
20 5225 | 4,800 | 50125 | 30052 | 3,276 | 3,446 | 3361 | 120.21
24 5225 | 4,800 | 50125 | 30052 | 3,276 | 3,446 | 3361 | 120.21
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 \de +SD g1 | 92 | wde +SD
i 5225 | 4,800 | 50125 | 30052 | 37304 | 3474 | 3,389 | 120.21
8 5225 | 4,800 | 50125 | 300.52 | 3,304 | 3474 | 3,389 | 120.21
12 5295 | 4,800 | 50475 | 350.02 | 37334 | 3474 | 3404 | 98.99
1 16 5295 | 4,800 | 50475 | 350.02 | 3334 | 3502 | 3,418 | 118.79
20 5225 | 4,800 | 50125 | 30052 | 3334 | 3502 | 3,418 | 118.79
24 5295 | 4,870 | 50825 | 300.52 | 3362 | 3,530 | 3,446 | 118.79
i 5295 | 4,870 | 50825 | 300.52 | 3362 | 3,530 | 3,446 | 118.79
8 5225 | 4,870 | 50475 | 251.02 | 3362 | 3560 | 3,461 | 140.01
12 5295 | 4,870 | 50825 | 30052 | 37362 | 3560 | 3,461 | 140.01
H 16 5295 | 4,870 | 50825 | 300.52 | 3,390 | 3,588 | 3,489 | 140.01
20 5295 | 4,870 | 50825 | 30052 | 3,390 | 3588 | 3,489 | 140.01
24 5295 | 4945 | 5120 | 24749 | 3390 | 3588 | 3,489 | 140.01
q 5295 | 4945 | 5120 | 24749 | 3418 | 3616 | 3,517 | 140.01
8 5295 | 4,870 | 50825 | 300.52 | 3,390 | 3,616 | 3,503 | 159.81
12 5295 | 4945 | 5120 | 24749 | 3418 | 3616 | 3,517 | 140.01
1 16 5295 | 4945 | 5120 | 24749 | 3446 | 3644 | 3545 | 140.01
20 5295 | 4945 | 5120 | 24749 | 3446 | 3644 | 3545 | 140.01
24 5295 | 4945 | 5120 | 247.49 | 3418 | 3672 | 3,545 | 179.61
i 5295 | 5015 | 5155 | 197.99 | 3,446 | 3672 | 3,559 | 159.81
8 5295 | 4945 | 5120 | 247.49 | 3446 | 3672 | 3,559 | 159.81
12 5365 | 5015 | 5190 | 247.49 | 3446 | 3672 | 3559 | 159.81
v 16 5295 | 4945 | 5120 | 24749 | 3446 | 3672 | 3,559 | 159.81
20 5365 | 4945 | 5155 | 29698 | 3,474 | 3700 | 3,587 | 159.81
24 5365 | 5015 | 5190 | 247.49 | 3474 | 3700 | 3,587 | 159.81
i 5365 | 5015 | 5190 | 247.49 | 3502 | 3,700 | 3,601 | 140.01
8 5365 | 5015 | 5190 | 247.49 | 3502 | 3,700 | 3,601 | 140.01
12 5365 | 5085 | 5225 | 197.99 | 3502 | 3,728 | 3,615 | 159.81
20 16 5365 | 5085 | 5225 | 197.99 | 3502 | 3,728 | 3,615 | 159.81
20 5365 | 5085 | 5225 | 197.99 | 3502 | 3,728 | 3,615 | 159.81
24 5365 | 5015 | 5190 | 247.49 | 3502 | 3,756 | 3,629 | 179.61




A151991 1.2 A1 BOD,, 57871 v9sdndiunaunInaznau PS:SS 9 3:1
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vorfu | 4l | €9 \fe +D | il g2 | de +SD
4 80 80 80 0 undef | undef | undef 0
8 160 160 160 0 153 153 153 0
12 160 160 160 0 153 153 153 0
: 16 321 321 321 0 153 153 153 0
20 321 321 321 0 307 307 307 0
24 480 480 480 0 126 126 126 0
4 undef | undef undef 0 461 461 461 0
8 562 562 562 0 307 307 307 0
12 642 642 642 0 461 461 461 0
? 16 721 721 721 0 a6l 461 461 0
20 721 721 721 0 461 461 461 0
24 880 880 880 0 a6l 461 461 0
4 880 880 880 0 461 461 461 0
8 1,042 1,042 1,042 0 767 767 767 0
12 1,042 1,042 1,042 0 767 767 767 0
’ 16 1,122 1,122 1,122 0 767 767 767 0
20 1,201 1,201 1,201 0 767 767 767 0
24 1,201 1,201 1,201 0 919 919 919 0
a4 1,363 1,363 1,363 0 919 919 919 0
8 1,443 1,443 1,443 0 1,077 1,077 1,077 0
12 1,605 1,605 1,605 0 919 919 919 0
‘ 16 1,764 1,764 1,764 0 1,077 1,077 1,077 0
20 1,843 1,843 1,843 0 undef | undef | undef 0
24 1,923 1,923 1,923 0 1,077 1,077 1,077 0
a4 2,085 2,085 2,085 0 1,077 1,077 1,077 0
8 2,085 2,085 2,085 0 1,077 1,077 1,077 0
12 2,244 | 2,244 2,244 0 1,229 | 1,229 | 1,229 0
’ 16 2,244 2,244 2,244 0 1,382 1,382 1,382 0
20 2,326 2,326 2,326 0 1,382 1,382 1,382 0
24 963 963 963 0 1,534 1,534 1,534 0
6 a 2,405 2,405 2,405 0 1,229 1,229 1,229 0
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vectu | g1 | iz Wit +SD | gl | ez | wde +SD
8 2,405 | 2,405 2,405 0 1,534 | 1,534 | 1,534 0
12 2,485 | 2,485 2,485 0 1,382 | 1,382 | 1,382 0
,6 16 2,485 | 2,485 2,485 0 1,382 | 1,382 | 1,382 0
) 20 2,565 | 2,565 2,565 0 1,686 | 1,686 | 1,686 0
24 2,565 | 2,565 2,565 0 1,534 | 1,534 | 1,534 0
q 2,604 | 2644 2,644 0 1,530 | 1,534 | 1,534 0
8 2,604 | 2,644 2,644 0 1,534 | 1,534 | 1,534 0
12 2,604 | 2644 2,644 0 1,686 | 1,686 | 1,686 0
! 16 2,726 | 2,726 2,726 0 1,686 | 1,686 | 1,686 0
20 2,644 | 2644 2,644 0 1,530 | 1,534 | 1,534 0
24 2,806 | 2,806 2,806 0 1,844 | 1,844 | 1,844 0
q 2,806 | 2,806 2,806 0 1,686 | 1,686 | 1,686 0
8 2,726 | 2,726 2,726 0 1,534 | 1,534 | 1,534 0
12 2,806 | 2,806 2,806 0 1,686 | 1,686 | 1,686 0
° 16 2,885 | 2,885 2,885 0 1,686 | 1,686 | 1,686 0
20 2,885 | 2,885 2,885 0 1,534 | 1,534 | 1,534 0
24 2,885 | 2,885 2,885 0 1,996 | 1,996 | 1,99 0
q 2,885 | 2,885 2,885 0 1,686 | 1,686 | 1,686 0
8 2,885 | 2,885 2,885 0 1,844 | 1,844 | 1,844 0
12 2,885 | 2,885 2,885 0 1,686 | 1,686 | 1,686 0
’ 16 2,885 | 2,885 2,885 0 1,686 | 1,686 | 1,686 0
20 2,965 | 2,965 2,965 0 1,840 | 1,844 | 1,844 0
24 2,965 | 2,965 2,965 0 1,844 | 1,844 | 1,844 0
q 2,965 | 2,965 2,965 0 1,840 | 1,844 | 1,844 0
8 2,965 | 2,965 2,965 0 1,686 | 1,686 | 1,686 0
12 3,047 | 3,047 3,047 0 1,996 | 1,996 | 1,99 0
o 16 2,965 | 2,965 2,965 0 1,844 | 1,844 | 1,844 0
20 3,047 | 3,047 3,047 0 1,844 | 1,844 | 1,844 0
24 3,047 | 3,047 3,047 0 1,844 | 1,844 | 1,844 0
i 3,047 | 3,047 3,047 0 1,844 | 1,844 | 1,844 0
! 8 3,127 | 3,127 3,127 0 1,844 | 1,844 | 1,844 0
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oL | Tlued TBOD,, (mg/L) SBOD,, (me/L)
o vectu | g1 | iz Wit +SD | gl | ez | wde +SD
12 3,127 | 3,127 3,127 0 1,996 | 1,996 | 1,99 0
11 16 3,127 | 3,127 3,127 0 1,996 | 1,996 | 1,99 0
(si9) 20 3,127 | 3,127 3,127 0 1,996 | 1,996 | 1,996 0
24 3,127 | 3,127 3,127 0 1,996 | 1,996 | 1,99 0
i 3,206 | 3,206 3,206 0 1,844 | 1,844 | 1,844 0
8 3,206 | 3,206 3,206 0 1,844 | 1,844 | 1,844 0
12 3,206 | 3,206 3,206 0 2,149 | 2,149 | 2,149 0
' 16 3,206 | 3,206 3,206 0 1,844 | 1,844 | 1,844 0
20 3,206 | 3,206 3,206 0 2,149 | 2,149 | 2,149 0
24 3,286 | 3,286 3,286 0 2,301 | 2301 | 2,301 0
i 3,286 | 3,286 3,286 0 2,149 | 2,149 | 2,149 0
8 3,286 | 3,286 3,286 0 2,301 | 2301 | 2,301 0
12 3,286 | 3,286 3,286 0 2,149 | 2,149 | 2,149 0
13 16 3,368 | 3,368 3,368 0 1,996 | 1,996 | 1,99 0
20 3,368 | 3,368 3,368 0 2,301 | 2301 | 2,301 0
24 3,448 | 3,448 3,448 0 2,301 | 2301 | 2,301 0
q 3,448 | 3,448 3,448 0 2,301 | 2301 | 2,301 0
8 3527 | 3,527 3,527 0 2,149 | 2,149 | 2,149 0
12 3527 | 3,527 3,527 0 2,149 | 2,149 | 2,149 0
1 16 3,527 | 3,527 3,527 0 2,149 | 2,149 | 2,149 0
20 3,527 | 3,527 3,527 0 2,149 | 2,149 | 2,149 0
24 3,607 | 3,607 3,607 0 2,301 | 2301 | 2301 0
i 3,607 | 3,607 3,607 0 2,301 | 2301 | 2,301 0
8 3,607 | 3,607 3,607 0 2,149 | 2,149 | 2,149 0
12 3,607 | 3,607 3,607 0 2,301 | 2301 | 2,301 0
o 16 3,607 | 3,607 3,607 0 2,149 | 2,149 | 2,149 0
20 3,686 | 3,686 3,686 0 2,459 | 2,459 | 2,459 0
24 3,686 | 3,686 3,686 0 2,459 | 2,459 | 2,459 0
i 3,686 | 3,686 3,686 0 2,301 | 2301 | 2,301 0
16 8 3,769 | 3,769 3,769 0 2,149 | 2,149 | 2,149 0
12 3,769 | 3,769 3,769 0 2,301 | 2301 | 2,301 0
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vectu | g1 | iz Wit +SD | gl | ez | wde +SD
16 3,769 | 3,769 3,769 0 2611 | 2611 | 2611 0
1,6 20 3,848 | 3,848 3,848 0 2,301 | 2301 | 2301 0
) 24 3,848 | 3,848 3,848 0 2611 | 2,611 | 2611 0
q 3,848 | 3,848 3,848 0 2611 | 2611 | 2611 0
8 3,848 | 3,848 3,848 0 2,301 | 2301 | 2,301 0
12 3,848 | 3,848 3,848 0 2,459 | 2,459 | 2,459 0
o 16 3,928 | 3928 3,928 0 2,301 | 2301 | 2,301 0
20 3,928 | 3,928 3,928 0 2,611 | 2611 | 2611 0
24 3,928 | 3928 3,928 0 2,459 | 2,459 | 2,459 0
q 4,007 | 4,007 4,007 0 2,764 | 2,764 | 2,764 0
8 4,007 | 4,007 4,007 0 2611 | 2611 | 2611 0
12 4,007 | 4,007 4,007 0 2,301 | 2301 | 2,301 0
1 16 4,007 | 4,007 4,007 0 2,459 | 2,459 | 2,459 0
20 4,007 | 4,007 4,007 0 2,459 | 2,459 | 2,459 0
24 4,090 | 4,090 4,090 0 2,764 | 2,764 | 2,764 0
q 4,007 | 4,007 4,007 0 2,459 | 2,459 | 2,459 0
8 4,090 | 4,090 4,090 0 2611 | 2,611 | 2611 0
12 4,090 | 4,090 4,090 0 2,611 | 2611 | 2611 0
v 16 4,090 | 4,090 4,090 0 2,611 | 2611 | 2611 0
20 4,090 | 4,090 4,090 0 2,764 | 2,764 | 2,764 0
24 4,090 | 4,090 4,090 0 2,764 | 2,764 | 2,764 0
q 4,169 | 4,169 4,169 0 2,764 | 2764 | 2,764 0
8 4,090 | 4,090 4,090 0 2,764 | 2,764 | 2,764 0
12 4,169 | 4,169 4,169 0 2,764 | 2,764 | 2,764 0
20 16 4,169 | 4,169 4,169 0 2611 | 2611 | 2611 0
20 4,169 | 4,169 4,169 0 2,764 | 2,764 | 2,764 0
24 4,249 | 4,249 4,249 0 2,764 | 2,764 | 2,764 0
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oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)

o vestu | @11 | @2 \de KL g1 2 | i +SD
i 142 142 142 0 - - - 0

8 285 285 285 0 105 105 105 0

12 285 285 285 0 105 105 105 0

: 16 355 355 355 0 105 105 105 0
20 499 499 499 0 210 210 210 0

24 570 570 570 0 210 210 210 0

4 undef | undef undef 0 315 315 315 0

8 781 781 781 0 210 210 210 0

12 925 925 925 0 315 315 315 0

? 16 995 995 995 0 315 315 315 0
20 995 995 995 0 173 173 173 0

24 1,066 | 1,066 1,066 0 420 420 420 0

4 1,139 1,139 1,139 0 315 315 315 0

8 1,210 | 1,210 1,210 0 420 420 420 0

12 1,280 1,280 1,280 0 525 525 525 0

’ 16 1,351 | 1,351 1,351 0 420 420 420 0
20 1,351 | 1,351 1,351 0 420 420 420 0

24 1,424 | 1,824 1,424 0 630 630 630 0

i 1,424 | 1,424 1,424 0 525 525 525 0

8 1,494 | 1,494 1,494 0 630 630 630 0

12 1,565 1,565 1,565 0 525 525 525 0

‘ 16 1,565 | 1,565 1,565 0 630 630 630 0
20 1,635 1,635 1,635 0 - - - 0

24 1,635 | 1,635 1,635 0 630 630 630 0

q 1,706 1,706 1,706 0 630 630 630 0

8 1,706 | 1,706 1,706 0 630 630 630 0

12 1,706 1,706 1,706 0 736 736 736 0

° 16 1,706 | 1,706 1,706 0 841 841 841 0
20 1,850 1,850 1,850 0 841 841 841 0

24 570 570 570 0 841 841 841 0
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oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | gl | ez | wde +SD
i 1,850 | 1,850 1,850 0 736 736 736 0
8 1,850 | 1,850 1,850 0 841 841 841 0
12 1,920 | 1,920 1,920 0 841 841 841 0
° 16 1,920 | 1,920 1,920 0 841 841 841 0
20 1,991 | 1,991 1,991 0 945 945 945 0
24 1,991 | 1,991 1,991 0 945 945 945 0
q 1,991 | 1,991 1,991 0 945 945 945 0
8 2,064 | 2,064 | 2064 0 945 945 945 0
12 2,064 | 2,064 | 2064 0 1,049 | 1,049 | 1,049 0
! 16 2,064 | 2,064 | 2064 0 1,049 | 1,049 | 1,049 0
20 2,064 | 2064 | 2,064 0 1,049 | 1,049 | 1,049 0
24 2,134 | 2,134 | 2,134 0 1,153 | 1,153 | 1,153 0
q 2,134 | 2,134 | 2,134 0 1,153 | 1,153 | 1,153 0
8 2,134 | 2,134 | 2,134 0 1,049 | 1,049 | 1,049 0
12 2,134 | 2,134 | 2134 0 1,153 | 1,153 | 1,153 0
° 16 2,276 | 2276 | 2276 0 1,153 | 1,153 | 1,153 0
20 2,276 | 2276 | 2,276 0 1,049 | 1,049 | 1,049 0
24 2276 | 2276 | 2,276 0 1,257 | 1,257 | 1,257 0
q 2276 | 2276 | 2276 0 1,089 | 1,049 | 1,049 0
8 2306 | 2346 | 2,346 0 1,153 | 1,153 | 1,153 0
12 2,276 | 2276 | 2,276 0 1,153 | 1,153 | 1,153 0
’ 16 2306 | 2346 | 2,346 0 1,153 | 1,153 | 1,153 0
20 2419 | 2419 | 2419 0 1,257 | 1,257 | 1,257 0
24 2419 | 2419 | 2419 0 1,257 | 1,257 | 1,257 0
q 2419 | 2419 | 2419 0 1,257 | 1,257 | 1,257 0
8 2419 | 2419 | 2419 0 1,153 | 1,153 | 1,153 0
12 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
1 16 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
20 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
24 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | gl | ez | wde +SD
q 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
8 2,490 | 2,490 | 2,490 0 1,257 | 1,257 | 1,257 0
12 2,490 | 2,490 | 2,490 0 1,369 | 1,369 | 1,369 0
! 16 2,560 | 2,560 | 2,560 0 1,369 | 1,369 | 1,369 0
20 2,490 | 2,490 | 2,490 0 1,369 | 1,369 | 1,369 0
24 2,560 | 2,560 | 2,560 0 1,369 | 1,369 | 1,369 0
i 2,560 | 2,560 | 2,560 0 1,257 | 1,257 | 1,257 0
8 2,560 | 2,560 | 2,560 0 1,257 | 1,257 | 1,257 0
12 2,560 | 2,560 | 2,560 0 1,369 | 1,369 | 1,369 0
' 16 2,631 | 2,631 2,631 0 1,257 | 1,257 | 1,257 0
20 2,560 | 2560 | 2,560 0 1,473 | 1,473 | 1,473 0
24 2,631 | 2,631 2,631 0 1,473 | 1,473 | 1,473 0
q 2,631 | 2,631 2,631 0 1,577 | 1,577 | 1,577 0
8 2,704 | 2,704 | 2,704 0 1,473 | 1,473 | 1,473 0
12 2,631 | 2,631 2,631 0 1,369 | 1,369 | 1,369 0
P 16 2,704 | 2,704 | 2,704 0 1,577 | 1,577 | 1,577 0
20 2,704 | 2,704 | 2,704 0 1,577 | 1,577 | 1,577 0
24 2704 | 2,704 | 2,704 0 1,577 | 1,577 | 1,577 0
q 2775 | 2,775 | 2,775 0 1,473 | 1,473 | 1,473 0
8 2775 | 2775 | 2,775 0 1,473 | 1,473 | 1,473 0
12 2845 | 2,845 | 2,845 0 1,473 | 1,473 | 1,473 0
1 16 2,845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
20 2845 | 2845 | 2845 0 1,681 | 1,681 | 1,681 0
24 2845 | 2,845 | 2845 0 1,577 | 1,577 | 1,577 0
q 2845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
8 2845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
12 2845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
o 16 2845 | 2,845 | 2,845 0 1,577 | 1,577 | 1,577 0
20 2916 | 2916 | 2916 0 1,681 | 1,681 | 1,681 0
24 2845 | 2,845 | 2,845 0 1,681 | 1,681 | 1,681 0




A151991 1.3 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 7 1:1 (#9)
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | gl | ez | wde +SD
q 2916 | 2916 | 2916 0 1,577 | 1,577 | 1,577 0
8 2,989 | 2989 | 2,989 0 1,681 | 1,681 | 1,681 0
12 2916 | 2916 | 2916 0 1,681 | 1,681 | 1,681 0
1 16 2916 | 2916 | 2916 0 1,681 | 1,681 | 1,681 0
20 2989 | 2989 | 2,989 0 1,786 | 1,786 | 1,786 0
24 2,989 | 2989 | 2,989 0 1,786 | 1,786 | 1,786 0
i 3,059 | 3059 | 3,059 0 1,681 | 1,681 | 1,681 0
8 2,989 | 2989 | 2989 0 1,681 | 1,681 | 1,681 0
12 2,989 | 2989 | 2,989 0 1,577 | 1,577 | 1,577 0
H 16 3,059 | 3059 | 3,059 0 1,786 | 1,786 | 1,786 0
20 3,059 | 3059 | 3,059 0 1,681 | 1,681 | 1,681 0
24 2,989 | 2989 | 2,989 0 1,786 | 1,786 | 1,786 0
i 3,059 | 3059 | 3,059 0 1,786 | 1,786 | 1,786 0
8 3,130 | 3,130 | 3,130 0 1,681 | 1,681 | 1,681 0
12 3,059 | 3059 | 3,059 0 1,681 | 1,681 | 1,681 0
1 16 3,059 | 3059 | 3,059 0 1,786 | 1,786 | 1,786 0
20 3,059 | 3059 | 3,059 0 1,786 | 1,786 | 1,786 0
24 3,130 | 3,130 | 3,130 0 1,681 | 1,681 | 1,681 0
i 3,130 | 3,130 | 3,130 0 1,786 | 1,786 | 1,786 0
8 3,130 | 3,130 | 3,130 0 1,786 | 1,786 | 1,786 0
12 3,130 | 3,130 | 3,130 0 1,786 | 1,786 | 1,786 0
v 16 3,130 | 3,130 | 3,130 0 1,890 | 1,890 | 1,890 0
20 3,200 | 3200 | 3,200 0 1,786 | 1,786 | 1,786 0
24 3,130 | 3,130 | 3,130 0 1,890 | 1,890 | 1,890 0
i 3,200 | 3200 | 3,200 0 1,786 | 1,786 | 1,786 0
8 3,200 | 3200 | 3,200 0 1,786 | 1,786 | 1,786 0
12 3271 | 3271 3,271 0 1,786 | 1,786 | 1,786 0
20 16 3271 | 3271 3,271 0 1,786 | 1,786 | 1,786 0
20 3271 | 3271 3,271 0 1,786 | 1,786 | 1,786 0
24 3304 | 3344 | 3344 0 1,786 | 1,786 | 1,786 0




A15199 N.4 A1 BOD,, 57871 U9sdndiunaunInaznau PS:SS A1 1:3

163

oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vorfu | $1fi1 | @i 2 \fe EEIAESE iy | +SD
a 104 104 104 0 48 48 48 0
8 209 209 209 0 145 145 145 0
12 209 209 209 0 145 145 145 0
: 16 313 313 313 0 97 97 97 0
20 209 209 209 0 194 194 194 0
24 313 313 313 0 242 242 242 0
4 undef | undef undef 0 undef | undef undef 0
8 313 313 313 0 194 194 194 0
12 418 418 418 0 194 194 194 0
? 16 418 418 418 0 242 242 242 0
20 418 418 418 0 242 242 242 0
24 522 522 522 0 242 242 242 0
a 522 522 522 0 291 291 291 0
8 625 625 625 0 242 242 242 0
12 625 625 625 0 242 242 242 0
’ 16 625 625 625 0 291 291 291 0
20 625 625 625 0 291 291 291 0
24 625 625 625 0 339 339 339 0
a 733 733 733 0 339 339 339 0
8 733 733 733 0 388 388 388 0
12 733 733 733 0 339 339 339 0
‘ 16 733 733 733 0 339 339 339 0
20 733 733 733 0 339 339 339 0
24 733 733 733 0 388 388 388 0
a4 836 836 836 0 388 388 388 0
8 733 733 733 0 436 436 436 0
12 836 836 836 0 388 388 388 0
’ 16 836 836 836 0 436 436 436 0
20 940 940 940 0 436 436 436 0
24 undef | undef undef 0 undef | undef undef 0




A151991 N.4 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 71 1:3 (79)

164

oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | @il g2 | wis | +SD
i 940 940 940 0 436 436 436 0
8 940 940 940 0 484 484 484 0
12 940 940 940 0 484 484 484 0
° 16 940 940 940 0 436 436 436 0
20 1,043 | 1,043 1,043 0 484 484 484 0
24 1,043 | 1,043 1,043 0 484 484 484 0
q 1,043 | 1,043 1,043 0 532 532 532 0
8 1,043 | 1,043 1,043 0 580 580 580 0
12 1,043 | 1,043 1,043 0 484 484 484 0
! 16 1,043 | 1,043 1,043 0 532 532 532 0
20 1,043 | 1,043 1,043 0 532 532 532 0
24 1,147 | 1,147 1,147 0 532 532 532 0
q 1,147 | 1,147 1,147 0 532 532 532 0
8 1,043 | 1,043 1,043 0 580 580 580 0
12 1,147 | 1,147 1,147 0 580 580 580 0
° 16 1,147 | 1,147 1,147 0 580 580 580 0
20 1,147 | 1,147 1,147 0 580 580 580 0
24 1,147 | 1,147 1,147 0 580 580 580 0
q 1,254 | 1,254 1,254 0 631 631 631 0
8 1,254 | 1,254 1,254 0 580 580 580 0
12 1,147 | 1,147 1,147 0 631 631 631 0
’ 16 1,254 | 1,254 1,254 0 580 580 580 0
20 1,254 | 1,254 1,254 0 631 631 631 0
24 1,254 | 1,254 1,254 0 679 679 679 0
i 1,358 | 1,358 1,358 0 679 679 679 0
8 1,358 | 1,358 1,358 0 679 679 679 0
12 1,358 | 1,358 1,358 0 631 631 631 0
1 16 1,358 | 1,358 1,358 0 679 679 679 0
20 1,358 | 1,358 1,358 0 679 679 679 0
24 1,358 | 1,358 1,358 0 679 679 679 0




A151991 N.4 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 71 1:3 (79)
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oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | @il g2 | wis | +SD
i 1,358 | 1,358 1,358 0 679 679 679 0
8 1,358 | 1,358 1,358 0 727 727 727 0
12 1,358 | 1,358 1,358 0 727 727 727 0
! 16 1,462 | 1,462 1,462 0 727 727 727 0
20 1,462 | 1,462 1,462 0 727 727 727 0
24 1,462 | 1,462 1,462 0 775 775 775 0
q 1,462 | 1,462 1,462 0 727 727 727 0
8 1,462 | 1,462 1,462 0 727 727 727 0
12 1,462 | 1,462 1,462 0 727 727 727 0
' 16 1,565 | 1,565 1,565 0 727 727 727 0
20 1,565 | 1,565 1,565 0 727 727 727 0
24 1,565 | 1,565 1,565 0 727 727 727 0
q 1,672 | 1,672 1,672 0 727 727 727 0
8 1,672 | 1,672 1,672 0 775 775 775 0
12 1,672 | 1,672 1,672 0 775 775 775 0
P 16 1,776 | 1,776 1,776 0 775 775 775 0
20 1,776 | 1,776 1,776 0 775 775 775 0
24 1,776 | 1,776 1,776 0 775 775 775 0
q 1,776 | 1,776 1,776 0 775 775 775 0
8 1,880 | 1,880 1,880 0 775 775 775 0
12 1,880 | 1,880 1,880 0 775 775 775 0
1 16 1,983 | 1,983 1,983 0 823 823 823 0
20 1,880 | 1,880 1,880 0 823 823 823 0
24 1,983 | 1,983 1,983 0 823 823 823 0
i 1,983 | 1,983 1,983 0 823 823 823 0
8 1,983 | 1,983 1,983 0 823 823 823 0
12 1,983 | 1,983 1,983 0 871 871 871 0
o 16 1,983 | 1,983 1,983 0 871 871 871 0
20 1,983 | 1,983 1,983 0 871 871 871 0
24 1,983 | 1,983 1,983 0 871 871 871 0




A151991 N.4 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 71 1:3 (79)
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oL | Tlued TBOD,, (mg/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | @1 | @92 Wiy +SD
i 1,983 | 1,983 1,983 0 823 823 823 0
8 1,983 | 1,983 1,983 0 871 871 871 0
12 2,091 | 2,091 2,091 0 919 919 919 0
1 16 2,091 | 2,091 2,091 0 823 823 823 0
20 2,091 | 2,091 2,091 0 871 871 871 0
24 2,091 | 2,091 2,091 0 871 871 871 0
q 2,091 | 2,091 2,091 0 919 919 919 0
8 2,091 | 2,091 2,091 0 871 871 871 0
12 2,091 | 2,091 2,091 0 919 919 919 0
H 16 2,091 | 2,091 2,091 0 919 919 919 0
20 2,091 | 2,091 2,091 0 871 871 871 0
24 2,091 | 2,091 2,091 0 919 919 919 0
q 2,194 | 2,194 | 2,194 0 919 919 919 0
8 2,194 | 2,194 | 2,194 0 967 967 967 0
12 2,091 | 2,091 2,091 0 967 967 967 0
1 16 2,194 | 2,194 | 2,194 0 967 967 967 0
20 2,194 | 2,194 | 2,194 0 967 967 967 0
24 2,298 | 2298 | 2,298 0 919 919 919 0
q 2194 | 2,194 | 2194 0 967 967 967 0
8 2,298 | 2,298 | 2,298 0 967 967 967 0
12 2,298 | 2298 | 2,298 0 967 967 967 0
v 16 2,194 | 2,194 | 2,194 0 967 967 967 0
20 2,194 | 2,194 | 2,194 0 967 967 967 0
24 2,298 | 2298 | 2298 0 967 967 967 0
q 2,298 | 2298 | 2,298 0 967 967 967 0
8 2,298 | 2298 | 2,298 0 967 967 967 0
12 2,298 | 2298 | 2,298 0 967 967 967 0
20 16 2,298 | 2298 | 2,298 0 967 967 967 0
20 2,298 | 2298 | 2,298 0 967 967 967 0
24 2,401 | 2,401 2,401 0 967 967 967 0




A151991 1.5 A1 BOD,, 57871 v9sdndiunaunInaznau PS:SS 1 0:1

167

oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @i it 2 Wit +SD | #fi1 | 42 Wit +SD
q 127 127 127 0 16.9 16.9 16.9 0
8 212 198 205 9.9 24 24 24 0
12 240 240 240 0 31 29.6 303 | 0.99
: 16 282 268 275 9.9 38 36.6 373 | 0.99
20 325 297 311 198 | 451 43.7 444 | 0.99
24 353 325 339 198 | 521 52.1 52.1 0
i 367 339 353 198 | 578 578 578 0
8 395 353 374 29.7 62 62 62 0
12 410 381 3955 | 2051 | 63.4 62 627 | 0.99
? 16 438 395 4165 | 3041 | 63.4 64.8 64.1 | 0.99
20 466 410 438 39.60 | 66.2 67.6 669 | 0.99
24 480 438 459 29.7 69 70.5 69.75 | 1.06
q 494 452 473 297 | 719 71.9 71.9 0
8 523 452 487.5 502 | 747 733 74 0.99
12 537 466 501.5 502 | 775 76.1 768 | 0.99
’ 16 565 494 529.5 50.2 | 789 78.9 78.9 0
20 565 508 5365 | 4031 | 80.3 775 789 | 1.98
24 607 537 572 495 | 817 78.9 80.3 | 1.98
i 621 551 586 495 | 831 80.3 81.7 | 1.98
8 636 565 600.5 502 | 845 81.7 83.1 | 1.98
12 650 579 614.5 50.2 86 83.1 84.55 | 2.05
‘ 16 678 579 628.5 70 87.4 84.5 8595 | 2.05
20 692 593 642.5 70 87.4 86 86.7 | 0.99
24 706 607 656.5 70 88.8 87.4 88.1 | 0.99
q 720 621 670.5 70 90.2 87.4 888 | 1.98
8 734 621 677.5 799 | 916 88.8 90.2 | 1.98
12 749 636 692.5 79.9 93 91.6 923 | 0.99
° 16 763 650 706.5 79.9 93 91.6 923 | 0.99
20 777 664 720.5 799 | 958 93 944 | 1.98
24 777 664 720.5 799 | 944 93 937 | 0.99




A151991 1.5 A1 BOD,, 57874 U99dnaiunaunInagnou PS:SS 7 0:1 (#9)

168

oL | ludd TBOD,, (me/L) SBOD,, (mg/L)
o vostu | g1 | %92 Wit +SD | G 1 | 92 Wiy +SD
q 791 678 734.5 799 | 972 | 944 958 | 1.98
8 805 678 7415 89.8 | 972 | 958 96.5 | 0.99
12 819 692 755.5 898 | 986 | 972 979 | 0.99
° 16 833 706 769.5 89.8 100 100 100 0
20 833 706 769.5 89.8 101 103 102 1.41
24 847 720 783.5 89.8 103 104 1035 | 0.71
q 862 720 791 100.41 | 104 104 104 0
8 862 734 798 90.51 | 104 106 105 1.41
12 876 749 812.5 89.8 106 108 107 1.41
! 16 876 749 812.5 89.8 106 108 107 1.41
20 890 763 826.5 89.8 107 110 1085 | 2.12
24 904 777 840.5 89.8 108 110 109 1.41
q 890 777 833.5 79.9 108 111 1095 | 2.12
8 904 791 847.5 79.9 110 113 1115 | 212
12 918 791 854.5 89.8 111 114 1125 | 2.12
° 16 932 805 868.5 89.8 113 114 1135 | 0.71
20 932 819 875.5 79.9 111 114 1125 | 2.12
24 932 819 875.5 79.9 113 114 1135 | 0.71
q 946 819 882.5 89.8 114 116 115 1.41
8 946 833 889.5 79.9 116 118 117 1.41
12 960 833 896.5 89.8 117 120 1185 | 2.12
’ 16 974 847 910.5 89.8 117 118 1175 | 071
20 989 862 9255 89.8 117 120 1185 | 2.12
24 989 876 9325 79.9 118 121 1195 | 2.12
q 989 876 932.5 79.9 118 123 1205 | 3.54
8 989 890 939.5 70 120 124 122 | 283
12 1,003 | 904 953.5 70 120 123 1215 | 2.12
1 16 1,017 | 918 967.5 70 121 125 123 | 283
20 932 847 889.5 60.1 121 124 1225 | 2.12
24 1,031 946 988.5 60.1 121 125 123 | 283




A15199 1.5 A1 BOD,, 57874 U9sdndiunaunInagnou PS:SS 71 0:1 (#9)
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oL | Tlued TBOD,, (me/L) SBOD,, (mg/L)
o vestu | @11 | @2 \de +SD | &1 | %92 Wit +SD
i 1,031 960 995.5 50.2 124 | 127 1255 | 2.12
8 1,031 960 995.5 502 | 124 | 127 1255 | 2.12
12 1,945 989 1,467 | 67599 | 124 | 128 126 | 2.83
! 16 1,059 989 1,024 49.5 121 123 122 1.41
20 1,059 | 1,003 1,031 39.6 124 | 125 1245 | 0.71
24 1,073 | 1,017 1,045 396 | 125 | 127 126 1.41
q 1,073 | 1,017 1,045 396 | 125 | 127 126 1.41
8 1,073 | 1,031 1,052 297 | 127 | 128 1275 | 0.71
12 1,087 | 1,045 1,066 297 | 127 | 128 1275 | 0.71
' 16 1,087 | 1,045 1,066 297 | 127 | 128 1275 | 0.71
20 1,102 | 1,059 | 1,0805 | 3041 | 128 | 130 129 1.41
24 1,102 | 1,059 | 1,0805 | 3041 | 128 | 130 129 1.41
q 1,116 | 1,073 | 1,095 | 3041 | 128 | 131 1295 | 2.12
8 1,116 | 1,073 | 1,095 | 3041 | 130 | 131 1305 | 0.71
12 1,130 | 1,087 | 1,1085 | 3041 | 130 | 132 131 1.41
P 16 1,130 | 1,087 | 1,0085 | 3041 | 130 | 131 1305 | 0.71
20 1,144 | 1,102 1,123 297 | 131 132 1315 | 0.71
24 1,158 | 1,116 1,137 297 | 132 | 134 133 1.41
q 1,158 | 1,116 1,137 297 | 132 | 134 133 1.41
8 1,158 | 1,116 1,137 297 | 132 | 135 1335 | 2.12
12 1,172 | 1,130 1,151 297 | 134 | 135 1345 | 0.71
1 16 1,186 | 1,144 1,165 297 | 134 | 137 1355 | 2.12
20 1,186 | 1,158 1,172 19.8 | 135 | 137 136 1.41
24 1,186 | 1,158 1,172 198 | 135 | 137 136 1.41
q 1,186 | 1,172 1,179 9.9 135 | 137 136 1.41
8 1,200 | 1,172 1,186 19.8 134 | 135 1345 | 0.71
12 1,200 | 1,186 1,193 9.9 135 | 138 1365 | 2.12
o 16 1,215 | 1,200 | 1,2075 | 1061 | 137 | 138 1375 | 0.71
20 1,229 | 1,215 1,222 9.9 137 | 139 138 1.41
24 1,215 | 1,229 1,222 9.9 137 | 139 138 1.41




A151991 1.5 A1 BOD,, 51874 U99NINAznauNauyidndiu PS:SS 0:1 (sie)
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oL | Tlued TBOD,, (Mme/L) SBOD,, (mg/L)
o vestu | @11 | @2 Wit +SD | @il it 2 Wiy | +SD
q 1,229 | 1,229 1,229 0 138 141 1395 | 2.12
8 1,229 | 1,243 1,236 9.9 138 141 1395 | 2.12
12 1,243 | 1,243 1,243 0 139 141 140 | 141
1 16 1,243 | 1,243 1,243 0 139 141 140 | 141
20 1,257 | 1,257 1,257 0 139 142 1405 | 2.12
24 1,271 | 1,257 1,264 9.9 141 142 1415 | 0.71
q 1,271 | 1,257 1,264 9.9 141 144 1425 | 2.12
8 1,285 | 1,271 1,278 9.9 141 144 1425 | 2.12
12 1,299 | 1,271 1,285 19.8 141 144 1425 | 2.12
H 16 1,313 | 1,285 1,299 19.8 142 145 1435 | 2.12
20 1328 | 1,285 | 13065 | 30.41 | 142 145 1435 | 2.12
24 1342 | 1,285 | 13135 | 4031 | 142 145 1435 | 2.12
q 1,302 | 1,299 | 13205 | 3041 | 142 145 1435 | 2.12
8 1356 | 1,299 | 13275 | 4031 | 142 145 1435 | 2.12
12 1,370 | 1,313 | 13415 | 4031 | 144 147 1455 | 2.12
1 16 1,384 | 1,313 | 13485 | 50.2 144 147 1455 | 2.12
20 1,398 | 1,313 | 13555 | 60.1 144 147 1455 | 2.12
24 1,412 | 1,328 1,370 59.4 144 147 1455 | 2.12
q 1,412 | 1,328 1,370 59.4 145 148 1465 | 2.12
8 1,441 | 1,328 | 13845 | 799 145 148 1465 | 2.12
12 1,455 | 1,342 | 13985 | 79.9 147 148 1475 | 0.71
v 16 1,469 | 1,342 | 1,4055 | 89.8 147 148 1475 | 0.71
20 1,497 | 1,370 | 1,335 | 89.8 147 148 1475 | 0.71
24 1525 | 1,384 | 1,545 | 997 147 149 148 | 141
q 1525 | 1,384 | 1,545 | 99.7 148 149 1485 | 0.71
8 1525 | 1,384 | 1,545 | 99.7 148 149 1485 | 0.71
12 1539 | 1,398 | 1,4685 | 99.7 148 151 1495 | 2.12
20 16 1539 | 1,412 | 14755 | 89.8 148 151 1495 | 2.12
20 1539 | 1,412 | 14755 | 89.8 149 151 150 | 1.41
24 1539 | 1,412 | 14755 | 89.8 148 152 150 | 2.83




2. Nan159ausuInsANgluLiazIuYe9 BMP Test

A15199 N.6 Nan1sInUSuesAngluwsas I ures BMP Test Ua4dn@IuNaunIngznau PS:SS 7 1:0 way 3:1

Juil (day)

USunauielmundadlu 1:0 (ml)

USunauieimundadiu 3:1 (ml)

g

g

g1 1 12 \de GEGE 911 1 2 \ae avay
0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
2 1,146 1,000 1,073 1,073 743 1,751 1,247 1,247
3 954 300 627 1,700 900 2,600 1,750 2,997
a 1,200 323 762 2,462 1,305 1,883 1,594 4,591
5 1,270 360 815 3,277 1,990 1,600 1,795 6,386
6 1,760 400 1,080 4,357 1,845 1,490 1,668 8,054
7 1,000 500 750 5,107 1,853 1,910 1,882 9,935
8 1,450 440 945 6,052 1,709 2,050 1,880 11,815
9 1,300 300 800 6,852 2,050 2,090 2,070 13,885
10 2,150 900 1,525 8,377 1,940 2,090 2,015 15,900
11 2,160 2,100 2,130 10,507 1,750 1,740 1,745 17,645
12 2,110 900 1,505 12,012 1,850 1,900 1,875 19,520
13 2,090 1,050 1,570 13,582 1,940 2,020 1,980 21,500
14 2,023 1,100 1,562 15,143 1,920 1,940 1,930 23,430
15 1,910 1,000 1,455 16,598 1,695 2,150 1,923 25,352

1L7



A15199 1.6 Nan1sInUsuesAngluwsas T uves BMP Test Ua9dnd uNaunInaznay PS:SS 9 1:0 wag 3:1 (s9)

Juil (day)

YSunauineilmundngiu 1:0 (ml)

USunaunneilmundngiu 3:1 (ml)

g1 1

9 2 \aY

g1 1

9 2 LAY

BEGE deddl
16 2,120 1,300 1,710 18,308 2,100 2,150 2,125 27,477
17 2,150 2,150 2,150 20,458 2,000 2,200 2,100 29,577
18 1,820 1,012 1,416 21,874 2,000 2,250 2,125 31,702
19 2,039 1,600 1,820 23,694 2,050 2,050 2,050 33,752
20 2,250 1,440 1,845 25,539 2,185 2,200 2,193 35,945
21 2,000 1,290 1,645 27,184 2,000 2,050 2,025 37,970
22 2,100 1,750 1,925 29,109 2,445 2,060 2,253 40,222
23 2,000 1,450 1,725 30,834 2,150 2,110 2,130 42,352
24 1,850 1,340 1,595 32,429 2,090 2,100 2,095 44,447
25 1,980 1,750 1,865 34,294 2,050 2,000 2,025 46,472
26 2,100 1,950 2,025 36,319 2,100 2,150 2,125 48,597
27 2,050 1,790 1,920 38,239 2,100 1,950 2,025 50,622
28 2,198 1,498 1,848 40,087 2,049 2,095 2,072 52,694
29 2,077 1,898 1,988 42,074 2,020 2,080 2,050 54,744
30 2,100 2,000 2,050 44,124 2,140 2,050 2,095 56,839
31 1,800 2,100 1,950 46,074 1,900 1,990 1,945 58,784

L1



A15199 .7 wan1sIndsuesingluwsas I ures BMP Test Ua9dn@IUNaunINeznau PS:SS 9 1:1 wag 1:3

Juil (day)

YSunauineilmundngiu 1:1 (ml)

YSuaumeimundagiu 1:3 (ml)

g

1 2

9

g1 2

LAY

91 1 \de ava 911 Ava
0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
2 1,735 1,748 1,742 1,742 1,710 1,709 1,710 1,710
3 2,066 1,910 1,988 3,730 1,950 2,055 2,003 3,712
4 1,600 2,250 1,925 5,655 1,702 1,870 1,786 5,498
5 1,548 1,600 1,574 7,229 2,100 2,322 2,211 7,709
6 1,940 1,900 1,920 9,149 2,000 2,210 2,105 9,814
7 2,200 1,990 2,095 11,244 2,061 2,200 2,131 11,945
8 1,950 2,310 2,130 13,374 2,100 2,150 2,125 14,070
9 2,050 1,900 1,975 15,349 2,000 2,150 2,075 16,145
10 1,540 2,140 1,840 17,189 2,050 2,090 2,070 18,215
11 1,980 2,200 2,090 19,279 1,840 2,000 1,920 20,135
12 2,010 2,195 2,103 21,381 2,250 1,848 2,049 22,184
13 2,085 2,190 2,138 23,519 2,200 2,100 2,150 24,334
14 2,010 2,200 2,105 25,624 2,000 1,950 1,975 26,309
15 1,990 2,125 2,058 27,681 2,100 2,050 2,075 28,384
16 1,800 2,240 2,020 29,701 2,000 2,210 2,105 30,489
17 1,895 2,150 2,023 31,724 2,128 2,018 2,073 32,562

¢lLl



A15199 .7 wan1sIndsunesingluwsas Juves BMP Test Ua9dnd uNaunInaznay PS:SS 9 1:1 wag 1:3 (s9)

Juil (day)

YSunauineilmundngiu 1:1 (ml)

USunaunneilmundngiu 1:3 (ml)

g1 1

9 2 \aY

g1 1

9 2 LAY

BEGE deddl
18 1,978 2,290 2,134 33,858 1,950 2,140 2,045 34,607
19 2,010 2,015 2,013 35,870 2,190 2,150 2,170 36,777
20 2,100 2,150 2,125 37,995 2,173 2,200 2,187 38,963
21 2,020 2,050 2,035 40,030 2,200 2,140 2,170 41,133
22 2,014 1,998 2,006 42,036 2,100 2,050 2,075 43,208
23 2,150 2,150 2,150 44,186 2,100 2,050 2,075 45,283
24 2,050 2,150 2,100 46,286 2,090 2,000 2,045 47,328
25 2,100 2,200 2,150 48,436 2,140 2,120 2,130 49,458
26 2,010 2,098 2,054 50,490 2,200 2,100 2,150 51,608
27 2,067 2,190 2,129 52,619 2,160 2,220 2,190 53,798
28 2,098 2,150 2,124 54,743 2,200 2,200 2,200 55,998
29 2,015 2,000 2,008 56,750 2,190 2,179 2,185 58,183
30 2,050 2,150 2,100 58,850 2,165 2,096 2,131 60,313
31 2,100 2,000 2,050 60,900 2,000 2,100 2,050 62,363

vLT



A15199 0.8 nan1sInUsuesingluwsas T uves BMP Test Ua9dnduNaunInaznay PS:SS 9 0:1

way Blank

Juil (day)

YSunauineilmundngiu 0:1 (ml)

USunaunneilinuees Blank (ml)

g

1 2

\aY

g

g1 2

LAY

91 1 ava 911 avay
0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0
2 227 2,213 1,220 1,220 - - - -
3 1,970 2,140 2,055 3,275 605 45 325 325
a 1,380 1,669 1,525 4,800 200 78 139 464
5 1,690 2,210 1,950 6,750 143 389 266 730
6 1,500 1,350 1,425 8,175 410 43 227 957
7 1,276 1,800 1,538 9,713 135 454 295 1,251
8 1,390 1,400 1,395 11,108 273 594 434 1,685
9 800 1,800 1,300 12,408 85 507 296 1,981
10 2,140 2,050 2,095 14,503 542 695 619 2,599
11 1,780 1,770 1,775 16,278 927 542 735 3,334
12 1,945 2,090 2,018 18,295 300 812 556 3,890
13 2,150 2,100 2,125 20,420 530 1,162 846 4,736
14 2,150 1,990 2,070 22,490 202 1,100 651 5,387
15 1,900 2,045 1,973 24,463 250 530 390 5,777
16 1,431 2,195 1,813 26,276 535 610 573 6,349
17 1,590 2,050 1,820 28,096 533 950 742 7,091

GLT



A15199 n.8 wan1sInUsuesAngluwsasures BMP Test Ua4dn@IuNaunIn@znau PS:SS 9 0:1 wag Blank (69)

Juil (day)

YSunauineilmundngiu 0:1 (ml)

USunaunneilinuees Blank (ml)

g1 1

9 2 \aY

g1 1

9 2 LAY

BEGE deddl
18 1,300 1,808 1,554 29,650 1,800 830 1,315 8,406
19 1,490 1,440 1,465 31,115 1,359 1,082 1,221 9,626
20 1,860 2,150 2,005 33,120 985 1,105 1,045 10,671
21 1,540 1,250 1,395 34,515 1,200 850 1,025 11,696
22 1,780 2,155 1,968 36,482 1,012 876 944 12,640
23 1,500 1,950 1,725 38,207 1,853 659 1,256 13,896
24 1,550 2,249 1,900 40,107 1,700 864 1,282 15,178
25 1,970 2,050 2,010 42,117 1,800 820 1,310 16,488
26 2,000 2,145 2,073 44,189 450 750 600 17,088
27 2,140 2,140 2,140 46,329 260 920 590 17,678
28 2,050 2,148 2,099 48,428 1,500 954 1,227 18,905
29 1,950 1,800 1,875 50,303 1,250 876 1,063 19,968
30 2,140 2,149 2,145 52,448 1,400 912 1,156 21,124
31 2,070 2,190 2,130 54,578 1,620 912 1,266 22,390

9.1



A15197 1.9 A1 COD KavvoLTawaININAENBUNENTEREILANY 9 NOULAYMAIN1SNAGBY BMP Test

dmdau | | TCOD TS VS
G mguzu Inlet Outlet Inlet Outlet Inlet Outlet Removal
9 Removal (%) Removal (%)
(PS:SS) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (%)
1 67,903.78 22,447.18 66.94 26,513 19,250 27.39 16,739.30 8,960.00 46.47
1:0 2 67,903.78 22,447.18 66.94 26,513 19,250 27.39 16,739.30 8,960.00 ae6.47
\nde 67,903.78 22,447.18 66.94 26,513 19,250 51.66 16,739.30 8,960.00 46.47
1 52,749.14 14,524.65 72.46 24,661 10,705 56.59 14,480.40 4,420.00 69.48
31 2 52,749.14 13,125.00 75.12 24,661 6,275 74.55 14,480.40 2,500.00 82.74
Lag‘a 52,749.14 13,824.5 73.79 24,661 8,490 65.57 14,480.40 3,460 76.11
1 37,594.50 18,485.92 50.83 22,392 15,365 31.38 12,878.10 5,595.00 56.55
1:1 2 37,594.50 18,485.92 50.83 22,392 15,365 31.38 12,878.10 5,595.00 56.55
\nde 37,594.50 18,485.92 50.83 22,392 15,365 31.38 12,878.10 7,352.5 56.55
1 22,439.86 10,408.45 53.62 18,972 15,365 19.01 10,021.40 8,680.40 13.38
1:3 2 22,439.86 10,408.45 53.62 18,972 15,365 19.01 10,021.40 8,780.00 12.39
Laf?‘:‘a 22,439.86 10,408.45 53.62 18,972 15,365 19.01 10,021.40 8,730.2 12.88
1 10,652.92 8,475.87 20.44 13,200 8,099 38.65 6,282.70 1,375.00 78.11
0:1 2 10,652.92 8,475.87 20.44 15,825 8,099 48.82 6,282.70 1,375.00 78.11
\nde 10,652.92 8,475.87 20.44 14,512.5 8,099 43.74 6,282.70 1,375.00 78.11
Blank 1 252 130.91 48.05 4,540 3,015 33.59 2,000 1,860 7

L1



A15197 1.9 A1 COD KavvoILTaaIN1NNENBUNENTEREILANY 9 NOULAYMAIN1SNAaBY BMP Test (#0)

dmdau | | TCOD TS TVS
71U
ALY ¥ Inlet Outlet Inlet Outlet Inlet Outlet
4N Removal (%) Removal (%) Removal (%)
(PS:SS) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Blank 2 252 174.55 30.73 4,530 3,210 29.88 2,000 1,860 7
(%8) LQSEJ 252 152.73 39.39 4,535 3,112.5 31.74 2,000 1,860 7
A1319% N.10 A1 pH Alkalinity WagVFA ¥89n1NAZNOUNENTIANZIUNG 9 NOULAZUEINITNNADI BMP Test
o pH Alkalinity VFA VFA/Alkalinity
dodiunay | | v 4
UGN Inlet Outlet Inlet Outlet Inlet Outlet
(PS:SS) Inlet Outlet
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 6.02 7.82 7,380 3,519.45 2,341.18 484.50 0.32 0.14
1:0 2 6.02 7.68 7,380 3,519.45 2,341.18 608.96 0.32 0.17
Lag‘d 6.02 7.75 7,380 3,519.45 2,341.18 546.73 0.32 0.16
1 6.26 7.70 7,311.67 5,083.65 2,045.47 502.28 0.28 0.10
21 2 6.26 7.55 7,311.67 4,953.30 2,045.47 462.28 0.28 0.09
Laﬁa 6.26 7.63 7,311.67 5,018.48 2,045.47 482.28 0.28 0.10
1 6.51 7.51 4,646.67 3,780.15 2,579.16 373.38 0.56 0.10
1:1 2 6.51 7.61 4,646.67 4,562.25 2,579.16 364.49 0.56 0.08
Laﬁa 6.51 7.56 4,646.67 4,171.20 2,579.16 368.93 0.56 0.09

8L1



A19719% n.10 A1 pH Alkalinity LazVFA U890 1NAZNOUNANTNIENEIUANN 9 ABULAZUNAIN1ITNAGDY BMP Test (5i0)

o pH Alkalinity VFA VFA/Alkalinity
daduman | |y
UGN Inlet Outlet Inlet Inlet Outlet
(PS:SS) Inlet Outlet Outlet (mg/L)
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
1 6.95 7.45 2,186.67 5,083.65 1,769.28 684.53 0.81 0.13
1:3 2 6.95 7.51 2,186.67 5,344.35 1,769.28 604.52 0.81 0.11
LQ%E‘J 6.95 7.48 2,186.67 5214 1,769.28 644.52 0.81 0.12
1 7.46 7.92 751.67 3,519.45 1,225.20 231.14 1.63 0.07
0:1 2 7.46 7.87 751.67 3,519.45 1,225.20 915.66 1.63 0.26
LQ?{EJ 7.46 7.90 751.67 3,519.45 1,225.20 573.40 1.63 0.16
1 8.74 7.70 9,635 1,435.68 2,378.06 1,594.53 0.25 1.11
Blank 2 8.70 7.68 9,635 1,416.11 2,378.06 1,584.27 0.25 1.12
Laa‘c’J 8.72 7.69 9,635 1,425.89 2,378.06 1,589.40 0.25 1.11

6.1



3. WANARAYTININNSTIUIEA28TUSUATH SPSS MLUUINABININIAUNAAIENIAG 9

A9 n.11

HANARATTININAITTITUNEMBTUILATY SPSS MIUUTNa0IvsaunaaIans Modified Gompertz

dnaunau (PS:SS)
’?‘1,4‘1‘7]' (day) 1:0 3:1 1:1 1:3 0:1

USuufing USuufing UTununeg USuufing USuuing

. Fror® . Eror® . Fror” . Eror? . Fror®

U (ml) U (ml) i (ml) W (ml) 2w (ml)
0 0 0 0 0 0 0 0 0 0 0
1 445 198,435 1,519 2,307,148 1,980 3,920,479 2,164 4,684,714 1,829 3,345,680
2 694 143,831 2,179 868,456 2,771 1,059,747 3,002 1,671,409 2,500 1,638,886
3 1,028 120,159 3,000 107,669 3,733 107,906 4,014 393,719 3,303 124,623
a 1,459 290,068 3,983 20,598 4,862 107,801 5,196 26,124 4,233 10,463
5 1,991 309,036 5,122 285,669 6,146 124,129 6,532 199,371 5,281 545,958
6 2,624 602,890 6,399 486,660 7,566 392,101 8,005 726,790 6,430 620,393
7 3,353 252,567 7,796 787,994 9,097 802,368 9,588 1,221,799 7,664 635,815
8 4,170 39,006 9,288 709,806 10,712 955,350 11,254 1,278,731 8,962 212,955
9 5,060 35,895 10,846 1,119,110 12,382 972,551 12,974 1,415,267 10,302 15,750
10 6,011 54,340 12,445 731,795 14,080 260,049 14,721 800,882 11,663 57,677
11 7,004 28,127 14,058 63,827 15,779 27,622 16,467 111,663 13,028 7,012
12 8,023 9,900 15,662 1,052 17,456 1,231 18,190 10,820 14,377 792
13 9,052 42,284 17,237 223,436 19,093 95,914 19,870 74,131 15,697 162

087



A15199 .11 wandeiediininnisinunemelusinsu SPSS Mkuudnassmisaaunaans Modified Gompertz (sie)

dndqumay (PS:SS)
’qfuﬂ‘ (day) 1:0 3:1 1:1 1:3 0:1

Usunauing , Usunauing , UTuauing , Usuauing , Usunauing ,

- Eror - Eror - Eror - Eror - Eror

iy (ml) iy (ml) i (ml) U (ml) 2w (ml)
14 10,076 102,253 18,764 519,726 20,672 188,825 21,492 324,478 16,975 16,502
15 11,084 68,691 20,230 428,933 22,180 76,165 23,042 188,860 18,201 235,274
16 12,063 10,770 21,626 247,894 23,610 66,791 24,511 138,012 19,368 312,302
17 13,005 131,305 22,943 208,502 24,955 103,942 25,894 178,827 20,470 286,139
18 13,904 189,686 24,178 776,408 26,212 577,615 27,187 971,821 21,505 68,184
19 14,755 472,230 25,327 1,443,266 27,379 1,288,588 28,389 1,533,015 22,471 966,033
20 15,554 471,392 26,392 1,251,266 28,458 1,284,913 29,500 1,459,409 23,369 847,007
21 16,301 661,148 27,373 1,209,472 29,449 1,243,849 30,523 1,179,744 24,199 1,904,759
22 16,994 276,056 28,273 478,062 30,358 924,636 31,461 797,717 24,963 1,256,193
23 17,635 485,976 29,096 409,664 31,186 803,605 32,318 866,761 25,664 1,830,582
24 18,224 947,955 29,845 332,029 31,940 692,807 33,098 899,140 26,305 1,895,688
25 18,764 919,566 30,525 293,125 32,624 457,138 33,807 700,033 26,890 1,592,114
26 19,258 752 31,141 135,225 33,243 25,380 34,448 5,138 27,422 103,317
27 19,707 728,001 31,698 1,553,613 33,801 1,298,415 35,028 1,192,115 27,905 555,845
28 20,115 1,136,782 32,199 2,528,227 34,304 2,351,745 35,551 2,377,486 28,343 1,392,424
29 20,485 2,627,868 32,650 4,519,706 34,756 4,103,866 36,022 4,807,539 28,739 2,548,397

187



A15199 .11 wandeiediininnisinunemelusinsu SPSS Mkuudnassmisaaunaans Modified Gompertz (sie)

dodrunay (PS:SS)

o o 1:0 3:1 1:1 1:3 0:1
un (day) —— — — — —
YNy , YNy , YN , YN , YNy i
- Eror - Eror - Eror - Eror - Eror
U (ml) U (ml) U (ml) U (ml) U (ml)
30 20,819 4,756,587 33,055 7,074,802 35,162 6,572,968 36,445 7,529,152 29,096 4,962,692
31 21,120 6,571,686 33,418 8,853,898 35,526 8,902,943 36,825 9,910,345 29,418 7,671,349
sum 22,685,843 39,977,038 39,791,438 47,675,013 35,660,968
sum/n 708,932.59 1,249,282.43 1,243 482.45 1,489,844.17 1,114,405.25
NRMSE 841.98 1,117.71 1,115.12 1,220.59 1,055.65
Max 23,684.000 36,394.000 38,510.000 39,973.000 32,187.500
Min 0 0 0 0 0
NRMSE (%) 3.56 3.07 2.90 3.05 3.28

81



A9 N.12 wandaiediinnnsinunemelusunsu SPSS Mkuudtasimisvaunanans Modified Logistic

dndrumay (PS:SS)
o o 1:0 3:1 1:1 1:3 0:1
JUN
U3l o o . .
(day) o , Usuunne , Jsuaung , Usununne , Jsuaunie ,
AGULNU Eror - Eror - Eror - Eror - Eror
1y (ml) awu (ml) 1y (ml) iy (ml)
(ml)

0 1,269.37 | 1,611,300.20 | 2,792.37 7,797,330.22 3,301.50 | 10,899,902.25 | 3,523.50 | 12,415,052.25 | 2,924.97 8,555,449.50
1 1,494.93 | 2,234,815.70 | 3,271.44 | 10,702,319.67 | 3,854.42 | 14,856,553.54 | 4,104.76 16,849,054.66 | 3,390.20 11,493,456.04
2 1,757.43 468,444.42 3,823.35 6,637,579.32 4,488.14 7,544,031.29 4,769.35 9,362,682.02 3,919.52 7,287,408.23
3 2,061.73 471,598.09 4,455.84 3,182,085.15 5,210.39 3,261,238.69 5,524.98 4,570,958.48 4,518.51 2,460,223.62
a 2,412.93 172,582.08 5,176.34 1,101,114.44 6,028.28 701,875.33 6,378.63 1,808,029.84 5,192.23 733,986.29
5 2,816.16 72,716.52 5,991.48 112,546.83 6,947.76 201,834.55 7,336.08 127,506.13 5,944.82 5,577.10
6 3,276.40 15,276.96 6,906.59 36,255.97 7,973.07 47,930.34 8,401.31 208,109.32 6,779.10 192,633.21
7 3,798.16 3,287.88 7,925.04 576,020.28 9,106.02 785,846.79 9,575.84 1,249,163.88 7,696.12 585,806.54
8 4,385.15 329.42 9,047.58 1,171,633.06 | 10,345.43 | 1,805,180.3¢ | 10,858.09 | 2,331,454.15 8,694.75 530,348.06
9 5,039.87 28,517.08 10,271.77 | 2,664,174.77 | 11,686.48 | 2,827,509.51 12,242.89 | 3,690,663.63 9,771.25 430,008.06
10 5,763.16 205.64 11,591.37 | 2,921,125.36 | 13,120.40 | 2,158,254.81 | 13,721.07 | 3,588,865.02 | 10,919.10 969,043.36
11 6,553.75 383,470.56 12,996.17 | 1,728,777.93 | 14,634.26 1,718,039.35 15,279.39 | 2,315,296.99 | 12,128.82 664,518.43
12 7,407.97 509,838.84 14,471.88 | 1,341,241.93 | 16,211.26 | 1,639,014.46 | 16,900.74 | 1,941,173.43 | 13,388.21 | 1,034,878.94
13 8,319.46 277,244.37 16,000.56 582,840.63 17,831.29 905,751.92 18,564.80 1,067,502.24 | 14,682.65 1,003,703.42

£87



M990 .12 wandeiediininnisinunemelusunsu SPSS Muudtassnisaaunamans Modified Logistic (s0)

[

aaUNEN (PS:SS)

514‘171‘ (day) 1:0 3:1 1:1 1:3 0:1

Usunauing UTuaufing Usuauing Usuauing Usunauing

- Eror® - Fror’ - Eror’ - Eror” - Fror’

iy (ml) 2y (ml) iy (ml) 2y (M) 2wy (ml)
14 9,279.15 227,863.02 17,561.37 231,967.46 19,471.84 585,469.83 20,248.90 453,063.61 15,995.75 | 1,227,110.06
15 10,275.52 298,094.16 19,131.59 197,056.09 21,109.25 632,422.56 21,929.29 459,290.84 17,310.16 | 1,892,935.71
16 11,294.98 440,922.56 20,687.99 193,608.80 22,7120.03 399,386.08 23,582.40 310,360.41 18,608.46 | 1,737,229.44
17 12,322.63 | 1,091,753.32 | 22,208.11 77,500.99 24,282.20 123,060.64 25,186.18 81,122.43 19,874.05 | 1,279,047.90
18 13,343.08 15,730.18 23,671.58 140,685.01 25,776.44 105,261.31 26,121.22 270,628.85 21,092.03 23,094.88
19 14,341.37 75,004.78 25,061.11 874,430.71 27,186.93 889,116.98 28,171.57 | 1,042,583.94 | 22,249.78 579,547.24
20 15,303.81 190,366.42 26,363.20 | 1,187,446.09 | 28,501.84 | 1,387,307.07 | 29,525.25 | 1,520,905.56 | 23,337.42 790,178.77
21 16,218.72 534,682.69 27,568.36 | 1,676,662.42 | 29,713.46 | 1,902,909.89 | 30,774.35 | 1,788,505.02 | 24,347.97 | 2,339,278.48
22 17,076.86 370,101.89 28,671.15 | 1,186,247.72 | 30,817.99 | 2,022,055.56 | 31,914.88 | 1,814,085.73 | 25,277.30 | 2,060,086.09
23 17,871.71 872,748.32 29,669.75 | 1,473,189.06 | 31,815.07 | 2,325,838.50 | 32,946.28 | 2,431,354.12 | 26,123.91 | 3,286,642.67
24 18,599.41 | 1,819,558.19 | 30,565.47 | 1,680,834.46 | 32,707.25 | 2,557,600.56 | 33,870.91 | 2,961,531.23 | 26,888.55 | 3,841,796.00
25 19,258.57 | 2,111,412.42 | 31,362.12 | 1,899,214.73 | 33,499.25 | 2,406,376.56 | 34,693.37 | 2,970,004.16 | 27,573.80 | 3,784,192.09
26 19,849.88 383,631.58 32,065.30 309,469.69 34,197.41 632,677.07 35,419.87 809,766.02 28,183.64 | 1,172,109.37
27 20,375.76 34,128.87 32,681.84 68,727.87 34,809.04 17,281.73 36,057.69 3,882.54 28,723.01 5,185.44
28 20,839.85 116,724.72 33,219.26 324,603.67 35,341.97 245,549.98 36,614.63 228,837.86 29,197.44 105,989.31
29 21,246.62 738,533.98 33,685.33 | 1,189,561.05 | 35,804.12 956,249.29 37,098.66 | 1,245,098.91 | 29,612.73 521,673.95

p8l



M990 .12 wandeiediininnisinunemelusunsu SPSS Muudtassnisaaunamans Modified Logistic (s0)

[

aaUNEN (PS:SS)

o o 1:0 3:1 1:1 1:3 0:1
W (day) —— — — — —
YNy YN , YNy , YN , YNy i
- Eror® - Eror - Eror - Eror - Eror
U (ml) U (ML) U (ml) U (ml) U (ml)
30 21,601.02 1,957,145.04 | 34,087.73 | 2,648,007.65 | 36,203.25 | 2,318,767.56 | 37,517.61 2,793544.53 | 29974.73 1,819,180.51
31 21,908.21 | 3,153,430.12 | 34,433.82 | 3,842,305.63 | 36,546.73 | 3,854,429.09 | 37,878.94 | 4,385,087.28 | 30,289.10 | 3,603,922.56
sum 20,681,460 59,756,565 72,714,723 87,095,165 66,016,241
sum/n 646,295.63 1,867,392.65 2,272,335.11 2,7121,723.91 2,063,007.54
NRMSE 803.93 1,366.53 1,507.43 1,649.76 1,436.32
Max 23684 36394 38510 39973 32187.5
Min 0 0 0 0 0
NRMSE (%) 3.39 3.75 391 4.13 4.46

G871



A9 .13 NANANA1BTININAITVNUI8A8IUTINTY SPSS ALUUINEDINI9aUNadIdns Pseudo First-order

fndunan (PS:SS)
Fuil 1:0 3:1 1:1 1:3 0:1
(day) | Usuiufine , USuuning , USuufing , USuufing , USuuing ,
- Eror - Eror - Eror - Eror - Eror
21U (ml) 4w (ml) U (ml) 2y (ml) (M)
0 0 0 0 0 0 0 0 0 0 0
1 1,127.86 1,272,068.18 2,054.86 4,222,449.62 2,261.54 5,114,563.17 2,349.57 5,520,479.18 1,846.04 | 3,407,863.68
2 2,202.01 1,274,663.58 3,993.69 7,544,305.96 4,390.27 7,015,982.51 4,561.04 8,131,280.37 3,586.21 5,598,949.76
3 3,225.01 3,422,537.00 5,823.06 9,929,179.12 6,393.99 8,937,050.46 6,642.52 | 10,598,410.47 | 5,226.58 | 5,182,816.50
4 4,199.30 4,847,923.24 7,549.14 | 11,711,042.18 | 8,280.04 9,545,257.41 8,601.65 12,728,126.52 | 6,772.86 | 5,940,723.77
5 5,127.18 6,659,909.26 9,177.76 | 12,402,793.50 | 10,055.33 | 12,651,039.65 | 10,445.63 | 12,017,523.56 | 8,230.47 | 4,888,388.34
6 6,010.88 6,816,694.37 10,714.43 | 13,085,799.80 | 11,726.36 | 12,491,700.61 | 12,181.22 | 11,047,114.64 | 9,604.48 | 5,695,286.79
7 6,852.50 8,982,009.00 | 12,164.34 | 12,112,766.52 | 13,299.26 | 10,934,661.70 | 13,814.79 | 9,742,451.26 | 10,899.69 | 5,944,770.48
8 7,654.04 | 10,804,631.96 | 13,532.38 | 11,576,189.66 | 14,779.79 | 9,552,982.82 15,352.35 | 8,805,166.02 12,120.61 | 7,277,099.71
9 8,417.40 | 12,576,952.96 | 14,823.18 | 8,521,611.87 | 16,173.37 | 7,870,100.84 | 16,799.53 | 6,946,018.38 | 13,271.51 | 8,091,237.14
10 9,144.42 | 11,336,150.29 | 16,041.10 | 7,510,888.36 17,485.12 | 8,384,615.18 18,161.64 | 6,482,828.90 14,356.41 | 6,016,767.47
11 9,836.81 7,095,883.72 | 17,190.25 | 8,290,080.56 | 18,719.83 | 7,699,681.53 | 19,443.69 | 6,983,810.44 | 15,379.08 | 5929,614.61
12 10,496.23 | 5,636,968.09 18,274.52 | 6,993,486.03 19,882.03 | 5,714,633.68 | 20,650.38 | 5,552,526.70 16,343.11 | 3,754,332.51
13 11,124.25 | 5,190,423.06 | 19,297.57 | 6,418,976.94 | 20,975.98 | 4,809,161.28 | 21,786.15 | 4,788,000.42 | 17,251.84 | 2,456,554.68
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A9 .13 NANANAIBTININAITVINIUI8A8IUTLNTY SPSS NkUUINADIMI9aUNadIdns Pseudo First-order (#8)

dodrunay (PS:SS)

Tuil 1:0 3:1 1:1 1:3 0:1
(day) | Ysununne , USuuing , UTununneg , USuufing , USuufing ,
- Eror - Eror - Eror - Eror - Eror
iy (ml) Wy (ml) U (ml) W (ml) W (ml)

14 11,722.36 | 3,864,605.54 | 20,262.86 | 4,927,778.42 | 22,005.68 | 3,128,228.94 | 22,855.15 | 3,737,068.92 | 18,108.46 1,009,944.60
15 12,291.99 | 2,162,340.84 | 21,173.65 | 2,554,083.42 | 22,974.92 | 1,145,798.98 | 23,861.32 | 1,573,318.66 | 18,915.95 52,877.00
16 12,834.49 766,482.74 22,033.01 819,043.10 23,887.23 286,471.15 24,808.35 447,360.32 19,677.12 62,190.38
17 13,351.16 267.00 22,843.85 127,699.02 24.,745.97 12,762.22 25,699.71 52,308.26 20,394.65 372,527.12
18 13,843.22 140,415.08 23,608.91 97,600.01 25,554.28 10,461.20 26,538.68 114,027.78 21,071.02 29,922.08
19 14,311.85 59,706.92 24,330.78 41,934.85 26,315.12 5,058.05 27,328.34 31,627.07 21,708.60 48,444.01
20 14,758.17 11,953.05 25,011.88 68,445.02 27,031.27 85,690.85 28,071.58 48,584.98 22,309.61 19,290.43
21 15,183.23 92,580.23 25,654.54 383,111.48 27,705.38 395,163.10 28,771.13 443,382.86 22,876.15 3,323.52
22 15,588.05 775,192.20 26,260.90 | 1,745,305.21 | 28,339.89 | 1,115,368.33 | 29,429.57 | 1,296,022.86 | 23,410.21 186,442.60
23 15,973.58 929,141.77 26,833.03 | 2,634,031.62 | 28,937.14 | 1,830,230.18 | 30,049.30 | 1,789,441.29 | 23,913.63 157,902.92
24 16,340.76 827,626.87 27,372.86 | 3,595,346.90 | 29,499.32 | 2,587,851.34 | 30,632.61 | 2,302,472.41 | 24,388.18 291,945.70
25 16,690.46 | 1,243,314.20 | 27,882.20 | 4,417,563.24 | 30,028.48 | 3,684,557.03 | 31,181.63 | 3,198,267.26 | 24,835.51 628,833.14
26 17,023.50 | 4,870,849.00 | 28,362.79 | 9,898,637.36 | 30,526.57 | 8,268,097.68 | 31,698.37 | 7,961,595.86 | 25,257.19 | 3,399,635.32
27 17,340.68 | 10,367,240.83 | 28,816.24 | 17,038,402.62 | 30,995.40 | 15,563,814.01 | 32,184.75 | 15,486,192.56 | 25,654.69 | 8,977,873.62
28 17,642.76 | 12,522,680.79 | 29,244.10 | 20,656,116.01 | 31,436.71 | 19,366,952.62 | 32,642.53 | 19,806,683.22 | 26,029.39 | 12,205,310.83
29 17,930.45 | 17,435,217.80 | 29,647.79 | 26,298,537.80 | 31,852.09 | 24,304,012.61 | 33,073.41 | 26,430,806.39 | 26,382.59 | 15,621,544.81
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1.13 NANANAIBTININAITVNIUI8A8TUTLATU SPSS NkUUINADIMI9aUNarIans Pseudo First-order (#8)

dodrunay (PS:SS)

UN 1:0 3:1 1:1 1:3 0:1
(day) | Yaunauing UTununng , UTununneg , USuufing , USuufing ,
- Eror® - Eror - Eror - Eror - Eror
21U (ml) 21y (ml) 2w (ml) W (ml) U (ml)
30 18,204.44 | 22,997,395.71 | 30,028.69 | 32,334,121.42 | 32,243.09 | 30,062,302.07 | 33,478.96 | 32,604,556.80 | 26,715.54 | 21,233,295.36
31 18,465.39 | 27,233,890.33 | 30,388.08 | 36,071,075.05 | 32,611.12 | 34,796,785.25 | 33,860.68 | 37,360,455.78 | 27,029.40 | 26,605,995.61
sum 192,217,716 284,028,403 257,371,036 264,027,910 161,091,704
sum/n 6,006,803.61 8,875,887.58 8,042,844.89 8,250,872.19 5,034,115.77
NRMSE 2,450.88 2,979.24 2,835.99 2,872.43 2,243.68
Max 23,684.00 36,394.00 38,510.00 39,973.00 32,187.50
Min 0 0 0 0 0
NRMSE
10.35 8.19 7.36 7.19 6.97
(%)
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1. i’]ﬂﬂqiﬁ'lu’lmﬂ'ﬁ@aﬂLLUU‘QGWIG]a'é]\‘iizUU Two-stage CSTR

A19°97 0.1 AINISAUTEUU Two-stage CSTR

. ANNERUTTUY
WITHLAD3
CSTR 1 CSTR 2
Feed dnanunannnazney PS:SS 7 1:3 Effluent CSTR 1
Volume reactor (L) 3 225
Dimeter (cm) 15.24 (6”) 15.24 (6”)
Height (cm) 19 126.81
HRT (d) 1.6 24
Operating days (d) 220
OLR (kg VS/m*-day) 0.44
$18N15AUI

sl Wiuszuulluluy Semi-continuous Feed uazlu 1 4u fiszezaviufisen 21

hr S282INNANALNBN 2 hr LAYSEELLIAATULLYN-080 1 hr

® (STR1
COD fed - 42,019 me/L
TVSteq (Mg/L) = 10,641 mg/L
V = 3 L
HRT = 1.6 d
OLRssu - COD/HRT or TVS/HRT
4 42,019 mg COD/L x 1 ke x 1,000 L
256 d 1,000,000 mg 1 m?
- 1.64 kg COD/m?*-d
= 10,641 mg COD/L x 1 kg x 1,000 L
25.6 d 1,000,000 mg 1 m?
- 0.44 kg VS/m>d
Linout/day = Qxt

= 3L x21hrx 1d
1.6 d 1 d 24 hr




|—in,out/ day

AYUA IUIRNS (1o PVC)
? lu
@ usn
AU

21N V N193038UDN

1%
o

wld  Anwugevessyiuth

Freebord

(50% Biogas Production)
H 574

AMUUA VUIRUNIY

N4
817
CSTR 2
V
HRT

Lin,out/day

1.641 L/day
6 inch
0.1524 m
153.3 mm
0.1533 m
165 mm
0.165 m
11.7 mm
0.0117 m
TUir?h

(V x 4)/(TLQ?)
(3L x4) x _1m?

TUx (0.1533 m)> 1,000 L
0.1626 m

16.262 cm

50% x (Vbiogas/day @HRT 1.6 d X 4)/(T[®2)
0.5x (4 x(0.1710 L)) x _1m3

(TT x (0.1533 m)?) 1,000 L

0.00463 m
0.46 cm
16.262 cm + 0.463 cm
16.73 cm
2 cm
7 cm
22.5 L
24 d
QOxt
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Lin,out/ day

AVUA VUINDS (V18 PVC)

QR

azle

lu

@ uan

AITUAUT

V 1133058UDN

(%
o

ANEIYBITEAUIN

Freebord

(50% Biogas Production)

AU 1Yo 6 ¢ 119 2 959U

H 334

2251 x21lhrx 1d

24d 1 d 24hr

0.820 L/day
6 inch
0.1524 m
153.3 mm
0.1533 m
165 mm
0.165 m
11.7 mm
0.0117 m
TUr’h

(V x 4)/(TL@?)

(225 L x 4) x _1m?
TUx (0.1533 my 1,000 L
1.2196 m
121.963 cm

50% x (Vbiogas/day @HRT 24 d X 4)/(T[®2)

05 x (4 x(2.0451) x _1m?
(Tt x (0.1533 m)») 1,000 L

0.0554 m

5.54 cm
121963 cm + 554  cm
127.50 cm
16.73 cm + 127.50 cm
144.23 cm
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2. TwandungunInlynnaasdszuu Two-stage CSTR

M1319% 9.2 1888198 UNTAlYANARBITEUU Two-stage CSTR

194

wuau

U
518715 YUIA

Usauneu ATl

1. v PVC § 13.5 6 i 1 viou
(4 Wn3/viou)

2. viodunthuvau PVC 6 1 q u
3. Useifinens 6 1 q u
4. ywiuwdaunuen PVC %1 20 1. 6 1 q u
5. Gas Counter - 2 Lf-ﬁ"e}\i
6. : 3 \A3eq
7. 4awasniu AC (a1 7 mm) 14W, 60 rpm 1 P
8. ununSaulunuaLauLad 2*7 cm 1 u
9. @8819TALAY 7*9 mm 10 LIRS
10. fieAnana@n 7% il u
11. Wandmanain ID 5.86 mm 11 u
12. yatlonansawnuaadmsuganii M20 x 80 32 U




NMANUIN A

NANIILAUIZUU Two-stage CSTR



1. WanISIAANNYYIININYD9I52UU Two-stage CSTR

A1957°97 A.1 WaNISIAARIYTININVDITEUU Two-stage CSTR

196

USunainedininsiedu (ml)

USunauinedininsiedu (ml)

UN IUN
CSTR 1 CSTR 2 CSTR 1 CSTR 2
0-34 0 0 63 0 2,108
35 0 68 64 0 1,428
36 0 68 65 0 2,040
37 0 68 66 0 1,904
38 0 68 67 0 1,768
39 0 612 68 0 2,992
40 0 204 69 0 2,924
41 0 136 70 0 2,516
42 0 204 71 0 2,652
43 0 68 72 0 2,108
a4 0 204 & 0 2,040
45 0 204 74 0 1,428
46 0 238 75 0 2,312
a7 0 272 76 0 1,632
48 0 68 T 0 1,904
49 0 238 78 0 2,720
50 0 408 79 0 2,720
51 0 68 80 0 2,380
52 0 204 81 0 1,768
53 0 170 82 0 1,836
54 0 136 83 0 1,224
55 0 340 84 0 1,360
56 0 272 85 0 952
57 0 544 86 0 748
58 0 408 87 0 1,088
59 0 680 88 0 544
60 0 1,224 89 0 680
61 0 1,496 90 0 476
62 0 1,632 91 0 612




A19197 A.1 WaNISIAARITININVDITEUU Two-stage CSTR (sig)

197

USunauinedininsiedu (ml)

USunauinedininsiedu (ml)

UN IUN
CSTR 1 CSTR 2 CSTR 1 CSTR 2
92 0 544 123 0 1,632
93 0 816 124 0 1,564
94 0 748 125 0 1,700
95 0 748 126 0 1,496
96 0 680 127 0 1,972
97 0 are 128 0 952
98 0 748 129 0 1,088
99 0 612 130 0 1,156
100 0 1,564 131 0 990
101 0 1,564 132 0 540
102 0 aré 133 0 585
103 0 884 134 0 630
104 0 1,292 135 0 540
105 0 952 136 0 270
106 0 1,564 137 0 540
107 0 2,584 138 0 900
108 0 1,428 139 0 630
109 0 2,924 140 0 360
110 0 2,924 141 0 360
111 0 2,652 142 0 810
112 0 2,380 143 0 720
113 0 2,856 144 0 270
114 0 2,448 145 0 270
115 0 1,904 146 0 180
116 0 3,060 147 0 450
117 0 2,652 148 0 630
118 0 2,176 149 0 450
119 0 1,564 150 0 450
120 0 1,360 151 0 360
121 0 1,496 152 0 270
122 0 1,496 153 0 450




A19197 A.1 WaNISIAARITININVDITEUU Two-stage CSTR (sig)

198

USunauiedininsiedu (ml)

USunauinedininsiedu (ml)

IUN JUN
CSTR 1 CSTR 2 CSTR 1 CSTR 2

154 0 150 185 0 450
155 0 450 186 0 360
156 0 270 187 0 450
157 0 450 188 0 360
158 0 450 189 0 450
159 0 450 190 0 360
160 0 180 191 0 450
161 0 450 192 0 450
162 0 720 193 0 450
163 0 360 194 0 450
164 0 90 195 0 450
165 0 360 196 0 270
166 0 270 197 0 540
167 0 270 198 0 450
168 0 450 199 0 630
169 0 360 200 0 450
170 0 450 201 0 360
171 0 360 202 0 450
172 0 450 203 0 360
173 0 360 204 0 450
174 0 450 205 0 360
175 0 450 206 0 450
176 0 450 207 0 450
177 0 450 208 0 450
178 0 450 209 0 450
179 0 270 210 0 450
180 0 540 211 0 270
181 0 450 212 0 540
182 0 630 213 0 450
183 0 360 214 0 630
184 0 450 215 0 450




A19197 A.1 WaNISIAARITININVDITEUU Two-stage CSTR (sig)

199

o Ysunauiedinmseiu (ml) il YSunauietnmsedu (m)
o CSTR 1 CSTR 2 CSTR 1 CSTR 2
216 0 450 219 0 270
217 0 450 220 0 540
218 0 450
2. UszAnsnmnisnianal TVS ¥8952UU Two-stage CSTR
A137971 A.2 Usgavsnamnisiiadnan TVS vasszuy Two-stage CSTR
oL TVS (mg/L)
UN Efficiency
Influent Effluent CSTR 1 Effluent CSTR 2
1 6,980 1,000 210 96.99
2 2,050 1,080 550 93.73
3 1,500 880 565 93.70
a4 6,795 1,105 430 93.67
5 7,140 1,055 680 90.48
6 4,650 920 120 97.42
7 5,615 795 125 91.77
8 7,780 975 420 94.60
9 9,375 3,240 655 93.01
10 10,490 5,175 555 94.71
11 9,255 4,627 455 95.08
12 8,020 4,080 290 96.38
13 4,730 4,060 610 87.10
14 3,060 2,685 230 92.48
15 3,225 665 515 84.03
16 4,465 3,235 315 92.95
17 5,090 815 360 92.93
18 5,150 2,745 570 88.93
19 3,020 2,390 335 88.91
20 6,990 3,615 725 89.63
21 6,980 4,025 615 91.19
22 15,840 4,902 565 96.43




A19°97 A.2 Usdnsnmn1sindna TVS 98958UU Two-stage CSTR (#19)

200

o4 VS (me/L)
JUN Efficiency
Influent Effluent CSTR 1 Effluent CSTR 2

23 25,695 5,780 515 98.00
25 6,235 5,105 755 87.89
27 7,655 6,165 655 91.44
28 5,090 2,875 1,340 92.83
31 13,220 11,025 765 94.21
37 21,350 18,600 800 96.25
40 17,453 1,070 465 97.34
43 13,555 4,305 725 94.65
a6 9,658 7,905 610 94.16
49 5,760 450 365 93.66
52 20,205 19,370 1,090 94.61
55 21,040 3,215 1,315 93.75
58 19,621 12,355 1,090 94.44
61 18,202 16,610 1,110 93.90
64 20,445 20,445 450 97.80
67 15,365 3,405 695 95.48
71 15,680 10,095 325 97.93
73 15,995 15,995 940 94.12
7 23,110 23,110 520 97.75
79 14,965 5,355 820 94.52
82 9,295 2,290 420 95.13
85 10,203 2,040 435 95.74
87 9,749 1,790 450 95.38
90 9,522 1,300 510 94.64
93 9,295 7,880 590 95.68
96 10,657 2,890 350 96.72
99 12,020 3,700 640 94.68
102 12,020 3,190 510 95.76
105 12,020 6,870 510 95.76
108 12,020 11,810 150 98.75




A1919% A.2 Uszdnsnmn1sindna TVS 98338UU Two-stage CSTR (#19)

201

o4 VS (me/L)
JUN Efficiency
Influent Effluent CSTR 1 Effluent CSTR 2

110 12,020 10,450 590 95.09
113 14,920 11,810 1,165 94.57
115 14,965 11,810 760 94.32
118 17,082 14,990 1,015 94.06
122 18,141 16,775 737 95.93
125 19,200 18,560 460 97.60
127 14,325 10,450 220 98.46
130 9,450 2,340 420 95.56
133 5,200 660 210 95.96
136 6,560 2,850 350 94.66
139 7,920 2,025 450 94.32
140 9,280 1,200 390 95.80
142 10,640 1,860 390 96.33
145 10,640 1,780 390 96.33
148 9,289 2,040 110 98.82
151 7,938 2,840 215 97.29
152 8,694 1,250 320 96.32
156 9,072 3,750 200 97.80
159 9,450 1,430 70 99.26
162 6,990 3,011 515 92.63
165 6,980 1,411 615 91.19
168 6,235 669 335 94.63
171 7,655 753 360 95.30
174 12,295 874 515 95.81
177 7,110 1,068 610 91.42
180 9,295 796 455 95.10
183 7,933 6,143 655 91.74
186 6,570 640 125 98.10
189 5,200 2,297 520 90.00
192 9,450 1,962 565 94.02
195 14,325 2,008 210 98.53




A19°97 A.2 Usdnsnmn1sindna TVS 98958UU Two-stage CSTR (#19)

202

o4 VS (me/L)
JUN Efficiency
Influent Effluent CSTR 1 Effluent CSTR 2

198 14,920 2,992 550 96.31
201 7,655 1,170 430 94.38
204 15,840 1,826 120 99.24
207 15,840 1,411 420 97.35
210 10,640 1,036 555 94.78
213 12,020 5,309 290 97.59




3.

UsEANSAINN13A1A COD Y8932 UU Two-stage CSTR

A19197 A.3 Uszdndnmn1sinda COD Ue93¥UU Two-stage CSTR

o Influent Effluent CSTR 1 Effluent CSTR 2 Efficiency
o TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) | SCOD (meg/L) | TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) SCOD (mg/L)
1 28,571.43 25,000.00 40,145.99 21,897.81 25547.45 7,299.27 29.76 52.88
34,358.71 23,448.91 40,145.99 21,897.81 25,547.45 7,299.27 25.64 68.87
7 39,651.26 23,735.96 44,943.82 22,471.91 26,217.23 14,981.27 33.88 36.88
10 28,571.43 25,000.00 25,000.00 17,857.14 14,285.71 3,571.43 50.00 85.71
13 25,000.00 19,642.86 21,428.57 14,285.71 14,285.71 7,142.86 42.86 63.64
17 29,675.57 20,501.64 25,000.00 14,285.71 21,428.57 10,714.29 27.79 47.74
19 34,351.15 26,717.56 26,717.56 15,267.18 22,900.76 7,633.59 33.33 71.43
22 32,442.75 24,809.16 30,534.35 22,900.76 22,900.76 15,267.18 29.41 38.46
25 29,962.55 14,981.27 14,981.27 7,490.64 11,235.96 3,745.32 62.50 75.00
28 69,288.39 36,816.48 67,415.73 37,453.18 11,235.96 7,490.64 83.78 79.65
31 46,816.48 21,835.21 22,471.91 7,490.64 14,981.27 3,745.32 68.00 82.85
37 71,161.05 36,179.78 26,217.23 22,471.91 14,981.27 7,490.64 78.95 79.30
40 65,320.30 40,394.72 59,479.55 44,609.67 29,739.78 22,304.83 54.47 44.78
43 46,468.40 40,892.19 44,609.67 37,174.72 40,892.19 22,304.83 12.00 45.45
44 48,327.14 44,609.67 48,327.14 44,609.67 29,739.78 22,304.83 38.46 50.00
49 48,327.14 37,174.72 48,327.14 22,304.83 33,457.25 7,434.94 30.77 80.00
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A1319% A.3 Uszdnsnmn1sinda COD Ue953UU Two-stage CSTR (si0)

o Influent Effluent CSTR 1 Effluent CSTR 2 Efficiency

o TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) | SCOD (meg/L) | TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) SCOD (mg/L)
52 78,066.91 46,468.40 78,066.91 70,631.97 37,174.72 7,434.94 52.38 84.00
55 70,631.97 45,762.08 63,197.03 33,457.25 26,022.30 7,434.94 63.16 83.75
58 55,315.99 38,119.14 34,285.71 15,238.10 19,047.62 15,238.10 65.57 60.03
61 40,000.00 30,476.19 36,190.48 30,476.19 34,285.71 22,857.14 14.29 58.65
64 43,809.52 30,476.19 38,095.24 22,857.14 30,476.19 22,857.14 30.43 58.65
67 49,523.81 38,095.24 47,619.05 26,666.67 22,857.14 15,238.10 53.85 60.00
71 40,000.00 35,238.10 30,476.19 35,238.10 26,666.67 19,047.62 33.33 45.95
73 50,476.19 32,380.95 50,476.19 32,380.95 30,476.19 22,857.14 39.62 29.41
7 60,952.38 29,047.62 60,952.38 22,857.14 15,238.10 11,428.57 75.00 60.66
79 34,285.71 26,666.67 19,047.62 15,238.10 15,238.10 11,428.57 55.56 57.14
82 39,484.78 25,136.61 37,064.79 19,422.33 23,356.75 11,615.93 40.85 53.79
87 44,683.84 23,606.56 55,081.97 23,606.56 31,475.41 11,803.28 29.56 50.00
90 55,081.97 25,409.84 55,081.97 33,442.62 27,540.98 15,737.70 50.00 38.06
93 55,081.97 27,213.11 55,081.97 43,278.69 27,540.98 9,836.07 50.00 63.86
96 62,086.44 26,666.67 19,672.13 15,737.70 26,594.92 3,934.43 57.16 85.25
99 69,090.91 17,272.73 18,181.82 10,909.09 10,909.09 3,636.36 84.21 78.95
102 54,698.13 22,324.89 32,977.10 25,648.85 25,648.85 14,656.49 53.11 34.35
105 47,501.73 27,377.05 21,984.73 7,328.24 18,320.61 3,664.12 61.43 86.62
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A1319% A.3 Uszdnsnmn1sinda COD Ue953UU Two-stage CSTR (si0)

o Influent Effluent CSTR 1 Effluent CSTR 2 Efficiency
o TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) | SCOD (meg/L) | TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) SCOD (mg/L)

108 40,305.34 18,320.61 29,312.98 14,656.49 25,648.85 10,992.37 36.36 40.00
110 47,693.66 22,930.80 28,426.98 19,131.52 21,984.73 14,656.49 53.90 36.08
113 55,081.97 27,540.98 27,540.98 23,606.56 27,540.98 19,672.13 50.00 28.57
115 47,272.73 18,181.82 21,818.18 7,272.73 10,909.09 3,636.36 76.92 80.00
118 51,177.35 22,861.40 14,545.45 14,545.45 18,181.82 14,545.45 64.47 36.38
121 41,952.31 20,521.61 23,636.36 9,090.91 21,818.18 11,090.91 47.99 45.95
125 32,1271.27 18,181.82 32,127.27 3,636.36 25,454.55 7,636.36 22.22 58.00
128 31,493.51 17,337.66 30,259.74 5,584.42 22,900.43 6,632.03 27.29 61.75
131 30,259.74 16,493.51 27,7192.21 7,532.47 20,346.32 7,627.71 32.76 53.75
134 29,951.30 16,282.47 35,411.26 9,437.23 24,155.84 7,627.71 19.35 53.15
137 28,871.75 15,543.83 29,134.20 10,432.90 19,696.97 7,623.38 31.78 50.96
140 27,792.21 14,805.19 22,857.14 11,428.57 15,238.10 7,619.05 45.17 48.54
143 27,175.32 14,383.12 38,095.24 15,238.10 22,857.14 7,619.05 15.89 47.03
146 22,857.14 11,428.57 15,238.10 11,428.57 7,619.05 3,809.52 66.67 66.67
149 22,857.14 11,428.57 22,857.14 19,047.62 19,047.62 3,809.52 16.67 66.67
152 22,857.14 11,428.57 15,238.10 15,238.10 15,238.10 3,809.52 33.33 66.67
155 55,081.97 27,213.11 55,081.97 43,278.69 27,540.98 13,606.56 50.00 50.00
158 51,177.35 22,697.47 38,450.07 25,275.71 19,225.04 9,621.46 62.43 57.61

G0¢



A1319% A.3 Uszdnsnmn1sinda COD Ue953UU Two-stage CSTR (si0)

o Influent Effluent CSTR 1 Effluent CSTR 2 Efficiency
o TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) | SCOD (meg/L) | TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) SCOD (mg/L)

161 49,225.04 20,439.64 30,134.13 16,274.22 15,067.06 7,628.91 69.39 62.68
164 47,272.73 18,181.82 21,818.18 7,272.73 10,909.09 5,636.36 76.92 69.00
167 42,402.60 17,337.66 22,077.92 8,311.69 11,991.34 6,132.03 71.72 64.63
170 37,532.47 16,493.51 22,337.66 9,350.65 13,073.59 6,627.71 65.17 59.82
173 30,715.35 17,388.05 26,409.06 13,427.01 14,389.93 8,618.27 53.15 50.44
176 27,792.21 14,805.19 22,857.14 11,428.57 15,238.10 7,619.05 45.17 48.54
179 30,715.35 17,388.05 26,409.06 13,427.01 14,389.93 8,618.27 53.15 50.44
182 33,638.49 19,970.90 29,960.97 15,425.45 13,541.76 9,617.49 59.74 51.84
185 36,561.64 22,553.76 33,512.88 17,423.89 12,693.60 10,616.71 65.28 52.93
188 39,484.78 25,136.61 37,064.79 19,422.33 11,845.43 11,615.93 70.00 53.79
191 37,178.52 22,975.84 34,746.65 16,449.86 19,693.21 10,118.87 47.03 55.96
194 34,872.26 20,815.06 32,428.50 13,477.40 27,540.98 8,621.82 21.02 58.58
197 32,566.00 18,654.28 30,110.35 10,504.93 20,276.34 7,124.76 37.74 61.81
200 30,259.74 16,493.51 27,792.21 7,532.47 13,011.69 5,627.71 57.00 65.88
203 37,471.79 20,050.03 41,437.09 15,569.51 14,548.94 8,715.49 61.17 56.53
206 37,471.79 20,050.03 41,437.09 15,569.51 14,548.94 8,715.49 61.17 56.53
209 44,683.84 23,606.56 55,081.97 23,606.56 16,086.18 11,803.28 64.00 50.00
212 41,000.71 21,775.53 50,164.29 20,064.23 22,857.14 10,259.39 44.25 52.89

90¢



A1319% A.3 Uszdnsnmn1sinda COD Ue953UU Two-stage CSTR (si0)

o Influent Effluent CSTR 1 Effluent CSTR 2 Efficiency

- TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) | SCOD (meg/L) | TCOD (mg/L) SCOD (mg/L) TCOD (mg/L) SCOD (mg/L)
215 37,317.57 19,944.51 45,246.61 16,521.89 15,381.16 8,715.49 58.78 56.30
218 33,634.43 18,113.49 40,328.93 12,979.56 15,028.65 7,171.60 55.32 60.41
221 29,951.30 16,282.47 35,411.26 9,437.23 14,676.14 5,627.71 51.00 65.44

L0C



4.

A1 pH Y9933UU Two-stage CSTR

A5197i A.4 A1 pH ¥8452UU Two-stage CSTR

208

o o pH o o pH
IUN IUN
Influent CSTR 1 CSTR 2 Influent CSTR 1 CSTR 2
2 6.83 7.2 7.25 32 6.63 7.04 7.03
3 6.69 7.26 7.25 34 6.87 6.70 7.15
a4 6.7 7.2 7.49 38 7.24 6.67 7.10
5 6.68 6.96 7.57 39 6.91 6.9 7.08
6 6.83 7.23 7.5 40 6.96 6.87 7.09
7 6.74 7.17 7.35 a1 6.97 6.9 7.08
8 6.84 7.13 7.51 42 6.97 6.9 7.16
9 6.94 7.09 7.4 a4 6.7 7.05 7.17
10 7.01 7.02 7.45 a5 6.77 7.05 7.26
11 6.86 6.78 7.33 50 6.84 6.94 7.58
12 7.58 7.25 7.3 53 6.9 6.92 7.36
13 6.98 6.97 7.38 55 6.94 6.8 7.57
14 6.95 6.96 7.34 56 6.98 6.65 7.25
15 7.04 7.08 7.32 59 6.83 6.9 7.25
16 7.08 7.1 7.3 60 6.85 6.9 7.09
17 7.12 7.33 7 62 6.87 6.9 7.49
18 7.11 7.04 7.37 63 6.8 6.9 7.09
19 7.08 7 7.3 65 6.89 6.9 7.13
20 6.94 6.71 7.28 68 6.98 6.9 7.01
21 6.96 6.78 7.28 70 6.85 6.9 6.98
22 6.97 6.79 7.33 72 6.9 6.9 7
23 6.85 6.79 7.3 73 6.9 6.9 6.96
24 6.64 6.7 7.22 74 6.95 6.9 7.02
25 6.96 6.8 7.16 76 7 6.9 7.21
26 7.01 6.86 7.19 78 7 6.9 7.09
27 6.95 6.76 7.15 79 7.05 6.9 7.19
28 7.04 6.72 7.01 80 7.04 6.69 7.18
29 6.94 6.93 7.01 83 6.84 7.07 7.02
30 6.91 6.7 6.91 85 6.83 6.94 7.25




A5197i A.4 A1 pH U9432UU Two-stage CSTR (619)

209

o o pH o o pH
IUN IUN
Influent CSTR 1 CSTR 2 Influent CSTR 1 CSTR 2

88 6.88 6.86 7.02 155 6.95 7.14 7.46
90 6.84 6.95 7.1 157 6.62 6.93 7.44
91 7.07 7 7.12 160 6.79 6.92 7.41
94 7.01 6.84 7.11 162 6.95 6.9 7.38
95 6.9 6.9 7.12 167 6.98 6.97 7.36
97 6.91 6.85 7.02 169 7.07 6.97 7.25
100 6.77 6.75 7.08 173 7.23 7.03 7.53
103 6.79 6.9 7.03 176 7.05 6.9 7.38
105 6.81 6.9 6.99 180 7.02 6.73 7.31
106 6.71 6.9 6.96 182 7.12 7.15 7.33
109 6.86 6.9 6.97 184 7.07 6.9 7.27
110 6.81 6.9 7.05 185 7.15 7.18 7.33
111 6.88 6.9 7.25 187 7.16 6.9 7.29
114 6.76 6.9 7.25 190 7.17 6.9 7.25
116 6.95 6.9 7.25 191 7.24 7.22 7.45
119 6.99 6.88 6.93 193 7.19 6.9 7.48
120 6.915 6.76 7.25 194 7.18 7.2 7.39
121 6.84 6.64 6.94 197 6.98 6.94 7.38
122 6.825 6.77 6.93 199 6.98 7.2 7.41
125 6.8175 6.835 6.96 200 7.16 6.9 7.3
126 6.81 6.9 6.93 202 7.2 7.165 7.42
128 6.89 6.73 7.06 204 7.24 6.98 7.54
131 6.87 717 7.18 206 7.175 6.975 7.58
134 6.93 7.15 7.21 208 7.11 6.97 7.25
137 6.98 7.13 7.24 211 6.98 7.13 7.25
141 7.07 7.16 7.28 212 6.98 7.04 7.47
143 7.25 7.18 7.31 214 6.98 6.9 7.51
145 7.22 7.15 7.32 215 6.98 7.12 7.48
147 7.18 7.12 7.33 216 7.16 7.2 7.45
149 7.23 7.24 7.41 217 6.98 7.17 7.55
152 7.27 6.9 7.48 218 7.22 7.16 7.41




5. A1 VFA/Alkalinity ¥9933UU Two-stage CSTR

a1519fl A.5 A7 VFA Laz Alkalinity ¥8432UU Two-stage CSTR

r Alkalinity (mg/L as CaCO,) VFA (mg/L as mg/L as CH,COOH) VFA/Alkalinity
o Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2
1 1,265 1,361 1,093 1,164.34 664.44 84.23 0.92 0.49 0.08
4 1,265 1,361 1,093 1,164.34 464.05 21.09 0.92 0.34 0.02
9 1,265 1,361 1,093 1,427.15 506.24 107.62 1.13 0.37 0.10
14 1,265 1,361 1,093 1,345.27 548.42 109.68 1.06 0.40 0.10
19 1,265 1,361 1,093 1,304.33 1,062.66 162.46 1.03 0.78 0.15
20 1,427 1,369 1,045 1,263.38 1,576.89 215.24 0.89 1.15 0.21
23 1,508 1,373 1,021 2,255.37 1,066.85 280.75 1.50 0.78 0.27
24 1,589 1,377 997 1,696.21 1,293.80 264.38 1.07 0.94 0.27
27 1,480 1,129 952 1,137.04 1,520.74 248.00 0.77 1.35 0.26
29 1,371 881 906 1,438.85 1,965.88 172.96 1.05 223 0.19
33 1,407 1,281 1,028 1,740.66 1,745.34 238.64 1.24 1.36 0.23
34 1,442 1,680 1,149 1,552.46 1,122.16 185.62 1.08 0.67 0.16
37 1,243 1,362 944 1,289.81 1,458.48 456.39 1.04 1.07 0.48
39 1,143 1,202 842 1,870.22 1,870.22 491.12 1.64 1.56 0.58
41 1,043 1,043 739 1,250.12 1,493.20 357.18 1.20 1.43 0.48
43 1,083 1,043 863 1,622.18 1,775.97 644.90 1.50 1.70 0.75

01¢



A15197 A.5 A1 VFA way Alkalinity 999352UU Two-stage CSTR (#19)

r Alkalinity (mg/L as CaCOs) VFA (mg/L as mg/L as CH;COOH) VFA/Alkalinity

o Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2
44 1,124 1,043 987 1,733.80 1,798.29 135.00 1.54 1.72 0.14
a7 1,164 1,043 1,111 1,845.42 1,820.61 510.96 1.59 1.75 0.46
49 1,204 1,043 1,235 1,336.14 1,257.15 413.68 1.11 1.21 0.33
54 1,184 1,154 860 826.85 1,033.57 316.40 0.70 0.90 0.37
59 1,245 1,306 1,113 1,381.60 1,590.43 210.93 1.11 1.22 0.19
64 1,235 1,797 1,346 1381.60 1754.95 126.56 1.12 0.98 0.09
69 1,377 1,194 1,255 1,936.35 2,008.07 371.24 1.41 1.68 0.30
74 1,285 1,204 1,316 1,936.35 1,767.61 624.36 1.51 1.47 0.47
79 1,103 1,336 1,468 1,936.35 295.30 371.94 1.76 0.22 0.25
84 2,186 2,186 2,571 1,034.44 783.04 119.52 0.47 0.36 0.05
89 2,368 2,247 2,611 984.99 647.04 168.97 0.42 0.29 0.06
94 2,105 2,785 2,490 984.99 395.64 160.73 0.47 0.14 0.06
99 1,903 2,348 2,591 616.02 672.85 121.47 0.32 0.29 0.05
104 2,510 2,267 2,986 587.83 950.06 134.48 0.23 0.42 0.05
108 2,075 2,186 2,146 559.63 1,258.08 125.81 0.27 0.58 0.06
115 2,115 2,308 3,077 616.02 1,197.34 858.96 0.29 0.52 0.28
120 2,126 2,328 2,834 914.77 1,524.26 895.22 0.43 0.65 0.32
125 1,660 2,247 2,814 914.77 1,524.26 895.22 0.55 0.68 0.32

11¢



A15197 A.5 A1 VFA way Alkalinity 999352UU Two-stage CSTR (#19)

r Alkalinity (mg/L as CaCOs) VFA (mg/L as mg/L as CH;COOH) VFA/Alkalinity

o Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2 Feed CSTR 1 CSTR 2
130 1,660 2,024 2,935 1,214 1,851 931 0.73 0.91 0.32
135 1,923 1,923 1,883 1,512.26 2,178.09 967.74 0.79 1.13 0.51
140 1,356 1,761 2,267 1,512.26 2,178.09 967.74 1.12 1.24 0.43
146 2,065 1,923 2,227 1,811 2,505 1,004 0.88 1.30 0.45
151 1,599 1,862 2,571 1,634 2,457 661 1.02 1.32 0.26
156 2,065 2,238 2,530 1,547 2,150 ars 0.75 0.96 0.19
161 1,194 2,446 1,883 1,457 2,267 248 1.22 0.93 0.13
166 2,507 2,614 2,857 1,945 2,411 523 0.78 0.92 0.18
171 2,213 2,654 2,966 2,053 2,353 333 0.93 0.89 0.11
177 2,462 2,620 2,825 1,752 2,052 354 0.71 0.78 0.13
182 2,583 2,748 2,930 1,656 2,250 a97 0.64 0.82 0.17
187 2,184 2,630 2,807 1,356 2,267 515 0.62 0.86 0.18
192 2,301 2,710 2,830 1,558 1,956 559 0.68 0.72 0.20
197 2,546 2,680 2,870 1,680 2,351 438 0.66 0.88 0.15
202 2,459 2,638 2,934 2,009 2,166 526 0.82 0.82 0.18
208 2,551 2,651 2,809 1,854 2,450 380 0.73 0.92 0.14
213 2,322 2,701 2,983 1,981 2,250 600 0.85 0.83 0.20
40 79.81 66.40 8.83 65,320.30 65,320.30 65,320.30 818 984 7,396

[AY4



6.

A1 TKN ¥9952UU Two-stage CSTR

A1574971 A.6 A1 TKN v9455UU Two-stage CSTR

Y TKN (mg/L) COD (mg/L) C/N ratio

u‘VI Influent | Effluent CSTR 1 | Effluent CSTR 2 Influent Effluent CSTR 1 | Effluent CSTR 2 Influent | Effluent CSTR 1 | Effluent CSTR 2
a5 79.81 51.98 11.78 48,327.14 48,327.14 48,327.14 606 930 4,104
50 69.91 33.97 12.43 48,327.14 48,327.14 48,327.14 691 1,423 3,888
55 68.93 25.07 13.73 70,631.97 70,631.97 70,631.97 648 2,817 5,145
60 66.22 23.88 15.02 40,000.00 40,000.00 40,000.00 604 1,675 2,662
65 51.84 20.93 11.56 43,809.52 43,809.52 43,809.52 845 2,093 3,791
70 76.15 1.64 0.33 40,000.00 40,000.00 40,000.00 525 2,383 4,041
75 52.98 18.88 11.76 50,476.19 50,476.19 50,476.19 953 2,674 4,291
80 52.28 29.29 11.93 34,285.71 34,285.71 34,285.71 656 1,170 2,875
85 17.65 5.69 17.45 39,484.78 39,484.78 39,484.78 2,237 6,944 2,263
90 66.27 47.25 17.71 55,081.97 55,081.97 55,081.97 831 1,166 3,110
95 13.73 49.41 17.91 62,086.44 62,086.44 62,086.44 4,523 1,257 3,467
100 85.95 30.21 18.89 69,090.91 69,090.91 69,090.91 804 2,287 3,657
105 42.60 51.05 18.95 47,501.73 47,501.73 47,501.73 1,115 931 2,506
110 36.78 79.20 17.70 47,693.66 47,693.66 47,693.66 1,297 602 2,694
115 85.20 15.76 15.89 47,272.73 47,272.73 47,272.73 555 2,999 2,975
120 99.65 11.64 21.08 41,952.31 41,952.31 41,952.31 421 3,606 1,990

474



A151971 7.6 A1 TKN Vee52UL Two-stage CSTR (#19)

o 4 TKN (mg/L) COD (mg/L) C/N ratio

o Influent | Effluent CSTR 1 | Effluent CSTR 2 Influent Effluent CSTR 1 | Effluent CSTR 2 Influent | Effluent CSTR 1 | Effluent CSTR 2
125 99.65 47.10 19.39 32,727.27 32,727.27 32,727.27 328 695 1,688
130 83.51 15.58 17.27 30,259.74 27,7192.21 20,346.32 362 1,784 1,178
135 85.39 41.85 19.45 29,951.30 35,411.26 24,155.84 351 846 1,242
140 68.12 52.73 13.70 27,792.21 22,857.14 15,238.10 408 433 1,112
146 79.92 74.15 58.00 22,857.14 15,238.10 7,619.05 286 206 131
151 86.12 66.00 45.35 22,857.14 15,238.10 15,238.10 265 231 336
156 69.02 51.87 34.80 55,081.97 55,081.97 27,540.98 798 1,062 791
161 52.09 53.41 42.00 49,225.04 30,134.13 15,067.06 945 564 359
166 52.39 36.50 31.25 42,402.60 22,077.92 11,991.34 809 605 384
171 66.31 41.75 38.50 37,532.47 22,337.66 13,073.59 566 535 340
177 51.95 52.20 28.90 27,792.21 22,857.14 15,238.10 535 438 527
182 42.79 49.30 18.00 33,638.49 29,960.97 20,649.02 786 608 1,147
187 36.87 32.45 28.00 39,484.78 37,064.79 26,059.95 1,071 1,142 931
192 73.79 67.32 50.15 37,178.52 34,746.65 24,235.22 504 516 483
197 17.74 53.21 38.75 32,566.00 30,110.35 20,585.77 1,836 566 531
202 85.04 63.50 43.60 37,471.79 41,437.09 22,115.41 441 653 507
208 66.36 52.68 31.50 44,683.84 55,081.97 25,469.79 673 1,046 809
213 83.60 44.99 27.30 41,000.71 50,164.29 23,265.57 490 1,115 852

1244



1.

A1 F/M Ratio ¥8452UU Two-stage CSTR

A15197i A.7 A1 F/M ratio 9455UU Two-stage CSTR

215

L MLVSS TVStog CODyy F/M ratio (d™)

o (me/L) (me/L) (me/L) COD/(MLVSS*HRT) TVS/(MLVSS*HRT)
1 392 6,980 25,547 2.71 17.79
2 231 2,050 25,547 4.61 8.88
3 255 1,500 25,547 4.17 5.88
4 364 6,795 25,547 2.93 18.69
5 514 7,140 25,547 2.07 13.90
6 593 4,650 25,547 1.80 7.85
7 798 5,615 22,901 1.20 7.04
8 525 7,780 22,901 1.82 14.83
9 592 9,375 22,901 1.61 15.83
10 614 10,490 14,286 0.97 17.08
12 767 8,020 14,286 0.78 10.46
14 683 3,060 14,286 0.87 4.48
15 686 3,225 14,286 0.87 4.70
16 630 4,465 14,286 0.94 7.09
17 862 5,090 21,429 1.04 5.90
32 1,472 13,220 14,981 0.42 8.98
34 19,852 17,285 14,981 0.03 0.87
49 14,638 5,760 33,457 0.10 0.39
55 16,164 21,040 26,022 0.07 1.30
57 17,904 19,621 19,048 0.04 1.10
64 10,612 20,445 30,476 0.12 1.93
65 26,084 20,445 22,857 0.04 0.78
99 31,896 12,020 10,909 0.01 0.38

152 61,588 8,694 15,238 0.01 0.14

156 26,628 9,072 15,238 0.02 0.34

159 20,852 9,450 15,238 0.03 0.45

176 13,725 12,295 27,792 0.08 0.90

177 14,484 9,295 33,638 0.10 0.64

178 15,030 6,570 39,485 0.11 0.44




A15197 A.7 A1 F/M ratio 9455UL Two-stage CSTR (#19)

216

L MLVSS TVStog CODyy F/M ratio (d™)

o (mg/L) (mg/L) (mg/L) COD/(MLVSS*HRT) TVS/AMLVSS*HRT)
179 13,662 9,450 37,179 0.11 0.69
180 14,815 14,920 32,566 0.09 1.01
181 15,944 7,655 37,472 0.10 0.48
182 12,586 15,840 44,684 0.15 1.26
183 16,242 12,020 41,001 0.11 0.74

8. A1 Yield biogas ¥94358UU Two-stage CSTR
A13797 A.8 A1 Yield biogas 18955UU Two-stage CSTR
Yield biogas Yield biogas
Suil ml biogas/g Suil ml biogas/g
ml biogas/L-d ml biogas/L-d
TVS emovedd TVSemovedd

37 2.67 0.12 93 21.33 2.30
40 24.00 1.38 96 29.33 2.75
43 8.00 0.59 99 29.33 2.44
a6 8.00 0.83 102 61.33 5.10
a9 2.67 0.46 105 50.67 4.22
52 2.67 0.13 108 101.33 8.43
55 5.33 0.25 110 114.67 7.34
58 21.33 1.09 113 93.33 6.26
61 48.00 2.64 115 96.00 6.41
64 82.67 4.04 118 104.00 6.09
67 74.67 4.86 122 58.67 3.23
71 98.67 6.29 125 61.33 3.19
73 82.67 5.17 127 58.67 4.10
77 64.00 6.15 130 0.04 451
79 106.67 713 133 0.02 4.07
82 69.33 7.46 136 0.02 3.23
85 53.33 5.23 139 0.04 4.46
87 29.33 3.01 140 0.02 2.66
90 26.67 2.80 142 0.01 1.33




a519i A.8 A1 Yield biogas U9432UU Two-stage CSTR (619)

217

Yield biogas Yield biogas
Suil ml biogas/g Suil ml biogas/g
ml biogas/L-d ml biogas/L-d

TVSeemovead TVSemovead
145 0.01 1.00 180 0.02 2.28
148 0.02 1.90 183 0.01 1.78
151 0.02 2.22 186 0.01 2.15
152 0.01 1.62 189 0.02 2.01
156 0.02 1.95 192 0.02 1.87
159 0.02 1.87 195 0.02 1.23
162 0.03 1.94 198 0.02 1.18
165 0.01 2.02 201 0.01 1.84
168 0.02 2.83 204 0.02 1.11
171 0.01 1.84 207 0.02 1.11
174 0.02 1.44 210 0.02 1.66
177 0.02 2.48 213 0.02 1.47
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1.

ﬁuqamam%naummizuu Two-stage CSTR

M19197 9.1 USHUASUBUNYARIN 9 Y9958 UU Two-stage CSTR

dndau TS (mg/L) Carbon Carbon (g C/day)
o ¥ Flowrate % Cin
AIDEY 9 - TS - (mg -
(L/day) (mD) (%) LR HEH Ripby dry (g C/day) bR U
(mg/L) /L)
sludge
1 249 53.66 2,140 - 267.90 0.24
2 163 48.08 1,995 - 271.80 0.21
Feed
3 235 70.15 60.91 1,920 2,026 - 235.60 0.27 0.25
(Liquid)
4 313 70.65 1,985 - 258.20 0.30
5 212 61.99 2,090 - 247.90 0.25
Feed 1.64 22,773 7.36
1 215 46.34 78,873 19.00 - 11.39
2 176 51.92 63,799 19.70 - 10.70
Feed
(Solich 3 100 29.85 | 39.09 | 25,126 | 55,097 18.47 - 2.27 7.10
oli
a4 130 29.35 46,016 18.37 - 4.07
5 130 38.01 61,670 18.45 - 7.09

61¢



M19197 9.1 USHUASUBUNIYARIN 9 Y8958 UU Two-stage CSTR (40)

dndau TS (mg/L) Carbon Carbon (g C/day)
W y Flowrate % Cin
AIDY 4 - TS y (mg -
(L/day) (ml) (%) Y R PRH dry (¢ C/day) aY 92
(mg/L) /L)
sludge
1 409 69.91 2,005 - 289.80 0.33
2 357 70.41 1,975 - 293.60 0.34
CSTR 1
3 475 81.76 72.41 1,825 1,909 - 294.60 0.39 0.35
(Liquid)
a 357 71.83 1,760 - 300.00 0.35
5 475 68.15 1,980 - 285.10 0.32
CSTR 1 1.64 16,565 4.97
1 176 30.09 64,622 19.73 - 6.29
2 150 29.59 40,372 18.81 - 3.68
CSTR 1
3 106 18.24 2759 | 49,249 | 55,036 18.44 - 272 4.62
(Solid)
4 140 28.17 59,883 18.31 - 5.06
5 222 31.85 61,053 16.72 - 5.33
1 337 77.65 1,755 S 283.60 0.36
Effluent 2 146 31.33 2,105 - 406.50 0.21
Effluent
CSTR 1 3 1.64 409 69.91 66.21 1,690 1,810 21,145 - 294.40 0.34 0.33 7.56
CSTR 1
(Liquid) 4 357 70.41 1,840 - 295.80 0.34
5 475 81.76 1,660 - 287.80 0.39

0ce



M19197 9.1 USHUASUBUNIYARIN 9 Y8958 UU Two-stage CSTR (40)

dndau TS (mg/L) Carbon Carbon (g C/day)
. y Flowrate % C in
AIDY 4 - TS y (mg -
(L/day) (ml) (%) Y R PRH dry (¢ C/day) aY 92
(mg/L) /L)
sludge
1 97 22.35 41,878 18.63 - 2.86
Effluent | Effluent 2 320 68.67 99,062 18.50 - 20.63
CSTR 1 CSTR 1 3 176 30.09 33.79 64,622 | 59,037 19.73 - 6.29 7.24 7.56
(%9) (Solid) 4 150 29.59 40,372 18.81 - 3.68
5 106 18.24 49,249 18.44 - 2.72
1 148 59.68 1,755 - 300.80 0.15
2 108 41.86 1,810 - 308.70 0.11
CSTR 2
3 119 43.43 39.73 1,915 1,640 - 310.10 0.11 0.10
(Liquid)
4 116 42.03 1,755 - 302.60 0.10
5 29 11.65 965 - 291.40 0.03
CSTR 2 0.82 37,882 491
1 100 40.32 71,241 16.77 - 3.95
2 150 58.14 57,979 17.59 - 4.86
CSTR 2
3 155 56.57 60.27 52,332 | 61,772 15.47 - 3.76 4.81
(Solid)
a 160 57.97 68,902 15.39 - 5.04
5 220 88.35 58,405 15.29 - 6.47

|¥44



M19197 9.1 USHUASUBUNIYARIN 9 Y8958 UU Two-stage CSTR (40)

dndau TS (mg/L) Carbon Carbon (g C/day)
. y Flowrate % C in
AIDY 4 - TS y (mg -
(L/day) (ml) (%) Y R PRH dry (¢ C/day) aY 92
(mg/L) /L)
sludge
1 - 100 1,870 - 279.00 0.20
Effluent 2 - 100 1,990 - 291.50 0.21
Effluent
CSTR 2 3 0.72 - 100 100 2,175 1,996 1,996 - 294.90 0.21 0.21 0.21
CSTR 2
(Liquid) 4 - 100 1,985 - 281.10 0.20
5 - 100 1,960 - 302.40 0.22
1 - 100 - - - -
2 - 100 - - - -
Excess Sludge
3 0.1 - 100 100 - 37,882 | 37,882 - - - 0.60 0.60
CSTR 2
q - 100 - - - -
5 - 100 - - - -
Biogas - 1.66 - - - - | - - - - 0.89 0.89

(444
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M15199 9.2 Ustnaululesiauigeeng 9 ve3ssuy Two-stage CSTR

AunaNIAlulATIAUYDITZUY Two-stage CSTR

o

P TS (me/L) Nitrogen Nitrogen (g N/day)
o ¥ Flowrate % N in
AV %1 r TS " (mg r
(L/day) (ml) (%) LR LAY Ripby dry (g N/day) | Lagay U
(mg/L) N/L)
sludge
1 249 53.66 2,140 - 32.64 0.03
2 163 48.08 1,995 - 53.42 0.04
Feed
3 235 70.15 60.91 1,920 2,026 - 17.55 0.02 0.02880
(Liquid)
4 313 70.65 1,985 - 20.13 0.02
5 212 61.99 2,090 - 29.17 0.03
Feed 1.64 22,7173 0.59

1 215 46.34 78,873 1.54 - 0.92

2 176 51.92 63,799 1.51 - 0.82

Feed
3 100 29.85 39.09 25,126 | 55,097 1.48 - 0.18 0.57
(Solid)
a 130 29.35 46,016 1.50 - 0.33
5 130 38.01 61,670 1.49 - 0.57

(X44



M19197 9.2 Ustnaululnsiauigesne 9 ¥esseuu Two-stage CSTR (#0)

dndau TS (mg/L) Nitrogen Nitrogen (g N/day)
W y Flowrate % N in
AIDY 4 - TS - (mg -
(L/day) (mU) (%) \RaY \RaY PRH dry (gN/day) | nag 53
(mg/L) N/L)
sludge
1 409 69.91 2,005 - 38.60 0.04
2 357 70.41 1,975 - 41.00 0.05
CSTR 1
3 475 81.76 72.41 1,825 1,909 - 27.15 0.04 0.03982
(Liquid)
a 357 71.83 1,760 - 24.85 0.03
5 475 68.15 1,980 - 37.41 0.04
CSTR 1 1.64 16,565 0.42
1 176 30.09 64,622 1.47 - 0.47
2 150 29.59 40,372 1.49 - 0.29
CSTR 1
Solid) 3 106 18.24 2759 | 49,249 | 55,036 1.54 - 0.23 0.38
oli
4 140 28.17 59,883 1.51 - 0.42
5 222 31.85 61,053 1.48 - 0.47
1 337 77.65 1,755 3 45.12 0.06
Effluent 2 146 31.33 2,105 - 87.56 0.04
Effluent
CSTR 1 3 1.64 409 69.91 66.21 1,690 1,810 21,145 - 27.32 0.03 0.04255 0.61
CSTR 1
(Liquid) 4 357 70.41 1,840 - 24.00 0.03
5 475 81.76 1,660 - 38.25 0.05

1244



M19197 9.2 Ustnaululnsiauigesne 9 ¥esseuu Two-stage CSTR (#0)

dndau TS (mg/L) Nitrogen Nitrogen (g N/day)
W y Flowrate % N in
AIDY 4 - TS - (mg -
(L/day) (mU) (%) \RaY \RaY PRH dry (gN/day) | nag 53
(mg/L) N/L)
sludge
1 97 22.35 41,878 1.49 - 0.23
Effluent | Effluent 2 320 68.67 99,062 1.46 - 1.63
CSTR 1 CSTR 1 3 176 30.09 33.79 64,622 | 59,037 1.40 - 0.45 0.56 0.61
(#19) (Solid) 4 150 29.59 40,372 1.48 - 0.29
5 106 18.24 49,249 1.49 - 0.22
1 148 59.68 1,755 - 108.70 0.05
2 108 41.86 1,810 - 100.10 0.03
CSTR 2
3 119 43.43 39.73 1,915 1,640 - 99.78 0.04 0.03
(Liquid)
4 116 42.03 1,755 - 104.10 0.04
5 29 11.65 965 - 82.31 0.01
CSTR 2 0.82 37,882 0.43
1 100 40.32 71,241 1.29 - 0.30
2 150 58.14 57,979 1.30 - 0.36
CSTR 2
3 155 56.57 60.27 52,332 | 61,772 1.31 - 0.32 0.39
(Solid)
a 160 57.97 68,902 1.28 - 0.42
5 220 88.35 58,405 1.32 - 0.56

144



M19197 9.2 Ustnaululnsiauigesne 9 ¥esseuu Two-stage CSTR (#0)

dndau TS (mg/L) Nitrogen Nitrogen (g N/day)
W y Flowrate % N in
AIDY 4 - TS - (mg -
(L/day) (mU) (%) \RaY \RaY PRH dry (gN/day) | nag 53
(mg/L) N/L)
sludge
1 - 100 1,870 - 123.30 0.09
Effluent 2 - 100 1,990 - 120.50 0.09
Effluent
CSTR 2 3 0.72 - 100 100 2,175 1,996 1,996 - 140.10 0.10 0.08932 | 0.08932
CSTR 2
(Liquid) 4 - 100 1,985 - 121.10 0.09
5 - 100 1,960 - 11530 | 0.08
1 - 100 - - - -
2 - 100 - - - -
Excess Sludge
3 0.1 - 100 100 - 37,882 | 37,882 - - - 0.05193 | 0.05193
CSTR 2
q - 100 - - - -
5 - 100 - - - -

9¢c¢



3.

duastanaanaiavasszuy Two-stage CSTR

A1319% 4.3 USunauleanasanyasig o vesszuu Two-stage CSTR

. ¥ Flowrate TS (mg/L) Phosphorus (mg P/L)
A29814 41 . - Phosphorus (¢ P/day)
(L/day) TS (mg/L) R P (mg P/L) Laae
1 3,640 32.92
2 4,770 44.46
Feed 3 1.64 8,190 7,358 56.00 48.45 0.079
4 10,100 54.96
5 10,090 53.92
1 4,530 58.08
2 7,480 55.58
CSTR 1 3 1.64 5,220 6,774 53.08 62.58 0.103
4 7,520 66.42
5 9,120 79.75
1 4,530 58.08
2 7,480 55.58
Effluent CSTR 1 3 1.64 5,220 6,774 53.08 62.58 0.103
4 7,520 66.42
5 9,120 79.75

YX44



A1319% 4.3 USunauleanasanansig o ¥esszuy Two-stage CSTR (#10)

o ¥ Flowrate TS (mg/L) Phosphorus (mg P/L)
A29814 4N - y Phosphorus (¢ P/day)
(L/day) TS (mg/L) R P (mg P/L) Laae

1 42,970 60.58
2 25,120 57.67

CSTR 2 3 0.82 30,800 35,018 54.75 59.50 0.049
4 42,690 59.75
5 33,510 64.75
1 1,930 64.75
2 1,820 67.88

Effluent CSTR 2 3 0.72 1,670 1,762 71.00 69.50 0.050
4 1,720 71.63
5 1,670 72.25
1 - 60.58
2 - 57.67
Excess Sludge

3 0.1 - 35,018 54.75 59.50 0.0060

CSTR 2
4 - 59.75
5 - 64.75

8¢¢C
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M13197 2.1 dnwarlalalivesdeqduvsduuemadssdanazanynsniglindeqansse

)

EOLIAN

35°C CSTR
11

sunnlindesganssmindadounnsy

35°C CSTR
12

35°C CSTR
13

35°C CSTR
14

35°C CSTR
21

35°C CSTR
22




232

M13197 2.1 dnwarlalalivesdeqduvsduuemadssdanazanynsniglindeqansse
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M13197 2.1 dnwarlalalivesdeqduvsduuemadssdanazanynsniglindeqansse

EOLIAN
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M19197 2.2 KANTTEYAERUTIAUNTE
ZPLIAN HANSTByYaeus | Azluy UGG
28°C CSTR1_1+M Bacillus cereus 2.189 Bacillus cereus DSM 31T DSM
28°C CSTR1_2+M Bacillus cereus 2.303 Bacillus cereus DSM 31T DSM
28°C CSTR 1_3+M Bacillus cereus 2.238 Bacillus cereus DSM 31T DSM
28°C CSTR 2_1+M Bacillus cereus 2.201 Bacillus cereus DSM 31T DSM
28°C CSTR 2 _2+M Bacillus cereus 2.260 Bacillus cereus DSM 31T DSM
28°C CSTR 2_3+M Bacillus cereus 2.312 Bacillus cereus DSM 31T DSM
35°CCSTR1 1 Bacillus cereus 2.001 Bacillus cereus DSM 31T DSM
Stenotrophomonas Stenotrophomonas maltophilia LMG
35°CCSTR1 2 1.9
maltophilia 980T HAM
35°CCSTR1 3 Bacillus flexus 39 Bacillus flexus DSM 1320T DSM
Bacillus licheniformis
35°CCSTR1 4 Bacillus licheniformis 06
a 992000432 LBK
35°CCSTR 2 1 Bacillus pumilus 1.631 Bacillus pumilus DSM 354 DSM
Bacillus megaterium
35°CCSTR 2 2 Bacillus megaterium | 1.516
DSM 32T DSM
35°CCSTR 2 3 Bacillus pumilus 175 Bacillus pumilus 1AM 12469 PAH
35°CCSTR 2 4 Bacillus pumilus 1.749 Bacillus pumilus 1AM 12050 PAH
35°CCSTR 2.5 Bacillus subtilis Bacillus subtilis DSM 5552 DSM
Lactobacillus Lactobacillus plantarum
35°CCSTR 2.6 1.475
plantarum DSM 20205 DSM
Bacillus licheniformis
35°C CSTR 2 7 Bacillus licheniformis | 1.843
B CS 54 1 BRB
Acinetobacter Acinetobacter schindleri
35°C CSTR1_14M
schindleri DSM 16038T DSM
35°C CSTR 1_2+M Bacillus cereus 2.204 Bacillus cereus DSM 31T DSM
35°C CSTR 1_3+M Bacillus cereus 2.182 Bacillus cereus DSM 31T DSM
Bacillus subtilis ssp subtilis
35°C CSTR 2_1+M Bacillus subtilis 1.739
h DSM 5660 DSM
35°C CSTR 2_2+M Bacillus cereus 2.200 Bacillus cereus DSM 31T DSM
Bacillus megaterium
35°C CSTR 2 _3+M | Bacillus megaterium | 2.232
DSM 32T DSM
35°C CSTR 2_4+M Bacillus firmus 2.012 Bacillus firmus DSM 12T DSM




Intens. [a.u.] Intens. fa.u.] Intens. [a.u] Intens. [a.u] Intens. [a.u.]

Intens. [a.u]
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Intens. [a.u] Intens. [a.u] Intens. [a.u.] Intens. [a.u] Intens. [a.u]

Intens. [a.u]
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ABSTRACT

Anaerobic co-digestion (AnCoD) presents a promising route for valorizing sludge generated from recycled paper processing. This study
explored the co-digestion of primary sludge (PS) and secondary sludge (SS) at various mixing ratios to enhance methane generation and
system stability. Batch biochemical methane potential (BMP) assays revealed that the 1:3 PS:SS ratio produced the highest methane yield
(918.66 mL CH,/g VS_fed) with a notably short lag phase of 1.59 days. Kinetic assessment using both modified Gompertz and logistic
models indicated that the former offered superior fitting accuracy (R? > 0.986), effectively describing methane production dynamics. A
two-stage continuous stirred-tank reactor (CSTR) system operated under this optimal ratio showed distinct functional separation: the acido-
genic stage facilitated hydrolysis and volatile fatty acid (VFA) degradation, while the methanogenic stage supported biogas generation with
stable pH and low VFA/alkalinity ratios. Microbial analysis confirmed a clear differentiation between fermentative and methanogenic com-
munities, with evidence suggesting enhanced electron transfer pathways. These findings underscore the potential of AnCoD for efficient
sludge stabilization and bioenergy recovery in the pulp and paper sector.

Key words: anaerobic co-digestion, biogas production, biokinetics, pulp and paper mill sludge, sludge digestion

HIGHLIGHTS

® 1:3 PS:SS ratio yielded 918.66 mL CH,/g VS_fed with highest biogas efficiency.

® The modified Gompertz model showed a superior fit to the Modified Logistic model (R? > 0.986).
® Two-stage CSTR maintained stable pH and VFA/alkalinity with clear phase separation.

® Bacillus cereus dominated in optimal co-digestion.

® Findings support co-AD scale-up for recycled paper sludge under circular economy goals.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC 4.0), which permits copying, adaptation and
redistribution for non-commercial purposes, provided the original work is properly cited (http://creativecommons.org/licenses/by-nc/4.0/).
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INTRODUCTION

The wastewater treatment systems in the paper industry generate substantial amounts of excess sludge, estimated to range
from 200 to 400 kg/ton of paper (Balwaik & Raut 2011; Turner ef al. 2022) and 40-50 kg of dry sludge/ton of paper
(Mahmood & Elliott 2006; Jele et al. 2022). Typically, these sludges comprise approximately 70% PS and 30% SS. PS is gen-
erated during preliminary treatment processes, such as dissolved air flotation (DAF) or primary sedimentation. While a
portion of PS can be repurposed for low-grade paper products, such as boards and crates, a significant quantity still requires
proper disposal. SS, on the other hand, originates from secondary sedimentation tanks in activated sludge (AS) systems.
Preliminary data from a paper mill in Samut Sakhon Province, Thailand, highlight the significant volume of excess sludge
generated. This includes approximately 1,470 m*/day or 25.87 tons (dry weight) of PS per day, and an average of
2,090 m*/day or 36.83 tons (dry weight) of SS per day.

It is important to distinguish between paper sludge generated from virgin pulp production and recycled paper processing.
Virgin pulp production generates sludge with relatively homogeneous properties and lower ash content due to fewer addi-
tives. In contrast, recycled paper sludge contains higher amounts of fillers (e.g., kaolin, calcium carbonate), printing inks,
and synthetic binders, resulting in elevated ash content, lower biodegradability, and more variable chemical composition
(Monte ef al. 2009; Hubbe & Gill 2016). These characteristics make recycled paper sludge more difficult to treat using con-
ventional biological processes, and thus it requires customized anaerobic digestion (AD) strategies. Furthermore, the
increasing global demand for recycled paper - driven by environmental regulations, consumer preferences, and sustainabil-
ity policies - has led to significant growth in the recycled paper market. According to market reports, the global recycled
paper industry is projected to grow at a compound annual growth rate (CAGR) of over 5% through 2030 (Maximize Market
Research 2024). As a result, understanding how to valorize waste from recycled paper production is becoming increasingly
important for both industry and environmental management.
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AD is the most common method for sludge stabilization. Moreover, this digestion process using various anaerobic bacteria
produces biogas, including methane, that can be an alternative source of energy. AD has been successfully used for sludge
treatments of various kinds, for example, sewage sludge, waste AS and cow manure. However, very few studies have applied
AD for PS treatment due to its low nutrient content and poor biodegradability (Lopes et al. 2018).

Previous studies on the properties of excess sludge generated by the paper industry have highlighted notable characteristics
of both PS and 88. Both types of sludge exhibit high moisture content, ranging from 53 to 77% (Simdo ef al. 2018). However,
PS poses specific challenges due to its slow biodegradability, primarily attributed to its composition. It contains approxi-
mately 5.7% lignin, 32-81% cellulose, and 6.5-12% hemicellulose (Lopes ef al. 2018; Simdo et al. 2018). PS is also
characterized by a total solids (TS) content of 32-80%, with volatile solids (TVS) making up 32-58% of TS. A significant por-
tion of the TVS, approximately 55%, is composed of ash. Additionally, PS has a high chemical oxygen demand (COD) of
around 64,300 mg/L (Lopes ef al. 2018; Chakraborty ef al. 2019). Despite the presence of organic matter, PS is nutrient-
poor, with a carbon-to-nitrogen (C/N) ratio ranging from 32:1 to 930:1. This ratio significantly exceeds the optimal range
of 20-30:1 required for efficient AD (Veluchamy & Kalamdhad 2017).

Given the characteristics of excess sludge from the paper industry, its integration into a co-anaerobic digestion (AnCoD)
system presents a promising opportunity for resource recovery and waste management. The high organic content, particularly
in PS, combined with the relatively low biodegradability, makes it an ideal candidate for AnCoD when paired with substrates
rich in readily degradable organic matter and nutrients (Callahan 2023). Co-digestion helps balance the nutrient profile,
especially the C/N ratio, optimize buffering capacity, and enhance microbial synergy, thereby improving methane yield
and process stability (Mata-Alvarez et al. 2014; Syaichurrozi 2018).

Moreover, AD involves complex biochemical pathways including hydrolysis, acidogenesis, acetogenesis, and methanogen-
esis, each governed by specific microbial communities and sensitive to substrate properties. In co-digestion systems,
synergistic effects can occur when complementary substrates facilitate each stage of the biochemical process (Appels ef al.
2008). For example, PS contributes high organic content (mainly lignocellulose), while SS contains more active microbial
biomass and available nutrients, enhancing both hydrelytic and methanogenic steps.

Microbial community analysis in this study further revealed the predominance of key anaerobic groups such as Methano-
saeta spp., Methanosarcina spp., Clostridium spp., and Bacteroides spp. in the optimal 1:3 PS:SS ratio. The presence of
Methanosaeta and Methanosarcina is particularly important for acetoclastic and hydrogenotrophic methanogenesis, while
Clostridium supports hydrolysis and acidogenesis. These findings align with improved methane production and shorter lag
phases, indicating active syntrophic interactions within the system (Ziganshin et al. 2013; De Vrieze et al. 2015).

However, most existing studies have focused on either batch BMP testing or mono-digestion, with limited research inves-
tigating real industrial sludge co-digestion under continuous flow systems (Gievers ef al. 2022). Additionally, biokinetic
analyses often rely solely on Gompertz-type modeling without evaluating alternative models that may better reflect complex
substrate degradation behaviors.

To address these gaps, this study was designed in two phases. The first phase involves batch tests using the biochemical
methane potential (BMP) method to determine the optimal mixing ratio of PS and 88. These tests evaluate the synergistic
effects of different proportions on digestion efficiency and biogas production while providing critical biokinetic par-
ameters, such as methane yield, lag phase duration, and maximum methane production rate. The biokinetic data
obtained from the BMP tests were used as the basis for designing the continuous anaerobic co-digestion (AnCoD)
system, ensuring that the identified mixing ratios and microbial activity align with the requirements for stable and effi-
cient operation.

The second phase focuses on operating a continuous two-stage continuous stirred-tank reactor (CSTR) system using the
optimal sludge mixing ratio identified in the batch tests. This configuration allows for phase separation and improves acido-
genesis-methanogenesis stability. The system's performance was evaluated under steady-state conditions by monitoring pH,
volatile fatty acid (VFA)-to-alkalinity ratio, and organic matter removal efficiency.

In addition, a comparative kinetic analysis was performed using both the Modified Gompertz and Modified Logistic
models to evaluate model accuracy and interpret microbial dynamics. The hypothesis of this study is that integrating PS
and SS at an optimal ratio in a two-stage co-digestion system will enhance methane production and process stability, and
that biokinetic behavior can be better captured using alternative models.

These contributions aim to fill key research gaps and demonstrate the feasibility of applying co-digestion to real-world
paper industry sludge under scalable and sustainable conditions.
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METHODS
Excess sludge: sample collection and storage

Excess sludge used in this study was obtained from a paper mill located in Samut Sakhon Province, Thailand, prior to the
dewatering process. The collected samples comprised:

* PS: Retrieved from the primary sedimentation tank of the wastewater treatment system.
* S8S: Collected from the secondary sedimentation tank of the AS biological treatment system.

Following collection, all sludge samples were stored at 4 °C to preserve their physicochemical integrity for subsequent ana-
lyses. These included characterization of physical and chemical properties (as summarized in Table 1), assessment of
biodegradability, BMP testing, and performance evaluation in a two-stage CSTR system.

Batch experiments

This study aims to evaluate the biodegradability and BMP of excess sludge generated from recycled paper production
through both mono-digestion and co-digestion approaches. Batch experiments were conducted under mesophilic conditions
(35 + 5 °C) using various volumetric ratios of PS to SS, including 1:0 (PS only), 3:1, 1:1, 1:3, and 0:1 (SS only). These ratios
were selected to investigate synergistic effects on organic matter degradation and methane yield. The initial pH of the diges-
tion medium was carefully adjusted and maintained at 7.00 + 0.02 throughout the experiments. All experiments were
conducted in triplicate (7 = 3).

Biodegradation experiments

The COD of the sludge was fractionated into four components, as illustrated in Figure 1, following the method described by
Wentzel et al. (1995). These components included slowly biodegradable COD (BPCOD), which plays a critical role in anaero-
bic conversion pathways. Total COD (TCOD) was determined using standard procedures, while biological oxygen demand
over 20 days (BOD,) was measured under inhibited nitrification conditions using an OxiTop"-C measuring head (Boursier
et al. 2005). The biodegradable COD (BCOD) fraction was subsequently calculated using the TCOD and BOD, values, fol-
lowing the procedure outlined by Boursier ef al. (2005).

BMP reactor setup and operation

The biochemical methane potential (BMP) tests were conducted in batch-mode anaerobic reactors with an effective working
volume of 4 L. Each reactor was connected to a gas collection system comprising an external container filled with 1.5N
sodium hydroxide (NaOH) solution, which served to absorb carbon dioxide (CO,) and hydrogen sulfide (H,S). Methane pro-
duction was quantified by the displacement of the NaOH solution, as illustrated in Figure 2.

Table 1 | Physical and chemical characteristics of primary sludge and secondary sludge (Mean + SD)

Characteristic PS ss
pH 6.02 + 0.00 7.46 + 0.03
Moisture (%) 95.41 +0.77 99.70 + 0.01
Total COD (mg/L) 67,904 + 1,575 10,653 + 2,232
Soluble COD (mg/L) 10,774 + 6,494 7407 + 1,166
Total solids (mg/L) 24,390 + 127 13,790 + 1,626
Total suspended solids (mg/L) 19,550 11,340
Total volatile solids (mg/L) 15,010 + 240 4,340 + 665
Total Kjeldahl nitrogen (mg NH,-N/L) 37.35+2.89 37.64 + 1.65
Alkalinity (mg CaCO3/L) 7,380 + 355 752 + 118
Volatile fatty acid (mg CH;COOH/L) 2,341 + 116 1,225 + 53
C/N 1,840 274
TBOD,,/TCOD 0.35 0.83
TBOD;/TCOD 023 0.40
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Figure 1 | COD fractionation of sludge.

All reactors were maintained under mesophilic conditions at a constant temperature of 35 + 1.0 °C. Prior to gas volume
measurements, each reactor was manually agitated for 1 min to ensure homogeneity. The digestion period was set to a
hydraulic retention time (HRT) of 31 days.

All experimental sets were inoculated with anaerobic microbial sludge at a concentration of 2 gVS/L, following the
method described by Rajput & Sheikh (2019), to ensure uniform microbial activity across all treatments. The initial pH of
each reactor was adjusted to 7.00 + 0.01 using either hydrochloric acid (HCI) or sodium hydroxide (NaOH), and sodium
bicarbonate (NaHCOj) was added as a buffering agent.

Anaerobic conditions were established by purging each reactor with nitrogen (N,) gas for 3 min. Gas volumes were
measured by collecting the displaced NaOH solution in a graduated syringe. The cumulative methane production was
recorded daily throughout the experiment.

Kinetic modeling of mett prod

The actual methane production in each experimental set was determined by subtracting the methane volume generated from
the blank control. The specific methane yield was calculated relative to the amount of volatile solids (VS) added per HRT
during the BMP test.

The experimental data were used to plot the cumulative methane production curve over time. Kinetic modeling was con-
ducted using two well-established models: the modified Gompertz model (Lay ef al. 1996) and the modified logistic model
(Zwietering ef al. 1990). These models were used to describe the methane production kinetics and to estimate key parameters
including the methane production potential (P), maximum methane production rate (R,), and lag phase duration (). Curve
fitting and parameter estimation were performed using SPSS software, and the goodness-of-fit of each model was assessed
using the coefficient of determination (R?).

The modified Gompertz model is expressed as follows:

M(t) = P-exp{—exp[R%ge(A—t)-kl]} (1)

where M(f) = cumulative methane production at time ¢ (mL CH,); P = methane production potential (mL CH,); R, = maxi-
mum methane production rate (mL CH,/day); A = lag phase (d); e = Euler’s number (~2.718).
The modified logistic model is given by:

MO = — @

l+exp[%(/\—t)+2]
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Figure 2 | BMP test setup: (1) reaction tank, (2) NaOH trap, (3) gas collection container.

This model provides a sigmoidal description of methane accumulation and has been shown to accurately fit methane pro-
duction data under various substrate conditions (Zwietering ef al. 1990).

Two-stage anaerobic co-digestion in continuous operation

Based on the findings obtained from the BMP tests, a two-stage CSTR system was developed to evaluate the anaerobic co-
digestion (AnCoD) of PS and SS generated from the paper industry. The operational parameters employed in this system
are summarized in Table 2.

The experimental setup was implemented under semi-continuous feeding conditions at Suranaree University of Technol-
ogy, as illustrated in Figure 3. In this configuration, the first reactor (CSTR 1) was designated as the hydrolysis-
acidogenesis tank, while the second reactor (CSTR 2) was operated as the methanogenic phase for biogas production.

The CSTR 1 was equipped with a mechanical impeller to ensure thorough mixing, whereas CSTR 2 utilized an internal
recirculation system to facilitate uniform flow distribution and maintain anaerobic conditions. Both reactors were connected
to individual gas counters for continuous biogas volume measurement.

The optimal 1:3 PS:SS blend was identified through BMP assays, maximizing methane yield and biodegradability. HRT of
CSTR 1 was calibrated using the lag phase duration (1) specific to this substrate ratio, while HRT of CSTR 2 was determined
from the intersection of the R,,, (maximum methane production rate) and P (cumulative methane production) axes in bio-kin-
etic modeling of the same blend. This dual-metric approach ensured phase-specific retention times aligned with microbial
kinetic thresholds, enhancing system stability and biogas output efficiency in lignocellulose-rich digestion systems.

The start-up process commenced by seeding both reactors with anaerobic inoculum at 10% of the effective working
volume, in accordance with the recommendation by Hobson & Wheatley (1993). CSTR 1 and CSTR 2 had working volumes
of 3.0 and 22.5 L, respectively, and were seeded with 0.3 and 2.25 L of inoculum. The inoculum was sourced from the anaero-
bic sludge of a cassava starch wastewater treatment system in Nakhon Ratchasima Province, Thailand.
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Table 2 | Operational parameters for two-stage anaerobic co-digestion of primary and secondary sludge

Operating conditions
Parameters CSTR1 CSTR 2
PS:SS ratios 1:3 -
Volume reactor (L) . 225
Dimeter (cm) 15.24 (6”) 15.24 (6")
Height (cm) 19 126.81
HRT (days) 16 24
Flow rate (L/day) 1.875 0.9375
Recirculation rate (L/day) - 84
OLR (kg TVS/m>-day) 6.65 0.21

CSRT 1 CSRT 2

Figure 3 | Installation of a two-stage continuous stirred-tank reactor (CSTR) system.

The system was operated in a semi-continuous feeding mode. Mixed sludge was fed and withdrawn daily in equal volumes
to maintain a constant HRT. For CSTR 1, 1.640 L of feed was added and withdrawn each day. The effluent from CSTR 1,
following hydrolysis and acidogenesis, was used as the influent for CSTR 2, at a volume of 820 mL per day.

CSTR 1 was equipped with a mechanical impeller to maintain uniform mixing. CSTR 2 employed an internal recirculation
system wherein both effluent and a portion of the generated biogas were recirculated. This mechanism enhanced contact
between microorganisms and substrate, reduced the risk of stratification, and promoted stable methanogenic activity.

Each reactor underwent a daily 2-h settling phase to allow solid-liquid separation prior to effluent withdrawal. Effluent
samples from both reactors were analyzed for a range of parameters, including pH, moisture content, total chemical
oxygen demand (TCOD), soluble COD (SCOD), TS, total suspended solids (TSS), TVS, total Kjeldahl nitrogen (TKN), alkalinity,
and volatile fatty acids (VFA). All analyses followed the Standard Methods for the Examination of Water and Wastewater
(American Public Health Association, American Water Works Association, & Water Environment Federation (2012)).
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Biogas production was measured daily using a gas counter, and the volume was calculated based on the number of
revolutions.

Microbial community analysis

Mixed microbial cultures were collected from the two-stage CSTR system and serially diluted from 10° to 10°, with each
dilution plated in duplicate onto nutrient agar (NA) using the spread plate technique, as described by Madigan ef al.
(2020). Plates were incubated at 35 °C for 24 h to promote colony development. To investigate the influence of methanol
as a carbon source, parallel cultures were also established on NA supplemented with 1% methanol, which supports the
growth of methanotrophic and methylotrophic bacteria (Nakagawa et al. 2012). Incubations were performed at both 28
and 35 °C to assess the effect of temperature on microbial diversity and growth. Following incubation, plates with well-sep-
arated colonies were selected for further analysis to facilitate pure culture isolation. Colony morphology was documented,
and representative isolates were subjected to Gram staining and examined under a light microscope to assess cellular and
colony characteristics (Gibbs & Hayes 1988).

For species-level identification, selected isolates underwent matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) analysis, following the protocol outlined by Zakavi et al. (2022). Briefly, single colonies were
prepared using the direct transfer method with formic acid extraction. Mass spectra were acquired using Flexcontrol v. 3.4
software, and protein mass fingerprints were analyzed within a 300 ppm mass tolerance. The resulting spectra were processed
with MALDI Biotyper Realtime Classification (RTC) v. 4.0, and identifications were assigned based on manufacturer-rec-
ommended score thresholds: scores of 2.000-3.000 indicated highly probable species identification, 1.700-1.999 indicated
probable genus identitication, and 0.000-1.699 were considered unreliable. Only isolates with scores >2.0 were considered
confidently identified at the genus or species level (Zakavi et al. 2022). The MALDI-TOF MS analysis was performed at the
Synchrotron Light Research Institute (SLRI), Thailand, which provided access and technical support for microbial identifi-
cation. Data on microbial diversity and abundance were visualized using tables and graphs to compare the effects of methanol
supplementation and incubation temperature on community structure.

RESULTS AND DISCUSSION
Biodegradability of excess sludge
The biodegradability of excess sludge from the recycled paper industry was evaluated through the fractionation of COD into
specific components, following the methodology of Wentzel et al. (1995). These components include total COD (TCOD), bio-
degradable COD (BCOD), and slowly biodegradable COD (BPCOD), as presented in Figure 1. The TCOD was determined
through standard analytical techniques, while the BOD2, was measured using an OxiTop”-C measuring head under nitrifica-
tion-inhibited conditions (Boursier ef al. 2005). The BCOD was subsequently calculated using the TCOD and BOD20 values.

The physical and chemical characteristics testing of excess sludge generated from the wastewater treatment system of the
pulp and paper industry, outlined in Table 1, reveals that both PS and SS exhibit remarkably high moisture content. This is
attributed to the fact that the excess sludge collected represents the initial discharge from both the primary and the biological
sedimentation tanks, which has not undergone the water separation process. This high moisture content is beneficial for the
biogas digester. The TVS content of PS and S§ ranges from 42 to 62% TS and 28 to 31% TS, respectively. Moreover, it was
noted that the organic content in PS is approximately two to three times higher than that in 88, consistent with the findings of
Siméo ef al. (2018). Specifically, the organic content of PS and S8 ranges between 36-47.8 and 35-76.1%, respectively.

However, the biodegradation of only PS presents challenges due to the complex structure of fibers and cellulose, as well as
excessive organic loading for the anaerobic digester. According to Veluchamy & Kalamdhad (2017), the high lignin and cel-
lulose content in PS limits microbial access and reduces hydrolysis efficiency. Lopes et al. (2018) further emphasized the
recalcitrant nature of PS, highlighting its low solubilization rate without co-substrates. Bokhary et al. (2021) reported that
combining PS with nitrogen-rich substrates can improve the C/N balance and enhance microbial metabolism. Similarly,
Bayr & Rintala (2012) demonstrated that co-digestion improves the overall methane yield from fiber-rich sludges. Sun
ef al. (2022) also confirmed that mixed sludges perform better in terms of VFAs conversion and microbial stability under
mesophilic conditions.

Moreover, the nutrient content in PS sludge is relatively low, characterized by a significantly higher C/N ratio than the ideal
range. Typically, the appropriate C/N ratio for AD systems falls within the range of 20-30 (Veluchamy & Kalamdhad 2017).
A high C/N ratio can result in rapid nitrogen depletion by methanogenic bacteria during protein synthesis, thereby limiting
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their ability to react further with the remaining carbon in the substrate. Consequently, this can lead to lower biogas pro-
duction rates. In contrast, SS sludge exhibits high nutrient content, primarily nitrogen, resulting in a considerably lower
C/N ratio compared to PS sludge. Additionally, both PS and SS demonstrate pH values ranging from 6.02 to 7.46, indicating
a relatively neutral pH.

The assessment results of the COD fractions in the mixed sludge from the paper industry, with mixing ratios of 1:0 (only
PS), 3:1, 1:1, 1:3, and 0:1 (only SS), reveal varying TBOD,,/TCOD ratios of approximately 0.35, 0.40, 0.48, 0.58, and 0.83,
respectively. These ratios indicate that in the mixing ratios of 1:0, 3:1, and 1:1, the organic matter present in the form of
TCOD is predominantly difficult to biodegrade. Furthermore, the SBOD,,/SCOD ratios are approximately 0.87, 0.97,
0.95, 0.95, and 0.70, respectively, suggesting that the organic matter in the form of soluble substances can be relatively
easily biodegraded across all mixing ratios. Racho & Pongampornnara (2020) specifies that a BOD/COD ratio >0.45
indicates good biodegradability, 0.30-0.45 indicates relatively good biodegradability, 0.20-0.30 indicates some biodegradabil-
ity, and if less than 0.20, the wastewater is not suitable for biological degradation. Based on these criteria, the findings suggest
that the mixed sludge with ratios closer to 1:0 (only PS) and 3:1 exhibit relatively good biodegradability, while the ratios closer
to 0:1 (only SS) may have limited biodegradability potential.

From Figure 4, it is evident that the mixing ratios of 1:3 and 0:1 result in predominantly biodegradable COD fractions, con-
stituting 57.55 and 82.75%, respectively, of the total TCOD in the sludge. This indicates a higher proportion of SS compared
to PS. Further breakdown shows that in the mixing ratios of 1:3 and 0:1, the biodegradable fraction is divided into BSCOD
(rapidly biodegradable fraction), comprising 23.18 and 8.41%, respectively, and BPCOD (slowly biodegradable fraction),
comprising 34.37 and 74.34%, respectively, of the total TCOD in the sludge. Consequently, the proportion of COD that
cannot be biodegraded is only 42.45 and 17.25%, respectively, of the total TCOD. These findings suggest that sludge with
mixing ratios of 1:3 and 0:1 possesses a high proportion of biodegradable fractions, as most of the organic matter is bio-
degradable, with unbiodegradable fractions, primarily found in PS, present in lesser proportions. This makes the sludge suit-
able for biogas production.

BMP test results
The investigation into evaluating the influence of different PS:SS ratios on BMP Test indicated that the maximum potential
methane production was observed at varying proportions of 1:0, 3:1, 1:1, 1:3, and 0:1, with corresponding values of 23,684,
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Figure 4 | The COD fractions in various PS:SS mixing ratios.
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36,394, 38,510, 39,973, and 32,188 mL CH,, respectively, as illustrated in Figure 5(a). Of note is the proportion of 1:3, which
demonstrated superior methane production potential compared to other co-digestion ratios and even outperformed the
single-substrate digestion of PS and SS. The daily measurement of gas volume within the system enabled the computation
of cumulative methane gas production for each blending ratio under investigation. Subsequently, these findings were sub-
jected to analysis using the modified Gompertz equation (Lay ef al. 1996) through the utilization of SPSS software,
leading to the generation of predictive experimental outcomes, as illustrated in Figure 5(b)-5(f).

When considering the methane production potential (CH; Yield) from experiments with various mixing ratios, as shown in
Table 3, it is evident that at the proportions of 1:0, 3:1, 1:1, 1:3, and 0:1, the methane production potentials are 315.43, 576.96,
689.66, 918.66, and 1,170.59 mL CH,4/g VS_fed, respectively. This study reveals that SS exhibits a higher methane production
potential compared to other mixing ratios, consistent with the fact that SS has a higher proportion of particulate biodegrad-
able COD than other mixtures. However, the mixing ratio of 1:3 demonstrates a higher production potential than other
mixtures, including single-substrate digestion of PS, which, at a 1:3 ratio, still has a lower proportion of particulate biodegrad-
able COD than single-substrate digestion of SS.

Mechanistically, this enhanced methane production at the 1:3 ratio may be attributed to synergistic effects from co-diges-
tion, which improves nutrient balance, buffering capacity, and microbial community diversity (Ferdes et al. 2023). The
inclusion of SS contributes nitrogen and readily biodegradable components, helping to reduce the lag phase and accelerate
methanogenesis. Recent studies have indicated that co-digestion with nutrient-rich substrates not only enhances hydrolysis
but also supports syntrophic interactions between fermentative bacteria and methanogens, which are essential for stable
and efficient biogas production (Sharma et al. 2024). Additionally, the balanced PS:SS ratio at 1:3 promotes more favorable
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Figure 5 | Cumulative methane production from sewage sludge co-digestion experiments: (a) comparison of different sludge mixing ratios,
(b-f) model fitting comparison between experimental data, modified Gompertz model, and modified logistic model for primary sludge (PS),
secondary sludge (SS), and various PS:SS ratios (3:1, 1:1, 1:3).
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Table 3 | Kinetic value for co-digestion of excess sludge from the pulp and paper mill industry with different PS:SS ratios

PSISS ratio Wodel CH, yield (mL CHy/g VSeq) P (mL CH,) Ry (ML CH/day) i (day) R

1:0 Modified Gompertz 315.43 23,684 1,030 421 0.986
Modified logistic 1,028 5.02 0.988

31 Modified Gompertz 576.96 36,394 1,614 229 0.989
Modified logistic 1571 282 0.985

1:1 Modified Gompertz 689.66 38,510 1,703 173 0.990
Modified logistic 1,643 2.15 0.984

1.3 Modified Gompertz 918.66 39,973 1,750 1.59 0.989
Modified logistic 1,687 199 0.982

0:1 Modified Gompertz 1,170.59 32,188 1,366 146 0.987
Modified logistic 1,317 1.85 0.978

The resulting data obtained through fitting to Gompertz mode! Ltlizing the SPSS program.

VFAs profiles, reducing acidification risks and stabilizing the pH within the optimum range for Methanogenic archaea
(Wainaina ef al. 2019).

This finding aligns with the research conducted by Sun et al. (2022), which found that AD of SS alone yields higher
methane production compared to PS. Moreover, in mixed PS and SS, it is found that at a mixing ratio of 1.3, there is a
higher potential than ratios of 3:1 and 1:1. Statistical analysis using a paired two-sample f-test revealed that the average
methane yield at the PS:SS ratio of 3:1 was significantly different from those at the 1:1 and 1:3 ratios (p < 0.05), indicating
a substantial impact of substrate composition on biogas production potential. Additionally, a significant difference (p < 0.05)
was also observed between the 1:1 and 1:3 ratios, further confirming that variations in sludge mixing ratios influence the over-
all methane generation efficiency.

These outcomes are comparable with several recent studies. For example, Jo et al. (2024) reported enhanced methane pro-
duction from co-digestion of cattle manure and food waste at specific mixing ratios, highlighting the importance of optimizing
substrate synergy. Similarly, Siddique & Wahid (2018) found that appropriate feedstock proportions can significantly improve
CH, yield due to improved C/N ratios and buffering capacity. In another study, Mu et al. (2020) achieved higher biogas pro-
duction from sludge co-digested with kitchen waste at a 1:3 ratio, which closely mirrors the present findings. Furthermore,
Kumar et al. (2020) demonstrated that co-digestion of textile sludge and agricultural residues at balanced ratios increased
the biodegradability index and methane potential. Lastly, Chow ef al. (2020) reported that pre-treated mixed sludge with opti-
mized ratios showed superior methane yields, confirming that co-digestion can overcome individual feedstock limitations.

Comparative evaluation of kinetic models
In this study, both the modified Gempertz and modified logistic models were applied to evaluate the kinetics of methane pro-
duction during the anaerobic co-digestion of recycled paper industry sludge.

Modified Gompertz model performance

The biokinetics analysis presented in Table 3 reveals that the modified Gompertz model effectively captured the cumulative
methane production profiles across all tested PS:SS mixing ratios. Notably, the mixture ratio of 1:3 yielded the highest
methane yield at 918.66 mL CHy/g VS_fed, accompanied by a lag phase duration of 1.59 days. This relatively short lag
phase can be attributed to the hydrolysis of constituents that are not readily biodegradable. Moreover, this ratio exhibited
the highest methane production rate (R,) of 1,750 mL CH,/day, indicating favorable substrate availability and microbial
activity.

Mechanistically, the Gompertz model assumes a sigmoid response reflecting microbial adaptation (1), exponential growth
(Ry), and substrate saturation (P). The high R? values (0.986-0.990) in this study support the notion that the co-digested PS:
S8 mixtures reached microbial adaptation quickly and sustained methanogenic activity. The elevated methane yield at the 1:3
ratio may be attributed to a more balanced C:N ratio (~26.4), enhanced buffering capacity, and greater availability of readily
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fermentable COD (initial SCOD/TCOD ~47%) - a finding consistent with Lay ef al. (1997) and Mata-Alvarez et al. (2000),
who reported improved kinetics with optimally pre-treated or blended substrates.

The results are comparable to the findings by Gievers ef al. (2022), who demonstrated that co-digestion of paper sludge can
enhance methane generation and reduce lag phases under optimized mixing conditions. Although their study used a different
substrate combination and system configuration, the trends in methane yield and biokinetics were similar. In addition,
Kumsiri ef al. (2021) reported similar improvements in methane kinetics when paper sludge was co-digested with food
waste, noting reduced lag phases and increased R, under optimized ratios. Likewise, Ma ef al. (2025) confirmed that co-diges-
tion with nitrogen-rich sludge enhanced the microbial hydrolysis rate and kinetic parameter stability across trials.

Modified logistic model performance

The modified logistic model exhibited exceptional predictive accuracy for asymmetric methane production curves, achieving
R? values of 0.978-0.988 and R,, 1,028-1,687 mL CH,/day (Table 3). This performance highlights its capability to simulate
substrate heterogeneity-driven dynamics, where spatially segregated hydrolytic (e.g., Clostridium spp. activity) and methano-
genic phases (Methanosaeta dominance) create nonlinear kinetics (Cebeci ef al. 2019; Gong et al. 2019). The model’s
asymmetric sigmoidal structure directly correlates with substrate accessibility gradients, as demonstrated by the 23%
longer lag phases in low-SS systems compared to PS:SS 1:3 conditions - a phenomenon attributed to rate-limiting hydrolysis
in cohesive substrates.

Validation against previous studies supports the model's reliability across critical bioconversion phases. Sanae ef al. (2022)
reported a 79% reduction in lag phase duration, from 5.46 to 1.04 h, following thermal pretreatment. This is consistent with
our observed lambda value of 1.99 days in PS to SS co-digestion systems at a 1-3 ratio. Similarly, Gong ef al. (2019) showed
that SS-enriched substrates increased VFA production by 1.8 times during secondary fermentation, which supports the
model’s accuracy in capturing transitional phase behavior.

Comparative studies in the literature, including those by Cebeci ef al. (2019), Gong et al. (2019), Sanae ef al. (2022), con-
sistently report that the modified Gompertz model is generally more suitable for kinetic analysis of AD systems, particularly
those involving heterogeneous substrates and multi-phase microbial dynamics. This preference is typically supported by
slightly higher coefficients of determination and lower fitting errors reported for the Gompertz model in such contexts.

Comparative interpretation

Given these findings, the modified Gompertz model could serve as a complementary or alternative kinetic tool for predicting
methane yields in complex sludge-based systems. Its superiority in fitting cumulative methane production curves underlines
its adaptability to substrate heterogeneity and metabolic succession, especially under two-stage CSTR configurations where
spatial microbial stratification enhances phased degradation. The observed differences between the two models emphasize
the importance of selecting modeling approaches that not only provide statistical accuracy but also reflect underlying biologi-
cal processes.

Performance of the two-stage CSTR

The 1:3 PS:SS ratio was selected not only for its high methane yield (918.66 mL CH,/g VS _fed), but also to ensure the co-
utilization of both sludge types, reducing treatment costs while improving biodegradability and buffering capacity. Although
SS alone (0:1) yielded more methane, it excludes PS, which poses disposal challenges. Co-digestion thus offers a more holistic
and cost-effective solution aligned with circular economy goals.

To match microbial kinetics, HRT in CSTR 1 was based on the lag phase (1 = 1.59 days), while HRT in CSTR 2 was set from
the intersection of Ry, and P values from Gompertz modeling. This dual-parameter design ensured stable operation and effi-
cient biogas recovery from lignocellulose-rich substrates.

The characterization of influent and effluent from the two-stage CSTR system demonstrated significant variations in phys-
icochemical properties, highlighting the system’s efficiency in organic matter removal and sludge stabilization. These
operational outcomes are indicative of phase-specific biochemical transformations occurring within the acidogenic and
methanogenic reactors. A detailed summary of the influent and effluent parameters is presented in Table 4.

The pH profile of the two-stage CSTR system, as depicted in Figure 6(a), underscores the efficiency of the system in ditfer-
entiating the acidogenesis and methanogenesis phases. The influent exhibited a relatively stable pH within a slightly acidic
range of 6.6-7.1, indicative of consistent feedstock characteristics. In CSTR 1, the pH increased slightly to a range of
6.64-7.33, reflecting active acidogenesis and sufficient buffering capacity to mitigate excessive acid buildup. Conversely,
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Table 4 | Characterization of influent and effluent in a two-stage CSTR system (mean + SD)
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Characteristic Influent Effluent
PS:SS mixed 1:3 -

pH 6.96 + 0.16 725+ 0.18
Moisture (%) - -

Total COD (mg/L)

Soluble COD (mg/L)

Total solids (mg/L)

Total suspended solids (mg/L)

Total volatile solids (mg/L)

Total Kjeldahl nitrogen (mg NHN/L)
Alkalinity (mg CaCOs5/L)

Volatile fatty acid (mg CH;COOH/L)
C/N

TBOD,,/TCOD

42,019.17 + 12,888.14
2391117 + 8,304.86
35,469.62 + 17,193.44
10,640.89 + 5,158.03
64.18 + 2221
2,134.37 + 377.81
1,460.18 + 468.68
84527 + 758.93

20,553.98 + 7,146.08
10,113.77 + 5,245.92
1,727.25 + 88273
51817 + 264.82
34.33 + 12.01
2,674.89 + 335.66
585.89 + 276.26
655.15 + 333.90

TBOD5/TCOD -

CSTR 2 maintained a consistently higher and more stable pH range of 6.91-7.58, creating optimal conditions for methano-
genesis. Statistical analysis using a T'test confirmed a significant difference in pH between CSTR 1 and CSTR 2 at a 95%
confidence level (p < 0.05), validating the distinct metabolic activities in each reactor.

These findings align with those reported by Meghana & Shastri (2020), who observed distinct pH separation between
acidogenic and methanogenic reactors in two-stage systems treating high-strength industrial wastewater. Similarly, Sun
et al. (2020) emphasized that maintaining pH above 6.8 in methanogenic reactors is critical for methanogen viability and
methane production. Effective pH regulation in this study is also consistent with previous findings that highlight the role
of inherent buffering agents such as bicarbonates and feedstock alkalinity in mitigating system acidification (Rau 2008).

The VFA-to-alkalinity ratio, as illustrated in Figure 6(d), exhibits a decreasing trend as the flow progresses from the influent
to CSTR 1 and subsequently to CSTR 2. In the influent, the ratio often exceeds 1, reflecting a high acid load, whereas in CSTR
2, it consistently drops below 1 after day 80. This reduction signifies the system’s transition from an acidic environment to a
well-buffered and stable condition, with a ratio below 1 in CSTR 2 indicating a healthy AD process where the buffering
capacity effectively neutralizes acid production. This stabilization ensures system reliability and prevents inhibition caused
by acid accumulation.

The observed trends in alkalinity increase, VFA reduction, and the decline in the VFA-to-alkalinity ratio across the two
stages underscore the effectiveness of the two-stage CSTR system. CSTR 1 facilitates initial acid degradation, while CSTR
2 provides further stabilization and enhances biogas production. Similar trends were noted by Hasan ef al. (2015), who
reported that VFA/alkalinity ratios below 0.8 were correlated with high biogas yields and microbial stability. Moreover,
Peters et al. (2021) demonstrated that two-stage reactors could more effectively manage acidification than single-stage con-
figurations, particularly under variable loading rates. These results highlight the critical role of maintaining sufficient
alkalinity to support microbial activity and mitigate acidification, particularly in anaerobie systems treating high-strength
organic wastewater.

Figure 7(a) illustrates the trends in TVS removal efficiency across a two-stage CSTR system over time. The solid line rep-
resents the TVS removal efficiency (%), while the dashed line shows the effluent concentration. The system exhibits
fluctuating removal efficiency, ranging from approximately 84.03 to 99.06%, suggesting dynamic operational performance.
Periods of peak removal efficiency correspond with lower effluent concentrations, indicating a potential correlation between
operational stability and TVS degradation efficiency. These observations align with those of Li ef al. (2019), who found that
efticient TVS removal is closely linked to reactor phase balance and effective microbial retention.

Figure 7(b) shows the trends in TCOD removal efficiency and effluent TCOD concentration over 220 days. The removal
efficiency (%) varies significantly, with stable conditions yielding a value of 56.55 + 17.88. This fluctuation is likely influenced
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Figure 6 | (a) pH values, (b) Alkalinity ratio, (c) VFA values, and (d) VFA/Alkalinity ratio of the CSTR system.

by feedstock characteristics and reactor operational conditions. Effluent TCOD concentrations range from approximately
20,553.98 + 146.08 mg/L, with inverse patterns observed in relation to removal efficiency. Periods of higher effluent concen-
trations coincide with dips in removal efficiency, highlighting the challenges of maintaining stable performance in multi-stage
digestion systems. These findings are consistent with those of Tsegaye ef al. (2023), who noted that variability in TCOD
removal is often tied to organic load distribution and VFA accumulation in two-phase systems.

Figure 7(c) presents the removal efficiency of soluble chemical oxygen demand (SCOD) alongside effluent SCOD concen-
tration. The SCOD removal efficiency exhibits a pattern like TCOD, with stable conditions showing a range of 56.80 + 6.55
throughout the experimental period. Effluent SCOD concentrations vary from approximately 10,113.77 + 5,245.92 mg/L.
The trends suggest that the reactor’s capacity to degrade soluble organics is sensitive to operational conditions, possibly influ-
enced by feedstock variability or internal system dynamics. Enhanced SCOD removal efficiency is observed during periods of
reduced effluent concentration, reinforcing the importance of optimizing system stability for effective organic matter degra-
dation. These findings are supported by observations from Donoso-Bravo et al. (2015), who demonstrated that process
stability directly enhances SCOD degradation kinetics in two-stage anaerobic systems.

The first two graphs in Figure 8 reveal insights into nitrogen dynamics, biomass concentration, and substrate utilization in
the reactors. In Figure 9(a), TKN levels in CSTR 1 exhibit significant fluctuations, with peaks above 70 mg/L around days 110
and 170, indicating inconsistent nitrogen removal or varying substrate loads, while CSTR 2 demonstrates more stable TKN
trends. Figure 9(b) complements this by showing that mixed liquor volatile suspended solids (MLVSS) concentration peaks
dramatically (above 60,000 mg/L) around day 152, likely reflecting microbial growth stimulated by substrate accumulation.
The inverse relationship between MLVSS and F/M highlights the balance between substrate availability and microbial
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Figure 9 | Diversity of microbiome isolates collected from the two-stage CSTR system under methanol-supplemented conditions using
MALDI-TOF MS: (a) incubated at 28 °C and (b) incubated at 35 °C.

activity, underscoring the reactors’ operational dynamics. This pattern is in line with the findings of Chen ef al. (2023), who
reported that elevated biomass concentrations can suppress gas production if F/M ratio is not well balanced.

The biogas production results, as shown in Figure 6, indicate that CSTR 1 did not produce biogas throughout the entire
operational period from the start. This was due to the low HRT, which prevented fermentation within the system. Addition-
ally, no biogas production was observed in CSTR 2 during days 0-35, as this period was required for the acclimatization of the
microbial community. Biogas production began on day 36, with an initial volume of 68 mL, and continued to increase, peak-
ing at 2,545 mL as time progressed. However, the current average daily biogas production is 430 mL. This reduction is likely
due to the high microbial concentration in the system, which may have resulted in a high food-to-microorganism (F/M) ratio,
leading to a decrease in biogas production. The impact of microbial overpopulation on methanogenic inhibition has been
similarly observed by Zhou et al. (2022).

In Table 5, the biogas production is examined across two continuous stirred-tank reactors (CSTR 1 and CSTR 2) under
different operational conditions. The operational days were set to 220 days for both reactors. The co-substrate (PS:SS)
feed rate varied, with CSTR 1 using 0.41 L/day and CSTR 2 using 1.23 L/day. The organic loading rate (OLR) was much
higher in CSTR 1 (6.65 kg TVS/m’-day) compared to CSTR 2 (0.21 kg TVS/m>-day), indicating a more intensive substrate
input in CSTR 1. The HRT was considerably shorter in CSTR 1 (1.6 days) than in CSTR 2 (24 days), which may reflect differ-
ences in the digestion rate and overall system design.

Table 5 provides insight into the operational performance of the reactors, particularly focusing on biogas yield. CSTR 2
achieved a biogas yield of 1.8 + 0.48 mL biogas/g TVS_removed-day, reflecting moderate efficiency in substrate conversion

Table 5 | Summarizes the operational performance results

Parameters CSTR 1 CSTR 2 Unit
Operating days 220 220 Days
Co-substrate (PS:SS) 041 123 L/day
OLR 6.65 0.21 kg TVS/m’-day
HRT 1.6 24 Days
Working volume of digester 3 225 Litres
Biogas yield - 1.8 TVS_removed-day + S.D.
Biogas production - 043 +0.13 L/day + S.D.
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to gas despite its low OLR (0.21 kg TVS/m’-day) and long HRT (24 days). The daily biogas production was 0.43 + 0.13 L/day.
The lack of biogas yield data for CSTR 1 prevents direct comparison, but its significantly higher OLR (6.65 kg TVS/m’-day)
and shorter HRT (1.6 days) suggest it prioritizes throughput over efficiency. These findings highlight the critical balance
between operating conditions and biogas production efficiency, with optimization necessary to enhance gas yield and
methane content.

Microbial community

The two-stage CSTR system demonstrated distinct functional stratification of microbial communities between reactors, with
CSTR 1 primarily facilitating hydrolysis/acidogenesis and CSTR 2 supporting acetogenesis/methanogenesis (Table 6,
Figure 9). In CSTR 1, Bacillus cereus dominated under all conditions (MALDI-TOF MS scores: 2.189-2.303), consistent
with its role in hydrolyzing cellulose and hemicellulose in paper mill sludge via extracellular enzymes such as cellulases
and xylanases (Normand ef al. 2017; Morel ef al. 2018). In CSTR 2, the microbial shift toward Bacillus megaterium
(2.232 score) and Bacillus firmus (2.012 score) indicated acetogenic activity, where these species typically oxidize fatty
acids to acetate and hydrogen (Hsueh ef al. 2014; Mirtelmaier ef al. 2019). Methanogenic archaea, critical for biogas pro-
duction, were not identified due to MALDI-TOF MS’s bacterial profiling bias (Vianna ef al. 2021), highlighting a key
methodological gap in resolving methanogen activity.

Temperature profoundly influenced microbial functionality, with 35 °C incubation driving a 5.6-fold increase in bacterial
populations (42.00 + 2.2 x 10° CFU/mL vs. 635 + 0.7 x 10° CFU/mL at 28 °C) in CSTR 1 (Table 6). This aligns with meso-
philic optima for hydrolytic enzymes (Zakavi ef al. 2022) and supports enhanced substrate degradation rates. Methanol
supplementation at 35 °C enriched methylotrophs like B. firmus, correlating with a 1.8-fold rise in VSS-normalized bacterial
density (9.72 x 10% vs. 1.47 x 10° cells/gVSS at 28 °C) (Khot ef al. 2012). The temperature-dependent community restructur-
ing mirrors findings in full-scale paper sludge digesters, where 35 °C optimizes hydrolytic-methanogenic synergies while
mitigating VFA accumulation (Kim et al. 2015; Schulthess et al. 2016). However, the lack of methanogen quantification
(e.g., Methanosarcina or Methanobacterium) prevented direct links between temperature and methane yield, underscoring
the need for complementary methods such as merA gene quantification (Schulthess ef al. 2016).

CONCLUSIONS

This study identified the 1:3 PS:SS ratio as optimal for anaerobic co-digestion of recycled paper sludge, achieving the highest
methane yield (918.66 mL CH,4/g VS_fed) with a short lag phase (1.59 days), reflecting balanced nutrient availability. In the
two-stage CSTR system, CSTR 1 removed up to 70% of TCOD with stable acidogenic conditions (pH 6.64-7.33), while CSTR
2 maintained methanogenic conditions (pH 6.91-7.58), reduced the VFA/alkalinity ratio below 1, and sustained biogas pro-
duction, yielding 1.8 + 0.48 mL/g TVS_removed-day.

Kinetic modeling using Modified Gompertz and Logistic models confirmed good fit, with the Gompertz model offering
better accuracy (R? > 0.986). The two-stage CSTR system exhibited clear functional stratification, driven by shifts in Bacillus
species composition. Dominance of Bacillus cereus in CSTR 1 suggests a key role in the initial hydrolysis of lignocellulosic
substrates, while the diversified consortium in CSTR 2 facilitated enhanced acidogenesis and methanogenesis. These findings
highlight the metabolic adaptability of Bacillus spp. as a critical factor in stage-specific optimization of AD.

To enhance methane content and system performance, further development could focus on strategies such as extended
HRT, selective enrichment of methanogens, and integration with biogas upgrading technologies. Additionally, pilot-scale vali-
dation and life cycle assessment are recommended to assess upscaling feasibility, supporting industrial applications, and
circular economy implementation.
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Abstract: This study investigates the optimization of co-digestion ratios of primary sludge (PS) and secondary sludge (SS)
to enhance biogas production. The experiment evaluates various mixing ratios of PS and SS through biochemical methane
potential (BMP) tests, Results indicate that the mixing ratio of 1:3 (PS:SS) exhibits the highest methane production potential
at 997.19 ml CHa/g VSted, with a lag phase duration of 1.59 days and a maximum methane production rate of 1,750 ml CH4/d.
Furthermore, statistical analysis reveals significant differences in average methane production potentials between mixing
ratios, with the ratio of 3:1 showing notable disparities from ratios of 1:1 and 1:3. The study underscores the importance of
optimizing co-digestion ratios for efficient biogas production and highlights the potential of the 1:3 ratio for practical
implementation in biogas production systems,
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Introduction

The wastewater treatment system from the paper industry generates excess sludge in the range of 200-
400 kgfton-paper (Balwaik and Raut, 2011; Turner et al., 2022) and in the range of 40-50 kg-dry
sludge/ton-paper (Mahmood et al., 2006; Jele et al., 2022). Generally, these sludges are consisting of
70% primary sludge (PS) and 30% secondary sludge (SS). The PS is generated from preliminary
treatment processes such as dissolved air flotation (DAF) or primary sedimentation. Although a portion
of PS can be repurposed for low-grade paper products like boards and crates, a significant amount still
requires proper disposal. The SS is produced from secondary sedimentation tanks in the activated sludge
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(AS) system. Preliminary data from a paper mill in Samut Sakhon Province, Thailand, indicate that there
is a significant amount of excess sludge to be disposed of. This includes approximately 1,470 m*/d or
25.87 ton-dry PS/d, and an average of 2,090 m*/d or 36.83 ton-dry SS/d.

Previous studies on the properties of excess sludge generated by the paper industry. Both primary sludge
(PS) and secondary sludge (SS) exhibit high moisture content, ranging from 53% to 77% (Siméo et al.,
2018). However, PS presents unique challenges due to its slow biodegradability. This is attributed to its
composition, which includes approximately 5.7% lignin, 32-81% cellulose, and 6.5-12% hemicellulose
(Siméo et al., 2018; Lopes et al., 2018). PS also has a total solids (TS) content of 32-80%, with volatile
solids (TVS) ranging from 32-58% of TS. Notably, a significant portion of the TVS (around 55%) is
ash. Additionally, PS has a high chemical oxygen demand (COD) of approximately 64,300 mg/L (Lopes
etal., 2018; Chakraborty et al., 2019). Despite containing organic matter, PS suffers from a low nutrient
content. Its C/N ratio falls between 32:1 and 930:1, exceeding the optimal range of 20-30 for efficient
anaerobic digestion (Veluchamy and Kalamdhad, 2017).

Several research suggest that anaerobic co-digestion (AnCoD) of PS and SS offers a promising solution
for improved biogas production. Studies have demonstrated that a PS:SS ratio of 2:3 can generate
significantly higher biogas yields (150-170 ml CH4/g VSteq) compared to pure PS substrate (Veluchamy
and Kalamdhad, 2017; Bokhary et al., 2021; Lopes ct al., 2018; Bayr and Rintala, 2012). AnCoD also
outperforms pure SS as a substrate, with potential biogas production improvements of up to 59% (Bayr
and Rintala, 2012; Sun et al., 2022). Based on these findings, this research aims to evaluate the impact
of different sludge mixing ratios from the pulp and paper industry on the biodegradation ability and
biochemical methane potential (BMP) through anaerobic co-digestion and biokinetic studies.

Material and Methods

Excess sludge sample collection and storage: This study utilizes excess sludge obtained from a paper
mill located in Samut Sakhon province, Thailand, before the dewatering process, The samples comprise:

o Primary Sludge (PS): Collected from the primary sedimentation tank of the wastewater treatment
system.

o Secondary Sludge (SS): Derived from the biological treatment tank (secondary sedimentation
tank) of the activated sludge (AS) wastewater treatment system.

Following collection, the samples are stored at 4°C to maintain their integrity for subsequent analysis of
physical and chemical characteristics. The collection is used to characterize biodegradation and BMP.

Experimental design: This research investigates the biodegradation ability and methane production
potential of excess sludge from the paper industry through single digestion and co-digestion approaches.
Batch assays under mesophilic conditions (@35+1.0°C) are employed to assess the impact of different
mixing ratios on these processes. Table 1 is shown the initial mixing and sludge characteristics.

o Initial pH: The initial pH of the digestion medium is maintained at 7.0 + 0.01

e Mixing Ratios: The co-digestion experiments utilize PS and SS at various volumetric ratios
(v/v): 1:0 (PS only), 3:1, 1:1, 1:3, and 0:1 (SS only)
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Table 1 The initial mixing and sludge characteristics.
’S:SS ratios Influent Substrate (mg/L)

13 22,440 10,021

Biodegradation experiments:

The COD (Chemical Oxygen Demand) of the sludge was fractionated into four categories in Figure 2,
following the method described by Wentzel et al. (1995). These categories are:

» Unbiodegradable Soluble COD (USCOD)
¢ Unbiodegradable Particulate COD (UPCOD)
e Readily Biodegradable COD (BSCOD)
e Slowly Biodegradable COD (BPCOD)

The total COD (TCOD) was measured, and the BOD (Biological Oxygen Demand) was determined
after 20 days with inhibited nitrification using the OxiTop®-C measuring head (Boursier et al., 2005).
The biodegradation fraction (BCOD) was then calculated from the TCOD and BOD20 values.

Toal COD
Tcob)

>

¥

B Unbiodegradable;
Bjodegradable; BCOD ucop

(TBODz0) (TCOD-BCOD)

Sr:f'lw:vtbio::g‘l; Readjly biodegradable, U::io;ie'gral;i::lljeb
particulate; B particulate;
B5COD) soluble; BSCOD (SBOD:o) (UCOD-USCOD)

Unbiodegradable soluble;
USCoD (SCOD-SBOD:0,

Figure 2 Biodegradation experimental set-up.
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Figure 3 Installation of the BMP Test consists of 1) reaction tank, 2) container containing NaOH solution, and 3)
graduated container for measuring the volume of NaOH solution replaced by methane gas.

Biochemical methane potential test (BMP Test) experiments: The reaction vessel was connected to a
container filled with a 1.5 N sodium hydroxide (NaOH) solution for the absorption of CO2 and H2S. As
methane gas was produced, it displaced the NaOH solution. The BMP Test installation is depicted in
Figure 3. The temperature of all reaction vessels was maintained at 35+1.0 °C (mesophilic temperature).
Prior to gas volume measurement, the reaction was shaken for 1 minute. The system operated with a
Hydraulic Retention Time (HRT) of 31 days. All experimental sets were inoculated with 2 g VS/L
(Rajput and Sheikh, 2019) of microbial inoculum, ensuring consistent inoculation across all sets. The
pH was adjusted to 7+0.01 using HCI or NaOH prior to system initiation. NaHCO3 was utilized as a
buffer, and anaerobic conditions were established by introducing N2 gas into the reaction for 3 minutes.
Gas volume measurements were obtained by substituting the NaOH solution with a graduated syringe.
Methane gas production was quantified daily through BMP test results. To minimize errors, each
experimental set was conducted twice.

Biokinetics: The actual methane production in each experimental set can be assessed by subtracting the
methane production from the blank experiment. The methane production potential will be calculated
relative to the volatile solids (VS) concentration added per hydraulic retention time (HRT) in the BMP
Test. The experimental results obtained can be used to generate a graph showing the relationship
between the accumulated methane gas volume produced each day. This can be achieved using kinetic
equations for the BMP Test, such as the modified Gompertz equation (Lay et al., 1996), as shown in
Equation 1. SPSS software will be utilized for curve fitting and estimating kinetic parameters from the
experimental data in the BMP Test. The efficiency of the model will be determined by the coefficient of
determination, R-squared (R2).

M(t) = P-exp{-exp[(R_m-e)/P (A-t)+1]} (1)

Where M(t) is the accumulated methane gas volume produced (mL CH4), t is the cumulative time of
methane gas production (d), P is the maximum potential methane production (mL CH4), Rm is the
maximum methane gas production rate (mL CH4/d), A is the lag phase duration (d), and e is the constant
value (2.718).
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Results and Discussion
Sludge Characteristics and COD Fractions

The physical and chemical characteristics testing of excess sludge generated from the wastewater
treatment system of the pulp and paper industry, outlined in Table 2, reveals that both PS and SS exhibit
remarkably high moisture content. This is attributed to the fact that the excess sludge collected represents
the initial discharge from both the primary and the biological sedimentation tanks, which has not
undergone the water separation process. This high moisture content is beneficial for the biogas digester.
The total volatile solids (TVS) content of PS and SS ranges from 42 to 62% TS and 28 to 31% TS,
respectively. There was evident that PS exhibits relatively high COD and VS values, indicating a
substantial potential for biogas production, which can reach as high as 0.22 m*® CH4/kg-dry PS.
Furthermore, it was observed that the organic content in PS is 2-3 times higher than that of SS. However,
the biodegradation of only PS presents challenges due to the complex structure of fibers and cellulose,
as well as excessive organic loading for the anaerobic digester. Numerous studies have highlighted that
anaerobic co-digestion processes can effectively mitigate these challenges (Veluchamy and Kalamdhad,
2017; Bokhary et al., 2021; Lopes et al., 2018; Bayr and Rintala, 2012; Sun et al., 2022).

Table 2 Characterization of secondary sludge samples (Mean + SD).

Characteristic PS S8

pH 6.02=0.00 7.46+0.03
Moisture (%o) 95.41 +£0.77 99.70 £0.01
Total COD (mg/L) 67,904 £ 1,575 10,653 +2,232
Soluble COD (mg/L) 10,774 + 6,494 7407 £ 1,166
Total Solids (mg/L) 24,390 £ 127 13,790 + 1,626
Total Suspended Solids (mg/L) 19,550 11,340

Total Volatile Solids (mg/L) 15,010 + 240 4,340 £ 665
Total Kjeldahl Nitrogen (mg NH4-N/L) 37.35+£2.89 37.64 £1.65
Alkalinity (mg CaCO3/L) 7380+ 355 752+ 118
Volatile Fatty Acid (mg CH:COOH/L) 2,341 £ 116 1,225+53
C/N 1,840 274
TBODx/TCOD 0.35 0.83
TBODsTCOD 0.23 0.40

Moreover, the nutrient content in PS sludge is relatively low, characterized by a significantly higher C/N
ratio than the ideal range. Typically, the appropriate C/N ratio for anaerobic digestion systems falls
within the range of 20 - 30 (Veluchamy and Kalamdhad, 2017). A high C/N ratio can result in rapid
nitrogen depletion by methanogenic bacteria during protein synthesis, thereby limiting their ability to
react further with the remaining carbon in the substrate. Consequently, this can lead to lower biogas
production rates. In contrast, SS sludge exhibits high nutrient content, primarily nitrogen, resulting in a
considerably lower C/N ratio compared to PS sludge. Additionally, both PS and SS demonstrate pH
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values ranging from 6.02 to 7.46, indicating a relatively neutral pH. Furthermore, their alkalinity,
predominantly in the form of HCO3-, is relatively high. This elevated alkalinity aids in the better
precipitation of positively charged ions in water, such as Ca2+, and can act as a buffer for acids generated
during the acidogenesis process (Racho et al., 2012).

The assessment results of the COD fractions in the mixed sludge from the paper industry, with mixing
ratios of 1:0 (only PS), 3:1, 1:1, 1:3, and 0:1 (only SS), reveal varying TBOD20/TCOD ratios of
approximately 0.35, 0.40, 0.48, 0.58, and 0.83 respectively. These ratios indicate that in the mixing ratios
of 1:0, 3:1, and 1:1, the organic matter present in the form of TCOD is predominantly difficult to
biodegrade. Furthermore, the SBOD20/SCOD ratios are approximately 0.87, 0.97, 0.95, 0.95, and 0.70
respectively, suggesting that the organic matter in the form of soluble substances can be relatively easily
biodegraded across all mixing ratios. Racho and Pongampornnara (2020) specifies that a BOD/COD
ratio >0.45 indicates good biodegradability, 0.30-0.45 indicates relatively good biodegradability, 0.20-
0.30 indicates some biodegradability, and if less than 0.20, the wastewater is not suitable for biological
degradation. Based on these criteria, the findings suggest that the mixed sludge with ratios closer to 1:0
(only PS) and 3:1 exhibit relatively good biodegradability, while the ratios closer to 0:1 (only SS) may
have limited biodegradability potential.

From Figure 4, it is evident that in the mixing ratios of 1:3 and 0:1, predominantly biodegradable COD
fractions constitute 57.55% and 82.75% respectively of the total TCOD in the sludge, indicating a higher
proportion of SS compared to PS. Further breakdown reveals that in the mixing ratios of 1:3 and 0:1,
this biodegradable fraction is divided into BSCOD (Rapidly Biodegradable fraction), comprising
23.18% and 8.41% respectively of the total TCOD in the sludge, and BPCOD (Slowly Biodegradable
fraction), comprising 34.37% and 74.34% respectively of the total TCOD in the sludge. Consequently,
the proportion of COD that cannot be biodegraded is only 42.45% and 17.25% respectively of the total
TCOD. These findings suggest that sludge with mixing ratios of 1:3 and 0:1 possesses high
biodegradable fractions, as most of the organic matter comprises unbiodegradable fractions in lesser
proportions, primarily found in PS. This makes it suitable for biogas production.

-BPCODDBSCOD{jUPCODUSCOD
3,50 0,70 145 1,24 3,53
13,711
an ] 8,41
61,67
[T 23,18 T
74,34
2436 26,25 e
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Figure 4 The COD fractions in various PS:SS mixing ratios.
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Influencing of Sludge Mixing Ratio on Biogas Production

The investigation into evaluating the influence of different PS:SS ratios on BMP Test indicated that the
maximum potential methane production was observed at varying proportions of 1:0, 3:1, 1:1, 1:3, and
0:1, with corresponding values of 23,684, 36,394, 38,510, 39,973, and 32,188 ml-CH4, respectively, as
illustrated in Figure 5a. Of note is the proportion of 1:3, which demonstrated superior methane
production potential compared to other co-digestion ratios and even outperformed the single-substrate
digestion of PS and SS. The daily measurement of gas volume within the system enabled the
computation of cumulative methane gas production for each blending ratio under investigation.
Subsequently, these findings were subjected to analysis using the modified Gompertz equation (Lay et
al., 1996) through the utilization of SPSS software, leading to the generation of predictive experimental
outcomes, as illustrated in Figure Sb.

., 40000

E 30000

|

© 20000

j:

.é 10000

0
g 0 10 20 30
Time (day) Time (day)

—_—0 [ . 31 -l 10 ceeeeeeen 31 - -1l
— 13 0:1 13 0:1

Figure 5 The Cumulative methane production resulting from the co-digestion of sludge at varying mixing ratios; (a)
observed in the experiment and (b) obtained through fitting to Gompertz model utilizing the SPSS program.

When considering the methane production potential (CH4 Yield) from experiments with various mixing
ratios, as shown in Table 3, it is evident that at the proportions of 1:0, 3:1, 1:1, 1:3, and 0:1, the methane
production potentials are 353.72, 628.33, 747.59, 997.19, and 1,280.80 ml CH4/g VSfed, respectively.
This study reveals that SS exhibits a higher methane production potential compared to other mixing
ratios, consistent with the fact that SS has a higher proportion of particulate biodegradable COD than
other mixtures. However, the mixing ratio of 1:3 demonstrates a higher production potential than other
mixtures, including single-substrate digestion of PS, which, at a 1:3 ratio, still has a lower proportion of
particulate biodegradable COD than single-substrate digestion of SS. Additionally, this finding aligns
with the research conducted by Sun et al. (2022), which found that anacrobic digestion of SS alone yields
higher methane production compared to PS. Moreover, in mixed PS and SS, it is found that at a mixing
ratio of 1:3, there is a higher potential than ratios of 3:1 and 1:3. The results of the statistical testing for
the differences in average methane production potentials in this paper indicate that the average CH4
Yield at the mixing ratio of 3:1 differs significantly from the mixing ratios of 1:1 and 1:3 at a confidence
level of 95%.
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Biokinetics

In the biokinetics analysis presented in Table 3, it is observed that the mixture ratio of 1:3, which yields
the highest CH4 Yield at 997.19 ml CH4/g VSfed, exhibits a Lag phase duration of 1.59 days. This lag
phase duration is attributed to the hydrolysis of substances that are not easily biodegradable. Moreover,
this mixture ratio achieves the maximum methane production rate (Rm) of 1,750 ml CH4/d. These
findings indicate that the mixture ratio of 1:3 is well-suited for implementation in a biogas production
system. Conversely, the mixing ratios of 1:0, 3:1, 1:1, and 0:1 exhibit longer Lag phase durations.
However, it is worth noting that the modified Gompertz equation effectively explains the variability of
cumulative methane production (M(t)) at any given time with an accuracy exceeding 98.6% to 99% (as
observed from R2). This high level of accuracy underscores the reliability of the model in predicting
methane production kinetics across different mixing ratios.

Table 3 Kinetic value for Co-Digestion of Excess Sludge from the Pulp and Paper Mill Industry with diferent PS:SS ratio.
(The resulting data obtained through fitting to Gompertz model utilizing the SPSS program.)

PS:SS  CIL Yield P Ra Y Y
ratio (ml CHy/g VStea) (mL CHs) (mL CH4/d) (@
10 353.72 23,684 1,030 421 0.986
31 628.33 36,394 1,614 2.29 0.989
11 747.59 38,510 1,703 173 0.99
13 997.19 39,973 1,750 1.59 0.989
0:1 1,280.80 32,188 1,366 146 0.987
Conclusions

In conclusion, this study demonstrates the effectiveness of co-digestion of primary sludge and waste
acticated sludge for enhanced biogas production. The findings reveal that the 1:3 mixing ratio of PS and
SS yields the highest methane production potential, surpassing single-substrate digestion and other co-
digestion ratios. The optimized ratio exhibits a shorter lag phase duration and a higher maximum
methane production rate, indicating its suitability for biogas production systems. Additionally, the
modified Gompertz equation provides accurate predictions of methane production kinetics across
different mixing ratios. These results emphasize the significance of optimizing co-digestion ratios to
maximize biogas production efficiency and underscore the potential of paper sludge and sewage sludge
co-digestion as a sustainable waste-to-energy solution in wastewater treatment facilities. Further
research could focus on scaling up the optimized ratio for practical application and exploring additional
factors influencing biogas production kinetics in mixed sludge digestion systems.
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