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The production of methane in biogas for applying as an alternative source of energy from starch-

rich tubers of cassava plant and cassava pulp residue, was investigated in laboratory scale using simple



single-state digesters of 5 to 50-L working volumes and operated at ambient temperature (29-31°C)
without stirring. The following achieved results meet the research aims. The high contents of methane
that potentially served as an energy source, were obtained from the efficient bioconversion of cassava
tuber, one of the cheap and abundant agriculture products in Thailand, and from the cassava pulp residue.
When operating the single-state digester of 50-L working volume under optimum conditions
investigated in this study, cassava tubers from two plant varieties, CMR 35-22-196 (Rayong 11) and
Rayong 5, containing 25.56 and 28.72% of starch, respectively, were compared. The starch-rich tubers
were prepared as the dry forms (17.37 and 14.18% moisture content, respectively), then fed into the
digester using 1.0% (w/v) total solids (the result obtained from the investigation of 0.25-16.0% total
solids) with the supplement of the suitable nitrogen source, 0.04% (w/v) urea (the result from the
investigation of 3 types of nitrogen source). Total yields of biogas composing the average methane
contents of 52 and 61% (v/v), of 313 and 304 L or 626 and 608 L/kg total solids fed, respectively, were
generated. One kilogram of the fresh cassava tubers (52 and 56% moisture content) could be efficiently
converted to 363 and 340 L of biogas or 161 and 185 L of methane, respectively. And one kilogram of
the dry cassava tubers (17.37 and 14.18% moisture content) could be converted to 322 and 370 L of
methane. The maximum methane contents of 75.9 and 76.0% (v/v) were achieved at 21 and 19-day
retention times, and fermentation reactions ceased after 38- and 35-day operation, respectively. For
cassava pulp residue, a fresh representative sample collected from a tapioca starch factory containing
83% of moisture content and 24.40% of starch, was used to prepare dry cassava pulp containing 15.19%
of moisture content for preparing raw cassava pulp slurry. The digester was fed on a batch basis with the
slurry containing 1% (w/v) total solids with adding 0.04% urea. The bioconversion performed in 50-L
working volume. The total yield of biogas composing the average methane content of 56% (v/v), of 148
L or 296 L/kg total solids fed, was achieved. One kilogram of the fresh cassava pulp (83% moisture
content and 24.40% starch) could be efficiently converted to 69 L of biogas or 82 L of methane. And
one kilogram of the dry cassava pulp (15.19% moisture content) could be converted to 165 L of methane.
The maximum methane content of 75.4 % (v/v) were detected at 38-day retention time, when the
fermentation reaction ceased. The high methane contents (75-76%) produced from raw cassava tuber
and cassava pulp using the simple single-state digesters, were also resulted from the developed seed
cultures having capacity to digest raw cassava starch and produce methane. In addition, data of principle
factors affecting methane production from raw cassava tuber and cassava pulp were achieved from this

study. The data are useful for enhancing and further scaling up the biogas production.
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Composition Reference
(g/100 g dry weight)  Soccol (1994) Cereda (1994)  Sterz (1997) Vandenberghe (1998)
Moisture 5.02 9.52 10.70 11.20
Protein 1.57 0.32 1.60 1.61
Lipid 1.06 0.83 0.53 0.54
Fiber 50.55 14.88 22.20 21.10
Ash 1.10 0.66 1.50 1.44
Cafbohydrate 40.50 63.85 63.40 63.00

11: Pandey et al. (2000)
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ummqwmiummammmmzm‘Uﬂingaizuu @@Qigﬁﬂﬂ%NWﬂ!LLUﬂﬂﬁﬂiui%ﬂﬂ‘lﬁllﬂlﬁlﬂgﬁll

Y = [ Y] == Y o 9 =1 SA A o
@]9\11]ﬂwiﬂquﬁu‘IUﬂQWNﬂ@a@ﬂnﬁﬂl LRZOZNDULUANLTYIUAIYN ﬁ]“ﬂu@]@QNQﬂﬂimﬂu%ﬂfaﬂmW

=

TWaznouuuaRiZeaudl sTUUNITALLY Upflow anaerobic sludge blanket (UASB) Tagar319aniizlu

= % =

v 4 < oA & ly o
famainIupaiiz el NN dnyazid)u Granular bacteria M13) U1V Studge blanket NAUDS LUATRIT o
a = 4 ° ) v Aa A a = ' A g
annsasguaziifimnamsaann M lnssvuninuldszansnmge ualianugaenlumsisuau
a @ | @ I @ 1A { )
AUTEVY  UALIZVUMNNLLY Anaerobic baffled reactor (ABR) Hanyazilunansotoauniuruny
9

v oa & Y ? a Y 1 <3 @ dal v v
GU’JNW'QRILLWH@]@@NTJ mi”lﬁasumuuﬁmmqizummﬂﬂuaﬂymzhlwamuamamuﬁmﬂmd
9 v %’ A Aa A %’ = 1 ~ Y ] a =4
mmm“lmnummwumiumuaaﬂqa mammﬂ"lwa"lﬂmmawaammu"lamefluﬁua q1IDUNIY

¥ v W a ~ [ (4

° (% J ° {

TininFevedudanuaunio auANuandsnanan @A UNoUIZoONIINIZUY MFFININA
a a X ' Y v I 9
PAUNIINAATUNINMITRORAIIZADITUFA DUV Tl udu

Tagriudimsl¥scundandnwan  (Hybrid reactor) V9IUAAZITZUUAINAIIVNAY  1HU

I 4 A a A o

UASB/AF, UASB/AC, UASB/ AC/AF (iudu iivervnisz@nsnmuaziadosninueeszuumsin

a o g y . . . .
uazﬂ"riwamml,ﬂu"lﬂ"lﬁ'muumz (Batch system), Semi-continuous ‘Vidi’f) Continuous fermentation

v o 32 A

system  fidauvaj 14 agAuiszinnyada‘ ummazmmmaaﬁ’qmﬂymu QATINNTIN 1Az
AYATATIN AINAIVIAY

UIAT1  AMBNA  uazAmz  (2552)  ANMIMIHAAMEEININIINMANUT IS AN
Anunputtikul (2004) ‘ﬁﬁmm%u 72.53% uazauilszneundnae Organic carbon, Total nitrogen,
Crude fiber, Protein 1122 Total solids 11171 38.14, 0.72, 3.86, 0.65 1A 27.47% mNa1ay 1¥ninsiu
dnlzvdaiinndudulugy Total solids i 0.5, 1.0 wag 2.0% wazgBoiuumaslulasou

(Anunputtikul, 2004) 9A51894 C:N 91 10:1, 20:1 ttag 30:1 YSuiasnin 3.75 aas lugaminuuia 5
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ans wﬁ’ﬂ‘ﬁqmﬁqﬁﬁm duna 44 Hu mnﬁ”ﬂwawaﬂﬁ"wha@iwﬂm%’ﬁuﬁ’qﬁmiq 4N NaOH
nowdhdufvazauie numskaaildnandamadinmgega 153.5 das ilel¥mniiudilends
1A U 2% (Total solids) Az dATIE@IU C:N 1A 20:1 ﬂixmumiﬁﬁﬂ?’?quﬁ' 44 UVDINITHUN
U8RI IMINAAMEFING 3.49 AasaeTu

Parawira et al. (2008) wﬁﬁﬁ"wﬁmumn’i’ﬁ@mﬁaﬁymnmimym (Potato ttQ1g Sugar beet
leave) Tuseuuvine EN%‘LJ@]’E)HE)EJ'NQ'W (A simple two-stage anaerobic digestion process) Tunaniin
Anaerobic digestion 148 Methanogen biofilm reactor) YU1AUTTY 10 L1Ag 2.6 Qﬂ‘]_l”lﬂﬁ'lﬂmi CREaRLehT
‘W‘U'jwmswﬁmﬁ”wﬁmuﬁ“l%’ﬁmﬂ’ﬂmﬂ’j"ﬁﬂwﬁﬂ%ﬁﬂLﬁmmﬂ Potato, Peeled potato ¥3© Beet leave
I mandandanunanya (Total gross energy yield) Tugduoalimumiiny 2.5, 3.4 uag 2.1 nladad-
F2TuanenTansu Volatile solids mud1ey uaziilo1¥Sanniin Potato 1as Beet leave 3auu 1:2-
113 NI OHARMATINUINAY 60% 19 Total gross energy vield 1% 3.9 AlatagaenTansy
AN

Okarech et al. (2012) waﬂﬁvw%mwmmﬂgaqﬂiuaﬁﬁ@mﬁaﬁqmqmimym i
U32A9UMY Bean husk, Cassava peel, Plantain peel L% Yam peel YSuwedeay 1 nlansu waw
nuyagnsaalSum 16 nlaniy dnhndulasaie 20 das (Sandanaquinderiwisy 1:1)
wiinludawinuinaussy 100 ans Wunar 16 T4 anuiwousnaite (491115 Nutrient
agar) A 1.5-3.5x10" CFU/mI 91udusmazdad (14991915 Potato dextrose agar) 1M1AY 0.8-
1.4x10° 1182 1.8-2.4x10° SFU/mI muady dnisin udadl p fnsnlaoumnlasiugag 5.2-7.1 Tae

a 1

] ' Y 1
a@aﬂuﬁzﬂmué’fummmzmﬁmﬁamﬂﬂizmumﬁaaa ﬁqmmmaiu«mq 26-34 DR U AT

U U

Y

9 a o ] (4] = A A 9
Iawanaanmaslueie 85.5-314.5 mm H,0 maFanminan lallseneudie CH,, NH,, H,S tag CO,
[ o W a o
NN 70.6, 13.2, 5.3 1ag 4.7% A4a19U "17@llﬁlllﬁﬂ‘ll"llfoﬂiN’GWIﬂ1%%ﬂﬂ1W%1ﬂ§ﬁQ’ﬂiﬁﬂu@ﬂﬁﬂﬂ
Y ' @ Y o o A @ Y3+ A [ o a Y

%3ulﬂll‘ﬁ'a\‘lwﬁ\NTHL!ﬁ']ﬁl\‘lﬁuﬂiﬂu']ﬂWﬂLﬂa@%']ﬂﬂ']i“l/mﬂiJ']slG]fL‘]Ju‘IJ‘81W@ﬂ15ﬂiﬂﬂ§ﬂﬂ1§\1@u‘1@
Panichnumsin ef al. (2012) tiuranaaiimulumssaanlsmniudnlendssunoyagns

< 4 . . .

131 Feedstock Tael45zu1main Two-phase anaerobic system Tu Two-phase continuously stirred tank

1 ] [ a o a
reactor 1A8%I Hydrolysis/Acidification agclumﬂ;]ﬂsmﬁﬁ Active volume 0.5 995 Hydraulic
[ [ a 4 a {
retention time (HRT) 2 U 8¢ Methanogenic phase 1uﬂﬂﬂgﬂimﬂm1ﬂﬂﬁﬁ; 5 an5 N Active
volume 3 @A3 g HRT 13 3u Wunanssuvenuaiiiengy Hydrolytic/Acidogenic anaaiiold
1 Y

sanaIuvesmaiud 1z ndunnnii 50% Wiesnniimsdudaate pH Uszana 4 uaz ldnanan

Timugagai 370 HadansAoniu Volatile solids (added) e 1965 1druszninamniudnlznda

wazyag ASININY 60:40 WU Co-digestion Tudanin Two-phase continuously stirred tank reactor

' . 9 9 A A A X A A ) Aa o o .
aan1 Solids ﬂ\i"lﬂ 14% !,!,aﬂwwawa@mmm‘wmu 36% L?J’E)LVIEJTJﬂ‘]Jﬂ”ISWﬂG]iHﬂQW?Jﬂ Single-phase

continuously stirred tank reactor
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o a o o ] v J
Imam ez al. (2013) WALINTLUIUMIHAANIEEININIINIAAHINYA 1A (Cow dung) yadn
n (Poultry waste) azHNALYI (Water hyacinth) @285V UNINUULUAL (Batch) Tudansinduuuy
<] . . A o o 4 9 o
YUIALAN (Small size model biogas plant) N5095VYTMATHIN 0.5-1.0 ANUIANINAT Gl“lﬁrﬁmmﬂﬁﬂ
] a ] 1 a o = v dx Y a o = ~ A
Wi 135 nlansy wunmMsHaamsrInmInyadaitlnldwanaamayiningangan 0.058
4 1A o a o = A 4 A [
2NNANNATABN lanTl HAAMEBININYTUIATZIgAN 0.026 gNINANINAT NIzE1IA 8 TUUDI
Y] @ o ] o a o [
msin  maninaeiagminyga lataznausnldwandanadinwminy 0.034 uag 0.014
4 1A o a o 1 4 o W
9NINANIAIABN lanTy HARMEFINWUTUIATZIgan 0.0263 uaz 0.012 gRINANNAT ANEIAY
A @ ] U @ 2] =~ A a @ @ 3’; a = =
N 26 Twveamsnin amlszneunanlumessinmnrannnIagninng 3 sia UiSuadimu
75.9% 11NU
= Y . a . . A a ? o
Larsen ef al. (2013) ANYIN5 19 Crude glycerine 91NN15HaA Biodiesel todunluiiugsain
TimuNamﬁﬂqﬁuﬁwﬂwﬁqﬁgﬂﬁdiz‘mJ Anaerobic digestion reactor 1% Horizontal semi-
. Y a Y Ay Y "o o %A
continuous flow reactor 28131105 8.77 an5 19 Seed culture 111A91N Sludge MNUDVIVAUNTY
TssnuudlaiudrlzvanfSana 30% aauguaugungin 26 serusaded WUIIMSIAN Crude
. 9 9 y a a Y o o o A A o a o A ~
glycerine 193U 2% luiudean Issnunaauiliud e vaslnamuonsimsnaamssInn (1
NTNY 48.31%) 1W11AU 1.979 AATA0AATADIN BUNUMIHAAT 11IAY Crude glycerine NHOATT
a 1w a 1A 1 o @ . I
MINAAMINY 1.168 ANTADAATADIU LIazdilnaanlTu1n Total solids (TS) 910 81.19 114 55.58%
. . <3|
11a Total volatile solids (TVS) 911 90.21 10 61.45%
Zhang et al. (2013) ANEINMINANMUINNINNUE 1YL Haaas Cassava distillage 910N
NaAENIUOA IUTZTUUHIN Single-stage process tii¥ Two-stage process #18 Seed culture NATENIN
] H H v
Anaerobic sludge H¥niodosnniudtlzraen mutaznmutunsumswsenInemsdosnie
nuanFedosag laalunaniin Anaerobic sequencing batch reactor WIINTEVIUNMIHAATINY 11
) 1 v
YU Methanogenic step anuadesiien Organic loading rate 117121 20 N3N COD ADANTADIU
AN Two-step process T¥ian Specific methane yield MR 0.147 ansAensy COD N 1% G?NE;N
AMILVUNIALLUY Single-stage process 71 1ANMU 0.125 AnFABNTU COD D4 17.6%
@ 1 a o [ @
degvesmsnaauas l4se Toewilimu MaFinm) luszavgaamnssululszmalng
1 a v o @ a o 4 o [ @ { a
laun Tseomuraauilaiudlndues 135 aIuEgAaIMNITL $10A TINIAUATIIFEIN INaa

v 9

! 9 o ' A A A A ¥ ¥ a
LlazﬁQ@ﬂﬂllﬂﬂﬁJuﬁTﬂzﬁaQjTﬂiﬁﬂJumﬂﬂﬂiglﬂﬁqﬂﬂllagumﬂﬂlﬁﬂ‘ﬂ!Wa@%WﬂQ@ﬁﬁ’iﬂiim‘ﬂ\Tuuﬁﬂlmx

v
=

o o @ I A o o o [ 3 XK o w o
mndudlzndsinaeilulymwanzndeny lneddanaddanasmslunmsiiia dagaiu
a o a 3’/ o % %’ 2 { ! I a v
U5 ldaaaaszuunmstiniauinde (s ulgaulull we. 2546) nidenla1uiluTsanunaanilaiu

o v 1 = [ =) Y A ) 90‘ =S a

dilendaurasnveatlszma Insuazio@oaz Tueanaeald N udeannIsUIUNTHAANN
~ I [ ~ @ Y [ [ ~ a A a o = < I A <

naswiunasnunyudounduinlylvndedelilsz@ninmlae UsEn adu UMD Anaasll-

4 = Y 3 ~ o ¥ a Y A U v @ Ay ¥ 1
WUN (ﬂau"hna) LL‘JJL']JL!L‘WEJQﬂ”I'iT]ﬂE]@QH”IH”ILﬁEJ%Jﬂ%LWEN‘]JNET’JL! LL@]W@NTL!TIllﬂﬁTJJﬁﬂGH’JEJﬂﬂ
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! Y Y [ A o 9 49!} ? o o 9 ' ~
A lrnenIunaInURouaziua MM lumssounwainnnaelszme 143 w.e. 2546 seuv
' [ Aaa <3| v o Y ¥ o Y @
50919 INN NNUMUuandsenovlszunm 62% naunumsdui i lanung
d 1w o a o 4 a
T5991u 100% Uszum 120,000 gNUIANLNATADIY taz 159911 ENfJLmuﬂﬁWﬁﬂﬂWGﬁ%’Jﬂ1W!ﬁ®Wﬁﬁ

a IS

1 Y
nszua Il naunums 19 lWihonms IWihdugiiaa Tmudieown lvifudee lutinudunaau
< o A vy a Y 1 9 v A 4 a o
Wundenuazoad luasawaisldunlan @oyaan wenawa Auae Uszsiunssums U5Em

4 o w o a -4 [ 4
ANVUNBYATIMNTIN T100; WTsdoNuw goanisoeu la, 2546; Cohen, 2004) 1) .71, 2552 Tasams
sl massunnudousmanGania (Biomass Co-Generation Power Plant) 49413594 85151970

d o @ a

FONFULLAROUAY 1 11!ﬂ”|5ﬂ5$ﬂ’JﬂNaQ”IUﬁI”IUWET\NWHVMLmu Lm%ﬂ?i@ig%ﬂﬂWﬂNWlﬁzﬂ'ﬂ{]ﬂJﬂ?ﬂ

v
=

= A X o 3 a Y = 1A =
PUFHHU 130 “ASEAN Energy Awards 2009” BiviiluTseauwaa Iihnmadimwin lvg ngaluede

a o

unazeglulnsamsnanNazo1a 130 CDM Project vosanilszanana Taguiunsvnldduiugsna

Y o w

a o [l [ § Y < 1
MumskaaazsuemssInnuaznszua ihn l¥mssinwdlunvasdusias 1udl 2556 3
o w a o ~ 4 [ a Y Y Y4 I g a
MAIWAANIFFININ 150,000 gniNANATAD U tazHaanszue Wi1d 8 wnzdad il uremas

Y v a o A d‘ 9 o Yy Y %,' %’ ] o (9% ~ A A o 9
Tinuusynluasadis lsnusuvedy lorimaunininiwan lumseuiu madnwnmaeiii 114
I 1 o w a o [l o 1 a @
Wuunasdumaslumswaanszua il wazsmireldnums IWihdaugiing Teaeldsunis

@ [ o A 2‘, a Y| k) Y v @ 4
aivayunnnsznsrnasaulumsduiumsaslswaa i 10 Sruum @oyann wedoiang

o < A o 4 o w o W 1 <3 <3
Tynn1s gaamsna il U5 8w avuedgaamng sy $109; §1170412 1019119 u. (INN: Independent

] a @ s
News Network) U1UATHIND TN 12 AN WA 2556)
1.6.2 ISMIAIYUBBIINAY (Seed culture) (NONAANDIBUINY

= A A g A A © o . =
MSIATONTDITUAY (Seed culture) INOHAANIYFININ (Biogas) Uazlinu (Methane)
g ¥ 2 o 1 . .
Tagna liwsounnazneuiinnagso Sludge 1Az Nyadad 141 yagns (Panichnumsin ez al., 2012)
~ o o & A 2 9 a a v o o
Zhang et al. (2013) 191503 Seed culture dmsuiluyoizuaulumsnaaimunnmniudidenas
%’ le a d‘ Y A 9 d’d [B-Y =
Hazi1NannmMIHaAeNINea 1ag Seed N1%esou 17010 Sludge N pH 117U 7.8 wazliAn Total
suspended solids, Volatile suspended solids, Total solids tt6% Volatile solids 1A 32.4,23.6, 35.6,
o 1T A o w o YA 1 ) ] Y g o
Hag 24.4 nfuRedns Mmua1ay  U5U Seed culture IWNamminshdmsuwilunduyoninlag
119919 Anaerobic sludge 151105 10 A5 A28 Cassava distillage U31105 2 83 tuludimdnaiugy
aa I o e v A U
QUNYIN 55 parusaiae 1unar 2 U 9nUulunng e Cassava distillage 1aZIEI8EI
11a200nA201511A5 0.5 8A3 MINU UNTZRITZIUNGanIZaUgaNay Seed culture Tanw
Jod lwdenlFnusasunszuiumsninlaemsiauaisazals  Hydrolysate Niei3eunmMstey
mMniudlzvdsmnenuniizemmne W3oAy Cassava distillage Tudaniinlaense  Larsen ef al.

4 a o %} a o ) [
(2013) 19 Seed culture WBNAANFHFININIINUUFEIN T5anumaauilaiud)ends (Larsen er al.,

' o v %‘ = % ) v
2013) 910 Sludge 1nvethiiaindevesIssnuudlaiudrdendawas 15 w5 30%
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Y
v A

F) ~ ,i} a £ I 4” = ,i’ A a A Z‘, =\
AUMTIAIBY Seed culture MNFDUITNTNINAWFOIRBMALIFONAUINOHAANINUTUY
msany1 1@dun Kvesitadze et al. (2012) 1% Clostridium thermocellum GCD7 wag Clostridium
I 4 A ) o ] ] H)
thermosaccharolyticum  GSC2 1HluFeisududmsumsdooaarvats lumanalnn 1d ldesasdu
a A 9 aa A Y A A
UDINITNAAUINU &Lﬁﬂ“mmﬂmiﬁlﬂqu‘ﬂﬁiNiJmu A®  Methanoculleus thermophilicus GMLI,
. . g A A g v q Y YO
Methanotrix GMK2 11ag Methanoculleus thermophile GMH7 1iwaizudulumsniinld lane
Y
FInnuaz Uy 1aees Clostridium thermocellum GCD7 W Clostridium thermosaccharolyticum
Y a . Aq ¥ . 2 ¥ ' P
Gsc2 Tvwsnyluemis Modified GS-2 1114 Cellobiose, Glucose 1ag Xylose 1unuvamivou
1 @ 1 ~ Qldy == oA 9 = 9
HAZUHAINAINY @I IMIN IFRsuANEenguiaslmuilszneudis NH,CI, MgCl, 2H,0,
KCl, KH,PO,, NaHCO,, Na,S ttag CH,COONa 1u4u 0.31, 0.25, 0.30, 0.28, 1.0, 0.05 11ag 5.0 A5y
AOANT UAZIANATAZA18 Micro-elements, Vitamins 1182 Resazurine Y511015 2.0, 1.0 11ag 0.002
A aa o [ I H 1
iadang 19 Ethyl alcohol, Acetic acid 11a2 Butyric acid 8a31891 1.0:1.1:0.2 (HJuesaady @eald

= e - { v { '
19314 Thermophilic condition AIUAN pH 91 7.2 LALNIUAIWEATUTIAIN 50 TOUADUIT



UNN 2
AadA o o\ X%
IFANUHUNIFTIVY

o Aa a o v W v o v 4 I 1 @
MIAUTUNUV0 IATINTIVY ﬁmumﬂmuuuazmﬂuumﬂwaﬂtﬁal%}gﬂmmmwmqm

A

{ (a ua a oa 4 J a 4
Tdaoulianude newlfianmseimsinsedilo 2 uag 3 gudiasosiioInemaasiazma luTad

=) @ I8 o Aad o A

a @ Jd o [ <
wimnendemaluladgsuis 1¥ngsuniuasag-gUnsaindn uagliisdutiumsasil

q

2.1 gunsaiilFlumsauiumsise

2.1.1 Az

ajfuaTnanA 19l Saminy MauzusIpiomMIminmaFIm g s ulSings
Wiin 5,20 Az 50 AnT FAIUANUNATM 4 BsrurAFYE (FOC2251 Velp® Scientific, Progen
Scientific Ltd., U.K.) @:}LLGI;LL%Q 20 e AIH I (HLLE-370 Heto, Heto-Holten, Denmark) ﬁi}ﬂﬂ
lo¥ou (Hot air oven; 1375FX Shel Lab, Sheldon Manufacturing, Inc., U.S.A.) Lﬂdilm“l?'jmm%ﬂﬂ
(Analytical balance, TC-205, Denver Instrument Company, Japan) Lﬂ%@i“ﬁbiﬁﬁlm (Pan balance,
LB3200D Sartorius, Sartorius AG Gottingen, Germany) Lﬂ%@ﬂ’jl annuiluna-A1g (pH meter, Mettler
delta 320, Mettler-Toledo Ltd., England) u,ﬂ%amumjmﬁﬂ (Magnetic stirrer, C-MAG HS 7
IKAMAG", IKA"-WERKE GMBH & CO. KG, Germany) 11304310512 ¥04/1) 52 no1ve 1 (Gas
Analyser, Geotechnical Instruments Ltd., England) Lﬂémﬂﬂwﬁu (Blender, Waring Comercial,
US.A) in3esana vy (Soxtec ""2050, Auto Fat Extraction System, FOSS, Sweden) w3eeanale
DIN1TINUUY (FibertecTMZOlo, Auto Fibre Analysis System, FOSS, Sweden) 11N (Chamber
Furnaces, 1100°C-1200°C Chamber Furnanaces CSF 1200, Carbolite®, England) E)'NﬁWﬂ’J‘UﬂiJ
qmwgﬁ (Water bath, 1245PC Shel Lab, Sheldon Mamufacturing Inc., U.S.A.) Tﬂﬁ]ﬂﬂ’ﬂwﬁu
(Desiccator) mo3 Iuiimes (Red spirit-filled thermometer, Carolina Biological Supply Company,
U.S.A.) CNS-2000 Elemental Analyzer (LECO® Corporation, U.S.A.), Flamephotometer (BWB-1,
BWB, England), High performance liquid chromatography (Agilent 1200 Series LC System and
Module, Agilent Technologies International Sael, Morges, Switzerland), Microcentrifuge (Strip-
Fuge' ", Clover Labs, Taiwan), Micropipette sets (Nichipet EX, Nichiryo, Japan), High speed
refrigerated centrifuge (Avanti 26 XPI, Beckman Coulter, Beckman Coulter, Inc., U.S.A.),
Spectrophotometer (UV/VISIBLE GBC 916, Scientific Equipment Ltd., Australia), Vortex mixer

(Finevortex, FinePCR®, Korea)
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2.1.2 799

“ﬁ@ﬁi%’ﬁﬁwia"lﬂfj Lfﬁmuﬁ’ngu@uﬁm%uﬂﬁﬁaﬂm;a?’m"?mfn vapaun Vel unden
YUIAVTIY 250 LA 500 Haaans Centrifuge tubes YUIAUTTY 50 LA 250 Hadans N3IYNTBI IaA9
?;mﬂﬁaﬂﬂﬂmwwasm?]q Lgﬂﬂiﬂﬂ (Membrane filter) N5 A1 NI O (Whatman Nos. 1 & 4),
Microcentrifuge tubes, Micropipette tips LLQE 1310 Uszau fAUNIN Laboratory grade, Commercial
grade LLD1¥ Analytical grade NUIEN lﬁ’wammzﬁmﬁw @Tﬂ‘ﬁ Asia Pacific Chemicals Limited (Ajax,

Australia), Carlo Erba Reagenti (Carlo Erba, Italy) 18¢ Sigma (Sigma-Aldrich Inc., U.S.A.)

2.1.3 gAY

K% ) [T [y o % dy d' a 9| [}
Waiudlenasauuazmniudnlzrdida nniuimizilgn vazTssnuwaauilagdy

alerasludaniauassvyain
2.2 A5autuMHIdY

o A av I ¥ @ dy
mimmums:]ﬁJEJGIJmTﬂiﬂmﬁ!,ﬂu'lﬂmumuﬁ@umu

a

2.2.1 MIFAMIMALINILNINDAL

Q

v o 9

A IazIAIoNInnAUAD mumﬂwé’ﬁumﬂﬁuﬁﬂgﬂ gazmniudlgvdsaann
Tranunaaulaiudlendilusimiauasnsdun Taommizesags U580 audgaainnssu
1 1avfl 120 1y 4 auuTFIN-Tvade duanuestiamal suneles Saniauas T taz
u3tm gammnssudlalany ida @ad 61 wy 3 auuswdn-dasess Muanuesszun Suno

199 JIIAUATIIFAIN
= &, Q' Y asn = &’ Q' Y
2.2.2 MSNTOISHAY (Seed culture) HASHIITNSIAILHITDISNAY

= A A 9 ax = A A 9 Aa A a ' Y o

tm&mwmiuﬁuuazm’mmitmEliJL‘If@LiaJ@luﬂ3Jﬂﬁzﬁﬂﬁquﬂumﬁﬁlemﬂwu
) v Aa a A v o o o @ A 9 Aa =2 9
alenasautazmsnaalmunniINuaznnud1znas Iﬂﬁl!ilﬁ]’lﬂﬂl@HﬁﬂﬂﬂWiﬁﬂHWl’hﬂnJ

a =3

% A 4 { <1 o w1 @ 7

Rodtong and Anunputtikul (2005) #3935 msfmzand latiiaudnyaenmsldlseTemigaunio

a VA a A 9 Y a Y 3 = Aa a = X 2 g

mwzrianquineraaimunnuil @ilsd) laedesiaG wazlilsz@nsam msws sureis uay
2 ' ¥ y 2 a v o o 1 o A

Gunmsldya’ln mahama vazinan Tssaugamunssunaauilaiudlzvdsenni 1910

1 1 @ 1T A go’ @ 1 A %‘ &
Tssamluvaniauasssdn Tudasdiu yaln 100 nfuaedas mmitna 20 nfuasans 1NN
A a A A [2) A a dzj @ Yy 9y

159911 25 50 50 ans wanlumyuzllanawsoszuensimayueonnndlaiing vinaussy

a o a a 3 2 Y a < {

Uszana 100805 U5vl5uasdremamunitazernli 1ddSmasgatiominy 10085 10 uh

a9 < A o I a 3 @ v @ o v Y o a
Qmwguwauﬂunm 30U lunﬂﬁﬂmm@mmﬂmma 100 NV ez udzrawriaua ('J@]Qﬂll
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Aq ¥ a o = dy @ Y 9 o o ' I v
ﬂﬁl‘ﬁﬁluﬂWiﬂﬂaﬂ\‘]WﬁﬁNmuﬂl@ﬂﬂ1iﬁﬂ‘]ﬁjﬂi\1ﬂ1'iu) 250 N5 1 wan 1Ny dsuaianudlunsa-aie
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dnlenas vazmomamssniagaud miumsminld ldmaitimu fe Us mannuiu (Moisture content)
#187511ATFIUAN AOAC International (2000) A1ANITIUATA-AS (pH) @28 pH meter (Mettler-Toledo
Ltd., England) 1331215 UaUN 1A (Total carbon) tag 11 TasaUn aMua (Total nitrogen) MUNSNAS
Infrared radiation detection Li81& Thermal conductivity detection ﬁgl} 38 CNS-2000 Elemental Analyzer (LECO®

4

Corporation, U.S.A.) USamila (Starch) Glugﬂmmﬁwmaﬁ’ 28 Colorimetric (Phenol-sulphuric acid) method
(Dubois et al., 1956) U51184 Amylose L% Amylopectin #28751% Sene et al. (1997) YSuau Alpha-tiae
Beta-Cellulose #2835 A1 Xia0 e al. (2001) 1tag Sun et al. (2004) YT uauweanea (Phosphorus) A1
Vandomolybdate method (AOAC International, 2000) wazls e Inuna@ e (Potassium) g0882875 Wet
digestion method LAZATINIUAT 1$1 A28 Flame photometer (BWB-1, BWB, England) WUz vias
a 3‘; A 1 A o v A A v

aunalasnegluriaszunm 8 Mou $119U 8 d1eWUF 1D CMR 35-22-196 (HIDWUFI2803 11), CMR
89 INUATANEAAT 50 W0V 60 52809 5 52894 7 52009 9 LAy 52004 90 Nilgnluliuiivenia
UATIFALN Tamszneunamenmmuazininial luuanaanuuniinnane N5mannuiy
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51-68% 1tdla 25-33% UM UeUNINUA 32-40% 15 U TasRuUNarLn 0.06-1.04% Woalesa
v 9
0.04-0.11% uaz Twunaidon 028-0.72% (13199 3.1) 1niu didenidudnlzndeaiug cMr
A v A A 9 A Y A v ~

35-22-196 (W3 UFIZe0 11) tiosnnidiuliznouausineig lulsmanlnamesnuamagsues
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I~
153U UININUA (Total solids) 82.66% LAz Volatile solids 98.54% (mmﬁ 3.1)
mmfudlzvdanlgane ldnnnizuiumaes suuilanniniudlendves Issnunan
FY o o [ g A o [ = A Q o @ 1 d‘ a 4
il aiudleraslununarIauAITIFENN 2 15997 NNUITIVTINIIUIU 6 A28 1D NATIEH
[ =\ = j’ ' = 9
gausenouniemeninuaziad wuNNUSannusulugig 77-83% pH3.9-5.0 Tuile 24-44%
Y Y
S vounanua 31-49% Usualulasnunanua 0.15-029% Woaneia 0.02% uaz
Tnunanden 0.24% 15197 3.2)
3‘; A @ Y] ] d' d' d' = @ 1 Y é Y] o (2 Y
NAUUADNMANUAIDEIN 1 (M15197 3.2) 1B TIUAIBENHI FININHUF 1L Haauna
{ g < & . : i
MesonlANANUFY 15.19% TUSHUVDWUININUA (Total solids) 84.46% LAz Volatile solids

97.37% (M15199 3.3) AMTUNTNADDINANUINY
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Mm99 3.1 amtszneunemenmuazialivesiniudnlzvaioglaomae 8 ou $1uu 8
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Q

Composition Cassava variety
(%) CMR CMR Kasetsart Huay-bong 60 Rayong Rayong Rayong Rayong
35-22-196 89 50 Lot1 Lot2 5 7 9 90
Fresh tuber:

Moisture content ~ 51.95 58.52 50.87 58.23 69.13  56.42 54.09 66.51  68.05

pH 6.04 6.25 6.16 6.83 6.51 6.44 6.02 6.59 6.61
Starch’ 25.56 26.38 25.32 33.75 32.05 28.72 2774 2640  28.10
Amylos:ab 9.16 7.33 7.69 9.06 ND ND 727 1344 ND
Amylopec‘[inb 11.81 6.26 6.65 5.59 ND ND 6.48 9.58 ND
Alpha-Cellulose’ 11.79 9.12 13.99 10.72 ND ND 11.36 14.20 ND
Beta-Cellulose’ 9.12 9.04 10.37 11.36 ND ND 9.04 8.25 ND
Total carbon’ 39.62 39.50 39.41 22.64 36.67  39.93 39.68  39.88  40.72
Total nitrogend 0.33 0.21 0.06 0.07 0.47 0.14 0.18 0.06 1.04
Fiber® 8.44 5.14 9.85 8.88 ND ND 5.50 8.54 ND
Ash' 1.46 2.59 1.08 2.02 1.80 ND 2.11 1.25 2.06
Phosphorus® 0.04 0.10 0.03 0.05 0.11 0.04 0.04 0.10 0.02
Potassium” 0.40 0.72 0.50 0.29 0.44 0.50 0.50 0.64 0.28
Dry tuber:

Moisture content ~ 17.34 17.78 18.08 18.34 18.00 14.18 17.55 17.61 18.80
Total solids' 82.66 82.22 81.92 81.66 82.00  85.82 8245 8239 81.10
Volatile solids' 98.54 97.41 98.92 97.98 97.50  98.65 97.89 9875  97.20

* Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956)

b Amylose (182 Amylopectin (Sene et al., 1997)

¢ Alpha-Cellulose 182 Beta-Cellulose (Xiao et al., 2001; Sun et al., 2004)
¢ CNS-2000 Elemental Analyzer (LECO® Corporation, U.S.A.)

* Fiber (AOAC, 1990)

" Ash (AOAC International, 2000)

& Vandomolybdate method (Barton, 1948)

" Wet digestion method & ’JEJLﬂdiiEN Flamephotometer (BWB-1, England)

"Total solids (AOAC International, 2000; Zhang and Zhang, 1999) 1iag Volatile solids (AOAC, 1990)

ND, Not determined
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sausmmnaarasnanuilaiudilendsludaiauassvadun

Composition Cassava pulp from different plants in Nakhon Ratchasima
(%) Province (sample no.)

1 2 3 4 5 6
Moisture content 83.03 78.64 79.34 80.35 77.02 79.58
pH 3.90 422 4.76 5.05 4.87 4.47
Starch® 24.40 28.38 31.98 27.20 34.09 4437
AmleS'ab 7.38 11.64 14.08 12.89 11.83 9.22
Amylopec‘[inb 6.43 10.52 13.02 12.89 12.54 9.03
Alpha-Cellulose’ 10.41 17.85 22.46 13.46 13.19 11.98
Beta-Cellulose’ 7.68 17.84 19.20 13.46 13.73 12.11
Total carbon" 31.58 37.77 39.02 35.69 41.86 49.98
Total nitrogend 0.23 0.29 0.29 0.22 0.29 0.15
Fiber® 7.15 10.57 11.51 11.46 11.30 10.34
Ash' 2.63 1.41 1.51 1.60 1.72 2.48

Phosphorus® 0.02 ND ND ND ND ND

Potassium" 0.24 ND ND ND ND ND

* Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956)

b Amylose (182 Amylopectin (Sene et al., 1997)

¢ Alpha-Cellulose 182 Beta-Cellulose (Xiao et al., 2001; Sun et al., 2004)
d CNS-2000 Elemental Analyzer (LECO® Corporation, U.S.A.)

* Fiber (AOAC, 1990)

" Ash (AOAC International, 2000)

& Vandomolybdate method (Barton, 1948)

" Wet digestion method & aam’%m Flamephotometer (BWB-1, England)
ND, Not determined

d‘ v o v 4 J ' A A Aq v o A
M1319%0 3.3 MnNUde rawme (®I9Y19IN 1 AUANTNN 3.2) Nl¥naaoaninme

a a
WasuInNu

Composition (%) Dried cassava pulp prepared for methane production

Moisture content 15.19
Total solids” 84.46
Volatile solids’ 97.37

* Total solids 14a% Volatile solids 91 AOAC (1990) 11ae Zhang and Zhang (1999)
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a v o [T= ~AqQ Y A @ a A o a = ~Aq Y
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WiNeena1 50 8A3 1 3 VUIA A0 5, 10 (MALNUBIVUIA 5 AR5 FIFITANAINT IFUABILBINY

1 [ n Y 1 o A a I o a <3
uaz lienansadamlnd I8 lugremsduiivauvesinsans) uaz 20 aas Judiwaradnudansa
fvaen AN 10, 13 18 18 IFUAWAT AT 20, 26 1A 30 IFUANAT LAZAIWEFY 25, 30
LAE 40 HUANAT VUIADTIY 7.50, 10.14 1Az 21.60 an3 aua1AL (13199 3.4 uaz3iln 3.7-3.9) U
an A v o o ks o @ A A v Y
Mee19F InuFounotaninnuglniainsiadadSuasvesmnaingald  (Gas  counter) @7e
. iy % 4 I A Lo A s

nanmMsunuin Tagrnussylu Gas counter 1WU1NAUNITUA pH 1MAD 2 1WBHANALING

o s I < s @ A
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@ a &) QY o o a < @
pulgnsamanmnlslunsnindsunasmin 50 aas Hudequanm@ans NIz ueNINMI
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N311951559 (Working volume) 5, 10, 20 118 50 AnT

Parameter Digester size for working volume (L)

5 10 20 50
Digester height (cm) 25.00 30.00 40.00 80.00
Digester length (cm) 20.00 26.00 30.00 -
Digester width (cm) 10.00 13.00 18.00 30.00 (Diameter)
Digester volume (L) 7.50 10.14 21.60 56.50
Filled volume (L) 5.00 10.00 20.00 50.00
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wseialSuasmadinmiinga ldiluglnsaiimelasamsiteiivaainauldies i
?x‘a @ I Y 9 ] 4 ~ a
naanvaztlulvaunIingenzuen (aumgudnanloomas 11 wuAwas  uazANuge 31
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UNUNYT N15IA 1 500 IMNUYSNAT 60 Haaans (gﬂ‘ﬂ 3.11)
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Nitrogen source/ Digestion Retention Maximum Total gas  Total gas Starch concentration
Concentration volume time methane yield (L) yield (mg/L)
(%) (L) (Day) (%, v/v)/ (L/kg TS 0 day End of
Duration fed) fermentation

Urea / 0.04 20 35 77.3/ Day 27 93.68 468.40 4,663.45 210.72
Urea/0.04 50 38 75.9/ Day 21 313.02 626.04 4,124.56 300.00
(NH,),SO,/0.088 20 35 78.0/ Day 35 70.18 350.90 4,557.30 198.06
KNO, /0.142 20 35 80.4/ Day 31 103.91 519.55 5,292.15 217.66

TS, Total solids
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Y3u1as1iin 10 aas Janaaesldnindudiznaand st Total solids 1.0% 1ANYIT o 0.04%
A = o A = 1
vsenon TuHondamla (NH,),S0,) 0.088% 130 Tnunaidon lumsn (KNO,) 0.142% U105
a I v a %,‘ o 1 a a {
wngBoduurasuTasnuludiuw 0.04% Gihminaedsuiag) Idwaniskaalimuanga
d' d' = Y a A o o [ d' .
(M3°99 3.6 MINHWING 7, 12 wag 13) 34 lanaaesndatimunnmniud e naan Total solids
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NAMANUAIU AT RSN VINTINUAIUL AT Janaasananalelsuiasvin 10 ans Nl
. a ~ %’ ] 1 = 1 Y = d'
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naa lanlmuiluesdilszneugagaminy 55.7, 63.6 uaz 55.9% lavdsuas w1y (M3

~ a =) I U Y a A A
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Y a [ o 2 g { ! .
M3197 3.6 NITNARDINAATNUIINAINNUAILHAT (ANVFY 15.19 %) NTUA1 Total solids 1.0%
Y [ = a =y ] a {
hminaelSuag) iugise 0.04% U3u1as1n 10,20 1ag 50 aa3 (A1319IWUINT

7-13, 16 1ag 19)

Substrate Substrate ~ Digestion Retention Maximum  Total  Total gas  Starch concentration
concentration  volume time methane gas  yield (L/kg (mg/L)
(%, w/v) L) (Day) (%)/ yield TS fed) 0 day End of
Duration (L) fermentation

Cassava pulp 0.5 10 22 53.0/ 16.85 168.50 1,515.22 127.84
concentration Day 21

(TS) with 1.0 10 28 63.6/ 44.27 442.70 2,160.26 260.53
0.04% urea Day 19

1.5 10 34 69.7/ 49.09 32727 4,749.51 152.75
Day 20

2.0 10 34 71.0/ 71.72 358.60 7,147.88 305.02
Day 21

3.0 10 22 60.6/ ND ND  9,892.24 ND
Day 20
4.0 10 22 38.7/ ND ND 10,551.40 ND

Day 20

Type/concentra-  (NH,),SO,/ 28 60.9/ 32.68 326.80 2,299.06 378.98
tion of nitrogen 0.088 0 Day 22

source added to  KNO,/ 10 28 63.6/ 31.49 31490 2,290.90 138.87
1.0% TS 0.142 Day 24

Optimal 1.0% TS, 20 39 70.3/ 58.58 29290 5,718.58 247.05
conditions 0.04% Urea Day 23

Optimal 1.0% TS, 50 39 70.0/ 148.23 296.46 4,820.43 22991
conditions 0.04% Urea Day 29

TS, Total solids

ND, Not determined because of very low rate of biogas production
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31]71 3.17 Volatile fatty acids NEALAUTTHINMINAAMFTINININNNNUA T HaIHINY

g g v 1
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10 8915



3600

3000
-
g
o

& 2400
172}
=l

2 1800
>
B
&

o 1200
g

S 600

0

4800

4200

S 3600
o
NS

2 3000
P

5 2400
&

o 1800
g

S 1200
>

600

0

©

—e— Acetic acid

—=a— Propionic acid

—a— Butyric acid

I

T T

0 3 6 9 12 15 18 21 24 27 30 33

Time (day)

(D)

—eo— Acetic acid

—a— Propionic acid

—— Butyric acid

Time (day)

59

4 1 { 1 a o @ o o
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= o o Y = @ A 3‘4 1w
N3zeznaIMInin 21 Tu ANuvIuvelmuIags 1w IS nasmMaa I muamIn 52% lag
Y3103 (3190 3.7 MINEUINTA 17 uazgili 3.19)

Tunszuaumsnaatimunniuiudlzvdaius CMR 35-22-196 i 3 pH aglurag 6.34-

a Yy A

1 [] <3 ] 19 o
8.30 TaglA1sNAUN 8.30 1azanavg19 1A IUYINTLELIAT 4 TULTN TAgaININa 6.34 Lo
] A ] 1w o £ a o ] ] v W
ADEY INNAULAT pH MU 8.14 Niudugamsnaanadinm manumiunsalviuiuszive
(Volatile fatty acids) 08114534 750-6,900 HaaniulugilvetosHanaoans (mg as acetate/L) a1
I 1 ?1’1 1 1 Aa a o [ [ [
ANUTUANINUA (Alkalinity) B¢1U%I9 1,400-5,800 HAANTN (mg as CaCO,/L) DATIAIUTEHIN
1 I v o 1 I [ 3}/ $ A o [
manuilunsa luiniuszmesennuiiluaanavue (VEA/A) Nisudumsninminy 0.54 tag
' 9 v v ]
AAAIUDY 0.29 IBTUFATZEZMININ (MTWUINT 17 nazgUi 3.19-3.20) A1 VFA/A N5z
Y 9y 1 ] = % [ A 1 a o = .
AU UAIFUAINUAIFINUT 10N I AN TUNITHAANIETINNW  (Water  Pollution
Control Federation, 1987)
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ansaen lansy Total solids fed @115UUSHATHED 5, 20 1Az 50 AT MIWAIRY (M151N 3.7 LAz
311 3.22)
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R A a AA Ay =\ . .
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. @ 1 @ {3 o a

a#5195mY (Methanogenesis) M3SNIAT pH 14 Inalfeany pH nilunarensysinldlasms@w
= e A A I 1 o a =) . = Y Ay
TyReumsuoa omnaNuiua1aludsl§nsaldinm (Cuzin e al., 1992) MsfnyIA5illA

a = 4 ¥ v = o o o 4
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9 v
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R . . . 3 ! :
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IS

1 H Y
acids A® Alkalinity aaulvginadegnin 0.8 GTNmﬁma%wmzmmﬂ3zmummuﬂmmﬁag

g

[

' Aa = a = Aa a A 2 a A A g . .
Tug 9N NMINENUDININAAMFFINNNLY32ANTHNA nIABUNTINGIY Volatile fatty acids
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(4] a S g‘; a L= Y] 1 a 1

TS NUMFBINMWDATUNINUA 608 AnTADN 1anN5U Total solids fed (1NBLNT 340 AATAD

a 9 v W A &' = = A Yy 9 A a [

nlansurNuaa NUANVFU 56%) UUTIaTmMY (TaNuNTu laemas 61%) 340 ansAe
a [ . A v & o A Yy a o

nlan5y Total solids fed (MTMHUINA 18) AdUUTIWITONAAI5UTTULNE ITUNITNARN Y

=3 dy [ 1 d’ % = Yy Y 9] =1 <3 1 1
I NUTINUNNIUBINADINDY  uazdInslaNuUNTHYRIM s uaulseneuunnn

Y Yy 9 %)

] v H
60% Iﬂﬂﬂﬂﬁ@ilﬁhﬁﬁ@1ﬁﬁlwmllﬁﬁillﬁ’)u“ﬁ 10 YDINITHUN l,mﬁ’mmmﬁmmwmummmm
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NINIUNVYTLANTMNVOUFDISUAY

q‘ a o = v @ o 1Y Y (91}/ A o 4 c&‘
51990 3.7 MIRaaNIsFInIMIINEINUd s nawRInu)donWug CMR 35-22 (A, ANNFY
U &’ ! ! . ?7‘ v
17.34%) 1agWu§ 52004 5 (B, AUFY 14.18%) A1A1 Total solids 1.0% (11%1in

ap1/31103) 1ANYE 0.04% 13105100 5, 20 Uaz 50 ans

Parameter Reaction volume (L)
5 20 50 (A) 50 (B)

Retention time (Day) 18 35 38 35
Total biogas yield (L) 27.02 93.68 313.02 304.00
Total biogas yield (L/kg Total solids fed) 540.40 468.40 626.04 608.00
Average methane content (%, v/v) 50 56 52 61
Maximum methane content (%, v/v)/ Duration  66.1/ 76.7/ 75.9/ 76/

Day 9 Day 27 Day 21 Day 19
Total methane yield (L) 12.19 52.40 161.08 185.26

Total methane yield (L/kg Total solids fed) 245.88 261.98 322.16 370.52
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A o o dy 9 . ¥ v 0 = a
naeniugszend s ALY 14.18% 1% Total solids 1.0% (Hm1inaeY3uag) 1hin

=

838 0.04% 14 Single-stage digester NN/311ATHIIN 50 AN

a\ = (<3 = U o %
3.7.2 msnaasswanimuluzdvesmasinmanmniiuailzvas
a A (24 = v o [ 3 ~ A a
naapnantmuluzlvesmasmimmanmniudienas  dhugyimasnnmsnan
Y ) o 1@ =\ o o a a A A a o = =\ o
pilaiudlgras uadinalisnno TS UMINTYVOIAUNIONONAAMFFINIW Lazlin1T1h
% o @ 4 1 o o ok
mnsud)endalllslse Tomiunumsdenavvealsany 1dun msih il lswauevinsdadly
] <3 o ) I ¥ Aa
Hudu (e lanazdar) wzmiave ville uazdidesmsiirliiduiemas deslinszuiums
2 1 kA
aanNUFY 1HoInnMNIUd s Haalia1uF UG (Biomass information, 2003)
= Y o [ Y Lg d‘ U
NNHaMIANEISveInniudlenacude (aNUFN 15.19%) Mmugay (mad
J A . A a A ¢V = A A =3 ¢V A a Y
A5UOU) AD Total solids 1.0% tWonaatimulugUmadiniw Wenansandaffmumesinan 1
Wnatimy uvazlSnavewil anmsnaassmaaiimululsinasmin 20 uay 50 aas 0
9 Y [
gungive (29-31 sarwaiFod vz naaosvuaeuil) wumsn/asuniasa pH og1us73 6.8-8.2
110% 6.6-8.3 Volatile fatty acids D¢ 11433 420-7,050 t1ag 750-4,800 HaansuluzilvesesFanae
a 1 I 1 1 1 Aa Aa o
9613 (mg as acetate/L) aaunnuuag (Alkalinity) ?JQGLWH’N 1,420-8,720 t1ag 1,400-8,600 Uaansy
4 =Y Y] [l [ 1 I @
Tugdvewnaidoumivonaedns (mg as CaCO/L) oasidIUszHINMANUTUNTA lviiy
[ I 1 ?1’1 A o 1 W A 3 1 o J
seimeaaaNUIuAINIrNa FUAUMIHTNIIAY 030 uazmivunludsdumsminuazaoss

) ]
aﬂawuﬁq 0.20 Lﬁﬂﬂuq@i%ﬂ%ﬂﬁﬁﬂﬂ AulSuaTHINNN 50 e TAWNNY 0.54 Lazanasaull

TR ] ]
AUNINY 0.21 Lﬁ@ﬁuﬁﬂﬂﬁﬁﬂﬂl%ulaﬂﬁﬂu (gﬂ‘ﬁ 3.26-3.28 LAZAITWHUING 16 LA 19)
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Volatile fatty acids AN NTUVD Acetic, Propionic l8& Butyric acids n5uasnin 20
ans oglur3 0-1,385, 0-1,056.69 taz 0-1,141.66 tazNisuasnin 50 ans oglurIa 60.82-
2,975.48, 244.72-3,019 1@z 0-2,714.22 ppm MUY Acetic acid 1UFIUINVOINTHEN UAW
Yy 9 J A Qy o A =\ o EY a A
ndugaazaosnanauiisdugaszezmavain  iesnniimai Ul unszurumswaaiimu
(319 3.27 Hazm1319WUINT 16 Uaz 19)

[

a o 1 ] a g’; 2 a o
HaRAAMY 3N NN 180105110 51Tn 20 1Ay 50 8T NIAY 59 Ay 148 AT MUEIAL
= 1 [ ?1’1 d' a dg! a 1 A [ . = =\ d’d
MYUMUTIUMFNINUANNAVY 293 11A 296 AnTABN lanid Total solids fed NUSMUTINUNT
ANUAUTU 57 1AL 56% N 167 AL 165 AaT@0N 1ansu Total solids fed (ANTINHUINN 16 LA
4 (4 A g = ~ = ~ o Y] ~
19) peAtlsznoumaiidlulimugangane 72.6% N3zeza1MInNn 35 U uag 75.4% NIzeznm
% [ o W d‘ d' dl 9 v o [ d'
MINNN 38 T MWAIAY (A13199 3.8 317 3.26 Hazm13HUINT 19) inldmniudilevdiaan
= g a o ~ AAa "9 J =Y 9 a 1T A @
IANVTU 83% ansanaamyyinmmnltmu litdseni 56% lasdsuas 18 69 ansaon lansuy
=S 1

v 9 ]
MI9N 3.8 MIHAAMFTINNNINMNTUFIENAT (ANUFU 15.19%) NUAT Total solids 1.0%

¥ 1 =Y a % a
Aminael3uag) Angise 0.04% 151a31iin 20 uaz 50 ans

Parameter Reaction volume (L)
20 50
Retention time (Day) 38 38
Total biogas yield (L) 58.58 148.23
Total biogas yield (L/kg Total solids fed) 292.90 296.46
Average methane content (%, v/v) 57 56
Maximum methane content (%, v/v)/ Duration 72.6/ Day 35 76.4/ Day 38
Total methane yield (L) 33.41 82.24
Total methane yield (L/kg Total solids fed) 167.07 164.83
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T W ] ' A .
WnY 0.5, 1.0 waz 2.0% wazgiedluunaslulasnu @wiswaulas Anunputtikul, 2004)
AT1EIU C:N 01 10:1, 20:1 uaz 30:1 YSwasvun 3.75 aas uowminuuia 5 aas wuni
a a o a 4 v o @ .
gungiivos ldnanaamadiningaga 153.5 ans tileldmniudilznas 2% (Total solids)
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ﬂi%‘]J’Juﬂ”liﬁllﬂﬁLlQﬂﬁ 44 1Y
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Two-stage digester

9 A Y = a A 2 = v @ o v A
agiddoyan ldninmsanmimandalimuluglvesmadinmaniiudnlevasqunay
Y] 9 (2 . . v Y a vAa A (a g .
MUz 1as Tussuy Single-stage digester SAUH U TAN19NNYTUI9IHITD (working
Aa ~ o < A ~ Aa A v o o v 9 =y
volume) g3 50 ans Uwad159Na laginsnaaesndalimuaniiudilzvdialelsuag
o a 9 =1 Y v @ o [ v A A Y] 4
Wiin 50 ans IanfSeuiieunslaiiudnlznas 2 Wug Ao CMR 35-22-196 (WIoNUFIZE04 11
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nJdontiug CMR 35-22-196 (5052004 11) 1) Total solids 1.0%
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(MHrineelfsuas) vouivun

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry perday  accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate  Propionate Butyrate
CaCOB/L)C acetate/L)”

0 26.0 26.0 7.89 0.00 0.00 0.0 0.0 0.0 4,886.71 2,250 626 0.28 0.00 144.10 149.73
1 26.0 25.5 6.53 1.40 1.40 12.1 24.4 62.3 3,860.10 2,183 1,391 0.64 ND ND ND
2 26.0 25.0 6.86 2.31 3.71 ND ND ND ND 3,533 2,096 0.59 ND ND ND
3 26.0 26.0 6.79 1.35 5.06 339 48.1 154 2,857.01 2,983 2,220 0.74 24.73 145.17 154.12
4 26.0 26.5 6.74 1.35 6.41 ND ND ND ND 2,617 2,250 0.86 ND ND ND
5 26.0 26.5 6.86 1.29 7.70 ND ND ND ND 3,533 2,775 0.79 ND ND ND
6 26.0 26.0 6.97 0.60 8.30 35.6 44.6 17.6 2,706.35 3,800 2,801 0.74 12.21 163.67 161.34
7 26.0 26.5 7.04 0.60 8.90 ND ND ND ND 3,900 2,775 0.71 ND ND ND
8 27.0 26.5 6.99 1.03 9.93 ND ND ND ND 3,783 2,825 0.75 ND ND ND
9 27.0 27.0 7.02 0.98 10.92 435 34.3 20.4 1,937.41 3,800 2,801 0.74 10.72 162.44 161.97
10 27.0 27.0 7.06 0.73 11.65 ND ND ND ND 3,717 2,850 0.77 ND ND ND
11 27.0 26.0 7.10 1.03 12.68 ND ND ND ND 3,900 2,625 0.67 ND ND ND
12 26.0 25.0 7.19 0.93 13.62 52.3 234 22.0 1,287.25 3,733 2,525 0.68 0.00 161.29 161.09
13 25.0 24.5 7.26 0.88 14.50 ND ND ND ND 3,767 2,501 0.66 ND ND ND
14 25.0 24.0 7.30 0.97 15.47 ND ND ND ND 4,900 3,000 0.61 ND ND ND
15 24.0 24.0 7.43 0.95 16.42 61.6 15.5 20.6 836.71 4,967 2,400 0.48 0.00 165.20 279.98
16 25.0 24.5 7.56 0.72 17.14 ND ND ND ND 5,100 2,261 0.44 ND ND ND
17 25.0 25.0 7.59 0.78 17.92 ND ND ND ND 5,317 2,100 0.39 ND ND ND
18 24.0 24.0 7.60 0.72 18.64 60.1 10.0 23.0 977.25 5,367 1,800 0.34 12.50 163.64 165.65

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)
b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)
¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids

L6



~ 1 a A O A OV v a ) A o J A A . H @
MINWUINN 1 (719) miwammuiug1Jmcmnﬂ1wmﬂmuumﬂzﬁamumLﬂaaﬂwu‘g CMR 35-22-196 (5052804 11) NH Total solids 1.0% (1miinaedsuiag) ves

@ Y

o { A ¥ A ) a { o A A
Wminudanlinaudu 17.34% lu Single-stage digester NT1f33a513in 5 a0 19 Seed culture YA 1 (897 1 317 3.59)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d

(Day) Room Slurry perday  accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate  Propionate Butyrate
CaCOS/L)C acetate/L)”

19 23.0 23.0 7.60 0.40 19.04 ND ND ND ND 5,350 1,725 0.32 ND ND ND
20 24.0 24.0 7.60 0.10 19.14 ND ND ND ND 5,500 1,650 0.30 ND ND ND
21 25.0 24.0 7.62 0.10 19.24 ND ND ND 532.25 5,550 1,600 0.29 0.00 149.25 153.02
22 26.5 26.0 7.54 0.00 19.24 ND ND ND ND 3,825 938 0.25 ND ND ND

* Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) ¢ HPLC method (Neves et al., 2006)

® Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956) ND, Not determined

¢ Titration method (AOAC International, 2000) A, Alkalinity; VFA, Volatile fatty acids
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1 ¥ a %}’ Y 1 d' U a { % { {
uINTANNITY 17.34% 1BugiTe 0.04% (1Imiinae1/511a3) Tu Single-stage digester N33 54370 5 a0 19 Seed culture 4N 1 (6391 1 317 3.59)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulated CH, co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
CaCOB/L)C acetate/L)

0 26.0 26.0 6.47 0.00 0.00 0.0 0.0 0.0 4,648.50 2,250 1,950 0.87 ND ND ND
1 26.0 25.5 6.72 9.24 9.24 ND ND ND ND 3,283 3,290 1.00 ND ND ND
2 26.0 25.0 6.73 1.87 11.10 ND ND ND ND 3,550 3,251 0.92 ND ND ND
3 26.0 26.0 7.02 1.30 12.40 32.0 44.7 21.4 1,648.02 4,567 3,551 0.78 22.46 147.75 272.18
4 26.0 26.5 7.14 1.18 13.59 ND ND ND ND 4,783 3,551 0.74 ND ND ND
5 26.0 26.5 7.26 1.40 14.99 ND ND ND ND 5,033 3,000 0.60 ND ND ND
6 26.0 26.0 7.44 1.32 16.30 48.1 31.6 18.4 1,552.49 5,067 2,900 0.57 11.87 137.49 388.32
7 26.0 26.5 7.44 1.50 17.80 ND ND ND ND 5,250 3,075 0.59 ND ND ND
8 27.0 26.5 7.55 2.02 19.82 ND ND ND ND 5,233 3,050 0.58 ND ND ND
9 27.0 27.0 7.64 1.98 21.80 66.1 20.5 114 1,497.23 5,500 2,285 0.42 15.75 181.97 165.33
10 27.0 27.0 7.71 1.68 23.49 ND ND ND ND 5,883 2,201 0.37 ND ND ND
11 27.0 26.0 7.79 1.10 24.59 ND ND ND ND 5,733 1,676 0.29 ND ND ND
12 26.0 25.0 7.84 0.98 25.57 62.5 10.1 21.7 1,500.06 5,700 1,700 0.30 15.87 185.28 165.39
13 25.0 24.5 7.82 0.68 26.25 ND ND ND ND 6,933 1,976 0.28 ND ND ND
14 25.0 24.0 7.83 0.52 26.77 ND ND ND ND 7,033 1,800 0.26 ND ND ND
15 24.0 24.0 791 0.13 26.90 64.3 8.8 25.0 1,332.16 7,240 1,700 0.23 15.11 180.17 161.14
16 25.0 24.5 7.88 0.08 26.98 ND ND ND ND 7,433 1,616 0.22 ND ND ND
17 25.0 25.0 7.89 0.04 27.02 ND ND ND 1,311.48 7,300 1,560 0.21 ND ND ND
18 24.0 24.0 7.90 0.00 27.02 ND ND ND ND 7,350 1,500 0.20 0.00 219.14 192.24

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)
b
Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956) ND, Not determined

¢ Titration method (AOAC International, 2000) A, Alkalinity; VFA, Volatile fatty acids
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1 Total solids 1.0% (1miinaedsuas) vouhmin

1 ¥ a ?)I % 1 d' U a { 4 { {
uINTANNITY 17.34% 1@ugiSe 0.04% (Ihminae1/5unas) Tu Single-stage digester NIUZ3NASHIN 20 85 19 Seed culture o 1 (697 1 317 3.50)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulated CH, co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
CaCOB/L)C acetate/L)

0 31.0 31.0 6.59 0.00 0.00 0.0 0.0 0.0 4,663.45 900 600 0.67 323.49 0.00 0.00
1 31.0 30.0 6.51 2.54 2.35 12.7 86.9 0.1 3,120.26 1,900 1,800 0.95 ND ND ND
2 30.0 30.0 6.58 3.63 5.98 20.4 77.7 1.4 2,695.68 3,400 3,690 1.09 ND ND ND
3 29.0 29.0 7.06 7.98 13.96 23.8 73.7 1.9 2,524.22 4,860 4,020 0.83 2,787.82 892.69 1,000.74
4 29.0 29.0 7.10 7.15 21.11 19.8 79.9 0.2 1,748.54 6,200 5,100 0.82 ND ND ND
5 29.0 29.0 6.89 6.71 27.82 14.7 79.9 5.0 1,294.77 6,300 5,460 0.87 ND ND ND
6 29.0 29.0 6.77 4.90 32.72 18.7 79.1 1.5 1,498.89 5,720 5,790 1.01 3,705.06 1,642.22 1,187.09
7 30.0 29.0 7.13 2.97 35.69 25.5 74.2 0.1 1,819.06 6,300 5,550 0.82 ND ND ND
8 29.0 29.0 7.38 2.31 38.00 33.1 65.8 0.7 1,400.61 7,300 5,550 0.76 ND ND ND
9 30.0 30.0 7.40 1.87 39.87 38.7 57.0 3.9 1,047.00 7,200 6,150 0.85 3,460.17 1,996.18 2,188.54
10 29.0 29.0 7.31 1.93 41.80 44.6 50.8 4.3 1,123.75 7,500 5,670 0.76 ND ND ND
11 29.0 29.0 7.44 2.15 43.95 50.3 45.0 4.6 782.45 7,800 5,370 0.69 ND ND ND
12 29.0 29.0 7.61 2.20 46.15 54.3 38.8 6.5 930.99 8,020 5,190 0.65 2,519.26 1,125.23 1,282.47
13 29.0 29.0 7.73 2.69 48.84 58.6 34.1 7.1 817.09 8,040 5,100 0.63 ND ND ND
14 29.0 29.0 7.62 3.19 52.03 62.5 30.0 7.4 632.09 7,300 4,440 0.61 ND ND ND
15 29.0 29.0 7.74 3.36 55.39 62.6 18.3 18.9 610.05 7,400 4,200 0.57 2445.23 1,342.15 1,046.85
16 29.0 29.0 7.81 5.78 61.17 69.1 24.9 5.8 677.82 7,940 4,320 0.54 ND ND ND
17 30.0 29.0 7.75 5.33 66.50 71.6 22.6 5.7 707.21 7,300 4,440 0.61 ND ND ND
18 29.0 29.0 7.92 2.37 68.87 72.0 22.0 5.8 935.83 7,400 4,200 0.57 2,292.12 1,178.89 0.00

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)
b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956) ND, Not determined

¢ Titration method (AOAC International, 2000) A, Alkalinity; VFA, Volatile fatty acids
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Wminudanlinnuiu 17.34% 1augise 0.04% (minae15uas) lu Single-stage digester N11311015%37n 20 85 19 Seed culture yah 1 (697 1

317 3.57)
Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
CaCOS/L)C acetate/L)
19 29.0 29.0 7.88 3.68 72.55 74.3 19.6 6.1 875.41 7,300 3,960 0.54 ND ND ND
20 30.0 30.0 7.93 3.25 75.80 75.0 18.4 6.2 782.33 7,500 3,660 0.49 ND ND ND
21 31.0 30.0 8.27 2.75 78.55 72.1 16.5 10.4 881.13 7,860 3,420 0.44 1,894.54  1,705.14 0.00
22 30.0 30.0 8.41 2.58 81.13 75.4 15.7 8.4 1,055.04 8,040 3,300 0.41 ND ND ND
23 29.0 29.0 8.08 2.42 83.55 76.3 14.7 8.6 886.03 7,600 2,850 0.38 ND ND ND
24 30.0 30.0 8.25 1.60 85.15 76.4 14.1 9.1 1,058.31 7,800 2,940 0.38 910.93  1,541.33 0.00
25 30.0 30.0 8.35 1.92 87.07 76.6 13.6 9.4 917.05 7,800 2,430 0.31 ND ND ND
26 30.0 30.0 8.51 1.54 88.61 76.7 12.7 10.1 853.37 7,300 2,250 0.29 ND ND ND
27 29.0 29.0 8.19 1.10 89.71 77.3 12.5 9.7 657.41 7,400 1,950 0.26 424.24 835.86 0.00
28 31.0 31.0 8.32 1.04 90.75 76.0 12.5 10.9 615.76 8,060 1,860 0.23 ND ND ND
29 30.0 30.0 8.38 0.94 91.69 74.5 13.0 11.9 330.34 7,960 1,890 0.24 ND ND ND
30 30.0 30.0 8.45 0.99 92.68 74.0 13.1 12.3 296.04 7,640 1,650 0.22 222.84 790.80 0.00
31 29.0 29.0 8.45 0.44 93.12 74.0 12.9 12.7 273.59 7,900 1,500 0.19 ND ND ND
32 29.0 29.0 8.48 0.28 93.40 72.3 13.1 14.2 451.99 7,900 1,650 0.21 ND ND ND
33 30.0 30.0 8.23 0.11 93.51 70.6 13.0 16.0 311.56 8,020 1,980 0.25 149.67 837.33 0.00
34 30.0 30.0 8.33 0.11 93.62 68.1 13.2 18.3 253.99 8,400 1,830 0.22 ND ND ND
35 29.0 29.0 8.41 0.06 93.68 67.1 13.8 19.0 232.36 8,820 1,890 0.21 ND ND ND
36 29.0 29.0 8.46 0.00 93.68 60.0 13.7 25.8 210.72 9,000 1,710 0.19 117.19 683.25 0.00

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)
b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956) ND, Not determined
¢ Titration method (AOAC International, 2000) A, Alkalinity; VFA, Volatile fatty acids
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URINTANUAY 17.34% 1@aunon Tullondana 0.088% ihmiinaodsuias) Tu Single-stage digester NT1f33nAs1ain 20 a3 19 Seed culture YA 1 (537 1

317 3.57)
Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulated CH, co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
CaCOS/L)C acetate/L)

0 31.0 31.0 6.74 0.00 0.00 0.0 0.0 0.0 4,557.30 800 750 0.94 74.81 244.72 0.00
1 31.0 30.0 6.21 1.90 1.90 8.2 67.7 21.7 2,769.17 1,600 2,280 1.43 ND ND ND
2 30.0 30.0 6.37 2.733 4.63 13.5 83.6 3.5 3,120.26 2,900 3,210 1.11 ND ND ND
3 29.0 29.0 6.66 8.91 13.54 13.0 85.6 2.5 2,573.21 3,900 3,660 0.94 2,152.64 951.08 1,075.21
4 29.0 29.0 6.78 5.34 18.88 10.3 89.0 0.1 1,801.00 4,800 5,040 1.05 ND ND ND
5 29.0 29.0 6.75 3.36 22.24 10.4 89.8 0.1 1,388.67 6,200 5,400 0.87 ND ND ND
6 29.0 29.0 6.76 2.53 24.77 13.3 85.9 0.1 1,511.14 6,100 5,670 0.93 2,547.91 1,240.22 1,839.76
7 30.0 29.0 7.16 2.48 27.25 16.5 82.7 0.5 1,737.41 6,800 5,550 0.82 ND ND ND
8 29.0 29.0 7.26 1.71 28.96 19.6 80.1 0.1 1,463.88 7,120 5,610 0.79 ND ND ND
9 30.0 30.0 7.35 1.38 30.34 24.1 73.0 2.9 1,241.33 6,200 5,550 0.90 3,309.90 1,708.12 1,762.97
10 29.0 29.0 7.02 1.38 31.72 27.8 67.9 3.9 1,246.23 6,460 5,760 0.89 ND ND ND
11 29.0 29.0 7.15 1.21 32.93 32.5 63.0 4.2 831.44 7,040 5,850 0.83 ND ND ND
12 29.0 29.0 7.25 1.49 34.42 36.8 59.2 3.8 689.72 7,400 6,060 0.82 2,603.62 1,676.97 1,209.86
13 29.0 29.0 7.45 1.65 36.07 39.0 52.8 7.6 623.58 7,500 5,850 0.78 ND ND ND
14 29.0 29.0 7.41 1.54 37.61 43.2 47.8 8.5 748.85 7,500 5,640 0.75 ND ND ND
15 29.0 29.0 7.50 0.83 38.44 49.4 42.0 8.1 782.33 7,040 5,220 0.74 2,603.62 1,676.97 1,209.86
16 29.0 29.0 7.50 2.64 41.08 54.2 37.3 8.0 678.63 7,660 5,610 0.73 ND ND ND
17 30.0 29.0 7.53 1.16 42.24 60.0 32.6 7.1 989.72 7,840 5,550 0.71 ND ND ND
18 29.0 29.0 7.67 1.43 43.67 63.2 30.2 6.6 854.18 7,240 4,950 0.68 1,794.17 1,327.94 737.09

‘ Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England)
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)
¢ Titration method (AOAC International, 2000)

d

HPLC method (Neves et al., 2006)
ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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4

Y
o

N3 Total solids 1.0% (Wn1naeUIu1a5) Vo9

vhwinudaitinnuan 17.34% @unewTufioudanta 0.088% (hminae1Bu1as) 1 Single-stage digester HiAF11ATHIT 20 A5 19 Seed culture
il 1 (S 1307 3.50)
Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulat CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
ed CaCOB/L)C acetate/L)”
19 30.0 29.0 7.59 0.93 44.60 66.1 27.3 6.6 908.07 7,340 4,680 0.64 ND ND ND
20 30.0 30.0 7.68 3.14 47.74 67.7 25.2 7.1 788.86 7,480 4,650 0.62 ND ND ND
21 31.0 30.0 7.98 3.08 50.82 70.1 24.1 5.8 930.93 7,400 3,900 0.53 2,154.64 1,795.87 579.07
22 30.0 30.0 8.11 3.19 54.01 71.2 22.8 5.9 870.51 7,800 4,230 0.54 ND ND ND
23 29.0 29.0 7.81 2.64 56.65 70.4 21.7 7.5 851.73 7,400 3,810 0.51 ND ND ND
24 30.0 30.0 7.95 0.88 57.53 72.0 21.1 6.8 647.61 7,480 3,750 0.50 1,753.79 1,452.73 385.92
25 30.0 30.0 8.17 2.36 59.89 72.2 20.1 7.6 1143.22 7,600 3,450 0.45 ND ND ND
26 30.0 30.0 8.34 1.93 61.82 75.3 18.4 6.2 1,126.89 7,800 2,850 0.37 ND ND ND
27 29.0 29.0 7.95 1.98 63.80 73.6 20.6 5.7 1,026.46 7,440 2,700 0.36 1,466.55 1,671.01 0.00
28 31.0 31.0 8.16 0.44 64.24 77.1 16.7 6.1 959.51 7,700 2,880 0.37 ND ND ND
29 30.0 30.0 8.24 1.71 65.95 77.0 16.0 6.9 724.36 7,760 2,490 0.32 ND ND ND
30 30.0 30.0 8.44 0.94 66.89 76.3 15.2 8.4 480.23 7,400 2,400 0.32 713.68 1,272.80 0.00
31 29.0 29.0 8.46 0.28 67.17 75.1 14.2 10.4 362.18 8,200 2,340 0.29 ND ND ND
32 29.0 29.0 8.44 0.99 68.16 75.9 13.8 10.2 327.89 7,300 1,710 0.23 ND ND ND
33 30.0 30.0 8.23 0.94 69.10 76.9 13.5 4.5 322.17 7,700 2,340 0.30 641.61 1,752.68 266.75
34 30.0 30.0 8.23 0.66 69.76 77.0 13.5 9.5 239.30 7,820 2,190 0.28 ND ND ND
35 29.0 29.0 8.40 0.42 70.18 78.0 13.6 8.4 222.15 8,680 2,250 0.26 ND ND ND
36 29.0 29.0 8.25 0.00 70.18 74.8 12.9 12.1 198.06 8,600 2,100 0.24 345.68 1,186.10 0.00

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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a a ¥ I H
uranTA N 17.34% @u Tnuna@eonluasn 0.142% 1hminaed3u1a35) u Single-stage digester N

131 3.50)

=

Hf31nastiain 20 8as 19 Seed culture YT 1 (3%

o

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry perday  accumulated CH, CO, N, (mg/L)b (mg as (mg as Acetate Propionate Butyrate
CaCOS/L)C acetate/L)”

0 31.0 31.0 6.73 0.00 0.00 0.0 0.0 0.0 5,292.15 900 480 0.53 241.37 0.00 0.00
1 31.0 30.0 6.80 1.90 1.90 32 67.8 28.1 3,038.61 2,320 1,320 0.57 ND ND ND
2 30.0 30.0 6.42 2.30 4.20 6.5 94.2 4.2 3,087.60 3,660 4,170 1.14 ND ND ND
3 29.0 29.0 6.97 12.54 16.74 10.4 88.9 0.2 3,038.61 5,600 4,410 0.79 2,211.39 765.93 775.62
4 29.0 29.0 7.09 10.95 27.69 9.9 89.6 0.1 1,968.38 7,200 5,550 0.77 ND ND ND
5 29.0 29.0 6.93 6.93 34.62 12.0 87.5 0.1 2,086.77 7,600 6,000 0.79 ND ND ND
6 29.0 29.0 6.82 6.16 40.78 12.8 86.8 0.1 1,270.27 6,960 6,330 0.91 2,984.80 880.88 1,977.32
7 30.0 29.0 7.17 2.70 43.48 22.7 76.8 0.1 1,629.23 7,700 6,300 0.82 ND ND ND
8 29.0 29.0 7.26 1.82 45.30 29.8 69.8 0.1 1,431.22 7,940 6,180 0.78 ND ND ND
9 30.0 30.0 7.30 1.65 46.95 36.1 61.8 1.8 1,110.69 6,520 6,510 1.00 4,117.03 2,346.61 1,523.92
10 29.0 29.0 7.24 1.82 48.77 43.0 56.5 2.2 1,396.46 6,800 6,330 0.93 ND ND ND
11 29.0 29.0 7.32 2.15 50.92 47.5 48.1 4.1 808.58 7,600 6,600 0.87 ND ND ND
12 29.0 29.0 7.45 231 53.23 52.6 43.0 43 746.06 7,840 6,390 0.82 3,164.76 2,186.13 737.21
13 29.0 29.0 7.71 2.75 55.98 56.5 37.4 5.8 815.87 8,400 6,090 0.73 ND ND ND
14 29.0 29.0 7.60 3.14 59.12 60.1 32.5 7.0 888.13 8,400 5,940 0.71 ND ND ND
15 29.0 29.0 7.83 3.24 62.36 65.7 27.9 59 1,056.67 8,000 5,100 0.64 2,684.55 2,182.42 684.66
16 29.0 29.0 7.80 435 66.71 69.8 25.5 4.6 1,037.08 8,520 5,400 0.63 ND ND ND
17 30.0 29.0 7.77 4.24 70.95 73.0 21.7 52 817.44 8,000 4,800 0.60 ND ND ND
18 29.0 29.0 7.82 2.09 73.04 74.8 20.4 4.7 775.80 8,000 4,650 0.58 1,848.32 2,325.88 277.85

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)
ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)
 Titration method (AOAC International, 2000)
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MINNUING 5 ((10) MInaalmuluzmadinmanniaualsnasaunaulaenug CMR 35-22-196 (3932803 11) N Total solids 1.0% (HMinas31103) Vo4

@ Y

‘d Z a g % 1 d' U a2
Wvinuianiinnuasu 17.34% @y Tnunason luasn 0.142% GhminaedSinas) Tu Single-stage digester NSO 20 8015 19 Seed culture
g

AN 1 (897 1 317 3.57)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d

(Day) Room Slurry per day accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
CaCOS/L)C acetate/L)’

19 30.0 29.0 7.88 1.87 74.91 75.3 19.0 5.7 787.23 8,200 4,800 0.59 ND ND ND
20 30.0 30.0 7.89 5.28 80.19 76.2 18.3 54 798.66 8,040 3,600 0.45 ND ND ND
21 31.0 30.0 8.25 1.65 81.84 75.5 17.3 6.9 941.55 8,400 4,050 0.48 1,705.71 2,041.89 0.00
22 30.0 30.0 8.47 3.03 84.87 76.1 16.8 7.2 675.37 8,600 3,600 0.42 ND ND ND
23 29.0 29.0 8.12 3.03 87.90 77.2 15.6 7.0 819.07 8,440 3,360 0.40 ND ND ND
24 30.0 30.0 8.27 2.36 90.26 78.3 15.4 6.1 724.36 7,900 2,700 0.34 866.34 1,686.39 0.00
25 30.0 30.0 8.46 2.64 92.90 76.6 13.6 9.4 607.60 8,500 2,880 0.34 ND ND ND
26 30.0 30.0 8.51 2.04 94.94 78.9 133 7.5 621.48 8,600 2,460 0.29 ND ND ND
27 29.0 29.0 8.19 1.76 96.70 80.1 13.3 6.4 662.30 8,120 2,610 0.32 404.18 1,400.15 187.38
28 31.0 31.0 8.35 1.65 98.35 80.2 13.1 6.4 327.54 8,800 2,340 0.27 ND ND ND
29 30.0 30.0 8.45 1.54 99.89 79.8 13.3 6.6 475.33 8,200 2,100 0.26 ND ND ND
30 30.0 30.0 8.50 1.43 101.32 79.9 13.0 6.8 534.11 8,300 2,640 0.32 124.47 1,275.40 136.20
31 29.0 29.0 8.53 0.72 102.04 80.4 12.6 6.7 347.48 8,600 2,040 0.24 ND ND ND
32 29.0 29.0 8.56 0.82 102.86 80.4 12.7 6.7 351.56 8,400 1,980 0.24 ND ND ND
33 30.0 30.0 8.28 0.44 103.30 80.1 12.3 7.4 240.11 8,400 1,980 0.24 70.25 1,309.38 0.00
34 30.0 30.0 8.37 0.50 103.80 78.5 12.4 8.7 245.83 8,680 1,920 0.22 ND ND ND
35 29.0 29.0 8.44 0.11 103.91 80.1 12.8 7.0 212.76 9,600 2,100 0.22 ND ND ND
36 29.0 29.0 8.35 0.00 103.91 773 12.8 9.8 217.66 9,700 2,190 0.23 20.00 1,101.60 0.00

d
! Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)
b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956) ND, Not determined
¢ Titration method (AOAC International, 2000) A, Alkalinity; VFA, Volatile fatty acids
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A1INNHINN 6 fm'wammuﬁlugﬂmcmnmwmﬂmnuumﬂz‘ﬁmm Total solids 1.0% (umuﬂmﬂ‘%mm) VDNUIUUNUHINUA NN 15.19% °lu Single-stage digester N

31n 54370 10 an5 19 Seed culture a7 1 (8

@

an 1310 3.50)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)‘1
(Day) Room Slurry perday  accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
CaCOJ/L)c acetate/L)’

0 31.0 31.0 7.67 0.00 0.00 0.0 0.0 0.0 3030.44 1,000 600 0.60 87.47 244.72 0.00
1 31.0 30.0 7.15 1.60 1.60 25.5 442 28.8 1560.14 2,400 1,260 0.53 ND ND ND
2 30.0 30.0 6.96 2.40 4.00 27.4 72.0 0.2 862.02 4,100 1,980 0.48 ND ND ND
3 29.0 29.0 7.46 1.60 5.60 28.8 66.6 4.2 919.18 5,700 2,130 0.37 1,584.84 142.24 125.34
4 29.0 29.0 7.47 1.80 7.40 29.2 66.9 3.5 1111.06 7,400 2,700 0.36 ND ND ND
5 29.0 29.0 7.43 1.40 8.80 32.7 61.7 5.2 1719.92 7,980 2,850 0.36 ND ND ND
6 29.0 29.0 7.36 0.80 9.60 37.5 55.5 6.5 1320.64 7,600 3,030 0.40 1,712.99 722.96 245.11
7 30.0 29.0 7.75 0.60 10.20 40.3 50.3 9.2 1511.72 7,900 2,700 0.34 ND ND ND
8 29.0 29.0 7.94 0.80 11.00 41.0 44.4 13.8 1269.22 8,500 2,580 0.30 ND ND ND
9 30.0 30.0 8.24 0.70 11.70 43.4 41.7 14.8 1014.46 8,000 2,850 0.36 1,507.63 286.56 691.79
10 29.0 29.0 7.69 0.80 12.50 44.4 37.8 17.0 1203.08 8,340 2,550 0.31 ND ND ND
11 29.0 29.0 7.75 1.00 13.50 48.2 36.1 15.1 1043.86 8,480 2,100 0.25 ND ND ND,
12 29.0 29.0 7.82 0.80 14.30 47.8 34.1 17.7 1078.02 8,640 2,280 0.26 1,030.91 238.67 0.00
13 29.0 29.0 7.98 0.50 14.80 50.3 32.8 16.8 1117.22 8,800 2,340 0.27 ND ND ND
14 29.0 29.0 7.84 0.40 15.20 50.2 31.1 18.2 852.54 8,900 2,610 0.29 ND ND ND
15 29.0 28.5 7.92 0.40 15.60 50.8 29.4 19.5 647.60 8,720 2,190 0.25 965.67 242.51 0.00
16 29.0 29.0 7.95 0.30 15.90 50.6 28.8 20.1 912.98 8,900 2,160 0.24 ND ND ND
17 30.0 29.0 7.91 0.25 16.15 50.4 26.3 22.6 630.46 8,200 1,740 0.21 ND ND ND
18 29.0 29.0 7.97 0.35 16.50 50.4 25.6 23.6 490.84 8,200 1,500 0.18 763.97 188.73 0.00

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)
ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids

b

Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956)
C

Titration method (AOAC International, 2000)
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AT INUINN 6 (91D) fﬂiNEW'HJWI“LJG],'L!3ﬂﬂ1°ﬁ%3ﬂ1W‘D1ﬂﬂ1ﬂNuﬁ1ﬂ°’ N

Y

NS anaswiin 10 8as 19 Seed culture a? 1 (5391 1 37 3.50)

A . ¥ v 1 H o Y Aa X . .
N3 Total solids 1.0% (H1rinaoUsniag) veurununanNANusY 15.19% Tu Single-stage digester

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulat CH, Co, N, (mg/L)b (mg as (mg as Acetate Propionate Butyrate
ed CaCOB/L)C acetate/L)’
19 30.0 29.0 7.85 0.20 16.70 49.0 24.2 26.0 430.42 8,300 1,830 0.22 ND ND ND
20 30.0 30.0 7.96 0.15 16.85 50.7 24.1 25.1 316.92 8,400 1,920 0.23 ND ND ND
21 31.0 30.0 8.22 0.00 16.85 52.7 23.0 24.1 255.68 8,300 1,440 0.17 716.06 182.18 0.00

d
! Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves ef al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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U5ua9) lu Single-stage digester i

S

U A

A
NNy Tota

. % v % Y Y A g a = %’ Y J
1 solids 1.0% (umuﬂmﬂ‘%mm) VDIUIHUNUHINUANINTU 15.19% ANYLTY 0.04% W UNND

H1f31nas1iain 10 a5 19 Seed culture YA 1 (597 1 319 3.50)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulat CH, CO, N, (mg/L)b (mg as (mg as Acetate Propionate Butyrate
ed CaCOJ/L)c acetate/L)’

0 31.0 31.0 7.21 0.00 0.00 0.0 0.0 0.0 2,160.26 1,400 600 0.43 60.83 244.72 0.00
1 31.0 31.0 7.14 5.36 5.36 16.5 82.9 0.2 1,882.65 3,100 1,950 0.63 ND ND ND
2 31.0 31.0 7.64 8.73 14.09 19.6 79.8 0.2 1,747.93 5,100 2,400 0.47 ND ND ND
3 30.0 30.0 7.72 4.55 18.64 21.9 71.5 0.2 1,723.43 6,900 2,880 0.42 602.02 678.10 447.62
4 30.0 30.0 7.64 4.46 23.10 17.2 82.1 0.2 1,237.61 6,900 3,150 0.46 ND ND ND
5 29.0 29.0 7.68 3.29 26.39 232 76.0 0.1 1,347.53 7,300 3,390 0.46 ND ND ND
6 29.0 29.0 6.81 2.25 28.64 322 65.9 1.5 1,133.20 5,000 5,250 1.05 750.91 338.76 377.20
7 30.0 29.0 7.35 1.44 30.08 37.9 54.8 6.9 998.48 6,300 4,110 0.65 ND ND ND
8 29.0 29.0 7.41 1.04 31.12 41.6 49.2 8.9 1,527.16 6,560 4,230 0.64 ND ND ND
9 30.0 30.0 7.51 0.95 32.07 43.6 442 11.8 1,321.00 6,700 4,200 0.63 1,096.90 476.94 589.20
10 30.0 30.0 7.59 0.72 32.79 45.5 39.4 14.8 1,323.04 6,500 3,900 0.60 ND ND ND
11 31.0 30.0 7.54 0.77 33.56 47.0 35.8 16.9 1,697.69 6,960 4,050 0.58 ND ND ND
12 29.0 29.0 7.47 0.72 34.28 49.1 32.8 17.7 1,751.58 7,000 3,900 0.56 1,019.58 1,100.82 955.52
13 29.0 29.0 7.49 0.99 35.27 53.6 28.1 17.8 1,626.65 7,120 3,900 0.55 ND ND ND
14 30.5 30.0 7.54 0.13 35.40 56.0 26.0 17.5 1,379.25 7,100 3,690 0.52 ND ND ND
15 31.0 31.0 7.57 1.13 36.53 58.7 24.7 16.2 678.70 6,960 3,450 0.50 1,471.83 767.01 795.60
16 31.0 30.0 7.60 0.41 36.94 59.0 232 17.2 1,203.64 7,000 3,480 0.50 ND ND ND
17 30.0 30.0 7.79 0.63 37.57 62.5 235 13.6 1,061.57 7,200 3,390 0.47 ND ND ND
18 29.0 29.0 7.95 1.00 38.57 62.9 22.4 14.3 1,205.28 7,400 3,390 0.46 1,497.89 1,209.38 0.00

d
! Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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MINNUINN 7 (1) Makaatimuluzmadinmanmniud1znaand Total solids 1.0% (H1MINABYTUIAT) YD IMUNUAINTANNIY 15.19% 1ANYITY 0.04%
y : da v a 4. wd. _(d
(hminae1Suas) Tu Single-stage digester NHUS1AIHIM 10 8A5 19 Seed culture gah 1 (697 1 317 3.57)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)‘1
(Day) Room Slurry per day accumulat CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
ed CaCOS/L)C acetate/L)’

19 29.0 29.0 791 1.00 39.57 63.6 21.0 15.0 810.09 7,760 3,480 0.45 ND ND ND
20 29.0 29.0 8.06 0.80 40.37 59.2 20.3 20.2 477.71 7,840 2,880 0.37 ND ND ND
21 29.0 29.0 8.00 0.80 41.17 59.1 19.7 20.8 314.41 8,000 2,910 0.36 1,140.18 1,826.60 0.00
22 30.0 29.0 8.00 0.80 41.97 59.3 19.5 20.8 490.78 8,360 2,820 0.34 ND ND ND
23 29.0 29.0 7.95 0.70 42.67 57.3 19.1 232 495.27 7,700 2,550 0.33 ND ND ND
24 30.0 30.0 8.19 0.60 43.27 56.8 18.1 23.8 483.43 8,800 2,700 0.31 997.87 938.26 0.00
25 29.0 29.0 8.28 0.40 43.67 59.0 19.0 21.7 467.10 8,500 2,700 0.32 ND ND ND
26 29.0 29.0 8.09 0.40 44.07 56.5 18.5 24.5 492.82 8,800 2,550 0.29 ND ND ND
27 29.0 29.0 7.99 0.20 44.27 57.3 18.3 242 397.29 8,260 2,100 0.25 832.93 691.97 0.00
28 29.0 29.0 8.05 0.00 44.27 56.6 17.9 25.3 260.53 8,800 1,920 0.22 ND ND ND

d
! Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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ao1l5u1a3) Tu Single-stage digester NHY3nas1ian 10 8ns 19 Seed culture “];’&51‘171 1 (6970 1 gﬂ‘ﬁ 3.50)

S

[

A . % @ 1 % Y Y A g a = %’ LY
a3NU Total solids 1.5% (umuﬂmﬂ‘%mm) VDIUIHUNUHINUANINTU 15.19% ANYLTY 0.04% WU

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulated CH, CO, N, (mg/L)b (mg as (mg as Acetate Propionate Butyrate
CaCOJ/L)c acetate/L)’

0 31.0 31.0 7.06 0.00 0.00 0.0 0.0 0.0 4,749.51 1,200 750 0.63 0.00 244.72 122.18
1 31.0 31.0 6.84 5.76 5.76 8.7 90.8 0.2 4,187.85 3,100 2,100 0.68 ND ND ND
2 31.0 31.0 7.42 8.10 13.86 13.0 86.4 0.2 4,426.66 5,100 3,450 0.68 ND ND ND
3 30.0 30.0 7.27 0.81 14.67 6.9 82.5 0.2 3,413.59 6,300 3,930 0.62 1,638.92 1,203.07 1,501.71
4 30.0 30.0 7.25 3.06 17.73 18.1 81.3 0.2 3,348.27 6,400 4,800 0.75 ND ND ND
5 29.0 29.0 7.20 0.32 18.05 20.1 78.9 0.2 2,784.88 6,900 4,710 0.68 ND ND ND
6 29.0 29.0 6.21 2.30 20.35 21.5 77.9 0.1 2,458.28 3,700 5,100 1.38 1,904.72 1,363.15 1,402.97
7 30.0 29.0 6.92 1.67 22.02 27.3 71.2 1.0 1,805.08 5,760 5,700 0.99 ND ND ND
8 29.0 29.0 6.91 1.17 23.19 345 61.7 3.5 2,008.90 6,200 5,910 0.95 ND ND ND
9 30.0 30.0 7.16 1.40 24.59 39.6 55.0 5.1 1,655.76 6,200 5,760 0.93 2,648.21 1,481.98 1,868.28
10 30.0 30.0 7.30 1.20 25.79 41.9 48.1 9.7 1,376.11 6,500 5,850 0.90 ND ND ND
11 31.0 30.0 7.21 1.20 26.99 45.9 41.2 12.4 959.70 6,000 5,700 0.95 ND ND ND
12 29.0 29.0 7.25 1.40 28.39 51.6 36.3 11.8 831.10 6,400 5,700 0.89 1,670.26 1,585.03 1,634.53
13 29.0 29.0 7.29 1.20 29.59 57.3 30.9 11.5 1,484.30 6,400 5,550 0.87 ND ND ND
14 30.5 30.0 7.40 1.40 30.99 58.2 26.9 12.5 1,935.41 5,500 4,500 0.82 ND ND ND
15 31.0 31.0 7.53 1.20 32.19 62.0 242 133 1,052.24 5,800 4,500 0.78 1,419.92 1,873.98 1,634.57
16 31.0 30.0 7.41 1.20 33.39 63.7 222 13.6 1,223.71 6,480 4,500 0.69 ND ND ND
17 30.0 30.0 7.69 1.20 34.59 66.6 21.8 11.2 1,087.76 6,640 4,500 0.68 ND ND ND
18 29.0 29.0 7.85 1.40 35.99 66.6 20.9 10.9 1,796.61 6,800 4,200 0.62 1,548.60 2,086.95 1,494.09

d
! Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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Aa . 3 v 1 3 Y Y A X a ~
U Total solids 1.5% (Lﬂﬁuﬂ@l@ﬂ%iﬂﬁﬁ) VDIUIUUNUVINUANNUYU 15.19% ygLIe 0.04%

@

1310 3.50)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate Butyrate
CaCOS/L)C acetate/L)”

19 29.0 29.0 7.87 2.40 38.39 67.9 20.9 13.0 1,598.61 7,040 4,050 0.58 ND ND ND
20 29.0 29.0 7.92 1.60 39.99 69.7 20.9 13.0 1,277.13 7,400 3,930 0.53 ND ND ND
21 29.0 29.0 7.87 1.20 41.19 67.1 20.9 11.6 1,038.71 7,260 3,750 0.52 1,416.68 3,018.65 1,294.62
22 30.0 29.0 7.89 1.00 42.19 64.7 20.0 15.1 618.56 7,860 3,990 0.51 ND ND ND
23 29.0 29.0 7.86 1.20 43.39 65.0 19.1 15.6 522.21 7,420 3,570 0.48 ND ND ND
24 30.0 30.0 8.07 1.20 44.59 62.5 18.2 15.6 514.86 8,000 3,690 0.46 881.77 0.00 0.00
25 29.0 29.0 8.11 1.00 45.59 67.7 17.8 14.1 499.76 8,100 3,600 0.44 ND ND ND
26 29.0 29.0 8.06 0.80 46.39 66.0 17.4 16.2 434.03 8,300 3,480 0.42 ND ND ND
27 29.0 29.0 7.96 0.60 46.99 65.6 17.3 16.7 397.70 8,500 3,390 0.40 758.69 0.00 0.00
28 29.0 28.5 8.01 0.40 47.39 65.1 17.5 16.9 496.49 8,460 3,180 0.38 ND ND ND
29 29.0 29.0 8.06 0.50 47.89 65.0 18.1 16.7 474.04 8,800 3,120 0.35 ND ND ND
30 29.0 29.0 7.96 0.40 48.29 64.3 18.0 17.4 434.03 9,000 3,030 0.34 573.58 2269.78 0.00
31 30.0 29.5 8.01 0.40 48.69 61.6 17.9 20.2 391.98 9,020 2,970 0.33 ND ND ND
32 29.0 29.0 8.10 0.20 48.89 62.6 18.3 18.9 362.18 8,900 2,850 0.32 ND ND ND
33 29.0 29.0 8.08 0.20 49.09 64.5 17.8 17.2 285.02 8,320 2,400 0.29 255.42 1572.79 0.00
34 30.0 29.8 8.01 0.00 49.09 65.6 18.0 16.2 152.75 8,400 2,370 0.28 ND ND ND

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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U5ua9) lu Single-stage digester i
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A
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. % v % Y Y A g a = %’ Y J
1 solids 2.0% (umuﬂmﬂ‘%mm) VDIUIHUNUHINUANINTU 15.19% ANYLTY 0.04% W UNND

H1f31nas1iain 10 a5 19 Seed culture YA 1 (597 1 319 3.50)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulated CH, CO, N, (mg/L)b (mg as (mg as Acetate Propionate Butyrate
CaCOJ/L)c acetate/L)’

0 31.0 31.0 6.85 0.00 0.00 0.0 0.0 0.0 7,147.88 1,260 600 0.48 60.83 244.72 100.99
1 31.0 31.0 6.68 7.65 7.65 7.0 92.5 0.2 6,024.98 3,000 2,760 0.92 ND ND ND
2 31.0 31.0 7.02 8.69 16.34 9.9 89.6 0.2 4,128.02 5,000 4,350 0.87 ND ND ND
3 30.0 30.0 7.18 6.80 23.14 13.7 85.7 0.2 3,482.99 7,000 5,100 0.73 2,396.70 1,961.46 1,739.59
4 30.0 30.0 6.84 4.05 27.19 16.7 82.6 0.1 2,225.58 6,900 5,550 0.80 ND ND ND
5 29.0 29.0 6.55 2.93 30.12 19.3 79.9 0.2 2,650.16 6,900 5,940 0.86 ND ND ND
6 29.0 29.0 5.38 1.62 31.74 21.4 78.1 0.1 2,515.44 2,600 3,600 1.38 3,169.21 2,180.40 1,749.20
7 30.0 29.0 6.37 3.20 34.94 11.9 87.5 0.1 1,560.13 5,500 7,050 1.28 ND ND ND
8 29.0 29.0 6.42 1.58 36.52 20.6 78.9 0.1 1,572.38 5,600 7,740 1.38 ND ND ND
9 30.0 30.0 6.56 2.40 38.92 27.6 68.9 3.2 1,976.24 5,840 7,890 1.35 4,179.74 3,064.17 2,876.58
10 30.0 30.0 6.65 2.20 41.12 343 59.0 6.4 2,553.91 5,600 7,800 1.39 ND ND ND
11 31.0 30.0 6.62 2.00 43.12 39.9 50.3 9.5 1,935.41 5,700 7,650 1.34 ND ND ND
12 29.0 29.0 6.72 2.00 45.12 46.3 433 9.7 1,661.89 5,600 7,500 1.34 3,296.02  2,680.65 2,518.60
13 29.0 29.0 6.89 2.20 47.32 56.2 353 8.0 2,087.16 7,000 7,500 1.07 ND ND ND
14 30.5 30.0 7.13 2.00 49.32 61.7 30.0 8.1 1,714.83 5,760 6,780 1.18 ND ND ND
15 31.0 31.0 7.28 2.00 51.32 62.7 24.6 12.3 1,235.96 6,500 4,710 0.72 2,406.29 3,266.99 3,109.24
16 31.0 30.0 7.29 2.00 53.32 64.4 21.0 14.1 986.11 6,000 5,250 0.88 ND ND ND
17 30.0 30.0 7.64 2.00 55.32 70.0 19.3 10.4 1,450.23 6,200 5,070 0.82 ND ND ND
18 29.0 29.0 7.84 2.00 57.32 70.6 17.9 11.2 1,487.79 7,040 5,400 0.77 1,442.95 3,041.39 2,856.69

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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MININHINN 9 (91D) miwammuiugﬂmcmnn1wmﬂmnuumﬂzﬁmm Total solids 2.0% (Lﬂﬁuﬂ%‘l@ﬂ%iﬂﬁi) VBITHUNUHINUANNTU 15.19% ANYLTY 0.04%

A 2

(ihminaedunas) Tu Single-stage digester NT33NAsHAIN 10 a1 19 Seed culture YA 1 (597 1 317 3.50)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulat CH, CO, N, (mg/L)b (mg as (mg as Acetate Propionate ~ Butyrate
ed CaCOJ/L)c acetate/L)’

19 29.0 29.0 7.86 1.90 59.22 70.9 17.5 11.2 1,278.76 6,400 4,800 0.75 ND ND ND
20 29.0 29.0 7.92 1.80 61.02 70.2 17.8 11.6 1,194.66 6,800 4,860 0.71 ND ND ND
21 29.0 29.0 7.91 1.80 62.82 71.0 18.3 10.4 1,055.04 7,160 4,980 0.70 1,071.84 1,009.82 0.00
22 30.0 29.0 7.78 1.60 64.42 69.0 18.8 11.9 850.85 7,100 4,800 0.68 ND ND ND
23 29.0 29.0 7.73 1.20 65.62 69.3 19.1 11.3 745.12 7,600 4,800 0.63 ND ND ND
24 30.0 30.0 7.98 1.00 66.62 68.2 18.7 12.8 718.17 7,800 4,740 0.61 830.17 1,359.47 0.00
25 29.0 29.0 8.15 1.00 67.62 69.2 18.5 11.9 647.55 7,360 4,380 0.60 ND ND ND
26 29.0 29.0 7.98 0.90 68.52 65.7 17.7 16.2 609.17 7,640 4,470 0.59 ND ND ND
27 29.0 29.0 7.90 0.80 69.32 66.5 17.4 15.6 577.33 8,160 4,560 0.56 773.94 3,252.07 0.00
28 29.0 28.5 8.03 0.60 69.92 66.0 17.3 16.3 675.72 8,500 4,050 0.48 ND ND ND
29 29.0 29.0 7.98 0.60 70.52 64.1 17.4 18.4 547.52 8,360 3,780 0.45 ND ND ND
30 29.0 29.0 8.08 0.40 70.92 64.8 17.4 17.6 510.78 9,120 4,050 0.44 520.19 3,231.19 0.00
31 30.0 29.5 7.91 0.40 71.32 63.8 18.2 17.8 563.85 8,140 3,600 0.44 ND ND ND
32 29.0 29.0 8.02 0.20 71.52 63.2 19.0 17.6 527.52 8,200 3,360 0.41 ND ND ND
33 29.0 29.0 7.96 0.20 71.72 63.9 18.9 16.7 391.17 8,500 3,420 0.40 394.10 3,777.35 0.00
34 30.0 29.0 8.01 0.00 71.72 62.3 19.9 17.4 305.02 8,800 3,360 0.38 ND ND ND

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)
b
Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956) ND, Not determined
¢ Titration method (AOAC International, 2000) A, Alkalinity; VFA, Volatile fatty acids
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a a A [ =) v o U Aa . H @ 1 H @ Y Aa A a = ¥ @
ATNNHINN 10 mﬁwamumuiugﬂmcmnﬂm%mmnuumﬂ:ﬂmm Total solids 3.0% (‘Lﬂ‘l’iuﬂﬁl’ﬂlﬁiﬂﬂi) VDIUTHUNUHINUANINTU 15.19% ANYLTY 0.04% (Wrun

A01/51103) 1u Single-stage digester NHUTMNATHIIN 10 BN 14 Seed culture "]qfﬂ‘l?l 1 (6390 1 gﬂ‘ﬁ 3.57)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)°
(Day)  Room Slurry perday accumulated  CH, Co, N, (mg/L)" (mg as (mg as Acetate  Propionate  Butyrate
CaCO,/L)*  acetate/L)’

0 31.0 31.0 6.63 0.00 0.00 0.0 0.0 0.0 9,892.24 1,014 720 0.71 0.00 203.60 130.20
1 31.0 30.0 5.81 3.84 3.84 ND ND ND 8,132.47 1,620 3,240 2.00 ND ND ND
2 30.0 30.0 5.62 9.04 12.88 13.4 84.9 1.6 5,366.43 2,961 4,590 1.55 ND ND ND
3 29.0 29.0 6.09 14.73 27.61 12.8 86.2 0.8 4,527.89 4,409 5,820 1.32 2,426.40 1,901.30 1,540.50
4 29.0 29.0 6.42 5.10 32.71 9.9 89.9 0.1 2,893.25 5,309 7,380 1.39 ND ND ND
5 29.0 29.0 6.66 1.58 34.29 11.0 88.6 0.2 3,445.21 6,802 7,890 1.16 ND ND ND
6 29.0 29.0 6.48 2.40 36.69 12.6 86.8 0.1 3,270.07 7,500 9,000 1.20 3,012.20 2,020.30 1,659.10
7 30.0 29.0 6.55 1.20 37.89 13.5 86.1 0.2 2,028.17 7,676 10,440 1.36 ND ND ND
8 29.0 29.0 7.12 1.00 38.89 14.5 85.3 0.1 2,044.09 9,612 9,900 1.03 ND ND ND
9 30.0 30.0 7.23 1.50 40.39 16.7 83.0 0.2 2,569.11 9,658 11,010 1.14 4,051.54 2,812.14 2,562.50
10 29.0 29.0 7.17 1.20 41.59 21.8 77.8 0.2 3,320.08 5,612 7,800 1.39 ND ND ND
11 29.0 29.0 7.36 1.00 42.59 26.6 70.6 2.3 2,516.03 5,709 7,650 1.34 ND ND ND
12 29.0 29.0 7.53 1.25 43.84 30.5 63.6 5.9 2,160.46 5,597 7,500 1.34 3,129.10 2,435.77 2,438.65
13 29.0 29.0 7.70 1.10 44.94 30.0 54.1 15.1 2,713.31 7,009 7,500 1.07 ND ND ND
14 30.0 30.0 7.53 1.22 46.16 459 40.6 13.5 2,229.28 5,746 6,780 1.18 ND ND ND
15 29.0 29.0 7.48 1.20 47.36 52.8 343 12.6 2,235.96 7,293 6,710 0.92 3,406.29 2,266.99 2,109.24
16 30.0 30.0 7.65 1.10 48.46 54.5 30.7 14.5 1,986.56 6,888 6,750 0.98 ND ND ND
17 30.0 30.0 7.70 1.04 49.50 57.0 30.2 12.5 1,950.64 7,283 6,700 0.92 ND ND ND
18 29.0 29.0 7.78 1.00 50.50 56.8 30.6 12.3 1,987.44 6,667 6,600 0.99 3,442.95 2,041.39 1,856.69
19 29.0 29.0 7.79 1.90 52.40 58.6 28.9 12.2 1,978.65 6,211 5,900 0.95 ND ND ND
20 30.0 30.0 7.82 1.80 54.20 60.6 26.6 12.5 1,994.55 6,341 5,770 0.91 ND ND ND
21 30.0 30.0 7.89 1.80 56.00 60.0 27.1 12.6 1,955.70 6,533 5,880 0.90 2,071.84 1,009.82 215.00
22 30.0 30.0 7.88 1.60 57.60 59.0 27.9 12.8 1,850.90 5,816 5,700 0.98 ND ND ND

‘ Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

d
HPLC method (Neves et al., 2006)
ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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a a A [ =) v o U Aa . H @ 1 H @ Y Aa A a = ¥ @
MINNHINN 11 miwammuiugﬂmcmnﬂm%mmnuumﬂwmm Total solids 4.0% (‘Lﬂ‘l’iuﬂﬁl’ﬂlﬁiﬂﬂi) VDIUTHUNUHINUANINTU 15.19% ANYLTY 0.04% (Wrun

A01/51103) 1u Single-stage digester NHUTMNATHIIN 10 BN 14 Seed culture "]qfﬂ“ﬁ 1 (6390 1 ;J’]Jﬁ 3.57)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)*
(Day) Room Slurry perday  accumulate CH, CO, N, (mg/L)" (mg as (mg as Acetate  Propionate  Butyrate
d CaCO,/L)’ acetate/L)’

0 31.0 31.0 6.67 0.00 0.00 0.0 0.0 0.0 10,551.40 840 840 1.00 40.83 222.30 98.80
1 31.0 30.0 5.27 3.05 3.05 ND ND ND 9,942.47 1,278 3,360 2.63 ND ND ND
2 30.0 30.0 5.55 8.93 11.98 6.0 76.1 17.7 7,017.63 2,833 5,100 1.80 ND ND ND
3 29.0 29.0 5.71 4.62 16.60 5.5 74.6 19.1 5,921.08 2,896 6,660 2.30 2,124.44 1,561.47 1,236.56
4 29.0 29.0 5.75 3.20 19.80 6.2 78.8 14.8 3,783.49 4,703 8,700 1.85 ND ND ND
5 29.0 29.0 6.15 2.58 22.38 4.1 83.5 11.7 4,505.27 6,880 9,150 1.33 ND ND ND
6 29.0 29.0 6.23 2.40 24.78 3.7 84.3 11.2 4,276.25 7,393 10,350 1.40 3,169.21 2,180.40 1,749.20
7 30.0 29.0 6.18 2.20 26.98 53 93.7 10.2 2,652.22 8,019 12,750 1.59 ND ND ND
8 29.0 29.0 6.67 1.50 28.48 4.3 95.4 10.1 2,673.05 10,000 13,200 1.32 ND ND ND
9 30.0 30.0 6.87 1.20 29.68 7.6 91.8 10.1 3,359.61 9,073 11,250 1.24 3,880.74 2,198.88 2,376.60
10 29.0 29.0 7.03 1.20 30.88 11.8 79.7 6.1 4,341.65 4,892 6,800 1.39 ND ND ND
11 29.0 29.0 6.98 1.50 32.38 17.9 91.4 10.2 3,290.20 4,963 6,650 1.34 ND ND ND
12 29.0 29.0 7.33 1.20 33.58 19.9 89.9 10.2 2,825.21 4,851 6,500 1.34 2,090.02 1,780.67 2,018.50
13 29.0 29.0 7.07 1.30 34.88 20.1 67.9 11.5 3,548.17 6,075 6,500 1.07 ND ND ND
14 31.0 30.0 7.13 1.10 35.98 20.8 67.0 11.7 2,915.21 4,898 5,780 1.18 ND ND ND
15 30.0 30.0 7.20 1.15 37.13 22.7 64.8 12.0 2,835.90 5,143 5,760 1.12 2,071.05 2,865.90 2,909.40
16 30.0 30.0 7.23 1.10 38.23 24.5 62.9 12.1 2,986.45 5,653 5,540 0.98 ND ND ND
17 30.0 30.0 7.34 1.10 39.33 30.2 57.9 11.4 2,750.64 5,946 5,470 0.92 ND ND ND
18 29.0 29.0 7.25 1.20 40.53 30.8 57.2 11.5 2,487.60 5,520 5,410 0.98 1,980.60 2,545.90 2,832.90
19 29.0 29.0 7.65 1.30 41.83 36.5 51.7 11.3 2,278.55 6,212 5,280 0.85 ND ND ND
20 29.0 29.0 7.74 1.18 43.01 38.7 49.4 11.4 2,194.65 5,724 4,980 0.87 ND ND ND
21 29.0 29.0 7.78 1.19 44.20 37.1 523 10.1 2,055.75 5,400 4,860 0.90 1,880.40 1,469.80 1,605.01
22 29.0 29.0 7.81 1.10 45.30 36.9 51.0 11.6 1,850.50 5,640 4,850 0.86 ND ND ND

‘ Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England)
b

Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

d
HPLC method (Neves et al., 2006)

ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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d' a A 2] = v o U Aa . H v 1 H o Y Aa Lﬁ' a = o
MyNNuINd 12 mawaalmulugdmessinimainmnaiua)zwasni Total solids 1.0% (Mn1inaAp1u103) YvouhuinuRInNaANudL 15.19% muten Tudiondama
0.088% (Minae1/5113) lu Single-stage digester NT1F31A5%3TN 10 a3 19 Seed culture YA 1 (530 1 31/71 3.50)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry perday accumulated CH, Co, N, (mg/L)b (mg as (mg as Acetate Propionate Butyrate
CaCOS/L)C acetate/L)”

0 31.0 31.0 7.36 0.00 0.00 0.0 0.0 0.0 2,299.06 1,000 1,200 1.20 0.00 0.00 0.00
1 31.0 31.0 6.98 3.42 3.42 6.9 92.3 0.2 2,045.95 2,800 1,650 0.59 ND ND ND
2 31.0 31.0 7.52 7.02 10.44 16.0 83.3 0.1 2,062.28 4,620 2,550 0.55 ND ND ND
3 30.0 30.0 7.68 3.83 14.27 19.0 80.5 0.2 1,862.24 6,300 2,550 0.40 529.13 586.51 299.00
4 30.0 30.0 7.57 4.50 18.77 18.7 79.9 0.8 1,429.49 6,900 3,450 0.50 ND ND ND
5 29.0 29.0 7.73 2.48 21.25 21.5 75.3 2.7 1,939.50 7,200 3,450 0.48 ND ND ND
6 29.0 29.0 6.86 1.53 22.78 26.1 66.8 6.3 1,133.20 5,000 4,800 0.96 1,187.47 554.39 625.95
7 30.0 29.0 7.45 1.13 2391 28.9 57.5 13.2 1,306.71 6,400 3,900 0.61 ND ND ND
8 29.0 29.0 7.43 0.77 24.68 32.7 522 14.7 1,323.04 6,400 3,990 0.62 ND ND ND
9 30.0 30.0 7.49 0.72 25.40 355 47.1 16.8 1,355.70 6,500 4,050 0.62 1,296.91 507.12 705.36
10 30.0 30.0 7.57 0.63 26.03 38.4 42.5 18.4 1,178.11 6,600 3,810 0.58 ND ND ND
11 31.0 30.0 7.47 0.58 26.61 41.6 39.8 18.2 1,478.46 6,700 3,900 0.58 ND ND ND
12 29.0 29.0 7.38 0.59 27.20 42.4 36.2 20.8 1,289.85 6,800 3,900 0.57 949.31 902.11 1,062.25
13 29.0 29.0 7.35 0.72 27.92 46.0 31.8 21.7 1,149.00 6,900 3,960 0.57 ND ND ND
14 29.0 29.0 7.59 0.63 28.55 46.0 28.8 24.7 817.09 6,840 3,540 0.52 ND ND ND
15 30.5 30.5 7.62 0.77 29.32 50.0 27.3 222 884.45 7,000 3,600 0.51 1,006.12 865.07 1,166.58
16 31.0 31.0 7.64 0.76 30.08 52.0 25.8 21.8 1,370.21 7,100 3,630 0.51 ND ND ND
17 31.0 30.0 7.76 1.08 31.16 54.1 252 20.1 1,224.06 7,000 3,240 0.46 ND ND ND
18 30.0 30.0 7.93 0.24 31.40 56.1 23.6 19.7 1,433.08 7,200 3,150 0.44 1,584.04 1,187.65 130.08

d
! Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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,d' 1 a A 9] = LY
AT INUINN 12 (710D) ﬂﬁNﬂ@lm‘lﬂuﬁlugﬂﬂ1%ﬂf’3ﬂ1W‘D1ﬂﬂ1ﬂNuﬁ1ﬂ$ﬁﬁ

0.088% (H1¥1inAe1/511a5) T Single-stage digester NHUSA5HIN 10 8As 19 Seed culture AT 1 (5391 1 317 3.50)

[

{ H 1 %’ v
N1 Total solids 1.0% (Y¥iinao1/3u1a3) vearimiinuia

IS j‘ a IS kY
NUANMUTU 15.19% @uteu TuHougama

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry perday  accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate ~ Butyrate
CaCO3/L)c acetate/L)’

19 29.0 29.0 7.86 0.26 31.66 59.1 22.0 18.2 1,245.29 7,300 2,400 0.33 ND ND ND
20 29.0 29.0 8.04 0.20 31.86 60.0 22.0 17.5 659.79 7,700 2,760 0.36 ND ND ND
21 29.0 29.0 8.03 0.20 32.06 60.3 21.6 17.7 585.49 7,400 2,850 0.39 1,387.62 930.90 93.74
22 29.0 29.0 8.02 0.16 32.22 60.9 20.7 18.2 823.16 8,200 3,090 0.38 ND ND ND
23 30.0 29.0 7.96 0.18 32.40 60.1 20.0 18.8 409.54 8,000 3,090 0.39 ND ND ND
24 29.0 29.0 8.11 0.12 32.52 59.2 19.5 20.9 394.84 8,480 2,520 0.30 885.77 852.05 82.03
25 30.0 30.0 8.19 0.08 32.60 59.7 19.3 20.7 314.41 8,400 2,400 0.29 ND ND ND
26 29.0 29.0 8.19 0.04 32.64 58.1 18.8 229 286.65 8,440 2,400 0.28 ND ND ND
27 29.0 29.0 7.99 0.04 32.68 58.1 18.1 23.3 205.00 8,320 2,250 0.27 693.25 1,139.53 0.00
28 29.0 29.0 8.08 0.00 32.68 57.2 17.3 25.0 378.98 8,860 2,250 0.25 ND ND ND

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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- a A S v o
AT NNHINN 13 mfswammuﬁlugﬂﬂwmmwmﬂmnuumﬂzﬁ

[

ad

; ¥ : y
17 Total solids 1.0% (Y¥1inae1/3u1a5) voarimiinuia

=

v

0.142% (Hmiinae/511a5) 1 Single-stage digester NHUSA5HIN 10 8A5 19 Seed culture ah 1 (6991 1 317 3.50)

A g a =
NUANUTU 15.19% mﬂwgmm%m"lumm

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry perday  accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
CaCOJ/L)c acetate/L)’

0 31.0 31.0 7.26 0.00 0.00 0.0 0.0 0.0 2,290.90 1,100 1,500 1.36 60.83 244.72 0.00
1 31.0 31.0 7.20 2.30 2.30 23.1 61.2 14.9 2,172.51 3,300 1,350 0.41 ND ND ND
2 31.0 31.0 7.46 8.37 10.67 0.0 99.3 0.1 1,490.73 4,800 2,940 0.61 ND ND ND
3 30.0 30.0 7.66 432 14.99 0.0 99.9 0.1 935.51 7,400 3,750 0.51 1,165.44 936.16 172.06
4 30.0 30.0 7.71 1.17 16.16 6.1 93.1 0.1 739.55 8,000 3,960 0.50 ND ND ND
5 29.0 29.0 7.80 1.53 17.69 18.2 81.2 0.2 1,490.42 8,200 4,050 0.49 ND ND ND
6 29.0 29.0 6.30 2.43 20.12 222 76.8 0.5 986.23 5,500 5,700 1.04 1,634.37 844.81 436.52
7 30.0 29.0 7.26 1.94 22.06 21.5 77.6 0.7 1,020.93 6,780 4,950 0.73 ND ND ND
8 29.0 29.0 7.33 0.77 22.83 23.5 66.2 9.8 939.28 6,600 4,800 0.73 ND ND ND
9 30.0 30.0 7.41 0.76 23.59 29.4 60.6 9.6 924.99 6,700 4,800 0.72 1,699.39 433.39 596.08
10 30.0 30.0 7.45 0.54 24.13 342 54.4 11.0 1,501.73 7,000 4,950 0.71 ND ND ND
11 31.0 30.0 7.36 0.22 24.35 38.5 49.7 11.2 2,207.18 6,400 4,500 0.70 ND ND ND
12 29.0 29.0 7.30 0.41 24.76 42.9 45.5 11.1 1,916.92 6,600 4,650 0.70 1,738.39 1192.88 843.37
13 29.0 29.0 7.34 0.45 25.21 46.8 39.1 13.7 1,196.77 6,840 4,620 0.68 ND ND ND
14 30.5 30.0 7.52 0.90 26.11 47.7 353 16.6 1,040.00 6,900 4,500 0.65 ND ND ND
15 31.0 31.0 7.53 0.58 26.69 47.2 314 21.0 1,582.50 7,200 4,440 0.62 1,839.94 1,298.57 689.92
16 31.0 30.0 7.56 3.38 30.07 50.0 28.6 20.9 1,064.02 7,200 4,260 0.59 ND ND ND
17 30.0 30.0 7.78 0.22 30.29 55.5 272 16.6 810.09 7,400 4,050 0.55 ND ND ND
18 29.0 29.0 7.93 0.20 30.49 57.0 24.9 17.6 677.82 7,600 3,840 0.51 1,515.32 1,251.22 616.14

d
! Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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,d' 1 a A 9] = LY
A1 INUINN 13 (710) mﬁwammuﬁlu;ijﬂm%mmwmﬂmnuumﬂzm

AN 0.142% (Wrinaedsuag) Tu Single-stage digester f

[

N

Aa . 3 v 1 3 Y Y A X a =
U Total solids 1.0% (UWWuﬂG’IE]‘}EiiJWIfJ) VDIUIUUNUVINUANNYU 15.19% mﬂwgmmmﬂﬂu

A

Y

311054300 10 85 19 Seed culture A% 1 (6391 1 317 3.57)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry perday  accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
CaCO3/L)C acetate/L)”

19 29.0 29.0 7.88 0.18 30.67 59.6 22.8 17.1 670.82 7,300 3,600 0.49 ND ND ND
20 29.0 29.0 8.08 0.16 30.83 59.6 21.8 18.2 531.60 8,000 3,720 0.47 ND ND ND
21 29.0 29.0 8.05 0.14 30.97 61.5 21.0 17.1 565.90 8,200 3,660 0.45 1,148.01 801.45 0.00
22 30.0 29.0 8.00 0.12 31.09 61.3 20.2 17.9 581.82 8,000 3,450 0.43 ND ND ND
23 29.0 29.0 7.92 0.12 31.21 62.4 19.8 17.3 467.10 8,600 3,540 0.41 ND ND ND
24 30.0 30.0 8.11 0.10 31.31 63.6 19.7 16.4 445.05 8,840 3,540 0.40 1,082.88 1,164.05 0.00
25 29.0 29.0 8.28 0.08 31.39 63.5 19.3 16.9 396.88 9,000 3,450 0.38 ND ND ND
26 29.0 29.0 8.12 0.06 31.45 62.6 19.1 17.8 326.66 8,600 3,150 0.37 ND ND ND
27 29.0 29.0 7.97 0.04 31.49 62.2 18.5 18.8 272.36 8,800 3,120 0.35 800.69 1,047.63 0.00
28 29.0 29.0 8.07 0.00 31.49 62.4 18.1 18.7 138.87 9,200 3,000 0.33 ND ND ND

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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ATNNUINT 14 mswammuﬁlugﬂﬂwmmwmﬂmnuumﬂzﬁ

ao1l5u1a3) Tu Single-stage digester N3nasvian 10 8ns 19 Seed culture “];’ﬂ‘ﬁ 1 (690 1 gﬂ‘ﬁ 3.50)

A

[

A . %‘ @ 1 %‘ Y Y A g a = %’ LY
a3NU Total solids 1.0% (umuﬂmﬂ‘%mm) VDIUIHUNUHINUANINTU 15.19% ANYLTY 0.02% WU

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%) Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)*
(Day) Room Slurry perday  accumulated  CH, Co, N, (mg/L)’ (mg as (mg as Acetate  Propionate  Butyrate
CaCO,/L)*  acetate/L)"

0 30.0 29.0 7.25 0.00 0.00 ND ND ND 2,744.06 1,220 750 0.61 60.83 244.72 0.00
1 28.0 28.0 6.91 0.50 0.50 15.6 31.2 50.5 1,760.17 1,760 900 0.51 ND ND ND
2 29.0 29.0 6.66 4.10 4.60 22.2 73.8 3.5 2,282.73 2,500 1,830 0.73 ND ND ND
3 29.0 29.0 7.11 5.31 9.91 22.6 76.5 0.2 2,560.34 3,700 2,550 0.69 1,376.57 642.07 613.71
4 30.0 29.0 6.96 4.28 14.19 24.6 74.5 0.1 1,990.53 5,100 3,630 0.71 ND ND ND
5 31.0 30.0 7.07 3.78 17.97 22.0 77.3 0.2 1,949.70 5,500 3,900 0.71 ND ND ND
6 30.0 30.0 7.04 1.17 19.14 28.9 70.3 0.4 1,349.57 5,840 3,930 0.67 3,369.38 2,388.39 1,490.47
7 30.0 29.0 7.20 1.22 20.36 323 64.5 2.7 1,559.82 6,200 3,990 0.64 ND ND ND
8 30.0 30.0 7.20 1.13 21.49 354 59.4 4.8 1,504.71 6,300 4,050 0.64 ND ND ND
9 29.0 29.0 7.21 1.04 22.53 36.9 54.8 8.0 1,210.77 6,360 4,020 0.63 1,516.84 928.22 871.04
10 30.0 29.5 7.41 0.80 23.33 40.8 49.7 9.1 1,212.81 7,000 4,320 0.62 ND ND ND
11 29.0 29.0 7.30 0.59 23.92 44.5 46.8 8.3 1,304.67 7,000 4,140 0.59 ND ND ND
12 28.0 28.0 7.37 0.36 24.28 45.0 43.1 11.6 384.06 7,100 4,110 0.58 1,411.50 1,131.66 717.64
13 30.0 30.0 7.36 0.77 25.05 45.0 39.5 15.3 584.11 7,000 3,900 0.56 ND ND ND
14 29.0 29.0 7.44 0.86 2591 47.4 36.5 15.8 829.06 7,320 3,750 0.51 ND ND ND
15 29.0 29.0 7.61 0.86 26.77 50.0 335 16.2 739.93 7,420 3,780 0.51 1,521.85 1,115.74 279.39
16 29.0 29.0 7.64 0.95 27.72 51.0 30.7 17.9 750.49 7,400 3,750 0.51 ND ND ND
17 29.0 29.0 7.66 0.99 28.71 52.5 28.9 18.1 378.10 7,500 3,390 0.45 ND ND ND
18 29.0 29.0 7.59 0.65 29.36 54.4 27.4 17.7 434.03 7,300 3,360 0.46 2,199.34 1,137.4 253.58
19 27.0 27.0 7.65 0.54 29.90 55.7 26.1 17.9 390.76 7,100 3,360 0.47 ND ND ND
20 28.0 28.0 7.80 0.43 30.33 54.0 25.2 20.4 376.20 7,500 3,300 0.44 ND ND ND

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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U5ua9) Tu Single-stage digester NHY3nasvian 10 8as 19 Seed culture “];’ﬂ‘ﬁ 1 (699 1 gﬂ‘ﬁ 3.50)

A . %‘ @ 1 %‘ Y Y A g a = %’ Y J
NU Total solids 1.0% (umuﬂmﬂ‘%mm) VDIUIHUNUHINUANINTU 15.19% ANYLTY 0.08% W UNND

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)° Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)"
(Day) Room Slurry perday accumulated  CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate ~ Butyrate
CaCO,/L)"  acetate/L)’

0 30.0 29.0 7.17 0.00 0.00 ND ND ND 2,184.75 1,200 750 0.63 36.11 290.39 0.00
1 28.0 28.0 6.78 1.44 1.44 16.2 38.2 45.1 1,992.88 2,000 960 0.48 ND ND ND
2 29.0 29.0 6.63 10.88 12.32 18.7 78.4 2.5 2,539.93 2,520 1,950 0.77 ND ND ND
3 29.0 29.0 7.06 7.52 19.84 24.6 74.7 0.2 3,131.89 4,000 2,850 0.71 1,197.06 1,280.63 414.72
4 30.0 29.0 7.14 4.64 24.48 30.4 68.0 1.2 2,004.82 5,800 3,570 0.62 ND ND ND
5 31.0 30.0 7.28 3.52 28.00 31.4 66.4 1.9 1,943.58 6,800 3,840 0.56 ND ND ND
6 30.0 30.0 7.29 1.60 29.60 32.7 62.8 4.2 1,827.23 6,980 4,140 0.59 3,811.58 2,820.99 1,856.27
7 30.0 29.0 7.33 1.44 31.04 31.8 60.3 7.6 1,365.90 7,500 4,260 0.57 ND ND ND
8 30.0 30.0 7.25 1.52 32.56 33.2 58.4 8.0 1,298.54 7,560 4,350 0.58 ND ND ND
9 29.0 29.0 7.25 1.44 34.00 35.1 56.6 8.0 1,108.71 5,800 4,680 0.81 1,821.23 1,007.14 911.72
10 30.0 30.0 7.42 0.96 34.96 37.0 52.4 10.4 1,298.54 8,440 4,620 0.55 ND ND ND
11 29.0 29.0 7.37 0.88 35.84 37.1 48.7 13.9 1,163.82 8,500 4,680 0.55 ND ND ND
12 28.0 28.0 7.49 0.80 36.64 38.3 45.5 15.9 976.03 8,440 4,410 0.52 1,717.24 1,286.83 757.23
13 30.0 29.5 7.40 0.80 37.44 40.0 41.1 18.4 1,012.77 8,560 4,350 0.51 ND ND ND
14 29.0 29.0 7.46 0.76 38.2 44.9 40.7 14.2 575.94 8,700 4,290 0.49 ND ND ND
15 29.0 29.0 7.65 0.52 38.72 46.0 37.2 16.4 455.79 8,640 3,900 0.45 2,199.34 1,137.40 253.58
16 29.0 29.0 7.65 0.44 39.16 50.2 354 15.1 289.98 8,720 3,900 0.45 ND ND ND
17 29.0 29.0 7.65 0.30 39.46 523 32.6 14.4 385.04 8,800 3,750 0.43 ND ND ND
18 29.0 29.0 7.57 0.23 39.69 54.4 30.7 14.4 403.00 8,000 4,050 0.51 1,655.14 991.22 0
19 27.0 27.0. 7.66 0.15 39.84 55.9 29.3 14.5 378.92 8,400 4,050 0.48 ND ND ND
20 28.0 28.0 7.76 0.00 39.84 53.0 27.6 18.9 316.14 8,840 4,290 0.49 ND ND ND

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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ao1l5u1a3) Tu Single-stage digester i
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Hf31nasriain 20 ans 19 Seed culture YA 1 (397 1 319 3.50)

A . %‘ @ 1 %‘ Y Y A g a = %’ LY
INU Total solids 1.0% (umuﬂmﬂ‘%mm) VDIUIHUNUHINUANINTU 15.19% ANYLTY 0.04% WU

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry perday accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate  Butyrate
CaCOS/L)C acetate/L)’

0 31.0 31.0 7.21 0.00 0.00 0.0 0.0 0.0 2,718.58 1,420 420 0.30 0.00 0.00 0.00
1 31.0 31.0 6.94 6.80 6.80 17.6 81.9 0.1 2,330.74 3,200 1,950 0.61 ND ND ND
2 31.0 31.0 7.56 12.47 19.27 19.7 79.7 0.2 1,687.94 5,400 2,700 0.50 ND ND ND
3 30.0 30.0 7.78 6.08 25.35 22.8 76.9 0.2 1,818.58 7,500 3,060 0.41 967.40 506.70 385.31
4 30.0 30.0 7.60 5.72 31.07 18.2 81.1 0.1 1,785.92 7,400 3,600 0.49 ND ND ND
5 29.0 29.0 7.66 3.69 34.76 21.8 77.7 0.1 1,365.21 7,280 3,540 0.49 ND ND ND
6 29.0 29.0 6.82 3.02 37.78 33.0 66.5 0.2 1,650.99 4,900 5,190 1.06 1,385.17 858.48 612.78
7 30.0 29.0 7.20 0.99 38.77 39.1 55.9 4.6 1,323.56 7,100 7,050 0.99 ND ND ND
8 29.0 29.0 7.43 0.50 39.27 44.6 50.5 4.5 1,156.18 7,000 4,140 0.59 ND ND ND
9 30.0 30.0 7.47 1.22 40.49 47.0 443 8.1 1,421.23 7,200 4,050 0.56 1,364.18 1,056.69 900.78
10 30.0 30.0 7.57 1.35 41.84 50.5 38.6 10.2 1,182.40 7,000 3,750 0.54 ND ND ND
11 31.0 30.0 7.46 1.35 43.19 54.2 355 9.6 949.70 7,400 3,930 0.53 ND ND ND
12 29.0 29.0 7.45 1.40 44.59 56.1 31.4 12.1 912.90 7,300 3,900 0.53 1,269.27 963.13 1,141.66
13 29.0 29.0 7.43 1.49 46.08 62.2 28.3 9.0 921.06 7,200 3,660 0.51 ND ND ND
14 30.5 30.0 7.50 1.76 47.84 64.7 26.8 8.1 870.31 6,800 3,450 0.51 ND ND ND
15 31.0 31.0 7.54 1.26 49.10 66.7 25.5 I3 810.67 6,900 3,330 0.48 1,184.84 1,051.58  1,055.85
16 31.0 30.0 7.45 1.31 50.41 67.5 242 7.9 707.21 7,120 3,300 0.46 ND ND ND
17 30.0 30.0 7.76 0.32 50.73 68.2 23.9 7.5 536.56 7,200 3,210 0.45 ND ND ND
18 29.0 29.0 7.97 1.22 51.95 69.2 234 7.2 694.15 7,200 3,060 0.43 1,126.48 884.02 709.86
19 29.0 29.0 7.90 0.72 52.67 69.1 224 8.1 626.51 7,320 3,090 0.42 ND ND ND

d
! Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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310543 20 85 19 Seed culture AN 1 (9

@

an 131 3.50)

Aa . 3 v 1 2 o Y Aa X a ~
INY Total solids 1.0% (UWWuﬂG’l@‘IEiiJWlﬁ) VDIUIUUNUHINUANNYU 15.19% ygLIe 0.04%

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry perday  accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionate ~ Butyrate
CaCOS/L)C acetate/L)”

20 29.0 29.0 8.04 0.72 53.39 68.5 21.5 9.5 770.13 7,600 3,090 0.41 ND ND ND
21 29.0 29.0 7.96 0.81 54.20 69.3 21.2 9.1 804.42 7,900 3,180 0.40 1,104.04 1,004.55 721.16
22 30.0 29.0 7.87 0.27 54.47 70.1 21.2 8.5 827.24 7,900 3,000 0.38 ND ND ND
23 29.0 29.0 7.87 0.41 54.88 70.3 21.1 8.3 599.37 8,400 3,000 0.36 ND ND ND
24 30.0 30.0 8.01 0.49 55.37 69.1 20.8 9.6 517.31 8,200 2,700 0.33 967.78 1,237.59 0.00
25 29.0 29.0 8.14 0.27 55.64 68.8 20.5 10.2 498.13 8,400 2,550 0.30 ND ND ND
26 29.0 29.0 7.95 0.36 56.00 68.1 20.1 114 424.64 8,520 2,580 0.30 ND ND ND
27 29.0 29.0 7.94 0.27 56.27 68.2 19.2 12.2 448.32 8,720 2,400 0.28 905.82 884.02 0.00
28 29.0 29.0 8.06 0.23 56.50 68.7 18.9 12.0 378.10 8,600 2,220 0.26 ND ND ND
29 29.0 29.0 7.96 0.36 56.86 70.4 18.9 10.5 409.54 8,000 2,070 0.26 ND ND ND
30 29.0 29.0 8.25 0.27 57.13 69.6 18.8 11.3 454.85 8,240 2,100 0.25 420.85 933.49 0.00
31 30.0 29.5 7.97 0.27 57.40 69.2 18.6 11.8 444.24 7,800 1,890 0.24 ND ND ND
32 29.0 29.0 8.04 0.23 57.63 70.5 18.0 11.1 398.51 8,400 1,950 0.23 ND ND ND
33 29.0 29.0 8.03 0.27 57.90 71.1 18.3 10.3 381.37 8,220 1,860 0.23 269.47 947.32 0.00
34 30.0 29.8 7.97 0.22 58.12 72.2 17.7 10.0 319.72 7,700 1,710 0.22 ND ND ND
35 29.0 29.0 8.12 0.18 58.30 72.6 17.6 9.7 300.13 7,600 1,650 0.22 ND ND ND
36 29.0 29.0 7.98 0.16 58.46 72.4 17.3 10.2 278.49 7,800 1,890 0.24 74.36 397.36 317.24
37 30.0 29.0 7.80 0.12 58.58 72.2 17.3 10.4 253.99 7,800 1,800 0.23 ND ND ND
38 30.0 30.0 8.30 0.00 58.58 71.2 17.6 11.0 247.05 7,860 1,590 0.20 ND ND ND

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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=1

U Tota

3 ' 90’ o
1 solids 1.0% (Lﬂﬁuﬂﬁ’ﬂﬂ%lﬂﬂi) VBIUTNUN

1 ¥ a ?)I % 1 { U a { 4 { {
uINTANNITY 17.34% 1@ugiSe 0.04% (Ihmiinae1/5unas) Tu Single-stage digester NIUZ3NA5HIIN 50 85 19 Seed culture a1 (97 1 317 3.50)

Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry perday  accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate Propionat  Butyrate
CaCOJ/L)c acetate/L)’ e

0 31.0 31.0 8.30 0.00 0.00 0.0 0.0 0.0 5,847.37 1,400 750 0.54 1,775.29 597.08 851.63
1 31.0 31.0 7.32 28.49 28.49 29 16.2 64.9 4,083.73 3,700 1,800 0.49 ND ND ND
2 31.0 31.0 6.83 54.66 83.15 1.5 12.0 69.7 2,858.98 3,640 3,300 0.91 ND ND ND
3 30.0 30.0 6.35 26.73 109.88 0.7 5.5 75.3 2,323.56 3,300 4,200 1.27 2,128.48 840.97 1,552.12
4 30.0 30.0 6.73 16.01 125.89 0.5 3.6 77.1 1,825.49 6,600 6,900 1.05 ND ND ND
5 29.0 29.0 6.67 10.07 135.96 20.1 74.0 53 2,156.18 3,880 4,350 1.12 ND ND ND
6 29.0 29.0 6.73 15.18 151.14 19.7 74.7 4.9 3,225.79 4,400 4,350 0.99 1,877.35 835.24 1317.23
7 30.0 29.0 6.67 14.85 165.99 19.6 74.6 5.0 3,242.12 4,800 4,500 0.94 ND ND ND
8 29.0 29.0 6.39 10.23 176.22 20.6 76.7 2.1 2,133.41 3,500 4,350 1.24 ND ND ND
9 30.0 30.0 6.34 8.50 184.72 23.1 75.3 1.1 1,974.20 3,600 4,800 1.33 2,011.51 1,079.09  2,025.94
10 30.0 30.0 6.42 12.00 196.72 26.3 68.5 12, 1,721.08 3,700 4,890 1.32 ND ND ND
11 31.0 30.0 6.43 14.00 210.72 33.6 64.5 1.5 1,242.08 3,400 4,410 1.30 ND ND ND
12 29.0 29.0 6.56 13.60 224.32 41.0 55.7 2.9 1,188.19 3,640 4,560 1.25 1,359.97 1,125.27  1,438.02
13 29.0 29.0 6.67 12.00 236.32 49.0 44.5 5.8 1,057.14 3,700 4,200 1.14 ND ND ND
14 30.5 30.0 7.23 10.20 246.52 59.2 342 6.0 1,172.27 3,720 3,600 0.97 ND ND ND
15 31.0 31.0 7.56 9.15 255.67 66.6 25.5 7.4 903.17 4,100 3,300 0.80 1,358.04 1,169.90  1,399.48
16 31.0 30.0 7.60 8.25 263.92 72.0 18.5 8.8 574.47 4,400 3,120 0.71 ND ND ND
17 30.0 30.0 7.80 8.80 272.72 73.7 16.6 9.2 534.87 4,800 3,000 0.63 ND ND ND
18 29.0 29.0 7.71 6.00 278.72 74.4 16.7 8.5 723.07 4,740 2,730 0.58 182.66 1,106.01 1,110.75
19 29.0 29.0 7.63 5.60 284.32 74.9 16.8 7.8 658.57 4,820 2,550 0.53 ND ND ND

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)
¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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CMR 35-22-196 (V3052804 11) N1 Tota

1 solids 1.0% (VvinaeUsu1as) vod

vhwinusaRTinuan 17.34% IAYITY 0.04% (hminae13unas) 1 Single-stage digester Hi511M3¥3T 50 AA3 14/ Seed culture AN 1 (890 1
317 3.57)
Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry per day accumulated CH, CO, N, (mg/L)b (mg as (mg as Acetate Propionat  Butyrate
CaCOJ/L)c acetate/L)’ e

20 29.0 29.0 7.68 5.20 289.52 75.7 15.9 8.0 558.14 4,800 2,490 0.52 ND ND ND
21 29.0 29.0 7.87 3.60 293.12 75.9 14.5 8.9 547.93 5,000 2,400 0.48 36.98 1,219.61  1,364.92
22 30.0 29.0 8.02 2.80 295.92 75.7 13.5 10.5 516.91 5,500 2,340 0.43 ND ND ND
23 29.0 29.0 7.97 2.40 298.32 75.8 13.6 10.1 476.49 5,800 2,400 0.41 ND ND ND
24 30.0 30.0 7.86 2.00 300.32 72.5 13.5 13.5 640.61 5,300 2,100 0.40 84.06 1,130.50 0.00
25 29.0 29.0 7.87 1.60 301.92 71.2 14.2 14.5 447.10 5,200 1,950 0.38 ND ND ND
26 29.0 29.0 7.88 1.20 303.12 68.6 14.2 16.7 435.66 5,400 1,950 0.36 ND ND ND
27 29.0 29.0 7.90 1.60 304.72 69.6 18.8 11.3 559.36 5,400 1,830 0.34 49.71 1,341.61 0.00
28 29.0 29.0 7.78 1.40 306.12 64.9 15.4 19.4 494.86 5,600 1,860 0.33 ND ND ND
29 29.0 29.0 7.96 1.20 307.32 65.3 15.6 18.7 561.81 5,700 1,860 0.33 ND ND ND
30 29.0 29.0 7.90 0.80 308.12 62.8 16.2 20.1 434.44 5,800 1,770 0.31 1.63 1,129.34 0.00
31 30.0 29.5 7.83 0.60 308.72 66.7 17.5 15.7 487.10 5,400 1,650 0.31 ND ND ND
32 29.0 29.0 7.89 1.00 309.72 66.8 17.6 15.6 446.28 5,240 1,500 0.29 ND ND ND
33 29.0 29.0 7.73 0.60 310.32 67.1 17.5 15.4 409.13 5,080 2,010 0.40 0.00 910.71 0.00
34 29.0 29.0 8.04 0.80 311.12 67.1 17.6 153 381.37 5,300 1,380 0.26 ND ND ND
35 30.0 29.0 8.10 0.60 311.72 66.7 17.7 15.5 373.20 5,540 1,530 0.28 ND ND ND
36 30.0 30.0 8.18 0.40 312.12 67.0 17.7 15.2 374.02 5,500 1,470 0.27 0.00 939.96 0.00
37 31.0 30.0 7.86 0.60 312.72 67.2 17.5 15.1 371.16 5,360 1,440 0.27 ND ND ND
38 30.0 30.0 7.94 0.30 313.02 67.3 18.1 14.5 300.13 5,240 1,560 0.30 ND ND ND
39 30.0 30.0 8.14 0.00 313.02 64.9 18.5 16.1 339.73 5,100 1,500 0.29 0.00 748.38 0.00

d
! Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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Y 1 { Y a { o A {
IANYITY 0.04% (W1inAed3u1as) T Single-stage digester NHU331AsHIIN 50 805 14 Seed culture A 1 (897 1 317 3.57)

Time Temperature o) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA Volatile fatty acids (ppm)"
(Day) Room Slurry per day accumulated CH, CcO N H,S (mg/L) i (mg/L as (mg/L Acetate  Formate Propionate  Butyrate
(ppm) CaCO,)° as acetate)’
0 28.0 27.0 7.22 0.00 0.00 0.0 0.0 0.0 0.0 5,290.98 575 323 0.00 0.00 0.00 0.00
1 29.0 28.0 6.44 21.56 21.56 20.5 63.3 15.1 509 3,366.21 2,385 1,095 589.17 610.97 115.89 90.09
2 29.5 29.0 6.60 46.86 68.42 20.9 76.8 2.1 452 2,546.05 3,750 2,205 564.07 686.83 193.03 419.06
3 26.0 25.0 6.99 21.62 90.04 20.8 77.2 1.8 765 2,433.79 4,025 2,723 1,316.79 538.01 811.39 912.78
4 23.5 23.0 7.01 11.06 101.10 25.0 69.5 4.0 544 1,950.01 5,185 3,510 1,916.91 393.94 732.24 1,516.80
5 26.0 25.0 6.95 13.22 114.32 29.0 67.0 3.7 426 1,690.77 5,690 3,675 1,986.99 453.25 803.80 1,639.86
6 28.0 27.0 7.08 11.37 125.69 34.0 62.7 3.1 561 950.51 5,620 4,185 1,789.37 459.38 866.04 1,639.47
7 28.0 27.5 7.47 10.82 136.51 41.9 55.0 2.9 541 769.86 6,390 3,788 1,883.37 408.81 902.88 1,639.03
8 28.0 28.0 7.14 12.31 148.82 49.0 47.2 3.5 534 720.87 2,285 983 1,750.56 413.42 848.08 1,454.22
9 30.0 29.0 7.53 12.36 161.18 56.5 39.4 3.9 673 710.66 2,275 705 1,515.24 407.58 989.55 1,046.10
10 28.5 28.0 7.52 13.09 174.27 63.0 329 3.9 444 551.67 1,940 810 1,382.06 401.95 887.70 1,380.93
11 28.0 28.0 7.67 12.84 187.11 67.4 28.4 4.0 446 537.79 1,965 855 1,412.37 406.28 856.41 1,050.38
12 27.0 27.0 7.68 13.16 200.27 69.4 25.7 4.6 430 482.67 6,310 2,768 1,494.39 391.81 685.28 505.95
13 27.0 27.0 7.29 11.95 212.22 71.1 24.4 4.2 377 530.03 1,910 878 1,913.23 397.86 849.21 318.70
14 28.0 27.5 7.67 11.10 223.32 71.8 23.6 4.4 304 493.29 2,050 713 1,977.65 405.79 713.04 0.00
15 29.0 28.0 7.79 10.77 234.09 71.5 21.8 6.2 332 487.98 6,285 2,558 2,342.35 421.02 799.07 0.00
16 29.0 30.0 7.47 9.29 243.38 73.1 21.5 5.2 337 387.96 1,925 705 1,616.66 393.08 772.01 0.00
17 28.5 29.0 7.68 7.87 251.25 74.3 19.8 5.9 330 359.38 2,000 653 1,448.21 418.16 680.65 0.00
18 29.0 29.0 8.23 6.27 257.52 73.3 18.1 8.3 140 343.46 3,150 1,013 960.77 404.56 660.18 0.00

d
! Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

C
Titration method (AOAC International, 2000)

A, Alkalinity; VFA, Volatile fatty acids
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14.18% 19I5 0.04% (1 mM1inae1/511a3) Tu Single-stage digester NIUF305431n 50 Ans 19 Seed culture gaf 1 (5971 1 317 3.50)

Time Temperature o) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA Volatile fatty acids (ppm)*
(Day) Room Slurry per day accumulated CH, CO, N, H,S (mg/L)" (mg/L as (mg/L Acetate Formate Propionate  Butyrate
(ppm) CaCO,)° as acetate)’

19 23.0 26.0 8.17 4.51 262.03 76.4 17.3 6.1 298 287.27 2,070 443 1,068.42 397.78 628.52 0.00
20 23.0 23.5 7.87 2.46 264.49 75.4 15.2 9.1 40 278.28 2,240 563 1,003.83 391.86 607.22 0.00
21 27.0 26.8 7.48 2.15 266.64 75.2 13.9 14.9 49 353.20 3,065 983 654.88 408.85 482.50 0.00
22 27.0 25.8 8.05 4.81 271.45 73.9 14.2 11.8 115 243.17 3,360 683 775.98 391.08 331.64 0.00
23 27.5 27.0 7.87 3.31 274.76 74.9 14.1 10.7 187 239.50 2,315 518 586.87 408.15 383.28 0.00
24 28.0 27.0 8.27 3.70 278.46 74.6 14.1 11.0 167 413.21 6,715 1,485 460.01 416.77 223.31 0.00
25 27.5 27.0 8.11 4.10 282.56 75.8 14.0 10.0 222 457.71 6,975 1028 456.75 391.16 334.66 0.00
26 28.0 28.0 8.05 341 285.97 75.4 14.0 10.4 220 460.36 6,920 953 330.67 395.65 244.10 0.00
27 29.0 29.0 7.95 341 289.38 74.3 13.9 11.5 192 465.26 7,350 1793 257.25 421.06 118.26 0.00
28 28.5 28.5 7.95 2.90 292.28 74.8 13.9 11.1 240 463.43 7,245 735 211.67 412.44 103.73 0.00
29 29.5 28.5 8.34 3.30 295.58 73.7 13.8 12.2 220 445.87 7,970 863 89.66 397.41 89.65 0.00
30 30.5 30.0 7.98 2.57 298.15 74.6 14.0 11.2 128 403.82 7,540 1890 78.90 457.21 27.87 0.00
31 31.0 30.0 8.25 2.57 300.72 74.3 14.0 11.4 157 258.69 7,950 825 41.08 510.6 0.00 0.00
32 30.0 30.0 8.10 1.62 302.34 73.9 14.4 11.5 167 288.29 8,085 840 0.00 419.67 0.00 0.00
33 31.0 31.0 8.03 1.32 303.66 72.9 14.6 12.4 168 356.67 7,845 900 0.00 403.87 0.00 0.00
34 31.0 31.0 7.86 0.34 304.00 71.5 15.0 13.4 181 286.45 7,670 810 0.00 412.28 0.00 0.00
35 32.0 31.8 8.07 0.00 304.00 69.9 15.1 14.8 171 210.92 7,410 683 0.00 398.47 0.00 0.00

‘ Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois et al., 1956)

¢ Titration method (AOAC International, 2000)

d
HPLC method (Neves et al., 2006)
A, Alkalinity; VFA, Volatile fatty acids
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a01/51103) 1u Single-stage digester NNUTMATHIN 50 AN 14 Seed culture "]qfﬂ“l?l L(®

v
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Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)d
(Day) Room Slurry perday  accumulated CH, CO, N, (mg/L)b (mg as (mg as Acetate Propionate Butyrate
CaCOB/L)C acetate/L)’
0 31.0 31.0 7.19 0.00 0.00 0.0 0.0 0.0 2,820.43 1,400 750 0.54 60.83 244.72 0.00
1 31.0 31.0 6.87 17.33 17.33 18.6 80.8 0.2 1,993.49 3,000 1,650 0.55 ND ND 400.00
2 31.0 31.0 7.41 31.24 48.57 19.1 80.4 0.1 2,622.20 5,100 2,400 0.47 ND ND 950.00
3 30.0 30.0 7.52 13.53 62.10 223 77.2 0.1 3,993.92 7,000 2,700 0.39 644.48 378.07 0.00
4 30.0 30.0 7.41 14.96 77.06 18.8 80.7 0.1 2,148.63 7,100 3,390 0.48 ND ND 1,290.00
5 29.0 29.0 7.49 7.81 84.87 19.6 79.8 0.1 3,629.96 7,300 3,300 0.45 ND ND 1,450.00
6 29.0 29.0 6.62 6.22 91.08 28.8 70.6 0.2 2,311.31 4,900 4,800 0.98 1,098.35 696.19 0.00
7 30.0 29.0 7.25 7.04 98.12 34.6 64.8 0.4 1,845.91 7,000 3,600 0.51 ND ND 1,100.26
8 29.0 29.0 7.31 5.39 103.51 40.4 57.4 1.9 1,805.08 6,700 3,900 0.58 ND ND 750.29
9 30.0 30.0 7.38 4.13 107.64 44.7 51.3 3.6 1,772.11 6,800 3,750 0.55 1,321.80 930.59 0.00
10 30.0 30.0 7.43 2.58 110.22 47.7 45.7 6.1 1,814.98 6,620 3,750 0.57 ND ND 810.28
11 31.0 30.0 7.35 2.15 112.37 50.4 42.6 6.7 1,286.30 6,520 3,840 0.59 ND ND 700.29
12 29.0 29.0 7.23 1.98 114.35 53.4 38.5 7.8 1,084.21 6,500 3,900 0.60 1,520.88 973.59 0.00
13 29.0 29.0 7.30 2.75 117.10 58.3 33.6 7.6 990.31 6,600 3,900 0.59 ND ND 700.30
14 30.5 30.0 7.32 2.59 119.68 61.0 31.7 6.9 712.70 6,600 3,540 0.54 ND ND 940.27
15 31.0 31.0 7.40 2.69 122.38 61.5 29.6 8.4 1,755.25 6,600 3,510 0.53 2,975.48 2,713.39 1665.52
16 31.0 30.0 7.35 2.33 124.71 63.3 28.5 7.9 1,419.67 6,700 3,540 0.53 ND ND 990.26
17 30.0 30.0 7.48 2.15 126.85 64.0 28.3 7.2 1,735.66 6,800 3,300 0.49 ND ND 1200.24
18 29.0 29.0 7.79 2.02 128.87 64.0 27.1 8.4 1,496.83 7,400 3,540 0.48 1,613.55 1,066.15 0.00
19 29.0 29.0 7.68 1.80 130.67 65.7 25.5 8.3 1,488.26 6,840 3,000 0.44 ND ND 1,420.22

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined
A, Alkalinity; VFA, Volatile fatty acids
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Y f H
(hninaedSuag) lu Single-stage digester 7

=

Y
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Time Temperature (°C) pH Biogas yield (L) Biogas composition (%)" Starch Alkalinity VFA VFA/A Volatile fatty acids (ppm)°
(Day) Room Slurry perday  accumulated CH, Co, N, (mg/L)’ (mg as (mg as Acetate  Propionate  Butyrate
CaCO,/L)  acetate/L)’
20 29.0 29.0 7.87 1.80 132.47 66.0 24.5 9.1 1,420.89 7,400 3,150 0.43 ND ND ND
21 29.0 29.0 7.82 1.60 134.07 66.6 23.6 9.3 1,217.52 7,100 2,850 0.40 1,111.33 1,708.04 0.00
22 30.0 29.0 7.82 1.60 135.67 68.3 23.0 8.6 970.94 7,760 3,090 0.40 ND ND ND
23 29.0 29.0 7.75 1.40 137.07 66.4 22.5 10.6 858.26 7,900 2,940 0.37 ND ND ND
24 30.0 30.0 7.94 1.40 138.47 67.5 22.0 10.1 1,091.78 7,160 2,490 0.35 1,377.78 3,019.00 0.00
25 29.0 29.0 8.01 1.30 139.77 67.1 21.8 10.4 1,026.46 8,200 2,880 0.35 ND ND ND
26 29.0 29.0 8.09 1.20 140.97 68.8 21.6 9.2 1,084.44 8,440 2,700 0.32 ND ND ND
27 29.0 29.0 7.78 1.05 142.02 68.4 21.1 10.0 921.14 8,400 2,550 0.30 1,111.33 1,708.04 0.00
28 29.0 29.0 7.89 1.10 143.12 69.8 20.9 8.9 978.29 8,600 2,550 0.30 ND ND ND
29 29.0 29.0 8.05 1.00 144.12 70.0 20.6 8.9 449.95 8,500 2,490 0.29 ND ND ND
30 29.0 29.0 8.08 0.90 145.02 69.2 20.5 9.7 460.16 7,920 2,250 0.28 1,024.38 972.39 0.00
31 30.0 29.5 8.01 0.80 145.82 69.0 19.6 10.1 486.70 8,560 2,400 0.28 ND ND ND
32 29.0 29.0 7.94 0.50 146.32 72.0 19.7 8.2 400.55 8,800 2,400 0.27 ND ND ND
33 29.0 29.0 7.90 0.55 146.87 72.6 20.1 6.7 469.96 8,600 2,250 0.26 990.45 1,422.47 0.00
34 30.0 29.8 7.97 0.49 147.37 72.8 19.1 7.2 407.50 7,900 2,040 0.26 ND ND ND
35 29.0 29.0 8.05 0.28 147.64 73.0 18.9 7.5 396.88 7,840 1,740 0.22 ND ND ND
36 29.0 29.0 8.00 0.33 147.97 74.4 18.6 6.9 380.14 8,000 1,770 0.22 809.60 1,108.88 0.00
37 30.0 29.0 7.98 0.14 148.11 74.3 18.6 7.0 307.88 8,000 1,710 0.21 ND ND ND
38 30.0 30.0 8.32 0.12 148.23 76.4 16.6 6.8 22991 8,100 1,740 0.21 ND ND ND

d
: Gas Analyser (Geotech Biogas Check Analyzer, Geotechnical Instruments Ltd., England) HPLC method (Neves et al., 2006)

b
Colorimetric (Phenol-sulphuric acid) method (Dubois ef al., 1956)

¢ Titration method (AOAC International, 2000)

ND, Not determined

A, Alkalinity; VFA, Volatile fatty acids
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Abstract: The production of biogas, an alternative source of energy, from starch-rich tubers of cassava
plant, was investigated in the laboratory scale using the simple single-state digesters of 5- and 20-liter
working volumes. The digesters were fed on a batch basis with the slurry of dry cassava tuber
containing the average moisture content of 18%, and operated at ambient temperature (29-31°C) for 30
days. When operating the single-state digester of S5-liter working volume fed with the optimal
concentrations of carbon and nitrogen sources, 1.00% (w/v) total solids and 0.04% (w/v) urea, the gas
yield of 1.95 liters/day containing the maximum methane content of 67.92% was achieved at 10-day
retention time. The fermentation reactions were ceased after 16-day operation. The fermentation
volume was then scaled up to 20 liters. The gas yield of 5.50 liters/day containing 55.70% methane
was obtained at 10-day retention time. Whereas the methane content of 67.57% and the gas yield of
3.88 liters/day were obtained at 14-day retention time. The fermentation reactions were ceased after
24-day operation. Biogas containing 67% methane content could be achieved from the digestion of
cassava tubers using simple single-state digesters.

Keywords: Biogas, Cassava, Cassava Tuber, Methane, Single-state Digester.
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Introduction

Biogas, the gas generated from organic digestion under anaerobic conditions by mixed population of
microorganisms, 1s an alternative energy source which has been commenced to be utilized both in rural
and industrial areas at least since 1958 [17]. The gas generally composes of methane (55-65%), carbon
dioxide (35-45%), nitrogen (0-3%), hydrogen (0-1%). and hydrogen sulfide (0-1%) [11]. The
composition of biogas depends on feed materials. Organic waste has been mainly used for the biogas
production, and several kinds of waste materials have been reported to be exploited (4, 6. 7, 9, 10, 20).
Raw cassava tubers, the cheap and abundant agriculture product in Thailand [12, 13, 14], are initially
investigated to be applied as a raw material for the bio-energy production in our previous [2] and this
studies. In this study, the maximum production of biogas and methane from the starch-rich tuber 1s
determined in laboratory scale using the simple single-state digesters

Materials and methods

Preparation of the raw material for biogas production

Fresh cassava tubers were collected from their plantation area in Nakhon Ratchasima Province,
Thailand. To obtain the consistency of the raw material for biogas production experiments, dry cassava
tubers containing the average moisture content of 18% were prepared by chopping the whole tuber into
pieces. dried under sun light over a two-day period, then crushed into small pieces (<0.2 cm’) using
blender (Waring Commercial, U.S.A.). Total solids (TS), volatile solids (VS), ash, and phosphorus
contents of the raw material were determined using standard methods [1. 3]. Total carbon and nitrogen
contents were also determined using CNS-2000 Elemental Analyzer (Leco Corporation, U.S.A).
Starch

concentration was basically detected by spectrophotometry at 580 nm absorbance in the soluble form
and presence of 1odine [8, 14].

Preparation of seed cultures

Seed cultures were prepared by mixing animal manure and liquid waste collected from the anaerobic
pond of the cassava starch production factory in Nakhon Ratchasima Province, then kept in a closed
container at room temperature with regular adding a small amount of cassava starch for 3 months
before inoculating the biogas production digester.

Biogas production from cassava tubers

The production of biogas from raw cassava tuber was performed using the simple single-state digesters
with working volumes of 5 and 20 liters (L) (Table 1, Fig. 1). The digesters were fed on a batch basis
with the slurry of dry cassava tuber containing the average moisture content of 18% and 10% (v/v) of
seed cultures. The biogas fermentation was then operated in triplicate at ambient temperature for 30
days.

Table 1 Physical Characteristics of 5-L and 20-L working volume digesters

Parameter 5L 20L
Digester height (cm) 25.00 35.00
Liqud height (cm) 13.50 31.30
Empty volume (L) 7.50 26.00
Filled volume (L) 5.00 20.00

Since the amount of main nutrients (carbon and nitrogen sources) affects the growth of
microorganisms and the production of biogas, the optimal concentrations of TS (carbon source) and
nitrogen source
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added were determined. The high carbon-to-nitrogen ratio (approximately 80:1) of cassava root (dry
weight) has been reported [16]. The optimum ratios for the maximum biogas generation have been
suggested to be 20-30:1 [15, 19]. In this study, various TS concentrations: 0.25, 0.50, 1.00, 2.00, 4.00,
and 8.00% (w/v), were applied to the 5-L reaction volume to obtain the optimum TS content. Then the
addition of urea (46% of nitrogen) as a nitrogen source at 0.00, 0.02, 0.03, 0.04, 0.10, and 0.20% (w/v)
was investigated. For stabilizing pH of cassava slurry during the anaerobic digestion, the addition of
sodium bicarbonate (0.25%, w/v) was considered whenever the volatile fatty acids-to-alkalinity ratio
was greater than 0.8. The volume of biogas produced in the digester was measured by the displacement
of water in the gas holder compartment. The pH of water 1n this holder was adjusted to 2 to avoid
carbon dioxide dissolution [1]. Gas production was measured daily. The composition of biogas
collected over water, was analyzed using the Gas Analyser (Shimadzu, Class-GC14B, Japan) equipped
with a thermal conductivity detector (TCD) and 1-M Porapak Q (80-100 mesh) column. Helium was
used as a carrier gas at a flow rate of 25 mL/min. The oven, injector, and detector temperatures were
80, 120, and 120°C respectively

A Cu:-;

o

b

- e

Gas collector
Fig. 1 Single —state digesters of (A) 5-L and (B) 20-L working Volumes.

Volatile acids (acetic, propionic, and butyric acids) were analyzed using the Gas Analyser (Shimadzu,
Class-GC14B, Japan) equipped with a flame ionization detector (FID) and DB-FFAP column. Helium
was used as a carrier gas at a flow rate of 40 cm/sec whereas nitrogen was used as a makeup gas at a
flow rate of 30 mL/min. The oven, injector, and detector temperatures were 100, 250, and 300°C,
respectively. Peak areas were used to calculate concentrations by comparing to calibration curves
prepared from standard solutions of acetic, propionic, and butyric acids.

Starch content, alkalinity, and volatile fatty acids (VFA) of cassava slurry during digestion were
determined daily. Alkalinity and VFA were determined by the direct titration with sulfuric acid [1].
The VS content and the reduction of VS in the slurry were detected and calculated [20], respectively.
The measurement of pH value and temperature was also performed.

The optimal concentrations of both total solids and nitrogen were applied to produce biogas in the
scaled-up digester, 20-L working volume.
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Results and Discussion

Raw material for biogas production

Cassava plant variety KU 50 was one of dominant varieties cultivated in Nakhon Ratchasima
Province. Fresh starch-rich tubers of the plant were collected. Some physical and chemical
compositions of the tuber were analyzed (Table 2). The fresh tuber has approximately 18% of starch,
62% of moisture, 0.9% of ash, and 0.08% of phosphorus. Soccol (1996) stated that fresh cassava roots
had 20-30% of starch, 65% of moisture, 0.9% of ash, and 0.03% of phosphorus [16]. The dry starchy
material of variety KU 50 containing 18.65% of moisture, 81.35% of TS, 1.95% of ash, 98.05% of VS,
39.56% of total carbon, 38.10% of starch, 0.46% of total nitrogen, and 0.18% of phosphorus, was used
to prepare slurry to feed the simple single-state digesters. The average carbon-to-nitrogen ratio of the
dry cassava material 1s 86:1 which 1s very high ratio compared to the optimum ratios of 20-30:1 for the
maximum biogas generation [15, 19].

Table 2 Compositions of cassava tuber, plant variety KUS0, collected from the plantation area in
Nakhon Ratchasima Province

Composition (%) Fresh weizht Dry weight
Moisture 61.66 18.65
Total sohds (TS) 38.34 81.35
Volatile sohds (VS) 99.12 98.05
Total carbon 18.64 39.56
Total mtrogen 0.22 0.46
Starch 17.96 38.10
Ash 0.88 1.95
Phosphorus 0.08 0.18

B iogas production from cassava tubers

When the single-state digester with working volume of 5 L was used for optimization of some biogas
production conditions, the maximum yvield of 356.35 L'’kg TS fed of biogas was achieved from 1.00%
(w/v) TS (Fig. 2). The gas vield of 1.20 liters'day composing the maximum methane content of
64.35% was obtained at 22-day retention time. The fermentation reactions were ceased after operating
for 25 days. The volatile solids reduction of fermenting slurry was 39.10%.

The supplement of urea (0.04%, w/v) to the cassava slurry (1.00%, w/v, TS) could stimulate the
maximum biogas production. The maximum yield of total biogas was 569.29 L'’kg TS fed. The gas
yield of 1.95 liters/day contaming the maximum methane content of 67.92% was achieved at 10-day
retention time (Figs. 3C, 4A and 5). The utilization of volatile solids was 56.83%. But the fermentation
reactions were ceased after 16-day operation (Fig. 4A).

When the optimal concentrations of total solids (1.00%, w/v) and urea 0.04% (w/v) were applied to the
scaled-up experiment, 20-L reaction volume, the gas vield of 5.50 liters/day containing 55.70%
methane was obtained at 10-day retention time. Whereas the methane content of 67.57% and the gas
vield of 3.88 liters/day were obtained at 14-day retention time. The fermentation reactions were ceased
after 24-day operation (Figs. 4B and 5).

When the digesters was mitially fed, acid forming-bacteria quickly produced acid resulting in
declining pH below the neutral pH and diminishing growth of methanogenic bacteria and
methanogenesis. The pH could be maintained by adding sodium bicarbonate to increase digester
alkalinity. In this study,
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sodium bicarbonate was added four times during the first week of fermentation for both bioreactor
sizes. Afterwards the digesters could maintain themselves (Fig. 4). At the daily methane yield of more
than 50% of biogas composition, the digesters operated at a pH range of 7.2 to 7.8 and 7.4 to 8.1 with
the alkalinity of 7000-7550 and 6800-9400 mg/L, and VFA of 1585-4218 and 2250-4350 mg/L, for 5-
L and 20-L cassava tuber slurry, respectively (Figs. 5 and 6).

Volatile acids (acetic, propionic, and butyric acids) accumulation during cassava tuber fermentation
were detected (Fig. 7). The concentration of propionic and butyric acids were higher than that of acetic
acid in both digester sizes. Temperatures of the cassava slurry during fermentation were found to be
between 29 and 31°C for all experiments
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Fig. 2 Biogas production from cassava tubers using (A) 0.50, (B) 1.00, (C) 2.00, (D) 4.00, and (E)
8.00% (w/v) total solids without supplementing a nitrogen source in the single-state digester of 5-L
digestion volume.
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(Fig. 4) Total biogas yield, total methane yield, and VS reduction obtained from the two bioreactor
sizes were compared (Table 3). The total biogas yields of 5-L and 20-L cassava slurry were 569.29 and
611.32 L/kg TS fed respectively. The biogas yield from 20-L working volume was 6.88% higher than
the yield from 5 L. The total methane yield was also higher (339.53 L/kg TS fed from 20 L and 263.90
L/kg TS fed from 5 L). But the average methane contents for overall reactions of 5-L and 20-L
digestion mixtures were 46.22% and 55.54%, respectively.

The theoretical biogas yield from carbohydrate has been reported to be 886 L/kg VS fed [5]. From our
experiments, the total biogas yields per kg VS fed were 474.67 L and 509.71 L from 5-L and 20-L
digestion volumes, respectively (Table 3). The obtainable products were lower than theoretical yields.
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Fig. 3 Biogas production from cassava tubers using 1.00% (w/v) total solids and urea supplements at
various concentrations: (A) 0.02, (B) 0.03, (C) 0.04, and (D) 0.10% (w/v), in the single-state digester
of 5-L reaction volume.
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Table 3 Biogas production from cassava tubers in laboratory Scale experiments

Parameter Reaction volume (L)
5 20
Total biogas yield (L'kg TS fed) 56929 61132

Total biogas yield (Lkg VS fed) 47467 | 509.71
Total methane yield (L'kg TS fed) | 26300 | 339.53
Volatile solids (VS) reduction (%) | 36.83 | 6151

Conclusions

Biogas containing the methane content of 67% could be efficiently produced from cassava tuber slurry
(1%, w/v, TS) and the supplement of urea (0.04%, w/v) in the simple single-state digester with both 5-
L and 20-L reaction volumes. Cassava tubers used to prepared the slurry contain the average contents
of 81% of TS, 40% of total carbon, 38% of starch, and 0.5% of total nitrogen. One kilogram (kg) TS of
the dry tuber was obtained from 1.23 kg of the total dry mass prepared from the whole tuber. And one
kg of the dry cassava mass was achieved from 2.11 kg of fresh cassava tuber. From these practical
calculation results, one kg of dry cassava tuber could be biologically converted to 497.01 L of biogas,
and one kg of fresh cassava tuber could produce 235.12 LL of biogas. If the energy value of biogas (50-
70% of methane content) was 22000-26000 kJ/m’, one kg of fresh and dry cassava tubers used as raw
materials for biogas production, could produce 5172.64 kJ and 10934.22 kJ energy, respectively
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Fig. 4 Biogas production from cassava tubers using 1.00% (W/V) total solids and 0.04% (W/V) urea
supplement in the single-state digesters of (A) 5-L and (B) 20-L working Volume.
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Fig.5 Methane and carbon dioxide composition of gas measured during cassava tuber fermentation in
the single-state digesters of 5-1. working volumes.
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Fig. 6 Alkalinity and volatile fatty acids measured during biogas production from cassava tubers in the
single-state digesters of 5-L and 20-L working volumes.

v
0 o s lAL B
A —e— Acetic acid
—e— Acetic acid - ~&- Propionic acd
25 —&— Propionic acad —&—Bunync aad
—a— Butynic acid i
00
E -
3 i
2 1% ;: o
3 s
RS 100 Py
0 m
° o
o ) . ’ n (3 " 1 .
o ) - * n "
Tuxne (day) Tume (day)

Fig. 7 Volatile acids accumulation during cassava tuber fermentation in the single-state digesters of
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