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ABSTRACT

Rice crop residues, including rice straw (RS) and rice husk (RH), possess substantial bioenergy
potential to meet a significant portion of energy demand. However, their recalcitrant
lignocellulosic structure and imbalanced carbon-to-nitrogen (C/N) ratio pose challenges for
converting their bioenergy potential into biogas and biomethane via anaerobic digestion (AD)
process. The present study investigated different approaches to overcome these challenges,
focusing on improving the biogas and biomethane production from RS and RH by integrating
hydrothermal pretreatment and anaerobic co-digestion (AcoD).

This study employed a systematic approach to optimize the process parameters for hydrothermal
pretreatment and AD through laboratory-scale batch and continuous feed reactors under controlled
conditions. The optimal parameters identified were further tested in a pilot-scale reactor of 300 L
under continuous feed mode (using tap water and liquid digestate) over 120 days under ambient
conditions. Finally, the feasibility of scaling up the optimized process parameters to an industrial
scale was assessed through comprehensive mass balance, energy balance, and environmental
impact assessment.

The study was commenced by evaluating the impact of hydrothermal pretreatment on a complex
lignocellulosic matrix of RS and RH and their solubilization. In this investigation, pretreatment of
RH at 200-250 °C, for 10 min. with total solids (TS) loading of 20%, exhibited significant
solubilization of RH. Nevertheless, RS showed more effective solubilization at a lower
temperature of 200°C with the same pretreatment conditions. Further, to address the challenge of
substantial freshwater input for adjusting high TS (~ 90%) of RS to an optimal range of 20% and
the use of NaOH to neutralize its post-pretreatment acidic pH, a novel approach of co-
hydrothermal pretreatment of RS and AB was introduced. Interestingly, co-hydrothermal
pretreatment of AB and RS at mixing ratios of 9:1, 7:3, and 5:5 resulted in pH values within the
alkaline to neutral range. Additionally, the high moisture content of AB eliminated the need for
external freshwater to adjust the high TS of RS in the optimum range.

In the batch scale AD experiments, the enhanced solubilization of RH through hydrothermal
pretreatment significantly increased the biogas and biomethane yields of RH, resulting in a 4.55-
fold and 5.66-fold increase in biogas and biomethane yields, respectively. The highest biogas and
biomethane yield of 355+34 mL/g VSinput and 153+20 mL/g VSinput Were achieved for RH
pretreated at 230 °C (RH230). Interestingly, RS pretreated at 200 °C (RS200) exhibited almost
equivalent biogas and biomethane yields of 373+61 mL/g VSinput and 152+28 mL/g VSinput,

representing 36.63% and 27.73% improvement in biogas and biomethane yield of RS. In contrast,

iv



co-digestion of RS200 with AB at C/N 30 led to a significantly higher increase in biogas and
biomethane yield of RS, with improvements of 151.28% and 164.70%, respectively. Additionally,
co-hydrothermal pretreatment of AB and RS at a mixing ratio of 5:5 resulted in an improvement
of 164.10% and 214.28% in biogas and biomethane yield of RS, respectively, demonstrating the
highest biogas and biomethane yield of 721+44 mL/g VSinpuwt and 374125 mL/g VSinput,
respectively. In the further investigation of optimizing VS loading in continuous digesters of 20
L, the highest specific biogas and biomethane yields were observed at 5 g VS/L in both conditions,
including AcoD of RS200 with AB at C/N 30 and AcoD of co-hydrothermally pretreated AB:RS.
In the pilot scale investigations conducted in 300 L continuous digesters, AcoD of RH230 with
AB at C/N 30 exhibited 17.68% more biomethane yield (193 L/kg VSinpur) cOmpared to AD of
RH230 (164 L/kg VSinput), indicating that integration of hydrothermal pretreatment and AcoD is
also effective for improving the biogas and biomethane yield for RH. However, the AcoD of
RS200 with AB at C/N 30 exhibited a comparatively higher biomethane yield (303 L/kg VSinput)
in similar pilot-scale experiments. Using liquid digestate instead of tap water in digester feeding
was ineffective as it reduced the biogas and biomethane yield in all pilot-scale studies.

In the theoretical assessment on the feasibility of scaling up the lab-based findings to an industrial
scale, the AcoD of RH230 with AB at C/N 30 was more promising than the AD of RH230. This
is due to its higher mass conversion into biogas, higher biomethane yield, higher net energy output,
higher energy recovery, and minimal GHG emissions. In contrast, the AcoD of RS200 with AB at
C/N 30 and the AcoD of co-hydrothermally pretreated AB and RS (mixed at the ratio 5:5)
exhibited nearly similar biomethane yield, net energy output, and GHG emissions. AcoD of co-
hydrothermally pretreated AB and RS exhibited higher mass conversion into biogas. However,
higher energy recovery in the AcoD of RS200 with AB at C/N 30 makes it the best strategy for
sustainable biogas and biomethane production from RS. The theoretical analysis conducted on the
use of the liquid fraction of digestate and CO»-rich pressurized water as nutrient sources for AB
cultivation indicated a reduction in overall GHG emissions, with the highest reduction for AcoD
of co-hydrothermally pretreated AB and RS. Overall, integrating hydrothermal pretreatment with
co-digestion was noted to be an energy-efficient, environmentally friendly, and sustainable
strategy for biomethane production from RS, RH, and AB.

Future studies are recommended to focus on integrating solar thermal heating and nutrient
recovery from liquid digestate through AB cultivation and evaluating the effects of various
nutrients present in solid digestate on crop productivity. Additionally, performing sensitivity
analyses to study the impact of fluctuations in critical parameters on overall performance is also

advised.
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W%W&Iﬂw,mﬁqumamewaw)G?ITWﬁ@(rice husk)Q]T&IF[%',ﬁ
ol STe &1 Jafed YUY §, S Sl &1 AR & U Agayul [exd &1 I X qahell 8 |
gTalifoh, 3! Sied feee D T 3R SRfd HIe--ATge oM (C/N) 30T, S!
OId Holl &EAT B RN 3R IR § gaaq & Uishdr H gl Sdd aRd 51 39
T T S FHIGA! Bl R B & g [afva PRI ot g H1 775, Fod o &1 gama
3R U BT YT ¥ TN 3R IR IdTed B gseriHd Hidiche SR Ug-s[amadid
T (anaerobic co-digestion) & ThIhRUI gRT YYRA TR & dbiad fdbar m|

Y T A Eﬂ%@ﬂﬁ?{ Iﬂ';ﬁ?ﬁ'c’ 3R 3faradi U (anaerobic digestion) & Ufehar AU el
(process parameters) T 3d I (optimization) ARG e 9 3R Idd Wig uae]
¥ Ueh Hafyd Ugld & SER FAdfa akfRufaal o fasar wan| gaim=mrar sneamfa w2 9
O U SIHAdH ATUC S| T URIEUT 300 THex &I aTe UTade whd S Ruger # FRaX
Bis His H (A & UHT 3R STZoRe & d¥dl 3% BT IUTNT Hab) 120 feF & SR ulawh
gRFRUTTET (ambient conditions) T fawa 1| 3fda:, 3G erd Ufshar HTIES! I Siiefies Tam
R FGH P! UG HT HHTA IS ST Idad, SHoll Ager R TaiaRoiig gura
geichd & H1eqd ¥ foar |

3T P YSITA YMH &b Y3 3R U1 B Y DI Sifed feridgaiiie a1 & digd
o] gATRIAdl IR gTesiHd HicieHe & UG &1 eI &b $i 715 | 59 I H, 4T
DI YT BT 20% B3 U (TS) AET & TIY, 200-250°C W 10 e & forw grzgra
Hictede, 4 &1 Y & gaRitadl s H gHTd! ot a7 | graifes, e Widiede uRkfyfaat
T Y o J3ATA A 200°C o el doHE IR IS gHTdT =il fe@ms | gdifd 9 &
Y3{Te 1 31 HUT (TS~90%) BT 20% P 3¥dH AT & JERISTT B3 & fow 1 g d
TSl UTt &1 SfTa=adht 3R WicieHe & 918 Sd SR pH BT Iferd B & oI NaOH I
SUGNT $Hb Feid SUANT H 31+t +ff Tep IS1 TN A For 5 A o fo7Q o ob gammet 3R
QaTd S (algal biomass) %W—E@WWWWWWWWWI
feraey 91a 78 8 f 9:1, 7:3, MR 5:5 & Y1 3T H 49 & Y3 3R Jaret SAEN &
TE-gReIyd Uidiede & pH &1 M &R1g ¥ ddh Jdfad SHT H U g1 39 3fa,
AT SEHRT B I T4 3 9 & YA & I 319 HRR (TS~90%) i I¥aH I #
U 3 & foTl STt S 9 1ol Ul b1 STa=gehdl ol U1 6 fea|
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§9 T I U TR #, giseryd Wdiche & "y ¥ 4 & I @ 9¢1 §%
eI A SN 3R ST & ITE B HHRT: 4.55 3R 5.66 T adb da] faT, fore™
230°C (RH230) TR TEICS 419 Bt YT & foIT HHRT: 35534 mL/g VSinpu 3R 153+20 mL/g
VSinput @1 ST SN 3R IR T g3 | ey 1d 98 § & 200°C R idics 4
& YA (RS200) 7 HHTT: 373461 mL/G VSinpur 3R 152428 mL/g VSinput BT THIHT JHF
IR 3R SAHRA Idre UeRid faar, St o & gaiTd & SR SR IR Idrg-
T HHRT: 36.63% 3R 27.73% YUR Bl Y& HRd1 ¢ | 8T, C/N 30 TR dTdl STAHN (algal
biomass) @& JTY 200°C R Wlce UM & Y3MTd (RS200) P TE-3HAA Ura 3feeh
TUTTRITC T g3 S SRR 3R SAHRA & ITe H HHRT: 151.28% 3R 164.70% B
AUl 3fg T HRUI S| SHP 3(QATGT, 5:5 P 0T U T JaTd SRAN 3R 4 &
Y3 o1 Ue-ggeIyHd Uidiede 7 UM & J3iTd & SR 3R SR Idted o HH:
164.10% 3R 214.28% B! gfx 1, FORTY HHRT: 721444 mLIG VSinput 3R 374£25 mL/g VSinput
! IdH TN SR TR U g5 |

20 L &HdT aTel Idd SIgoie’ H ars=id 319 (volatile solids) AT & Sdbierd B & 3R
& 3AVUT H, C/N 30 TR aTdl STAHN & TIY 200°C W WiIes Y & YT (RS200) HT Te-
3ATIdTT U SR UE-gTegryHe WMidics ard SN iR U & J3Td & Jg-3aradig
U Ifed Mt uRFRUfAE 7 5 ¢ vs/L R I=ad ARy sy 3R st Iare &
T

300 L &1 aTd Tdd ST3oed H fhY T8 URIde ¥Whd o 3=auul #, C/N 30 TR RaTel SraA
& TTY 230°C W WIEIeS U DI YT (RH230) & Tg-3MarId g Ui BT, YT 1 YT & Thd-
T B T H 17.68% 31U (193 Likg VSinpur) ST BT IATE HRAT T8 ST P18
% gregiurd tidiede 3R Tg-3@m™adld UreH &1 THIHRUN U Bt Y & SN 3R
I Yerar & GUR 3 forg +ft wurdt 81 gTarifer, /N 30 TR aTd STAHRT & 1Y 200°C
R YIS 4T & Y3MTd (RS200) & TE-3fATIdd UTeH A SUETHd TS SHIA & Sdra
(303 L/kg VSinpur) P! UciRfd foran| urgeie Woat sremamt & gt Srgoier wifsn & 94 & gt
& IO STIORE & dR 3 BT IGINT ST ifard g3 Fiifer 3T TN 3R ST
& IdIe § Ul 3115 |

TARTRITET- TR e s! &1 il THM R 9 & HagRdl & Siiad Jedidd d
U7 74T fF /N 30 TR 9T STEHRN & 1Y 230°C WR WS o @t Y&t (RH230) &1 8-
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3AAIT UrEH, 230°C W Wlcs UM &I Yt (RH230) & THA-3AAFAI Ui (mono-
anaerobic digestion) ﬁ?ﬁﬂTﬁ 3HfYH GUTE B | TYHT HRUT TS & b T GoTHH & TR
# I 96 § Ui, S SRR 3T, id G Holl 3M3cye, AT Kol
UG SR ~gAaH UHeT3 I (greenhouse gases) BT Ioi- 81T & | 3P fAURId, C/N 30
IR AT SN & I 200°C R WS UM & Y3MTd (RS200) & Tg-Ure- 3R Ts-
TR IYHA WIS QaTd STTHNT 3R &1 & G3NTd (5:5 Ut | fHfSd) &1 Tg-sramadia ure=
A TR IdTeH, Y& SHoll 3M3cye 3R WIS 719 Io Uafid #d | Je-
TR SIYHd Widic s RaTd SR 3R 419 & Y31Td (5:5 SUTd | [H{3d) H1 8- Sfardaid ure
3P GO FYTRYT fexardT 8, AfdT C/N 30 R QaTd ST & 1Y 200°C R Hidies
Y & G (RS200) & TS-URH H I Soll GAWIW 39 4 & Yad ¥ SN 3R
IR ITGA & forg Fafd XHifd = Teh 5 |

STSORE & TRA 3 3R CO,-TH% GaIagad UMHI &1 UINe Hid & U § aTd SAe &
IdTe & 1T ITNT A & Jgifae Yo & uran 1 b 399 odd W sy T Ioqoi
T B o1, SR e 3 HHl Tg-gIeerdd Wicies Rard SN 3R U & Y31 &1
Tg-3argdig U U g3 | $dl ey, R yHd HicieHe 3R g-Urdd & UshIhRUl bl SHoll-
FF, TITIRU-AIHd 3R UTH & G3Td, & b1 YT, 3R AaTd S § ST e
& fore U Ifera Yot =1 |

HiTs & 3reggql H R yHd g 3R SIZoRe & dRd 312 ¥ UV ddl & QAU oI Aard
I & IdTe & Y THIdpd B3 3R 319 urad § Hivlg fafirs 0ives Il &1 o
IATEH TR THTT BT G B IR T dhisd B Bl RIBIRRI D1 TS 5 | SHD AT, HY
IGRI TR AUl ATUCS! 8 SAR-AGId & YHTT BT AT B o [0 HdgT=iardT [aRasol
EZSCIRISKIREARIEN
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RS
RH
RB
AB
AD
AcoD
TGA
DTA
SEM
TCOD
sCOD
TDS
EC
ORP
VFAs
WB
VS
TS
FC
OLR
HRT
GHG
GWP
VOC
C/N
S/
RSM
CNG
COD
wiv
ASTM

viv

SYMBOLS AND ABBREVIATIONS

Rice straw

Rice husk

Rice bran

Algal biomass

Anaerobic digestion
Anaerobic co-digestion
Thermogravimetric analysis
Derivative thermogravimetric analysis
Scanning Electron Microscopy
Total chemical oxygen demand
Soluble chemical oxygen demand
Total dissolved solids
Electrical conductivity
Oxidation-reduction potential
Volatile fatty acids

Wet basis

Volatile solids

Total solids

Fixed carbon

Organic loading rate

Hydraulic retention time
Greenhouse gases

Global warming potential
Volatile organic carbons
Carbon to nitrogen ratio
Substrate to inoculum ratio
Response surface methodology
Compressed Natural Gas
Chemical oxygen demand
Weight by volume

American Society for Testing and Material

Volume by volume
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ppm
ppb

ppt
MT

min

ng

°C

Ha

CH4
CO2
Ca(OH),
NaOH
N20
CO2-¢q
NH3
H.S

w Zz T O

Parts per billion
Parts per million
Parts per thousand
Million metric tonnes
Minute

Kilogram

Gram

Megajoule
Kilojoule

Liter

Hour

Day

Millimeter
Milliliter
Mega-watt hour
Greater than

Less than

Per

Microgram
Micromole
Degree Celsius
Hydrogen
Methane

Carbon dioxide
Calcium hydroxide
Sodium hydroxide
Nitrous oxide
Carbon dioxide equivalent
Ammonia
Hydrogen sulfide
Carbon

Hydrogen
Nitrogen

Sulfur
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P

K

SO
NOx
NaOH
HCI
HNO3
H3PO4
H2SO4
CH3COOH
H2C204
C4H404
Na,COs
H20:
Fe

Ni

Mo

Co

Cu

W

Se
Fe304
TiO
Si0O2
CaO
P05
K-O

SOs
NaO
ALOs
Fe20s
TiO2

Oxygen
Phosphorus
Potassium

Sulfur dioxide
Nitrogen oxides
Sodium Hydroxide
Hydrochloroic acid
Nitric acid
Phosphoric acid
Sulfuric acid
Acetetic acid
Oxalic acid
Fumaric acid
Sodium carbonate
Hydrogen peroxide
[ron

Nickle
Molybdenum
Cobalt

Copper

Tungsten
Selenium

Ferrous Ferric oxide
Titanium oxide
Silicon oxide
Calcium oxide
Phosphorus oxide
Potassium oxide
Magnesium oxide
Sulfur trioxide
Sodium oxide
Aluminium oxide
Ferric oxide

Titanium dioxide
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MnO
Cr20s

Cl

ZnO
K2Cr.07
SiC
SizN4
MgaSi

Manganese oxide
Chromic oxide
Chlorine

Zinc oxide

Potassium dichromate
Silicon carbide
Silicon Nitride

Magnesium silicide
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