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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, 
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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 VSinput and 374±25 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 VSinput) 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 CO2-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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सार 

धान के फसल अवशेष ों, जिनमें धान का पुआल (rice straw) और धान की भूसी (rice husk) शाजमल हैं , में 

ऊिाा उत्पादन की पर्ााप्त सोंभावनाएों  हैं, ि  ऊिाा की माोंग के एक महत्वपूर्ा जहसे्स क  पूरा कर सकती हैं। 

हालाोंजक, इनकी िजिल जलग्न सेलूल जसक सोंरचना और असोंतुजलत कार्ान-नाइिर  िन (C/N) अनुपात, इनकी 

िैव ऊिाा क्षमता क  र्ार् गैस और र्ार् मीथेन में र्दलने की प्रजिर्ा में चुनौजतर्ााँ उत्पन्न करते हैं। इस 

अध्यर्न में इन चुनौजतर् ों क  दूर करने के जलए जवजभन्न दृजिक र् ों की िाोंच की गई, जिसमें धान का पुआल 

और धान की भूसी से र्ार् गैस और र्ार् मीथेन उत्पादन क  हाइड्र  थमाल प्रीिर ीिमेंि और सह-अवार्वीर् 

पाचन (anaerobic co-digestion) के एकीकरर् द्वारा सुधारने पर ध्यान कें जित जकर्ा गर्ा। 

इस अध्यर्न ने हाइड्र  थमाल प्रीिर ीिमेंि और अवार्वीर् पाचन (anaerobic digestion) के प्रजिर्ा मापदोंड् ों 

(process parameters) का अनुकूलन (optimization) प्रयोगशाला आधारित रै्च और सतत फीड् ररएक्टर ों 

में एक व्यवस्थित पद्धजत के अनुसाि जनर्ोंजित पररस्थिजतर् ों में जकर्ा गर्ा। प्रयोगशाला आधारित प्रयोगोों से 

प्राप्त हुए अनुकूलतम मापदोंड् ों का परीक्षर् 300 लीिर क्षमता वाले पार्लि से्कल र्ार् गैस ररएक्टर में जनरोंतर 

फीड् म ड् में (नल के पानी और डाइजेस्ट के तिल अोंश का उपर् ग करके) 120 जदन ों के दौरान पररवेशी 

पररस्थिजतर् ों (ambient conditions) में जकर्ा गर्ा। अोंततः , अनुकूजलत प्रजिर्ा मापदोंड् ों क  औद्य जगक पैमाने 

पर र्ढाने की सोंभावना का आकलन व्यापक द्रव्यमान सोंतुलन, ऊिाा सोंतुलन और पर्ाावरर्ीर् प्रभाव 

मूल्ाोंकन के माध्यम से जकर्ा गर्ा।    

अध्यर्न की शुरुआत धान के पुआल और धान की भूसी की िजिल जलग्न सेलूल जसक सोंिचना क  त ड़कर 

इनकी घुलनशीलता पर हाइड्र  थमाल प्रीिर ीिमेंि के प्रभाव का मूल्ाोंकन करके की गई। इस अध्यर्न में, धान 

की भूसी का 20% ठ स सामग्री (TS) ल जड्ोंग के साथ, 200-250°C पर 10 जमनि के जलए हाइड्र  थमाल 

प्रीिर ीिमेंि, धान की भूसी की घुलनशीलता बढाने में प्रभावी पाया गया। हालाोंजक, समान प्रीिर ीिमेंि पररस्थिजतर् ों 

में धान के पुआल ने 200°C के जनचले तापमान पर अजधक प्रभावी  घुलनशीलता जदखाई। हालाोंकक धान के 

पुआल की ठ स सामग्री (TS~90%) क  20% की इितम सीमा में समार् जित करने के जलए र्ड़ी मािा में 

तािे पानी की आवश्यकता और प्रीिर ीिमेंि के र्ाद इसके अम्लीर् pH क  सोंतुजलत करने के जलए NaOH का 

उपर् ग इसके सतत उपयोग में अभी भी एक बडी चुनौती थे कजसे हल करने के जलए धान के पुआल और 

शैवाल बायोमास (algal biomass) के सह-हाइड्र  थमाल प्रीिर ीिमेंि का एक नर्ा दृजिक र् प्रसु्तत जकर्ा गर्ा। 

जदलचस्प र्ात र्ह है जक 9:1, 7:3, और 5:5 के जमश्रर् अनुपात में धान के पुआल और शैवाल बायोमास के 

सह-हाइड्र  थमाल प्रीिर ीिमेंि में pH का मान क्षारीर् से लेकर सोंतुजलत सीमा में प्राप्त हुआ। इसके अलावा, 

शैवाल बायोमास की उच्च नमी ने धान के पुआल के उच्च ठ स सामग्री (TS~90%) क  इितम सीमा में 

समार् जित करने के जलए र्ाहरी स्रोत से तािे पानी की आवश्यकता क  समाप्त कर जदर्ा। 
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रै्च से्कल अवार्वीर् पाचन प्रर् ग ों में, हाइड्र  थमाल प्रीिर ीिमेंि के माध्यम से धान की भूसी की र्ढी हुई 

घुलनशीलता ने र्ार् गैस और र्ार् मीथेन के उत्पादन क  िमशः  4.55 और 5.66 गुना तक र्ढा जदर्ा, जिससे 

230°C (RH230) पर प्रीिर ीिेड् धान की भूसी के जलए िमशः  355±34 mL/g VSinput और 153±20 mL/g 

VSinput की उच्चतम र्ार् गैस और र्ार् मीथेन प्राप्त हुई। जदलचस्प र्ात र्ह है जक 200°C पर प्रीिर ीिेड् धान 

के पुआल (RS200) ने िमशः  373±61 mL/g VSinput और 152±28 mL/g VSinput का लगभग समान 

र्ार् गैस और र्ार् मीथेन उत्पादन प्रदजशात ककया, ि  धान के पुआल की र्ार् गैस और र्ार् मीथेन उत्पादन 

में िमशः  36.63% और 27.73% सुधाि को प्रदकशित किता है। हालाोंकक, C/N 30 पर शैवाल बायोमास (algal 

biomass) के साथ 200°C पर प्रीिर ीिेड् धान के पुआल (RS200) का सह-अवार्वीर् पाचन अकधक 

प्रभावशाली साकबत हुआ जो  र्ार् गैस और र्ार् मीथेन के उत्पादन में िमशः  151.28% और 164.70% की 

महत्वपूर्ा वृस्थद्ध का कारर् र्ना। इसके अलावा, 5:5 के जमश्रर् अनुपात में शैवाल बायोमास और धान के 

पुआल का सह-हाइड्र  थमाल प्रीिर ीिमेंि ने धान के पुआल के र्ार् गैस और र्ार् मीथेन उत्पादन में िमशः  

164.10% और 214.28% की वृस्थद्ध की, जिससे िमशः  721±44 mL/g VSinput और 374±25 mL/g VSinput 

की उच्चतम र्ार् गैस और र्ार् मीथेन प्राप्त हुई।  

20 L क्षमता वाले सतत ड्ाइिेस्टर में वाष्पशील ठोस (volatile solids) ल जड्ोंग क  अनुकूजलत करने के आगे 

के अने्वषर् में, C/N 30 पर शैवाल बायोमास के साथ 200°C पर प्रीिर ीिेड् धान के पुआल (RS200) का सह-

अवार्वीर् पाचन और सह-हाइड्र  थमाली प्रीिर ीिेड् शैवाल बायोमास और धान के पुआल के सह-अवार्वीर् 

पाचन सजहत द न ों पररस्थिजतर् ों में 5 g VS/L पर उच्चतम जवजशि र्ार् गैस और र्ार् मीथेन उत्पादन देखा 

गया।  

300 L क्षमता वाले सतत ड्ाइिेस्टसा में जकए गए पार्लि से्कल के अने्वषर् ों में, C/N 30 पर शैवाल बायोमास  

के साथ 230°C पर प्रीिर ीिेड् धान की भूसी (RH230) के सह-अवार्वीर् पाचन का, धान की भूसी के एकल- 

पाचन की तुलना में 17.68% अजधक (193 L/kg VSinput) र्ार् मीथेन का उत्पादन किना  र्ह इोंजगत करता है 

जक हाइड्र  थमाल प्रीिर ीिमेंि और सह-अवार्वीर् पाचन का एकीकरर् धान की भूसी की र्ार् गैस और 

र्ार् मीथेन पैदावार में सुधार के जलए भी प्रभावी है। हालाोंजक, C/N 30 पर शैवाल बायोमास के साथ 200°C 

पर प्रीिर ीिेड् धान के पुआल (RS200) के सह-अवार्वीर् पाचन ने अपेक्षाकृत अजधक र्ार् मीथेन के उत्पादन 

(303 L/kg VSinput) को प्रदजशात ककया। पार्लि से्कल अध्यर्न ों में सभी ड्ाइिेस्टर फीजड्ोंग में नल के पानी 

के र्िार् डाइजेस्ट के तिल अोंश का उपर् ग अप्रभावी साजर्त हुआ क् ोंजक इससे र्ार् गैस और र्ार् मीथेन 

के उत्पादन में कमी आई।  

प्रर् गशाला-आधाररत जनष्कषों क  औद्य जगक पैमाने पर र्ढाने की व्यवहार्ाता के सैद्धाोंजतक मूल्ाोंकन में 

पार्ा गर्ा जक C/N 30 पर शैवाल बायोमास के साथ 230°C पर प्रीिर ीिेड् धान की भूसी (RH230) का सह-
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अवार्वीर् पाचन, 230°C पर प्रीिर ीिेड् धान की भूसी (RH230) के एकल-अवार्वीर् पाचन (mono-

anaerobic digestion) की तुलना में अजधक प्रभावी है। इसका कारर् र्ह है जक इसमें िव्यमान का र्ार् गैस 

में उच्च मािा में रूपाोंतरर्, अजधक र्ार् मीथेन उत्पादन, अजधक शुद्ध ऊिाा आउिपुि, अजधक ऊिाा 

पुनप्राास्थप्त और नू्यनतम ग्रीनहाउस गैस (greenhouse gases) का उत्सिान ह ता है। इसके जवपरीत, C/N 30 

पर शैवाल बायोमास के साथ 200°C पर प्रीिर ीिेड् धान के पुआल (RS200) के सह-पाचन  और सह-

हाइड्र  थमाल प्रीिर ीिेड् शैवाल बायोमास और धान के पुआल (5:5 अनुपात में जमजश्रत) का सह-अवार्वीर् पाचन 

समान र्ार् मीथेन उत्पादन, शुद्ध ऊिाा आउिपुि और ग्रीनहाउस गैस उत्सिान प्रदजशात करते हैं। सह-

हाइड्र  थमाल प्रीिर ीिेड् शैवाल बायोमास और धान के पुआल (5:5 अनुपात में जमजश्रत) का सह-अवार्वीर् पाचन 

अजधक िव्यमान रूपाोंतरर् जदखाता है, लेजकन C/N 30 पर शैवाल बायोमास के साथ 200°C पर प्रीिर ीिेड् 

धान के पुआल (RS200) के सह-पाचन  में उच्च ऊिाा पुनप्राास्थप्त इसे धान के पुआल से र्ार् गैस और 

र्ार् मीथेन उत्पादन के जलए सवोत्तम रर्नीजत र्नाती है।  

डाइजेस्ट के तिल अोंश और CO2-समृद्ध दर्ावरु्क्त पानी का प षक स्र त के रूप में शैवाल बायोमास के 

उत्पादन के जलए उपर् ग करने के सैद्धाोंजतक मूल्ाोंकन में पार्ा गर्ा जक इससे कुल ग्रीनहाउस गैस उत्सिान 

में कमी आई, और सर्से अजधक कमी सह-हाइड्र  थमाल प्रीिर ीिेड् शैवाल बायोमास और धान के पुआल का 

सह-अवार्वीर् पाचन में हुई। कुल जमलाकर, हाइड्र  थमाल प्रीिर ीिमेंि और सह-पाचन के एकीकरर् क  ऊिाा-

कुशल, पर्ाावरर्-अनुकूल और धान के पुआल, धान की भूसी, और शैवाल बायोमास से र्ार् मीथेन उत्पादन 

के जलए एक उजचत रर्नीजत माना गर्ा। 

भजवष्य के अध्यर्न ों में सौर थमाल हीजिोंग और डाइजेस्ट के तिल अोंश से प षक तत्व ों की पुनप्राास्थप्त क  शैवाल 

बायोमास के उत्पादन के साथ एकीकृत करने और ठ स पाचन में मौिूद जवजभन्न प षक तत्व ों का फसल 

उत्पादन पर प्रभाव का मूल्ाोंकन करने पर ध्यान कें जित करने की जसफाररश की गई है। इसके अलावा, समग्र 

प्रदशान पर महत्वपूर्ा मापदोंड् ों में उतार-चढाव के प्रभाव का अध्यर्न करने के जलए सोंवेदनशीलता जवशे्लषर् 

करने की भी सलाह दी गई है। 



ix 

 

TABLE OF CONTENT 

CERTIFICATE .............................................................................................................................. i 

ACKNOWLEDGMENTS ............................................................................................................ ii 

ABSTRACT .................................................................................................................................. iv 

LIST OF FIGURES .................................................................................................................... xv 

LIST OF TABLES .................................................................................................................... xxii 

SYMBOLS AND ABBREVIATIONS ..................................................................................... xxv 

Chapter 1. Introduction ............................................................................................................... 1 

1.1 Challenges in the current practice of energy usage .................................................................. 1 

1.2 Scope of biomass-based renewable energy generation ............................................................. 1 

1.3 Potential of rice crop residue biomass ...................................................................................... 3 

1.4 Issues associated with open field burning of rice crop residues ............................................... 4 

1.5 Selection of anaerobic digestion technology to harness the bioenergy of rice crop residue .... 6 

1.5.1 Positive energy generation from anaerobic digestion of rice straw ............................... 6 

1.5.2 Economic and environmental evaluation of rice straw anaerobic digestion .................. 8 

1.6 Challenges in anaerobic digestion of rice crop residue ............................................................ 8 

1.7 Rice husk ................................................................................................................................. 10 

1.8 Algal biomass.......................................................................................................................... 11 

Chapter 2. Literature review ..................................................................................................... 14 

2.1 Characteristics of rice straw .................................................................................................... 14 

2.2 Anaerobic digestion process using rice straw as a feedstock ................................................. 16 

2.3 Various strategies to enhance the biomethane yield of rice straw .......................................... 19 

2.3.1 Pre-treatment ................................................................................................................ 19 

2.3.1.1 Physical Pretreatment............................................................................................. 20 

2.3.1.3 Combined pretreatment methods ............................................................................. 36 

2.3.2 Innovative strategies based on additives or co-substrates ............................................ 40 

2.4 Effect of different pretreatments on microbial community in RS-AD ................................. 48 



x 

 

2.5 Novel applications of digestate obtained from RS-AD ........................................................ 49 

2.6 Strategizing methane yield enhancement from RS-AD and future research directions and 

recommendations .......................................................................................................................... 50 

2.7 Biogas and biomethane potential of rice husk ...................................................................... 53 

2.8 Biogas and biomethane potential of algal biomass ............................................................... 54 

2.9 Co-digestion of lignocellulosic biomass and algal biomass ................................................. 56 

2.10 Scope of algal biomass as a co-substrate of rice crop residue .............................................. 57 

2.11 Research gaps........................................................................................................................ 59 

2.12 Objectives of the proposed research ..................................................................................... 60 

2.13 Outline of this thesis ............................................................................................................. 61 

Chapter 3: Characterization of feed materials in relation to the AD process. ...................... 66 

3.1 Material and methods .............................................................................................................. 66 

3.1.1 Biomass procurement and storage ............................................................................... 66 

3.1.2 Proximate analysis ....................................................................................................... 67 

3.1.2.1 Total solids content ................................................................................................ 67 

3.1.2.2 Moisture content ................................................................................................... 68 

3.1.2.3 Volatile solids content ............................................................................................ 68 

3.1.2.4 Ash content .......................................................................................................... 68 

3.1.2.5 Fixed carbon content .............................................................................................. 69 

3.1.3 Ultimate analysis .......................................................................................................... 69 

3.1.4 Compositional analysis ................................................................................................ 70 

3.1.4.1 Compositional analysis of RS and RH ...................................................................... 70 

3.1.4.2 Compositional analysis of AB ................................................................................. 71 

3.1.5 X-ray Fluorescence analysis of ash .............................................................................. 73 

3.2 Results and discussion ............................................................................................................ 73 

3.2.1 Proximate analysis of biomass ..................................................................................... 73 

3.2.2 Ultimate analysis of biomass ....................................................................................... 74 

3.2.3 Compositional analysis of RS and RH ......................................................................... 74 

3.2.4 Compositional analysis of AB ..................................................................................... 75 

3.2.5 X-ray fluorescence analysis of biomass ash ................................................................ 75 



xi 

 

3.3 Conclusions ............................................................................................................................. 78 

Chapter 4: Optimisation of hydrothermal pretreatment for improved biomethane production .... 81 

4.1 Introduction ............................................................................................................................. 81 

4.2 Optimization of hydrothermal pretreatment ...................................................................... 83 

4.2.1 Methodology for optimizing hydrothermal pretreatment and co-hydrothermal 

pretreatment .......................................................................................................................... 84 

4.2.1.1 Hydrothermal pretreatment of RH ........................................................................... 84 

4.2.1.2 Hydrothermal pretreatment for RS ........................................................................... 85 

4.2.1.3 Co-hydrothermal pretreatment of RS and AB ............................................................ 86 

4.2.2 Methodology for assessing the effectiveness of hydrothermal pretreatment ............... 86 

4.3 Results and discussion ....................................................................................................... 89 

4.3.1 Effect of hydrothermal pretreatment on RS and RH .................................................... 89 

4.3.1.1 Characteristics of hydrolysate ................................................................................. 90 

4.3.1.2 Characteristics of pretreated solid fraction ................................................................ 93 

4.3.1.3 Change in physical appearance and surface morphology ............................................ 94 

4.3.2 Correlation analysis between pretreatment conditions and characteristics of pretreated 

RS and RH .......................................................................................................................... 101 

4.3.3 Effect of co-hydrothermal pretreatment ..................................................................... 102 

4.4 Conclusions ...................................................................................................................... 109 

Chapter 5: Optimization of anaerobic digestion process parameters ................................. 112 

5.1 Analysis of AD experiment results ....................................................................................... 113 

5.2 Parameters to validate batch-scale AD experiments results ................................................. 116 

5.2.1 Analysis of volatile solids reduction .......................................................................... 116 

5.2.2 Analysis of biodegradability ...................................................................................... 117 

5.2.3 Analysis of co-digestion performance ....................................................................... 118 

5.2.4 Kinetic study of batch-scale AD experiments and statistical analysis ....................... 119 

5.3 Effect of hydrothermal pretreatment on rice husk at different temperatures and consequent 

responses in its anaerobic digestion ............................................................................................ 120 

5.3.1 Materials, methods, and design of the experiment ..................................................... 124 

5.3.2 Results and discussion ............................................................................................... 126 



xii 

 

5.3.2.1 Daily and cumulative biogas and biomethane yield .................................................. 126 

5.3.2.2 Validations of results for biogas and biomethane production ..................................... 130 

5.3.2.3 Kinetic study of biogas and biomethane production ................................................. 133 

5.4 Improving the biogas and biomethane yield of rice straw through the integration of 

hydrothermal pretreatment of rice straw and anaerobic co-digestion with algal biomass .......... 139 

5.4.1 Materials, methods, and design of the experiment ..................................................... 141 

5.4.2 Results and discussion ............................................................................................... 144 

5.4.2.1 Daily and cumulative biogas and biomethane yield .................................................. 144 

5.4.2.2 Validations of results for biogas and biomethane production ..................................... 152 

5.4.2.3 Kinetic study of biogas and biomethane production ................................................. 155 

5.4.3 Optimization of VS loading for AcoD of RS200 with AB at C/N 30 in continuous mode

............................................................................................................................................. 163 

5.4.3.1 Material and methods ........................................................................................... 163 

5.4.3.2 Results for biogas and biomethane production at different VS loading ....................... 167 

5.5 Evaluation of a novel co-hydrothermal pretreatment approach to overcome the challenges in 

biomethane production through mono-hydrothermal pretreatment of rice straw and algal biomass

 173 

5.5.1 Materials, methods, and design of the experiment ..................................................... 176 

5.5.2 Results and discussion ............................................................................................... 178 

5.5.2.1 Daily and cumulative biogas and biomethane yield .................................................. 178 

5.5.2.2 Kinetic study of biogas and biomethane production ................................................. 182 

5.5.3 Optimization of VS loading for AcoD of Co-HTP AB:RS at a mixing ratio of 5:5 in 

continuous mode ................................................................................................................. 190 

5.5.3.1 Material and methods ........................................................................................... 190 

5.5.3.2 Results for biogas and biomethane production at different VS loading ....................... 193 

5.6. Conclusions .......................................................................................................................... 199 

Chapter 6: On-field evaluation of optimized process parameters in pilot scale digesters . 203 

6.1 Material and methods ............................................................................................................ 204 

6.1.1 Milling of rice straw ............................................................................................... 204 

6.1.2 Hydrothermal pretreatment of rice straw and rice husk ............................................... 204 

6.1.3 Analysis of daily biogas volume and biogas temperature ............................................. 205 

6.1.5 Startup of pilot-scale anaerobic digestion experiments ............................................. 208 



xiii 

 

6.2 Results and discussion for pilot scale study on AD of RH230 ............................................. 211 

6.2.1 Biogas and biomethane yield for feeding with tap water and liquid digestate .......... 211 

6.2.2 Temperature profile of biogas, digester and ambient ................................................ 215 

6.2.3 Evaluation of various parameters of feed and digestate............................................. 215 

6.2 Results and discussion for pilot scale study on AcoD of RH230 with AB at C/N 30 .......... 219 

6.2.1 Biogas and biomethane yield for feeding with tap water and liquid digestate .......... 219 

6.2.2 Temperature profile of biogas, digester, and ambient ............................................... 222 

6.2.3 Evaluation of various parameters of feed and digestate............................................. 222 

6.3 Results and discussion for pilot scale study on AcoD of RS200 with AB at C/N 30 ........... 226 

6.3.1 Biogas and biomethane yield for feeding with tap water and liquid digestate .......... 226 

6.3.2 Temperature profile of biogas, digester, and ambient ............................................... 228 

6.3.3 Evaluation of various parameters of feed and digestate............................................. 228 

6.4 Conclusions ........................................................................................................................... 232 

Chapter 7: Mass, energy, nutrient balance, and environmental impact analysis based on a 

biogas plant designed to process 10 tonnes of dry biomass daily. ........................................ 235 

7.1 Methodology for evaluating mass balance and energy balance in different units ................ 236 

7.1.1 Algal biomass cultivation and harvesting unit ........................................................... 236 

7.1.2 Milling unit ................................................................................................................ 238 

7.1.3 Hydrothermal pretreatment ........................................................................................ 239 

7.1.4 AD feed preparation unit and biogas plant ................................................................ 240 

7.1.5 Biogas purification unit .............................................................................................. 241 

7.1.6 Digestate management unit ........................................................................................ 242 

7.2 Methodology for environmental impact assessment............................................................. 242 

7.3 Comparative analysis of mass, energy, nutrient balance, and environmental impact in scenario 

AD-RH230 and AcoD-RH230 +AB (C/N 30) ........................................................................... 243 

7.3.1 Material flow and mass balance ................................................................................. 243 

7.3.2 Carbon and nitrogen balance and digestate nutrient analysis .................................... 249 

7.3.2 Energy flow and energy balance ................................................................................ 254 



xiv 

 

7.3.3 Environmental impact assessment ............................................................................. 260 

7.4 Comparative analysis of mass, energy, nutrient balance, and environmental impact in scenario 

AcoD-RS200+AB (C/N 30) and AcoD-Co-HTP (AB:RS 5:5) .................................................. 264 

7.4.1 Material flow and mass balance ................................................................................. 264 

7.4.2 Carbon and nitrogen balance and digestate nutrient analysis .................................... 270 

7.4.3 Energy flow and energy balance ................................................................................ 276 

7.4.4 Environmental impact assessment ............................................................................. 283 

7.5 Conclusions ........................................................................................................................... 288 

Chapter 8. Summary, conclusions, and future scope of work .............................................. 292 

8.1 Characterization of biomass .................................................................................................. 293 

8.2 Enhancing the digestibility of RS and RH through hydrothermal pretreatment and addressing 

the limitation of mono-hydrothermal pretreatment of RS by co-hydrothermal pretreatment with 

AB 293 

8.3 Impact of hydrothermal and co-hydrothermal pretreatment on biogas and biomethane 

production in AD and AcoD experiments .................................................................................. 295 

8.4 Evaluation of lab-based optimized process through pilot-scale digesters under ambient 

conditions .................................................................................................................................... 296 

8.5 Evaluation of mass balance, energy balance, and environmental impact assessment in different 

scenarios of biomethane production based on a facility designed to process 10 tonnes of dry 

biomass daily. ............................................................................................................................. 297 

8.6 Future scope of work ............................................................................................................ 299 

References .................................................................................................................................. 302 

Biodata ....................................................................................................................................... 323 

 

 

 

  



xv 

 

LIST OF FIGURES 

Figure 1. 1 Different biomass available for renewable energy generation. .................................... 2 

Figure 1. 2  Status of residue generation from different crops in India (Conceptualized and 

modified from Hiloidhari et al., (2014)). ........................................................................................ 3 

Figure 1. 3 Environmental impacts of open field burning of rice crop residue. ............................. 5 

Figure 1. 4 Energy balance analysis for biogas production using rice straw (Conceptualized and 

modified from Nguyen et al. (2016)) .............................................................................................. 7 

Figure 1. 5 Energy generation in the different conversion processes (Conceptualized and 

modified from Singh and Basak, 2019). ......................................................................................... 7 

Figure 1. 6 Emissions from different bioenergy conversion processes. ......................................... 9 

Figure 1. 7  Challenges in anaerobic digestion of rice crop residue. ............................................ 10 

Figure 2. 1 Various stages involved in the anaerobic digestion of rice straw…………………...17 

Figure 2. 2 Effect of combined pretreatments on biomethane/ biogas potential of rice straw. .... 44 

Figure 2. 3 The comparison of biomethane potential from rice straw using different strategies. 52 

Figure 2. 4 Possible strategies that could be availed for extracting maximal methane yield from 

RS-AD and the future research directions (shown by dotted lines). ............................................. 53 

Figure 2. 5 Environmental impacts of algal bloom caused by the eutrophication of water bodies 

supplied with wastewater. ............................................................................................................. 58 

Figure 3. 1 Chaff cutter machine for milling of rice straw………………………………………66 

Figure 3. 2 Pictorial view of unmilled and milled rice straw. ....................................................... 67 

Figure 4. 1 Pictorial view of batch scale hydrothermal reactor (Volume 2L). 84 

Figure 4. 2 TCOD, sCOD, and pH of hydrolysates of RS200, RH200, RH210, RH220, RH230, 

RH240, and RH250. ...................................................................................................................... 92 

Figure 4. 3 Concentration of different volatile fatty acids in hydrolysates of RS200, RH200, 

RH210, RH220, RH230, RH240, and RH250. ............................................................................. 92 



xvi 

 

Figure 4. 4 Photographs and SEM images of RH (a, h), RH200 (b, i), RH210 (c, j), RH220 (d, 

k), RH230 (e, l), RH240 (f, m), and RH250 (g, n). ...................................................................... 97 

Figure 4. 5 Photographs and SEM images of untreated RS (a, e), RS200 (b, f), untreated AB (c, 

g), AB200 (d, h). ........................................................................................................................... 98 

Figure 4. 6 (a-b) TGA and DTA graphs. (a). TGA graphs of RH, RH200, RH210, RH220, 

RH230, RH240 and RH250, (b) DTA graphs of RH, RH200, RH210, RH220, RH230, RH240 

and RH250 .................................................................................................................................... 99 

Figure 4. 7 (a-b) TGA and DTA graphs. (a) TGA graphs of untreated and RS200, (b) DTA 

graphs of untreated and RS200. .................................................................................................. 100 

Figure 4. 8 Pearson correlation matrix between pretreatment conditions and characteristics of the 

liquid fraction and solid fraction of pretreated RH samples. ...................................................... 102 

Figure 4. 9 Photographs of co-hydrothermally pretreated RS and AB at different mixing ratios. 

(a) AB:RS 10:0 (b) AB: RS 9:1, (c) AB: RS 8:2, (d) AB: RS 7:3, (e) AB: RS 6:4, (f) AB: RS 5:5, 

(g) AB: RS 4:6, (h) AB: RS 3:7, (i) AB: RS 2:8, and (j) AB: RS 9:1. ....................................... 106 

Figure 4. 10 Variation in pH of different mixing ratios before and after co-hydrothermal 

pretreatment. ............................................................................................................................... 107 

Figure 4. 11 Variation in C/N ratio of different mixing ratios before and after co-hydrothermal 

pretreatment. ............................................................................................................................... 107 

Figure 4. 12 TCOD and sCOD of hydrolysates for co-hydrothermally pretreated RS and AB with 

different mixing ratios................................................................................................................. 108 

Figure 4. 13 The concentration of different volatile fatty acids in hydrolysates for co-

hydrothermally pretreated RS and AB at various mixing ratios. ................................................ 108 

Figure 5. 1 Portable biogas analyser……………………………………………………………115 

Figure 5. 2 Pictorial view of the setup of AD experiment for RH, RH200, RH210, RH220, 

RH230, RH240, and RH250. ...................................................................................................... 126 



xvii 

 

Figure 5. 3 Daily specific biogas yield from RH, RH200, RH210, RH220, RH230, RH240, and 

RH250. ........................................................................................................................................ 127 

Figure 5. 4 Daily specific biomethane yield from RH, RH200, RH210, RH220, RH230, RH240, 

and RH250. ................................................................................................................................. 128 

Figure 5. 5 Cumulative biogas production from RH, RH200, RH210, RH220, RH230, RH240, 

and RH250. ................................................................................................................................. 129 

Figure 5. 6 Cumulative biomethane production from RH, RH200, RH210, RH220, RH230, 

RH240, and RH250. .................................................................................................................... 129 

Figure 5. 7 Pearson correlation matrix between severity factor, characteristics of liquid fraction, 

and AD performance parameters. ............................................................................................... 131 

Figure 5. 8. (a-g). Experimental and simulated (using modified Gompertz model) biogas and 

biomethane yield for (a) RH, (b) RH200, (c) RH210. (d) RH220, (e) RH230, (f) RH240, and (g) 

RH250. ........................................................................................................................................ 138 

Figure 5. 9 Pictorial view of the setup of the AcoD experiment. ............................................... 144 

Figure 5. 10 Daily biogas production from RS, AB, and AcoD of RS with AB at C/N ratios of 

20, 25, 30, and 35. ....................................................................................................................... 145 

Figure 5. 11 Daily biogas production from RS200 and AcoD of RS200 with AB at C/N ratios of 

20, 25, 30, and 35. ....................................................................................................................... 146 

Figure 5. 12 Daily biomethane production from RS, AB, and AcoD of RS with AB at C/N ratios 

of 20, 25, 30, and 35. .................................................................................................................. 147 

Figure 5. 13 Daily biomethane production from RS200 and AcoD of RS200 with AB at C/N 

ratios of 20, 25, 30, and 35.......................................................................................................... 148 

Figure 5. 14 Cumulative biogas production from RS, AB, and AcoD of RS with AB at C/N 

ratios of 20, 25, 30, and 35.......................................................................................................... 149 

Figure 5. 15 Cumulative biogas production from RS200, AcoD of RS200 with AB at C/N ratios 

of 20, 25, 30, and 35. .................................................................................................................. 149 



xviii 

 

Figure 5. 16 Cumulative biomethane production from RS, AB, and AcoD of RS with AB at C/N 

ratios of 20, 25, 30, and 35.......................................................................................................... 151 

Figure 5. 17 Cumulative biomethane production from RS200, AcoD of RS200 with AB at C/N 

ratios of 20, 25, 30, and 35.......................................................................................................... 151 

Figure 5. 18 (a-k). Experimental and simulated (using modified Gompertz model) biogas and 

biomethane yield for (a) RS, (b) AB, (c) RS200, (d) RS+AB (C/N  20), (e) RS+AB (C/N 25), (f) 

RS+AB (C/N 30), (g) RS+AB (C/N 35), (h)RS200+AB (C/N  20), RS200+AB (C/N 25), (f) 

RS200+AB (C/N 30), (g) RS200+AB (C/N 35). ........................................................................ 162 

Figure 5. 19 Pictorial view of 20 L continuous scale digesters operated on VS loading of 5 g 

VS/L (Digester D5),10 g VS/L (Digester D10), and 15 g VS/L (Digester D15). ...................... 164 

Figure 5. 20 Daily biogas and biomethane production in digester D5. ...................................... 169 

Figure 5. 21 Daily biogas and biomethane production in digester D10. .................................... 169 

Figure 5. 22 Daily biogas and biomethane production in digester D15. .................................... 170 

Figure 5. 23 Properties of feed and digestate for digester D5, D10, and D15. pH (D5. (a), D10. 

(a), and D15. (a)), EC (D5. (b), D10. (b), and D15. (b)), TDS (D5. (c), D10. (c), and D15. (c)).

..................................................................................................................................................... 172 

Figure 5. 24 Daily specific biogas yield of co-hydrothermally pretreated AB and RS. ............. 179 

Figure 5. 25 Daily specific biomethane yield of co-hydrothermally pretreated AB and RS. ..... 179 

Figure 5. 26 Cumulative specific biogas yield of co-hydrothermally pretreated AB and RS. ... 180 

Figure 5. 27 Cumulative specific biomethane yield of co-hydrothermally pretreated AB and RS.

..................................................................................................................................................... 182 

Figure 5. 28 (a-e) Experimental and simulated (using modified Gompertz model) biogas and 

biomethane yield for (a) D2, (b) D3, (c) D4, (d) D5, and (e) D6. .................................................. 187 

Figure 5. 29 Pictorial view of 20 L continuous scale digesters operated on VS loading of 2.5 g 

VS/L (Digester A), 5 gVS/L (Digester B), and 7.5 g VS/L (Digester C). .................................. 191 

Figure 5. 30 Daily biogas and biomethane production in digester A. ........................................ 195 



xix 

 

Figure 5. 31 Daily biogas and biomethane production in digester B. ......................................... 195 

Figure 5. 32 Daily biogas and biomethane production in digester C. ......................................... 196 

Figure 5. 33 Properties of feed and digestate for digesters A, B, and C. pH (A. (a), B. (a), and C. 

(a)), EC (A. (b), B. (b), and C. (b)), TDS (A. (c), B. (c), and C. (c). .......................................... 198 

Figure 6. 1 Pilot scale hydrothermal reactor (Water volume capacity 8 L)…………………….205 

Figure 6. 2 Water quality monitor for analysis of feed and digestate parameters. ..................... 207 

Figure 6. 3 Thermocouple (K type) with temperature indicator. ................................................ 207 

Figure 6. 4 Pictorial view of pilot scale digesters DI, DII, and DIII. ......................................... 209 

Figure 6. 5 Daily biogas production, biomethane production, and TVSMRE for the pilot scale 

study on AD of RH230. .............................................................................................................. 214 

Figure 6. 6 Variation in biogas, digester, and ambient temperature throughout the pilot scale 

study on AD of RH230. .............................................................................................................. 215 

Figure 6. 7 Daily biogas production, biomethane production, and TVSMRE for the pilot scale 

study on AcoD of RH230 with AB. ............................................................................................ 221 

Figure 6. 8 Variation in biogas, digester, and ambient temperature throughout the pilot scale 

study on AcoD of RH230 with AB. ............................................................................................ 222 

Figure 6. 9 Daily biogas production, biomethane production, and TVSMRE for the pilot scale 

study on AcoD of RS200 with AB at C/N 30. ............................................................................ 227 

Figure 6. 10 Variation in biogas, digester, and ambient temperature throughout the pilot scale 

study on AcoD of RS200 with AB at C/N 30. ............................................................................ 228 

Figure 7. 1 Illustration of all processes involved in different scenarios of biomass to bioenergy 

production………………………………………………………………………………………236 

Figure 7. 2 Details of the raceway pond used for algal biomass cultivation. ............................. 238 

Figure 7. 3 Theoretical evaluation of material and water flow for biomethane production in 

scenario AD-RH230.................................................................................................................... 247 



xx 

 

Figure 7. 4 Theoretical evaluation of material and water flow for biomethane production in 

scenario AcoD-RH230+AB (C/N 30). ........................................................................................ 248 

Figure 7. 5 Comparative analysis of carbon usage distribution in scenarios AD-RH230 and 

AcoD-RH230+AB (C/N 30). ...................................................................................................... 251 

Figure 7. 6 Theoretical evaluation of carbon balance, nitrogen balance, and digestate nutrient in 

scenario AD-RH230.................................................................................................................... 252 

Figure 7. 7 Theoretical evaluation of carbon balance, nitrogen balance, and digestate nutrient in 

scenario AcoD-RH230+AB (C/N 30). ........................................................................................ 253 

Figure 7. 8 Comparative analysis of energy usage distribution in scenarios AD-RH230 and 

AcoD-RH230+AB (C/N 30). ...................................................................................................... 256 

Figure 7. 9 Theoretical evaluation of energy flow for biomethane production in scenario AD-

RH230. ........................................................................................................................................ 257 

Figure 7. 10 Theoretical evaluation of energy flow for biomethane production in scenario AcoD-

RH230+AB (C/N 30). ................................................................................................................. 258 

Figure 7. 11 Comparative analysis of energy inputs in scenarios AD-RH230 and AcoD-

RH230+AB (C/N 30) for various processes involved in algal biomass cultivation and harvesting, 

hydrothermal pretreatment, anaerobic digestion feed preparation, biogas production, biogas 

purification, and digestate management. .................................................................................... 259 

Figure 7. 12 Theoretical evaluation of GHG emissions from each process involved in 

biomethane production in scenarios AD-RH230 and AcoD-RH230+AB (C/N 30)................... 263 

Figure 7. 13 Theoretical evaluation of material and water flow for biomethane production in 

scenario AcoD-RS200+AB (C/N 30). ........................................................................................ 268 

Figure 7. 14 Theoretical evaluation of material and water flow for biomethane production in 

scenario AcoD-Co-HTP (AB:RS 5:5). ....................................................................................... 269 

Figure 7. 15 Comparative analysis of carbon usage distribution in scenarios AcoD-RS200+AB 

(C/N 30) and AcoD-Co-HTP (AB:RS 5:5). ................................................................................ 272 



xxi 

 

Figure 7. 16 Theoretical evaluation of carbon balance, nitrogen balance, and digestate nutrient in 

scenario AcoD-RS200+AB (C/N 30). ........................................................................................ 274 

Figure 7. 17 Theoretical evaluation of carbon balance, nitrogen balance, and digestate nutrient in 

scenario AcoD-Co-HTP (AB:RS 5:5). ....................................................................................... 275 

Figure 7. 18 Comparative analysis of energy usage distribution in scenarios AcoD-RS200+AB 

(C/N 30) and AcoD-Co-HTP (AB:RS 5:5). ................................................................................ 279 

Figure 7. 19 Theoretical evaluation of energy flow for biomethane production in scenario AcoD-

RS200+ AB (C/N 30). ................................................................................................................ 280 

Figure 7. 20 Theoretical evaluation of energy flow for biomethane production in scenario AcoD-

Co-HTP (AB:RS 5:5). ................................................................................................................. 281 

Figure 7. 21 Comparative analysis of energy input in scenarios AcoD-RS200+AB (C/N 30) and 

AcoD-Co-HTP (AB:RS 5:5) for various processes involved in algal biomass cultivation and 

harvesting, hydrothermal pretreatment, anaerobic digestion feed preparation, biogas production, 

biogas purification, and digestate management. ......................................................................... 282 

Figure 7. 22 Theoretical evaluation of GHG emissions from each process in biomethane 

production in scenarios AcoD-RS200+AB (C/N 30) and AcoD-Co-HTP (AB:RS 5:5). ........... 287 



 

xxii 

 

LIST OF TABLES 

Table 1. 1 The calculated annual average yield of rice crop residues for the year 2018. ............... 4 

Table 2. 1 Proximate, ultimate, and compositional properties of rice straw biomass……………16 

Table 2. 2 Effect of physical pretreatments on biomethane/ biogas potential of rice straw. ........ 23 

Table 2. 3 Effect of chemical pretreatments on biomethane/ biogas potential of rice straw. ....... 29 

Table 2. 4 Effect of biological pretreatments on biomethane/ biogas potential of rice straw. ..... 34 

Table 2. 5 Effect of combined pretreatments on biomethane/ biogas potential of rice straw. ...... 38 

Table 2. 6 Effect of innovative strategies on the biomethane/ biogas potential of rice straw. ..... 45 

Table 2. 7 Process and related applications of digestate obtained from RS-AD. ......................... 50 

Table 3. 1 Properties of RS, RH, and AB……………………………………………………….77 

Table 4. 1 Pretreatment conditions and properties of the pretreated solid fraction……………..90 

Table 4. 2 Properties of feeds with different combinations of AB and RS utilized for co-

hydrothermal pretreatment. ......................................................................................................... 105 

Table 5. 1 Digester nomenclature and details of substrate, inoculum, and water added……….125 

Table 5. 2 Comparison of the present study with reported pretreatment strategies to improve 

biogas/biomethane yield of RH. ................................................................................................. 132 

Table 5. 3 Experimental biogas yield, kinetic study, time corresponding to 90% biogas yield, VS 

reduction, biodegradability index, overall methane composition for RH, RH200, RH210, RH220, 

RH230. RH240 and RH250. ....................................................................................................... 135 

Table 5. 4 Experimental biomethane yield, kinetic study, time corresponding to 90% biomethane 

yield, VS reduction, biodegradability index, and overall methane composition for RH, RH200, 

RH210, RH220, RH230, RH240, and RH250. ........................................................................... 136 

Table 5. 5 Digester nomenclature and experiment design for AcoD of RS and RS200 with AB.

..................................................................................................................................................... 143 



 

xxiii 

 

Table 5. 6 Comparison of the present study with reported pretreatment strategies to improve the 

biogas/biomethane yield of RS. .................................................................................................. 154 

Table 5. 7 Experimental results, theoretical estimations, and kinetic parameters for biogas 

production. .................................................................................................................................. 158 

Table 5. 8 Experimental results, theoretical estimations, and kinetic parameters for biomethane 

production. .................................................................................................................................. 159 

Table 5. 9 Feeding details for the acclimatization of the consortium for digesters D5, D10, and 

D15 .............................................................................................................................................. 165 

Table 5. 10 Feeding strategies for starting the digesters operated on different VS loading. ...... 166 

Table 5. 11 Details of daily feeding in digesters D5, D10, and D15. ......................................... 167 

Table 5. 12 Average daily and specific biogas and biomethane production in digesters D5, D10, 

and D15. ...................................................................................................................................... 170 

Table 5. 13 Digester configuration and feeding details for substrate, inoculum, and water. ..... 177 

Table 5. 14 Experimental biogas yield, kinetic study, time corresponding to 90% biogas yield, 

VS reduction, biodegradability index, for co-hydrothermally pretreated RS and AB. ............... 188 

Table 5. 15 Experimental biomethane yield, kinetic study, time corresponding to 90% 

biomethane yield, biodegradability index, and overall methane composition for co-

hydrothermally pretreated RS and AB. ....................................................................................... 188 

Table 5. 16 Process parameters of feed and digestate for different digesters. ............................ 189 

Table 5. 17 Feeding details for the acclimatization of the consortium for digesters A, B, and C.

..................................................................................................................................................... 192 

Table 5. 18 Feeding strategies for starting the digesters operated on different VS loading. ...... 192 

Table 5. 19 Details of daily feeding in digesters A, B, and C. ................................................... 193 

Table 5. 20 Daily and specific biogas and biomethane yield. .................................................... 196 

Table 6. 1 Feeding details for preparing the acclimatized inoculum for the digesters DI (AD-

RH230), DII (AcoD-RH230+AB C/N 30), and DIII (AcoD-RS200+AB C/N 30)…………….209 



 

xxiv 

 

Table 6. 2 Strategy for starting the digesters DI, DII, and DIII on continuous mode by gradually 

increasing the substrate VS loading. ........................................................................................... 210 

Table 6. 3 Details of daily feeding in the pilot scale digesters DI, DII, and DIII. ...................... 211 

Table 6. 4 Daily and specific yields, VS reduction, and TVSMRE for the pilot scale study on AD 

of RH230. .................................................................................................................................... 214 

Table 6. 5 Maximum, minimum, and average of different characteristics of feed and digestate for 

feeding with tap water (study period: 0-60 d) and liquid fraction of digestate (study period: 61-

120 d). ......................................................................................................................................... 218 

Table 6. 6 Daily and specific yields, VS reduction, and TVSMRE for the pilot-scale AcoD 

experiments of RH230 with AB. ................................................................................................ 221 

Table 6. 7 Maximum, minimum, and average of different characteristics of feed and digestate for 

feeding with tap water (study period: 0-60 d) and liquid fraction of digestate (study period: 61-

120 d). ......................................................................................................................................... 225 

Table 6.8 Daily and specific yields and TVSMRE for the pilot scale study on AcoD experiments 

of RS200 with AB at C/N 30 ...................................................................................................... 227 

Table 6. 9 Maximum, minimum, and average of different characteristics of feed and digestate for 

feeding with tap water (study period: 0-60 d) and liquid fraction of digestate (study period: 61-

120 d). ......................................................................................................................................... 231 

 

 

 

 



 

xxv 

 

SYMBOLS AND ABBREVIATIONS 

RS Rice straw 

RH Rice husk 

RB Rice bran 

AB Algal biomass 

AD Anaerobic digestion 

AcoD Anaerobic co-digestion 

TGA Thermogravimetric analysis  

DTA Derivative thermogravimetric analysis 

SEM Scanning Electron Microscopy  

TCOD Total chemical oxygen demand 

sCOD Soluble chemical oxygen demand 

TDS Total dissolved solids  

EC Electrical conductivity 

ORP Oxidation-reduction potential 

VFAs Volatile fatty acids 

WB Wet basis 

VS Volatile solids 

TS Total solids 

FC Fixed carbon 

OLR Organic loading rate 

HRT Hydraulic retention time  

GHG Greenhouse gases  

GWP Global warming potential 

VOC Volatile organic carbons 

C/N Carbon to nitrogen ratio  

S/I Substrate to inoculum ratio 

RSM Response surface methodology 

CNG Compressed Natural Gas  

COD Chemical oxygen demand 

w/v Weight by volume  

ASTM American Society for Testing and Material 

v/v Volume by volume  



 

xxvi 

 

ppm Parts per billion 

ppb Parts per million 

ppt Parts per thousand  

MT Million metric tonnes 

min Minute 

kg Kilogram 

g Gram 

MJ Megajoule  

kJ Kilojoule 

L Liter 

H Hour 

D Day 

mm Millimeter 

mL Milliliter 

MWh Mega-watt hour  

> Greater than  

< Less than 

/ Per 

μg Microgram 

μM Micromole 

°C Degree Celsius 

H2 Hydrogen 

CH4 Methane 

CO2 Carbon dioxide  

Ca(OH)2 Calcium hydroxide 

NaOH Sodium hydroxide 

N2O Nitrous oxide 

CO2-eq Carbon dioxide equivalent 

NH3 Ammonia 

H2S Hydrogen sulfide  

C Carbon 

H Hydrogen  

N Nitrogen 

S Sulfur 



 

xxvii 

 

O Oxygen 

P Phosphorus 

K Potassium 

SO2 Sulfur dioxide 

NOx Nitrogen oxides  

NaOH Sodium Hydroxide 

HCl  Hydrochloroic acid 

HNO3 Nitric acid 

H3PO4 Phosphoric acid  

H2SO4 Sulfuric acid 

CH3COOH Acetetic acid  

H2C2O4 Oxalic acid 

C4H4O4 Fumaric acid 

Na2CO3 Sodium carbonate 

H2O2 Hydrogen peroxide  

Fe  Iron 

Ni Nickle 

Mo Molybdenum  

Co Cobalt 

Cu Copper 

W Tungsten 

Se Selenium  

Fe3O4  Ferrous Ferric oxide 

TiO Titanium oxide 

SiO₂  Silicon oxide 

CaO  Calcium oxide 

P₂O₅  Phosphorus oxide 

K₂O  Potassium oxide 

MgO Magnesium oxide 

SO₃ Sulfur trioxide 

Na₂O  Sodium oxide 

Al₂O₃ Aluminium oxide 

Fe₂O₃ Ferric oxide 

TiO₂  Titanium dioxide 



 

xxviii 

 

 

MnO Manganese oxide 

Cr₂O₃ Chromic oxide 

Cl Chlorine 

ZnO Zinc oxide 

K2Cr2O7 Potassium dichromate 

SiC Silicon carbide 

Si3N4 Silicon Nitride 

Mg2Si Magnesium silicide 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  




