
PROCESS IMPROVEMENT OF ETHANOL 

PRODUCTION FROM LIGNOCELLULOSIC 

RESIDUES 

 

 

SIDDHI S 

 

 

 

 

 

 

 

 

DEPARTMENT OF BIOCHEMICAL ENGINEERING AND 

BIOTECHNOLOGY 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

APRIL 2019 



  

  

  

  

  

  

  

  

  

  

  

 © Indian Institute of Technology Delhi (IITD), New Delhi, 2019 

  



PROCESS IMPROVEMENT OF ETHANOL 

PRODUCTION FROM LIGNOCELLULOSIC 

RESIDUES 

 

by 

 

SIDDHI S 

DEPARTMENT OF BIOCHEMICAL ENGINEERING AND 

BIOTECHNOLOGY 

Submitted 

in fulfilment of the requirements of the degree of Doctor of Philosophy 

to the 

 

 

 

 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

APRIL 2019 



 
 

 

CERTIFICATE 

 

This is to certify that the thesis entitled “Process improvement of ethanol production 

from lignocellulosic residues” being submitted by Ms. Siddhi S is worthy of 

consideration for the award of the degree of Doctor of Philosophy. This thesis has been 

prepared under my supervision and guidance in conformity with the rules and regulations 

of Indian Institute of Technology Delhi and is a record of the original bonafide research 

work. The results presented in this thesis have not been submitted in part or full to any other 

universities or institutes for the award of any other degree or diploma. 

 

 

 

Dr. Shaikh Ziauddin Ahammad 

Assistant Professor 

Department of Biochemical Engineering and Biotechnology 

Indian Institute of Technology Delhi 

New Delhi-110016 

INDIA 

 

Date: 

Place: NEW DELHI 



iii | P a g e  
 

ACKNOWLEDGEMENTS 
 

 

It is a great honour to have been guided by Prof. P. K. Roychoudhury. His untimely 

demise was a real shock, but he had already given me so much inspiration to continue and finish 

off the thesis work. I shall always remember his advice on research, food and lifestyle. I thank him 

for his mentorship, kind words and tips. May his soul rest in peace. 

   I am more than indebted to Dr. Shaikh Ziauddin Ahammad, for being my thesis 

supervisor all along. His care, encouragement and leniency helped me resume my work after a 

break. I thank him for letting me work at my pace when I was struggling to find a balance between 

life and work. I would not have completed this thesis if it were not for him. 

 I would like to thank Prof. Atul Narang, Head of the Department and lab-in-charge of 

Bioprocess laboratory for his motivation and efforts in improving the working environment of the 

laboratory.  

 Next, I would like to extend my whole-hearted gratitude to Dr. V. Thankamani (Former 

HOD, Department of Biotechnology, University of Kerala) for the fungal isolate MVI.2011 and her 

guidance on how to handle the strain. I owe my respect and many thanks to Prof. T. R. 

Sreekrishnan whose timely interventions and counsel, according to me, have diverted disasters 

from happening to my thesis research work. 

I am grateful to the SRC members Prof. G. P. Aggarwal and Prof. James Gomes, for 

their opinions and suggestions on improving the research outcomes.  

I would like to acknowledge the Ministry of Human Resource and Development 

(MHRD), Government of India, for granting me the scholarship to support my research. Thanks to 

GAIL (India) Limited for their funding to the project. 



iv | P a g e  
 

 I am happy to have carried out my research work in Bioprocess laboratory. I would like to 

appreciate the support I have received from my lab mates Dr. Anita Srivastava, Mr. 

Shashikumar, Mr. Jitendra Singh Verma, Mr. Shivshanker, Ms. Kavita Sharma, Ms. Swati 

Sharma and Ms. Afifa. Special thanks to Mr. Biju Jacob for his continued mentorship from B. 

Tech to Ph.D. Thanks to Anish Raju for being a helping hand in all laborious tasks. I owe my 

gratitude to my batchmates and friends Mr. Gautam Anand, Ms. Richa Sharma, Ms. Sakshi 

Aggarwal, Ms. Sonam Takkar, Mr. Moolchand Sigar and Ms. Apoorva Verma for the 

occasional parties and coffee-breaks. I know I can count on them for anything and everything. 

 I am obliged to my project mates Ms. Varsha Singh, Mr. Anirban Kundu, Mr. Partha 

Mondal and Mr. Umesh Singh for their assistance in carrying out the research work. My gratitude 

to Ms. Sonika Kumari and Ms. Shalini Kaushik for their help during the initial days of the 

research.  

 Words cannot express my gratitude and love to my family for their undying support. Thank 

you Prof. P. R. Sreemahadevan Pillai and Prof. A. V. Hema Nalini for bringing me to this world. 

I owe my happy face to them and I am proud to have parents who are technically sound. They have 

always had my back during tough times. I can run to them for expert advices and opinions on 

anything under the sun, including my research. My love and gratitude to my brother Dr. Siddharth 

S. for encouraging me; thinking about him makes me smile. Thank you, my grandmother Mrs. L. 

Ammukutty Amma for your love, inspiration, encouragement and training to face adverse times. 

I owe my uncles, aunts and cousins big time for checking on me now and then and for boosting my 

confidence. 

 I cannot fathom my respect, gratitude and love I have towards Mrs. L. Ushakumari, my 

mother-in-law. Her take on life is something everyone should follow. Her unconditional support 

has helped me get through my miserable times. I would also like to thank Ms. Jyolsna U. B., for 

being a wonderful sister-in-law. Talking to her would always lift my spirits. Thanks to her extended 

family and all my in-laws. 



v | P a g e  
 

 I thank my best friends Ms. Akhila J. N., Ms. Anusha Thampi V. V., Ms. Gouri Vijayan 

and Mr. Irshad Mohammad Iqbal for keeping me sane, and for their love and support. 

 I am out of words to describe the contribution of Mr. Jishnu R. B., the love of my life, 

towards making this dissertation a reality. This thesis, primarily, is his dream. A loving husband, a 

caring friend and a passionate researcher, his hard work continues to mesmerise me. His clear vision 

on how to proceed with a research problem, has motivated me to work towards my goals. I thank 

him for being the pillar of my life, in ways no one could or would ever be. Please continue to be so. 

 Thank God, the Almighty, for channelling through me the courage and the strength to 

complete this thesis. 

 

          Siddhi S 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii | P a g e  
 

ABSTRACT 
 

In light of the daily hike of petroleum prices, ethanol production from lignocellulosic 

residues such as rice straw, is gaining importance. Ethanol’s massive production costs due to a 

complicated and energy intensive production process, is a setback to its application as a fuel 

alternative. In this study, an improvement of the existing ethanol production process was pursued, 

by replacing the energy consuming uneconomical steps with cheaper and greener alternatives. 

Therefore, process improvement was focused primarily on two major steps: pretreatment and 

fermentation.  

First, the effectiveness of a novel, rapid ligninase releasing fungus coded MVI.2011, was 

explored as a pretreatment method for delignification of rice straw. Second, co-fermentation of 

hexoses and pentoses present in lignocellulose hydrolysate was performed in a modified OBR, to 

improve ethanol yield and productivity. In addition, mathematical models were proposed to predict 

the dynamics of the co-culture of the hexose and pentose fermenting yeasts (Saccharomyces 

cerevisiae (NRRL Y-132) and Scheffersomyces stipitis (NCIM 3507)), during co-fermentation. 

Also, two methods of enzyme recovery and recycle were studied and compared. Finally, energy 

auditing and techno-economic modelling of the improved process were performed to study its 

feasibility in industrial scale operation.  

Optimized submerged cultivation mode of fungal pretreatment exhibited exemplary 

hydrolysis rate, corresponding to an increase of 1.87-fold, in comparison with untreated rice straw. 

The study reported for the first time, a biological pretreatment on rice straw, that took only 6 days. 

The mathematical models for predicting the concentration profiles of biomasses, substrates and 

products during co-fermentation showed good agreement between model-predicted and 

experimental values. The results of co-fermentation confirmed the increased efficiency of ethanol 

production in modified OBR with respect to yield, productivity, energy and economics. Profit 

analysis by various methods indicated that the designed plant is profitable and that its operation is 
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feasible. Therefore, implementation of the proposed process in large scale is likely to make 

biorefinery business more profitable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

सार 
 

 

पेट्र ोलियम की कीमतोों में दैलिक बढोतरी के मदे्दिजर, चावि के भूसे जैसे लिग्नोसेलू्यिोलसक अवशेषोों से 

इथेिॉि का उत्पादि उलचत है। एक जलट्ि और ऊजाा गहि उत्पादि प्रलिया के कारण इथेिॉि की बडे 

पैमािे पर उत्पादकता, ईोंधि लवकल्प के रूप में इसके आवेदि के लिए एक रोक है। इस जााँच में, मौजूदा 

इथेिॉि उत्पादि प्रलिया में सुधार लकया गया था, लजसमें सस्ता और हररयािी के लवकल्प के साथ अिैलतक 

कदम उठािे वािी ऊजाा की बदिा गया । इसलिए, प्रलिया सुधार मुख्य रूप से दो प्रमुख चरणोों पर कें लित 

था: पूवा-उपचार और लकण्वि।  

सबसे पहिे, एक िवीि, प्रभावशीित तथा िुत लिलग्निैस ररहाई होिे वािी कवक MVI.2011, चावि के भूसे 

के सोंरेखण के लिए पूवा-उपचार लवलध के रूप में पता िगाया गया था। दूसरा, लिग्नोसेलू्यिोज हाइड्र ोिाइजेट् 

में मौजूद हेक्सोस और पेंट्ोस के सह-लकण्वि को एक सोंशोलधत OBR में प्रदशाि लकया गया था, तालक इथेिॉि 

की उपज और उत्पादकता में सुधार हो सके। इसके अिावा, गलणतीय मॉड्ि को सह-लकण्वि के दौराि 

हेक्सोज और पेंट्ोस फेरें लट्ोंग यीस्ट (सैच्रोमाइसेस सेरेलवलसए (NRRL Y-132) और शेफसोमी लसपाइलट्स 

(NCIM 3507) की सह-सोंसृ्कलत की गलतशीिता की भलवष्यवाणी करिे का प्रस्ताव लदया गया था। इसके 

अिावा, एों जाइम ररकवरी और रीसायकि के दो तरीकोों का अध्ययि और तुििा की गई। अोंत में, औद्योलगक 

प्रलिया के सोंचािि में इसकी व्यवहायाता का अध्ययि करिे के लिए सुधार प्रलिया की ऊजाा ऑलड्लट्ोंग और 

तकिीकी-आलथाक मॉड्लिोंग की गई।  

अिुपचाररत चावि के भूसे की तुििा में फफूों द पूवा उपचार के अिुकूलित जिमग्न मोड् िे 1.87-गुिा की 

वृद्धि के साथ अिुकरणीय हाइड्र ोलिलसस दर का प्रदशाि लकया। इस अध्ययि िे पहिी बार ररपोट्ा की, एक 

जैलवक पूवा- चावि के भूसे पर उपचार, लजसमें केवि 6 लदि िगे। सह-लकण्वि के दौराि बायोमास, सब्सट्र ेट् 

और उत्पादोों की एकाग्रता प्रोफाइि की भलवष्यवाणी के लिए गलणतीय मॉड्ि िे मॉड्ि-पूवाािुमालित और 



प्रयोगात्मक मूल्योों के बीच अच्छा समझौता लदखाया। सह-लकण्वि के पररणामोों िे उपज, उत्पादकता, ऊजाा 

और अथाशास्त्र के सोंबोंध में सोंशोलधत OBR में इथेिॉि उत्पादि की वृद्धि की दक्षता की पुलि की। लवलभन्न 

तरीकोों से िाभ लवशे्लषण से सोंकेत लमिता है लक लड्जाइि लकया गया सोंयोंत्र िाभदायक है और इसका सोंचािि 

सोंभव है। इसलिए, बडे पैमािे पर प्रस्तालवत प्रलिया के लियान्वयि से बायोफाइिरी कारोबार को अलधक 

िाभदायक बिािे की सोंभाविा है। 
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ABBREVIATIONS 

 

Units 

0C degree Celsius 

Btu British thermal unit 

c centi 

CFU colony forming unit 

FPU filter paper unit 

G giga 

g gram 

gal gallon 

h hour 

IU international unit 

J joule 

k kilo 

K Thousand 

L litre 

m milli/metre 

µ micro 

M mega/molar/million 

min minute 

mol mole 

n nano 

N normal 

psi pounds per square inch 

rpm radians per minute 

s second 

ton tonne 

v volume 

vvm volume per volume per minute 
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V volts 

w weight 

W watt 

 

Nomenclature 

α alpha 

β beta 

γ gamma 

δ delta 

5-HMF 5-Hydroxymethyl furfural 

ANOVA Analysis of variance 

AFEX Ammonia fibre explosion 

CB Cellobiase 

CBP Consolidated bioprocessing 

CMC Carboxymethyl cellulose 

COD Chemical oxygen demand 

DIST Distillation 

DMC Direct microbial conversion 

EH Enzymatic hydrolysis 

EROI Energy return on investment 

EtOH Ethanol 

FER Fermentation 

FTIR Fourier transform infrared 

HCW Hot compressed water 

HPLC High performance liquid chromatography 

IRR Internal rate of return 

IUPAC International union of pure and applied chemistry 

MMM Minimal mineral media 

NMR Nuclear magnetic resonance 

NPV Net present value 
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NREL  National renewable energy laboratory 

NSSF Non-isothermal simultaneous saccharification and fermentation 

OA Orthogonal array 

OBR Oscillatory baffled reactor 

OD Optical density 

OFAT One factor at a time 

PFR Plug flow reactor 

PT Pretreatment 

SD Standard deviation 

SDA Sabouraud dextrose agar 

SDB Sabouraud dextrose broth 

SHF Separate hydrolysis and fermentation 

SSCF Simultaneous saccharification and co-fermentation 

SSF Simultaneous saccharification and fermentation/solid state fermentation 

STR Stirred tank reactor 

TMP Trans membrane pressure 

USD US Dollars 

UV Ultraviolet 
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