
DEVELOPMENT OF A NOVEL RECIRCULATION 

PHOTOBIOREACTOR FOR ON-SITE TREATMENT OF 

MUNICIPAL WASTEWATER, AND INVESTIGATIONS ON 

VALORIZATION OF BIOMASS INTO HIGH-VALUE 

PRODUCT STREAMS 

 

 

 

 

VIVEK SURESH DALVI 

 

 

 

 

CENTRE FOR RURAL DEVELOPMENT & TECHNOLOGY  

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

MAY 2023 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Indian Institute of Technology Delhi (IITD), New Delhi, 2023 

 



DEVELOPMENT OF A NOVEL RECIRCULATION 

PHOTOBIOREACTOR FOR ON-SITE TREATMENT OF 

MUNICIPAL WASTEWATER, AND INVESTIGATIONS ON 

VALORIZATION OF BIOMASS INTO HIGH-VALUE 

PRODUCT STREAMS 

 

by 

VIVEK SURESH DALVI 

Centre for Rural Development and Technology 

 

Submitted  

In fulfilment of the requirements for the degree of  

Doctor of Philosophy 

to the 

 

 

Indian Institute of Technology Delhi 

May 2023 



i 
 

CERTIFICATE 

 

This is to certify that the thesis entitled “Development of a novel recirculation 

photobioreactor for on-site treatment of municipal wastewater, and investigations on 

valorization of biomass into high-value product streams” being submitted by Mr. Vivek 

Suresh Dalvi to the Indian Institute of Technology Delhi for the award of “Doctor of 

Philosophy” is a record of bonafide research work carried out by him. He has worked under 

our guidance and supervision and has fulfilled the requirements for submission of this thesis. 

To the best of our knowledge the results contained in this thesis have not been submitted in 

part or full to any other university or institute for award of any degree or diploma. 

 

 

 

 

Prof. Anushree Malik 

Professor 

Centre for Rural Development & Technology 

Indian Institute of Technology Delhi 

New Delhi- 110016 

 

Dr. Pushap Chawla 

Technology Consultant 

 

 

 

 

 

IIT
Stamp

IIT
Stamp



ii 
 

Acknowledgements 

First and foremost, I want to express my gratitude to my mighty parents for their unmatched 

sacrifice, graciousness, and love, without which we could not have reached this milestone. 

Studying with the Indian Institute of Technology, Delhi's Center for Rural Development and 

Technology (CRDT) has been a terrific opportunity. Many people need to be acknowledged 

for their contributions to this effort. I truly apologise to everyone I may have unintentionally 

forgotten to include. 

Foremost, I I'd want to express my gratitude to my supervisor Prof. Anushree Malik and co-

supervisor Dr. Pushap Chawla for providing me the opportunity to complete my PhD 

dissertation. The direction, assistance, and encouragement received by both of my supervisors 

make this work possible. Their constructive criticism and kind words inspired me to achieve 

success at my best. They provided me complete flexibility to test out new techniques and to 

perform my own experiments independently. Next, I would like to thank whole LOTUS-Hr 

team for giving me an opportunity to work on Barapullah drain, that evolved me as an 

individual with scientific and on-field ability. I will always be grateful towards Dr. Tania, Dr. 

Marcel, and my dear friend Dr. Lukas for their inputs received during 3B team meetings and 

shall cherish memories for long.  

I would like to thank my SRC members, Prof. Satyawati Sharma, Prof. T. R. Sreekrishnan, and 

Prof. S. N. Naik for providing rational suggestions and expert advice throughout the course of 

study. I would also want to thank the CRDT professors and staff for their assistance in ensuring 

the timely completion of my thesis. The moral support, useful suggestions and guidance 

rendered by Prof. H. K Malik, Physics Department, is highly acknowledged. I would also like 

to thank Department of Biotechnology for providing financial support during the course of my 

study. I also acknowledge the contributions of Central Research Facility, Nanoscale Research 



iii 
 

Facility (IIT Delhi), and Advanced Instrumentation Research Facillity (JNU) for carrying out 

all the analysis.  

The support of the office and lab staff, particularly Mr. Sabal Singh and Mr. Vinod Kumar, is 

greatly appreciated. The contributions of my dearest friends, Dr. Farah Naaz and Dr. Shweta 

Kalia, cannot be adequately described. This accomplishment would not have been possible 

without the love and support I got at AML. My AML sisters Dr. Megha Mathur and Mrs. 

Koushalyas Jayanju helped me in many analyses and reviewing my work with unconditional 

love. I express my earnest thanks to my seniors Dr. Deepak Gola, Dr. Poonam and Dr. Nitin 

Chauhan for their kind support and invaluable suggestion during my thesis. A special thanks 

to Ms. Harshita Nigam, Mr. Rahul Jain, Mr. Saurabh Samuchiwal, and Mr. Saptarshi Dey for 

many unforgettable memories and providing great support in the experimental work. I express 

my sincere thanks to Mr. Rahul Kumar, Mr. Sumit Dhali, Mr. Vivek Nair and all other lab 

mates for the love, care and pleasant company throughout.  

Mr. Ganga Rawatji and Mr. Bijenderji, members of the LOTUS-Hr ground team, are thanked 

from the bottom of my heart for their love, support, and patience throughout this journey. I am 

incredibly appreciative of the moral support they have shown me and their blind support 

throughout the challenging stages at Barapullah drain. Lastly, I would like to thank my parents 

and my adorable sister Vaishnavi, without whose affection I would not have been able to get 

this far. 

 

Vivek Suresh Dalvi 

 

 



iv 
 

Abstract 

The present work strongly sheds light on one of the basic principles of reactor design, i.e., 

mode of operation (agitation regime), the right choice of which can significantly enhance the 

microalgal photobioreactor (PBR) process performance and environmental footprints.  The 

agitation regime is responsible for microalgal domination within the photobioreactor was 

identified via. comprehensive evaluation of phase transformative nutrients, biomass growth 

and microalgal-bacterial population dynamics. The experiments initiated with dominant M:B 

inoculation ratio (60:40), demonstrated higher M:B ratio (78:21) with mixing regime, as 

essential nutrients (dissolved inorganic carbon and ammoniacal nitrogen) were conserved 

within the wastewater. On the other hand, lower M:B ratio (36:63) was obtained during 

aeration regime, as these nutrients were transformed into CO2 and NH3 and emitted to the 

environment. The nutrient conservation mechanism within mixing regime enhanced 

microalgal growth by 30 %, metal removal by 14-59 %, and exhibited carbon negative global 

warming potential (-0.0451 kgCO2 eqm−3), along with overall non-negative environmental 

impact. 

The agitation regime (nutrient loss or conservation) has shown direct impact on microalgal 

pathogen disinfection potential. The aeration system negatively affects pathogen inactivation 

under laboratory conditions, due to nutrient deficiency for microalgal growth. On the other 

hand, mixing regime showed enhanced removal of total coliforms (TC), faecal coliforms (FC), 

klebsiella pneumoniae carbapenemase (KPC) producing bacteria, and extended-spectrum -

lactamase (ESBL) producing bacteria. It can also be concluded that synergistic effect of 

process [nutrients, elevated pH (>9), and high DO (>10 mg L-1)] and environmental variables 

(light, temperature) play key role in pathogen inactivation.  

The outcome of microalgae screening experiment showed that, native microalgal cultures 

perform better compared to other native cultures isolated from different wastewaters for both 

wastewater treatment ability and biomass growth potential. Further, both 10 L PBRs (aeration 
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PBR and mechanical mixing PBR) perform well under outdoor conditions. However, the 

mechanical mixing PBR showed 10.7% higher biomass yield and wastewater treatment 

potential, when HRT was reduced to 1d. The seasonal variation impacts the photobioreactor 

performance. The long-term study carried out on 100 L pilot bubble column PBR concludes 

that HRT as low as 2d is achievable for the wastewater treatment throughout the year, making 

the MWTT process a comprehensive and sustainably scalable technology with low areal 

footprint to 1.42 m2 KLD−1. However, winter adversely affected the wastewater treatment 

performance, elucidating the dominance of microalgae or bacterial community is also a 

function of environmental conditions. The challenge of low temperature could be mitigated 

through the design of novel recirculation photobioreactor exhibiting heat sink and nutrient 

conservation mechanism, that shows 25-35% higher biomass and nutrient removal rate along 

with reduced HRT of 1d, which further brings down the areal footprint to 0.71 m2 KLD−1. The 

suitability of ash rich biomass for bioenergy application through one step production of 

upgraded bio-oil highlights the importance of valorization study.  

Overall, the efforts signify the applicability of the developed process of recirculation 

photobioreactor for wastewater resource conservation and recovery integration with subcritical 

hydrothermal liquefaction. The process creates a novel approach for creating high-value 

product streams from water reclamation sources that can significantly impact taxpayer money, 

generating employability in green chemistry for profit in a traditionally regulated water 

industry with contributing to biofuels and green catalysis. These findings provide the basis for 

new frontiers in microalgae-based wastewater treatment and simultaneous valorization of 

biomass into fuels, chemicals, and bioproducts at both the fundamental and macro 

commercialization levels. 
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साराांश 

वर्तमान कार्त रिएक्टि डिजाइन के बुडनर्ादी डिद्ाांर् ां में िे एक अर्ातर््, िांचालन का र्िीका (डमश्रण 

िणनीडर्) पि दृढ़र्ा िे प्रकाश िालर्ा है। डजिका िही डवकल्प माइक्र एल्गल फ ट बार् रिएक्टि 

(पीबीआि) प्रदशतन बढ़ा औि पर्ातविण पदडचह्न काफी कम कि िकर्ा है। डमश्रण िणनीडर् 

फ ट बार् रिएक्टि के भीर्ि माइक्र एल्गल प्रभुत्व के डलए डजमे्मदाि, चिण परिवर्तनकािी प षक र्त्व ां, 

बार् माि डवकाि का व्यापक मूल्ाांकन औि माइक्र एल्गल-बैक्टीरिर्ल जनिांख्या गडर्शीलर्ा के माध्यम 

िे पहचाना गर्ा है। प्रमुख M: B अनुपार् के िार् शुरू डकए गए प्रर् ग (60:40), र्ाांडिक डमश्रण व्यवस्र्ा 

के िार् उच्च M: B अनुपार् (78: 21) का प्रदशतन डकर्ा। र्ाांडिक डमश्रण व्यवस्र्ा ने अपडशष्ट जल के भीर्ि 

आवश्यक प षक र्त्व ां (डवघडटर् अकाबतडनक काबतन औि अम डनर्ाकल नाइटर  जन) क  िांिडिर् डकर्ा 

गर्ा र्ा। र्ाांडिक डमश्रण व्यवस्र्ा के भीर्ि प षक र्त्व िांििण र्ांि में वृद्धद् हुई डजििे माइक्र एल्गल वृद्धद् 

30%, धारु् हटाने में वृद्धद् 14-59% औि नकािात्मक काबतन वैडिक वाडमिंग िमर्ा (-0.0451 kgCO2 eqm-

3) प्रदडशतर् डकर्ा, िमग्र गैि-नकािात्मक पर्ातविणीर् प्रभाव के िार्।   

डमश्रण व्यवस्र्ा (प षक र्त्व ां की हाडन र्ा िांििण) ने िूक्ष्म शैवाल के ि गज़नक़ कीटाणुश धन िमर्ा पि 

िीधा प्रभाव डदखार्ा है। प्रर् गशाला द्धस्र्डर्र् ां के र्हर्, वारु् डमश्रण व्यवस्र्ा िूक्ष्म शैवाल डवकाि के डलए 

प षक र्त्व ां की कमी के कािण, िूक्ष्म शैवाल के ि गज़नक़ कीटाणुश धन िमर्ा क  नकािात्मक रूप िे 

प्रभाडवर् किर्ी है। दूििी ओि, डमश्रण व्यवस्र्ा ने कुल क लीफॉमत (TC), मल क लीफॉमत (FC), 

के्लबडिएला डनम डनर्ा काबातपेनेमाि (KPC) उत्पादक बैक्टीरिर्ा, औि डवस्तारिर् से्पक्टर म लैक्टामेज 

(ESBL) उत्पादक बैक्टीरिर्ा क  हटाने में वृद्धद् डदखाई। र्ह भी डनष्कषत डनकाला जा िकर्ा है डक 

िहडक्रर्ात्मक प्रभाव प्रडक्रर्ा [प षक र्त्व, उच्च pH (>9), औि उच्च DO (>10 mg L-1)] औि पर्ातविणीर् 

चि (प्रकाश, र्ापमान) ि गज़नक़ डनद्धिर्र्ा में महत्वपूणत भूडमका डनभारे् हैं।  
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िूक्ष्म शैवाल स्क्रीडनांग प्रर् ग के परिणाम िे पर्ा चला है डक, देशी िूक्ष्म शैवाल िांसृ्कडर्र्ाां अपडशष्ट जल 

उपचाि िमर्ा औि बार् माि डवकाि िमर्ा इन द न ां के डलए डवडभन्न अपडशष्ट जल िे अलग अन्य देशी 

िांसृ्कडर्र् ां की रु्लना में बेहर्ि प्रदशतन किर्ी हैं। 100L पार्लट बबल कॉलम पीबीआि पि डकए गए 

दीघतकाडलक अध्यर्न का र्ह डनष्कषत डनकलर्ा है डक, एचआिटी 2d, पूिे वषत अपडशष्ट जल उपचाि के 

डलए प्राप्त किने र् ग्य है, डजििे िूक्ष्म शैवाल अपडशष्ट जल उपचाि पद्डर् कम पदडचह्न (1.42 m2 KLD-

1) के िार् एक व्यापक औि स्र्ार्ी डवस्ताि र् ग्य र्कनीक है। हालाांडक, िडदतर् ां ने अपडशष्ट जल उपचाि 

के प्रदशतन पि प्रडर्कूल प्रभाव िाला, िूक्ष्म शैवाल र्ा जीवाणु िमुदार् के प्रभुत्व क  नष्ठ किना भी एक 

पर्ातविणीर् परिद्धस्र्डर्र् ां का परिणाम है। गमी अवश षण औि प षक र्त्व ां का िांििण किने वाले 

उपन्याि पुनचतक्रण फ ट बार् रिएक्टि के डिजाइन के र्ांि िे कम र्ापमान की चुनौर्ी क  कम डकर्ा जा 

िकर्ा है, ज  25-35% अडधक बार् माि औि प षक र्त्व हटाने की दि डदखार्ा है। र्ह र्ांि 1d के कम 

एचआिटी के िार्, ज  पीबीआि के पदडचह्न क  0.71 m2 KLD-1 र्क नीचे लार्ा है। वही एक चिण के 

उत्पादन के माध्यम िे जैव ऊजात अनुप्रर् ग के डलए िाख िमृद् बार् माि की उपरु्क्तर्ा उन्नर् जैव-रे्ल 

मूल्ीकिण अध्यर्न के महत्व पि प्रकाश िालर्ा है। 

कुल डमलाकि, प्रर्ाि अपडशष्ट जल िांिाधन िांििण औि उप-महत्वपूणत के िार् विूली एकीकिण के 

डलए डवकडिर् पुनचतक्रण फ ट बार् िेक्टि औि हाइिर  र्मतल द्रवीकिण की प्रडक्रर्ा की प्रर् ज्यर्ा क  

दशातरे् हैं। डवकडिर् प्रडक्रर्ा उच्च-मूल् बनाने के डलए एक नर्ा दृडष्टक ण बनार्ी है जल िुधाि स्र र् ां िे 

उत्पाद धािाएां  ज  किदार्ाओां के पैिे क  काफी प्रभाडवर् कि िकर्ी हैं। पािांपरिक रूप िे डवडनर्डमर् 

पानी उद्य ग में लाभ के डलए डवकडिर् प्रडक्रर्ा जैव ईांधन औि हरिर् उते्प्रिण में र् गदान के िार् हिे 

ििार्न डवज्ञान में ि जगाि पैदा किर्ी हैं। रे् डनष्कषत, िूक्ष्म शैवाल आधारिर् अपडशष्ट जल उपचाि औि 

एक िार् मूल्ीकिण बार् माि िूक्ष्म औि मैक्र  द न ां स्ति पि ईांधन, ििार्न, औि जैव उत्पाद ां में 

व्याविार्ीकिण के डलए आधाि प्रदान किरे् हैं। 
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