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ABSTRACT

Adopting appropriate waste-to-energy technology generates renewable energy, solves
many environmental issues, and most importantly, plays a key role in developing a
sustainable circular economy. Wastewater treatment plants (WWTPs) play a significant
role in protecting the environment and public health by removing biological and
chemical pollutants. In most conventional wastewater treatment plants, the influent to
effluent water quality is improved at the cost of enormous energy input, which accounts
for around 25 — 40 % of the operating cost. A major chunk of this energy consumption
in a conventional WWTP goes for aeration of mixed liquor, followed by primary and

secondary settling with sludge pumping and sludge dewatering.

It is apparently evident that energy recovery through anaerobic digestion is a must for
the sustainability of WWTPs. Anaerobic digestion coupled with combined heat and
power (CHP) has been adopted in various WWTPs in countries such as America,
Austria, Germany, Netherlands, etc. The electrical efficiency attained through
conventional Internal Combustion Engines (ICEs) and Micro Gas Turbines (MGTs)
operated in CHP mode ranges from 25 to 45%. Furthermore, it varies with the CHP
size, and the energy and economic sustainability of smaller plants are greatly affected
by the low efficiency of traditional CHP systems. On the other hand, the application of
Solid Oxide Fuel Cells (SOFCs) seems to be a potential alternative to the traditional IC
engines. SOFCs are capable of delivering high electrical efficiencies in the range of
50 — 60 % even at lower sizes, viz, tens of kWe. Alternatively, this feature makes it
possible to modulate the power of the CHP system according to the
demand/requirement. Another attractive aspect of SOFC is the near-zero emissions to

the environment in terms of CO,, NOx, SOx, PM, VOC, etc.
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A primary concern regarding the direct utilization of biogas in SOFC is the presence of
trace impurities. The composition and quantity of such trace gases vary from site to site
due to the variation in the feed/substrates, operating conditions, etc. The main
challenges and hurdles for the biogas-SOFC systems are the Ni-based anode
degradation due to carbon deposition, nickel re-oxidation, and trace contaminants in the
fuel, as this will affect the stable long-term operation of SOFCs. So, the trace
contaminant levels in biogas should be properly controlled, for which the upper
tolerance limits are to be arrived at based on detailed experimental studies. As of now,
quite a good number of research publications are available for contaminant tolerance
studies with hydrogen sulphide (H2S) in the fuel gas fed to SOFC. The influence of
contaminants on direct internal reforming (DIR) process is not reported much and lacks
experimental investigation results. Hence, more research focus is needed on such
studies for a well-engineered integrated system development. It is understood that a
large number of investigations on biogas-SOFC integration are concentrated on
numerical models and very few on experiments. The polarization losses that result in
reduced cell performance of SOFCs are challenging to model and, hence, need to be

determined experimentally.

This research focuses on performing experimental and simulation studies to evaluate
the energy recovery potential from sewage streams through biogas — SOFC systems.
This work is related to research line 2 of the LOTUS!R (LOcal Treatment of Urban
Sewage streams for Healthy Reuse) project. LOTUSHR aims to demonstrate a novel
holistic (waste-) water management approach for recovering water, energy, and
nutrients from urban wastewater. The Barapullah Drain, located in Sarai Kale Kahn in

central New Delhi, is identified by the Department of Biotechnology of the Ministry of



Science & Technology (DBT) as an ideal demonstration site for this interdisciplinary

project.

This study to determine the feasibility of direct electricity production by utilizing the
biogas generated from sewage treatment plant in an SOFC is performed with particular
focus on direct internal reforming of biogas, contaminant tolerance studies with
selected contaminants that are expected in sewage biogas, thermodynamic analysis of
the integrated biogas-SOFC system and evaluating the biogas generation and power
production potential based on the estimated wastewater discharge at Barapullah site. As
of now, there are only a few experimental studies pertaining to direct internal reforming
of biogas in SOFC. Also, very few studies are performed with the real composition of
biogas, viz, CH4:CO> in 3:2 ratio. Hence, this research used biogas with the prior
mentioned composition to perform all the experiments (DIR, Contaminant tolerance

studies) in a biogas-SOFC system.

The results from the theoretical and experimental studies on DIR revealed that complete
conversion of methane is possible when the Ni-YSZ SOFC is operated at 850 °C or
above. The contaminant tolerance studies with the expected level of HCI traces in
biogas generated from WWTPs do not affect the system, while the methyl mercaptan
traces in ppb(v) levels itself are impacting both DIR and the stable long-term operation
of SOFC. This indicates the need for a stringent gas cleaning unit (GCU) for the
cleaning of methyl mercaptan traces prior to feeding biogas to the SOFC unit. Finally,
the biogas generation potential and system thermodynamics study explored in this
research reveals the potential for waste recovery and power generation, which in turn

gives a pivotal/guiding direction towards improving the sustainability of WWTPs.
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3YYF ITTASC-H-F5lT dehoileh ITeA @ FAANRIONT FaAl 3cdoT Bl §, S
TAieRoir AW g gl 8, R Hel Fgcayol 919, IF v TR T
HIeGTEAT [AHTAT el 7 AgcaquT s{fAeT AT &1 3r9frse S 3UaR H37
(550, ooy, . UT.) Sfdes 3R TH T TgNeh! s geTen TTaroT 3N Sfef Fareed
<Y T&TT 7 HgcaquT ${fAehT 3817 &1 3TRIehier IRURe 3afRIse STor 3Tk &34 A,
ST |Ta STeT T I[UTET H HRY Sl fA LT &l AT @ UR Il &, il TRaTele offaTd
ohT STITHAT Y - Yo % Bl & | Teh RN Se0g, Seog, &I, UT. H $H Foll T I Teh
g1 feeaT A ga & arae A ST, oreehs a1 Foret 9fter iR Ferot SrareRer gan
g 3R gfadiae HaTqur grar g |

I TIC & Toh S0y, Seeg, &1, Ul 1 FURUIIAT & felv A&y Ireiel & ATeTHA 4
ST hT ASITC 3TaRTeh & | Fgerc oy 3N QAfehed (Frwerdh) & A1 Haradr qrerst
Y ITARRT, AT, STale, afeels 3nfe Sid ot A fafdet ssoy, seeg, & . A
39T I g1 Headr gonfert #r HAfod e aRuRe 3TaReE ggd Sotet
(377 41.3) 3N T 3 caTgal (TA.SM. &) & ATedH § [aegd aTdrs ¥ ¥s % e
Bl &1 SHeh ITelTdT, Jg FTHU o TR & TN 37el9T gl & A DI IR
FIAT 1 FAT 3R 3R FRONTAT IRaReS ey gonferat B wa gatdr & 9gd
THTTAT BIT & | GET 31, WIS 3HTFHSs FT Aol (TH. 3. U, ) &1 HeTT21T
IRUR 313, TY. Solall ol Teh FHTTAT fashed T giar g1 Ug. 31T, Th. &Y. &a
ITeRRT # 81T go-€.0 % T HHATH T T ol GETAT TGTeT it H HETH §, 37T, &t
fehcilare | dehfedes &9 &, Tg AT ATET/MaRThdT & TR FTadr Jorrell T
QTTebel T HANTRT AT HHT S=ATcll &1 TH. 3. Uh. &Y. I Ueh 3 3HTeh¥eh Tgo
CO2, NOx, SOx, PM, VOC, 311¢ & €&t 7 TATauT o felT ofaTe7eT Y+ 3cdoiet & |

Tg. 3. Uh. &Y. H SR & TedeT 3YANT & HaeT & Ueh Yo =Idr ged sefeat
1 3UTEAf &1 T gear AT & T 3R A Brs/asaee, yRrers feafaat
3T H TRAeTdT 3 FHIOT 376797 3731 ST9TRT W fResT iy &1 S g-ug. 3. U, T,
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vronferdt o forw HEar Aot 3R STensit 7 st STATd, folehel IoT: JiTereienor 3iR
ST H H&H HGNeh! T IYTEATA & HRUT Tolehol IMUTR TATS T &ROT M &, ST
gl vg. 3. k. A1, & TR Qdwrieie Tares S YHIAT F Tohd & | ST,
SN A GEH G oh T 1 &1eh A AT fehar ST =i e, fordes forw faeqga
TANIMcHeh HEYeT o TR I ST AT FAT3 IR Tgam AT AT | TAATT
H, TH. 3T, TE. . &l &1 ST aTell ST 30 H gIS3Iole] Hohiss (H.S) & A H¥eh
GIESUTCT & 3TEAYT o LT & HIohT AT H N TF TR b T | FegeT 3aReh
U (SN, TS, 3TX.) GshaT TR HGIhT oh T3 o SR H HTEh SATeTeh T ST 761 &
3R AN TR SiTer AR 1 3781 & | ScioTclet, Teh GHUTTA Tehlehe YoTTel fashrar
o ToIT U el 9T 31TReh T hig swlet 3T 3TaTehdT ¢ | Tg THSAT ST & foh
TRIRIE-HITS 3iFdss T e e (TE3NUHH) THHOT T 937 9 a1 # S
HEAcHS Asel W Higd § AR J&9T 0 g HA g1 Yo g1, e
IRUTAEIET TH. 3. Uh. H. & el HIRAGTATT H FHAT AT &, 1 IIITI0T AT
HTSeT BT & 3R TTAIT 30 TARMcHS &I F FAUTRT et T AMaIThargliarg |

g AT TP -HITols JHTFATSS Fel ol (THNTHET) FoTTerdl & ATeqH & Hidst
YR F Foll GeTHTCT &THAT T FHediehel el o [T FANEMcHS 3R Teenor
IETGT Gleil il I ehiod &1 Tg e elieq ™ ™ (FIEY YoT: 3TN o ToIw 2Agd
ISt URT3HT o7 AT 3TAR) TRAVSTAT T 3T HUT olTge 2 A HATAA 5 | eAcHT.
3. T 3652 AT HUTASE STl { UTeAY, FoiT 3N Weh cieail b1 Geroiee & forw ven
AT HH (3ATASC) ST FeeIe GTOChIVT hT YG el AT ¢ | TS ool o HET HETH
T el GT H TEIT TR ATel Y IgileT faairet 3R Gt #3116 & Sia
e farhr fasmmer (1) garT 38 3ia: vy aR2Arsrar & fow ve 3nee) yge Tue
FETHF IS

IE T Ueh HITIS IS8 T Tl (THINTHH) F AT EITHE Tollc H 3cest
ST T 3TN ek TecIeT fasTell 3cuTest hl saagidT [aeTRa e & fore fmar
IATE, T A ST & YogaT 3 e R, Hidol Sk # 3ruferd aafad Ty
o TTY HGeh HIGSUTAT ITEATST, Tehlehc STAIH-THINTHHT JUTTC o SSHTI T
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fa2eIvor 3R IRIYET ATgE T IHFATAT HURISE STeT TAIGT & IR W SG6H
3G R FSSTel 3cUTGsT 8TH AT 3T HedTehe] dhiet IR TaRIY €TeT feaT aram | aiTed
#, Aifrs eSS el Ao (TH. 3. Th. AY.) 7 T & Jegat 3ndRe gur &
Y H ool WAT AT H FACHS U ¢ S IHellal, SR Hr
ATl Tdeh T, 37T, 3:2 37T H CH.: Cozéswaagﬁwmw%um%‘l
TSI, 3 LTI of JARIE-TH. 3. U, &Y. YuTTell & $iay T qdaqor (3.
3778, 3T, He¥eh HFSULAT qQ&ToT) I Hellelel el & forw qd 3feaf@d w=e &
T ST T 3T FohT |

3. 3118, 3R, W Acuifae 3T 9 fares 3reaas1t & aRumAT § adr Teidr & for @
T QUT ®UTAROT I HHG § S Ni-YSZ SOFC &l ¢3o f3aft Afewad a1 369 31fds W
AT [T ST 81 S0, Seeg, &1. W1, & 3cTest IR & T, €. Tel. ¢H &
3MAaT TR o AT HeWeh AFSUTAT ITEATT YOGl T THTTA oTET hcd & STdich
ProYe (&) TR A fRUrsa Adhterd S8 TaT AT 311S. 3R 3R T, 370, v, . & R
GIEIhlfoleh TTelel Glail I THTTAd HL T & | Tg UF. 3T, Uh. HT. Sh1s I AR ¢l
O gl FRUTS S AHTersT & 37T T Hh1s & fow Ueh aed 3 |wis gars (3. 4. )
FI AT AT AT ST FAT & | 3T H, 3T M H Wiat ITT TR 3cuTeeT &7 3R
TUTTel SSATITIERT ITEATT @ 3ATRISE GAUTTCe 3R faSTell SedTest shl &THT &1 Il
oIl &, S Jeol H Seoggeegdldl &l FURUITAT & FuUR HT fe=r #
Hgcaqui/ATGe fem & g
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