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ABSTRACT
The present study attempted to address major limitations hindering feasibility of algal biofuels
by developing an algal biorefinery process involving cost-effective cultivation, in situ
harvesting and efficient biomass conversion with balanced energy and nutrient recovery. To
begin with, preliminary screening of fourteen algae in standard medium (BG11), followed by
secondary screening of selected species under diverse wastewaters was done. Chroococcus
sp.1 and Scendesmus dominated consortium (PA1) was found to be suitable for biomass
production and treatment of low strength grey water while consortium PA6 (Chlorella and
Phormidium) with highest biomass concentration (1.5-2.2 g L) as well as nutrient removal
efficiency (80-95%) was outstanding performer for difficult high strength wastewaters viz
livestock wastewater (LSW) and anaerobically digested slurry (ADS). LSW and ADS were the
most favorable media for algal growth and can efficiently reduce the algae cultivation cost by

replacing expensive nutrient medium.

In order to overcome the limitations of low cell density and subsequent biomass harvesting of
suspended culture, the next attempt was targeted to design a cultivation system with in situ
harvesting. Two inclined algal biofilm reactors (ABR), fiber sheet based lab scale (L-ABR)
and bamboo based (B-ABR) were made with all waste, locally available and recyclable
materials (except pumps). Theywere further tested to identify suitable attachment material and
optimum biomass harvest frequency. Among five biofilm support materials, non-woven spun
bond fabric (70 GSM) was selected as suitable choice for biofilm attachment material based on
its attachment efficiency, durability, global availability and cost. With highest biomass
productivity (2.18 g m2d?) as well as biofilm thickness (332.28 um), 6 day biomass harvest
frequency was optimized. Further, the performance of pilot scale algal biofilm reactor (P-ABR)
was evaluated for six months and results showed a stable long term operation with biomass
productivity varying from 16.8 g m2d to 20 g m2d’. Next study was focused on assessment
of developed reactor to produce algal biomass and treat variable strength wastewater without
any design modifications for specific wastewater. As compared to suspended cultivation, ABR
resulted in high biomass potential as well as improved nutrient removal efficiency especially
in high strength wastewaters like LSW and ADS and avoided the need for dilution or
pretreatment of wastewater. The characterization of wastewater grown biomass indicated

potential application for biomethane, livestock feed and bio fertilizers production.



Considering the high conversion efficiency to produce multiple products of varied
application potential, hydropyrolysis (HyPy) was selected as appropriate route for
bioconversion of ABR grown biomass. The effect of temperature and catalyst on yield and
quality of hydropyrolysis products was investigated in detail, which indicated highest yield of
biocrude (42%) at 200 °C using K2COs catalyst. A comparative assessment of the ZSM-5 and
K2COs and their catalytic efficiencies in terms of yield and recovery showed that a combination
of K2COs and moderate temperature could be the ideal choice for high biocrude yield while
ZSM-5 with high temperature is suitable for high gas yield. Moreover, ZSM-5 catalysed
reaction produced biocrude rich in organic acids at low temperature (150-200 °C) and
hydrocarbons at higher temperature (250-300 °C). The major compounds identified in K2CO3
reaction were phenol (33%), benzaldehyde (22%) and acetophenone (11%) at (150-200 °C)
and nitrogenous compounds like piperdinone (21%), pyrazine (23%), and pyrrole (10%) and
hydrocarbons (25%) at higher temperatures (250-300 °C). On the basis of results the possible
mechanism of hydropyrolysis catalysed by alkaline K2CO3 and acidic ZSM-5 was also
elucidated. Further optimization studies using response surface methodology showed
operational parameters : 230 °C (temperature), 27 kg cm (pressure), 20 min (reaction time)
and 6 as W/B ratio as optimal conditions for the maximum biocrude yield (~ 45 %). In order
to maximize the output from HyPy, co-products (aqueous and solids) were also assessed for
recovery of nutrients as well as energy. Aqueous fraction being rich in amides, amines,
alkaloids, sugars, organic acids and peptides, indicated potential source for recovery of
nutraceutical compounds. The assessment of solids showed its suitability as biogas feedstock
with improvement in biomethane yield from 106 to 200 mL gVS™? Finally, energetic feasibility
of algal biofilm based three conversions routes, namely hydropyrolysis (HyPy), anaerobic
digestion (AD) and coupling of the two (HyPy-AD) was compared. With highest net energy
recovery (NER=2.3) and negative CO2 emission value (-180 g), sequential biomass conversion
by hydropyrolysis and anaerobic digestion (HyPy-AD) was found to be most appropriate
conversion energetically and ecologically. Finally, an algal biorefinery based on present
findings was suggested as a one stop shop for generation of fuels, chemicals and value added

products accompanied with wastewater treatment and recycling of COa.



SIN

A ST § T AT SARWISRI UishaT faswRid $Rap AdTd gRI o S4- &1 Fagiidl &
YT T & 18 v Arnsii &1 80 B o1 g o, ford fRRR Soif ofR Uives d@ avgent &
1Y W Hers 3R HIE TN FUTRUT M § 1 SHRY HA & o, A Aread (ol
11) B Aeg YaTd &1 URMNS whif, fafiid Iufa=n & dgd Tafd enfad &t dreafie weif
¥ T8 g T U7 ARIGIHY T 1 3R Wreqry agsfd dalegd (YT 1) SRy IdTe-
3R HH dhd T HR T & U & oY Iugar wifad gefl Said daicad Ulg 6 (@Rar SR
wiftifean) ¥ I SMR TSI (1.5-2.2 UTH T -1) & 1Y g 1Y UINS Id G 1 qafdl
(80-95%) TRHA I« fad SMURIT Td & T IPT FRiGar N, SN I Ry Jd
(TUESsY) 3R TR U ¥ TaM drell el (TS0 | TaugSse 3R TSIy 3eTd faera &
fore wed srqpa Hifsar & ik #e Tl Uive Arenw @) Sie & gRT QAT Wl &1 AT DT HRIS]
Y B R Tbhd g

H U T D1 13t 3R Fafad Sepld & a1 & SAE™ S99+ & SHErsi R S uH
& Q1T SRTC TRITY &1 e WA FeTs & A1 Th Wil TRl IR R BT 463 @M 1T | & FhT
BT ST TTNfthed Ruaex (Tl3iR), wigeR e 3nerid e W (Ta-TasiR) 3R o snetid
(@-uatem) @it iRy, W ® U ¥ Iuasy iR Sugacad It (duf &I BeH) & A1
ST AT 7| I8 SUGad aId ARt 3R Syad SN Had St 319 B g &3 & fad
T TRYefOT o TaT| Ute arfthed quH Wl §, TR-§AT HIaT §eF HUST (70 SHUTTH) &Y
TS TG G&fdl, R, e Iuasdr 3R AN & YR W SEihed g il & fog
Juged faddhed &b U H I 7T UT| IAdH SR-TEN SATGH T (2,18 UTH TH -2 S -1) & 1Y gl
Y SRAheH HIeTs (332.28 HISHH), 6 & &1 SHN Hud gy @i ot e S,
URIde Whd 3ATd arfthed Ruaex (U-udterm) &1 Uesi @8 wen & fore Yot foar mar
3R TRl & SRR IdTeHdl & 1Y Th RRR Sw1iaes St fowmn g i f& 16.8
-2 S -1 ¥ 20 UH-2 S -1 3T 3{FgH H [dDHRyd fobT U RUdex & i IR AH digd
foram T U1 Afes Sifde 19 &1 IcTe foham off T SR fafiy smufly Sa & forg foredt off feomza
TR & o1 @R Mo SfRiy Sfd &1 3ot fovar S 9as | Fafad @t &1 gam §, TR &
IRUMREGEY I SAHR &l 3R 98k TN dcd g o1 &l faRiy U ¥ Tauassy 3R
TEIUY oY 3= Wiad Uy ofd H g R MUY 9d & HHOIR TS AT Hiegede &t
HTIRASH AT I Fa o o | AT a1 & STRTHN & AE0T JUH B TR, U 3R O SaRe
e & foIT I 3ot o1 bl feam T B |




fafaY SIIERINT &l & H3 SAG! BT SdTad B & AT I FUIARUT G&fdl BT ¢&d gy,
TR (B2l B! TR FI T §3 ITNHN & IRAIbIAdo & forg Ifud AFf & &9 &
AT T 4T | ATIHM 3R IARS BT UHTT 3R GRS 31! &1 Ul IR [adR ¥ S Bt
TS, FoR Sifaes S8 (429%) BT 3ifererad 200 f&H VR k2003 ISRS HT IUINT HRd §U Hdbd
faam Ius SR et & A B ASTITH -5 3R & 2 i3 3 B JaIHS SMHa 3R ITh1
IR &N I U1 I ¢ b & 2 Wil 3 3R A A9HH &1 HoH I Slfddh e IATG &
forg sesf fawed 8 gohdr § Safd I aUHE & 1Y zsm-5 3 T & foIT Iugad g uIfed |
3P 3feAd], I dUH (250-300 TS AR W &9 amwHM (150-200 f&3f AfcaTa) ok
TRSIBTE IR BISHD A H TG olfddh S S B dTd ZSM-5 ISR Ufafehar| & 2 il
3 Ufafehan & Uga &1 s UgW AifTe! & fh1d (33%), SSIC 813S (22%) SR THISTH-H (11%)
(150-200 f&3ft AfRTTR) IR Ao TTDT I TSI (21%), WIS (23%), 3R 3=
99 (250-300 F&t AfRra) & URRIET (10%) 3R BIESIBE (25%) ROl & YR TR
&R K2€03 3R 3T zsM-5 GRT IGINT BRI & YU = DI Wt Ty fovam mar a1
gfdfehar &1 Tag U<fd T IUANT Hd gU 3 & G ATl § uRara- Arads! &l gdl
TQl: 230 ° ¢ (AIEM), 27 foar 9Hi-2 (Ga19), 20 e @faferar T7a) iR 6 S&g / st /U &
&0 3ffrmad Sifdd SU (~ 45%) HyPy T SUTGH B IHTH B & AT, TN Il & A1Y-
1Y Folt Bt el & o Tg-ITa! (ST 3R 31) HT Hft Gedaiar- foam | ey iy $firs,
TR, Ufehdig s, aa, BT URTS 3R UPRSY & U4G 8, geuHd AifiTe! & aget o fag
YT T BT Wb AT 8 | 31 Ueref & HeticeT H TN Wil & U H 30 Sugaad
&) femmn mor § o) | UeaR # GUR 106 ¥ 200 THUE SITH -1 81T 81 @
b & AT wuiaRr AR, s SRR @), TR U (TE)) R g &)
(HyPy-AD) TeT &1 T8 ft | SdH Y& Holl IS (TASHR = 2.3) 3R ABRIHAD CO, IS0 A
(-180 UTH) & 1Y, TRSIUARA 3R TR UrH @1 $8) GRT SIh M SRR TR0l
Soltar 3R IS FU § Yo IUgad FUTdRUT T 747 AT | 3fd H, gdHT fsh sl & SR
R UH AT TARBGIER BT geia fean ma o1 for SeF, T 3R geaafifd Iarei & Sdred &
forT U iU 2T & F9 H RIS S IR & 1Y CO, & YTAH Ul 51 Aol |
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