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Firewood, wood
chips, pellets,
animal waste,
forest and crop
residues, landfill
gas

potato) or sugars
(from sugarcane,
sugar beet, etc.

wood, and grass) and
the organic fraction
of municipal solid
wastes.

First-generation Second-generation Third-generation
Bioethanol or Bioethanol. Biodiesel from
butanol by biob 1 i I

ion of disesel produced | | Bioethanol from
starch (from wheat, || from lignocellulosic || microalgae and
barley, corn, materials (e.g. straw, | [seaweeds

Hydrogen from
green microalgae
and microbes

= Alternatives to fossil fuels (crude oil, coal,...)

= Plant and animal biomass

= Primary biofuels like wood or crop waste used since

ancient ages

= Most of the currently used biofuels are plant-based

Algae and bacteria are promising sources of biofuels for

the future

Generations of biofuels

Generations of Biofuels

Third Generation

Second
Generation

Eirst Generation Fourth

Generation

Derived from edible
plants grown on
arable land.

Ethanol and butanol
produced via yeast
fermentation.

Crops include
wheat, sugar cane,
and oily seeds.
Attributed as a

+ Produced from algae
and other
microorganisms.
Resilient organisms
that can be grown
from sunlight, CO2

include wood and and brackish water.

organic waste. Does not use arable

Potential to be net land.

energy positive. Fastest growing of al negative by creating

potential reason for biofuel sources. artificial carbon

recent spike in food Potentially carbon sinks.

prices neutral

Net energy negative.

* Genetic engineering
of organisms for
efficient production of
biofuels.

Includes altering lipid
characteristics and
introducing lipid
excretion pathways.
Aim 1o be carbon

* Produced from non-
edible crops grown
on non-arable land.
Sources have high
lignocellulosic
content, which
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Biofuels in the world

= Vast majority of the biofuels production is based in the

US, Brazil and Europe

China
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Why are biofuels important?

= Renewable sources of energy
= Lowering of carbon emissions
= Lower energy demands than “traditional” processes

= Biomass can be used for extraction of biologically

active compounds and as biofuel

= Waste is biodegradable or can be used further



Crude oil consumption

WHAT CRUDE OIL MAKES
2.6% 2.7%.1.1% _0.5%

= gasoline
= distillate fuel oil

= kerosene-type jet fuel

# residual fuel oil

u liquefied refinery gasses
= still gas

= coke

= asphalt and road oil

ALGAL BIOMASS PRODUCTION SYSTEMS
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Algae as biofuels sources

Advantages and disadvantages of biofuel production using microalgae.

Advantages Disadvantages
High growth rate

Less water demand than land crops
High-efficiency CO, mitigation
Mare cost effective farming

Low biomass concentration
Higher capital costs

NN

Photosynthetic organisms
Initial biofixation substances

Microalgae growth

T Biochemical
S Microalgac processing comemee
Direct conversion
Biosynfucls Bioalcohols
Biocrude Algal oil Biodicscl
Biodicsel Combustion Biogas
b Animal food Biohydrogen
Fish food
Fertlizer

Fig. 1. Carbon dioxide fixation and main steps of algal biomass technologies.
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= Methylesters of unsaturated fatty acids

= Better biodegradability than fossil-based diesel
= High energy capacity

= Can corrode the engine parts

= Higher health hazard than fossil fuels

= Inthe EU 5 % of biodiesel has to be mixed with liquid

fossil fuels

Chemical compositions of algae on a dry matter basis (%).

Species of sample Proteins  Carbohydrates  Lipids  Nucleic
aci
Scenedesmus obliquus  50-56  10-17 12- 36
14
Scenedesmus quadricauda 47 - 9 -
Scenedesmus dimophus 818 21-52 6- -
40
Chlamydomonas 48 17 2 -
theinhardii
Chlorella vulgaris 51-58 12417 14- a5
2
Chlorella pyrenoidosa 57 26 2 -
Spirogyra sp. 6-20 3364 -
21
Dunaliella bioculata 49 4 8 -
Dunaliella salina 57 32 6
Euglena gracilis 39-61  14-18 u- -
20
Prymnesium parvum 28-45  25-33 2- 12
38
Tetraselmis maculata 52 15 3 -
Porphyridium cruentum  28-39  40-57 914 -
Spirulina platensis 46-63  8-14 49 25
Spirulina maxima 60-71  13-16 67 345
Synechoccus sp. 63 15 1 5
Anabaena cylindrica 43-56  25-30 a7 -

Figure 1 - Global biofuels production, 2000-12

# US bioethanol
70 4 US biodiesel
m @razil bioethanol

601 4 Brazil biodiesel

0|  OECDEurope bioethanol
£ 1 =0cco Europe biodieset
£40 1 = Other bioethanci
8 | = Other bodiesel

Data source; International Energy Agency, 2000-12,

Milcn Galors per Year

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

US Biodiesel Production 2004-2008

source Emerging Markats Online, Algas 2020 study, NBB, USDA, FAQ




Global biodiesel production by ferdstock

- Global Biofuel Production - 2010
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Global Biodiesel Production by Country
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Figure 3. EU Per Capita Consumption of Vegetable Oil and Biodiesel
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Algae processing

Algae and site selection

Al effocat (275 T58)

Akl sharry (5195 TS5)

Biomass processing
(@ew atering. thickesing, Bhcring. drying)

Algal eake (15:25% T55)

= Water removal is important

= 20% humidity after [P

Fig. 1. Miroaigae biodiesel value chn stages.

dewatering




Hexane extraction

Liquid and solid mixture
Liquid and solid mixture
CH,C, extraction and filteation

CH,Cl; extraction and filtestion

e Solid residue

Washing with water

Liquid products

Washing with water

Aqueous phase

Adquoous phase CH.Chsoluble

Solvent evaporation

m

of hexane estraction.

Fig. 3. Direct liquelaction of micmalgae and ol from liquetaction products by Fi. 4. Primary el rom algal cells by liquefact
CHiCl, exraction.

Comparison of micmalgse with other bindiess! fecdstocks.

Plant source ol corsent 0 yield Biadiesel produtivity

(% il by wt in biomass) (L wilfha year) . )
Corn/Maize (Zea mays L) a4 2 152
Hemp (Connabis sativa L) 33 363 21
Soybean (Giycine max L) 18 636 562
Jatrapha (latropha curess L) E 741 656
Camelina (Camelino satha L) a2 a5 s0a
CanolafRapeseed (Brassica napus L) 4l 74 852
Sunflower (Helanths anmuus L) 40 1070 %6
Castor (Ricinus communis) 48 1307 1156
Paim oil (Eloeis guineensis) 6 5366 a7
Microalgae (low oil content) 30 58700 0z 51.527
croalgac: (medium oil conlet] 50 7500 01 86515
Microalgae (high oil content) 70 136900 01 121,104

Yields of bio-oil by pyrolysis from alga samples at different temperatures (K).

Sample 575 625 675 725 775 825 875

Solvent evaportion Cladophora fracta 105 235 332 434 482 468 446

Chlorella protothecoides 128 274 384 502 553 537 516

Table 1| i y i biodiesel production

Feedstock Conditions Biodiesel Reference

Spiuiina platensis Reaction temperature 55°C, 60% catalyst concentration, 1:4 aigae biomass  €0gkglipd  Neutyal et o
1o methanol ratio, 450 pm stiming intensity

Nannochloropsis sp. 4 Gxtraction with n-haxane, ackdc ransastarfication %99k lipd Susianis
Scenedesmus sp. Alkaling INsOH), temperature of 70°C 2106gkg lpid  Kim et
Acidic (H504) catalyst, tamperature of 70°C 282230/g ipid
ssiina  Froaze d biomass, extraction i thanol (1:1 ratio),  180.78gkglipid  Muthukur

alkali transesterification
Chiorella marina 100g/kg Ipid

0.30-0.35 (v} methanol-10-0i ratio, 1% (v H,SO, as acid catalyst, 025 186.2g/kg ipid

Madhuca indics
Wi methanol, 0.7% (wiv) KOH as alkaline catalyst

Pongamia pinnsta Transastorification with mathanol, NaOH s catalyst, tamp. 60°C 2539kg lipid

using 05% H;SO04 ~ 1932gkg ipid

transasterfication

Azadirachta incica Reaction time of 60min, 0.7% H;S0: as acid catalyst, reaction 170g%g lpid
temperaturs of 50°C. and methanol: oi ratio of 31

Soybesn Hydrotaicita a5 basic catalyst, mathanolioil molar ratio of 20:1, resction 189.60kgIpid  Man
time of 10h

°®
YNV 4

Bioethanol

= = -0

O irates  gae ol convated to
flomatmees et

- o
- S > e e

gse grown

= Production depends on content of fermentable
sugars
= Production higher than 4 % (40 g/L) is necessary to

make the proces economically feasible




Bioethanol production

Table 1. Comparison of the productivities of lignacellulosic biomass

and seaweeds = Cells are pretreated using acid or enzymatic hydrolysis
Biomass [ded"l:::vIty " Reference )
Y gilmryear = Hydrothermal pretreatment may be applied
Lignocellulosic biomass
Switchgrass 560-2,240 65
Corn stover 180-790 65
Elcalypas 1/000-2,000 8 = Ethanol fermentation by bacteria or yeast
Poplar 300-612.5* 66
Willow 46-2,700 67 = Saccharomyces cerevisiae
Seaweeds )
[r— P T = ortechnical cultures
B ed: 3,300-11,300 21 . ..
waulbaiaa = Mannitol cannot be converted by S. cerevisiae
Red seaweeds 3,300-11,300 21

*Mean value calculated from the amount of biomass produced for 8 y;
“calculated value.

Table 2. Various hydrolysis treatments methads and their bioethanol yields

Hydrolysis type  Hydrolysis source Fermentation  Algae species Algae  Yield Reference
Maode?) type (g ethanoljg
algae)

Acid HCY Mgcl, SHF Chlarella sp. Micro [ 6]
Table 3. Advantages Fuarious natural Adapted from [98] with permission Allaline NaOH SHF Chlorococeum infusionum  Micro 0.261 ]
Organism Natural sugar utilization pathways™ _ Major products®l Tolerance? O, needed” pH Chemical M50, SHF Chlorococum humicola— Micro 048 el

Chemical® H,50, SHE Chlrella valgaris Micro 0233 61

Clu M Gal X Am EOH Other Alcohols Acids Hydrolysate

Chemo- HE)/ H,50, + amyloglucosidase +  SHE Dunalicia tertiolecta Micro 014 146]
Anerabic bacteria © v+ o+ e+ v Neutral enzymaticd  endocel ulsse + B glucosidase
Escherichia col + .o - + - - - - Neumsl
Zymomanas mobilis N B N N N . N . B B B Neutral Enzymatic a-amylase + amyloglucosidase SHF Chlamydomonas reinhardtii  Micra 0.235 N8
Succharomyces cerwisiae  + 4+ 4 - - - oo " ~ hadic Enzymatic endoglucanase + f-glucanase + ssF Lominaria japonica Macra 1% (8]
Pichia sipitis e e - - - - + Addic amyloglucosidase
Filamentous fungi - * * : - * - R - - Aede Enzymatich cellulase + amylase SHF C. vulgaris Micro 0.178 (61
e e et e Enzymatic!  cellulase + B-glucosidase SHF Grailaria verucosa Macra 043 N4
B Enzymatic!  cellulase + Brglucosidase ssF Saccharina japonica Macro oim B

Enzpmatic  collulase + Amplase s5F € wlgaris Micro 0214 611

Physical®} supercritical CO, SHF Chlorococum sp. Micro 0.383 [4s]

5) SHF: separate hydholysis and fermentation; SSF: simulaneous ssecharification and fermentatian
] Sonicated algal biomass was vz

o] Lipic-exracied algal biomass was uiilized

d) Agar pulp was extracted after alkali treatment and hydrolyzed

e} Algal biomass received evtremely low acid prevreatment



Tables. sugars in th these thanol
Biomass Polysaccharides Sugar Reference
Green seaweed Glucan Glucose . cerevisioe 15,27
Ulvan Xylose Xylose-fermenting yeast 9
Rylose-utilizing S. cerevisiae, 7
Ethanologenic £ coli 38
Glucuronic acid P.tannophilus 3
Ethanologenic E. coli %
Brown seaweed Glucan Glucose S.cerevisiae 10,15
P.angophorae 45
Ethanologenic £, coli KON 44
Ethanologeni £. coll BALI6T st
. Mannitol P.angophorae 45
Ethanologenic E. coll KOT1 a4
Ethanologenic £ coli BALI61 51
Alginate Uronic acid Ethanologenic Sphingomonas sp. Al 50
Ethanologenic E. coli BAL BAL1611 51
Red seaweed Glucan Glucase S, cerevisie 15,56, 58, 60,61
Agar, Carrageenan Galactose 5. cerevisiae 15,56, 58, 60, 61
36-anhydrogalactose NR®
" | but a major sugars in b s, P 34 b ported.

Table 4. Bioethanol production from SSF and SHF tested on various algal strains

Fermentation Algal feedstock Hydrolysis Fermentation Bicethanol Reference
Type Yield
Source Treatment Source Process
conditions conditions

Chlamydamonas  Glutase A0°C for 30 min  Saccharomyces 100 rpm and 0.194 gethanolfg  [99)
g- fasciata cerevisiae 40°C far 30 h algae
g & Chloreflo wigaris Cellulase s 200 rpm and Zymomonas  30°Cin desktop  0.214 gethanoljg  [61]
§: Amplase  45°C mobilis fermentation algae

L]

[% 3 Schizocytrium sp.  Amylase 37°Cat150pm  Escherichiacoli 150 tpm and 37°C 0.055 g ethanolfg  [44]
- é for 24 h algae
] 5 Laminoria Sulfuricacid  121°C E. coli 150 rpm and 37°C 0.4 g ethanclig 139
] E  oponica for 15 min carbohydrate
z2s
E Saccharing Bagillus 200 rpr and Pichia 200 rpm and 7.7 g ethanalf 55

japonica licheniformis  30°Cfor 75 days  angophoroe  30°Cfor13h L algae hydralysate

€. wlgaris Cellulase + 200 rpra and 45°C  Z. mobilis 30°Cindesktop 0178 g ethanolfg  [61]
_ Amylase farmentation algae
2 <. wulgaris Sulfuricacid  121°C for 20 min.  Z mobilis 30°Cindesktop  0.233gethanclfg (6]
T fermentation algae
§ Dunaliella HCH,SO, 121°Cfor 15 min S cerevisias 200 rpm and 0.14 g ethanolfg 46
= tertivlecta + cellulase 30°Cfor12h algae
L~ +amylo-
2 & glucosidase
2
.g Celidium Sulfuric acid  150°C and 3.0~ Brettanomyces 150 rpm and 30°C 27.6 g ethanol/ 53]
b amansii 3.5 bar pressure  custersii L algae hydrolysate
] Scenedesmus  Cellulase  37°Cfor30min S cerevisias 200 rpm and 0103 gethanol/  [60)
g abundans 30°C for 48 h g algae
. L japonica Cellulase + 150 rpm and S. cerevisiae 30°C for 36 h 0.143 L ethanol/ “7

50°C for 48 h kg algae

. Cellubiose.

Fermentative production of ethanol from algal feedstock

Al feedstock  Type  Pretreatment and saccharification Fermenting organism,  Yield (reported) Yield (normalised  Refs.
of time and mode 0
algae. 3 EXOH dry weight)
. Mico 6 °Cand Soccha 383 g Ethanal from 10gof  38.30% 149]
400 mi{min €O, boyanus SHF, 60R  lipid-extracted microalgae
debas
chi Micro 075 (wiv) NaOH at 120 C for 30 min Soccharormyces 0.26 g Ethanolg algie 26.00¢ 1521
infustonum cerevisior SHF, 72 b
Chlamydomonas  Micro 3% H:S0, 2t 110°C foe 30min S 0291 g Bhanaljgalgae  2910% 139]
reinarden cerevisiae SIBHC. SH,
UTEX 80 an
hiamydomonas  Micro  a-smylase (90 C. 30 min) and glucoamylase Soccharormyces. 0235 Ethanol/g algse 23500 18]
reinhardtii (55°C, 30 min) cerevisiae SI8C. SSF,
UTEX 90 w0n
Chiorella vudgarts Micro 3% HiS04 t 110°C for 105 min Escherichia col 04 Ethanolg algae 40.00% 140
SL2526, SHF. 24 h
Schizochytriom . Micro i ind 2-aniylase at 13,000 KOIL 118 gLof Ethanol from  551% 144
ANU/g-ghucan and glucoumylase 660 GAUJg-glucan  SSF. 72 257 gL of glocose
Keppophycus  Maxro 0N ;504 36 120°C for 60 min Soccharomyces 92.3% Theoretical conversion 15.4% 134
alvarezi cerevisiae NCIM 3455,
SHE 96 h
Keppophyss  Macro 025 B0, at 130°C for 15 min Saccharomyces 1760 [ET 1351
alvarezi cerevisiae SHE. 24h
Gradtloria Macro 2% HaS0, at 120°C f or 30 min and cellulase at 40 °C Escherichia coli KO11, 781 g Ethanol/1 kg 2805 142]
saficornia SHF, 48 1
Celidium eleguns Macro Melcelase treatment 50°C for 120h pH 5.5 Saccharomyees 5.5% Ethanol in fermentation 36.7% » (dry weight  [41]
cerevisiae AM 4178, broth approximated)
SHE,
Sargassum Macro. Thermal liquification € 200°C and 15 MPa for Pichio stipitis CBS  843% of Theoretical value 10,08 143
sagamianm 15 min, 7126 SHF, a8 1
Leminaria Maxro 01 NHCL 121 C for 15 min and Celluclast 15 Escherichia coli KOI1, 0.4 g Ethanoligof sugass  16.1% 136
o Viscozyme L. 50°C on 150 rpm foe saccharification  SSF. 72
Laminaria Macro. Cutting and washing in water pH 2 at 65 °C Pchia angophorae, 043 g Ethanalg sugar 036% (dryweight  [37]
rbore sh )
Saccharina Macro. Shredding and laminarinase treatment for Saccharomyces 045% (vv) 138
Ioissima saccharfication cerevisior Ethanol Red.
(Laminaria SSF. 480
rborea)
Lominaria dighata Macro Shredding and minarinase treatment for Pchia angophorae, SSF, 167 ml, Ethanol/kg algae  13.2% 1511
Sccharfication ah
Leminaria Macro. Floating residues from alginate industry treated with Soc 01430 Erhanol fom 1k 113% 48]
fapemsica 0. M NSO, at 121 °C, 1 hand cellulase, cellobiase  cerevisior, SWF, 361 floating residues
Leminaria Macro, g of dry biomass and autoclaving at 120 ‘Cfor Achia sipits 29g/L Ethanol using 100 gL 2.9% 1531
Japanica 15 min algae
Micro, microalgae: Maco, macroalgae: SHF, separ and fermentation; it Several studies.
in these cases is reported in the table.
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Biohydrogen production

Hydrogen producing
microorganisms

Prokaryotes Eukaryotes

Cyanobacteria

Sulfur
Nonsulfur

Lactic acid Thermophiles

anaerobes

Facultative
anaerobes

Aerobes

Butyric acid Mesophiles

Butanol acetate - Psychrophiles

Mixed acids
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Biohydrogen (H,)
production process

Carbon rich
H, effluents
. from _|
H, reactor

Dark fermentation

Microbial
fuel cell

Biophotalysis

Indirect biophatolysis |Cy4nobnlerl4
Direct biophotolysis

Microbial
electrolysis cell

Nitrogenase in cyanobacteria

Light Light

liydrogen evolution 1n a heterocyst of
nitrogen-fixing heterocystons
eyanobacteria [10, 30, 32]. The oxygen
and hiydrogen evolution are carried out
separately and the energy-rich
carbohydrate (CH,0) is used as the

electron source in the oxygen-fre
heterocyst.
N+ 8H" + 8e + 16ATP - 2NH; + H, + 1GADP + 16Pi .2
8H' + 8¢ + 16ATP = 4H, +16ADP + 16Pi .3
24Dp4p,
(Fenidoninlyy Frpoe DMF eIy R
- )C X
(Femtass). Fe-proeng QdFe e, 2HH
2 ATR

~d—— Fepeal Ex fur ch rogen —— e

&

Glucose

Tavle

1
photobioreactors

NAD"

ADH
L)

Hydrogen

- h/mvilej,
Pynuvaterfd
oxidoreductase \o, Acetyl-

CoA

Inner membrane

HO

0,
i o,
Pyruvate formate- g
[r—

Formate-hydrogen
iyase

evolution via direct baophotolysis by cyauobacteria . laborstory

Organisu Maximam | Maximum Gas for GasforH | Ref
evolution | productivity growth: evolution;
sate (mmolLhn)* | Light intensiry | Light intensity
(mmol'g kLAn* (win') (W'
)
“Anabaena 133 [ 5.7 air ST AT )
cylindrica cos 300y
6
o7 6085 D]
varabilis (002)
“Anabaena 306 035 (D]
variabilis (0.08)
PK&4
“Anabaena 021 026 I}
variabilis 0.06)
PS4
“Anabaena [ 0084 28]
AMCAL ©02)
Gloebacter [EDy 1
PCCTA21
Synechococcus | (0.661 B ]
PCCE02
Aphanocapsa 0 - ]
montana
Note
2 The specific hydrogen evolution rate based on per gramm of dry cell mass or chloroplyll a (in blanket)
b per g @ stage. not
N space ey wduction s
he energy productivity (VL) based on the heat of combusion of hydrogen (024 ki mumol) at
1%
€ 1 Wi =46 pmolE/u’s (APR). APR: photosynthetically active radiation that includes

light energy of 400~
12 hour light and 12 hour dark

nm in wavelength

10



Table 2. Direct biop is hydrogen ion by green

in laboratory p

Maximum Maximum Gas for growth: H; evolution Ref
hydrogen hydrogen Carbon source: ‘medium:
evolution | producti Light intensity Light intensity
(mmolg | (mmel/L/h)* (wimh)® /)
) | (kI
Chlamydomona 5.94 0.094 97% air Argon: [54]
5 reinhardtit (0.022 3% COy: S-free acetate
cel24 Acetate (17mM); (17TmM);
43 65
Platymonas (0.001)" 0.002 Air N [46]
subcordiformis (0.000%) Seawater S-free seawater:
nutrients; 35
2wy
Chlamydomona 5.91 0.48 Air Argon: [55]
5 reinhardrii (0.12) Acetate (17TmM): | S-free acetate
ccl036 22 (17mM);
26
Note.
a. The specific hydrogen evolution based on per gram of chlorophyll or 10° cells (i blanket)
b. See Table 1
c. See Table 1
d.

14-hour light and 10-hour dark.

Table 2. A list of the processes integrated with the production of H2 from dark ion (DF. dark fe PF,
MEC. microbial electrolysis cell: BEH. bio-electrohydrolysis)
Flrst Stage Second Stage
Substrnte Process Type Yield Process Type Yield Refirence
Comstalks. Hydrogen (DF) $80mLg Methane (DF) 2009 mUg 3
Rice straw Hydrogen (DF) 20mLg Methane (DF) 260 mLig 4
Water hyacinth Hydrogen (DF) 382 mamol HyL/day Methane (DF) 29 mmol CHL/d 5]
Water hyaciath Hydrogen (DF) 517 mL of Hyg of TVS Methane (DF) 43.4mL of CHygof TVS [06)
Laminaria faponica Hydrogen (DF) 1152 mi of Hy'g Methane (DF) 329.8 mL of CHu'g 1
Cassava wastewater Hydrogen (DF) 5422 m of Hy'g Methane (DF) 16487 mL of CHyg 98]
Microalgal bomass Hydrogen (DF) 1354311 mL of H/g'VS Methane (DF) 4142245 mLof CHVGVS  [99)
Glucose Hydrogen (DF) 120 mmol Hydrogen (PF) 522 mmol [100]
Cheese whey wastewater Hydrogen (DF) 2.04 mol ‘Hydrogen (PF) 2,69 mol [101]
Vegetable waste. Hydrogen (DF) 12 61 mnol Hy/day Electricity (DF) 111.76 mWine 57
Fruit juice industry wastewater  Hydrogen (DF) 1.4 mol Hymol bexose Electricity (DF) 055 Win' 02,
Com stover lignocellulose. Hydrogen (DF) 1.67 mol Hy/mol glucose Hydrogen (MEC) 100114 03]
Cellobiose Hydrogen (DF) 1,64 mol Hymol glucose Hydrogen (MEC) 096 LLd (104
Distillery spent wash. Hydrogen (DF) 398L Bioplastic 40% dry cell weight [105]
Food waste Hydrogen (DF) 318L Bioplastic 36% dry cell weight [106]
Pea shells Hydrogen (DF) S2LofH: fom4 L Bioplastic 1685 mg of PHBIL no7]
Food waste Hydrogen (DF) 69.94 mmol Lipid 26.4% dry cell weight [0s]
Olive oil sl wastewater Hydrogen (DF) 1962 ml/g Biopolymer 8.9% dry cell weaght 1109
Molasses wastewater Hydrogen (DF) 130,57 mmol Ethanol 3793 mglL. mo]
Food waste Bioelectncity 852 mW/m’ ‘Hydrogen (DF) 091L 39)
Starch hydrolysate Hydrogen (DF) 540 mumol Hy'g of COD Hydrogen (PF) 10.72 mmol Hy/g of COD )
e Hydrogen (DF) 0.98 = 032 mol Hymol Hydrogen (PF) 4.48 2 0.23 mol Hymol 4853
Glucose xylose (9.1), 250 mLLb, Mixotropic micr 205 ML/,
Microalgae bioasss Hydrogen (DF) 278 mol Hy'mol mmﬂwm 112 gof biowsswgofcop L1131

Table 3. Fermentative hydropen evolution by cymobacteria and microslgne i dark and anaerobic
fermenters

Orgamism Maxinnun | Maximum | Gas for growth/ | H evolution gas; Ref
hydrogen hydrogen Carbon/ Induction time;
evolution | produciivity nutrient; Carbohydrate storage
(mmol (mmolL/hr)® | Light intensity (2L)
(kL) (wim’y
Chiamydomonas 013 Air Acetate; N [50]
remhardtii (0.032) 06 ~Shr dark:
Starch 0.77
Chiamydomonas 0.1 02 o5% air/ N 64
MGA 161 (0.048) 5%CO, 12 hr dark:
25 Starch 0.22
Spiruiina 011 018 Ny [55]
platensis (©.043) 3
Glycogen 0.81
Gloeocapsa [ 16 08%% air/ Argon: 67
alpicola (0.38) 2% COy/ 24 hr dark
Nelimited: Glycogen 1.4
36
Gloeocapsa .57 0.0072 96% air/ Argon; 1581
alpicela (0.002) 4% COy 12 hr dark
S-deprived; Glycogen 0,024
s
Synechocystis (-3 0.0048 96% A/ Argon; 58]
PCCB503 (©0.001) 9%.COy 12 br dark
Sedeprived: Glycogen 0.02
s
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Methane production and pretreatment improvement for macroalgal biomass.

Feedstock AD Process  Co-digestion  T('C) Pretreatment Methane Improvement
Saccharina latissima Batch 37 Steam explosion at 130°C. 10min 268 mig ' VS +208
Laminaria dnglmlu L hyperborea s Batch 50 Beating smig ' TS +53%
L Sacchar

Ubu lactuca Batch - 55 Unwashed, macerated Zimig' Vs

Batch - 55 Washed, macerated 200mLg~' VS

Baich - 55 Washed, 130 ‘C/20 min 187 mLg ' VS

Batch - 55 Washed, 110 G20 min 157mLg ' VS

Batch - 37 Unwashed, roughly chopped 162mLg ' VS

Batch - 55 Dried. ground Mmlg Vs
Gracilaria vermiculophylia Barch - 53 Washed, Macerated Wmlg 'Vs
Uha lactuca Batch - 53 Washed, Macerated 255mLg ' Vs
Chaetomarpha linum Rach 51 Washed, Macerated 195 mig Vs
Saccharin latissima Batch 53 Washed, Macerated 3mig VS
Utva lactuca Lbscle TR Cilemanwe 53 Dried, ground 1516 mi g feed

Batch Sewage sludge 35 Washed R6mLg Vs

Batch Sevage sludge 35 Cround 26mLg" Vs

Batch Sewage sludge 35 Washed. ground 180mLg' VS
uha 5p. Batch - 35 Unwashed Momlg' Vs

Batch - 3 Washed s4mlg 'vs

Batch 35 Dried Wimlg 'VS

Batch - 35 Dried gound 177 mlg Vs

S Bovine manure 35 Ground 203mLg ' Vs
Palmaria palmata Batch Sludge 35 NaOH, thermal pretreatmentat  36Smig ' VS
20°C/ 30 min

Methane production and pretreatment improvement for microalgal biomass.

Feedstock Ap Co-digestion T Pretreatment Methane Improvement Ref.
Process )
Pilayel, Ectocarpus, troces Continuous - 35 Hydrothermal depolymerization +enzymatic 0054 dm'lg +64% biogas  [114]
Enteromarpha hydrolysis substrate
Chiorell vulgarts Bach Sewage 35 Uitrasonic NA +90% biogas (115
shudge
Scenedesmus Batch 35 Utrasonic 1535mig ' COD  +100%
Batch 35 Thermal at 80°C 1287mlg ' COD  +60%
Scenedesmus Baich - 38 High pressure thermal hydrolyss + lipid 3|mLg VS <1108 [
extraction
Batch 38 High pressure thermal hydrolysis 20mLg' VS +81x s
Batch - 3 Lipid extraction 240mig Vs +33% 8]
Nannochloropis salina Batch - 38 Thermal Smig 'Vs 458X g
Batch 3 Microwave amig Vs d0x 1)
Batch 38 French press d0mlg Vs L33 o)
Batch 38 Frozn wImig Vs -39 o]
Batch 38 Ultrasonic 247mLg ' VS 291 (e
Chlamydomanas, Scenedesmus Batch 35 Thermal mLg 'V d6% 71
Nannochrapsis
Ultrasound M0mLg VS 4w
Negligible
Acutodesmus obliguies, Oocystis sp.  Batch 35 Thermal WTmig Vs +55%
Phormidium and Nitzschia sp.
Ulrasound Zmig Vs 13
Biological NA Negiigible
Microspora Batch 35 Thermal 110°C a3migtvs -6
Uitrasound g vs o s2ax
Biological Neglgibie
Scenedesmis Batch 35 Thermal 90°C I7\)m.\.g oD +12%

Rhizoclonium Batch - 53 Blending +Enzymatic MSmMLCHag 'TS +20%
Chlamydomonas reinhardtii Batch 38 Drying NA 208
Chlorelia Kessieri Batch 38 Drying NA 231

Current approaches in biofuels production

= Single gene targeted approaches
= |Insertion of specific enzyme
= Engineering of RUBISCO and/or PS II

= Enzyme engineering

= Systemic approaches, metabolic engineering
= Multiple insertions/deletions
= Novel metabolic pathways

= Tampering the central carbon metabolism
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= Systemic approaches, metabolic engineering

In vivo route
E. coli Overexpression of Pdc, Adh,  Modified LB medium 922mgi
CBACD, fesA’, W
DGAT. fadD; knockout of
fadE
E. coli ()mrc\[vmu)n of Pdc, Adh.  Minimum medium, glycerol  813mg/l
ac

Duan et al. (2011)

Yang et al. (2013)

WATBGAT, fa: knoskout
of fadE.
E. coli Overexpression of Pdc, Adh, Glucose, xylose, hemicellulose  3.5-674 mg/L. Steen et al. (2010)
TES, ACL. WS/DGAT,
xylanases (xyn10B and xsa);
knockout of fadE:
E. eoli Oveespeesion RIS AT, ikl e
ACL. WS/DGAT. arass, xylan/
ylanases and cellulase cellobiose, glucose
{elya3F and xyn10B, cel3A
and cel); knockout of fat
Overexpression of
FAMT, MAT

71405 my/L.

M9 minimal medium, glucose  1.87-22 M

Nawabi t al. (2011)

Ace, WS SD medium, glucose 8.19mglL Shi et al. (2012)
Disruption of DGAI, LROI.  Glucose. YNB 17.2myL. Valle-Rodriguez et al. (2014)
AREL, ARE2 and POX1:

overexpression of WS

= Single gene targeted approaches

In vitro route (intracellular lipase)

coli Proteus sp. lipase

coli S. marcescens lipase Waste greas

coli T. lanuginosus lipase, Waste grease. methanol
C. antarctica lipase B

Vegetable oils, methanol T8-100% Gao et al. (2009)
methanol 97% Li et al. (2012)
1 Yan et al. (2012b)

. cerevisiae R oryzac lipase Soybean oil, methanol % Matsumoto et al. (2001)
P. pastoris T. lanuginosus Tipase Waste cooking oil, methanol 825 Yan et al. (2014b)
A. oryae F. heterosporum lipase Rapeseed oil, ethanol W% Howard et al. (2010)
A. oryzae rosporum lipase, Soybean oil, methanol 98% Adachi et al. (2011)
zae lipase (mdiB)
A oryzae A. oryzac lipase (mdIB) Olein, methanol 905 Hama et al. (2009)
A. oryz G. thermocatenulaus lipase  Palm oil. methanol 905 Adachi et al. (2013a)
C. antarctica lipase Plant oil hydrolysates. 9% Adachi et al. (2013b)
‘methanol
In vitro route (extracellular lipase)
P. pastoris R oryzae lipase Soybean oil, methanol 95% Lietal (2011)
P. pastoris R. michei lipase. P. cyclopium  Soybean oil, methanol 955 Guan et al. (2010)
lipase
P. pustoris T. tanuginosus lipase Waste cooking oil. methanol ~ 87% Yan et al. (2014a)
I vitro route (surface displayed lipase)
erevisiac R. oryzae lipase Soybean oil, methanol 78A% Matsumoto et al. (2002)
P pastoris R. miehei lipase Soybean oil, methanol 83.14% Huang et al. (2012)
P. pastoris R. michei lipase, C. antarctica  Soybean oil, methanol 9% Jin et al. (2013)
P. pastoris T: lanuginosus lipase. Soybean oil, methanol 95.4% Yan et al. (2012¢)
C. antarctica lipase B
E. coli S. haemolyticus lipase Olive oil, methanol 89.4% Kim et al. (2013)

= Designing photosynthetic microorganisms for production
of photobiological solar fuels

= Microbial fuel cells (electrobiofuels)

= Technical cultures of engineered (and natural) strains of
microorganisms

= Systems metabolic engineering of bacteria and yeast,
creation of cell factories for high-value desired chemicals
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Biofuels produced by engineered microbes ~

= Lipids and fatty acids

= Fatty alcohols

= Ethanol, isopropanol OH
= Butanol, methylbutanol HSC/LCHa CHg
= Hexanol, octanol HaC OH
= Alkanes, alkenes CHg HaC
= |soprenoids HaCo HaC
CHs CH;

W = e

Biodiesel in engineered E. coli ~3
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Biodiesel from Y. lipolytica ~
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Biodiesel in E. coli ~ Stress engineering ~

is of ¢ ized | lica fuel

= Biofuels producing bacteria may suffer from presence of
the target compound

molecules by targetes modification o;. free
fatty acid pools in Escherichia coli

= Stress tolerance engineering is important

= Targeted metabolic engineering
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