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Biofuels are the promising alternative to exhaustible, environmentally unsafe fossil fuels. Algal biomass is
attractive raw for biofuel production. Its cultivation does not compete for cropland with agricultural growing of food
crop for biofuel and does not require complex treatment methods in comparison with lignocellulose-enriched
biomass. Many microalgae are mixotrophs, so they can be used as energy source and as sewage purifier
simultaneously. One of the main steps for algal biofuel fabrication is the cultivation of biomass. Photobioreactors and
open-air systems are used for this purpose. The formers allow the careful cultivation control, but the latter ones are
cheaper and simpler. Biomass conversion processes may be divided to the thermochemical, chemical, biochemical
methods and direct combustion. For biodiesel production, triglyceride-enriched biomass undergoes
transetherification. For bioalcohol production, biomass is subjected to fermentation. There are three methods of
biohydrogen production in the microalgal cells: direct biophotolysis, indirect biophotolysis, fermentation.

Keywords: biofuel; biomass; photobioreactor; biodiesel; bioalcohol; biohydrogen.

OB30P: TIPOU3BO/ICTBO BUOTOILINBA
N3 BUHOMACCHI PACTEHUI 1 BOJOPOCJIEN

P.A. Bonowun*, M.B. Poouonoea', C.K. Kapmyxameooe?,
T.H. Besupozny®, C.H. Annaxeepouee* >+

!JTaGoparopus ynpasasemoro GpoToduocunTesa, MuctuTyT usnosnoruu pacrenuii PAH
1. 35, yn. boranndeckas, Mocksa 127276, Poccus
2MHcTUTYT QyHIAMEHTATbHBIX OHONOTHYECKUX Ipobnem PAH
I. 2, yn. Uacturyrckas, [Tymmao, MockoBckas obmacts 142290, Poccus

“Voloshin R.A., Rodionova M.V., Zharmukhamedov S.K., Veziroglu T.N., Allakhverdiev S.I. Review: Biofuel Production from Plant and Algal
Biomass // MexmyHapoIHbIil HAYYHBIH )KypHAT «AJbTepHATHBHAS dHepreTrKa u sxkosormsn (ISJAEE), 2019;07-09:12-31.

Panee nmy6nmkoBanach B International Journal of Hydrogen Energy, 2016;41:17257-17273; http://dx.doi.org/10.1016/j.ijhydene.2016.07.084
© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

International Scientific Journal for Ne 07-09 MexxayHapoAHbIN Hay4HbIW XKypHan

Alternative Energy and Ecology @ U g‘)ﬂ/ 0 \@E (291-293) «AnbTepHaTUBHas 3HepreTUKa U 3KONOrns»

© Scientific Technical Centre «TATA», 2000-2019 2019 © Hay4Ho-TexHuu4eckui ueHTp « TATA», 2000-2019
12

7,
R

SPACE

MexOyHapoOdHbit usdamenbckuli 0om HayyHol nepuoduku “Cnedc”

LN



1
7,

sPace

.

International Publishing House for scientific periodicals “Space”

LN

Voloshin R.A., Rodionova M.V., Zharmukhamedov S.K., Veziroglu T.N., Allakhverdiev S.I. Review: Biofuel Production...

3aknoyeHune coBeTa peueHseHToB: 21.11.17

3Me>Kz[yHapoz[Haﬂ acconuanus 1mo BO,I[OpOZ[HOﬁ OHEPIreTUKE

Maitamu, @nopuaa, CLIA

“Kadenpa QpU3HOIOTUH PACTEHUI GHOIOIHYECKOTO (aKy/IbTETa,

MockoBckuii rocy1apcTBeHHbIN yHUBepcuTeT M. M.B. JlomoHocoBa

1. 1/12, Jlenunckue ropsl, Mocksa 119991, Poccust
e-mail: suleyman.allakhverdiev@gmail.com

doi: 10.15518/isjaee.2019.07-09.012-031

3akntoyeHve coBeTa akcnepToB: 15.02.18  lMpuHATO k Nny6nukauum: 18.04.18

BuoromnmuBo sBIsSETCS MHOTOOOCHIAIONICH aNbTEPHATHBON HCYCPIIAEMBIM U 3KOJOTHYECKH HEOE30MaCHBIM
MCKOMAaeMbIM BHJIaM TOIUTMBa. BogopocieBas Ouomacca SIBISETCS MPHUBICKATEIbHBIM CBHIPbEM JIJIsl POU3BOICTBA
6uoToruinBa. J{Jsl BIpAalMBaHUS BOJOPOCIEH HE HYXKHBI MaxXxOTHbIE 3eMJIHM KaK Ui CEIbCKOXO3SIHCTBEHHBIX
MPO/IOBOJBCTBEHHBIX KYJbTYp [JIsl TPOM3BOJCTBA OHOTOIMJIMBA, a TaKKe HEe TPEOYIOTCS CIIOKHBIE METObI
00paboTKH, HEOOXOIUMBIE IS MTOTydeHUsI KOHEYHOTO MPOIYyKTa U3 OMOMAacChl, 000TaleHHON JTUTHOIIEIITIOI030H .
MHorre MHKPOBOJOPOCIH SIBISIOTCS MUKCOTPO(haMH, MOITOMY X MOXHO HCIOJb30BATh OJHOBPEMEHHO M KaK
MCTOYHHUK JHEPTUH, U KaK OYHCTUTENb CTOYHBIX BOJ. OJHUM M3 OCHOBHBIX JTAMOB MPOU3BOJCTBA BOJAOPOCICBOIO
OHMOTOIUTMBA SBJISICTCS BhIpallMBaHue OHoMacchl. J[Jst 3ToM e UCrnoiab3yoTes: HOTOONOpEaKTOphl U CUCTEMBI Ha
OTKPBITOM BO3ayxe. IlepBbie MO3BOJSIOT THIATEILHO KOHTPOJUPOBATH BBHIPAIMBAHKE, MOCICIHHUE MCHICBIC U
mpore. IIporieccel 00paboTKi OHOMACCHl MOXKHO Pa3JCIUTh Ha TEPMOXUMHUYCCKHIE, XUMAYCCKUE, OMOXMMHUYCCKUE
METOIbl M MpsMOe cxkuranue. Jlius mpousBojicTBa Ouommsens Owomacca, oOoOraiieHHas TPUIIIAICPHIAMH,
nmojaBepraercs mepedTepudukanuu. s TpOU3BOACTBA OHOCHHPTOB OHOMAacca MOABEpPracTcs (epMEHTAIHH.
CyIIecTBYIOT TPU METOJa MPOM3BOJACTBA OMOBOIOPOAA B KIETKAX MHKPOBOIOPOCICH: mpsaMoi O0uodoToIu3,
HenpsiMoii OuodoTonus, pepmeHTaIys.

KntoueBble cnoea: Guotonnueo; 6uomacca; potobuopeaktop; buognsensHoe TonnMeo; GuocnupT; GroBoAOpPOA.

Cyneiiman Hgxan oenvt
Annaxeepoues
Suleyman Allakhverdiev

Cgenennst 06 aBTOpe: I-p (H3.-Mar. Hayk,
3apenyronmit  JlaGopatopueii YIIPaBJISIEMOTO
(oTobnocuHTE3a WncrutyTa ¢msronornK
pacrenuii PAH; rnaBHbIi HaydHBId COTpYIHUK
HuctutyTa QyHIaMEHTaNbHBIX MPo0IeM OHOIOTHI
PAH; npodeccop xadenps! ¢usronoriu pacTeHuit
OHOJIOTHYECKOTO (axynbTera MOCKOBCKOTO
TOCYapCTBEHHOTO YHHMBEPCHTETa; IPENoaBaTellb
Kaepbl MOJIEKYJIIPHOH W KIIETOYHOW OWOJIOTHH
MOCKOBCKOTO  (PM3MKO-TEXHUUECKOTO HHCTHTYTa

(HarmonansHoTro HCCIIEN0BATENBCKOrO
VHHBEPCHUTETA);  3aBeAyIOIMiA  Jaboparopueit
OMOHAHOTEXHOJIOTHA B WHCTUTYTE MOJEKYJIPHOM
Onomorn ©  OworexHonormu  AsepOaiimkaHa
(baky).

Oo0pazoBaHue:  ¢QusnuecKuid  (QaKyIbTeT
AszepbaiipkaHcKoro rOCY/IapCTBEHHOTO

ynuBepcutera (baky, 1973 r.); acnupantypa B
Wncturyre ¢otocunresa AH CCCP  (HbHE
WnctutyT (yHIaMEHTaJIBHBIX npobiieM
ouonornu PAH, 1977 r.); xaHn. auccepramus mo
cnenuanbHocTn «bnodusukay (kaHA. ¢u3.-Mat.
Hayk) B ucturyTe 6nodusnkn AH CCCP (1984
T.); JOK. auccepranus B MHcTHTyTEe BH3HOIOTHH
pacrennii PAH (2002 r.).

O0aacTh HAYYHBIX HHTEPECOB: CTPYKTypa U

¢yHKuMOHMpOBaHUEe (OTOCHCTEMBI 2, U B
0COOCHHOCTH  BOJOOKHCIISIOIIET0  KOMILIEKCa;
MCKYCCTBEHHBII ()OTOCHHTE3; KaTaJUTHYECKOE
npeoOpazoBaHme COJTHEUHOIT SHEpIHH,
CTPECCOBBIE COCTOSIHUS pacTeHHi;
(hoToperenTopHbIe CHCTEMBI CHTHAIIHHTA.
My6aukanuu: OGomee 300, Brmoyas 6

IIaTEHTOB HA U300peTeHMs.
MHJCKC LUTHpoBaHus — 6onee 3 000
h-index 29.

Information about the author: D.Sc. in
Physics and Mathematics, the Head of the
Controlled Photobiosynthesis Laboratory at
the Institute of Plant Physiology of the
Russian Academy of Sciences (RAS); Chief
Research Scientist at the Institute of Basic
Biological Problems RAS; Professor at the
M.V. Lomonosov Moscow State University;
Professor at the Moscow Institute of Physics
and Technology (State University); Head of
Bionanotechnology  Laboratory at the
Institute of Molecular Biology and
Biotechnology of the Azerbaijan National
Academy of Sciences.

Education: B.S. and M.S. in Physics
from the Department of Physics, Azerbaijan
State University, Baku; D.Sc. degree in Plant
Physiology and Photobiochemistry from the
Institute of Plant Physiology, RAS, 2002;

Ph.D. in Physics and Mathematics
(Biophysics), from the Institute of
Biophysics, USSR, 1984.

Research interests: structure and

function of photosystem |1, water oxidizing
complex, artificial photosynthesis, hydrogen
photoproduction; catalytic conversion of
solar energy, plants under environmental
stress, and photoreceptor signaling.

Publications: more than 300, including
6 patents and eight books; he has been
recognized by Thomson Reuters (Clarivate
Analytics) the most highly cited Russian
researcher worldwide in Biology.

International Scientific Journal for
Alternative Energy and Ecology
© Scientific Technical Centre «TATA», 2000-2019

13

# ISIAEE @i

MexayHapoAHbIA Hay4HbIW XXypHan
«AnbTepHaTMBHasA 3HepreTUka u IKONorusa»
© Hay4Ho-TexHu4eckui LeHTp « TATA», 2000-2019

1
M7,

sPace

-
~

-

MexdyHapodHbil uzdamensckul dom Hay4yHol nepuoduku “Cnedc”

N



International Publishing House for scientific periodicals “Space”

BosobHoBnsiemas aHepreTuka. SHepausi buomacchi

Poman Anexcanoposuu
Bonowun
Roman Voloshin

Mapeapuma Buxmopogna
Poouonosa
Margarita Rodionova

J :
Typxan H. Bezupoany
T.N. Veziroglu

Cpenennsi 00 aBTOpe: Hayd. COTPYAHHK B
Wncruryre dusmonorun pacrennit um. Tumupsizesa,
JlaGoparopus ynpasisiemoro ¢poToOHOCHHTE3A.

Oopa3zoBanue: ¢busmueckuit ¢akyapTer
MOCKOBCKOTO TOCYJapCTBEHHOTO YHHBEPCHTETa HM.
M.B. JlomonocoBa, kadenpa 6uopusuxu (2014 r.).

O0J1acTh HAyYHBIX HHTEPECOB: UCKYCCTBEHHBIH
¢doTocunTe3; BIIMSTHHE HHU3KOMOJIEKYJISIPHBIX
OCMOJINTOB ~Ha  CTa0WIBHOCTh M  aKTUBHOCTh
(hOTOCHHTETHYECKOTO arapara.

My6aukanuu: 8.

h-nnmexc: 7

ORCID ID: 0000-0003-2557-5073

Cpeennsi 00 aBTOpe: acIUTPAHT, MIIaJILIUHA

HayuHbIi  coTpymHuk HMHcruryta  dusmonorum
pacrenuit PAH.
Oo0pa3zoBanne: MOCKOBCKHH MeIaroruuecKui

rocynapctBeHHbI yHHBepcuTeT (MIII'Y), UHCTHTYT
ouonoruu u xumun (2015 r.).

O0aacTh Hay4YHBIX HHTepecoB: (OTOCHHTE3;
KapOoaHTu/Apasa; TIIyTaTHOHPEIyKTa3a, IepBUYHBIC

npoueccsl  (OTOCHHTE3a; HMHTHOMTOPHI  paboTHI
(dortocucTeM; cTapeHHe JIHCTA.
My6aukanuu: 16 uw 1 r1HaBa B KHHTC

«[IpuknagHoit ¢dorocunTe3
(Applied Photosynthesis —
Najafpour M.M.).

HOBBI IIpOTpeECC»
New Progress (Ed:

Caeenusi 00 aBTope: A-p HayK (TEII00OMEH),
npocgeccop, MIPE3UAEHT MexnyHapoaHou
accolMaIyy BOJOPOIHON SHEPreTuKy, wieH 18 Hayd-
HBIX OpraHu3aLuH.

O6pa3oBanne: ['oponckoil npodeccrHoHaNbHbIH
KOJUIE/DK, VIMIepCKHi KOJUIeDK HAayKd M TEXHUKH
(BemukoOputanust), JIOHTOHCKHI YHHBEPCHUTET I10

CIIEIMANBHOCTH  «MalluHOCTpoeHue» (1946 r.);
JIOKTOp HayK Mo Teruiooomeny (1951 r.).
Harpaasr: nmaypeat HECKOJBKIX

MEKTyHapOIHBIX HATPal.

OnbIT padoThl: Tpodeccop, 3aBeAYyIOMMIA Ka-
(denpoit TexHHYecKOro (QakyibTeTa B YHHBEPCHTETE
Maitamu (1962-1979 rr.); nupexrop Mucturyra uncroi
sueprun (CILA), Coral Gables, ®nopuna (1974-2009
IT.); OCHOBATeNb U JUPEKTOp MexKyHapOIHOTO LEHTpa
TEXHOJIOTHH TI0 BONOpPOAHOI 3Hepreruke, CramOym,
Typmuust (20042007 1r.); TOUeTHBI mpodeccop
yHuBepcutera Maitamu (2009 — o Hactosiiiee Bpems);
OCHOBATEJb M IIPE3nIeHT MeXTyHapOIHON acCOMAIN

BozloponHoit sHepretukn (1976 — mo Hacrosmee
BpeMsl); MIOYETHBIN TJIaBHBIN penaxkrop
MexayHaponHoOro HAy4HOTO JKypHana

«AnbTepHaTUBHAA SHepreTuka 1 sxonorus» (ISJAEE).

OO0nacTh HAy4YHBIX MHTEPecOB: HEYCTOHYH-
BOCTH JABYX(a3HOTO MOTOKA; BHYTPEHHSS TeILIOIe-
penada; COJTHEYHAsh SHEPIHs; INI00ANbHOE ITOTerrIe-
HHUE; HKOJIOTHYECKHE MpOOJIeMBl; BO300HOBIIsIEMbIE
HUCTOYHUKHU OHEPIrud MU CUCTEMA MUCIIOJIBb30BaAHUA
BOJJOPOJHOM SHEPTHHU.

ITy6mukammun: 6omnee 350, penakrop 160 kHUT K
TpyIOB KoH(epeHuuii, coaBrop KHUrH «ConHEeYHas
BOJOPOAHAs JHEPreTHKa: CHJIa, KOTOpas COXPAaHUT
3eMitio».

Information about the author: Senior

Researcher in the Institute of Plant
Physiology, Laboratory of Controlled
Photobiosynthesis.

Education: Moscow State University,
Faculty of Physics, 2014.

Research interests: designing,
investigation and characterization of the solar
cells based on the components of

photosynthetic apparatus; impact of the
osmolyte on the photosynthesis.
Publications: 8.

Information about the author: Ph.D.
Student, Junior Researcher in Institute of
plant physiology RAS.

Education: Moscow State Pedagogical
University (MPSU), Institute of Biology and
Chemistry, 2015.

Research interests:  photosynthesis;
carbonic anhydrase; glutathione reductase;
primary  processes of photosynthesis;

inhibitors of photosystem activity; leaf
senescence.

Publications: 16, one book chapter in
Applied Photosynthesis — New Progress (Ed:

Najafpour M.M.).

Information about the author: Ph.D. in
Heat Transfer, Professor, President of
International  Association for Hydrogen
Energy, a member of 18 scientific or-
ganizations.

Education: the City and Guilds College,
the Imperial College of Science and
Technology, University of London with
degrees in Mechanical Engineering, 1946,
advanced studies in engineering, 1947; Ph.D.
in Heat Transfer, 1951.

Awards: recipient of several interna-
tional awards.

Experience: University of Miami, Engi-
neering faculty, Department Chairman, Pro-
fessor, 1962-1979; Clean Energy Research
Institute, Coral Gables, Fl, Director, 1974—
2009; International Centre for Hydrogen
Energy  Technologies, Istanbul, Turkey,
Founding Director, 2004-2007. University of
Miami, Professor Emeritus, 2009—present.
International Association for Hydrogen Energy,
Founding President, 1976—present. Honorary
Editor-in-Chief of the International Scientific
Journal for Alternative Energy and Ecology
(ISJAEE).

Research interests: two-phase flow in-
stabilities; interstitial heat transfer; solar
energy; global warming; environmental
problems; renewable energy sources and
hydrogen energy system.

Publications: more than 350, editor of
160 books and proceedings, co-author of the
book “Solar Hydrogen Energy: the Power to
Save the Earth”.

International Scientific Journal for
Alternative Energy and Ecology
© Scientific Technical Centre «TATA», 2000-2019

2019

14

Ne 07-09

@ USBE\X@E (291-293)

MexxayHapoAHbIN Hay4HbIW XKypHan
«AnbTepHaTUBHasA 3HepreTUka U 3KONOrusA»
© Hay4Ho-TexHuu4eckui ueHTp « TATA», 2000-2019

\\',/

-

SPACE

MexOyHapoOdHbit usdamenbckuli 0om HayyHol nepuoduku “Cnedc”

NS



G\,

sPace

-

-

International Publishing House for scientific periodicals “Space”

N

Voloshin R.A., Rodionova M.V., Zharmukhamedov S.K., Veziroglu T.N., Allakhverdiev S.I. Review: Biofuel Production...

Cenenusi 06 aBTope: KaHj. OHOJOT. HayK, Bel.
Hay4. COTpyaHUK DeneparbHOrO HCCIeA0BaTEIbCKOTO
nenTpa «llymmHckuil HayyHBI LEHTP OMOJOTHYECKHUX

uccnenoBanuin»y PAH.

Cepeeti Kywmaeeuy
Kapmyxameoos
Sergey
Zharmukhamedov
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1. Introduction

To maintain all vital processes at the proper level
human organism needs about 100 J per second (Fig. 1a).
Human body receives the energy from food. About 30
times more energy is used on average to make our life
more comfortable [1, 2]. It puts challenges for humanity:
search of energy sources, development of energy
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production techniques, and construction of infrastructure
to facilitate energy use.

It is possible to define three general areas of energy
consumption (Fig. 1b):

« Maintenance of electrical devices;
« Fuel for vehicles or motorized instruments;
+ Space heating, maintenance of cooking systems.

(a)

— AN

P=100W

Cell signalling

Muscle contraction
Macromolecular synthesis

Active process of metobolism

Transmembrane transport

Solar, wind, biomass
= geothermal power

Electricity | @
gy

—n ¥

) s

Heatmg and
Cooking

Fig. 1 — External energy sources and its scopes of application for (a): the human body; (b): the human community.
P — power consumption. Data from Refs. [1, 2]
Puc. 1 — VicTouHUKM 3Heprum 1 cnocobbl eé peanusauum ons: a — opraHuama yernoseka; b — obliectsa
(P — notpebnsemas mMowHOCTb) [1, 2]

Contemporary energy faces with problem.

World population is rising. In addition, the number of
power devices per head is rising, too. Hence, worldwide
energy demands grow. Intensities of energy raw
production and processing and energy use grow with
energy demand growing. Using traditional energy
resources to meet contemporary energy demands is
associated with environmental risks. The main energy
source for the humanity is fossil fuel (coal, oil and
natural gas) which is the result of many centuries of
living organisms' residues decomposition.

The usage of this energy source has several
disadvantages:

» Conversion of this fuel into electricity, fuel
combustion or engine work on its derivatives is
accompanied with significant CO, emission to the
environment, that is the cause of climate change. In real
conditions, there is no final fuel combustion, and besides
COy, significant amount of other harmful gases is
released into the atmosphere [3,4].

» Some harmful compounds, carcinogens and poisons
are released to the atmosphere while using petroleum fuels.

« Fossil fuel is an exhaustible resource (the rate of its
formation in natural processes is incomparable with the
rate of its consumption) [5-7]. This problem looks
different on the background of expected increase of
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energy consumed: the energy demand will increase by
50% between 2020 and 2030 years [8].

Almost 80% of consumed energy all over the world
came from fossil fuels. Of this part, about 58% is
accounted for the transportation sector [9].

In the field of electrification, hydraulic power industry
(Canada, USA, and China) and nuclear power engineering
(USA, France) significantly compete with fossil fuels [2].
The former, in spite of its seeming environmental
friendliness and resource renewability, negatively affects
the environment: while constructing the hydropower plant,
flooding of big land areas occurs, and that perniciously
affects the whole biocenosis. Nuclear power engineering
is connected with considerable risks of ecological and
humanitarian disasters in case of probable failure of any of
the reactors.

Nowadays, all over the world the attention is focused
on the alternative energy sources due to the above-
mentioned energetic problems. As the global and
national level, scenarios of alternative energy sources
use are developing. There are several ways to obtain
energy quite different in its nature: geothermal
engineering, solar power engineering, wind power
engineering, and bioenergetics [2].

Biofuel production is promising trend of alternative
energy, exactly in transport sector.

Biofuel is a substance with large value of heat of
combustion  (biohydrogen,  biodiesel,  bioethanol,
biomethanol) obtained from biomass [8, 10].

All the organic material on the planet arising from
the lifesustaining activity of organisms is called biomass.
This concept includes wood, agricultural crops, water
plants, forests, vegetable and animal remnants, microbial
cultures. Proteins, lipids and carbohydrates are the main
components of dry biomass [11]. Correlation of these
components depends on the type of organism, the part of
body, and the conditions of cultivation [11, 12]. Not all
the biomass is used for fuel production.

Three main components of biomass are the molecular
precursors of biofuel [12]:

a) vegetable oils or animal fats (triglycerides);

b) starch and oligomeric sugars;

c) lignocellulose.

Fats are necessary mostly for biodiesel synthesis.
Alcohols and biohydrogen are obtained from starch and
sugars via fermentation process. Also, in accordance
with treatment technique, alcohols and biodiesel can be
produced from lignocellulose [12].

People have learned to use biomass to satisfy their
energy needs long time ago. Wood burned in bonfires for
heating or thermal processing of food belongs to the so-
called traditional biomass [2]. The usage of biofuel in
engines has been considered since the beginning of
mechanical engineering: instead of petroleum diesel,
biodiesel has been the first fuel for diesel engines [13].
However, at the beginning of XX century biofuel
production could not compete with the cheap fossil fuels,
which was easy to extract. Petrochemistry became the
main direction in fuel power industry, which influenced

the development of mechanical engineering. Now, due to
the increased attention to the problems of fossil fuels, the
opinion that environmentally friendly biofuels are a good
substitute for fossil fuels is becoming more popular [14].

Biofuels has three general advantages in comparison
with fossil fuels:

- Biofuel is renewable resource [8-10];

e Fewer toxic compounds are released into the
atmosphere during the combustion of biofuel [9, 10];

» There is no CO, emission into the atmosphere
observed: organisms, which produce biomass, then
absorb the greater part of released CO; [8-11].

The latter point should be explained. During the
combustion of fuel, the greenhouse gases emission is
rather intensive process. CO, assimilation by
photosynthetic organisms occurs considerably slower.
This fact should be taken into account while producing
and using biofuels [11].

In addition, switching to liquid biofuels does not
require significant changes in fuel infrastructure, unlike
the transition to electric vehicles [15]. Biofuel can serve
either as an addition to the traditional engine fuels or
main fuel in motors [2]. For example, in Brazil the
method of mixing the gasoline with ethanol produced
from sugar biomass is widely used [11-14].

Further, attention will be focused generally on plant or
algal biomass. Exactly photosynthetic organisms (plants,
algae, and some bacteria) are of great interest for biofuel
production. It is associated with the fact that the
photosynthetic organisms are less demanding than the
autotrophic organisms. The former organisms increase the
biomass owing to atmospheric CO,, while the latter ones
need carbon substrate. Plant biofuels production (so-called
biofuels of first and second generation), have a one big
obstacle: competition with agriculture for cropland [9]. In
addition, plant harvesting takes place not more than two or
four times per year. It implies the limitation of plant
biofuel production. Also plant biomass growth requires
ensuring of optimal condition, and its further processing
can include energy-intensive methods.

Algal biomass does not have this obstacle. Also, the
rate of the microalgae biomass increasing is higher than
that of plants. However, the growing of algal biomass
requires the special complex cultivation system,
bioreactors [10]. So far, the very difficult work is needed
to optimize algal fuel production. On the one hand, it
involves finding a stable and efficient algal strains or
mutant strains creation. Such strains should give the
maximum yield of the desired product in the shortest
growing season. They should have a maximum
resistance to stress factors. On the other hand, there
should be identified the optimal conditions for culturing
and processing of algal biomass. Bioreactors, must allow
maintaining such conditions at the proper level.
Eventually, the entire life cycle of algae must be directed
solely to the production of the desired product.
Nevertheless, algal energy has considerable potential.
Now there are some technical and scientific obstacles for
its development, but they can be overcome.
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This article presents a current state of plant and
microalgal energy. Different kinds of biofuel (alcohol,
diesel, hydrogen) and methods of their fabrication are
considered.

2. Biofuel generations

According to the way of biomass usage, biofuels can
be divided to the primary and the secondary ones [16]
(Table 1). The primary biofuel is the biomass without
any additional treatment: wood, wood chips, animal fats,
residues of forest and agricultural crops. The fuel of that
kind is usually used for heating, cooking and agricultural

Classification of biofuels

needs and is widespread in Third World countries.
Primary biofuels are also called traditional biomass [2].
On the one hand, this fuel does not require resource
expenses for its processing; on the other hand, the field
of its application is rather small. For the year 2013,
energy obtained from the traditional biomass has reached
about 9% of all energy consumed in the world. The
secondary biofuel is produced from biomass (the
primary biofuel) by extraction of the most energy-
intensive  substances  (biohydrogen, biomethanol,
biodiesel), which can be used to substitute ubiquitous
fossil fuel (Table 1).

Table 1

. Adapted from Refs. [9, 16]

Tabnuma 1

Krnaccupukanus pas3iudyHbIX THIOB OGuoTomauBa (agantuposana u3 [9, 16])

Biofuels

Primary Secondary

First generation

Second generation Third generation

Firewood, wood chips, animal
waste, forest and crop
residues.

Bioethanol and biomethanol
by fermentation of starch
(from wheat, barley, corn,
potato) or sugars (from

Bioethanol and biodiesel
produced from conventional
technologies but based on
novel starch, oil and sugar

Biodiesel from microalgae;
Bioethanol from microalgae
and seaweeds;

Hydrogen from green

sugarcane, sugar beet, etc.)
Biodiesel by
transesterification of oil crops
(rapeseed, soybeans,
sunflower, palm, coconut,
used cooking oil,

animal fats, etc).

crops such as Jatropha,
cassava or Miscanthus;
Bioethanol, syndiesel
produced from lignocellulosic
materials (e.g. straw, wood
and grass).

microalgae and microbes.

In its turn, the secondary biofuel can be divided into
three generations: the first, the second and the third [9,
16, 12]. This division is based on the general feedstock
for fuel production, the processing methods, and
historical sequence of the fuel's appearance on the world
energy market.

2.1. The first generation

Biomass of food crops enriched with sugars, starch
(stems of sugar cane, sugar beet) and oils (soybeans,
sunflower seeds, rapeseeds) is a feedstock for production
of bioalcohols and biodiesel of the first generation
(Table 1). The simple and comparatively cheap method
of treatment e microbial fermentation e is the advantage
of the production of this fuel. But there are several
problems concerning this biofuel [12]:

e Low productivity of cultivated lands: only
insignificant part of grown biomass is used for biofuel
production.

+ Competition with food processing industry for the
usage of lands.

2.2. The second generation
Biofuels of the second generation are produced
from lignocellulosic biomass (Table 1). Lignocellulose
is highly presented in plant biomass in comparison with
oils and starch; it is the main component of cell walls.
Lignocellulose consists of three components: cellulose

(40-50%), lignin (15-20%), and hemicellulose (25—
35%) [12]. All of these components are of certain value
for people, but the process of extraction of particular
component, especially of cellulose, is rather difficult.

Lignin is an amorphous polymer, which consists of
phenylpropane structures. It provides cellulose stiffness
and stability against many hydrolytic enzymes. Lignin
can be removed by dissolution in alkaline-alcohol
solutions. Lignin per se can be burned to obtain heat or
electricity; also, it is possible to extract useful chemical
compounds from it by chemical treatment.

Hemicellulose is an amorphous polymer containing
several different types of sugars: D-xylose, L-arabinose,
Dgalactose, D-glucose, D-mannose. It is possible to
hydrolyze hemicellulose to obtain monomeric sugars for
following fermentation of them to alcohols.

Cellulose is a straight glucose polymer with certain
rigidity that impedes its hydrolysis [12].

Advantages of lignocellulose-enriched biomass:

» The efficiency of land use: the major part of
biomass is used for biofuel synthesis compared to
biofuel of the first generation.

« The impact on food sector is lower at the expense of
usage of non-food crops.

The difficulty of treatment techniques
disadvantage of this type of biomass [10].

is the
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2.3. The third generation

The third generation of biofuel is connected with algal
biomass (Table 1). The use of algal biomass for fuel
synthesis is relatively new direction of bioenergetics.
According to the data of different investigations, algal
biomass can accumulate considerably high amount of
lipids in comparison with biomass of oil plants. This fact
allows considering algae as a good source for biodiesel
production [17, 18]. The main difference between algal
bioenergetics and plant bioenergetics is in the technology
of biomass up-building. Plants do not require additional
methods, besides growth techniques already known from
agriculture, and a special effort for creation of certain
conditions. On the other hand, plant bioenergetics requires
the usage of valuable resource (arable lands), and provides
relatively low yield in a ratio of the organic feedstock
mass to the mass of biofuel synthesized. Microalgae can
grow in conditions, which are unsuitable for plant growth:
saline soils, waste water. So the usage of microalgae is
being considered as an interesting potential feedstock for
biofuels production [19, 20]. Nevertheless, algae require
special systems of growth e bioreactors, their construction
depends on the species of alga grown.

3. Algal biomass

In this article, we generally focus on the usage of
algae as a source of biomass.

3.1. Algae

Algae are the group of organisms, which are similar
in their morphological and physiological features (ability
of photoautotrophic metabolic pathways, existence
predominantly in water, the body is presented by thallus
e the body without a clear division between the organs)
[9, 10]. Algae constitute the polyphyletic group of
organisms, i.e. this group connects the species relatively
distant from each other: eukaryotes (red algae, green
algae, brown algae, diatoms) and prokaryotes
(cyanobacteria) [21].

Different algae perform various ways of metabolism.
Several algae are capable of switching the metabolic
pathways under the changing of environmental
conditions. The metabolic pathway is determined by
three factors: the source of carbon for the synthesis of
sugars, the source of energy for ATP synthesis, and the
source of electrons for the biologically important redox
reactions. Organisms capable of assimilating the carbon
from the atmospheric CO, (autotrophy) and from organic
molecules  (heterotrophy) in  accordance  with
environmental conditions are called mixotrophs. Many
of algae are mixotrophs [10, 22]. The pathway of ATP
synthesis can be phototrophic or chemotrophic
depending on the source of energy.

In the former case, the organism absorbs the energy
of electromagnetic waves. In the latter case, the
organism obtains the energy while splitting high-energy
compounds. There are heterotrophic organisms, which
are capable of absorbing the energy of the sun, e

photoheterotrophs; and there are autotrophic organisms,
which obtain the energy from redox reactions, e
chemoautotrophs.

The algal ability of mixotrophy could be useful for
the producing of the third generation biofuel. Microalgae
are able to fix CO; not only from the atmosphere, but
also from exhaust fumes and soluble carbonates. This
fact positively characterizes them in terms of biomass
cultivation convenience. Also, microalgae convert light
energy into chemical bonds energy more efficiently than
higher plants do [23].

Different algae have a different proportion of
proteins/ carbohydrates/fats. For example, Spirulina
maxima has 60-71%w/w of proteins, Porphyidium
cruentum has 40-57%w/ w of carbohydrates,
Scenedesmus dimorphus has up to 40%w/ w of lipids
[10]. Some species of green algae such as Botryococcus
braunii and Chlorella protothecoides also contain high
levels of terpenoid hydrocarbons and glyceryl lipids
which can be converted into shorter hydrocarbons as
major crude oil [24]. Also, composition of biomass
depends on the growing conditions. Depending on the
prevalence of lipids or sugars, algae biomass can be a
good raw material for the production of biodiesel or
bioalcohol respectively. Therefore, microalgae can be a
good source of biofuel under certain conditions [25].

It is possible to determine the following advantages
of microalgae as a feedstock for biofuel synthesis [10]:

» Microalgae synthesize large amount of neutral fats
(20-50%) from the dry mass;

» The products from microalgae can be obtained
throughout the year in contrast to terrestrial plants;

+ Microalgae require less water than terrestrial plants;

« Microalgae absorb a lot of CO, (1 kg of dry mass
absorbs approximately 1.83 kg of COy) that suggest to
grow them near the thermal power stations and other
sources of greenhouse gases;

» Microalgae absorb ammonium ions NH.*, nitrate
anion NOs;, and phosphate anion POs from the
environment, that allows to consider them as the
wastewater purifiers;

+ Many of algae are possible to be grown in
conditions unfavorable for terrestrial plants, so they do
not compete for the arable lands with food crops [10];

« It is possible to extract various chemical
compounds from algal biomass, which are useful for
different fields of human activity [23].

The biofuel production at the expense of algae
includes following steps:

1) Microalgae cultivation increase of algal biomass
under special conditions in bioreactors or under natural
conditions in open ponds [26];

2) Biomass collecting using various techniques of
biomass filtration from the medium [26];

3) Mechanical or chemical pretreatment of biomass
(drying, disintegration) [26];

4) Thermal or chemical
conversion;

5) Purification of the biofuel.

biomass-to-biofuel
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3.2. Cultivation

One of the most important stages of development of
algal biomass from an object of investigations to the
competitive product is the design of cheap and effective
systems of microalgae cultivation. The obligatory
element of such system is the medium, in which the
organisms are developing and reproducing. For the
efficient biomass increase of the desirable content, it
should contain sufficient sources not only of carbon, but
also of various necessary mineral elements: nitrogen and
phosphorus in significant amounts, and magnesium,
calcium, chlorine, silicon, manganese, iron in smaller
amounts. Generally, nitrates are the source of nitrogen,
but it is possible to use ammonium and urea [10].

The systems of microalgae cultivation should have
the following parameters:

* high productivity;

* low cost of production and maintaining;

* simplicity in parameters control (temperature, pH,
O3, turbulence);

* reliability.

The systems of microalgae cultivation can be roughly
divided in two large common types: open-air systems
(ponds) and close systems (photobioreactors) [10].

3.2.1. Open-air systems

The largest industrial systems of algae cultivation are
included in open-air systems. It is connected with the
simplicity and cheapness of their designing and
maintenance; duration of their usage and efficiency of
biomass increase is higher than in many types of
bioreactors. In all types of openair systems excluding
natural ponds, mechanism of medium stirring is
important. For example, paddle wheel and pivoted
agitator are the integral elements in a raceway pond and
a circular pond, respectively (Fig. 2).

(a) (b)

Pivoted agitator

Paddle-wheel

Fig. 2 — Open-air cultivation systems with stirring mechanism.
(a): raceway pond with paddle-wheel; (b): circular pond
with pivoted agitator
Puc. 2 — Cuctembl KynbTUBaLMKN Ha OTKPLITOM BO3AyXe
C nepeMeLLnBaoLLUM MEXaHN3MOM: a — CUCTEMa KaHanoB Tuna
«raceway» c rpebHbIM konecom; b — kpyroBoi npya, ¢ NOBOPOTHOM
MeLuankomn

There are different types of open-air systems [10]:

1) Natural and artificial ponds. They can be used
for microalgae cultivation only in case of proper
climatic conditions and in the presence of necessary
elements in water in terms of certain salinity and pH.
For example, in the lakes near the Lake Chad the yield
of cyanobacterium Arthospira reaches 40 tons per a
year [27].

2) Raceway ponds, a system of several loopback
ponds, each of them reminds a raceway in shape. In the
special place there is a paddle-wheel that causes the flow
of water [10] (Fig. 2a).

3) Circular ponds, artificial cylindrical shallow ponds
with the system of stirring at the expense of central rotor.
They have a certain limitation in size: the pond of a big
diameter no longer pays back because of energy
expenses for rotor rotation [28] (Fig. 2b).

4) Inclined ponds (cascade system), inclined surface,
at which a thin layer of medium comes down. Stirring is
created by turbulence caused by the gravity [10].

The main disadvantages of open-air system are the
sensitivity to weather, season and time of day;
temperature control, which is difficult to implement;
illumination; pollution with heterotrophic organisms,
which decreases the efficiency; and the lack of
opportunities to monocultural cultivation. As a result,
obtained biomass is heterogeneous [10].

3.2.2. Photobioreactors

Photobioreactors are the close systems, which enable
to grow certain species of microalgae under specific
constant conditions. Frequently, these conditions differ
from environmental ones; the energy is necessary for its
maintenance. While constructing bioreactors, attention
should be paid to the following [10]:

a) Available light for photosynthetic algae, which is
sufficient for optimal photosynthesis and do not cause
photoinhibition;

b) Supply of CO;, which is maximal for biomass
synthesis, but do not lead to COz-inhibition effects. Its
concentration ranges approximately from 2.3*102M to
2.3*104 M.

¢) Providing of necessary medium stirring. It
increases the supply of nutrients and light to all the cells.
Without the stirring, cells near the surface would absorb
more light, and cells at the center would experience light
starvation;

d) Reliability of the construction.

The advantages of bioreactors in contrast to open-air
system [10] (Table 2):

« The control of almost all biotechnologically
important parameters (pH, temperature, atmosphere
content);

« Decrease of the risk of pollution;

« The opportunity of growing microalgae of one
particular species without any impurities;

« flexible technical design.
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Table 2

Comparison of advantages and disadvantages of different culture systems. Adapted from Ref. [10]

Tabnuma 2

CpaBHEHHUE INPEUMYLIECTB U HEJOCTATKOB Pa3JIMUYHBIX CUCTEM KylAbTHUBHUpoOBaHUs [10]

Culture systems
Open-air systems

Tubular photobioreactors

o g o @ o e
9 9 0 e ¢ 9
g a0 /]

Advantages

Relatively economical;
« Easy to clean up;

« Easy maintenance;

« Utilization of non-agricultural land;

 Low energy inputs.

Relatively cheap;

« Large illumination surface area;
« Suitable for outdoor cultures;

» Good biomass productivities.

Disadvantages

Little control of culture conditions;

« Poor mixing, light and CO: utilization;
« Difficult to grow algal cultures for long
periods;

« Poor productivity;

« Limited to few strains;

* Cultures are easily contaminated.

Gradients of pH, dissolved oxygen and
CO2

along the tubes;

 Some degree of wall growth;

Flat photobioreactors

Relatively cheap;
« Easy to clean up;

* Good light path;
* Readily tempered;

* Readily tempered;
» Good mixing;

» Low shear stress;
« Easy to sterilize;

There are following types of bioreactors:

1) Tubular PBR e the system of transparent or
opaque (with interior illumination) pipes, in which the
medium flows with the help of pump. The pipes are
connected with the systems of gas and heat exchange. In
accordance with the form of pipes, bioreactors can be
horizontal, serpentine, vertical, inclined, conical-shaped
and helical. The largest photobioreactor of that type
(about 700M?3) is situated in Germany. Nevertheless, the
maximal productivity of 25 g/ m?d was obtained in
serpentine bioreactor, which is rather small (10 m®) [29].

2) Flat PBR. The first bioreactors were of that type.
Advantages: the largest area of illumination, and, as a
result, maximal photosynthetic activity of organisms.
Here, the thin layer of medium flows through the flat
transparent surface [30]. The surface can be vertical or
inclined. But these bioreactors have low capability of
temperature control compared with tubular ones.

« Large illumination surface area;
« Suitable for outdoor cultures;

« Low power consumption;

» Good biomass productivities;

Low energy consumption;
 High mass transfer;

« Best exposure to lightedark cycles;

* Requires of large land space;
« Photoinhibition.

« Difficult scale-up;

« Difficult temperature control;
 Some degree of wall growth;

* Hydrodynamic stress to some algal
strains;

« Low photosynthetic efficiency.

* Low oxygen build-up;
» Shortest oxygen path.

Small illumination surface area;

« Sophisticated construction materials;
« Shear stress to algal cultures;

« Decrease of illumination surface area
upon scale-up;

* Expensive.

* Reduced photoinhibition;
* Reduced photo-oxidation;
« High photosynthetic efficiency.

3) Column PBR. Transparent vertical columns with
medium are aerated from the bottom [31]. It is easy to
control the conditions of growth in such
photobioreactors. Table 2 lists the advantages and
disadvantages of different types of photobioreactors.

4. Energy conversion process

After the stage of cultivation and preparation of
biomass, the stage of actual conversion of biomass into
biofuels comes. Regardless of the biomass nature,
several techniques of its conversion to the biofuel can be
outlined. In general, it is possible to divide them into
three groups different in their cost, purity of end-product
and environmental friendliness [10, 19]:

a) Biochemical approaches (hydrolysis, fermentation).
They are operating with chemical processes occurring in
living cells;
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b) Chemical approaches (hydrolysis, transesterification),
which means the providing of the certain reactions in the
presence of catalyst aimed to obtain desired product;

¢) Thermochemical approaches (pyrolysis, gasification,
liquefaction), which means the treatment of feedstock under
the high temperature and pressure in order to obtain the

compounds with the low molecular weight and low O;
content;

d) Direct combustion in order to obtain the heat or to
convert the heat energy to electroenergy.

This division is also applicable to the biofuel
production from algal biomass (Fig. 3).

— Direct

—| Power Generation H Electricity |

Combustion

| — Thermochemical
Conversion

Microalgal
Biomass

Gasification |—|Syngas |

Pyrolysis H Bio-oil. Charcoal. Syngas

Liquefaction

Bio-oil

|1 Chemical

—{ Transesterification H Biodiesel |

Reaction

Fermentation

Bioethanol, Biomethanol

L Biochemical
Conversion

Hydrogen

Anaerobic Digestion Methane. Hydrogen

Fig. 3 — Methods of processing microalgae biomass. Adapted from Ref. [19]
Puc. 3 — MeTtogpl nepepaboTkn Guomaccel MrkpoBogopocnei (agantuposaHo us [19])

Biological treatment of biomass is usually more
complex, expensive and has longer reaction time, but it
is selective: quite small amounts of chemical compounds
are obtained during biological processing. The
production of some compounds is not possible with
thermochemical methods, but only at the expense of
chemical or  biochemical methods. During
thermochemical treatment, crude mixture of a large
number (up to several hundred) of different compounds
with different power characteristics is produced.
Reaction times of thermochemical processingare less
thanthose of biochemical processing [10, 12].

In the next chapters, we will look at the biochemical
and chemical methods of producing hydrogen,
bioalcohol and biodiesel. In this chapter, we briefly
describe thermochemical methods.

Pyrolysis is an anaerobic decomposition of biomass
at the temperatures from 650 to 800 K. The substance
proceeds in a vapor phase, and then condenses into the
mixture, which contains more than 350 various
components of low molecular weight: organic acids,
aldehydes, alcohols, sugars, esters, ketones, aromatic
compounds. This mixture is called bio-oil. Pyrolysis is

an effective pathway of lignocellulose biomass
decomposition [12].
Gasification is a treatment of biomass for

temperatures above 1000 K. During the gasification, the
gas mixture is formed including CO,, CO, Hz, CHa, N
and other compounds in its content. From this mixture, it
is easy to obtain the syngas e the mixture of CO with H,
[12]. An important characteristic of syngas is the ratio of

the concentration of carbon monoxide and of molecular
hydrogen, respectively. This ratio may vary in the
presence of water in the wateregas shift reaction [32]:

CO + Hy04 <> CO2 + H @

Known technology of further conversion of syngas is
the FischereTropsch synthesis. The final products of the
FischereTropsch synthesis (equation (2) and (3)), a
mixture of alkanes and alkenes, are called
FischereTropsch liquids. From them one can get the
traditional fuel: jet fuel, clean diesel, gasoline. It is
possible to use conventional refining methods, such as
cracking and reforming. FischereTropsch synthesis can
be expressed in two equations [33]:

n-CO+(2n+1) H,— CiHans1 +n - HO 2

n-CO+2n-Hy — CiHan +n - H20 (3)

Liquefaction is the catalytic thermal decomposition
of biomass to unstable small components, which are then
combined to bio-oils. For liquefaction the temperature
used is lower in comparison with pyrolysis, but the
pressure is higher (5-20 atm). This reaction needs water
and basic catalyst [12].

The thermochemical treatment is convenient to
distinguish the following four stages: pretreatment,
thermal processing, purification and upgrading (Fig. 4).

International Scientific Journal for
Alternative Energy and Ecology
© Scientific Technical Centre «TATA», 2000-2019

% ISIAEE
21

Ne 07-09 MexayHapoAHbIA Hay4HbIW XXypHan
(291-293) «AnbTepHaTUBHasi IHepPreTMKa U IKONOrUA»
2019 © Hay4Ho-TexHu4eckui LeHTp « TATA», 2000-2019

1
M7,

-~

-
~

SPACE
LN

MexdyHapodHbil uzdamensckul dom Hay4yHol nepuoduku “Cnedc”



7,

SPACE

International Publishing House for scientific periodicals “Space”

//‘\\

Bo3o6HoBnsiemas aHepreTuka. SHepausi buomaccsl

Thermochemical

routes Liquefaction

Pyrolysis

Gasification

Fig. 4 — The sequence of steps of thermochemical processing of biomass and description of each of these stages
for gasification, pyrolysis and liquefaction [12]
Puc. 4 - MNocnepoBatenbHOCTL 3TanNoB TEPMOXMMUYECKoi 06paboTkv Buomacchl 1 onucaHne Kaxaoro
13 3TUX 3TaNOB AN rasaudmkaumm, NUPonnsa n cxmxeHus [12]

During the pretreatment biomass drying and
hydrolytic molecular weight reduction occurs. The
resulting raw material is subjected to thermochemical
treatment. The resulting crude fuels need to be further
purified. Produced chemical fuel can be modified to
increase the power intensity and stability (chemical
treatment, during which the octane rating of the fuel
increases) [12].

5. Liquid biofuel productions

Nowadays, bioalcohol and biodiesel are considered
to be the most likely non-fossil alternative fuels.
Bioalcohols are producedfromthebiomassbyfermentation
of starchesandsugars isolated from corn, wheat,
sugarcane, sugar beets, molasses, potato, fruit waste and
also from microalgae [9]. Biodiesel consists of
monoalkyl esters derived from different oil-rich sources
via transesterification process [34]. Production of
biodiesel and bioethanol is most developing shares of
bioenergy: in year 2012 global production of bioethanol
and biodiesel was about 83.1 billion and 22.5 billion
liters respectively [35].

5.1. Bioalcohol
Bioethanol, biomethanol, biobutanol and biopropanol
are the main bioalcohols produced. The most common
bioalcohol is bioethanol. The fermentation reactions are

caused by microorganisms, which feed on sugar-
enriched feedstock [36].

The application of ethanol has been considerably
expanded due to the development of purification
methods. Ethanol can be used as the substitute of
gasoline to reduce CO; emission. Furthermore, during
combustion, it is possible to reduce the emission of some
toxic gases (CO, NO) due to the presence of oxygen in
its molecular form [16].

For bioethanol production, there are several
feedstocks: sucrose and bagasse from sugarcane, starch
from corn, lignocellulosic materials from wheat straw
[37] (Table 2). Bagasse can be used for ethanol
production, because its production reaches the amount of
several hundred kilograms per ton of sugarcane [38, 39].
The corn rich in starch is also used as a source of
bioethanol via fermentation and distillation reactions.

Moreover, algae being a good source for
biohydrogen production can be another source of
bioethanol as a substrate for fermentation processes. In
this process, bacteria, yeast or fungi can use microalgal
carbohydrates (glucose, starch) and proteins as carbon
sources [40]. For example, some microalgae, such as
Chlorella, Chlamydomonas, Dunaliella, Scenedesmus
and Spirulina were found to accumulate significant
amounts (>50%) of starch and therefore considered to be
the potential feedstock for bioethanol production [34, 41,
42]. Microalgae can assimilate cellulose, which can be

further fermented to bioethanol [34, 43]. Also,
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microalgae can perform self-fermentation processes to
produce bioethanol. As it has been reported, the marine
green algae Chlorococcum littorale managed to produce
450 pmol(ethanol)*g at 30 °C via dark fermentation [44].

The process of fermentation requires less
consumption of energy. Moreover, CO; produced as by-
product during this process can be used as carbon
sources for microalgae in cultivation process and
therefore reduce the emission of greenhouse gases [10].

The bioethanol production via fermentation of
microalgal biomass has several advantages [34]:

« It can use the whole biomass or microalgal leftover
from oil extraction;

« It occurs in an aqueous medium; therefore, the
biomass requires no drying and can be concentrated
simply by settling.

Besides that, the cell disruption methods can at the
same time disrupt complex sugars necessary for yeast
fermentation [34].

High carbohydrate content, cellulosic cell walls and
starch based cytoplasm make algal biomass a good
feedstock for bioethanol production. Since lignin
removal is a rate-limiting step for lignocellulosic
substrate, an absence of lignin in algal biomass reduces
the costs, time and difficulty of the saccharification
process [45]. Methanol is one of the most industrially

significant alcohols that can be used as a clean fuel or as
an addition to gasoline [15]. Currently, the methanol
production is based on the chemical process, which
converts natural gas into methanol. This process proceeds
in three stages: steam reforming, synthesis and distillation
process. Moreover, methanol can be easier recovered than
ethanol, which forms an azeotrope with water. An
azeotrope is a mixture of two or more liquids with
unchanged composition under distillation. The ethanol-
water azeotrope cannot be purified without adding to the
mixture an entraining agent e benzene, cyclohexane,
heptane [46]. Only then, at low pressure an absolute
ethanol can be distilled from the ethanol-water mixture.
But these procedures are rather timeconsuming and
expensive in contrast with the methano production.
Additionally, biomethanol can be produced by gasification
and partial oxidation of carbohydrates with O, and H,O
[15] and by oxidation reactions in biomass [47].

Biomethanol can be produced by fermentation and
distillation of the plant and algal crops containing sugars
and starch (Fig. 5). Besides that, biomethanol can be
produced from biomass and biodegradable wastes, which
can be considered as a potential fuel for gasification and
syngas production [48]. The conversion of the biomass
into the biomethanol occurs by adding of sufficient
amount of hydrogen to the synthesized gas [49].

Lipids and
free fatty acids

Light Nutrients

Cell disruption

l l Harvesting j g and il extraction I'ransesterification
Microalgae : ;
sultivz - Starch and H
culuvation Culture arc

proteins
T T recycle
> A
‘ate 'O, Starc . g P g
Water CO, tarch . »—bl Fermentation '—DI Distillation |
hydrolysis l l
i Hydrogen i Hydrogen i Bioalcohol :

Fig. 5 — Production steps of hydrogen, biodiesel and bioalcohol production from algal biomass. “Drying” is highlighted
by a dotted line because in some cases it does not necessary. Adapted from Ref. [10]
Puc. 5 — 3tanbl nponssoacTBa Bogopoaa, buoamsens u buocnupta ns Bogopocnesoi bruomacchl. BeicylunBaHune BbigenseTcs
NYHKTUPHOW NTMHMEN, MOTOMY YTO B HEKOTOPbIX Cy4asix OHO He TpebyeTtca (apgantuposaHo u3 [10])

Also, process of gasification occurs in some
microalgae, for example, Spirulina sp. In addition, there
is an abundance of proteins and carbohydrates
inmicroalgae biomass, which can be treated for methanol
production [50]. Nevertheless, biomethanol received less
attention than bioethanol due to its corrosive and toxic
properties [51].

catalyst

Triglyceride + 3CH3;OH

Biodiesel can be the way to substitute petroleum
diesel fuels. Chemically, biodiesel is close to mineral
diesel, but it has lower volumetric heat capacity.

>

5.2. Biodiesel
Biomass enriched with triglycerides is common crude
material ~ for  biodiesel production [12]. During

transesterification reaction of triglycerides, hydrolysis of
ester bond between glycerol and fatty acid chain occurs
followed by esterification with methanol. Fatty acid methyl
esters (FAME) are produced during transesterification
reaction. FAME is major constituent of biodiesel [34]. This
reversible reaction is depicted in equation (4).

C3HsO3(Glycerine) + 3FAME 4)
Therefore, it is possible to replace the mineral diesel by
biodiesel. Also, the viscosity of biodiesel is close to
mineral diesel [16, 9].
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Transesterification of vegetable oils and animal fats
with methanol or ethanol is used for biodiesel production
[52]. The most commonly used oils are from rape seeds
and soybeans. Also, tropical plant Jatropha curcas has
been considered as potential source for biodiesel
production due to its rapid growth and high seed
productivity. The seeds of Jatropha contain 38% of fat
that makes them a good source of oil [53]. The biodiesel
quality depends on the type of feedstock used.

There are several advantages of biodiesel:

« Its production is cheap;

« It is renewable;

« It has reduced toxicity because of biodegradables
used for its production and does not produce poisonous
fumes [54-56].

Also, biodiesel helps to reduce the risk of global
warming due to reducing CO. emissions to the
atmosphere. Biodiesel releases CO; to the atmosphere
when burned, but crops used to produce biodiesel take
up CO; from the atmosphere for their growth processes.
It was determined that biodiesel reduces CO, emissions
by 78.5% compared with petroleum diesel fuel [57].

Algae are the most promising source for biodiesel
production. As it has been shown, some species of algae
can yield up to 60% of their weight in the form of oil,
which can be converted to biodiesel [18]. In this regard,
the algae can produce more biodiesel from one kilogram
of biomass compared to some plants [58]. For algae
growth, it is possible to use either high rate algal ponds
or photobioreactors with controlled specific conditions.

Production of biodiesel using algae is shown in Fig.
5. First, under special conditions algae produce biomass.
Then, this biomass is subjected for pretreatment, which
is followed by transesterification reaction of lipid
fractions with alcohols. At this step, the addition of some
catalyst is necessary. The substance obtained after this
reaction is then purified and finally converted into
biodiesel.

As it has been estimated, microalgae are capable of
producing biodiesel 200 times more efficiently than
traditional crops [10]. After cultivation, microalgae can
yield from several hours to ten days [10, 59]. Thus, it is
possible to obtain large amount of microalgae biomass
for biofuels production easier and faster than that of
crops. To achieve that, big areas of agricultural land and
addition of great amount of herbicides and pesticides are
not necessary [60].

As a significant source for biodiesel production,
microalgae have some important features. For
example, microalga C. protothecoides may contain
55% of lipid when growing under nitrogen limitation
[61], Chlorella minutissima yields larger amount of
lipids at 25 °C in basic medium [62]. Also, green
colonial microalga B. braunii 765 can produce
biodiesel under 25 °C [63].

Furthermore, as it has been shown, microalgal
biodiesel has similar physical and chemical
characteristics to petroleum diesel and biodiesel from oil
crops [9, 10].

6. Photobiological hydrogen production

Nowadays, there is a great demand for hydrogen in
the world. According to the data for the year 2011, the
consumption of hydrogen has reached 900 billionm3.
For the present day, 96% of all hydrogen is obtained
from fossil fuels: 48% from natural gas, 18% from coal,
and 30% from other hydrocarbonscontaining fossils. In
the future, the application of hydrogen as an alternative
for fossil fuels could be of significant importance, since
the reserves of fossils are being exhausted [64].

One of the ecologically friendly ways of renewable
energy obtaining is the production of molecular
hydrogen using microorganisms [65-67]. There are
several microorganisms commonly used for this process:
algae, bacteria and archaea. In this article, the attention
will be focused on the usage of photosynthetic
microorganisms for hydrogen production.

The clear advantage of photosynthetic hydrogen
generation is zero emission of greenhouse gases;
therefore this approach is rather promising [68].
Nevertheless, there are several factors limiting hydrogen
photoproduction yield:

« Light absorbance of phototrophic organisms is low
under regular solar radiation [69-71];

« The high amount of ambient oxygen has an
inhibitory effect on hydrogen production enzymes [72—
74];

» The rate of photosynthetic CO, assimilation is
rather low.

Many photosynthetic organisms are able to produce
hydrogen. In the late 1990s, A. Melis et al. discovered
that during photosynthesis the culture of green algae
Chlamydomonas reinhardtii could switch from the
production of oxygen to the hydrogen production under
conditions of sulfur deprivation in the medium [75].
They found that the function of the special enzyme
responsible for this reaction (hydrogenase) was impaired
in the presence of oxygen, but depleting the amount of
sulfur in the medium interrupted internal oxygen flow.
This condition allowed the hydrogenase to react, and the
algae could produce hydrogen [75].

Thus, specific conditions are necessary for the
cultures of photosynthetic microorganisms to produce
hydrogen efficiently: full or partial anaerobiosis [76,
77], nutrient starvation [75, 78, 79] and also some other
factors leading to the enhancement of respiration,
fermentation and a partial loss of photosynthetic
activity.

There are several
generation:

« Splitting water to hydrogen and oxygen by green algae
and cyanobacteria e direct biophotolysis [80] (Fig. 5);

» Photodecomposition of the accumulated biomass
enriched by carbohydrates during the process of
photofermentation by photosynthetic bacteria e indirect
biophotolysis [81, 69];

« Dark fermentation of organic compounds (Fig. 5).

approaches of biohydrogen
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6.1. Direct biophotolysis

As it has been demonstrated, the green alga
Scenedesmus obliques is able to release hydrogen during
the direct biophotolysis [82], filamentous cyanobacteria
Anabaena cylindrical can simultaneously produce both
H> and O, while treated in argon atmosphere [83].

In green algae and some cyanobacteria, direct water
biophotolysis proceeds in two steps:

H,0 + 2Fdox — 2H* + 1/20, + 2Fdieq ®)

2H* + 2Fdeq <> Haz + 2Fdox (6)

The first reaction is common for all oxygenic
phototrophs. For the second reaction, it is necessary to
provide anaerobic or microaerobic conditions. To
produce hydrogen, the reaction should be catalyzed by
the bidirectional enzyme — hydrogenase.

There are three types of hydrogenases:

* [FeFe]-hydrogenase.

Hydrogenases of that kind are generally found in
algae. Photosynthetic ferredoxin (PetF) is the electron
donor for this reaction [67, 84];

* [NiFe]-hydrogenase.

Cyanobacterial cells contain such hydrogenase [67].
In this case, both ferredoxins and flavodoxins could be
the donors of electrons [85];

* [Fe]-hydrogenase.

[Fe]-hydrogenase was found in archaea [86].

The  direct  water  biophotolysis  usually
occurswhencultures are exposed to the light after a
period of dark anaerobic adaptation [82, 87]. It has very
high initial rates (up to 300 pmol Hy/ (mg(Chl)*h)).
However, due to the fast inactivation of hydrogenases by
0O, the direct biophotolysis has short duration [88]. This
problem should be overcome to make this process more
effective. Apart from hydrogenase, nitrogen-fixing
enzyme e nitrogenaseealsocanproducehydrogen,
incertainconditions.

6.2. Indirect biophotolysis
Microalgae and cyanobacteria produce hydrogen
from stored glycogen and starch in case of indirect
biophotolysis [89-91]. This process proceeds in two
steps. At first, the synthesis of carbohydrates occur
under the light. At second, the hydrogen is produced
from carbohydrates via photofermentation (eq. (3)) [89,
92-94]:
CeH1206 + 6H,0 — 6CO; + 12H; @)
However, the degradation of carbohydrates is often
accompanied with accumulation of other fermentation
endproducts Thus, species which perform the indirect
water biophotolysis have special mechanisms to

separate O, and H; evolution either in space or in time.
For example, filamentous heterocystous cyanobacteria
have heterocysts e specialized cells for photoproduction
of hydrogen, and the process is driven by the
nitrogenase system extremely sensitive to O, [95].
Here, the production of hydrogen as a by-product of
nitrogen fixation depends on carbohydrates provided by
vegetative cells. In the absence of nitrogen, nitrogenase
catalyzes only the reduction of Hio to Hj, and the
highest rate of hydrogen production can be observed.
For unicellular N»-fixing cyanobacteria, performing
photosynthesis during the day time and N.-fixation at
night is the way to separate these two processes in time
[96]. Cyanobacteria Cyanothece can demonstrate the
rate of hydrogen production of 465 pmol(H)/
(mg(ChD*h) [97]. In green algae Chlamydomonas, both
direct and indirect water biophotolysis pathways are
possible. The pathway depends on the physiological
state of the cells.

6.3. Hydrogen production through fermentation

Along with the direct biophotolysis of water,
hydrogen can be generated via photofermentation (by
photosynthetic bacteria) as a second stage of indirect
biophotolysis mentioned above, or via dark
fermentation (by anaerobic organisms, e.g. anoxygenic
bacteria) from organic substrates (Fig. 6), mostly
carbohydrates and organic acids [98]. During
photofermentation, purple photosynthetic bacteria
decompose organic compounds such as acetate, malate,
lactate and butyrate using the sunlight as a source of
energy; the only products of such process are H» and
CO; [99]. Purple bacteria cannot split water, but they
are capable of using the near infrared region of light
spectrum. Due to that feature, it is possible to use
purple bacteria for wastewater treatment and
simultaneous hydrogen production [100]. Another great
advantage of photofermentation is the fact that, despite
the utilization of organic wastes, photosynthetic
bacteria can be used for CO, removal from exhaust
gases of thermal power plants and other industries [99].
Moreover, purple non-sulfur bacteria are able to fix
nitrogen [101]. They use mainly nitrogenase system for
hydrogen production, and the reductants are provided
by the photoassimilation of organic acids. Recently,
another method of hydrogen production by using both
algae and bacteria was reported [99]. The algae are
grown in special ponds for starch accumulation. Then,
hydrogen can be produced from the starch via bacterial
fermentation. For this process, it is possible to use
thermo-tolerant bacteria with high H-production yield.
In addition, there is no inhibition of the reactions
caused by oxygen, as O-sensitive algal hydrogenase is
not involved in the process [99].
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Fig. 6 — Examples of different microorganisms which capable to dark fermentation. Adapted from Ref. [34]
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The photofermentative H,-production can also be
increased by addition of some micronutrients to the
growth medium: Fe, Mo for Rhodobacter [102-104], and
Ni, Mg for Rhodopseudomonas, respectively [105].

Hydrogen production can be performed via the
fermentation of carbohydrate-enriched feedstocks by
some microorganisms under anaerobic conditions and in
the absence of light (Fig. 2). This process is known as
dark fermentation [106]. Fermentative microorganisms
use multiple hydrogenases: Escherichia coli utilizes
[NiFe]-hydrogenase, Clostridium species utilize [FeFe]-
hydrogenases.

In addition, different bioreactors can be used for
hydrogen production. Bioreactors with  bacteria
immobilized on hollow fibers have been reported to be
the way of hydrogen generation via dark fermentation
[99]. Immobilization is considered to increase the
physiological functions of bacteria. Hollow fibers can be
of different sizes, but all of them are made of
semipermeable membranes. Hollow-fiber bioreactors
have several advantages [99]:

1. The products of fermentation are automatically
separated from the cells of the microorganisms;

2. Hollow fibers increase the bioreactor surface, it is
possible to make such systems more compact;

3. Attached cultures of microorganisms provide the
high stability.

Hollow-fiber bioreactors were successfully tested for
hydrogen production from glycerin by use of the bacteria
Enterobacter aerogenes [107].

Dark fermentation has been considered to be the less
expensive approach in comparison with
photofermentation [108]. Nevertheless, it is important to
take into account several factors such as pH of medium,
and concentration of nutrients [109]. In addition, not
only hydrogen can be produced by dark fermentation,
but some other biofuels also can be obtained [110, 111].

Many works are related to the creation of various
mutant strains of microalgae [112-116]. Their
metabolism is optimized for the production of hydrogen.
One of the promising mutant strains are the D1 protein

mutants, like C. reinhardtii L1591-N230Y, [115, 116].
Hydrogen production rate was achieved 11.1
mL(H2)/(L*h) for this strain [116].

7. Conclusion

Presently, much work has been carried out to
improve the effectiveness and efficiency of processes of
biofuel production from algae biomass. The third
generation biofuel must be without drawbacks of the first
two generations [9, 10, 18, 62].

Many of the works are aimed at optimizing of algae
cultivation system: open-air system and photobioreactor.
Other works are related to the search for the most
productive species of microorganisms [117, 118] or
genetic modifications [116, 119-123]. Work on using
co-cultures as a source of biomass [124] is also
interesting. A model organism for the work on the
generation of bioalcohol is Saccharomyces cerevisiae
[125-128].

The third generation biofuel is not competitive in the
energy market for now. It is at the development stage.
Algal biomass has not yet become a popular raw
material for the generation of engine fuels, although
there are many intensive bioreactors. Algae attract
attention not only as energy source, but was a source of a
number of pharmacological and cosmetically significant
compounds. The lack of mechanisms for cheap
cultivation impedes commercialization of third
generation biofuel.

The fact that a large number of diverse works is
carried out in this area indicates that currently algal
energy is intensively developing in all directions:
increase in growth rate, improving of harvesting
methods, the genetic engineering of crops, optimization
of chemical and thermal methods for producing biofuels.
This is due to the urgency of the energy problem: the
environmental risks are associated with the use of fossil
fuels and disadvantages of first and second generation
biofuels. But a lot of work on improving of algae
cultivation and processing mechanisms must be done to
ensure commercialization of microalgal biofuels.
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Nevertheless, we can expect that in the future biofuels
can meet the demands for energy. It will be eco-friendly
and low-cost solution of energy problems.
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«IIpo61eMbI NPHPOAONOJIL30BAHUS U IKOJIOrHYecKas cutyanus B EBponeiickoii Poccun
U Ha comnpe/ebHbIX TEPPUTOPUIX

22-25 oxktsi6ps 2019 rozma

YBaxaemble Kosern!
Ipurnamaem Bac npunsats yuactue B VIII MexnynaponHoit HaydHol KoH(pepeHIMH «IIpoGieMbl MpUpOIOIOIs30BaHUS |
JKoJoruueckas cutyanus B EBponelickoit Poccnu u Ha conpenenbHBIX TeppUTOPHUsIX», poBoanMoit 2225 oktsopst 2019 roxa B
HNY «beal'V».
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1.4. PanoHanbpHOE MCIIOb30BaHUE TIPUPOIHBIX PECYPCOB

1.5. Dxonoruyeckuit MOHUTOPUHT

1.6. OxpaHa IpHPOABI M 3aTIOBEJHOE JIENIO

2. Dkonormyeckre mpodIeMbl U CUTYAIHU

2.1. BnusHMe KIMMaTHYECKUX M3MEHEHHH Ha OKPYKAIOLIYIO CPE/ly M XO3SHCTBEHHYIO IeSTeIbHOCTD
2.2. DKOIMarHOCTHKA M HKOJIOTHYECKOe KapTorpaprpoBaHUE TEPPUTOPUIL

2.3. TpaHcrpaHUYHBIE KOJIOTHUECKHE TPOOIEMBI

2.4. VI3MeHeHne BO BPEMEHH F€OCHCTEM MO/ BIUSIHUEM ITPUPOIHBIX U aHTPOIIOTEeHHBIX (paKTOpOB

3. HoBble TEXHOJIOTHH B PAIlMOHATEHOM MPHPOI0TIOIb30BAHUN

3.1. leorpaduueckue 1 3KOIOTHIESCKIE HHPOPMAIIMOHHBIE CUCTEMBI. J[MCTaHIIMOHHOE 30HIMPOBAHHE 3EMITH
3.2. [lepCrIeKTHBHBIC TEXHOJIOTHH YKOJIOTUICSCKON 3aIUTHI U PEaOHIINTAIINH T€OCUCTEM

3.3. [lepepaboTKa OTXOI0B MPOMU3BOICTBA U MOTPECOICHHS

4. HxeHepHO-9KOJIOTHYECKHE TPOOIIEMBI HEIPOTIOIE30BaHNUS

4.1. DKOJOTHYECKHE aCTIEKTHl TOPHO-TIPOMBIIIIICHHON T€0JIOTUH U THAPOTE€OJIOTHH
4.2. MOHUTOPHHT I€0JIOTHUECKOH CpeJibl

4.3. HoBble TEXHOJIOTUU HEIPOIOIb30BaHUS

5. MosonexHas ceKlysi HayqaHoi KoH(pepeHIN

K ydactuio B KOH(pEpEeHINH NPUTTIAIIAIOTCS AUINIOMUPOBAHHBIE YUEHBIE M CHECLHAINCTHI, padoTaroniye B cdepax SKOIOTHH U
IPHPOIOTIONB30BAHMS, @ TAKKe IKOJIIOMYECKOro obpasoBaHus. B pamkax KoH(pepeHIHH mperycMoTpeHa paboTa MOJIOJSKHOU
CEeKILUH, B KOTOPO# OyIyT Npe/CTaBICHBI TOKIa/bl CTYICHTOB, aCIUPAHTOB M MOJIOABIX YUEHBIX O TeMaTHKe KOH(EPEHIIHH.

Mecro nposenenus: 1. benropon, yi. ITobenst, n.85, HIY "benl'Y"
Oprannsarop(s1): MucTutyT Hayk o 3emne, HUY «benl'V»
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