CHAPTER 6

LIFE CYCLE ASSESSMENT OF MICROALGAE GREEN
DIESEL PRODUCTION SYSTEM

6.1.Introduction

This sixth chapter, based on the value chain and various agronomical

practices and the techniques of green diesel prod
t energy balance can further be

uction as reviewed in

Chapter 4, will aim to find out if the ne

increased by using a combination of many available agronomical practices

and the techniques of green diesel production from microalgae. It also

talks about the cost economics of the best route.

Many viability studies, with net energy balance (NEB) or net energy ratio
(NER) as the viability indicator, have already been carried out for the
production of green diesel i.e. biodiesel or liquid fuel from microalgae.
Most of the studies have found very low or even negative values for net

e. Moreover, the one with very low valu
ost of the important

energy balanc es for net energy
balance have not included energy inputs from m
Many have not included the entire value chain, and the others

activities.
e ways and techniques of

nsidered only a few of many availabl

have co
et energy ratio depends on the

green diesel production from microalgae. N
type of techniques used for cultivation, harvesting and oil processing

(conversion)- Considering the same, the current study aims to find out if
an further be increased by using a combination of

the net energy balance ¢
cal practices and the techniques of production

many available agronomi

from microalgae.
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6.2. Life Cycle Energy Balance

6.2.1.
1. Goal, scope and system boundaries

S:::;ya:z:z involved in the production of biofuels from microalgae is
udios i l:e. and also produce.s green house gases. Many viability
P o e eet energy.balanfe (difference of energy input and energy
viability indic tn ergy ratio (ratio of energy output 0 EnerEy input) as the
liquid fuels fr a Of..have already been attempted for the production of

om microalgae 86, 81]. Most of the studies have found very

low [8]
[81] or even negative values (84, 82] for net energy balance.

Many h :
¥ have not included the entire value chain [86], and the others have

Conside
red only a few of many available methods and techniques of

biofy .
el production from microalgae [81, 84, 82}
ultivation,

Net e .
nergy ratio depends on the type of techniques used for ¢

harves;
ting and oil processing (conversion) [220]. Considering the same,

the ¢
rrent study aims to find out if the net energy balance can further be

e . . . . H 1
and g d by using a combination of many available agronomlcal practices
t e te . R .
chniques of biofuel production from microalgae.

The
uncti .
nctional unit of the study is one€ hectare. Figure 6.1 shows the

Syste

m bo i H . .

diese) undary with various possible combinations and routes for green

pro [ 1 M4 . .
duction from microalgae. Energy requirements for items with

ye .
ars of useful life have not been included in the study.

A'
Open pond description

The
desi . .
gn specifications of the raceway ponds considered for the current

Study ¢
ompri :
mprise 10 units of open ponds, each 100 m long, 10 m wide and

3 .

169



I Electricit | e e e

/—\

Culture | - - Open raceway Photobioreactor
! U Bls )|
Harvesti , . »
D:;;:]ng & Flocculation Flocculation, Centrifugation Flocculation
g | & ' centrifugation & Belt Drying & Filtration
Belt Drying & Belt Drying

— ! | |

Bligh & Dyer Solvent Extraction

Lipid Extraction

—

r———

Conversion

Process
~——— ]

: | Lipid [ Hydrogenation

Femmmm———= > Pyrolysis Pyrolysis

%mas ——:l Dry Routh
)
'
""""" » Hydrothermal
Liquefaction
— HTL

Green

ous possible combinations and routes

Fo
igures, 1; System boundary, showing the vari
for green diesel production from Microalgae

B. Photobioreactor description

Flat -plate airlift photobioreactors have been considered for the current

s .
tudy. Two cases have been considered:
prise of 20 flat reactors each with

Case 1: The design specifications com
and 10 cm thick. Reactors

105 1o .
05 units, Each unit is 4.53 m long, 1 m high
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are | m i
apart from each other to avoid shading. A part of the light energy

required i inati
for illumination was from sunlight and rest from the fluorescent

tub ;
es on both sides of the reactors.

CaSe 2. . . .
: The design specifications comprise 39 flat reactors each with 105

units, it
Each unit is 4.53 m long, 1 m high and 10 cm thick. The reactors

were | ; .
lluminated on both the sides using fluorescent tubes.

::v:)::t::e IConditions for flat plate reactors were kept similar to that by
25 ang al, 2011 [70]. For all reactors the temperature was controlled at
pH was set at 7.5 by air and CO» injections. The incident photon
' The number of fluorescent tubes was

fl .
ux density was 270 pmole m’’s’
flux density. In

adj .
justed accordingly to provide the required photon

additi
1on, algae were grown under stressful condition of nitrogen depl
ent from 20% to 23%.

etion,

which i
ich increased the total lipid cont

6.2. .
2. Microalgae (Chlorella vulgaris)
own for lipid

ater species, and is also kn
-motile green

a single celled, spherical non
n both fresh and marine

s it is also called

Ch
lorella vulgaris is a freshw

aCCu . .
1 mulation [70]. Chlorella is
alga .
82 2.0~10.0 pm in diameter. Chlorella occurs 1

Wat . . . .
er. Due to its occurrence in various different habitat

Ubiquito
us [60].
it is an ideal microalga

ACC .
ording to various studies on Chlorella vulgaris,

fo i . .
I the production of biodiesel. The features which make it an ideal strain

for hina:
I biodiesel production are [235]:

. Saturated fatty acids which give biodiesel good cetanc number and

high oxidation stability-
2. Contains palmitic and stearic acid, which are most common fatty

acid contents of biodiesel.

chain is between c10 and C18.

3. Length of hydrocarbon
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4. Has good biomass productivity.

MOr N . . .
eover, it has been significantly studied and quantitative estimates of

rod . .. . . ..
Productivities and composition in various conditions are available.

6.2.3. Methodology

Life cycle assessment (LCA) has been used to calculate energy balance
and green house gas emissions from the energy use for microalgae
(Chiorellq vulgaris) based biofuel (Biodiesel and biogas) production and
their uses in the internal combustion engine for transportation. In LCA, a

ro ; .
Product is followed from its cradle to grave. Natural resource use and
ive terms [85]. This study

outputs in every stage

fe cycle of Chlorella

poll feai ibed i i
! utant emission are described in quantitat
Inc| . — : :
udes all the major activities and various inputs/
of mi . . H
Icroalgae green diesel production. The whole li

Vulgaris .. . .
8aris has been divided into four major stages:

4. Microalgae culture & harvesting
b. Oil extraction

€. Oil & Biomass residue processing
d. End combustion of green diesel

Si .
Nce microalgae biofuel industry is still in infancy, data on large scale

ccurate LCA study large scale

al
83¢ production is lacking. For a
laboratory data has been

Prodyct;
duction data is required. Therefore,

Cxtr
apolated to meet the requirements of the current study-

6.2,
3.1.Method of data collection

La . .
boratory observations and published data of known industrial processes

aVe
been used and extrapolated.
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6.2.3.2.Assumptions

a. Only CO, emissions from fossil fuel clectricity and fertilizer use
have been considered. While N.O emissions have only been
considered from fertilizer use.

b. According to Indian centre for science and environment in 2007-
2008. 78% of India’s urea production came from natural gas as the
feedstock and rest from fuel oil and naphtha contributing 11% each
[211]. Since the maximum urea in India is produced from natural
gas, so have assumed 100% urea production from natural gas.

C. Electricity production has been assumed to be from 100% fossil

fuel fired power plants in India. Fossil fuel share in electricity

generation in India is 64%. Coal is by far the most important fuel
source for power generation, with 529 of electricity generated in

coal-fired power plants and rest from natural gas (1 1%), oil (1%),

hydro (23%), nuclear (3%), and renewable (10%) [212].

d. Per kWh of only the direct electricity use, has been made

€quivalent to 10.69 MJ.
®. Considering that sulphur is produced as a byproduct in petroleum

and steel industry [236], accordingly, specific energy consumption
for sulphur as a component in Aluminium sulphate has not been
Considered.

f. As CO, is formed as a by-product during electrical power
generation [237), and the same has been used to provide CO;

requirements of the microalgae during its culture in the current

study, therefore, specific energy consumption for CO2 production

has not been considered.
8 Initia] temperature of biomass and water has been considered to be

at 20 °C,
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h. Speci .
pecific heat of microalgae has been considered to be the same as
t o . - .
hat of cellulose. because it is the main component of plant cell

wall [222].
i. En e e .
ergy required for maintaining high pressure in certain processes
has not been considered.

j- 98% solvent recovery after Bligh and Dyer process has been

assumed.

k. .
Hydrogenation is a part of hydrotreating. therefore, the energy

consumption for hydrogenation has been assumed to be same as

that for hydrotreating.

I .
The heating value of HTL is twice to that of pyrol
sumed that the amount of hydrogen

L will be half as that required for

ysis oil.

Therefore, it has been as
required to upgrade per kg of HT
pyrolysis oil upgradation.

M. Offgas contains 80% of propane [213], therefore, the calorific

value of offgas was assumed to that of propane.

6.2.4
+ Calculations and study parameters

The v,
Various study parameters considered are given in Table 6.1 and

Caley|at
a
tion methods are shown in Table 6.2.

Table6. 1: Various parameters considered for study

Verage enora: ERENPELE Y L A R [ AN it
fenj ifer energy consumed per Mton of 34.20 GJ/Mton of
d phg Produced in India ( Nitrogen fertilizer
F SPhorous fertilizer)

0Ossi] fo

"Siderier: energy per 1 kWh electricity, 10.69 MJ (31]
Sp g the conversion CffiCiency

Bciﬁc

Umip; energy consumption of Indian 85 GIMT (238]

um industry
1
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Paramcte
arameters

Yalue Unit References
T ————
COﬁ Tcel N
2emission from clectricity 980 2CO-RKWh 212]
of clectricity
Energy - i produced
fromg{: fequired for €O, injection . 222 kWh/ton of (237]
power plant 100 km away CO;
Amoy -
requ; M of  Aluminium sulphate | 25(8.55) mmol L.’ (239]
Quired for floceulat: |
occulation (1)
Ener ,
BY consumption for pumping water 0.05 KkWh/m'of [240]
water
pumped
AVe
Tage annya| evaporation losses 2.25 m [241]
ner —
CUIIUEZ :'q}“er 10 process lm] of 8.35 kJ [84]
Coagu)y; uring air sparging  assisted
'on flocculation (ASACF)
Ener
8Y consum _______-——__,____—————_—__-—————-——‘
ed by Belt drye : 3.35 MJ (82]
®Vaporated Wal(:r) clt dryer per kg
Speg;
'ic heay of cellulose 1.5 1°C'g’ [222)
€atj
Ng valye of Bio-oil — 17 | M/kg [232]
Speg;
ific | I
thoroformatem heat of vaporization of 247 kl/kg [242]
SDec'
ific
Methgnq, - ot Neat of vaporization of 1100 ki/kg [243]
Te——
gy ] ]
Prog,, Consumed in Hydrogen 50.9 kWh/kg of [220]
Hydrogen
it  —T1223]
H Y ©Fhydrogen ar NTP — 00899 | Kem [223]
ydr()
gen . ]
g Pyro| '®quired for hydrotreatment 400 NL( normal [224]
y YSis oil litre)
ydro
g¢en T
*0genar: required for 1.5 wi% of algae [213]
e Vkgalgal ol oil
v
Crage o __—__________________[_2_2_0_]____
TOtreatip, ergy  consumed in 0.32 kwhkg of
Lower h g/hydrogenation process oil processed
: eatj T
o (LHV) '8 value of Hydrogenated 44 MJ/kg of [113]
hydrogenated
oil
—————
L—_______—————'_'
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Parameters Value Unit References
Approx enthalpy of water at 350 °C and 2540 kJ/kg Steam table
at 207 bar pressure
N — 3

Density of chloroform 1.48 gem
R

Density of methanol 791.8 Kg/m3

I'MMBTU of natural gas 1.055 GJ [244]
e ’

ower required by raccway pond for 4 W/m (86]

mixing

Specific heat of water at 20 °C a.182kikg | KkI/kg°C [245]

°C
i . }

Power required by Flat-plate air reactor 53 Wi/m [246]
for Mixing

Average sunshine hours/year in India 2750 Hours/year (247]
90,

% DW obtained after centri fugation 16 % DW [240]
Ihle COncentration of the harvested 40 times [239]
s:l“_‘re after 19 hrs of gravitational

ing of flocculated microalgae

Culture

Heaj - 221
byt & Valle of gas obtained during 2 M/kg [221]

Olysis ang liquefaction
Ic 10500 kCal/kg
Ca]ol_-f value of Naphtha =73 KCallton [225]
~11¢ value of Propane 10792777.
ethods

Table6. 2: Various calculation m

DTN e Wy
NI

RRSRA

L e Calculatlonmethods NE TR ”3
t(‘? Hwyyc.i‘rogenét'ed. 6“ hz.ive following chemical str(‘juct.:lre C,Hans2 [113],
eo".Coz which gave 0.75 kg of carbonvkg of h);droge;art]e cg; | etfcien *
Hm|88i0ns CO, emission = Fuel combusted * carbo
yd . |
" e | e CO, and 12 is molecular weight of

Where 44 is molecular weight of

carbon. 2006 guidelines
If we consider fraction oxidized = 1 [As PeT IPCC, &
[248]] genated oil = 1*0.75*1*(44/]2)

CO, emission from 1 kg of Hydro
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[;

from fertilizer
uses

ﬂmeter -
Calculat Calculation method
ons N-O emission = Fertili : —
. 2 ertilizer co . [ O
for direct N,O nsumption * Emission coeflicient
emiSSions e o ime -
Emission Coefticient = 17.68 kg/ton of fertilizer consumed [227]

e ———
NEB and
NER

- Heulation

NEB = Total Energy Output - Total Energy Input
NER = Total Energy Output/Total Encrgy Input

co, emission
from DAP

ecdstocks used to produce tertilizer in India is.
Natural gas: Naphtha: Fucl oil: External ammonia is 50:25:10:15 [215].
And therefore, for CO: cmissions from DAP use, individual COa,
emissions of each feedstock has been calculated based on their sharé

and data given in reference number [215]

The share of various t

DT
lght energy
Supplied to
the flat-plate
reactors

Encrgy (W) = 0.2176* Incident light Intensity (pmole m™ s)* Surface

area (m”) [249]

Electricity

consumption
by heat

eXChanger

Average temperature in the four scasons of India [250]:

Season Months Total number of Days | Average temperature (°C)
Winter December to March 121 2
Summer April toJune 91 36
Monsoon July to September 92 29
Post-monsoon| Octaber to November 61 26

r decreased temperature of

n, the increased 0
med to be the same aS that

To simplify the calculatio
tors has been assu

the flat-plate photobioreac
of the atmospheric temperat

Power (heat load) consumed by heat exchanger (both for heating and
cooling) for temperature control in order to maintain culture
temperature at 25°C [245]

Power (kW) = Mass flow (kg/s)*Specific
between inlet and outlet temperatures ono

The amount of electricity consumed ca
g the power with the number of wor

multiplyin

exchanger.

: ht of microalgae 0 be processed (kg)*
f the algae

ure.

heat (KJ/kg/ oC) *Difference

ne side (°C)-
n further be calculated by
king hours of heat

gY use b
Qentrifuge Y

Energy (kWh) = [D7Y weig lion ©
Power consumed by centrifuge (kW)Y [Concentrd™ 1)
culture (kg m™) * Throughput capacity of the centrifuge (™

for the centrifuge

considered
y of 85 m’ b and

the speciﬁcations ’
hput capacit

For the current study,
[, i.e. throug

were same as that by Xu et als

— motor power of 45 kW

177




eter
Energy 0 Calculation method
“nergs for pyrolysi ——
required for | i ;rg) for pyrolysis (J/g) =Specific heat of biomass* (temperature i
in biomass)* : BIOMISs ) ¢ rise
M )* amount of biomass

Heating value
of char [228)

The experimental re
¢ experimental results have demonstrated that heating value of ch
e char

increases with increase in temperature.
HHV = 0.0069T + 24.68 [MJ/kg]

Heating value of char produced at around 500 °C was estimated to be

28 MJ/kg.

\
Energy

required for
heating the
miCr0a|gal
Culture up to
the reaction

temperature
of 350 OC

) * (Enthalpy of water at 350 °C and

Energy = Mass of water (kg
°C) + Algal biomass (kg)

pressure of 3000 psi - enthalpy of water at 20
*Specific heat of algal biomass*(350°C-20°C).

6.2.5 .
Mlcroalgae culture & Harvesting

Ac i
Microalgae culture

Bas
ed o
n the reactor types and configuration considered fo

r the present

Stud
Y, Table 6.3 shows the biomass production over 5 years. The biomass

¢

f::::]ea:t.:ﬁo“ for raceway pond was assumed to be

for raceWate photobioreactor it was assumed to be

for o ay pond was assumed to be 0.1 d'[86]- T
-plate photobioreactor was calculated with th

(6.1
) [71] and values for the various variables were take

0.5 kg/m’ [83] while
1.9 [70]. Dilution rate
he specific growth rate
e help of the equation
n from the work

d0ne
by Pruvost et al, 2011 [70]-

..(6.1)

=140, [Xo/Xo]

Where X

Cginnj
1 .
ng of a batch run, respectively,

m and X are the concentrations of b

jomass at the end and at the

and t S the duration of the run.
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T .
able6. 3: Based on the Reactor Type and Configuration, Biomass Production over

S vears
\
] Raceway | Flat-plate photobioreactor
Variables Units Pond
\
Case 1 Case 2
Five ;
year biomasg production kg 273750 989589.8 1929700
Anp .
ual biomass production kg'year 54750 197917.97 385940
Volu .
Metric Productivity g/m'*d 0.05 0.57 0.57
Totajin=
Muminateq surface area m- 10000 19026 37100.7
Flow im
S years m 547500 | 5208368 1015631.7
Bio
Mass Concentration kg/m’ 0.5 1.9 1.9
Ditye:
Hotion ratg d-1 0.1 0.3 0.3
S
K m” 10000 10000 10000
ea
F o vokme m’ 3000 951 1855.
low n
at
°\ m’/d 300 285. 556.5
As
specif . . .
fate IC growth rate under stationary condition is equal to the dilution
’ ther . .
fo ®fore, dilution rate for flat-plate reactor was assumed to be equal
€ Speg; .
Pecific growth rate calculated from equation (6.1).
V()lumetric .. .
Productivity was calculated using equation (6.2) [86].
Py <
V=ux .. (6.2)
Wher

Vis volumetric productivity, p is specific growth rate ( which here

and

is b
I0massg concentration.

Flo

ra
'® Was calculated using equation (6.3) [86]

F'QD*V

® Squa
I'to dilution as growth rate has been considered to be stationary)

.. (6.3)
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W ) C per s )
here F is flow rate, D is dilution rate and V is reactor volume.

Annual biomass production was calculated using equation (6.4)

w . . , .
here ABP is annual biomass production, F s flow rate and X is biomass

concentration

Total illumi
otal illuminated surface area for flat-plate reactor was calculated using

equation (6.5) [70]
- ... (6.5)

d surface area, | is length of each unit of the

Y . . .
here TIS is total illuminate
U is number of units per reactor

r . .
eactor, height of each unit of the reactor,

a .
nd R is the number of reactors.

F . . . .
urthermore, during culture, water, light and nutrients are required. For

Uniform distribution of nutrients and light, the culture should be properly
chieved by air injection,

mj ..
ixed. In flat-plate reactors, the mixing was a

While in photobioreactors by paddlewheels.

Obtained from Culture of Microalgae

Table6. 4: Composition of the Biomass

(C6HI3:IOIN0.6)
R
(C6H1005)n 40 20 162
20 88
(Cs7H10406) 23 4
s
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Ot miCl()a [} (o)
Igae. Ba i Cu
Sed on the blomaSS Omp Sition it was Cal l
] ated that

the amoun
t of carbon requi a
quired per kg of biomass is 487
ss is g, thus
; , the

amount of CO i
,required to fulfill this requi i
quirement is 1787 g (41
mols). The

per kg of biomass was calculated to be 15 g

phosphate [(NH4)2:HPO4] required to
omass will be 70.7 g. Di

amo ;
unt of nitrogen required
and th

us, amount of Di Ammonium

provide ni
e nitrogen requirement per Kg of bi

Ammoni
ium i
phosphate will also provide the phosphorous requirement of

algal bj
iomass.
Table 6.5 shows the nutrient requirement based on the

bio
mass composition.

Tableé6. 5: i
. 5: Nutrient requirement based on the biomass composition

[ ——
Nutrient
Ovpen - - —
requirem Open raceway c F'.??-,E'?te reactor
rement . pond , R R
\ B ;7, : "«"[ R ) u LT
Carbo SRR : . Casel . T Case2-'. "
n dioxid ' —-"""’"'_._._-—————"“________._._.——————
(CO, ¢ 489191.25 ke 176839733 kg 3448374 kg
x
DiA
mmonium ___._,-—————-""""'_____,____.——-——-
19354.13 kg 69964 k
Phosphate g 136430 kg
//_———_’_____’__

er in open pond was controlled by

nnual evaporation
was estimated 10

Furth

e

r, the temperature of the wat
Josses, total

orati . .
ion. Considering the average 2
be around

Water |
ost through evaporation OVer 5 years,

112500 m?3
0 m?. Therefore, in order t0 maintain the ¢U

112500 m3
0 m” of water was pumped in

Years
. Table 6.6 shows the total energ
as Table 6.75

y useé during

lture concentration, extra

dium, over @ period of 5

microalgae cultu
and NOx emissions

the culturc me
y input during

re in

hows the CO:

the
vari
rious reactors, where
ure.

to fertilizer and electricit microalga€ cult
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Table6. 6: T :
: The Total Encrgy Input during Microalgae Culture in the Various

. Reactors
Open raceway Flat-plate reactor
— pond
foo Case 1 Case 2
cit -
wate Y consumed during 33000 26041.84 50781.6
T pumping in reactors
:lulture water+ water lost
rough eVap()ra(ion) (k\Vh)
Nutri — L
ents | Electricity 10860 39258.4 76553.9
consumed
during CO,
injection
(kWh)
| (KY ’___-____F’___/
Energy use for 661.9 2392.8 46659
Di Ammonium
Phosphate (G
EI — phate ( J) ___-—-//_———-—_
mixin sumed during 525600
(kwhf (Paddlewheel/Airlift)
Ele S /"‘/
T ctricity consumed by 33590357 95472626
Ubeliop,
o ght (kwh) /__,_,__-————-’-
— I
e Ticity consumed by 5964232 e
te N excha"ger for
Mperat
ure control (kWh 22080 |
(kWh) Fical energy input 569460
T
otai . // 1082524
.
.
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able6. 7: CO,and NOx Emissions due to Fertilizer and Electricity use during
Microalgae Culture

Open raceway Photobioreactor
, pond
\ . . . - B .
Case 1 Case 2
\
Cco
emise; Natural 15.7 56.6 1104
fro ons | Gas
m
(Mto;ﬁAP Naphtha 12.13 43.85 85.50
Fuel oil 512 18.52 36.11
Ammonia 6.76 24.42 47.62
CO, epuis
clectyi - 10MS from 558 35731 98812
NO ICIty use(MtOn)
fel‘t:l'e missions from 0.34 124 2.4
T°tallzér use (Mton)
0 e
Mtgpy " ssion 597.71 35874.39 99091.63

B. M
Mlcx‘oalgae Harvesting & Drying

€r c .
Ulture, microalgae need to be harvested and dried for further

r()CeSS.
oy Ing. The dry weight % (DW %) required will depend on the routes

Oweqd . .
Th for further processing of microalgae for biofuel production.

€re a
e tw . . .
O routes for biofuel production from microalgae, 1.€:

1
D
'Y Route: Dehydration is needed to obtain 90% dry weight

(D.W) of microalgae, because biomass left after lipid extraction
:Z':;:u:fher be processed by pyrolysis method for which moisture
I Wet g 5-10 Wt% are generally considered acceptable [232].
micmaloute: Delfydration is needed to ob.ta‘in 20% DW of
app“edia)le as .Bhgh and Dyer method for lipid extraction can
b any tissue containing water up to 80% [251].

dre B ON the tyy

ing o routes, following combinations of harvesting and

techp;
ques were used to reach the required dry weight. The
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: ac culture
red for flocculating algs
amount of Aluminjum sulphate required for-floce (Case 1) and

Oun 0 u ° . actor (3™

. 'n raceway pond. p B d 8684
Obtained from the open raceway 4453 ton an

fate be 4681 ton,
. . -as estimated to settling the
PhOIObloreactor(CaSC ) wase . itational  settling
t l After 10 hours of gravitatic higher than
o simultaneoys Y. > 40 times hig
- is found to be
: ssted culture is fou

Concentrauon of the harvested ¢

! (&
: % DW alga
. . JIIVe 76

the injiq) Culture [239]), and was estimated to g

Culture,

;s mentioned below:
The Varioyg combinations are as mentio

ing.
L. d by belt dryi
. ¢ bination 1: It includes flocculation followe ybination are
* “Ombinatjop : ‘s com
The 4 ils of the energy requirement for this
€ details o
8iven ip Table 6.8. flocculation  followed by
includes nergy
Combination 2: It inc ils of the e
. ctails
“eMtrifugation and belt drying. The d_n Table 6.9.
. iven i .
"®quirement for this combination are gl\,/en followed by belt drying.
Combination 3: It includes centrifugation fo ombination are
: T
The details of the energy requirement for thi
€tails o
8iven ip Table 6.10. ion followed by filtration.
COmbinat'on 4: It includes flocculation tion alone won’t
! : icro filtrati
Cell Size of chlorella being very small, micro

flocculation.
be effective. Therefore, filtration must be done after tions, when
. inations,

Based on the €nergy requirements of the various 006"‘][2)' showed that
Tables 3, 6.9 and 6.10 were compared, Table d'rymg is the most
combination three e, centrifugation followed by belt Tables 6.8 and 6.9
°nergy ®fficien ombination. Moreover, it is clear from the total energy
That’ f Culation alone contributes more energy input thz'm not an energy
"Pu in OMbinatjon 3. Therefore, Combination 4 IS
efflcie

irements
. nergy requ

foute, Therefore, for further calculations the €

Fthe C

*Mbinatioy, 3 have been considered.
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Table6. 8: Energy Requirements for Flocculation Followed by Belt Drying

vl ny Routte(90%DVV) o B Wet Route (20% DW)
Opep'fa:qe:‘waysr o _Ifhotqbipreaétor Open raceway Photobioreactor
cpemd. |0 pond
Casel -~ Case 2 Case 1 Case 2

Energy required for pumping in flocculation 27375 26042 50782 27375 26042 50782
chamber (kWh)
Air sparging Energy consumed to 397885 378505 738140 397885 378505 738140
assisted produce the required
Coagulation amount of Al,(SO,);
Flocculation for flocculation (GJ)
(ASACF) (7.6%
DW) Energy required for 1270 1208 2356 1270 1208 2356

air sparging(kWh)
Energy required for pumping in belt dryer 684 651 1270 684 651 1270
(kWh)
Belt Dryer (kWh) | Energy required to 12453935 11093501 21632328

obtain 90% DW

Energy required to 11463281 7512347 14649076

obtain 20% DW
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/

Dry Route (90% DW)

|

Wet Route (20% DW)

Open raceway Photobioreactor Open raceway Photobioreactor
pond pond
Case 1 Case 2 Case 1 Case 2
Total electrical 12483264 11121402 21686736 11492610 7540248 14703484
energy input
(kWh)
Total energy input 531331 497393 969971 520741 459110 895320 |
(GJ)
CO, emissions 12234 10899 21253 11263 7389 14409
from electricity
use (MT)
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Table6. 9: Energy Requirements for Flocculation Followed by Centrifugation and Belt Drying

Dry Route (90% DW) Wet Route (20% DW)
- Open Photobioreactor Open Photobioreactor
raceway raceway
pond pond
Casel | Case2 Case 1 Case 2
g iR I )

Electricity required for pumping in flocculation chamber (kWh) 27375 26041.84 | 50781.58 27375 26041.84 | 50781.58
Air sparging assisted Energy consumed to produce the required 397885 378505 738140 397885 378505 738140
Coagulation amount of Al,(SO,); for flocculation (GJ)

Flocculation (ASACF)

(7.6% DW) Energy required for air sparging (kWh) 1269.9 1208 2355.7 1269.9 1208.1 | 23557
Energy required for 684 651 1269.5 684.4 651 1269.5
pumping in centrifuge

(kWh)

Centrifugation after | Energy required to obtain 16% DW 7246 6893 13442 7246 6893 13442
flocculation (16 % DW)
(kWh)
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/ e / / Dry Route (90% DW) / Wet Route (20% DW)
i S Open Photobioreactor { Open Photobioreactor
s raceway raceway
Case 1 Case 2 Case 1 Case 2
Energy required for 85.6 309 603 856 | 509 603
pumping in (KWh) 1
|
Belt drying (kWh) Energy required to obtain 90% DW 1309078 4732240 | 92278638 ' T
l
Energy required to obtain 20% DW 3184244 | 1151085 | 2244616
| |
Total electrical energy 1345739 4767343 | 9296320 355085 | 1186188 i 2313068
input (KkWh) \ ‘|
| |
KTotal energy input (GJ) \ \ 412271 \ 429468 \ 837518 \ 401681 \ 391185 | 762867
|
CO, emissions from 1319 4672 9110 348 1163 2267
electricity use (MT)

188




Table6. 10: Energy Requirements for Centrifugation Followed by Belt Drying

;- . Dry Route (90% DW) : Wet Route (20% DW)
~*|:Open raceway Photobioreactor .| Open raceway Photobioreactor
g pond ; pond
- . Casel | Case2 Case 1 Case 2
Ener;gy required for pumping culture in cenfﬁfuge (kWh) 27375 26041.84 | 50781.58 27375 26041.84 | 50781.58
Centrifugation (16% DW)(kWh) Energy requires for 289853 275737 537687 289853 275737 537687
obtaining 16% DW
Energy required for pumping water 85.5 309 603 85.5 309 603
in Belt dryer (kWh)
Belt Drying (KkWh) Energy required to 1309078 4732240 | 9227867.8
obtain 90% DW
Energy required to 318424 .4 1151085.4 | 2244616.5
obtain 20% DW
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/ i e S / / Dry Route (90% DW) / Wet Route (20% DW)

(7 e : _ (Open raceway Photobioreactor {Opcn raceway Photobioreactor
. | pond pond
\ : Case 1 Case 2 Case 1 Case 2
\ Total electrical .energy input (KWh) \ 1626392 1 5034328 | 9816939.38 635737.9 1453173 2833688
KTotal energy input (GJ) \ \ 17386 \ 53817 \ 104943 6796 \ 15534.4 30292
CO, emissions from electricity use 1593.9 4933.6 9620.6 623 1424 2777

(MT)
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6.2.6. Oil Extraction

Chemical solvent has been reported to be more efficient method of lipid

extraction than mechanical press [252]. Lam and Lee compared four

different chemical solvents for lipid extraction, ethanol, methanol, n-

hexane and Bligh and Dyer method (mixed methanol-chloroform with
£ 2:1). They found Bligh and Dyer method to have highest

-Hexane, which is one of the widely used

volume ratio o

lipid extraction efficiency and n
to have lipid extraction efficiency [252]. Bligh

solvent for lipid extraction,
yields >95% of total lipid and further

and Dyer method of lipid extraction,

his method can be used for any tiss
Bligh and Dyer method has been

to it, t ue containing water up to 80%

[251]. Therefore, for lipid extraction,

considered for both dry and wet route.

The critical ratios of methanol, chloroform and water should be 2:1:1.8

and that of solvent to tissue should be 3:1. After the solvent and culture

are mixed, in the given ratio,
-homogenize
the overall ratio of methanol,
f solvent to tissue is {(3+1):1} [251].
since water content is

they are homogenized to form a monophasic
d with another similar quantity of

system and then re
chloroform and water

chloroform. Therefore,

should be 2:2:1.8, and that 0

tical ratios, for dry route,

Considering the cri

insignificant in comparison t0 biomass, solvent to tissue ratio of {(3+1):1}

should be considered, while for wet route, because of high water content,

methanol, chloroform and water, ratio of 2:2:1.8 should be considered.

y centrifuge, which also separates the

ogenization Wa3 done b
hloroform and methanol dissolved in

The hom
s layer (lipid dissolved in ¢
formed in the process. Thereafter, the lipid is separated from

ter by fractional distillation (heat energy

ol from wa
ded by burning of natural gas). During this

e 6.11 shows the energy

biphasi
water)
chloroform and methan

was assumed O be provi
process the solvents are recovered. Tabl
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requirements for oil extraction from microalgae by

method.

Table6. 11: Energy Req

Bligh and Dyer

uirements for Oil Extraction from Microalgae by Bligh and

I

Dyer Method
T sulture | 577917 5134 [ 4073811 | 1642500 5937539 TR
mass (mass of
algae + water
left after
harvesting &
drying) (kg)
Water (kg) 304167 1099544 | 2144111 1368750 | 4947949 9648501
—_-_——'-_—-_—_
Chloroform () | 347590 1579180 | 3859400 | 1520833 | 5497721 10720557
panol @ | 547300 | 1979180 3859400 | 1520833 | 5497721 | 10720557
- I
Energy required 740.7 26771 | 52215 23349 | 84406 16459
for
homogenization
and separation
by
centrifuge(kWh)
Lipid recovery 50814.4 | 2162254 421639.5 | 598144 216225.4 | 421639.5
after Bligh and
Dyer method
(kg)
_______,.,-—-—__’,___.__’____________
Energy required 200 723.5 1410.8 556 2009.7 3919
for chloroform
recovery (G))
________,,_,—--_,,.’—-,__.,_-___,_._._—
Energy required 118 426.7 832 328 1185 2311
for methanol
recovery (G)
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6.2.7. Oilan

A. Oil Processing

The oil ag

consequence,

internal combusti

es and tends to ph
it is not suitable

specifications for (bio-)

Out of the total 23
onverted to biod

S and aré unwant

can be €

influence the

to produce @ bio
better process: Ite

Hydro-processing pro

78:2:6 [213]-

processing and the
fuel with more f
onverts entire lipi

duces green diese

on engines and req

9% lipid content,
jesel via transesteriﬁ

ed in the biodiese]

d Biomass processing

fuels [224}-

ase separate upon p
for direct applicatio
uires upgrading to fulfi

TAG was only
cation process. The rest are

as they strongly

quality of the pro
avorable properties,
d content, even the
|, naphtha and offgas

process;
duct. Therefore, in order

A‘. . '
Total enel;gy 325 92 YR gl 378293 :
. . 1178.82 | 2298.
ingat (GJ) 3.62 | 908.96 3284.93 | 6405.95
CO, emissions | O 73
. 2.62 5.12 .
from electricity 222 82 613
use (MT)
CO, emissions 15 54.4
. 106 42 1
from NG (MT) e 2
_—__-—-_—-_-—-

Total co "1‘5’7’5'—‘“"""""'—'

; N . 57 111 44.3 159.5 311
emissions (MT)

rolonged standing. As a
n in (non-stationary)

11 the stringent

14% [70] and only TAG

hydro-processing isa

polar lipids [253].

in the ratio of
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The energy produced by naphtha and offgas can be used t0 produce

r hydrogenation process, thus decreasing the net

electricity required fo
ire process. T able 6.12 shows the energy

energy input for the ent
requirements during oil processing via hydrogenation.

Table6. 12: Energy Requirements During Oil Processing via Hydrogenation

421640

().l;'l..‘.;écovery after
Bligh and Dyer

method (kg)
- L
Amount of hydrogen 897 3243 6325 897 3243 6325
required (kg)
94 1159
Energy consumed in 164 594 1159 164 5
hydrogen
production(GJ)
2 | 134925
E uired for 19140 69192 134925 19140 6919
nergy req
hydrogenation
kWh
( ) 328879 46655 168656 | 328879

-
| 46655

Amount

hydrogenated

oil/green diesel

obtained (kg)

( 19140 69192 134925 19140 69192 | 134925

Total clectrical
umed
energy cons /""27)‘5’# 5 o

(kWh) — 505 | 1442

Total electrical ;
ume
energy cons! /..—z-g(ﬁ" /369 1334 2601

D I
Total energy 3

consumed ()

. —
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» Dry "9““ Wetroute . .
Gpen S,
raceway |
7}.-_1‘:.‘l
: cov e SN A .
O emission from | 19 LT 132 o | 68 | 132

electricity use (MT)

1196 4325 8433

1
Amount of Naphtha 1196 3325 | 8433

obtained (kg)
Amount of Off]
gas 3589 12974 25298

btained (kg) 3589 12974 | 25298

——-—'-—-- e a———
Energy content of 52 50 | 370 | 32 190 370
| Naphtha (D) |

|

Energy content of 161 584 1138 161 584 1138
Offgas (GJ)
Net onergy || 156 560 | 1093 156 560 | 1093
consumed (GJ)

B. Biomass processing

1) Dry Route (Pyrolysis)

ce of air or OXygen [38] to around

(Bio-oil), charcoal and gaseous fraction [124].
ime or heating rate, it is of two types ie.,
Slow pyrolysis forms more of char [229,

ically alters and s

ing to National
liquid, gas and char in

he ratio of

It involves heating biomass in the absen

500 °C to form liquid fuel
~ Depending on the pyrolysis
yrolysis [229].

hifts the reaction to

renewable energy

- slow and fast P
232], while fast P

' form more of liq¥
laboratory (NREL) report, SloW pyrolysis
the ratio of 30:35:35 while fast pyrolysis

il also contains about
heating value of bio-oil to

produces
produces them in t
15 wi% water [232] and

n content
rect application in diesel

s and need t
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Table6. 13: Energy Requir
gradation via H

ydrotreating

ement During Pyrolysis of Dry Biomass an

d Oil Up-

Open raceway'. |
» | . pon
e ‘ ‘ P PRI S L AR y
Remaining biomass after lipid extraction 213936 773365 | 1508061
(kg)
;_—_________—_,_____.—-——__’_________—______f
Bio-oil obtained (kg) 160452 580023.8 | 1131046
___________,_._’-—-—_____’____,_,___/
Char obtained (kg) 25672.32 92803.8 | 180967.3
] s
Gas obtained (kg) S7gIT68 | 100537.5 | 1960479
2722.2 | 30161 1
Energy required for pyrolysis (KWh) 42771.78 154722. 1.
40672.4
Amount of hydrogen required for 5760 20857.7 672.
hydrotreating (kg)
Energy consumed in hydrogen production 1055 3822 7453
G
—/" 64 185607.6 | 361934 7]
jo-oi 344. . .
Energy required to upgrade bio-oil 51
| (Hydrotreating) (kWh)
| 348014.28 678627.6
i 271.2 . R
Amount of upgraded 0il/Green diesel 96
obtained (kg)
——— I S
———Wh 54122 320330 | 663546
Total clectrical enersy input (kWh)
/—_’-———'———-——-—_
1 (GD) 1006 3638 7093
. 3 u / I
Total electrical energy 0P e 0 e
Total encrey inp2? ©D 718.82 2598.51 5067.08
Energy content of char (G
—— |
333.74 1206.45 2352.58
Energy content of gas (GY
3.57 6.95
: MT 0.99
CO, emission from electricity use (MT)
_///‘ 1009 3655 7126
rgy consumed G
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O .
ne of the technologies used for upgrading is catalytic hydrotreatment

oC and 100-200 bar pressure. The

which is carried out at about 200-400
with yield of about 60 wt%

Ru/C catalyst was found to be superior,
upgraded oil [224]. Since the green diesel obtained by up-gradation of
e upgraded via hydrotreatment, its calorific

pyrolysis oil was assumed to b
diesel obtained via

value was assumed to be same as that of the green
J. This heating value of 44 MJ/kg [113
yrolysis. Table

] is almost

hydrogenation i.e. 44 M
ting value of bio-oil obtained after p

more than twice the hea
f dry biomass and oil

6.13 shows the energy requirement during pyrolysis ©

up-gradation via hydrotreating.
the balance between char and

size can significantly affect
esses targeting char

neficial in proc
ferred to maximize liquid yield
d by high heating rates and
ck prepared

Feed particle

liquid yields. Larger particles are be
and small particles are pre
aracterize
[ly requires 2 feedsto
ours quickly from

production, s in

fast pyrolysis. Fast pyrolysis is ch
genera

short vapour residence times. This
that removes the vap

as small particle sizes and a design
the presence of the hot solids [182].

hermal Liquefaction)
pid extraction, can be further
rothermal

2) Wet Route (Hydrot

after li
rmal liquefaction- Hyd

frer lipid extraction,

gae culturé,

The remaining wet 2l
hydrothe

processed to obtain oil by
nverts carbohydrates
DW microalgae,
jon. No drying or ©

and proteins, lefta

i.e. wet alg
ellular disruption is

liquefaction €O
ae, is an excellent

DW to 20%

substrate for hydrothermal liquefact

required [254]-

into oil. 10%

oC to 350 °C at 1500 to

The wet algal slurry i heated t0 aPPYOXimately 250 .
3000 s, Water catalyses the reaction and the algal cells liquefy.
Hydrothermal liquid (HTL) obtained is 38 wi% of total biomass feedstock
ed [254]-

and 15 wt% gas is also form
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Table6. 14: Energy Require

ment during Hydrothermal Liquefact

and Oil Up-gradation via Hydrotreating

jon Wet Biomass

~ -pond

“Openraceway | . Fl-‘!t;l,’lﬁt.@;ifga,ctér -

[

A s.'{

1508061

l.lemaining biomassl aftef
lipid extraction (kg)

313936

Total water content of the

culture (kg)

required for
liquefaction

Energy
Hydrothermal
(kWh)

]

HTL obtained (kg)

e

Gas obtained(kg)

S
Amount of  hydrogen

required for up-gradation
(Hydrotreating) (kg)

Energy  consumed in

hydrogen production (GJ)

e
Energy required t0 upgrade
HTL (Hydrotreating) (KWH)
-
Amount  of upgraded
oil/green diesel obtained (kg)
Total electrical energy input
(kWh)
Total electrical ener
(GJ)
Total energy input (GJ)
Energy content of gas (GJ)

gy input

CO, emission from

electricity use (MT)

Net energy consumed (GI)

P
1368750

|
963194.4

|
81295.68

|
32090.4

]
1461.70

268

26014.62

T
65036.54

989209

]
10575

|
0842

|
385

|
969

//
0457

1

[yt €

7365

4947949

|

3481944

|

293878.7

]

116004.8

|

5283.94

968

|
183380.2

54041.18

| —
458450.54

235102.96

|
6973102

3575985

]
8227

3

B
o
1392

|
3504

]
37804 73716

9648501

|
6789722

—
573063.18

I
226209.2

I—
10303.68

|
1888

]

]

]

—
74542

]
76431

27145

|
6834

|

P
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T . . .
he hydrothermal liquid (bio-crude), obtained from hydrothermal

li . . o . .
quefaction, is not suitable for direct enginé application. That is because

of high oxygen and nitrogen content [254]. HTL is not comparable with
fossil products, such as, diesel [253]. T

upgraded [254].

herefore, the oil needs to be

39.9 MJ/kg and, thus, are higher

HTL has a higher heating value of 33.3-
jue of HTL is twice to

53]. Since the heating va
d that the amount of hydrogen

e half as that required for
renewable diesel is be
t during

than for pyrolysis oils [2
that of pyrolysis oil, it has been assume
de per kg of HTL will b
-gradation 80%
the energy requiremen
and its up-gradation via

required to upgra
pyrolysis oil up-gradation. After up
obtained [254]. Table 6.14 shows

hydrothermal liquefaction of wet biomass
hydrotreatment.

6.2.8. End combustion of Green diesel

uced over 3 years; from

otal green diese! prod
extracted

d up-gradation of oil
ws the total

The details of the t

al oil and pyrolysis an
5. This table also sho

which it would release on

hydrogenation of alg

algal biomass is shown in Table 6.1

1 carbon dioxide emissions,

energy and tota

combustion.
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Table6. 15: Total Green diesel, Energy Content, & CO, Emissions obtained over Five years span from Microalgae

\ Dry route Wet route
Open raceway Flat-plate Open raceway Flat-plate Reactor
pond Reactor pond
\. \ Case I \ Case 2 \ \ Case 1 \ Case 2 \
Green diesel obtained by hydrogenation of algal oil (kg) 46655 168656 | 328879 46655 168656 328879
\ Energy content of hydrogenated (Green diesel) algal 0il(GJ) 20353 \ 7421 \ 14471 \ 2053 \ 7421 \ 14471
96271 348014 | 6786278

Green diesel obtained by hydrotreatment of bio-oil obtained by

pyrolysis (kg)

Energy content of hydrotreated (Green diesel) bio-oil obtained

\ by pyrolysis (GJ)

\ 4236 \ 15313 \ 29860

|
|
]

Hydrothermal Liquefaction (kg)

KGreen diesel obtained by hydrotreatment of HTL obtained by

|

|

\ Energy content of hydrotreated (Green diesel ) HTL (GJ)

\\

\

l

\ 2862

10345 20172

Total energy content of Green diesel obtained by different

processes (GJ)

\ 6289 \ 22734 | 44331

4915

17766 34643

FTotal CO, emissions from combustion of Green diesel (MT)

|

393

l 1421

2771

307

65036.54 235102.96 \ 453450.54
Bl
\
|

1110 2165
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6.2.9. Results & discussion

Table 6.16 shows the final stage wise energy input/output, NEB and NER

over S years, while Table 6.17 shows the total CO, emissions over 5 years
t routes. It is clear from Table 6.16 that none of the
nt study has positive NEB. But still, when
production of green diesel via
te, have less negative

from the differen
proposed routes in the curre

compared on the basis of present values
both in dry as well as wet rou
r NER than the photobioreactors. As per

roduce far more biomass than the

open raceway pond,
NEB and comparatively highe

Table 6.3, though the photobioreactors p
e time period, yet, this extra energy produced by
gh energy requirements by the tube lights

high biomass production in the

open pond in the sam
them is compensated by the hi

and the heat exchangers to support this

photobioreactors.
: Table6. 16: Stage wise Energy input/output, NEB and NER over 5 years
_______._.-—-___,____.._-————
? DRY ROUTE WET ROUTE
_______._._.-—-___________.-————_._._- DRY R ———

Open Open

raceway Photobioreactor raceway | Photobioreactor
. poud pond
__-____———————_-__-_-_.——’-"_,_——-—"-—-——'—

Case 1 Case2 Casel |Case2
I ________._____.__.—----"_._...—-_._—--_,___.--
[Microalgae culture & cug | 3oniss | 1082524 g9 | 302155 | 1082524
Harvesting (GJ) Culture o
e e —Tharve: 04943 679% 15534 30292
ting & Dryin 17386 | 53817 1

Harvesting & 228 909 3285 6406

326 1179 29

Extraction
156 560 1093 156 560 1093
Oil processing _
Pyrolysis/ Tiquefaction | 1009 3655 7126 10457" 504 -
s jomass
1 = 25626 451366 1197985 25067 449338 | 1194031
Total energy input (GJ)
End combution of Green , | 20 a2l i 2053 1 " o
1 Hydrogcnated algal oil
29860 2862 10345 20172

diesel (GJ)
———"""'" ¢ - Hydmtleatmcnt of 436 | 19313
< oil HTL
rolysis oil /H 2915 | 17766 | 34643

‘ __—_—-_—.——-"‘_-—-—_
-1153654 20152 | 431572 -1159388

'ﬂ/
Total energyoutput(Gl) o7 632
"" 25 | oos | o0 020 | 004 | 003

NEB (GJ)
NEB(G)) __— —

_;NE_/
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Table6. 17: Total CO, Emissions over 5 years from the Different Routes

DRY ROUTE WET ROUTE
Open Open
racewny Photobioreactor raceway Photobioreactor
pond pond
Microalgae culture & Cosz ! Case? Cazel Case
Harvesting (MT) Culture 598 35874 99092 598 35874 99092
oTE Harvesting & Drying 15%4 4934 9621 623 1424 2117
f traction (MT) 16 57 m 4 160 3
Oil & biomass l
processing (MT) Oil processing 19 8 132 9 & 132
Pyrolysis/ liquefaction of
- [biomass 099 357 695 969 3504 6834
(ﬁ d combution of Green |Green diesel obatined via
esel (MT) hydrogenation of algal ol 128 464 04 128 o 904
Green diesel obtained via
hydrotreatment of Pyrolysis 265 957 1866 179 647 1261
o oil /HTL
‘otal Carbon dioxide
emissions 2621 42357 111734 2560 42140 111311
(L)) - ol A

two open raceway pond routes, dry

the wet route. Even the total
than that of wet route.

omparison between the
gher value for NER than
te is only slightly more

uted to the huge ener
in the wet 10

uring harvesting and drying
echnologies, research
xtensive and has achieved reliable
mmercial exploitation [255].
erational parameters are
o-chemical liquefaction
sive [255].

Further, on ¢
route has slightly hi
CO, emissions for dry rou
for this could be attrib
rmal liquefaction pro
gy savings; made d
other conversion t

gy requirements

The reason
ute, which

during hydrothe
‘compensates the entire ener
over, compared to
biomass is quite €
mising outcomes that could lead to cO

TL, many of its op

and moreover, reactors for therm
re complex and are, therefore, €xpen

cess

process. More
on pyrolysis of algal
and pro
And, despite
uncertain [254]
jand fuel-feed systems @

rising interest inH

rrent studys the total energy
roduced with 2 highly

£0.25. Figure 6.2
d harvesting
g. Oil

est possible route, as per the cu
mes more than the energy P
w NER value 0

use is almost four ti
negative NEB of 19337 GJ and very lo
g stages, microalgae culture an

shows that among the variou .
‘ ‘1 and biomass processin

consumes the highe _ T
in factor resulting In

Even with the b

st energy

extraction stage consum
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excessive i i
energy use during microalgae culture & harvesting stage is the

y is required to dry the algal biomass up t0

owed by belt drying has been shown
s important to develop more

drying process. A lot of energ
9 ]
0% DW. Though centrifugation foll

to h i
ave the least energy requirements. yet it i

s energy requirement can further be reduced.

efficient dryers so that thi
If i i
we look at Figure 6.3, microalgae culture and harvesting produces

llowed by end combus

tion of green diesel. The two

maximum CO, fo
are use of

vesting stage,
ed for algae growth
h, culture stage

uring culture and har

major CO, contributors, d
Fertilizer us

ectricity-
by the virtue of whic
among the tWo i.e.c

harvesting Stage, wh

large quantity of fertilizer and el
and culture is highly energy intensive.
or CO2 contributor
6.17 shows that
n culture stage,

of electricity in In
om natural

are of fertilizer produced in India is fr

ulture and

alone should be the maj
ich

harvesting stage. But Table
emits more carbon

consumes far more electricity tha
dia is produced

dioxide. It is so becausec major share

fi . y
rom coal, while major sh

rs of Microalgac

gas, which is a clean fuel.

per hectare during first five yead
jesel production

Energy Balance
based Green d

et en:

| End combution of _w
|  Green diesel | :
Oil & biomass g , @ Energy palance (GD

proqessing j !

Oil Extractiont !
: 1

20 ‘ - 0000
30000 20000  -10000 o 10000 e
i n pond dry
Figure6. 2: Energy palance Per pectare during ﬁrs‘rf;‘(:l z:iz’: for open P
route alga¢ ased greem die
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tare during first five years for open pond

CO, emissions per hec
diesel production

dry route algae based green

Total Carbon dioxide

emissions
End combution of Green )
diesel B 393
Oil & biomass | 5
processing | 20 @ Carbon dioxide
& - ‘ i emissions (MT)

Oil Extraction | 16

Microalgae culture &
Harvesting

uring first five years for open pond dry

per hectare d
production

Figure6. 3: CO; emissions
Igae pased green diesel

route a

6.3. Cost of Green Diesel production
e were estimated based on
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Table6. 18: i
18: Capital Cost Investment over 20 years, for Green Diesel Production

from Algae
Capital cost DS ERAE RN R
i’g:'nr?ugsle:l;)ctar e for cultivation & 0.5 acres - et
Raceway pond Z125000/acre 371250
Water pur[r)l i < 1706/ e
p(2 units) 8000
Centrifuge( 2 units) 2000000
roening omi?
Pyrolysic un.g nit(2 units) 180000
it 60000
7937250

Total Capital cost (20 years life) |

en Diesel Production

Table6. 19: Operational Cost Investment oVer 20 years, for Gre
from Algae

R4

T Operationsl o8t A
Fertilizer Z 650/50
M F 150/day for skilled
anpower ( 3 skilled labor) Jabor 3285000
F 500/liter 9196881
10314259

Chloroform (with 2% loss every ogeration)
Z 300/liter
1997100

Methanol (with 2% loss €Ver operation
T 75/k
46197094

‘ | Hyc drogen g
Electricity Z 5/unit
T 233.65/mmbtu 281709
72278457

| Naturalgss —— |
M/————-‘"‘“

Total Operational cost over 5 years

en diesel production from Jatropha

Table6. 20: Total invest over 20 years, for Gre
Total C2 ital cost 79372455!;
Total 0 erational cost 72278
80215706.6
Total cost
: 571704.8
Total green diesel roduction /
140
Cost of green diesel roduced 1 —
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6.4. Concluding Remarks
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