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Abstract

The first, second and third generation of biodiesel is introduced. Then the properties of
algal biodiesel and the reason it is interesting is explained. In third chapter the complete
explanation of different parts of algal production plants in general are explained. The
forth chapter is suggesting an alternative way to control emission of CO, from sugar cane
(as well as sugar beet) or in general every plant that has CO, emission. The idea is that
through photosynthetic metabolism, microalgae will absorb CO; and release oxygen. If an
algae farm is built close to a power plant (or in our case sugar cane mill), the CO;
produced from the power plant could be utilized as a carbon source for algal growth; and
the carbon emissions would be reduced by recycling waste CO, from power plants into
clean burning biodiesel. This work was focused to the energy produced form co-planting
algae producing with a sugar cane mill; Assuming 235 tonCO,/day my calculations
resulted in EROI equal to 1.88. (Ratio of energy output to total energy input). Algal
biodiesel production plant can be located everywhere nutrients, CO,, land and water exist.

In the last chapter a comparison between EROI and GWP of current algae plant, future
case, soy, and conventional diesel has been shown. It showed that still work and research
needed to be done before algae can become commercialized. The emission is very high at
the moment, while using soy biodiesel less emission and more EROI can be obtained.
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Sommario

Viene introdotta la prima, seconda e terza generazione di biodiesel. Successivamente
vengono spiegate le proprieta del biodiesel algale, e perche ¢ interessante. Nel terzo
capitolo si riporta la spiegazione completa delle diverse parti di impianti di produzione di
alghe in generale. Il capitolo successivo suggerisce un modo alternativo per controllare le
emissioni di CO2 dalla canna da zucchero (cosi come dalla barbabietola da zucchero) o,
in generale, da ogni pianta che genera emissioni di CO2. L'idea ¢ che attraverso il
metabolismo fotosintetico, le microalghe sono in grado di assorbire CO2 e rilasciare
ossigeno. Se una coltivazione di alghe ¢ presente nei pressi di una centrale (nel nostro
caso mulino di canna da zucchero), la CO2 prodotta dalla centrale potrebbe essere
utilizzata come fonte di carbonio per la crescita delle alghe, e le emissioni di anidride
carbonica saranno ridotte tramite riciclaggio di rifiuti di CO2 dalle centrali elettriche a
combustione pulita biodiesel. Questo lavoro ¢ finalizzato all'energia prodotta sotto forma
di co-piantagione di alghe che producono insieme a un mulino di canna da zucchero;
Assumendo 235 tonCO2/giorno, i miei calcoli hanno portato a un EROI pari a 1,88
(Rapporto tra produzione di energia e input energetico totale). Impianti di produzione di
alghe da biodiesel possono essere posizionati ovunque vi siano nutrienti, CO2, terra e
acqua.

Nell'ultimo capitolo viene presentato un confronto tra EROI e GWP di un attuale
impianto di alghe, di un caso futuro, di soia e di diesel convenzionale. Si dimostra che ¢
un’ulteriore fase di lavoro e ricerca ¢ necessaria, prima che le alghe possono diventare
commercializzate. L'emissione ¢ ancora molto alta in questo momento, mentre utilizzando
soia o biodiesel meno emissioni e pit EROI possono essere ottenuti.

vii



Chapter 1- Introducing biodiesel

1 Introducing biodiesel

Fuel crisis and environmental concerns have renewed interest of scientific community to
look for alternative fuels of bio-origin such as vegetable oil. Bio-diesel was found as the
best alternate fuel, technically and environmentally acceptable and easily available. Bio-
diesel consists of m ethyl/ethyl esters of fatty acids and is suitable for use in diesel
engines [1].

Biodiesel has been demonstrated to have significant environmental benefits in terms of
decreased global warming impacts, reduced emissions, greater energy independence and a
positive impact on agriculture [2].

Various studies have estimated that the use of 1 kg of biodiesel leads to the reduction of
some 3 kg of CO,. Hence, the use of biodiesel results in a significant reduction in CO,
emission (65%-90% less than conventional diesel), particulate emissions and other
harmful emissions. Biodiesel is extremely low in sulphur, and has a high lubricity and fast
biodegradability. GHG (Green Gas Emission) contributes not only to global warming
(GW) but also to other impacts on the environment and human life. Oceans absorb
approximately one-third of the CO, emitted each year by human activities and as its
levels increase in the atmosphere, the amount dissolved in oceans will also increase
turning the water pH gradually to more acidic. This pH decrease may cause the quick loss
of coral reefs and of marine ecosystem biodiversity with huge implications in ocean life
and consequently in earth life [3].

Biodiesel production also plays a useful role in agriculture. Under the current Common
Agricultural Policy, the arable raw materials needed for biodiesel production may be
grown on set-aside land, land that would otherwise be taken out of production.

The existing demand, inherent advantages, and relative ease of production and integration
make biodiesel an attractive and practical alternative fuel source. Biodiesel is gaining
momentum and support as a viable way to create domestically produced oil for
transportation and energy needs. In fact, biodiesel can be easily integrated into the
industrial, commercial and retail fuel infrastructures of almost every nation, allowing for
a reduction on foreign fuel dependency, the establishment of a domestic oil production
capacity, the creation of jobs, and the adherence to international environmental protocols
[4].

Biodiesel can instigate economic growth and job creation in the poorest, rural areas of
developing countries. By establishing feedstock plantations in rural areas the industry can
provide earning potential to farmers in depressed areas. The small farmers, who cannot
compete on global market levels, are now offered the opportunity to produce a crop that
will provide a steady income from a guaranteed buyer [4]. Biodiesel is easily incorporated
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into the existing petroleum based diesel infrastructure. Biodiesel blends up to B20 can be
stored in standard diesel fuel tanks and pumped with conventional fuel equipment. [4].
Current policies at regional and national levels and the expected cost and difficulties in
obtaining fossil fuels will necessarily lead to an increase in biodiesel production and of
other types of renewable energy. To become a more viable alternative fuel and to survive
in the market, biodiesel must compete economically with diesel. The end cost of biodiesel
mainly depends on the price of the feedstocks that accounts for 60—75% of the total cost
of biodiesel fuel [5].

1.1 Biodiesel worldwide

A wide range of feedstocks are available globally for biofuel production including energy
crops (e.g. Miscanthus, Jatropha, Short Rotation Copice), wastes (e.g. waste oils, food
processing wastes, etc.), agricultural residues (straw, corn stover, etc.), forestry residues
and novel feedstocks, such as algae.

Table 1-1 shows a comparison of the biodiesel consumed around the world.

North America

Central & South America

Europe

Eurasia

Middle East

Africa

Asia & Oceania

World

Table 1-1Biodiesel consumption (Thousand barrels per day)

e Biodiesel in Europe
Regulations influencing the EU biofuels market are the Biofuels Directive (2003/30), the
EU Climate and Energy Package (2009/147) and the Fuel Quality Directive (2009/30).
The Package includes the “20/20/20” mandatory goals for 2020, one of which is a 20
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percent share for renewable energy in the EU total energy mix. Part of this 20 percent
share is a 10 percent minimum target for renewable energy consumed in transport to be
achieved by all Member States.

- 12000
&) podctin i (00 s
2500 |
8000 W Germany
200 - | W france
6000 ™ Spain
1500 - taly
4000 e Others EU
1000 |
wTotal EU
500 - 2000

e MIRIRIE' TR R R

1998 2000 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Figure 1-1 Biodiesel production in Europe (in 1000 tones)

Biofuels have to meet certain criteria to count against the 10 percent goal. In the
Renewable Energy Directive (RED), specific sustainability requirements are laid out.
These include minimum GHG (greenhouse gas) emissions reductions, land use and
environmental criteria as well as economic and social criteria, and adherence to
International Labor Organization conventions. In October 2012, the European
Commission (EC) published a proposal on Indirect Land Use Change (ILUC). The
proposal aims at starting the transition from conventional biofuels to biofuels made from
non-food feedstock. This would be done by setting a cap on, and phasing out of public
support for first generation biofuels after 2020, set a GHG saving requirement of at least
60 percent for new installations, and to set new ILUC emission values. The EC hopes the
proposal will be adopted before the end of their mandate in 2014.
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Total biodiesel production in Europe is shown in Figure 1-1. It can be seen that total
EU27 biodiesel production for 2010 was over 9.5 million metric tonnes, an increase of
5.5% from the 2009 figures.

Table 1-2 and Table 1-3 show production capacity for 2011 and 2012 respectively.

e Biodiesel in USA
Biodiesel is a renewable, clean-burning diesel replacement that is reducing U.S.
dependence on foreign petroleum, creating jobs and improving the environment. Made
from a diverse mix of feedstocks including recycled cooking oil, soybean oil, and animal
fats, it reached to 1 billion gallons of annual production. It is produced at plants in nearly
every state. The biodiesel production industry has established a goal of producing about
10 percent of the diesel transportation market by 2022.
Reaching that goal would significantly lessen U.S. dependence on imported oil, bolstering
national security and reducing our trade deficit. At the same time, biodiesel’s growth
would boost the U.S. economy, not just by creating jobs but also by reducing our
dependence on global oil markets and vulnerability to price spikes. There are currently
about 200 biodiesel plants across the country with registered capacity to produce some 3
billion gallons of fuel. The industry is supporting more than 62,000 jobs. The industry’s
economic impact is poised to grow significantly with continued production increases.
Biodiesel can be blended and used in many different concentrations, including B100 (pure
biodiesel), B20 (20% biodiesel, 80% petroleum diesel), BS (5% biodiesel, 95% petroleum
diesel) and B2 (2% biodiesel, 98% petroleum diesel). B20 is a common biodiesel blend in
the United States.
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COUNTRY

1000TONNES

COUNTRY

1000TONNES

Germany

2800

Germany

4668

France

1559

Spain

4391

Spain

604

Netherlands

2517

Italy

479

France

2456

Belgium

472

Italy

2310

Netherlands

370

Poland

884

Poland

363

Greece

812

Portugal

287

UK

574

Austria

226

Austria

535

Denmark/Sweden

225

Portugal

483

Finland

218

Czech Republic

437

UK

154

Belgium

408

Czech Republic

150

Bulgaria

408

Hungary

103

Finland

340

Slovakia

101

Romania

277

Romania

79

Denmark

250

Lithuania

Sweden

182

Greece

Hungary

158

TLatvia

Latvia

156

Ireland

Slovakia

156

Bulgaria

Lithuania

130

Cyprus

Slovenia

113

Hstonia

Estonia

110

Luxemburg

Ireland

76

Malta

Cyprus

20

Slovenia

Luxemburg

20

TOTAL

Table 1-3 Biodiesel Production by Country 2011

Malta

5

TOTAL

Table 1-2 Biodiesel Production by Country 2012
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e Biodiesel in Australia
An increasing number of commercial organizations (mining companies and transport
companies) are trialing B20 to B100 blends because of the significant greenhouse
reduction benefits. Biodiesel blends — usually B5 or B20 — are available at an increasing
number of service stations in all states [6]. In Australia, the main feedstocks are tallow,
used cooking oil and oilseeds. It has been estimated that converting all used cooking oil,
tallow exports and oilseed exports to biodiesel could potentially replace 4-8% of petro-
diesel consumption.
The biodiesel industry in Australia already has the capacity to produce nine times the
amount of biodiesel consumed in 2007. And this could increase even further - 10-40% -
with the ‘2nd generation’ technologies that are under development. There are many new
feedstocks under development including Algae.
The feedstock with ultimately the most potential is algae because it has significant
potential for a high yield per hectare of land. Algae can yield 100,000 litres of oil per
hectare whereas the next best crop is palm oil at around 5,000 litres per hectare. In
addition high quality land is not required for algae and only non-potable water is needed.
The South Australian Research and Development Institute is investigating sustainable
production of biodiesel from microalgae, including the construction of a demonstration-
scale bioreactor, and in Victoria, Smorgon Fuels is commercializing a process that uses
the waste gas streams from power stations to convert algae to biodiesel.

At this point in time however, about one hundred square kilometers of algae ponds is
required, to meet Australian needs, so still more research is required before algae is both
economically viable and physically possible. While these projects develop, the challenge
is to establish a local Australian first generation industry— an industry with the
production, transport, storage and dispensing infrastructure needed to be ready to adopt
the second-generation technologies when they become viable. Alternative feedstocks are
needed, as well as additional infrastructure and more consistent access to markets.
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TOTAL
INSTALLED
BIODIESEL PLANT CAPACITY (ML) FEEDSTOCK

ARF Largs Bay 45 Tallow,Used Cooking Oil
ARF Picton 45 Tallow,Used Cooking Oil
BIA Biodiesel Plant 20 Used Cooking Oil,Vegetable Oil

ARF Barnawatha 60 Tallow,Used Cooking Oil

Consoldated Bio Diesel 30 Tallow,Used Cooking Oil
Smorgon Fuels — BioMax
Plant Tallow, Canola Oil, Juncea Oil

N/A Palm Oil
TOTAL

Table 1-4 Biodiesel Production Facilities in Australia

e Biodiesel in Canada

In Canada, the oil seed crops with highest potential for biodiesel production were noted
with canola, sunflower and soybeans. The oilseed crops were dominated to grow in the
eastern and western Canadian provinces. Around 24% of eastern Canadian farmlands and
23% of western Canadian farmlands were planted with oil seed crops. Hence the higher
cold flow properties of biodiesel would make the fuel more complicated to be used during
Canadian winters. The biodiesel feedstocks with the lowest possible cold flow properties
are most recommended. Moreover, these properties for canola and soybeans were
estimated to be lower than that of the sunflower. Conversely the soybeans are entirely
grown in eastern province of Ontario, and the canola oil seed crops are solely grown in
the western province. The reports based on the impacts of increased biodiesel production
on the green house gas emissions from the field crops grown in eastern and western
province of Canada has revealed that the emissions were found to be lesser in eastern
Canada and higher in western Canada. Therefore, soybean might be a better feedstock for
biodiesel production in Canada than canola, due to the nitrogen fixing capability, and the
ability to produce extra feed and bulk yields of soybeans in eastern Canada [7].

As of July 1, 2011, Canada now blends an average of 2% renewable content into the
distillate pool [8].

Biodiesel can be used in Canada year-round, although the problems subjected to the cold-
weather properties. The government of Canada has subjected biodiesel to a thorough
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series of on and off road testing. The Alberta Renewable Diesel Demonstration (ARDD)
was Canada’s largest cold-weather study of renewable diesel fuels. This project
successfully demonstrated the on-road use of low-level renewable diesel blends in a range
of Canadian climatic conditions [8].

e Biodiesel in Italy
An investigation on impacts of green house gas emissions on biodiesel production from
rapeseed, Soybean and sunflower (potential alternative crops to achieve the European bio-
diesel targets in Italy) was compiled [9]. The estimated emission values for three
preferred crops were compared with the European Union renewable energy directive. The
assessment was carried out with agricultural data related to Umbrian province and Veneto
province of Italy. The analysis revealed that the calculated emission values were higher
for sunflower and rape oilseeds, whereas the values were lower for soy oil seeds. Taken
as a whole, the study suggested the need to adopt improved processing steps to further
reduce the green house gas emissions from bio-fuel crops in Italy.
Cardone et al. [10] estimated the use of Brassica Carinata as an alternative crop for the
production of biodiesel in Italy. The study was primarily focused on the agronomic and
energetic aspects, fuel production by transesterification and characterization. The results
proved Brassica Carinata oil crop to be the promising crop for cultivation in the coastal
regions of central-southern Italy.
Furthermore, the preliminary assessment on the impacts of bio-diesel production in Italy
was carried out by Russi [11]. The author has reported that the investment in bio-diesel is
not reliable in Italy. Although there have been gains in planting biofuel-based crops in
Italy, the depressing impacts were evaluated to be greater than that of gains. The huge
environmental threat in case of agricultural phase and the considerable increase in food
imports would be of chief concern. Russi stressed the need to go for second-generation
bio-fuel production, and also the necessary changes are to be brought out by the policy-
makers to promote current bio-diesel significance in Italy.

1.2 Biodiesel Properties

From a chemical point of view, oils from different sources have different fatty acid
compositions. The fatty acids vary in their carbon chain length and in the number of
unsaturated bonds they contain. Fats and oils are primarily water-insoluble, hydrophobic
substances in the plant and animal kingdom that are made up of one mole of glycerol and
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three moles of fatty acids and are commonly referred as triglycerides.

H H
l |

H —C— OH HOOC - R, H —C — OOCR,
I

H —C OH + HOOC-R, -  3HOH + H -C OOCR,
I

H~—C-— OH HOOC-RS H -C — OOCRH,
|
H H

Glycerol Fatty Acids Water Triglyceride

Figure 1-2 Chemical structure of vegetable oil

Chemically the oil/fats consist of 90-98% triglycerides and small amount of mono and
diglycerides. Triglycerides are esters of three fatty acids and one glycerol. These contain
substantial amount of oxygen in their structures. When three fatty acids are identical, the
product is simple triglycerides, when they are dissimilar the product is mixed triglycerides
fatty acids which are fully saturated with hydrogen have no double bonds. Those with one
missing hydrogen molecule have one double bond between carbon atoms and are called
monosaturated. And those with more than one missing hydrogen have more than one
double bond and are called polyunsaturated. Fully saturated triglycerides lead to
excessive carbon deposits in engines. The fatty acids are different in relation to the chain
length, degree of unsaturation or presence of other chemical functions. Chemically,
Biodiesel is referred to as the mono-alkyl esters of long-chain-fatty acids derived from
renewable lipid sources. Biodiesel is the name for a variety of ester based oxygenated fuel
from renewable biological sources. It can be used in compression ignition engines with
little or no modifications.

Biodiesel is made in a chemical process called transesterification, where organically
derived oils (vegetable oils, animal fats and recycled restaurant greases) are combined
with alcohol (usually methanol) and chemically altered to form fatty esters such as methyl
ester. Chemically, most Biodiesel consists of alkyl (usually methyl) esters instead of the
alkanes and aromatic hydrocarbons of petroleum derived diesel.

Oil, ester and diesel have different number of carbon and hydrogen compound. Diesel has
no oxygen compound. It is a good quality of fuel. On the other hand, in the case of
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vegetable oils Oxidation resistance is markedly affected by the fatty acid composition.
The large size of vegetable oil molecules (typically three or more times larger than
hydrocarbon fuel molecules) and the presence of oxygen in the molecules suggests that
some fuel properties of vegetable oil would differ markedly from those of hydrocarbon
fuels . Chemical structure of oil, Biodiesel and petroleum diesel are given Table 1-5.

Chemical structure of
Monoglyceride

Chemical structure
of Diglyceride

H,C-0-COR,
H(|‘ -OH

H,C-0-COR,
HC-0-COR;

H,C-OH H,C=OH
Chemical structure Chemical Structure Chemical structure
of Fat &0il of Ester of Diesel
9 H 0 Ci2Hza
I
L o T o,
RfguH RIS
"
RGO H Ry Syt
, ~ ) 'H

Table 1-5 Chemical Structure of oil, ester and diesel
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Advantages of biodiesel

The following advantages are noted with biodiesel [12]:

1
2
3.
4
5

6.

10.

11.

12.

13.

1.2.2

. Biodiesel is non-toxic and degrades four times faster than diesel.
. Its oxygen content improves the bio-degradation process.

Pure biodiesel degrades 85—-88% in water.

Blending of biodiesel with diesel fuel increases engine efficiency.

Biodiesel has a lower vapor pressure and higher flash point than its petroleum
counterpart, making it safer to handle and store.

Oxygen content of biodiesel improves the combustion process and decreases its
oxidation potential.

The uses of biodiesel can extend the life of diesel engine because it has more
lubricating property than petroleum diesel fuel.
Provides a domestic, renewable, and potentially inexhaustible source of energy
with energy content close to diesel fuel.
Biodiesel obtained from crops produces favorable effects on the environment,
such as decrease in acid rain and in the greenhouse effect caused by pollution.
Biodiesel is termed as a ‘‘carbon neutral’’ as biodiesel yielding plants absorbs
more carbon dioxide from the atmosphere
The sulphur content in biodiesel is much lower than diesel fuel. This is a
significant advantage, since the emissions of sulphur oxides are very low.
The Cetane number of biodiesel is higher than conventional Diesel fuel. This is
due to its high oxygen content (>10%). A high Cetane number ensures a clean and
efficient combustion process.
Meeting strict technical fuel quality and engine performance specifications, it can
be used in existing diesel engines without modification and is covered by all major
engine manufacturers’ warranties, most often in blends of up to 5 percent or 20
percent biodiesel.

Disadvantages of biodiesel

The following disadvantages are reported [12]:

Higher viscosity.

Higher copper strip corrosion.

Slight decrease in fuel economy on energy basics (about 10% for pure bio-diesel).
Bio-diesel offers unfavorable cold flow properties since it begins to form gel at
low temperature which can clog filters or even become so thick that it cannot be
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pumped from the fuel tank to the engine.

e Density is more than diesel fuel, but may need to use the blends in sub freezing
conditions.

e More prone to oxidation than petroleum diesel and in its advanced stages, this can
cause acidity in the fuel and form insoluble gums and sediments that can plug
filters.

e More expensive due to less production of vegetable oil.

o Biodiesel is a very good solvent. It tends to solve residuals that are generally
found in the fuel tank.

o Biodiesel solidifies at higher temperatures. This needs to be taken into account in
cold countries. Close to the solidification temperature, the fuel viscosity grows
significantly and this might damage the injection system.

o Biodiesel is compatible with some components like tubes and sealing. It is
corrosive for gum.

» Biodiesel is not fully compatible with metals such as bronze and brass.

1.2.3 Properties of biodiesel

Quality standards for producing, marketing and storing of biofuel are being developed
and implemented around the world in order to maintain the end product quality and also
to ensure consumers’ confidence [13]. The US and EU standards are the most referred
standards followed by standards from other biofuel producing nations. Basically, the
majority of the standards have similar limits for most of the parameters (i.e. sulfated ash,
free glycerol content, copper strip corrosion, acid number, etc.); however, different
definition for the term biofuel occurred. For instance, both fatty acid methyl esters
(FAME) and fatty acid ethyl esters (FAEE) were accepted as biodiesel in the Brazilian
and US biodiesel standards, whereas according to the current European biodiesel standard
only fatty acid methyl esters (FAME) is applicable. A comparison of biodiesel standards
is shown in Table 1-6 and a short discussion on key fuel properties of biodiesel and their
standards in the EU and US standards is outlined below:
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Properties (units) Malaysia USA EU
Flash point (°C) 182min. 130 min. 120min.
Viscosity at 40°C (cSt) 4.415 1.9-6 3.5-5
Sulphated Ash (%mass) 0.01 max. 0.02 max. 0.02 max.

Cloud point (°C) 15.2 - -
Copper Corrosion (3hrs,50°C) Class 1 Class 3 Class 1
Cetane number - 47 min. 51 min.
Water content and sediment (vol.%) 0.05 max. 0.05 max. -

CCR 100% (%omass) - 0.05 max. -
Neutralization value (mgKOH/gm) - 0.05 0.05
Free glycerin (%mass) max 0.01 max 0.02 max 0.02
Total glycerin (%omass) max 0.01 max 0.24 max 0.25
Phosphorus (%mass) - max 0.001 max 0.01
Distillation temperature - <360°C -
Oxidation stability, hrs - 3 6

Table 1-6 Biodiesel standards

Flash point: Flash point is a measure of flammability of fuels and thus an important
safety criterion for transport and storage. The flash point of diesels is half of that of
biodiesel fuels and therefore it represents an important safety asset for biodiesel. The
flash point of pure biodiesels is considerably higher than the prescribed limits, but can
decrease rapidly with increasing amount of residual alcohol [14] [15].

Viscosity: The kinematic viscosity of biodiesel is higher than that of fossil diesel, and in
some cases, at low temperatures biodiesel can becomes very viscous or even solidified.
High viscosity can affect the volume flow and injection spray characteristics in the
engine. At low temperature it may even compromise the mechanical integrity of the
injection pump drive systems [16].

Viscosity affects the atomization of a fuel upon injection into the combustion chamber
and thereby ultimately the formation of engine deposits. The higher the viscosity, the
greater the tendency of the fuel to cause such problems. The viscosity of a transesterified
oil, i.e., biodiesel, is about an order of magnitude lower than that of the parent oil [17].
Viscosity increases with chain length (number of carbon atoms) and with increasing
degree of saturation. This holds also for the alcohol moiety, as the viscosity of ethyl esters
is slightly higher than that of methyl esters. Factors such as double bond configuration
influence viscosity (double bond configuration giving a lower viscosity than trans) while
double bond position affects viscosity less. Branching in the ester moiety, however, has
little or no influence on viscosity, again showing that this is a technically promising
approach for improving low-temperature properties without significantly affecting other
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fuel properties.

Sulphated Ash: Ash content is defined as the amount of inorganic contaminants such as
abrasive solids and catalyst residues and the concentration of soluble metal soaps
contained in the fuel. These compounds are oxidized during the combustion process to
form ashes that were responsible for engine deposits and filter plugging [15].

Cloud Point: The behavior of automotive diesel fuel at low ambient temperatures is an
important quality criterion, as partial or full solidification of the fuel may cause blockage
of the fuel lines and filters, leading to fuel starvation, problems of starting, driving and
engine damage due to inadequate lubrication. The melting point of biodiesel products
depends on chain length and the degree of saturation, where long chain of saturated fatty
acid esters displaying unfavorable cold temperature behavior [16].

One of the major problems associated with the use of biodiesel is poor low- temperature
flow properties, indicated by relatively high cloud points (CP) and pour points (PP). The
CP, which usually occurs at a higher temperature than the PP, is the temperature at which
a liquid fatty material becomes cloudy due to formation of crystals and solidification of
saturates. Solids and crystals rapidly grow and agglomerate, clogging fuel lines and filters
and causing major operability problems. With decreasing temperature, more solids form
and the material approaches the pour point, the lowest temperature at which it will still
flow. Saturated fatty compounds have significantly higher melting points than unsaturated
fatty compounds and in a mixture they crystallize at higher temperature than the
unsaturated. Thus biodiesel fuels derived from fats or oils with significant amounts of
saturated fatty compounds will display higher CPs and PPs.

Several approaches to the low-temperature problems of esters have been investigated
including blending with conventional DF, winterization, additives, branched-chain esters,
and bulky substituents in the chain. The latter approach may be considered a variation of
the additive approach as the corresponding compounds have been investigated in
biodiesel at additive levels. Blending of esters with conventional diesel fuel will not be
discussed here.

Copper strip corrosion: This parameter describes the tendency of a fuel to cause
corrosion to copper, zinc and bronze parts of the engine and storage tank. A copper strip
is heated to 50°C in a fuel bath for three hours, followed by comparison with a standard
strips to determine the degree of corrosion. Corrosion resulting from biodiesel might be
induced by some sulphur compounds or by acids; hence this parameter is correlated with
acid number [18].

Cetane number: The cetane number of a fuel describes its propensity to combust under
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certain conditions of pressure and temperature. High cetane number is associated with
rapid engine start and smooth combustion. On the other hand, low cetane number causes
deterioration in combustion behavior and higher exhaust gas emission of hydrocarbons
and particulate. In general, biodiesel has a slightly higher cetane numbers than fossil
diesel. Cetane number increases with increasing length of fatty acid chain and ester
groups, and is inversely related to the number of double bonds [18].

Water content and sediment: The Brazilian and American standards combine both
water and sediment content into a single parameter, whereas the European standard treats
water as a separate parameter with sediment as Total Contamination. Water is introduced
into biodiesel during the final washing step in the production process and has to be
reduced by drying. However, even if very low water content was achieved after
production, it does not guarantee that a biodiesel fuels will still meet the specifications
during combustion because biodiesel is very hygroscopic and it can absorb water in a
concentration of up to 1000 ppm during storage. Once the solubility limit is exceeded (at
about 1500 ppm of water in fuels containing 0.2 % of methanol), water will start to
separate from the fuel and begin to deposits at the bottom layer of the storage tank [15].
Free water promotes biological growth, forming sludge and slime that in turn may cause
blockage of fuel filters and fuel lines. Moreover, high water contents are also associated
with hydrolysis reaction that is responsible for converting biodiesel to free fatty acids
which is also linked to fuel filter blockage. It also promotes the corrosion of chromium
and zinc parts within the engine and injection systems [18].

Carbon residue: Carbon residue is defined as the amount of carbonaceous matter left
after evaporation and pyrolysis of a fuel sample under specific conditions. Although this
residue is not solely composed of carbon, the term “carbon residue” is found in all three
standards because it has long been commonly used. The parameter serves as a measure
for the tendency of a fuel sample to produce deposits on injector tips and inside the
combustion chamber when used as automotive fuel [18].

Acid number: Acid number or neutralization number is a measure of free fatty acids
contained in a fresh fuel sample and of free fatty acids and acids from degradation in aged
samples. If mineral acids are used in the production process, their presence as acids in the
finished fuels is also measured with the acid number. It is expressed as mg KOH required
for neutralizing 1 gram of FAME. Higher acid content can cause severe corrosion in fuel
supply system of an engine [13].

Free glycerine: The content of free glycerol in fatty acid methyl ester (biodiesel) is
dependent on the production process, and high values may be resulted from insufficient
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separation during washing of the ester product. Glycerol may also separate during storage
once its solvent methanol has evaporated. Free glycerol will separate from the biodiesel
and falls to the bottom of the storage or vehicle fuel tank, attracting other polar
components such as water, monoglycerides and soaps. These components can lodge in the
vehicle fuel filter and cause damage to the vehicle fuel injection system. High free
glycerol levels can also cause injector coking [13].

Total Glycerol: Total glycerol is the sum of the concentrations of free glycerol and
glycerol bound in the form of mono-, di- and triglycerides. Its concentration depends on
the production process. Fuels that do not meet these specifications are prone to coking;
thus, may cause the formation of deposits on the injector nozzles, pistons and valves [15].

Phosphorus: Phosphorus in FAME stems from phospholipids (animal and vegetable
material) and inorganic salts (used frying oil) contained in the feedstock. Phosphorus has
a strong negative impact on the long term activity of exhaust emission catalytic systems
[13].

Distillation temperature: This parameter is an important tool, like ester content, for
determining the presence of other substance and in some cases meeting the legal
definition of biodiesel (i.e. monoalkyl esters) [13].

Oxidation stability: Given to their chemical composition, biodiesel fuels are more
susceptible to oxidative degradation than fossil diesel fuel. This is especially true for fuels
with high content of di -and higher unsaturated esters because the methylene groups
adjacent to the double bonds are particularly susceptible to radical attack [13].

Lubricity: With the advent of low-sulfur petroleum-based diesel fuels, the issue of diesel
fuel lubricity is becoming increasingly important [17]. Desulfurization of conventional,
petroleum-derived diesel fuel reduces or eliminates the inherent lubricity of this fuel,
which is essential for proper functioning of vital engine components such as fuel pumps
and injectors. However, non-sulfur polar compounds are also eliminated from petrodiesel
during the desulfurization process and it is likely the loss of these compounds and not the
sulfur- containing materials that causes the loss of lubricity.

Several studies on the lubricity of biodiesel or fatty compounds have shown the beneficial
effect of these materials on the lubricity of conventional petroleum-derived diesel fuel,
particularly low-sulfur petrodiesel fuel. Adding biodiesel at low levels (1-2%) restores
the lubricity to low-sulfur petroleum-derived diesel fuel. An advantage of biodiesel
compared to lubricity-enhancing additives is that biodiesel inherently possesses fuel
properties competitive and compatible with conventional petroleum-based diesel fuel,
which those additives usually do not possess. No significant effects of biodiesel fatty acid
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composition on lubricity were reported, except for castor oil which displayed better
lubricity than other vegetable oil esters. Unsaturated acids exhibited better lubricity than
saturated species. Ethyl esters had improved lubricity compared to methyl esters. Fatty
acids possess excellent lubricating properties.

Heat of combustion: Gross heat of combustion (HG) is another fuel property indicating
the suitability of fatty compounds as diesel fuel [17]. The heats of combustion of fatty
esters and triacylglycerols [19] are in the range of approximately 1300 kg cal/mol to
about 3500 kg cal/mol for C8—C22 fatty acids and esters. HG increases with chain length.
The literature value [20] for the heat of combustion of hexadecane is 2559.1 kg cal/mol
(at 20 °C). This value is in the same range as those of fatty compounds. Sources of
biodiesel

Typical raw materials of biodiesel are rapeseed oil, canola oil, soybean oil, sunflower oil
and palm oil. Beef and sheep tallow and poultry oil from animal sources and cooking oil
are also sources of raw materials. There are various other biodiesel sources: almond,
andiroba (Carapa guianensis), babassu (Orbignia sp.), barley, camelina (Camelina sativa),
coconut, copra, cumaru (Dipteryx odorata), Cynara cardunculus, fish oil, groundnut,
Jatropha curcas, karanja (Pongamia glabra), laurel, Lesquerella fendleri, Madhuca indica,
microalgae (Chlorella vulgaris), oat, piqui (Caryocar sp.), poppy seed, rice, rubber seed,
sesame, sorghum, tobacco seed, and wheat [21]. A variety of biolipids can be used to
produce biodiesel. These are (a) virgin vegetable oil feedstock; rapeseed and soybean oils
are most commonly used, though other crops such as mustard, palm oil, sunflower, hemp,
and even algae show promise; (b) waste vegetable oil; (c¢) animal fats including tallow,
lard, and yellow grease; and (d) non-edible oils such as jatropha, neem oil, castor oil, and
tall oil [22].

Various oils have been in use in different countries as raw materials for biodiesel
production owing to its availability. Soybean oil is commonly used in United States and
rapeseed oil is used in many European countries for biodiesel production, whereas,
coconut oil and palm oils are used in Malaysia and Indonesia for biodiesel production
[23] [24] [22]. In India and Southeast Asia, the Jatropha tree (Jatropha cursas) [25],
Karanja (Pongamia pinnata) [24] and Mahua (M. indica) [23] is used as a significant fuel
source.

These 2nd generation biofuels could significantly reduce CO, production, do not compete
with food crops and some types can offer better engine performance. When
commercialized, the cost of second generation biofuels has the potential to be more
comparable with standard petrol, diesel, and would be most cost effective route to
renewable, low carbon energy for road transport.
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1.3 First Generation Biodiesel

The first-generation liquid biofuels are the type of liquid fuels generally produced from
sugars, grains or seeds and requires a relatively simple process to produce the finished
fuel product [26]. Figure 2-1 shows pictures of some first generation biodiesel feedstocks.

Biodiesel produced from straight vegetable oils of oleaginous plants by transesterification
processes or cracking is another well-known first-generation biofuels. Transesterification
can use alkaline, acid or enzymatic catalyzers and ethanol or methanol, and produces fatty
acid (biodiesel) and glycerin as by-product. In the biodiesel production process also a
small fraction of plant biomass is used and left a large fraction as residue.

First-generation fuels are in existence and being produced in significant commercial
quantity in a number of countries. The viability of the first-generation biofuels production
is, however, questionable because of the conflict with food supply [27]. The utilization of
only a small fraction of total plant biomass reduced the land use efficiency. The first-
generation biofuels have high production cost due to competition with food. The rapid
expansion of global biofuel production from grain, sugar, and oilseed crops has raised the
cost of certain crops and foodstuffs. These limitations favor the search of non-edible
biomass for the production of biofuels.
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Palm oil

Figure 1-3 Edible food biodiesel source
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The fuel properties of vegetable oil as listed in Table 1-7 indicates that the kinematic
viscosity of vegetable oil varies in the range of 30—40 cSt at 38 °C . The high viscosity of
these oils is because of their large molecular mass in the range of 600-900. This is about
20 times higher than that of diesel fuel. The flash point of vegetable oil is very high
(above 200 °C). The heating values are in the range of 39—40 MJ/kg when compared to
diesel fuel (about 45 MJ/kg). The presence of chemically bound oxygen in vegetable oil
lowers their heating values by about 10%. The Cetane numbers are in the range of 3240
[28].

‘First generation’ biofuels can offer some CO, benefits and can help to improve domestic
energy security. But concerns exist about the sourcing of feedstocks, including the impact
it may have on biodiversity and land use and competition with food crops [29]. The
production of Ist generation biofuels is commercial today, with almost 50 billion liters
produced annually.

Vegetable Kinematic Viscosity(mmz/s) Cetane no. Heating Value (MJ/kg) Cloud point(°C) Density

Corn 349 37.6 39.5 -11 0.9095
Linseed 27.2 34.6 39.3 1.7 0.9236
Peanut 39.6 41.8 39.8 12.8 0.9026
Rapeseed 37.0 37.6 39.7 -3.9 09115
Soya bean 32.6 37.9 39.6 -3.9 0.9138
Sunflower 339 37.1 39.6 7.2 0.9161
Palm 39.6 42.0 - 31 0.9180
Diesel 3.06 50.0 43.8 - 0.855

Table 1-7 Properties of vegetable oil

The main disadvantage of first generation biofuels is the food-versus-fuel debate, one of
the reasons for rising food prices is due to the increase in the production of these fuels
[30]. Additionally it is claimed that biodiesel is not a cost efficient emission abatement
technology. Therefore, for the abatement of GHG, it is recommended to have more
efficient alternatives based on both renewable and conventional technologies [31].

Therefore, lignocellulosic feedstock can offer the potential to provide novel biofuels, the
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biofuels of the ‘second generation’. Second-generation biofuels produced from ‘plant
biomass’ refers largely to lignocellulosic materials, as this makes up the majority of the
cheap and abundant nonfood materials available from plants. But, at present, the
production of such fuels is not cost effective because there are a number of technical
barriers that need to be overcome before their potential can be realized [31].

1.4 Second-generation biodiesel

Second-generation liquid biofuels are generally produced by two fundamentally different
approaches i.e. biological or thermochemical processing, from agricultural lignocellulosic
biomass, which are either non-edible residues of food crop production or non-edible
whole plant biomass (e.g. grasses or trees specifically grown for production of energy).
The main advantage of the production of second-generation biofuels from non-edible
feedstocks is that it limits the direct food versus fuel competition associated with first
generation biofuels. Feedstock involved in the process can be bred specifically for energy
purposes, enabling higher production per unit land area, and a greater amount of
aboveground plant material can be converted and used to produce biofuels. As a result
this will further increase land use efficiency compared to first generation biofuels. As
stated by Larson [32], it is believed that the basic characteristics of feedstocks holds
potential for lower costs, and significant energy and environmental benefits for the
majority of second-generation biofuels [26].

Second generation biofuels made from non-food crops, wheat straw, corn, wood, energy
crop using advanced technology. Algae fuel, also called oilgae or third generation biofuel,
is a biofuel from algae [33]. Figure 2-2 shows the various non-edible vegetable oil
feedstocks for biodiesel [34].
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Jatrooha

Figure 1-4 various non edible sources for biodiesel
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It appears evident from literature [35] that production of second-generation biofuel
requires most sophisticated processing production equipment, more investment per unit of
production and larger-scale facilities to confine and curtail capital cost scale economies.
To achieve the potential energy and economic outcome of second-generation biofuels,
further research, development and application are required on feedstock production and
conversion technologies. The future production of ethanol is expected to include both the
use of traditional grain/sugar crops and lignocellulosic biomass feedstocks [36]. Second-
generation biofuels share the feature of being produced from lignocellulosic biomass,
facilitating in the use of low cost, non-edible feedstocks, resulting in a limit between
direct food and fuel competition [36].

1.5 Third generation biodiesel

Alternate energy resources akin to first generation biofuels derived from terrestrial crops
such as sugarcane, sugar beet, maize and rapeseed place an enormous strain on world
food markets, contribute to water shortages and precipitate the destruction of the world’s
forests. Second-generation biofuels derived from lignocellulosic agriculture and forest
residues and from non-food crop feedstocks address some of the above problems;
however, there is concern over competing land use or required land use changes [37]. The
latest generation of biofuels researchers are now directing their attention past agricultural
substrates and waste vegetable oils to microscopic organisms. Therefore, on the basis of
current scientific knowledge and technology projections, third-generation biofuels
specifically derived from microbes and microalgae are considered to be a viable
alternative energy resource that is devoid of the major drawbacks associated with first and
second-generation biofuels.

The third generation of biofuels is both promising and different: it is based on simple
microscopic organisms that live in water and grow hydroponically. These micro-algae do
not need soil and land, and because many of them thrive in water that is salty, brackish or
just plain dirty — wastewater or agricultural run-off, for example —they need not compete
for scarce fresh water resources either. Also important, they are far more productive than
terrestrial fuel crops. All algae contain proteins, carbohydrates, lipids and nucleic acids in
varying proportions. While the percentages vary with the type of algae, there are algae
types that are comprised up to 40% of their overall mass by fatty acids [38]. The most
significant distinguishing characteristic of algal oil is its yield and hence its biodiesel
yield. According to some estimates, the yield (per acre) of oil from algae is over 200
times the yield from the best-performing plant/vegetable oils [39]- Microalgae are the
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fastest-growing photosynthesizing organisms. They can complete an entire growing cycle
every few days. Approximately 46 tons of oil/hectare/year can be produced from diatom
algae. Different algae species produce different amounts of oil. Some algae produce up to
50% oil by weight [40].

Given plenty of sunlight, these organisms can photosynthesise enough organic matter,
from carbon dioxide (CO;) and organic nutrients present in the water they are suspended
in, to double their mass several times a day. Depending on the species, up to half their
mass is made up of lipids — natural oils. These can be extracted and used as straight algal
“crude’, or refined to higher-grade hydrocarbon products ranging from biodiesel to bio jet
fuel for aircraft. Strains of algae that produce more carbohydrate than oil can be
fermented to make bioethanol and biobutanol.

Algae biofuels contain no sulphur, are non-toxic and are biodegradable. A number of
strains produce fuel with energy densities comparable to those of conventional (fossil)
fuels. They are made from a renewable resource that is carbon neutral: the emissions that
result from burning the fuel are balanced by the absorption of CO, by the growing
organisms.

Microalgae are four principal groups of molecules in the biochemical composition of
microalgae: carbohydrates, proteins, nucleic acids and lipids [41]. With respect to the
former, the simple fatty acid triglycerides are important energy reserves, while membrane
cells are mainly constructed from phospholipids and glycolipids. The proportion of these
two types of lipids depends on the metabolic rate, varying all along the different algal
growth phases. Since most of the polar lipid content is lost in the aqueous phase during
esterification, the lipid composition has a high effect in the overall yield, being lower for
phospholipids compared to triglycerides [17]. Besides, a fraction of ash is also
accumulated with the biomass during the dewatering process, which decreases the final
lipid concentration in the dry biomass. All these considerations must be taken into
account in the feasibility studies to avoid overestimations during the evaluation of algae
as biodiesel precursor.

Finding a balance between all the stages involved in the microalgae transformation is
essential to obtain the optimal path that reduces the costs and the environmental impacts
of the overall process.

Due to high capital costs, no micro-algae production facilities at commercial scale for
renewable energy are currently in use [42].

Some publications provide insights into the possible technical and economic feasibility of
microalgae production facilities [43]. But the lack of detailed data on capital costs, despite
the large investments in microalgae research by different companies and institutes, is an
important barrier in microalgae research. Another limiting factor is the lack of scientific
data on productivity, energy consumption during cultivation, harvesting and conversion to
bio energy, because understanding the current and future technical and economic
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performance of microalgae is essential for assessing microalgae as a potential feedstock
for bio energy production.

The production of microalgal biodiesel requires large quantities of algal biomass. Macro
and microalgae are currently mainly used for food, in animal feed, in feed for aquaculture
and as bio-fertilizer. Biomass from microalgae is dried and marketed in the human health
food market in form of powders or pressed in the form of tablets Aquatic biomass could
also be used as raw material for co-firing to produce electricity, for liquid fuel (bio-oil)
production via pyrolysis, or for biomethane generation through fermentation. Biomethane
can be produced from marine biomass [33].

1.6 Microalgae

Microalgae is almost everywhere around us. We see it flourish in both fresh and saline
water, in cold mountain streams and hot inland swamps and ponds. Algae grow in almost
any aquatic environment and use light and carbon dioxide (CO,) to create biomass. Algae
range in size from a few micrometers to over 30 m in length.

1.6.1 Microalgae vs. macroalgae

There are two classifications of algae: macroalgae and microalgae. Macroalgae are the
large (in the size of inches and greater), multi-cellular algae often seen growing in ponds.
These larger algae can grow in a variety of ways. The largest multi-cellular algae are
called seaweed; an example of this is the giant kelp plant which can be well over 25 m in
length. Microalgae, on the other hand, are tiny (in the size of micrometers) unicellular
algae that normally grow in suspension within a body of water [44]. Microalgae are often
responsible for the appearance of cloudiness within a pond or even an aquarium. Both
types of algae grow extremely quickly. The largest seaweed, giant kelp, is known to grow
as fast as 50 cm/day, and can reach a length up to 80 m [45]. Microalgae cells can double
every few hours during their exponential growth period. The fact that they grow so
quickly makes them a promising crop for human use. Microalgae are known to contain
large amounts of lipids within their cell structure, and so they are increasingly becoming
an interest as a biofuel feedstock.

1.6.2 Major composition of microalgal biomass
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Microalgae cells are a type of eukaryotic cell, and as such contain the same internal
organelles such as chloroplasts, a nucleus, etc. The biomass of microalgae contains a
number of compounds such as proteins and lipids, which make up the organelles. The
composition of the biomass is useful for characterizing how the microalgae species is best
useful. For example, with the knowledge that biodiesel is made from oils, a microalga
with a very high protein content and low lipid content would not be useful as a biofuel
feedstock.

Algal biomass contains three main components: carbohydrates, protein and lipids/natural
oil. Because the bulk of the natural oil made by microalgae is in the form of
triacylglycerides (TAGs) (Figure 2-3), which is the right kind of oil for producing
biodiesel, microalgae is the exclusive focus in the algae-to-biofuel arena. Microalgae
grow very quickly compared to terrestrial crops. They commonly double every 24 h.
During the peak growth phase, some microalgae can double every 3.5 h [46]. Oil contents
of microalgae are usually between 20-50% (dry weight) (Table 2- 2), while some strains
can reach as high as 80% [47]. The fatty acids attached to the TAG within the algal cells
can be both short and long chain hydrocarbons. The shorter chain length acids are ideal
for the creation of biodiesel, and some of the longer ones can have other beneficial uses.
For example, several species of alga have been investigated for their production
capabilities of omega-3 fatty acids such as docosahexanoic acid (DHA, 22:6).

Table 2-2. Oil content of some microalgae [46].

CH,0 -OCHCH,CH,.........CH,CH,

CHO - OCHCH,CH,.........CH,CH,

CH,O0 - OCHCH,CH,........CH,CH,

Figure 1-5 TAG
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Microalga Oil content (%dry weight)
Botryococcus braunii 25-80

Chlorella protothecoides 23-30

Chlorella vulgaris 14-40

Crypthecodinium cohnii 20
Cylindrotheca sp. 16-37
Dunaliella salina 14-20
Neochloris oleoabundans 35-65

Nitzschia sp. 45.47

Phaeodactylum tricornutum

20-30
Schizochytrium sp. 50-77

Spirulina maxima 4-9

Tetraselmis suecia

Table 1-8 Molecular structure of triacylglycerol (TAG)

1.7 Current usage of microalgae

Microalgae have several useful characteristics which enable them to be used in a variety
of ways. The high lipid, carbohydrate, and protein contents of many algal species have
driven research in a wide spectrum of uses. These vary from food products to biofuels, to
use for phycoremediation. The exponential growth of algae under ideal nutrient loads has
lead to the idea of algae as a phycoremediation tool, considering that the nutrients that
algae needs are often a waste product, such as nitrogen and phosphorous. Microalgae,
when grown using photosynthesis, also need carbon dioxide, which is often a waste
stream from factories. Algal biomass can also be used as a biosorpent to clean
contaminated waste streams.

27



Chapter 1- Introducing biodiesel

1.7.1 Food and niche products

Seaweeds are often used as food, both for people and livestock. For example, seaweed is
often used in food preparation in Asia. Seaweed is rich in many vitamins, including A,
B1, B2, B6, C, and niacin. Algae are also rich in iodine, potassium, iron, magnesium, and
calcium . One study investigated the use of micro- and macro-algae in the production of
land-based mariculture. Many types of algae are also rich in omega-3 fatty acids, and as
such are used as diet supplements and as a component of livestock feed. The algal
biomass may contain high levels of vitamins such as B12 and - carotene, minerals, and
protein. It may also contain essential amino acids such as DHA. The high growth rates
also make microalgae an attractive option as a food supplement.

1.7.2 Nutrient removal and fertilizer

In addition to providing nutrition, algae can be explored for a variety of other uses such as
fertilizer and pollution control. Certain species of algae can be land applied for use as an
organic fertilizer, either in its raw or semi-decomposed form [48]. Algae can be grown in
ponds to collect fertilizer runoff on farms; the nutrient-rich algae can then be collected
and re-applied as fertilizer; potentially cutting down on crop production costs. Microalgae
has long been used in treatment ponds and lagoons to remove excess nutrients such as
nitrogen and phosphates from animal manure effluent, specifically swine and dairy, where
the animals are kept in high concentration and land application is not feasible for disposal
of the waste. Algal biomass has also been used to remove heavy metal contaminants such
as uranium. In wastewater treatment facilities, microalgae can be used to reduce the
amount of toxic chemicals needed to clean and purify water.

1.7.3 Wastewater treatment and detoxification

Microalgae also have plenty of uses in a different capacity. One study used algal growth
response as an indicator of toxicity levels in two types of plants; an aluminum coating
plant and a pharmaceutical plant [49]. Developing a correlation between algal growth and
toxicity provided a simple and inexpensive way to measure the pollutants in the waste
streams and determine if the plants were releasing effluent within the permitted range of
their government, the Turkish Water Pollution Control Act [49]. Similarly, algae have
been used to assess the degree of stabilization of industrial effluents from an oil refinery.
The algae cells were kept in a wastewater holding pond, where effluent created a
eutrophic system that supported a continuous algal bloom.
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1.74 CO, emissions

Microalgae can also be used for reducing the emissions of CO, from power plants [50].
Coal is, by far, the largest fossil energy resource available in the world. About one-fourth
of the world’s coal reserve resides in the United States. Consumption of coal will
continue to grow over the coming decades both in the U.S. and the world. Through
photosynthetic metabolism, microalgae will absorb CO, and release oxygen, if an algae
farm is built close to a power plant, the CO, produced from the power plant could be
utilized as a carbon source for algal growth; and the carbon emissions would be reduced
by recycling waste CO2 from power plants into clean burning biodiesel [51]. However, as
noted above, microalgae have many uses beyond the energy aspect.

1.7.5 Biofuels

Algae can be used to generate energy in several ways. One of the most efficient ways is
through the utilization of the algal oils to produce biodiesel. Some algae can produce
hydrogen gas under specialized growth conditions. The biomass from alga can also be
burned, similar to wood, to generate heat and electricity. Compared with terrestrial crops,
which take an entire season to grow and contain a maximum of about 5% dry weight of
oil, microalgae grow quickly and contain high oil content [46]. This is where microalgae
come into play in producing biodiesel. Some species of microalgae produce long-chain
fatty acids that are useful as jet fuel, known as Jet A or Jet A-1 fuels. Indeed, a Virginia
Atlantic Boeing 747-400 made a test flight in February 2008 using a blend of 20%
biofuel. The U.S. Department of Defense (DOD) is sponsoring research in the creation of
JP-8 jet fuel from algae.

Fatty acids of microalgae come in two varieties: saturated and unsaturated. Saturated fats
come from animal products such as meat and dairy. Most vegetable oils are unsaturated.
The properties of the various individual fatty esters that comprise biodiesel determine the
overall fuel properties of the biodiesel fuel. Algae generally produce a lot of
polyunsaturates, which may present a stability problem since higher levels of
polyunsaturated fatty acids tend to decrease the stability of biodiesel. However
polyunsaturates also have much lower melting points than monounsaturates or saturates;
thus algal biodiesel should have much better cold weather properties than many other bio-
oils [52]. Algae are theoretically very promising source of biodiesel. The lipid and fatty
acid contents of microalgae vary in accordance with culture conditions. In some cases,
lipid content can be enhanced by the imposition of nitrogen starvation or other stress
factors. There is no one strain or species of algae that can be said to be the best in terms of
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oil yield for biodiesel. However diatoms and secondly green algae were the most
promising. Algae contain anywhere between 2% and 40% of lipids/oils by weight [38].

The most significant distinguishing characteristic of algal oil is its yield and hence its
biodiesel yield. According to some estimates, the yield (per acre) of oil from algae is over
200 times the yield from the best-performing plant/vegetable oils [53].

Crop Oil in liters
per hectare
Algae 1,00,000
Palm 5950
Coconut 2689
Castor 1413
Sunflower 952
Safflower 779
Soy 446

Table 1-9 Yield of Various Plant Oils

1.8 Advantages and disadvantages of algal biodiesel
1.8.1 Advantages of biodiesel form algae

Rapid growth rates [33]

Grows practically anywhere A high per-acre yield (7-31 times greater than the
next best crop — palm oil) [33]

Selected algae species can produce about two orders of magnitude more oil per
acre than from soybeans [46]

Algae cultivation does not require arable land [46]

Can use marginal sources of water not suitable for drinking or irrigation [46]

No need to use crops such as palms to produce oil [33]

A certain species of algae can be harvested daily [33]

Algae biofuel contains no sulfur Algae biofuel is non-toxic [33]
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Algae biofuel is highly bio-degradable Algae oil extracts can be used as livestock
feed and even processed into ethanol [33]

High levels of polyunsaturates in algae biodiesel is suitable for cold weather
climates [33]

Can reduce carbon emissions based on where it’s grown [33]

They have much higher growth rates and productivity when compared to conventional
forestry, agricultural crops, and other aquatic plants, requiring much less land area than
other biodiesel feedstocks of agricultural origin, up to 49 or 132 times less when
compared to rapeseed or soybean crops, for a 30% (w/w) of oil content in algae biomass
[39, 46]. Therefore, the competition for arable soil with other crops, in particular for
human consumption, is greatly reduced.

Microalgae can provide feedstock for several different types of renewable fuels such as
biodiesel, methane, hydrogen, and ethanol, among others. Algae biodiesel contains no
sulfur and performs as well as petroleum diesel, while reducing emissions of particulate
matter, CO, hydrocarbons, and SOx. However emissions of NOx may be higher in some
engine types [54].

Microalgae reproduce themselves using photosynthesis to convert sun energy into
chemical energy, completing an entire growth cycle every few days [39].

The utilization of microalgae for biofuels production can also serve other purposes. Some
possibilities currently being considered are listed below.

e Removal of CO2 from industrial flue gases by algae bio-fixation [55], reducing
the GHG emissions of a company or process while producing biodiesel.

e Wastewater treatment by removal of NH,", NOs, PO,”, making algae to grow
using these water contaminants as nutrients [55].

e After oil extraction the resulting algae biomass can be processed into ethanol,
methane, livestock feed, used as organic fertilizer due to its high N:P ratio, or
simply burned for energy co-generation (electricity and heat) [55].

e Combined with their ability to grow under harsher conditions, and their reduced
needs for nutrients, they can be grown in areas unsuitable for agricultural
purposes independently of the seasonal weather changes, thus not competing for
arable land use, and can use wastewaters as the culture medium, not requiring the
use of freshwater.

e The high growth rate of microalgae makes it possible to satisfy the massive
demand on biofuels using limited land resources without causing potential
biomass deficit. Microalgal cultivation consumes less water than land crops. The
tolerance of microalgae to high CO; content in gas streams allows high-efficiency
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CO, mitigation. Microalgal farming could be potentially more cost effective than
conventional farming. Nitrous oxide release could be minimized when
microalgae are used for biofuel production.

1.8.2 Disadvantages of biofuel production using microalgae

One of the major disadvantages of microalgae for biofuel production is the low biomass
concentration in the microalgal culture due to the limit of light penetration, which in
combination with the small size of algal cells makes the harvest of algal biomasses
relatively costly. The higher capital costs of and the rather intensive care required by a
microalgal farming facility compared to a conventional agricultural farm is another factor
that impedes the commercial implementation of the biofuels from microalgae strategy.
Algae Produces unstable biodiesel with many polyunsaturates. Biodiesel from algae
performs poorly compared to it’s mainstream alternative and it is relatively new
technology.

2 Biodiesel production from microalgae

The biodiesel production from microalgae can be divided in four main steps:

(1) microalgae production (open ponds and photobioreactors are the state-of-the art
technologies for growth systems);

(2) harvesting/concentration (including process intensification techniques, such as the
combination of different chemical, mechanical and thermal methods);

(3) Processing and components extraction (cell disruption and intracellular lipid
extraction); and

(4) transesterification of the lipids to produce biodiesel. According to previous works
[56].
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Figure 2-1Biodiesel from microalgae
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2.1 Microalgae cultivation

Algae can be grown in simple open systems or closed systems known as photo-
bioreactors (PBRs) [38, 46]. Currently the majority of micro-algal production occurs in
outdoor ponds [47], although at present only three taxa are grown commercially, where
the use of highly selective environments make it possible to suppress the growth of
competitive species. Chlorella grows well in nutrient-rich media, Spirulina requires a high
pH and bicarbonate concentration and Dunaliella salina grows at very high salinity [57].

2.1.1 Open systems

The growth of microalgae in natural open water bodies has been exploited around the
world for centuries, especially in time of famine, and simple unmixed unlined ponds are
still used for microalgal cultivation and wastewater treatment.

Shallow natural or man-made ponds (normally under 0.5 m deep) are the lowest capital
cost and least technically complex of all micro-algal mass culture methods [53, 58].
Dunaliella salina is cultivated, commercially in Australia, in very large, shallow unlined
and highly saline ponds for the production of B-carotene as shown in Figure 3-2. This
type of culture is suited to areas where land costs are low and climatic conditions
favourable, with low rainfall and high solar insolation[59], but productivity is low at only
1.5 tonnes ha™' year "' (0.4 g m-2 day-1) [60].

The yields of Dunaliella can be increased by mixing the culture in the ponds; work in
Spain using paddlewheel-mixed ponds found average daily productivity increased to 1.65
g m™” day’, four times that of unmixed systems. Agitation or mixing of the culture
medium has been found to be one of the most important factors in achieving "consistently
high yields of biomass"; ensuring frequent exposure of all algal cells to light, prevention
of settlement of algal cells, elimination of thermal stratification, even distribution and
improved gaseous transfer [38]. Since the 1950s a number of different stirred open
systems have been investigated for the production of microalgae by a number of research
groups, but the two most commercially successfully are [38, 58]:

a. Circular ponds with mixing provided by a rotating arm

b. Race-ways shallow ponds, where algal growth medium is circulated around a central
rib.
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2.1.1.1 Circular algal cultivation ponds

Circular ponds with a centrally pivoted mixing arm have been used in both Taiwan and
Japan for the production of Chlorella [38, 53, 58]. Ponds are normally 0.3 m to 0.7 m
deep and up to 45 m in diameter [58]. The maximum diameter of the ponds is limited to
approximately 50 m as mixing efficiency is poor when the rotating arm is too long [58]
and ‘mechanical problems’ occur with large diameter mixing arms [53, 58]. Other
disadvantages of circular ponds are; low turbulence and mixing in the central part of the
pond; supplying CO; to the culture; and high capital costs relative to raceway ponds [38].
Although circular ponds are the oldest large- scale mixed algal growth system. They are
now currently only used to a limited extent and the most common open stirred growth
system is the raceway [59].
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2.1.1.2 Raceway systems

Raceways (Figure 3-3) have become the most common method of growing algae in open
systems [38]. They are suggested as "the most efficient design for large scale culture of
microalgae" [59] and are probably the least expensive option for cultivation of microalgae
in both capital and operating costs [61].

A raceway is a shallow closed-loop recirculation channel where algal growth medium is
circulated around a central rib. The raceway can be either a single loop (as shown in
Figure 3-3) or may be serpentine.

Water o~ \
Nutrients Cc:l
———

/
O

Waste CO2

Figure 2-3 Raceway system

2.1.2 Closed systems — Photo-bioreactors (PBRs)

Although the term photo-bioreactor (PBR) has been applied to open and closed
microalgal growth systems, it is primarily reserved for closed devices [62] and a photo-
bioreactor can be defined as a closed system for microalgae cultivation. In photo-
bioreactors the growth medium is not directly exposed to the atmosphere, but is contained
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within a transparent material [58] that allows autotrophic microalgal growth while
isolating the culture from potential contamination [62].

Numerous photo-bioreactor configurations have been reported. Most may be classified
into one of two types: either tubular devices (Figure 3-4) or flat panels (Figure 3-5), with
additional categorisation according to orientation of tubes or panels, method of circulation
of the culture, mechanism of light provision, type of gas exchange system and materials
of construction [62].

Figure 2-4 Tubular photo-bioreactor at university of Almeria
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Figure 2-5 Flat panel photobioreactor at university of Almeria

2.1.3 Comparison of open and closed systems

A comparison of photo-bioreactors and open raceway ponds is given in Table 3-1.
Although, photo-bioreactors can have benefits, for example controlled environment and
reduced contamination, their higher capital and operational costs may prohibit their use
for the production of biofuel [37].

The circulation energy in photo-bioreactors has been estimated to be 13 to 28 times that
of open raceway ponds for the production of the same mass of microalgae, although the
algal concentration in the PBR was assumed to be five times that in an open system [63].
It has been argued that lower extraction costs due to the higher algae concentrations, can
make bioreactors more competitive [46], but the claims that photo-bioreactors (PBRs) are
many times more productive than open systems are ‘unsupported’.

Control over the microalgal species grown is considered easier in a closed system PBR
than in open system [5, 64], but maintaining a stable single species algal culture at full
commercial biofuel production scale would be "exceptionally challenging" due to the
large volumes of liquid and gas requiring sterilisation [65]. The NREL study in the USA
concluded that open systems were the only economic solution for large-scale production.
Although some microalgal products are now being produced commercially in photo-
bioreactors, the development of microalgae biotechnology has been slowed by the limited
performance of photo-bioreactors [47]. The use of photobioreactors will probably be
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restricted to very high value products, for example when purity is essential, or the
production of inoculum for open ponds [38].

Culture System Raceway ponds

Contamination control Easy Difficult
Contamination risk Reduced High
Process control Easy Difficult
Species control Easy Difficult
Mixing Uniform Very poor
Area/volume ratio High Low
Algal cell density High Low
Investment High Low
Operation costs High Low
Capital/operating costs ponds Higher Lower
Light utilisation efficiency High POOR

Temperature control Uniform Difficult

Productivity 3-5x more productive Low

Hydrodynamic stress on algae Low-High Very Low
Evaporation of growth medium Low High

Biomass concentration Higher Lower

Table 2-1 Comparison of closed and open microalgae systems
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2.2 Harvesting of Algae - Separation of Particles from
Water

Harvesting of microalgae is a major contributor to the total cost of algal biomass and
might contribute as much as 20-30 %. The harvesting method must handle large volumes
due to dilute culture broths, sometimes less than 0.5 grams dry algal biomass per litre
broth. The small size of microalgae, typically ranging from 3-30 microns in diameter
makes the process complex. Many separation processes could be used for the harvesting
of microalgae, the choice of method depends on a number of parameters such as algal
species, cell density and culture conditions [66].

The level of moisture is dependent on the harvesting method. Since mechanical
dewatering is less expensive than thermal drying, any thermal drying should be preceded
by an effective mechanical dewatering step [62].

2.2.1 Flocculation

Flocculation is a method that can be used to aggregate particles to increase the particle
size and thereby easing other separation methods such as sedimentation, filtration and
centrifugation.

To aggregate microalgae cells the net negative charge of the cells must be neutralized or
reduced by adding a so-called flocculants such as multivalent cations or cationic
polymers. Some of these flocculants may not be acceptable when the biomass is to be
used in certain ways, such as feedstock for animals. Higher cell concentrations and gentle
mixing helps flocculation since this makes the cell encounters more frequent. Excessive
shear force as can be found in centrifugation can disrupt the flocks [67].

Changing the pH of the solution by adding acids or bases can also act as a flocculent since
the ionization of functional groups on the algal cell surface are highly pH dependent. A
combination of cat ions and pH can also be used. For many algae such as Botryococcus
braunii the most efficient method of flocculation seems to be to change pH to around 11.
A method suggested is to change pH to 11 with potassium hydroxide to flocculate 85 %
of the algae, and then treat the water and remaining 15 % of algae back to appropriate pH
with nitric acid after the removal of the flocs [40]. The water-algae mixture is then
recirculated and hence no major loss of algae occurs. These chemicals are chosen since
the salts they produce will function as nutrients which are needed downstream in the
process.
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2.2.2 Gravity Sedimentation

Gravity sedimentation is a process that separates particles from liquids on the base of
their density difference and the particle diameter. If the solids that are to be separated
consists of individual particles of sizes of only a few micrometer in diameter the settling
rates will be low[68]. The chosen alga, Nannochloropsis salina, is a unicellular alga
culture. After flocculation the cells aggregate which makes the sedimentation faster due to
the larger effective diameter. However, since the flocks are porous the rate of
sedimentation will not be as fast as non porous particles would be, due to the water
content.

2.2.3 Centrifugal Recovery

Centrifugal separation uses the same principles as gravity sedimentation but enhances the
settling rate by centrifuging the particles. This method often replaces the gravity
separators, since their higher efficiency and smaller apparatus size for a given capacity
[67].

Centrifugal recovery is often a preferred method for recovery of algal cells. High
concentration factors as well as high percentages of solids in concentrate can be obtained.
Centrifugal recovery is a rapid method but also an energy intensive method [62].

The use of centrifugation for harvest of low concentration of suspended solids is limited
by the power cost of handling large quantities of water. In the experiments conducted by
T.-S Sim et al. the energy demand is 1.3 kWh/m’ of pond water in order to produce 4-5 %
of dry solid content by weight from pond water containing 0.04-0.07 % of total suspended
solids [69].

2.2.4 Ultrasound

Ultrasound is a method that can be used to harvest microalgae. The ultrasound process is
based on acoustically induced aggregation and enhanced sedimentation. Concentration
factors of 20 can be reached with low biomass concentrations and low flow rates. This
method uses more energy than centrifugation, has less efficiency and lower concentration
factors. Some benefits by using ultrasound compared to centrifugation can be found at lab
or pilot scale when other parameters are important than for industrial scale [68].

2.2.5 Filtration
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Two of the main groups of filters that may be used to recover algal cells from a broth are:
(a) cake filtration in which the broth is filtered through a filter, leaving a cake behind and
(b) cross flow filters, in which the suspension flows across the filter medium at high
velocities and pressure, leaving a more concentrated suspension behind.

In cake filtration the particles get immobilized in the filter and soon a cake is formed on
the filter surface, this cake has to be removed periodically. Cake filtration can be
performed continuously or discontinuously with pressure applied either upstream
(positive pressure) or downstream (vacuum) [70].

Both filter presses and rotary drum filters operating under pressure or vacuum are
satisfactory for recovering relatively large microalgae, but not satisfactory when the algae
size approaches bacterial dimensions. Pre-coating the filter with filter aid is possible to
make the filtration easier, but not suitable when contamination of the biomass cannot be
tolerated (36).

Cross flow filtration may be applied to concentrate suspensions of fine particles. Cross
flow filtration can be useful for suspensions of very small particles as an alternative to
normal filtration since cakes formed by small particles give a high resistance to flow and
thereby low filtration rates [11]. However cross flow filteration is not an economical
method for larger production volumes where centrifugation is a more economic method
[67].

2.2.6 Dissolved Air Flotation

In dissolved air flotation, air bubbles are passed into a solution in order to increase the
buoyancy and cause the particles to float by adhering themselves to the algal particles.
For this method the particle-size is crucial, the size is therefore often increased by
flocculation. From the results of T.S Sim et al tests, they found that dissolved air flotation
is an economical method, but that filtration is a better method when the size of the algae
is not a problem [69].

2.2.7 Conclusion - Separation of Particles from Water

First flocculation as a pre-treatment method is used to increase the particle size by
aggregating the algae cells. This is necessary since Nannochloropsis salina grows in a
unicellular manner. Gravity sedimentation is used since it is a method that has low capital
costs even if large scale basins are needed. Centrifugal separation of dilute solution is
rejected due to the large energy costs. The use of ultrasound is not a viable option for
large scale operations because of the extremely high operating costs. Cross flow filtration
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as a harvest method rejects due to the large scale of harvesting. Dissolved air flotation is a
good and economical method for harvest of microalgae.

2.3 Extraction of Microalgal Oil from Biomass

In general, all separation methods of oils and fats from animal and vegetable materials
share the following common objectives: to obtain the fat or oil intact and free from
undesirable impurities, to gain the highest yield possible and at the same time not to
interfere with the economy of the process, to produce a residue with as high value as
possible.

To disrupt microorganisms, such as algae, may at first seem as an easy task to be done,
but Wimpenny among others refers that this is not true. Microorganisms are in fact more
robust than is generally believed. For example Wimpenny points out that the internal
pressure inside the organisms can be as high as 20 atmospheres. The structures, cellular
walls and membranes, which resist this high pressure, are in fact about as strong, weight
for weight, as reinforced concrete [71]

Most of the cell disruption methods developed for use with non-photosynthetic
microorganisms can also be applied to microalgae [40]. For choosing the right extraction
method for the large scale recovery of algal oil from the cells certain parameters have to
be considered. Among those are: the ease with which the cells disrupt, the cost of method,
the speed of the extraction method applied etc. In the following sections some of the more
promising extraction methods are discussed.

2.3.1 Bead Mills

One way to disrupt the cells is by agitation in presence of small glass, steel or ceramic
beads, approximately 0.5 mm in diameter, in bead mills [40].

Cell disruption in bead mills is regarded as one of the most efficient techniques for
physical cell disruption. These mills consist of either a vertical or a horizontal cylindrical
chamber with a motor-driven central shaft supporting a collection of off-centered discs or
other agitating element. The chamber is filled to the desired level of beads which provide
the grinding action [40].

2.3.2 Presses
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There are a many different presses available on the market, i.e. screw, expeller, piston.
Suitable press configuration for the extraction is largely dependent on which algae strain
that is being used, since there is a vast variation among different strains in their physical
attributes such as cell dimensions, rigidity in the cell structures etc.

The amount of oil recovered from the cells depends on many factors. Among those is the
rate at which pressure is applied, the maximum pressure attained, the time allowed for oil
drainage at full pressure, and the temperature or the viscosity of the oil [72]

Screw presses are used for extracting oils and fats from soybeans, cottonseed, peanuts and
are possible to use with almost any other variety of oil seed. This method for extraction
can give as low oil content as 3-4 % in the resulting cake [73]. Information about
applying this extraction method to algae cells is missing in literature, but could emerge as
a viable alternative if the low oil content in the cake is true when applying this technique
on microalgae instead.

2.3.3 Solvent Extraction

Solvent extraction of oil in algae can be performed with a two solvent system. When
allowing algae to be in short contact with hexane experiments conducted by P. Metzger
showed an extraction yield of up to 70 % of the total hydrocarbons contained in the cells
[74].

The disadvantages when using solvent extraction in commercial large scale is that the
process requires an extra energy input because the solvent needs to be distillated of, but
also the risk for the solvent used to contaminate the products, thereby limiting the options
for their end use [75]

One way to overcome the problems mentioned above could be to use the final product
biodiesel as the solvent. By recirculation of the final product to be used as the solvent,
distillation would not be necessary since the biodiesel can follow the crude oil through
pretreatment and transesterification. This would eliminate the large energy input needed
to distillate the solvent but also solve the problem related to contamination of the product
— biodiesel.

2.3.4 Cavitation

Cavitation is a method that uses pressure differences and the resulting cavities collapses
as a result of the shifting pressures. The collapses cause high shock waves in the micro
environment and this causes the algae’s cell membranes to break. There are two types of
cavitation, one using ultrasonic cavitation and the other hydrodynamic cavitation.
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Ultrasonic cavitation utilizes sound to create the oscillating pressure, causing the
formation and collapse of cavities. The other is hydrodynamic cavitation, where the
pressure drop over simple geometrics like venturi pipes or orifice are used [76].

2.4 Biodiesel production

Once the lipids are extracted from the biomass, they must be converted to biodiesel.
Biodiesel production from any lipid feedstock is performed via a chemical conversion
process known as transesterification (esterification for FFA). Oils are converted from
their original form as triglycerides, FFA, or other complex lipids, to alkyl esters, which
closely resemble petroleum based diesel, both chemically and physically [77]. This
conversion can be performed using a number of methods by reacting lipids with an
alcohol with, or without, the presence of a catalyst, depending on the method. Figure 3-6
illustrates the conversion of one mole of a glyceride molecule to 3 moles of fatty acid
alkyl esters (FAMESs), or biodiesel, and one mole of glycerol in the presence of a catalyst.

CH,-O0C-R, R;-COO-R’ CH,-OH
| Catalyst |
CH-OOC-R, + 3R’OH > R,-COO-R* + CH-OH

CH,-O0C-R; R3-COO-R’ CH,-OH
Glycerides Alcohol Esters Glycerin
Figure 2-6 Conversion of lipids or oil, to alkyl esters via transesterification
Depending on the quality and type of lipid feedstock used, the concentration of free fatty

acids can change. Free fatty acids react differently than glyceride molecules, depending
on whether an acid or a base is used as the catalyst, as shown in Figures 3-7 and 4-8 [78].

Figure 3-9 shows Free fatty acid reacting with methanol in the presence of a strong
homogenous catalyst to form a methyl ester via esterification [79].
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O O
. CHOH 20 cH ()I(| R + H,0
HO-C-R + CH; — 'H.-0-C-R + H,
Fatty Acid Methanol Methyl ester  Water

Figure 2-7 Methyl ester via esterification

i 1
HO-C-R  + KOH —%— K"O-C-R + H,0

Fatty Acid Potassium Hydroxide Potassium soap  Water

Figure 2-8 Saponification reaction

2.4.1 Acid Catalyzed Transesterification

Transesterification is generally performed using a homogeneous catalysts, which are
catalytic compounds dissolved into the reaction medium. Homogenous acid catalysts used
are strong acids such as hydrochloric, sulfuric, sulfonic, and phosphoric acids for example

[52]. The strong acid is mixed into the alcohol, dissolved, and then contacted with oil

allowing for the formation of the alkyl esters [80]. A mechanistic illustration is provided
in Figure 3-9 for acid catalyzed transesterification.
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Figure 2-9 Mechanism of acid catalyzed transesterification of vegetable oils

Use of longer chain alcohols, such as butanol, has shown better results due to their ability
to form a single phase with the oil. Shorter alcohols, such as methanol, are more polar and
form two phases, which leads to slower reaction kinetics [19, 29]. This can be explained
by mass transfer limitations between the alcohol and oil phases when a two phase reaction
is formed. If the reaction is a single phase the oil, alcohol, and catalyst are in constant
contact facilitating the reaction. However, due to the availability of methanol and ethanol
and their lower cost, these alcohols are generally used over other alcohols [81].

Focus has been placed more on hydrochloric and sulfuric acid as catalysts, and when
compared, sulfuric acid has shown to provide higher levels of conversion and reaction
rates [29]. Based on these results, the use of methanol and sulfuric acid to carry out
transesterification of algal oils is preferred and is the common means of generating
biodiesel from the lipids.

Methanol to oil ratio is an important factor as well as the catalyst concentration. With the
FAME generating reaction being reversible, it is necessary to push the equilibrium to the
right by adding excess methanol. Based on the stoichiometry, a ratio of 3:1 molar ratio of
methanol to oil should be used, as shown in Figure 2-7, but since the equilibrium needs to
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be shifted, the ratios used tend to be higher (30:1) [77]. Higher methanol to oil ratios and
higher acid concentrations yield better lipid conversion [82].

The presence of water in the oil, or reaction medium, inhibits the reaction. Inhibition is
widely explained by three mechanisms in the literature. Water tends to shield lipids away
from the extracting solvent or methanol and catalyst in solution [83]. This does not allow
the alcohol and catalyst to contact the oil, therefore no reaction can occur [81]. Secondly,
biodiesel formation is a reversible reaction, as shown in Figure 3-6. In the presence of
water, biodiesel can be hydrolyzed back to free fatty acids and the alcohol, and the
equilibrium will be shifted to the reactant side as the concentration of water in the system
increases [84]. The final mechanism is the deactivation of the catalyst. When acids are
used, the water takes up protons out of the solution. This is due to water being a better
proton acceptor than the lipid molecules being targeted [85]. Even 0.1 wt% water content
in the oil can lead to a negative impact on the biodiesel yield. When the water content
reaches 5 wt% of the oil, the reaction can become totally inhibited. When FFAs are
present in the lipid feedstock, water is generated via the reaction shown in Figure 3-6,
thereby inhibiting FAME production.

2.4.2 Alkali Catalyzed Transesterification

It has been well documented that alkali catalyzed transesterification is faster than acid
catalyzed transesterification, up to 4000 times faster [86]. Higher reaction rates are due to
the strong nucleophilic nature of the alkoxides species formed from the catalyst and
alcohol [81]. Several catalysts can be used including sodium hydroxide, potassium
hydroxide, and sodium methoxide [29]. Quicker reaction rates allow for economically
feasible production of biodiesel from vegetable oils on commercial scales with yields of
close to 100% of the maximum [86]. Varying the reaction parameters, such as
temperature, alcohol, and catalyst concentration results in similar trends to when acids
catalysts are used [19]

However, base catalysts have a number of drawbacks that make their use complicated
based on the lipid feedstock. One of the major drawbacks is the presence of water and/or
FFAs in the feedstock. Water again severely inhibits the reaction, by reducing the
effectiveness of the catalyst due to salt formation [29].

Presence of water leads to the hydrolysis of the oil and subsequent neutralization of the
resulting free fatty acids (FFAs) to soap. If FFAs are present in the oil, they are
immediately converted to soaps, leading to a loss of catalyst, as well as to difficulties in
downstream purification of the biodiesel. The levels of water and FFAs tolerable in the oil
should be between 0.1 — 0.3 wt% and less than 0.5 wt% respectively [81].
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For application to algal oils, base catalysts are typically not used due to the high levels of
FFA in microalgal oils. Studies have shown that algal lipids contain some amount of
FFA, which could lead to a loss of conversion efficiency [29]. With certain microalgae,
the levels of FFA is lower, about 0.6% by dry mass [87], possibly allowing for the use of
base catalysts. In cases where FFA content is high, acid catalysts are preferred with
sulfuric acid being the most commonly used, based on its performance.

2.4.3 Enzymatic Transesterification

Lipases are enzymes that have the capacity to hydrolyze complex lipids, such as
triacylglycerols, as well as catalyzing the conversion of these lipids to alkyl esters, or
biodiesel, in the presence of an alcohol. They possess a number of advantages over
standard acid or base catalyzed transesterification methods.

Because some oil feedstocks contain water, and further purification of the oil adds to the
production cost of biodiesel, it is advantageous to use oil with moisture. Enzyme catalysts
allow for this because of their need for water, without which, the enzymes remain inactive
[86]. When homogeneous catalysts are used, many times the catalyst is lost when
neutralized or discarded downstream of the reaction [78]. Enzyme catalyst can be
immobilized on a substrate allowing for repeated utilization. This not only saves cost, but
the immobilization has shown enhanced conversion of lipids over non immobilized
enzymes [88]. Transesterification of lipids via enzyme catalysts leads to lower
concentrations of contaminants in the crude biodiesel, due to enzyme specificity.
Therefore, the risk of side reactions and unwanted byproducts is reduced, resulting in less
effort for downstream purification of the crude biodiesel.

Use of lipases allow for the reduction in reaction temperature by reducing the energy
requirements of the reaction [89]. Finally, lipases are unaffected by the presence of water
and FFA in the oil and are able to esterify FFAs to alkyl esters. Conversion rates greater
than 95% are achievable with enzyme catalyzed transesterification [90]

Although the advantages to using enzymatic catalysts are numerous, large scale use of
lipases for biodiesel production has not been practiced. Production of enzymes is costly
and can drive up biodiesel production costs [33]. Until the production costs of enzyme
catalysts are reduced and the process streamlined, this method will continue to remain too
costly to scale up [86].

2.4.4 Supercritical Transesterification
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Use of supercritical solvents has been considered a potential method for the simultaneous
extraction and conversion of oils from biomass to biodiesel and for the extraction of high
value pigments and compound. This method of extraction and conversion makes use of
solvents, such as methanol or ethanol, which are beyond their critical point. When a
compound reaches this phase, its physical properties change allowing them to penetrate
solids and effectively dissolve compounds not soluble in the solvent at normal conditions.
Changes in the solvent’s properties allow for super critical solvents to break down cell
matter, dissolve oils or other desired products, and extract the target compounds much
more efficiently and quickly.

Supercritical transesterification can be performed without a catalyst due to the catalytic
nature of the alcohol at the supercritical state [86]. At this state the dielectric constant of
methanol, for example, decreases, lowering its polarity and allowing it to become soluble
in the oil phase. The alcohol and the oil form a single reaction phase enabling faster
reaction rates [86]. At conditions below the critical point of methanol, methanol is not
soluble in the oil, resulting in a two phase reaction system [89]. With this technique,
conversion levels of 95% in approximately 10 minutes can be achieved, at specific
reaction conditions [91].

The extractive ability of supercritical solvents and the high conversion rates of the oil to
biodiesel make this approach attractive. Biodiesel generated is extremely pure requiring
little purification after the reaction [86]. Pushing the reaction to reach supercritical states
however, requires significant amounts of energy and an apparatus able to withstand the
high temperatures and pressures required [89].

2.4.5 In situ Transesterification

In situ transesterification was originally intended as a method to accurately and quickly
quantify the total lipid content of biomass of interest and has been used for multiple forms
of biomass. It has become an intensely studied method because of its ability to
simultaneously extract and convert lipids from whole cell biomass. In situ
transesterification makes use of the same basic principles to convert lipids to biodiesel,
outlined in previous sections, but does not require the oil to be previously extracted from
the biomass. Without the need for a separate solvent extracting step, processing algal
biomass becomes simpler, while maintaining high biodiesel yields [92].

In situ transesterification works by contacting dried algal biomass with an alcohol and
strong catalyst dissolved within it [93]. This combination works to degrade the algal cells
and bring lipids from within the cell into solution. As this occurs, the complex lipids such
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as triglycerides, phospholipids, and other complex lipids are split by alcoholysis
generating alkyl esters.

Alkyl esters generated are extracted from the reaction medium by liquid-liquid extraction
using an organic solvent, one that is not miscible with the alcohol used in the reaction.
The organic solvent is added to the reaction suspension and allowed to draw the
hydrophobic FAME:s into the solvent phase [94]. The solvent phase can be collected and
analyzed for biodiesel content or purified to obtain usable biodiesel.

Multiple studies have shown the effectiveness of in situ transesterification of algal
biomass over traditional biodiesel production methods via solvent extraction followed by
transesterification of the extracted oil.

Even though there is no separate oil extraction step, pigments continue to be extracted
into the organic solvent phase that also contains. This necessitates further purification of
the generated crude biodiesel. Although the presence of moisture is a hindrance, in situ
transesterification currently shows the most promise of becoming a scale-able process for
the production of biodiesel from microalgae. Cost savings are possible due to the removal
of the oil extracting step, which simplifies the process and reduces the amount of material
required to generate biodiesel from microalga.

2.5 Resource Availability

In addition to the basic requirements for photosynthesis, production of algal biodiesel
requires nutrients to grow algae, and energy to process it into biodiesel. The amount of
energy required to process algae into biodiesel is poorly understood, and is debated in the
literature. The reason for the uncertainty is each proposed algae biofuel production
pathway is unique depending on the location and available resources. An integrated
system approach, where algae production is coupled with an existing CO) generating

process has been considered a more economically feasible approach for developing
production of biofuels because the low value of a fuel product is offset by the added value
of waste remediation or emissions reduction.

I- CO;

The concentration of CO2 in air is 0.04%, which is too low to support high growth rates
of algae required for biodiesel production. For each ton of alga produced, 1.83 tons of
CO; are sequestered [85]. In order to produce volumes consistent with transportation
fuels, a concentrated source is required that can provide hundreds of metric tons of
COy/day. Therefore, algae production naturally gravitates toward energy producing
facilities. Combustion flue gasses such as those from natural gas or coal fired boilers
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generally contain between 12-15% CO; by volume [95]. Biomass fired boilers have been
shown to produce lower concentrations of compounds toxic to algae such as SOx and
NOx [96, 97].

2- ENERGY

The energy required to grow, harvest, and convert alga into fuel is not well established,
and often overlooked, because no facility currently does this on commercial scale. The
energy required depends on the species of microalgae cultivated, geographic location, the
techniques used to harvest and convert the algae into fuel, etc. It is generally understood
that alga production is an energy intensive process due to large volumes of water that
must be handled. To harvest 1kg of algae essentially entails purifying 2,000-5,000 kg of
water.

The most important design criterion for sustainable production of renewable fuel is that
more energy must be produced than is required by the process. This concept is commonly
expressed as Energy Returned on Invested or EROI (or NER), which is simply a ratio of
the energy output to the energy input of the process.

In the case of producing biodiesel from alga, the ‘Energy Output’ consists of energy
contained in the biodiesel as well as the energy contained in the co-produced algal meal.
The ‘Energy Input’ is the sum of the energy requirements of each of the six steps in the
process.

Energy _output  BD*U,,+ AM *u,,

EROI = _ £
Energy _input AB* Z “E .
=1 e

BD= mass flow rate of biodiesel (kg/yr)
AM= mass flow rate of algal meal (kg/yr)

U= specific energy (kWh/kg)

E, ;= Energy consumption of each step (kWh/kg dry wt.)

When describing a system or process that generates fuel, an EROI of 1 means there is no
net gain in energy, the system produces exactly as much energy as it needs to continue
operating; the product (fuel) is completely used by the process. A system with an EROI>1
produces more energy than it requires to operate thus leads to a net gain in energy, and we
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say that process is ‘thermodynamically feasible.” Thermodynamic feasibility simply
means the process generates usable energy, whereas sustainability implies the process
produces enough energy such that it requires no outside resources. A previous report has
suggested that 3 is a minimum EROI that a process or system must have to be sustainable,
the argument being: a sustainable process must produce energy for operation (taking into
consideration process inefficiencies), maintenance, and investment in itself for continued
growth [98]. Sustainability implies thermodynamic feasibility. For this study, we are only
interested to know if algal biodiesel production is thermodynamically feasible.

Researchers have calculated the EROI for an algal “biocrude” pilot production research
facility in operation at the University of Texas at Austin [98]. The reported EROI was
9.2x10-5 — significantly less than 1 — using the following method:

“Using centrifugation for harvesting, electromechanical cell lysing, and a microporous
hollow fiber membrane contactor for lipid separation. The separated algal lipids represent
a biocrude product that could be refined into fuel and the post-extraction biomass could
be converted to methane.”

The achieved EROI indicates that far more energy is required by the system than can be
produced; therefore, this process is not thermodynamically feasible for production of fuel.
The unit operations employed were not suitable for production of biofuel because they
consumed more energy than is contained in the algae.

3- WATER

Algae cultures are very dilute, typically containing 0.02-0.06% ds [99]. Harvesting 1 kg
of algal biomass requires separating 2,000-5,000 kg of water [100]. The amount of water
consumed during algae production process depends on the type of production system
employed. For example, open ponds are subject to evaporation, and, therefore, require
more water than closed systems. The amount of water lost due to evaporation can be
estimated by the class A pan evaporation rate which, in Louisiana, is about 165 cm/yr. At
this rate, a 600 ha (1,500 acre) open pond algae farm would require 23 million L/day (6
million gallons/day) of make-up water. Conversely, rainfall into open ponds can be
unpredictable and can cause culture instability resulting in lost productivity. Closed, or
covered, systems can avoid such significant water fluxes by reducing environmental
influences, but may be prohibitive in terms of costs and energy consumption. Therefore,
finding a reliable supply of water remains a challenge for a potential alga production
facility.
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4- NUTRIENTS

The minimum nutritional requirements for algae can be estimated based on the
approximate molecular formula for microalgal biomass, COg4sH83No.11Po.01. Similar to
land based crops, main nutrients required by algae to grow and are N-P-K (Nitrogen,
Phosphorus, and Potassium). These elements come in the form of typical fertilizers such
as urea, phosphate, potash, that once solubilized in water, are easily accessed by algae;
which contributes to their fast growth rates compared to land based crops. Fertilizer
nutrients represent a major cost for alga production facilities, estimated to be 30% of
operating costs [101]. Therefore, in order to compete economically as a fuel an algal
biodiesel production facility must be located near a consistent supply of nutrients.

Municipal wastewater facilities have been suggested as a source for nutrients such as P,
K, and N [102]. One study showed that over 80% of nitrogen and 89% of phosphorus was
removed from municipal wastewater by algae in only 14 days. Most MW locations,
however, typically don’t produce power [80], and thus may not have the required CO2 or
energy availability for a potential algal biofuel production facility.

5- LAND

Further assessment of locations where algal biodiesel production may be viable limits this
technology to climates with average annual temperatures greater than 150C due to the low
productivity of algae in cold environments [103]. Ample rainfall and minimal evaporation
are also key climate factors that suggest the lower half of the continental US as the most
practical for algal biodiesel production [83].

Currently, commercial alga production facilities do not produce fuels, and instead focus
on high-value products like food supplements or nutraceuticals, where they can be
economically competitive. The largest algae production facility in operation in the US is
Earthrise Nutraceuticals (earthrise.com) with 108 acres of open ponds that can produce
about 500 tons/yr of dried Spirulina biomass for human consumption. Comparatively, a
commercial scale biodiesel production plant (defined as at least 3.785 million L/yr or 1
million gallons/yr in this study), would require a facility roughly 1,500 acres - 14 times
larger.
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6- LIGHT

Algae rely on (sun) light for photosynthesis and thus growth. Light gets absorbed by the
algae, so the higher the algae-concentration, the less deep light enters into the algae broth.
Therefore, all algaculture systems are shallow and optimized to catch as much light as
possible. Light is available in different quantities in different geological locations. Only a
part (about 45 percent) of the total light spectrum is photosynthetically active radiation
(PAR, ~400-700 nm), thus can be used by algae to capture CO2, during photosynthesis, a
process with a maximum efficiency of 27 percent multiplying these two factors gives the
maximum theoretical conversion of light energy to chemical energy by photosynthesis:
about 11 percent. At night (or other dark conditions) photosynthesis cannot occur, so
algae consume stored energy for respiration. Depending on the temperature and other
conditions, up to 25 percent of the biomass produced during the day may be lost again at
night [73].

Algae have evolved under conditions where light is often limiting, therefore harvest as

much of the available light as they can, but under good light conditions, this characteristic
makes algae waste up to 60 percent of the absorbed irradiance as heat.
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3 Co-location of Algae biodiesel facilities Sugar cane
mill

The sugar cane plants and biofuel are already linked, due to the successful experiment of
producing bioethanol as a co-product of the sugar cane mill process. However another
recent interesting idea has been suggested and done in USA Louisiana to produce algal
biodiesel from sugar cane mill.

Producing bioethanol along with sugar is an interesting renewable fuel, but is being
considered as the 2™ generation biodiesel. The other suggested solution is using the
considerable CO, emitted from both sugarcane and sugar beet plants to grow algae, and
produce 3™ generation biodiesel.

Lohrey did a project to determine if algal biodiesel could feasibly be produced by co-
locating algae production facilities with sugarcane mills in Louisiana. The motive for this
project was to use the resources available at sugar cane mill for algae growth. Utilizing
available CO,, energy, and water resources from a sugarcane mill reduces the amount of
outside resources required by the alga production process while producing two value
added products: biodiesel for harvesting and transportation of the sugarcane, and algal
meal, which can be used as a feed, fertilizer, or further processed into bio-energy.

Here’s a quick overview of what goes on at the sugar mill, usually located near the cane
fields, and the sugar refinery, which may be located some distance away.

Sugar cane grows in tropical regions as tall, bamboo-like stalks about an inch thick and
up to ten feet tall, just right for being chopped down with a machete. At the mill, the cut
cane is shredded and pressed by machines. The pressed-out juice is clarified by adding
lime and allowing the juice to settle, and then boiled down in a partial vacuum (which
lowers its boiling temperature) until it thickens into syrup, colored brown by concentrated
impurities. As the water evaporates, the sugar becomes so concentrated that the liquid
can’t hold it anymore; the sugar turns into solid crystals. The wet crystals are then spin in
a centrifuge. The syrupy liquid—the molasses—is flung out, leaving wet, brown sugar
containing an assortment of yeasts, molds, bacteria, soil, fiber, and other miscellaneous
plant and insect debris. That’s the real “raw sugar.” The U.S. Food and Drug
Administration (FDA) declares it to be unfit for human consumption.

The raw sugar is then shipped to a refinery, where it is purified by washing, re-dissolving,
boiling to re-crystallize it, and centrifuging twice more, making the sugar progressively
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purer and leaving behind progressively more concentrated molasses, whose dark color
and intense flavor are due to all the non-sugar components—sometimes called the
“ash”—in the cane juice.

Figure 3-1 describes how the general algal biodiesel production process integrates with
sugar production. In the proposed concept by Lohrey, energy and CO, from bagasse are
generated in the sugar mill boilers. CO, can be captured and delivered to algae ponds, and
energy used in the algae drying process. Clean water from the evaporation step in sugar
production can supplement algae cultivation.

Bagasse is a fuel of varying composition, consistency, and heating value. These
characteristics depend on the climate, type of soil upon which the cane is grown, variety
of cane, harvesting method, amount of cane washing, and the efficiency of the milling
plant. In general, bagasse has a heating value between 1,600 and 2,200 kcal/kg (3,000 and
4,000 Btu/lb) on a wet, as-fired basis. Most bagasse has a moisture content between 45
and 55 percent by weight. The lower bagasse moisture contents are generally found in
Hawaii. The sulfur and nitrogen contents of bagasse are generally near or below 0.1
weight percent with ash contents generally less than 2 weight percent, as fired.
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Figure 3-1 Block diagram of sugar production and algae production
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Having the resource available, it is time to determine the process of algal biodiesel
production. There are many different process options available to carry out the six main
steps in the algal biodiesel production process depicted in Figure 3-2. The number of
different options available for processing algae is vast and continues to grow almost daily.
It follows that different processing scenarios will have different resource requirements.
Many authors have published a wide range of estimates for the energy required and
overall performance of numerous technologies. A study compared published values of the
energy demand for each step in the biodiesel production process. As is immediately
apparent, it is reported that drying consumes 2 to 3 times more energy than any other step.
Depending on the technique used, drying alone can consume more energy than is
contained in the algal oil. Estimates range from 45-90% of the energy required to produce
algal oil is due to the drying requirement.
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Figure 3-2 Generalized PFD for Algal Biodiesel Production
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As shown in Figure 3-3, estimates can vary by more than 100% but there is a general
agreement -in lab scale experiments- that drying is a main bottleneck in the process,
requiring many times the energy requirement of the other stages. The span between the
studies is due to different assumptions used, and emphasizes the importance of
geographical location (for access to resources), selection of the most efficient processing
technologies depending on the available resources, particular species of algae being
cultivated and desired end product. While in literature the most energy demanding step
has been found to be drying, real world experiences indicates that CO, capture and
delivery is the most energy demanding and challenging step as asserted by seambiotic
facility of producing biodiesel from algae.

Energy Requirements for Algal Biodiesel Production
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Figure 3-3 Comparison of energy requirements published in literature

3.1 Objective and design parameter definition

The general goal of this project was to determine if algal biodiesel could feasibly be
produced by co-locating algae production plant with an existing plant or production
facilities, which can in particular be a sugarcane mill. The specific tasks involved are
stated below:

1. Compare the resources required for algal biodiesel production and resources

59



Chapter 3- Co-location of Algae biodiesel facilities Sugar cane mill

available at a typical sugarcane mill.
2. Synthesize an algal biodiesel production process incorporating state of the art

processing technologies.

3. Develop an energy balance simulation model to analyze algal biodiesel
processing scenarios and integrate with sugarcane mill model.
4. Evaluate the proposed process based on criteria of EROI and biodiesel production.

Design parameters were not specific to a particular mill; instead, generalized parameters
were used to present a hypothetical “base case.” Because there is no algae production
facility in operation similar to what is described, production parameters such as growth
rate, oil content, etc. were derived from literature. Commonly, the values published in
literature were derived from laboratory experiments making it difficult to find reasonable
estimates of what could be expected in the field on a commercial scale. In addition,
reported values often spanned a wide range from one author to the next, therefore
conservative estimates were used when appropriate. Values for assumptions used as a
base case in this study are shown in Table 3-1, with the typical range found in literature in

parenthesis.

DESCRIPTION VALUE UNIT | REF |

CO; produced

253

Tons CO,/ day

[104]

CO; capture efficiency

90

%

[105]

CO;, utilization

60

% Converted to algae

[56]

CO; required for algae

1.83

ton COy/ton dry algae

[46]

Solar Insolation (North Italy)

3.3

kWh/m*/day

[106]

Algae Growth Rate

20 (10-30)

g/m”/day

[60, 64]

Algae Oil Content

30 (5-40)

%

[64]

Whole algae biomass energy
content

8977

BTU/Ib dry at 30% oil
content

[107, 108]

Algae oil energy content

16406

BTU/Ib oil

[107, 108]

Culture Density

0.5 (0.1-2)

g/L

[108, 109]

Oil extraction efficiency

75 (21-95)

%

[110]

%01l converted to FAME

98 (80-100)

% by wt

Table 3-1 Design Parameters

60

[111]



Chapter 3- Co-location of Algae biodiesel facilities Sugar cane mill

3.2 Resource availability for algae cultivation in sugar

cane mills

To consider co-locating algae production plant with an existing plant, resource
availability must be considered:

1.

CO,

As by the rules, the CO;, emitted from each plant must be controlled, many
different strategies has been implanted to reduce the emission of factories, but one
interesting way to use the CO; emitted is by co-locating an existing utility with a
biodiesel from algae production plant. As seen in table 3-1 for producing each kg
of dry algae 1.83 kg of CO; is required [46]. In the sample calculations have been
done, the CO, emitted of the existing plant is 253 ton/day. Considering the
efficiencies and other factors like solar irradiation, from this amount of CO,, 8 ton
of dry algae will be produced per day.

2. ENERGY

This is the most important part considered in this chapter, to see if it makes sense
to do the project considering the energy consumed to produce algal biodiesel and
the energy available. While calculating produced energy, the energy of algal oil
and the algal meal is considered. The algal meal is an energy resource possibly via
co-combustion in the main plant.

Depending on the efficiency of the oil extraction process, the heating value of
algae meal differs. The more oil in the algae meal means the more energy. In
literature it is suggested that an oil extraction efficiency of 61% will result in
sufficient energy content in the algae oil to provide half of the energy required for
the algae production process (Assuming that the energy of algae meal can be
utilised by the efficiency of 55%.).

3. WATER

The water disposed of the industrial section can be used to provide the water
needed for algal growth. In the special case of sugarcane mills, they typically have
nearby holding ponds that can provide a resonance time of several days.
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3.3 Process

The Scenario used energy intensive algae harvesting techniques - dissolved air flotation
(DAF) followed by centrifugation to achieve 30% d.s. (dry substance) algae in the
dewatering stage

1. CO, CAPTURE AND DELIVERY

The amount of CO, available from mill determines the size of the algal farm and therefore
the amount of biodiesel can be produced. Capture and compression of the CO, from flue
gas using monoethanolamine (MEA) was selected. The energy consumption for this
process was assumed to be 0.2 kWh/kg CO, based on estimates for a similar process with
13% CO; in flue gas [37]. Energy consumption for the transportation of the compressed
CO; to the ponds was not accounted for [77].

Although there are several different methods that have been proposed for the capture and
separation of CO,, the only method that has been proven to work on an industrial scale is
chemical absorption using monoethanolamine (MEA) as a solvent. In this method, MEA
absorbs CO; through chemical reaction in an absorber column. Since the reaction is
reversible, the CO; can be driven off by heating the CO; rich amine in a separate stripper
column. The MEA may be recycled through the process. For the low CO; partial pressure
present in flue gas, alternative methods of CO, removal are less efficient and more
expensive than chemical absorption.

2. ALGAE CULTIVATION

The relatively low energy requirements of ponds compared to PBR makes ponds the
method of choice for a cultivation system for fuel. In the proposed system, covered
raceway ponds are used in order to reduce water loss via evaporation, and lower
susceptibility to environmental conditions and contaminants. The majority of harvested
pond water (97%) is recycled to the system.

Efficient water mixing is an important issue when cultivating microalgae. The goal is to
provide each cell with the necessary conditions to absorb sufficient sunlight to optimize
the photosynthetic process. Mixing is necessary, even in shallow ponds of less than 0.5 m
in depth. The algae water medium is mixed by traditional paddle wheels driven by a
geared electric motor (figure 3-4).
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Figure 3-4 Paddle wheel mixing

The paddle wheels generate unsteady water motion, including flow in the horizontal
direction at 20 cm/sec and oscillations of the free surface in the vertical cross section.
Therefore, the water particles have both vertical and horizontal velocities.

Paddlewheel mixing energy was accounted for at a rate of 0.1 kWh/kg algae dry wt.
[112]. Absorption of CO; into the pond water has been demonstrated at over 90% mass
transfer efficiency using a 1.5 meter deep carbonation sump and as low as 10% with
simple sparing into a shallow pond. A baseline CO, utilization efficiency of 60% was
used in this model as a conservative approach, to account for mass transfer inefficiencies
of CO; into pond water and respiratory loses of the microalgae. The energy requirement
for pumping of culture water was estimated using the total flow rate, 20 ft head, and a
pump efficiency of 60%.

3. HARVESTING

Dewatering was conducted in three stages. Gravity settling was the first stage of biomass
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concentration to bring the culture density from 0.1% d.s. to 0.5% d.s. DAF is used after
gravity settling to achieve 6% d.s., followed by centrifugation to achieve 30% d.s. [113]..
DAF and centrifugation energy consumption was accounted for at 1.5 and 5 kWh/m’
processed respectively [114].

4. DRYING

Drying the algal biomass from 20% to 90% d.s. can account for 60% or more of process
energy consumption [115]. It is pointed out that conventional thermal dryers may require
160% the heat of vaporization [56], but performance data published specifically for algae
driers is scarce. The model estimates the energy required for the drying step based on the
latent heat of vaporization, rate of water removal, and a heat transfer efficiency of 60%
(i.e., single effect evaporation with process inefficiencies) as would be typical for drum
drying [116].

5. OIL EXTRACTION

An oil press was selected as the method to extract oil from the dried algae. This method is
assumed to be able to remove up to 70% of the oil [40]. Based on equipment
specifications, the Pacific Oil Type 90 oil press requires only 0.05 kWh/kg of dry biomass
(Figure 3-5) [117]. The press produces a crude oil product and a de-oiled algal meal
containing approximately 10-12% residual oil. A scarcity of data is available on algal oil
extraction using an expeller press, and it was assumed that pressing of the dried algal
biomass produces sufficient quality for transesterification without need for refining. It has
been found that some algal oils can contain relatively high amounts of free fatty acids
(>10%); this suggests a preprocess step may be necessary to purify the oil prior to
transesterification in order to achieve high conversion and prevent excessive catalyst use
or fouling of equipment; however this was not accounted for in this study.
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Figure 3-5 Pacific Qil Type 90 oil press

6. BIODIESEL CONVERSION

Energy required to convert oil to biodiesel is based on data from conventional industrial
scale transesterification of vegetable oil using methanol and potassium hydroxide [118],
and equated to 0.08 kWh/kg dry algae. This assumes that the oil is of sufficiently high
quality (i.e. low FFA and moisture content); however, it has been shown that algal oils
may contain as much as 10% FFA which may necessitate additional equipment and costs
[119]. For the transesterification of algal oils containing relatively high amount of FFA, a
preprocessing step may be required to reduce the amount of soap by-product formed,
however this additional energy was not accounted for in the model. A by-product of the
process is a crude glycerin ~70-85% pure at a rate of 10% by wt. of the biodiesel
produced.

3.4 Proposed Algal Biodiesel Production Process

The challenges of resource availability and limited algae processing experience /
knowledge are addressed by integrating algal biodiesel production technology with
existing agricultural infrastructure at sugarcane mills. Process simulation modeling of
sugarcane mills was adapted to incorporate an algal biodiesel production process. The
model compares the resource requirements of algal biodiesel production to what is
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available at a typical sugarcane mill; it also calculates energy balances. The model allows
users to input a range of certain assumptions about algae production and quickly calculate
the amount of biodiesel able to be produced and the energy return on investment, EROL.

In this thesis the first scenario for algal dewatering was assumed because it needs less
energy, the other scenario that can be done is available at the Appendix A. In the scheme
of Appendix one the mass and energy balance is available too.

Figure 3-6 shows the proposed plant that can be installed beside the old plant. Flue gas
enters to MEA from the existing plant (sugar cane mill). A 10% drier algal paste is
produced because of the more energy intensive harvesting methods used. This reduced the
mass of dewatered alga to be dried by 32% and reduced the amount of energy required in
the drying step by 43%; and resulted in having the higher overall EROI of 1.24.
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Figure 3-6 Proposed scheme of the plant

Algal meal is an important co-product of the algae-to-biodiesel process that contains
residual oil, proteins, and carbohydrates. It can provide essential nutrients in the form of
feed or fertilizer, or can be further processed into bio-energy. Approximately 3-4 times
more meal is produced than biodiesel by weight. The meal has a lower energy density
than biodiesel, but due to the amount that is produced this component actually contains
more energy. Ideally, the algal meal would contain sufficient energy to power the algal
biodiesel production system.
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Reducing the energy requirements for the process, or, more efficient use of the algal meal,
will result in less meal needed for energy generation, and the remainder could be sold.
The conversion of algal meal into energy is an active area of research. The meal can be
directly co- fired in the boiler; further processed into fuel as by pyrolysis; anaerobically
digested in order to generate biogas and recycle nutrients; or used for aquaculture feed or
organic fertilizer. As the meal may be a valuable co-product, economics will dictate how
much can be used for energy generation and how much meal can be sold.

3.5 Co-Product Value Analysis

Algal meal contains carbohydrates, proteins, residual oil, and ash. This co-product of
algal biodiesel production can contribute added value to the process as a source of fuel, or
an alternative revenue stream as feed or fertilizer. The energy content of the algal meal
was found to be 6 kWh/kg (9,300 BTU/Ib) algae dry wt., which is comparable to other
boiler fuels (bagasse 5.2 kWh/kg (8,000 BTU/Ib); charcoal 7.9 kWh/kg (12,300 BTU/Ib).
If the algal meal were sold as a high protein livestock feed supplement, rather than used
for energy generation, it would be comparable to distillers dried grains from corn
production or soybean meal, which currently sell for around $200-300/ton [88].
Economics dictates how much of the meal can be used for energy and how much should
be sold.

3.6 Results

- For calculating the amount of algae produced and the biodiesel the average of data
reported in literature was used. One of the most important parameters in calculation is
algae growth rate (gr/m?/day). It depends on algae strain so differs with light, nutrients,
CO, available. Reported in literature algae growth rate varies from 10 to 30 gr/m?/day/
(table 3-1) in the base case 20 gr/m*/day. It is worthy to note that oil content of algae is
consistent with algae growth rate.

- Total Pond area is considered to be 373*10° m* and has a direct effect on the amount
algae produced daily. The number was decided by the data found on literature and is in
direct relationship with the CO; available. (373 ponds, each 1 hectare). Considering the
height of pond to be 0,5 m the volume of each pond is 5°000°000 liter. Culture density is
0,5 g/L based on literature data. Harvest rate is 200 kg algae d.s/day/pond in base case.
(this is consistent with algae growth rate and shows how much alage can be ganed from a
single pond).
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- Table 3-3 reports the components of algae strain and energy content of each. This data is
used to calculate the energy gain from biodiesel and algae meal in kWh/kg. Obviously
changing the production arte or harvesting rate does not have any effect on EROI.

- Exploiting amount of algae produced daily and the oil yield, the biodiesel production
potential can be found. Oil converted to biodiesel is in range of 22% to 100% by weight,
the oil extraction efficiency is between 21% to 95% and the algae is assumed to have 30%
oil content on weight basis.

- Number of working days in year is considered to be 365.

- EROI changes with algae oil content, CO; utilization and oil converted to biodiesel. In
the base case EROI was found to be 1,24. Where the CO, utilized was 253 ton/day, algae
oil content is 30% and Oil converted to biodiesel is 80%.

- The biodiesel produced (table 3-5) depends on the algal oil content, oil extraction, CO,
utilization and oil converted to biodiesel.

While lab scale experiments found out drying to be the most energy intensive step of this
work, the limited number of commercial scale Carbon Dioxide fixation (CO, mitigation)
by algae cultivation reported that the most challenging step both in sense of energy need
and technological complexity is the CO, capture step. This can have a big effect on EROI,
and make this experiment even less favorable.

Input Data value unit
CO; available for algae 253 ton/day
CO; required 1.83 ton COy/ton algae d.s.
CO,Utilization (converted to 60%(40%100%) -
algae)
CO; capture efficiency 90% -
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CO; converted to algae 136,62 ton CO,/day
Average Solar irradiation 3.3 kWh/m*/day
Algae production rate 20 (10-60) gr/m°/day
Individual pond area 1000 m*/pond
Pond height 0,5 m
Culture density (SS concentration) 0,5 g/L
Harvest rate 200 kg algae d.s/day/pond
Photosynthetic efficiency 2.77% -
Algae produced 2722900 kg dry wt/yr
Table 3-2Algae production
Biomass (kg/yr) | Energy Kwh/kg Kwh/yr
Oil content 30% 816870 10,6 8658822
Protein content 40% 1089160 4,3 4683388
Carbohydrate content | 25% 680725 3,6 2450610
Ash content 5% 136145 0 0

Table 3-3 Algae produced in the co-located plant

Table 3-4 shows the result of the calculations. The total energy consumed and the total
energy produced of the suggested plant scheme are calculated and the EROI 1.24 is

obtained.

Algae oil production energy consumption kWh/kg algae
Water pumping 0,56
CO; flue gas extraction (MEA) 0,6 (0,1-0,6)
Paddlewheel mixing 0,1
DAF 0,29
Drying requirement 30-90% 1,91

69



Chapter 3-

Disk stack centrifuge 0,13

Oil press 0,05

Total energy consumption of producing algae oil 3,54
Energy consumption converting oil to biodiesel 0,07 (0,01-0,23)

Total energy consumption 3,61

Energy value of biodiesel produced 1,6

Energy value of algal meal 3,03

Total energy produced 4,63

EROI 1,24

Table 3-4 Energy balance in the co-located plant

Algae growth rate 20% (10-30) | Kg/m?/day
Total pond area 373000 m?
Algae Qil content 30%(10-40) -

Oil extraction efficiency 61%(21-95) -
% oil converted to B100 | 80% (80-100) -

Algae produced 2722900 kg dry wt/yr
Algal Biodiesel density 0,864 kg/lit
Biodiesel produced 461380,2778 lit/yr

Table 3-5 Biodiesel produced

It is worth noting that for this study the energy consumption and factors related to
transportation have not been considered. The aim of this study is to produce the algae
biodiesel as a by-product to at least provide the biodiesel for the self consumption of the
sugar mill factory. The amount of energy that is gained is not so much to be considered
for selling in market. That is why in doing this study the effect of transportation was not
considered.

4 Carbon capture and utilisation in the green economy

As discussed in previous chapter use of CO, to cultivate microalgae in ponds or
photobioreactor can be an option for direct capture and utilization of concentrated CO,
emitted from power plants. Microalgae has different features that enable sustainable
production concepts (completely discussed in chapter two).
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At the current stage of development the technology is not yet ready for commercial
implementation. The main challenge is to achieve large-scale algal production at
competitive costs. Significant RD&D and investments are required for the technology to
become economically viable. For algal fuel production the main objectives are to reduce
production costs and energy requirements of cultivation and processing.

Capturing and utilizing CO, for algae cultivation is an immature technology and there are
many challenges to overcome which are explained next.

4.1 Challenges faced in CO, Capture using Algae

While algae-based carbon capture offer the potential to provide sustainable solutions for
alternative biofuels and CO, mitigation, important challenges must be overcome to make
them cost-effective and economically sustainable.

Unlike terrestrial crops that have been cultivated and harvested for centuries, the
infrastructure and knowledge needed to cultivate and harvest algae using industrial
processes is in a pre-commercial stage of development. Within the discipline of plant
biotechnology, algal research is one of the least explored fields and industrial-scale algae
energy systems will benefit greatly from intense R&D efforts.

Though intermittent investments and progress has been made in recent decades, the
potential of algae energy systems has yet to be fully realized and recycling carbon
through industrial or agricultural algae energy systems that simultaneously produce
biofuels is a relatively new concept.

Clearly-defined goals and significant, well-managed and critical investments are needed
in the following areas:

* Carbon life-cycle analysis

CO; delivery and conditioning

+ Integration and systems engineering

+ Strain optimization and optimization

* Energy and water use

* Algal areal and volumetric productivity
* Cultivation system design

* Synthetic biology

* Downstream processing

* Value-added co-products development
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The challenges of algae-based CO2 capture are explained in the subsequent pages.

4.1.1 Low Carbon-dioxide Uptake

Capturing all the 100% of CO, that is pumped into the ponds is difficult, if not
impossible. This could be an important challenge, given that the total cost of CO, capture,
cooling, transportation and ultimate transfer to the ponds is one of the largest cost
contributors for algae biofuel production.

Efficiently capturing carbon dioxide from an elevated CO, source depends on many
factors, but one of the most limiting factors at present is the ability of the algae to capture
and fix carbon at a sufficient rate to avoid acidification of the medium. In order to
improve algal CO, absorption, ongoing research seeks to grow microalgae with modified
carbon concentrating mechanisms and alternative CO, utilization pathways.

4.1.2 Water source and Land Availability Near power plants

Power plants require about a million liters of water to make 1 T of dry algae biomass.

In order for a large power plant to have algae cultivation that sequesters millions of tons
of CO, per year, it is imperative to have access to large quantities of water, which the
power plants might not have access to.

Many power stations might not have the requisite area nearby. The large land requirement
would also increase the capital costs for the pipes and the power used to move the gas
through them.

4.1.3 Selecting Suitable Algae Strains for CO, Capture

The aquatic species program isolated about 30,000 strains of lipid synthesizing algae and
identified strains which can efficiently capture carbon, grow in high temperatures and
high-salinity is indeed a resource intensive exercise.

The isolation of novel strains that are tolerant to unique conditions present in industrial
processes is an effective way to bring down up-front costs when designing a process, as a
well-suited organism will allow for major input reduction.

Isolating strains with faster growth rates than strains currently available would improve
carbon capture and biomass accumulation abilities without the need for genetic
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modification. Additionally, isolation and study of strains that grow in hyper saline
environments may lead to significant water-use savings.

Considering alternatives to monocultures might mitigate costs required to prevent or deal
with contamination. Finally, finding strains that are well suited to an environment with
vast and rapid temperature changes may prove useful for minimizing the amount of
heating and cooling necessary to keep a culture alive. In all, the opportunity for bio-
prospecting right now is immense, and large-scale efforts have a very good chance of
finding strains that are naturally suited for bioenergy production.

4131 High CO; Tolerance

Direct utilization of power plant flue gas has been considered for CO, sequestration
systems. The advantage of utilizing flue gas directly is the reduction of cost of separating
CO; gas.

Since power plant flue gas contains a higher concentration of CO,, identifying high CO,
tolerant species is important. Although CO, concentrations vary depending on the flue gas
source, 15- 20% v/v is a typically assumed amount of concentration.

4132 High Temperature Tolerance

Since the temperature of waste gas from thermal power stations is around 120°C, the use
of thermophilic, or high temperature tolerant species are also being considered.
Themophiles can grow in temperature ranging from 42-100°C. An obvious advantage of
the use of thermophilies for CO, capture is reduced cooling costs. In addition, some
thermophiles produce unique secondary metabolites (Edwards, 1990), which may reduce
overall costs for CO, capture. A disadvantage is the increased loss of water due to
evaporation. Cyanidium caldarium, which can grow under pure CO; is a thermophilic
species

4133 Marine Microalgae

The use of marine microalgae for biological CO, sequestration has been considered. One
reason is that seawater could be used directly for growth media so that maintenance costs
of microalgae culture could be reduced. Many CO, sources, such as power plants, are
located along the coastal area.

The use of marine strains is advantageous for biological CO, assimilation facilities which
are located by the coastline. However, this is less attractive for those facilities which are
located inland. Each species has disadvantages to some extent. It is also obvious that only
a few studies have been done in certain areas, such as the use of thermophilic species and
the behavior of microalgae on the solid support cultivation systems. While efforts to find
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the “ideal” microalgae species will continue, strategic engineering decisions and
engineering modifications will be taken into great consideration to realize effective
microalgal CO; sequestration systems.

4.1.3.4 Light Condition

Light condition, especially light intensity, is an important factor because the light energy
drives photosynthesis. Typical light intensity requirements of microalgae are relatively
low in comparison to higher plants.

The system can utilize infrared heat as well as visible light. In addition, artificial lighting
is combined so that lighting is possible when there is no natural sunlight. So far, no
overwhelmingly useful microalgae species have been found for CO, sequestration, even
though a number of studies have been conducted. For example, Chlorella sp. has
commercial value and it can grow under high CO, concentration, but it does not grow
over 45°C.

4.14 Engineering Challenges in Algae-based CO, Capture

There are engineering challenges present in each part of the algae CO; capture and biofuel
production value chain. Hence, there is a need for engineering designs and cost analyses
of site-specific, multipurpose algal production processes, particularly in the abatement of
CO; at power plants.

Some of the major engineering challenges of algae CCS are associated with the algae
cultivation systems and supply of CO, to the cultivation systems.
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4.1.4.1 Photobioreactor

With respect to system design, the technical and engineering challenges for growing algae
in photobioreactor for CO; capture include:

e Maintaining temperature and pH control,
e Removal of oxygen from the growth system

e Assessing water requirements (source, recycle, chemistries and evaporation
issues)

e Determining CO2 availability and delivery methods
e Need to cost-effectively and evenly distribute light within the algae culture.

e High capital and operating cost

4.1.4.2 Provision of CO; in Water

The supply of carbon dioxide in accordance with its actual consumption by the
microalgae is of great importance.

There are some problems encountered in supplying CO, into the cultivation system.

e pH and salinity of the algal culture rise due to sodium carbonate accumulation
during the supply of CO, as carbon source

e Extremely low absorption of CO, - The main reason for the extremely low
utilization of CO; during cultivation of micro-algae in open pond is the short gas-
liquid contact time caused by the shallow culture solution.
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There are a number of operational concerns with each of the above methods; however,
they all share one significant hurdle in the tremendous volumes of gas that must be
processed and the vast quantity of water required to contain the carbon dioxide at the low
solubilities expected. The advantages of one method over the other are connected to the
algae culture system selected (bubbling and natural diffusion are ideal for open ponds,
while bubbling and pre-saturation are ideal for PBRs).

The other challenges are present in downstream processing such as harvesting and
drying, detailed in next section.

4.1.5 Challenges in Algae Harvesting and Drying

Harvesting microalgae is difficult as well as energy intensive. This is mainly because the
most rapidly growing algal species are frequently very small and often motile unicells
which are the most difficult to harvest.

Moreover, the conventional harvesting methods used for harvesting microalgae — such as
centrifuges, filtration and flotation equipments - are energy-intensive.

Besides simple sedimentation, all other methods are expensive, though innovative forms
of filtration could become economical in future. Some of the more expensive methods
include flotation, flocculation & centrifugation.

Drying is one option for the achievement of a higher biomass concentration. However,
like harvesting this is also is very energy intensive (need for heat and high pressure) and it
demands around 60% of the energy content of algae.

Some strains with higher energy content may however, help reduce energy needs for
drying, especially if the non-oil biomass residues are re-cycles for the generation of heat.

4.1.6 Other Challenges in Algae-based CO, Capture
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Algae consume CO2 during the daytime and they respire and release CO2 in the night.
Thus, any system needs to ensure that there are storage facilities for CO2 piped from the
power plant. This could add to costs.

4.1.6.1 Retrofitting algae systems in existing power plants

Most power plants are run on decades-old, mature technologies and processes.
Retrofitting an immature and evolving process such as the algae-based CO, capture is
fraught with uncertainties and risks which many power plants might not be willing to
absorb.

4.1.6.2 Supply of CO; to Algae Cultivation systems

Algae require higher concentrations of CO, due to which more concentrated CO, must be
supplied to the cultivation systems. The problems in supplying CO, into the cultivation
system include: pH and salinity of the algal culture rise due to sodium carbonate
accumulation during the supply of CO; as carbon source.

There are a number of operational concerns with the methods of introducing CO; into the
cultivation systems. However, they all share one significant hurdle in the tremendous
volumes of gas that must be processed and the vast quantity of water required to contain
the carbon dioxide at the low solubilities expected.

4.2 Future perspectives

Algae have a number of features that enable sustainable production concepts. This
includes high biomass productivity, the possibility of utilizing marginal, non-arable land,
salt water, waste streams as nutrient supply and flue gases as CO; source to produce fuels
and a range of non-fuel products. Furthermore algae can attain much higher oil and
protein yields than traditional crops.

The main challenges for a meaningful contribution of algal CO, biofixation are to achieve
large-scale algal production at competitive costs. Considering technology readiness we
can conclude that today technologies are not yet available for commercial implementation
at large-scale and that significant R&D and investments are required for the technology to
become economically viable.

For fuel production the main objectives are to reduce production costs and energy
requirements while maximizing lipid productivity and to increase the biomass value by
making use of all algal biomass components via a biorefinery approach. For the near term
combinations of CO, biofixation with waste water treatment and fertilizer production are
a distinct possibility.

77



Chapter 5- Comparison between different sources of biodiesel

5 Comparison between different sources of biodiesel

Although algae has found to have different benefits it has not been commercialized
widely. The main reason is that it has not been found economically feasible. On the other
hand some researches has shown that algae can have some drawbacks in sense of the
emitted CO, [120]. It is assumed that improving the technologies and move to large-scale
facilities will give more benefits.

The goal is to conduct a pond-to-wheels (cultivation to consumption) LCA of algae
biodiesel by using data from commercial partners to capture the impacts from current
commercial capabilities. To further examine the results, they were compared with soy
biodiesel and low sulfur diesel. The reference unit (also known as the functional unit) was
defined as production of 1 MJ of energy by combusting the fuel in a compression-ignition
direct-injection (CIDI) passenger car [120].

Two scenarios for algae production were examined: the base case in which commercial
data were used and the estimated future case in which the data were extrapolated to
examine the impacts with a larger scale production. The base case is a commercial algae
production company based in Israel. This algae facility is co-located with a 4 GW fossil
fuel burning electricity generation plant.

5.1 System boundaries

The studied system includes algae cultivation, harvesting and dewatering, algae oil
extraction, conversion into biodiesel, and finally combustion of biodiesel in a CIDI
vehicle. Figure 5-1 depicts the unit processes included at each of these life cycle stages.

Transport of materials was excluded from the current analysis as co-location is assumed
for all processes from production to combustion. Materials and energy associated with the
construction of any infrastructure have also been excluded.
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5.2 System description

Two scenarios for algae production are examined: the base case and estimated future
case. In both cases algae are cultivated in open raceway ponds with paddlewheels for
circulating water and mixing nutrients. The base case is modeled after Seambiotic’s 1000
m® commercial facility that produces Nannochloris sp. and Nannochloropsis sp., and
which is co-located with a fossil fuel burning electricity generation plant as a source of
waste CO; in abundance far greater than can be used by Seambiotic. The flue gas is
brought in at 180 m’/hour rate with 13-14% CO, concentration. According to Symbiotic,
about 2 kg of CO; is absorbed per kg of biomass produced, and the remainder is released
by the algae during its growth. Based on this, the model includes an input of 181 kg of
CO; and a release of 179 kg CO, per kg biomass leading to an environmental credit of 2
kg of CO,(Table 5-1). The future case in the study is an estimated scenario with higher
production efficiency as a result of a larger facility and potential improvements in algae
cultivation technology and methods. In the future case, the 1000 m* facility is treated as
the inoculant ponds for a 100,000 m” total production area. The total pond area, then, is
assumed to be 101,000 m?, with fifty 2000 m* ponds plus the 1000 m” inoculation facility,
resulting in a ratio of inoculant ponds to the total pond area of 1:100. This is a much
greater ratio than the current industry standard of 1:10.

The future scenario assumes 1:100 for the ratio of inoculant ponds to production ponds,
rather than the current approximate industry standard and Seambiotic ratio of about 1:10.
Following this scaling the total future case pond was 10 ha, or 100 times greater than
Seambiotic’s 0.1 ha. We felt that increasing that ratio in the future case to 1:100 would
not only be achievable within the next decade but may also be a requirement for viable
future production. We believe it can be achieved with improvements in pond maintenance
(i.e., reductions in pond population crashes and reinoculation).

The inoculum for the ponds at the Seambiotic plant is started indoors, sequentially
transferred to ponds of increasing size and finally to production ponds. Waste sea water
(salinity =35 g/L) from the adjacent power plant is used for cultivation and is available in
much greater quantities than Seambiotic can use. The high salinity helps inhibit the
growth of algae predators. Freshwater pumped from groundwater is used to mediate pond
salinity. The waste flue gas from the co-located power plant is bubbled into the ponds
using a blower. Algae are extracted from the production ponds at a rate of ~10% of pond
volume/day. A centrifuge reduces the solution to a paste of =20% solids. The plant further
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reduces the paste to dry biomass for shipping as a food additive, but the LCA described
here does not include that drying. The annual average algae productivity at this facility is
about 3 g/m”/day, which is considered low by most theoretical studies and anecdotal
reports, but is the measured productivity for this year-round, outdoor, open pond system.
This value will be discussed more below.

The 20% paste is modeled as the input to the SRS extraction and separation technology.
This process uses a wet extraction method that includes six main steps: pretreatment,
extraction, solvent recovery, oil separation, belt filter press, and feed dryer (Table 5-1).
The pretreatment step involves addition of an unidentified proprietary chemical that is
modeled by using a generic process for organic chemicals. The extraction step involves
addition of hexane that dissolves the oil and strips it from the algae. The solvent recovery
phase recovers the hexane from the oil. The leftover biomass is dewatered and dried using
the belt filter press and dryer. The values used to represent the SRS process are derived
from the existing batch-scale AlgaFrac™ technology but estimated by SRS to reflect
greater efficiencies when the batch-scale evolves to larger scale continuous processing.
Most of the hexane added during oil extraction is modeled as recovered and reused but a
small amount of it is lost as emissions to air and water. In our model the waste- water
produced during the oil extraction is sent to a treatment plant. Transesterification is
assumed for the conversion of algae oil into biodiesel. The future scenario uses data from
all the processes described above, but with some assumptions for added efficiency due to
scaling.

5.3 Co-products

Co-products are produced during two processes: the SRS process for algae oil extraction
and the transesterification process for converting the oil into biodiesel. The SRS process
produces high value lipids (algal oil), low value lipids, and residual dry biomass (oilcake).
Transesterification yields glycerin as a co-product. Allocation based on the energy
content of the co-products was used to allocate impacts to the co-products. 90% of
product of transesterification is Algal biodiesel and 10% is glycerin.
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Process/inputs Value Unit Comment

Cultivation: inputs (kg-1 dry biomass)
Nitrogen fertilizer 026 kg 52 g of nitrogen fertilizer is used per kg algae slurry at
20% solids.

Phosphorus fertilizer  0.045 kg 9 g of phosphate fertilizer is used per kg algae slurry at
20% solids.

Freshwater 1.67 m’ Added to offset evaporation and maintain salinity.
Electricity 30 kWh 8 paddles wheels of increasing size (0.5, 0.5,0.75,0.75
(paddlewheels) ,1.0,1.0,1.5,1.5 kW) are used for 12 h/day.

Electricity (flue gas 12 kWh A 3 kW blower used to bubble the CO?2 into the ponds
for 12h/day

blower)
Electricity (water 333  kWh A 1kW water pump used 10 h/day.
pump)
Electricity (algae 6.77 kWh Florescent light (0.846 kW) used 24 h/day.

inoculant prep)

Electricity (algae 149 kWh  Air conditioner (0.746 kW) used 24 h/day.
inoculant prep)

Flue gas pumped in -181 kg Flue gas at 180 m3/hr for 12 h/day with a CO,

concentration of 13-15%. This input is modeled as an
environmental credit.

Cultivation: outputs (kg'1 dry biomass)

CO, emitted 179 kg The ratio of CO, absorbed by the algae to dry biomass
assume 2:1.
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Harvesting & dewatering: inputs (kg-1 dry biomass)
Electricity 2 kWh A 0.5 kW harvesting pump is used for 12 h/day.

Electricity 16 kWh A 4 kW centrifuge is used for 12 h/day for
producing algae slurry.

1

Qil extraction: inputs (kg™* algae oil)
Electricity 2 kWh  Electricity used per kg oil.
Heat (pretreatment 4933 BTU Energy input for the pretreatment and extraction
of the oil.
and extraction)
Heat (solvent 6278 BTU Energy input for recovery of hexane.

recovery)

Heat (oil separation) 1805 BTU Energy input for processing of the oil to separate the oil
and the other lipids.

Electricity (belt filter 2.0 BTU Energy input for belt filter press to dewater the biomass.
Energy press) needed for this process is assumed to be comparable to the feed
dryer energy.

Heat (feed dryer) 6417 BTU Energy input for drying the biomass.

Hexane 033 kg Solvent extraction method is used to extract the oil.

Hexane is used as the solvent.

Chemical A 0.08 kg Unidentified chemical. It is modeled by using a generic
Ecoinvent Process for organic chemicals

QOil extraction: outputs (kg'1 algae oil)

Algae oil 1 kg Primary output of the process. Allocated based on the
high heat value (HHV) of 16,200 BTU/Ib.

Algae residue (oilcake) 1.87 kg Co-product of algae oil production. Allocated based on
the HHV of 6107 BTU/Ib.
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Low value lipids 0.67 kg Co-product of algae oil production. Allocated based on
the HHV of 16,000 BTU/Ib (assumed to be comparable
to biodiesel)

Wastewater 1735 1 The slurry contains 80% water and 20% solids. The
water is sent to a treatment facility. Out of the 20%
water and are also sent to wastewater treatment.
Chemical A is removed as wastewater also.

Table 5-1 The energy required for each step

5.4 Future case assumptions

The paddlewheel energy consumption is assumed to scale from 7.5 kW (for 8
paddlewheels) in the 1000 m* facility to 5.8 kW (for each paddlewheel in each of the fifty
2000 m* ponds in the 100,000 m* production facility). This scaling follows the actual
pond size to paddlewheel power consumption ratios in Seambiotic’s variously sized
ponds e two 5 m® ponds with a 0.5 kW pump each, two 20 m*> ponds with a 0.75 kW
pump each, two 100 m* ponds with a 1.0 kW pump each, and two 350 m* ponds with a
1.5 kW pump each, and assumes that the efficiencies gained at Seambiotic as pond size
scales up will continue when scaling up to the future case. The water pump and blower
energy is assumed to scale linearly (i.e., no efficiency gains) and is 100 times greater,
since pump and blower efficiencies generally do not increase with scale. We assumed the
entire facility would scale up by a factor of 100 from Seambiotic’s 0.1 ha facility to a
future case of 10 ha. Algae productivity is assumed to increase from 3 g/m*/day to 25
g/m*/day. This is within the range of productivities currently reported in the literature.

We assumed that autoflocculation will reduce water volume for centrifugation by a factor
of 20, so if 1 centrifuge at 4 kW is required for every 1000 m* (as in the base case) we
would need 100 for 100,000 m2; 100,000 m*20 = 5000 m’, requiring 5 centrifuges at 4
kW each, or 20 kW.

The base case uses 0.24 kg oil/kg dry algae biomass. In the future, large scale algae
production will likely use algae species with much higher oil content. The future case
scenario there- fore assumes 0.50 kg oil/kg dry algae biomass.

A cleaner source of electricity is assumed to be supplying power in the future case. The
average German electricity grid from Ecoinvent was used to model this electricity. The
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share of fossil fuels in this grid mix is about 55% (i.e., 15% less than the average U.S.
grid.

5.5 Results

The results of this analysis indicate that the base case production (1000 m* pond area)
compares very poorly across all criteria (EROI, GWP, PM10, PCOP, NOx, and SOx)
with industrial scale petroleum diesel and soy biodiesel (Figure 5-3). This should be
expected, because in the base case we are comparing algae biodiesel production at a very
small scale relative to production of petroleum diesel and soy biodiesel at large,
technically mature, industrial scales. Significant improvement is seen in the
environmental impacts for the future case, in which the EROI reduces to 1.37 (from 33.4
in the base case) and GWP reduces to 0.18 kg CO,-equivalents from 2.9 kg CO,-
equivalents in the base case. The EROIs for petroleum diesel and soy biodiesel are 0.18
and 0.80, respectively. These improvements can be attributed to the assumed gains in
productivity and harvesting efficiency in the future case.

Scaling up algae production in the future case led to improvement across all criteria, but
the impacts are still predominantly from the power requirements associated with
cultivation (Figure 5- 2). With cultivation and harvesting playing a smaller role in the
future case, the extraction and separation phases play a relatively larger role.

Base case (1000 m 2 pond) and Future case (101,000 m ? pond facility)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

X
¥ BASE CASE % FUTURE CASE

m Cultivation % Harvesting m Extraction and Separation = Conversion Combustion

Figure 5-2 Comparison of base case and future case
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Figure 5-3 Comparison of algae biodiesel with conventional and low sulfur diesel and soy biodiesel
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