Ryerson University

Digital Commons @ Ryerson

Theses and dissertations

1-1-2011

Towards greener aviation : a comparative study on
the substitution of standard jet fuel with algal based
second generation biofuels

Mona Abdul Majid Haddad
Ryerson University

Follow this and additional works at: http://digitalcommons.ryerson.ca/dissertations

b Part of the Environmental Health Commons

Recommended Citation

Haddad, Mona Abdul Majid, "Towards greener aviation : a comparative study on the substitution of standard jet fuel with algal based
second generation biofuels” (2011). Theses and dissertations. Paper 702.

This Thesis is brought to you for free and open access by Digital Commons @ Ryerson. It has been accepted for inclusion in Theses and dissertations by

an authorized administrator of Digital Commons @ Ryerson. For more information, please contact bcameron@ryerson.ca.


http://digitalcommons.ryerson.ca?utm_source=digitalcommons.ryerson.ca%2Fdissertations%2F702&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.ryerson.ca/dissertations?utm_source=digitalcommons.ryerson.ca%2Fdissertations%2F702&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.ryerson.ca/dissertations?utm_source=digitalcommons.ryerson.ca%2Fdissertations%2F702&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/64?utm_source=digitalcommons.ryerson.ca%2Fdissertations%2F702&utm_medium=PDF&utm_campaign=PDFCoverPages
http://digitalcommons.ryerson.ca/dissertations/702?utm_source=digitalcommons.ryerson.ca%2Fdissertations%2F702&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:bcameron@ryerson.ca

TOWARDS GREENER AVIATION

A COMPARATIVE STUDY ON THE SUBSTITUTION OF STANDARDET
FUEL WITH ALGAL BASED SECOND GENERATION BIOFUELS

By

Mona Abdul Majid Haddad, BS Environmental HealtméYican University of
Beirut, 2009

A Thesis presented to Ryerson University
in partial fulfillment of the requirements for tdegree of
Master of Applied Science
In the program of

Environmental Applied Science and Management

Toronto, Ontario, Canada, 2011

© Mona Haddad 2011



AUTHOR'S DECLARATION

I hereby declare that | am the sole author oftthésis.

| authorize Ryerson University to lend this the®isother institutions or individuals for the

purpose of scholarly research.

Mona Abdul Majid Haddad

| further authorize Ryerson University to reprodubeés thesis by photocopying or by other
means, in total or in part, at the request of othstitutions or individuals for the purpose of

scholarly research.

Mona Abdul Majid Haddad



Towards greener aviation, a comparative study erstlbstitution of standard jet fuel with algal
based second generation biofuels. Mona Abdul Mdaddad, 2011, Master of applied science,
Environmental Applied Science and Management, Ryetiiversity.

Abstract

The negative environmental impact of the aviatiodustry, related mainly to the gaseous
emissions from turbine exhausts, is increasing withincreased demand on travel. In addition
to the adverse environmental effects, the currargbd aviation fuel is posing economic burdens
on the air transport sector, with the increaserude oil prices. Therefore, the aviation industry
is investigating the potential of substituting tberrently used aviation fuel with alternative
fuels- mainly with those derived from second getienabiofuels. Of all available sources of
second generation biofuels, numerous studies itelitat those derived from algae seem to be
the most promising, in terms of providing a viahtel sustainable alternative to fossil fuels. This
study explores the feasibility of microalgal jetefutaking into consideration technological,
environmental and economic aspects. The resultsatathat the viability and sustainability of
microalgal jet fuel greatly depend on the techn@sgand inputs used during the different
production stages of microalgal fuels. Providedairrconditions and characteristics are present,
microalgal jet fuel has a realistic potential t@yide the economic and environmental benefits

needed to substitute conventional fuels.
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Chapter 1: Introduction

Algae have long been associated with harmful ak@dms, which can lead to degradation and
eutrophication of agueous media [Heigé¢rl.,2008]. Previously, eutrophication was part of the
natural process of aging of aqueous media suclales,| which could take hundreds or even
thousands of years to occur [Andersral., 2002]. Today, the degradation of fresh and marine
waters is accelerating as a result of the addedentg from human activities [Burkholder,
2000]. Agricultural runoff, contamination with segeaand animal manure, and the expansion of
the aquaculture farms contribute to the increasaellof nutrients, such as nitrogen and

phosphorus, which are responsible for harmful di@dms [Andersoet al.,2002].

More recently, a positive association has surfatieking algae with fuel production [Singh &
Gu, 2010, Schenkt al., 2008, Mateet al., 2010, Brennan & Owende, 2010]. Algae are known
for their high lipid content, which makes them pudial candidates for substituting fossil fuels
[Meier, 1955]. Furthermore, algae grow at a fastepgroviding all year-round supply of
feedstock [Singh & Gu, 2010]. Therefore, there igr@at interest directed towards algal fuels,
and more specifically towards microalgal fuels [Bran & Owende, 2010, Ma&t al., 2010].
One of the industries which is intensively resemgltthe capabilities of microalgae as a fuel
source is the aviation industry [Hilemanal.,2009]. The aviation industry is hopeful to find in
second generation biofuels, including microalgativéel fuels, environmental and economic

benefits related to reduced greenhouse gas emssaiwhreduced jet fuel costs [IATA, 2009c].

Advocates see in algae not just a source of endnglyalso a prospective contributor to £0
sequestration [Matat al.,2010]. Sceptics, on the other hand, view algalvdd fuels as just a
new trend, which will eventually prove to be unable and unsustainable [Reijnders, 2008a].
Therefore, this study aims at bringing together #wailable literature review concerning
microalgal biofuels and their use in the aviatiodustry, and analyzing these data based on three
important sustainability criteria. The goal is theck whether microalgal jet fuels can be

considered as technologically feasible, environ@ignsustainable and economically viable.

Through this inquiry the opportunities and challengf biofuel adoption in the aviation industry

are presented, especially those derived from miigaga The latest information on the economic,



environmental and technological considerationsisffuel were evaluated and assessed, in order
to make an objective conclusion concerning theerurviability and feasibility of microalgal jet
fuel. This study can be of great interest to thesggace industry, as it can present an overall
picture of the status of microalgal jet fuel. Alsd, can be of great interest to the
business community, which is looking for new prégehich can provide both environmental
and economic benefits. Moreover, policy makers @alan make use of such an inquiry, as they
are responsible for enforcing stringent environraemegulations and for subsidizing new

alternative fuel projects.

Chapter two provides background information relai@dhe transport sector, conventional jet
fuel and the development of biofuels, from firstngetion biofuels to second generation
biofuels, including microalgal fuels. Chapter thilags down the stages of microalgal jet fuel
production and the different technologies usedaichestage. Also in chapter three, conventional
jet fuel production is briefly explained. Chapteuf gives a brief introduction into the decision
making tool used, including its application in téevironmental field, and the different steps
which constitute the analytic hierarchy processafiiér five explains the tailored methodology
used in this study in order to carry out the assess of the data obtained from the literature. As
for chapter six, the analysis of technological datgpresented, along with the matrices, the
results and the discussion related only to thenelcigical considerations of the various aviation
fuels under consideration. Like chapter six, chag®gven and eight provide similar type of
analysis and information, related to the environtaleand economic considerations of the
aviation fuels considered, respectively. Chaptee mionsists of combining the results of chapters
six through eight, in order to obtain an overatitpre concerning the viability of microalgal jet

fuel. The overall conclusions and recommendatioageovided in chapter ten.



Chapter 2: Background

Today's economy greatly depends on the ability nas€ countries’ boundaries and to move
people and goods [Patt al., 2008, Penneet al.,2000]. This ability is an essential part of the
economic development and global trade [Klearal., 2009, Penneet al., 2000]. Therefore, the
transport sector is one of the fastest growingosectonsuming 26% of the global energy
demand [Metzt al., 2007, Rothengatter, 2010]. The number one chaigerdvide energy for
the transport sector has always been petroleuntess(Malca & Freire, 2006], since they have
optimal characteristics in terms of energy contgaformance, ease of handling and price
[Hemighauset al.,2006]. The transport sector, which uses liquidswéll be responsible for an
80% increase in the global liquid fuels consumpbgr2030, and its consumption of liquid fuels,
will increase from 51% in 2006 to 56% in 2030 [E[2Q09]. At present, the transport sector is
the major consumer of global oil demand (30%) [Goa\& Oliveira, 2009]. This consumption
is expected to increase at a rate of 1.3% perwy@#r2030 [SC, 2008].

The increased demand on transportation has beeibutdtl to several reasons, such as
population growth, increased income, increased naatioon, increased demand on tourism and
decreased transportation cost and time [Rotheng&@40]. The dependence on non-renewable
energy sources such as coal, oil and gas has draakbal concern for energy security [Omer,
2008, Hemighaust al., 2006]. Energy security has also been jeopardizethd availability of
most of the petroleum reserves in politically ubktaareas [Shephard & Walck, 2007]. This fact
has led to fluctuations in crude oil prices over past years from $28/ barrel in 2003 to $147/
barrel in 2008 [Lior, 2010], and it has led to distions in oil supplies due to political criseslsuc
as the Arab-Israeli war in 1973 [Bauen, 2006, I2801].

In addition, fossil fuel sources are non-renewallleus, a cheap supply of oil will not be

available for an unlimited time [Gouveia & Olivejra009, Wardle, 2003]. Also, as time passes
by, the energy input required to obtain and propesoleum fuels will exceed the energy output
obtained from these fuels [Turtona & Barreto, 200@preover, the combustion of petroleum

products such as oil is associated with the emmssib greenhouse gases (GHGs) which
contribute to global warming [Omer, 2008], preditte be able to increase the global average
temperature by as much as 6°C in the long term if@atipan & Sudhakaran, 2009]. Since 1970,



global emissions of GHGs from the transport selstve increased by 120% [Megz al.,2007].
All of these negative aspects of petroleum fuelstoute to its weakened sustainability
[Brennan & Owende, 2010].

The transport sector can be divided into severhkactors including road transport, marine
transport, air transport and rail transport [Metzal., 2007]. Road transport accounts for the
largest share of energy use (77%), emitting ab8&t df global CQ emissions [Rothengatter,
2010]. As for air transport, it consumes about 18%he energy used in the transport sector
[IATA, 2009b] and emits 3% of global G@missions [Anger & Kohler, 2009, Scheelhaate
al., 2009, Solomon & Hughey, 2007]. Even though aingport currently plays a small role in
emitting greenhouse gases, it is receiving a greaiunt of attention due to the fact that this
percentage is expected to increase with the grodergand on aviation, and due to the likely
decrease in the use of fossil fuel sources in adbetors, as the world heads towards renewable

energy sources [Solomon & Hughey, 2007].

2.1 Introduction to air transport

Air transport plays an important role in the ecoimdevelopment, by carrying about 2.3 billion
passengers yearly [ICAO, 2010, Macintosh & Wall&)9]. Passenger air traffic is expected to
keep increasing by 4.7-5.2% per year, over the ©gnii0 to 15 years [ICAO, 2010]. Air
transport has witnessed the fastest growth ratengrath transport subsectors, and this growth is
expected to keep increasing in the coming yearshaslemand for travel continues to grow
[Whitelegg & Williams, 2000]. The aviation industrgonsists of aircraft and engine
manufacturers and operators, fuel providers, aispand airport infrastructures [Solomon &
Hughey, 2007]. Moreover, air transport contribute8% of the global Gross Domestic Product
by transporting people and goods all around thddnara timely manner [ATAG, 2002, IATA,
2007b]. While air transport might contribute to glebal economic development, this increased
demand on aviation is associated with concerns asamvironmental sustainability [Akerman,
2005, Oweret al.,2010].

In the beginning of air transport, both gasolind &arosene were used as fuels, because of their

availability. After a while, gasoline (the lightéuel) appeared to be unsuitable, as it tended to



evaporate at high altitudes and cause deteriorafi@mgine components [Maurieg al., 2001].
Today, the dependence of aircraft is on kerosemsghmmeets operational demands [Wulff &
Hourmouziadis, 1997]. Kerosene is mainly produaednfconventional petroleum or crude oil.
Kerosene is a complex mixture of hydrocarbons, ithds a boiling point ranging between 145
and 300°C [Tesseraux, 2004]. Each hydrocarbon ml@dtas its own chemical and physical
characteristics such as boiling temperature, frepremperature, density, specific energy and
energy density, depending on the number of carlbtomsaand on the bonds formed between
these atoms [Hilemagt al.,2009].

Aviation can be divided into two categories, eitktemmercial or military aviation [Pennet

al., 2000]. The main focus of this study is on civiliaion, which consumes 80% of the fuel
used in aviation [Brasseet al.,1998]. Kerosene-type jet fuel will be referrecatoconventional
jet fuel, in this study. The specifications for gentional jet fuel have been established by the
American Society for Testing & Materials (ASTM) [Maceet al.,2001]. A typical composition

of conventional jet fuel can be described as 2@gernormal paraffins, 40 percent isoparaffins,
20 percent naphthenes, and 20 percent aromatiesfuBlis hydrogen content ranges between
13.4 and 14.1% by mass [Brassetial., 1998]. Neither halogenated compounds nor metals ar
allowed as additives to the fuel [Tesseraux, 20Bjwever, metal contaminants such as iron,
zinc, and copper might be present (in small pplgexmdue to possible leaching from plumbing
and storage systems. Moreover, requirements fowesdional jet fuel specify a maximum
freezing point of -47 °C in order to be suitablelfing, low-temperature and high-altitude flights
[Penneret al., 2000, Leeet al.,2010]. Also, the fuel may contain up to 0.3% sulphy weight.
However, in reality the level of sulphur is usudkgs than 0.1% [Metet al.,2007], and in the
range of 0.04 and 0.05% [Brassetial.,1998].

2.2 Air transport and environmental impacts

As noted earlier, the increased demand on aviasidinked to an increase in the environmental
impacts of aviation. Today, more attention is betligected towards aviation’s emissions,
because aircraft fly several kilometres above tleth&s surface (in the troposphere or
stratosphere), while other natural and anthropa@gsources produce their emissions at the

earth’s surface [Pennet al.,2000]. It is worthy to note that most aircraft eeons occur at the
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troposphere level. As such they have the abilitinthuce serious environmental damage [eee
al., 2010, Forsteet al., 2006]. However, the aviation industry is workirgyvards reducing its
environmental impacts through new policies, tecbges, infrastructures and improved
efficiencies. Moreover, there is a trend to prometevironmental sustainability in all air
transport activities, and to adopt the conceptreég aviation [CCS, 2009].

2.2.1 Emissions from air transport

Emissions from air transport have been taken iotwsicleration since the late 1960s and early
1970s, following the commercial interest in suparsocaircraft (the Concorde), which is
thought to be able to induce environmental impactsthe stratosphere [Lest al., 2010].
Emissions from aircraft depend on several factashsas aircraft efficiency, engine type,
engine load and fuel composition [Tesseraux, 20@4mpressed intake air which is the
working fluid is mixed and burned with fuel in tltembustor section. As a result, energy is
produced from the combination of oxygen atoms @ndh with carbon and hydrogen atoms in
the fuel [Eberhard & Brewer, 2005]. The main GH@dteed from the combustor exhaust are
carbon dioxide and water vapour, with the exacpprtions depending on the specific fuel
carbon/hydrogen (C/H) ratio [Brasseeat al., 1998]. These emissions contribute to global
warming by preventing the infrared radiation froeaving the earth’s atmosphere, which
eventually leads to higher global temperatures [eeal., 2009]. Carbon monoxide (CO),
nitrogen oxides (NQ), soot/particulates and a large number of organmpounds constitute
the secondary products of aircraft exhaust emissfjdasseraux, 2004]. The concentration of
secondary products in the jet exhaust highly dep@mdthe design of the combustion chamber
[Brasseuet al.,1998].

Carbon dioxide, which is the most important greerseogas emitted worldwide, is one of the
primary products of kerosene combustion, with thant of CQ emitted depending on the
carbon content of the fuel [Penretral., 2000]. Today, air transport contributes to 3 %aobél
anthropogenic emissions of GQAnger & Kohler, 2009], which is approximately 6@
million tonnes per year [IATA, 2004]. In 2050, afransport's contribution to global
anthropogenic C®emissions is expected to reach 7% [Peme., 2000], and it is expected
to be among the most important contributors to gletarming [Whitelegg & Williams, 2000].
Moving to another combustion by-product, nitrogeides are emitted due to high combustion

6



temperature and high pressure [Wardle, 2003]. Thissgon indices of NQrange between 5
and 25 g of N@per 1 kg of burned fuel [Pennet al.,2000]. Although the proportion of total
anthropogenic NQemissions is only 1.3% [IATA, 2004], it is assuntkdt NQ, emitted from
air transport, can have a greater impact on thmaté than ground level emissions of NO
which are more subject to mixing and turbulencesif& et al.,2010]. Moreover, studies show
that NQ, emissions from aircraft are contributing to higbzone levels (an important GHG) in
the upper troposphere and lower stratosphere ffatséal., 2006]. According to calculations, a
6% increase in the ozone concentration, duringstemer time, in the principal air transport
traffic areas, can be detected [Whitelegg & Willgr2000]. In addition to the warming effect
from ozone creation, NOemissions are thought to have the ability to pgudite in the
destruction of methane in the atmosphere, thusiboting to a cooling effect [Green, 2009,
Penneret al.,2000]. Moreover, the warming potential of NiS expected to be greater than its
cooling potential [IATA, 2004].

2.2.2 Standards for air transport emissions

Aircraft emissions are subject to standards sdhbyinternational Civil Aviation Organization
(ICAO), which is an agency established by the Uhidations to oversee and cooperate the
efforts related to the international civil aviatii€AO, 1997]. Engine emission standards are
present in the Annex 16 of the Chicago conventield by the ICAO, which took place in
Chicago in 1944 [ICAO, 1944]. These standards tackily the landing and take-off (LTO)
cycle of aircraft; thus, they do not address aftaanissions at high altitudes [Gopinathan &
Sudhakaran, 2009, Lior, 2010]. Although these sdedt&l aim to limit emissions during the
LTO cycle, they can also help decrease exhaustsems at altitude. The regulated emissions
include hydrocarbons, NOCO and smoke number [Tesseraux, 2004]. It iscaable that the
standards do not tackle GQwater vapour or S£emissions. As for S9Qemissions, they are
limited by the sulphur content specification, whistpresent in the ASTM standard for jet fuel
(less than 0.3% mass) [Hilemahal., 2009], while water vapour is limited by the starttis
requirement for the fuel hydrogen content to baveen 13.1 and 13.4% by mass [Penster
al., 2000].



2.2.3 Environmental initiatives and improvements
2.2.3.1 Technological improvements

As a result of the growing demand on flying, and thcreased contribution of aviation to
GHG emissions, the air transport sector is aimmgcehieve a green aircraft industry, by
reducing its carbon footprint through several atities at the technological, operational,
infrastructure, policy and fuel levels [CCS, 200B1.the past years, aircraft emissions have
been reduced due to technological advancement,hwhas lead to more efficient fuel
combustion [Pennegt al., 2000, IATA, 2009a]. The amount of fuel burned peat in today's
new aircraft is 70% less than the amount of fuehbd in early aircraft, in the 1960s, due to
the advancement from early turbojet to high bypas® turbofan engines [Brasseet al.,
1998, Edwardet al.,2004]. It is anticipated that an additional 12086 fuel efficiency can be
achieved with newer aircraft designs [Daggetal., 2007, Metzet al., 2007], and that the
emissions per aircraft can be reduced by 20 to 3B%HA, 2009a]. Some of the new
technologies include innovative plane designs, tighcomposite materials, new engine
advances [IATA, 2009b] and improved airframe tedbgy [CCS, 2009].

2.2.3.2 Operational improvements

Moreover, operational measures can be adopteddiaceethe inefficiencies in aircraft fuel
consumption [Green, 2009]. It has been identifieat there are at least 6% inefficiencies in
aircraft operations, which can be improved [IATAQ0®b]. Examples include reducing
aircraft’'s non-essential weight, carrying a fulspanger load per aircraft [IATA, 2009a, CCS,
2009], taxiing with a single engine, optimizing iselI speed and altitude [IATA, 2004],
following more direct routings, eliminating stacgitefore landing and eliminating holding
before take-off. Such measures are anticipatect tablte to reduce fuel burn by 2-6% [Green,
2009]. In 2008, improved operational measures vedale to cut 11 million tonnes of GO
emissions from aviation [IATA, 2009b].

2.2.3.3 Infrastructural improvements

At the infrastructure level, 12% inefficiencies kaveen identified in air transport. The key to

an improved infrastructure, which can limit air¢r&missions, is mainly through a more



efficient air traffic management (ATM) [CCS, 2009]he ATM consists of improving en-
routes and airport infrastructure, and it sometimekides the omission of national boundaries
such as the single European sky initiative [IATA02b, Green, 2009]. The single European
sky initiative can save approximately 350,000 wa$light hours per year, which is equivalent
to 25 million tonnes of C@emissions [IATA, 2004]. The application of a meféicient ATM

can be achieved in a short period of time, at &ajléevel, and can achieve a 10% reduction in
aircraft fuel combustion [IATA, 2009a, Green, 2009ther infrastructural improvements can
be carried out at the level of surveillance, natvagaand communications.

2.2.3.4 Policy initiatives

At the policy level, several options can be impleted to help reduce the carbon footprint of
the aviation sector. Among these options is th&sgion of the aviation sector in an emission
trading scheme and the internalization of extecaals of the aviation sector, by including the
cost of emissions from aircraft [Rothengatter, J0k0s expected that an international cap on
CO, emissions will be applied by 2020 on all airlifé&TA, 2009b]. This cap should be
reduced after a period of time, in order to aimléawer CQ emissions [Rothengatter, 2010].
At the policy level, it is very important to ensuaeglobal sectoral approach [ICAO, 1997].
This global sectoral approach should follow up ba Kyoto protocol initiative, in order to
reduce aviation emissions, which are produced sgeeral countries, and which do not abide
by national boundaries [Scheelhaase & Grimme, 2007§ global sectoral approach prevents
the overlapping and conflicting regional and nagigoolicies [IATA, 2009a]. Also, it is crucial
for the applied policies not to lead to what idexhl‘carbon leakage”, where emissions are not
reduced, but produced in other locations, wheré smwironmental policies do not exist [CCS,
2009].

Concerning the emission trading scheme, it is a effective method to cut down on
emissions, whereby a specified authority sets akebdor emission trading [Angeet al.,
2008]. The emission quotas can be distributed leyaithority through auctions to airlines
[IATA, 2004]. Auctioning quotas might lead to arciease in prices and to the domination of
market by large airline companies, where those kvhpay more will have higher quotas
[Rothengatter, 2010]. Another possibility is totdisute the quotas free of charge based on

previous emissions of airlines (Grandfathered ndthehich can bring negative consequences
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to those airlines that have been improving theirssion efficiencies in the past [Anger &
Kohler, 2009]. Last but not least, is to distribte quotas based on the airline’s emission
efficiencies in comparison to the sector’s averagession efficiencies (Benchmarked method)
[IATA, 2009b].

Another possible policy which can reduce the emoissiof the aviation sector is the
internalization of aviation external costs. It ign#ar to the polluter-pays principle. The
internalization of aviation external cost is a nmeukm for transport demand management,
whereby the pollution cost is made transparent esmdied out by the polluter. There are
several methods which can be applied to internadiziernal costs in the aviation sector.
Among these are charges on fuel, charges on sediskets, charges on aircraft landing or
charges related to the levels of emissions [Wigeel& Williams, 2000]. Such charges will
lead to an increase in tickets’ prices, which witentually lead to a decrease in the demand on
aviation. As such, fewer flights will take off, aheks emission will be produced [IATA, nd].
Studies have shown that the most efficient mettsodbiapply charges based on emission
levels, since such charges will avoid competitiigaitions between airlines.

2.3 Alternative jet fuels

Another constituent of green aviation is the adwptf alternative fuels [Kivitet al., 2010],
which is the main focus of this inquiry. When calesing alternative fuels, several factors
should be taken into consideration, in additioth fuel’s environmental impacts. Among these
factors are the cost of fuel production, the sustaility of the fuel supply and the safety and
reliability of the fuel [Hill et al.,2006]. Among the considered alternative fuelsdaation are
the ultralow-sulphur jet fuel, synthetic fuels dexd from the Fischer-Tropsch (FT) synthesis,
biofuels and cryogenic fuels [Kiviet al.,2010].

2.3.1 Ultralow-sulphur jet fuel

Starting with the first option, the ultralow-sulph@ULS) jet fuel is derived from conventional
petroleum sources such as crude oil. The only rdiffee between ULS jet fuel and
conventional jet fuel is that the sulphur contehtUdS jet fuel can reach a maximum of

0.0015% by mass [Hilemaat al., 2010], whereas in conventional jet fuel, the maxim
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sulphur content is 0.3% [Brasseeir al., 1998]. ULS jet fuel emits less $S@missions than
conventional jet fuel. ULS jet fuel offers a betteermal stability than conventional jet fuel,
which leads to a decrease in the corrosion of engomponents and reduces the need for
maintenance. Moreover, ULS jet fuel is technolojycand economically viable. However,
one important issue with UIS jet fuel is the fahatt it produces more GHGs during its

production than conventional jet fuel [Hilemanal.,2010] .
2.3.2 Fischer-Tropsch synthetic fuel

Another alternative jet fuel can be derived frontunal gas or coal through the FT synthesis
[Dagget et al., 2007, Edwardset al., 2004]. The feedstock type does not affect the
characteristics of the final product (jet fuel) terms of compatibility with aircraft and in terms
of combustion emissions, but it does affect thalpotion cost and the overall life-cycle GHG
emissions. The FT synthesis depends on high tetopergressure and catalysts to produce
bio-synthetic gas [Leet al., 2009, Zinovievet al., 2010]. The bio-synthetic gas is later
transformed into liquid fuels, from which jet fuehn be obtained [Dagget al., 2007]. The
production of FT synthetic fuel emits more GHG esiues than the production of
conventional jet fuel, unless it was coupled witbfleels, as an additional feedstock to coal or
natural gas. On the other hand, FT synthetic fe hegligible amounts of nitrogen and
sulphur, unlike conventional jet fuel [Edwareisal.,2004, Hilemaret al.,2010].

2.3.4 Cryogenic fuel

Cryogenic fuels, such as liquid hydrogen, are prese their gas phase at normal ambient
conditions and can be stored in their liquid foratslow temperatures or high pressures
[Mauriceet al.,2001]. These alternative fuels offer the greataatlvge of having a low to zero
carbon content, but their large-scale adoptiortiishendered by technological and economic
barriers [Lior, 2010]. The adoption of hydrogenlfder example, can reduce G@missions
from aircraft, but on the other hand, it can leadh increase in ¥ emissions from aircraft,
which are responsible for contrail formation [Akemm 2005]. Moreover, the adoption of
cryogenic fuels will require vast modifications iairport infrastructures and aircraft
components [Kivitet al.,2010]. Therefore, cryogenic fuels are seen asig term solution to

the environmental impacts induced by air transfiaggetet al.,2007].
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2.3.5 Biomass-derived fuels

Other alternative jet fuels can be derived fronmiags, known as bio-jet fuels [Hilemanal.,
2010]. The air transport sector is showing a gnei@rest in biofuels, in the hope to make a
transition from non-renewable to renewable eneggppurces [Rajagopat al.,2009]. The air
transport’s interest in biofuels has both environtakand economic motives such as securing
a source of fuel that can be available at an aabépprice from domestic sources and that has
lower environmental impacts than conventional jedl flLeeet al.,2009]. However, adopting
biofuels in the aviation industry has to complywsteveral environmental, technological and
economic criteria [Stratton, 2010]. Biofuels usedviation should have lower GHG emissions
on a life-cycle basis than conventional jet fueldanot just during the combustion phase
[Kivits et al.,2010]. Most importantly, to be able to adopt thienair transport without delays,

biofuels need to be suitable as drop-in fuels, tvican be used with the existing infrastructure.

This thesis focuses on the use of biofuels, irraftcBiofuels are expected to become a major
component of the fuel supply for the aviation indysas they are anticipated to require only
minor changes to the industry’s infrastructure [Petgt al.,2007]. In addition, more and more
policies around the world are encouraging and reguiblending mandates of biofuels and
conventional fuels, in the transport sector, anghsithhese mandates will be applied to the air
transport sector as well [Rajagomalal.,2009]. Therefore, it is crucial to assess the enuq,
technological and environmental feasibility of #doption of biofuels in the aviation industry

in order to identify the opportunities and challeagPapalexandroiet al.,2008].

2.4 Biofuels

As a general definition, biofuels consist of soliquid, or gaseous fuel derived from biomass
[Goldemberget al., 2001, Patilet al.,2008]. Biomass consists of green plants’ orgaratenial
produced through photosynthesis by converting ghplicarbon and water into energy in the
form of chemical bonds. Biofuels derived from vedpé¢ oils had been employed prior to the
industrial revolution in the f9century. The first known feedstocks were peanemh, corn oil
and animal fats [McKendry, 2002]. By the mid- aradel 1800s, the interest in biofuels had
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dropped, due to the production of cheap petroleased fuels, which helped the growth of the

industrial revolution, by powering factories andamobiles [Wik, 1962].

The renewed interest in renewable energy resoamesn biofuels in particular has been mainly
attributed to the 1970s oil crises [Songstadl.,2009]. Also, as fossil fuel resources are proving
to be unsustainable, biofuels are seen as a pattanswer to the sustainable energy quest. Based
on the feedstock and the production technology,usiefLiels can be divided into two types; first
and second generation biofuels [Nakal., 2010, Simset al., 2010]. First generation biofuels
are obtained from edible feedstocks or food crap#aining sugars, starches or vegetable oils
[Sims et al., 2010], or from industrial, agricultural, forestand household wastes, which are
biodegradable. First generation biofuels also rébethose biofuels obtained from traditional
technologies yielding ethanol, biodiesel and biodgxennan & Owende, 2010]. Biofuels offer
many economic and environmental advantages [Naikal., 2010]. The most important
environmental advantage of biofuels is the abtiityrecycle CQ emissions [McKendry, 2002].
The carbon absorbed during feedstock growth istechiduring combustion, unlike the use of
non-renewable fossil fuels, where the fossilizetbea is re-introduced into the carbon cycle
[Simset al.,2010]. Other advantages include the ability toease domestic energy supply and
the ability to be blended with fossil-based fudlsik et al.,2010].

2.4.1 First generation biofuels

First generation biofuels such as ethanol and bsaliare produced at a large commercial
scale, which means that the production technoldgiyrst generation biofuels is mature and
well established [Simet al.,2010]. The call to adopt first generation biofus$sa replacement
for fossil fuels, in the transport sector, has bewt by scepticism, concerning their ability to
reduce GHG emissions; thus, their ability to ligibbal warming [Goldembergt al., 2001,
Reijnders & Huijbregts, 2009]. Taking a life-cyclessessment perspective, some first
generation biofuels are shown to increase GHG éomsgMataet al.,2010], due to their need
for intensive fertilization, which emits GHGs suels NO. Also, first generation biofuels
depend on machinery and energy for cultivation @adsportation, which consume fossil fuel
resources; thus, produce GHgnissions [Schenlet al., 2008]. The production of first
generation biofuels can account for 10% of lifeley@HG emissions, whereas the combustion
of biofuels can emit about 90% of their life-cy€d1Gs [IEA, 2004]. Moreover, land changes
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play an important role in determining the degreavtoch biofuels are carbon-neutral or not
[Rajagopalet al., 2009, Simset al., 2010]. For example, clearing rainforest regiongtow
feedstock for biofuels can lead to an increase@ €missions, because forests tend to absorb
more CQ than biofuel crops, which will eventually releades absorbed C£ once the
biofuels are used [Scheek al.,2008].

Moreover, first generation biofuels have been poedufrom edible feedstock such sugarcane,
corn, wheat, rapeseed and soybean [Reijnders &bHgis, 2009]. As such, large-scale
production of biofuels from these food crops toerthe energy needs of the transport sector,
has led to the controversy of food versus fuel. Téer is that biofuel crops will take over
farmlands and increase food prices [Kletral., 2009, Simset al., 2010]. This controversial
issue is especially frightening in developing comst where favouring biofuel production
over food production can have serious negativeceffeuch as food shortages. Such impacts
can have detrimental effects on developing cousitnehere famine and malnutrition already
affect more than 800 million individuals [Scheeikal.,2008]. This in addition to the concerns
related to increased deforestation and threats iodiversity, by converting forests into
farmlands of monoculture crops. Other concerns Wit generation biofuels relate to the
competition of biomass with food crops on freshexatesources [Brennan & Owende, 2010,
Naik et al.,2010].

2.4.2 Second generation biofuels

As for second generation biofuels, they are mai@gved from non-food feedstocks [Matta
al., 2010, Naiket al.,2010]. Second generation biofuels can be derix@u terrestrial sources
such as woody and lingo-cellulosic plants or frosuatic sources such as algae [Singh & Gu,
2010, Sheehart al., 1998]. The quest for second generation biofuels @aven by the
obstacles facing the large-scale adoption of fiteration biofuels. Some of the benefits of
second generation biofuels include higher energtdgi per hectare than first generation
biofuels, due to their faster growth rate and highrgergy content, and to their ability to use
poorer land quality. Also, second generation bilsfirave the ability to reduce the dependency
on imported oil and to diversify the energy suppWost importantly, second generation

biofuels do not compete with food sources and dé&r @ high potential for carbon fixation

14



[Brennan & Owende, 2010]. Also, second generatimfubls have the ability to increase

income opportunities, especially in the agriculksector [Singh & Gu, 2010].

Second generation biofuels are not widely availgiele because the conversion technologies
from feedstock to desirable fuels are not cost cetitipe. However, it is expected that with the
support of strong policies, second generation leisfican surpass the current production
capacity of first generation biofuels [Sims al., 2010]. The production of second generation
biofuels is taking place mainly at a pilot scaleele[Schenket al., 2008], providing less than
0.1% of global biofuel production. The interessgctond generation biofuels is increasing with
time as more advantages and benefits are beingwaised, through research and development
activities. The ultimate aim of research and dgwelent is to be able to produce sustainable
and cost competitive biofuels, which can be carbeutral or carbon-negative [Cse&eal.,
2009], especially in terms of life-cycle assessmett confirm that there is a valid basis
behind the transition from first to second generatiofuels [Singh & Gu, 2010]. Among the
most promising feedstocks for second generatiofiubie are aquatic plants [Magt al.,
2010].

2.5 Microalgae

There is a focus on aquatic biomass since the earttainly covered with water surface [Singh
& Gu, 2010]. The focus is mainly on those fast grayvorganisms such as microalgae, which
hold promising environmental and economic potestigl/elasquez-Ortaet al., 2009].
Microalgae, those ‘miniature biochemical factorig®atil et al.,2008], are thought to be around
since the beginning of life on earth [Sheehatnal., 1998]. Microalgae are microscopic,
unicellular and simple multi-cellular organismsri§h & Gu, 2010]. These green organisms,
which are rich in chlorophyll, contain carbohydsatproteins and natural oils [Velasquez-Gxta
al.,, 2009]. They can be prokaryotic (lacking membraoaral organelles), such as
Cyanobacteria or they can be eukaryotic, suchesngalgae, red algae and diatoms, which have
a high ability to retain lipids [Singh & Gu, 2010].

Microalgae depend on sunlight to convert carboa arganic matter, such as biofuels, foods (for

zooplankton), feeds or “high-value bioactives” [§lhi 2007]. These sunlight driven cells use
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solar energy for their growth along with carbond aonvert them into energy in the form of
chemical bonds [IEA, 2004]. Microalgae are provedgtow at a faster rate than any other
photosynthetic organism; thus, higher biomass gielth be obtained from microalgae than from
terrestrial crops. They can complete a growth cytla period of time ranging from as short as
3.5 hours to few days [Cselat al., 2009]. Moreover, due to the simple development and
structure of microalgae, they are able to groweawese climates (extremophilic conditions) for
long periods of time, as long as they are supphath a source of light [Wulff &
Hourmouziadis, 1997]. Microalgae can grow in agq@eooedia, including saline water and
wastewater [Mat&t al., 2010, Csekeet al.,2009] and on arid lands such as deserts, which are
not suitable for agricultural crops, thus reduding competition with food crops on arable lands,
and reducing the need for freshwater resourceshé&mumore, unlike terrestrial crops, microalgae

do not need herbicides and pesticides during @titm [Brennan & Owende, 2010].

Microalgae have been under research for more thdp gears [Tsukadat al., 1977]. The
concept of producing energy from microalgae ismew [Chisti, 2007]. The concept started with
researchers trying to produce methane gas fromvatdtdl algae in wastewater (source of
nutrients) in the beginning of 1950s. As for thestflarge-scale culture of microalgae, it started
in the early 1960s in Japan with the culture€bforella [Tsukadaet al.,1977]. Then the concept
of producing energy from microalgae grew furthettmthe energy crisis in the 1970s [Schetk
al., 2008]. The interest in microalgae was further ede@ by the government of the United
States in the 1980 when the US Department of Engmgpated the aquatic species program,
which aimed at producing transportation fuels sastbiodiesel from microalgae, cultivated in

ponds and fed with Crom coal fired power plants [Solomon & HugheypZ{)

This growing interest in microalgae, nowadays tishaited to the increased need for alternative
and renewable sources of energy, which can freedberomy from its dependence on petroleum
sources [Stratton, 2010] and which can tackle tdreern of global warming [Cselet al., 2009,

Wong, 2000]. An American study estimated that thergy per acre from microalgae can be
thirty times greater than the energy per acre fremestrial crops such as soybean [Singh & Gu,
2010]. Another study estimated that 61% of the d8caltural croplands would be needed to
meet its transportation requirements when usingpals, whereas only 3% would be needed

when using microalgal oil [Chisti, 2008]. Microalydave a high biomass production capacity
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and they can provide all-year-round supply of féecls unlike terrestrial crops which can be
harvested once or twice a yédéisti, 2008][Mataet al.,2010].

2.5.1 Microalgae fuels

After cultivation, microalgae should be harvested &urther processed to obtain the desired
fuels. Different methods of harvesting are avadablepending on the microalgae strain. After
harvesting, microalgae are further processed, mheroto obtain the desired microalgae
components such as oil, protein and starch, whachbe transformed into fuels [Schestkal.,
2008]. Different processing methods can be aptremivn as biochemical or thermochemical
processes [Naikt al.,2010]. Choosing between these two processes depenthe type and
amount of feedstock used, the type of fuel obtairibed cost, and the end use of the fuel
produced [Brennan & Owende, 2010].

2.5.1.1 Biochemical conversion

Biochemical conversion includes anaerobic digestwhich produces methane from wet
organic compounds such as microalgae in the abs#rmeygen. A study was first published
in the early 1950s, tackling the feasibility of guzing methane from microalgae [Meier,
1955]. The study concluded that methane produdtimm microalgae can be achieved due to
their relatively high lipid, starch and protein ¢tent [Mataet al.,2010]. Today, the production
of methane from microalgae is not cost competiwtd the methane produced from terrestrial
crops, such as maize. Also through biochemical emion, hydrogen (5 can be produced
from microalgae. The photo-biological productionhytdrogen from microalgae uses sunlight
to convert water into hydrogen ions and oxygen atfMataet al.,2010]. Then, hydrogenase
enzymes convert the hydrogen ions intg [Brennan & Owende, 2010]. The process still
needs bioengineering development to make it mdieiexft [Mata et al., 2010]. Hydrogen
from microalgae has a great advantage in the fettthe hydrogen does not accumulate in
microalgal cells, but it is released into its gasage [Mataet al., 2010]. Also, another
advantage is that hydrogen is a carbon-free fuedrjBan & Owende, 2010, IATA, 2008].

The two most important alternative transportatioal$, biodiesel and bioethanol, can also be
obtained through biochemical conversion. Ethanoh dse produced through alcoholic

fermentation, from biomass containing starch angassi such a€£. Vulgaris [Brennan &
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Owende, 2010, Matat al., 2010]. Transesterification, another biochemicalcpss can yield
biodiesel or mono-esters through the chemical @adhvolving triglycerides and alcohol
[Chisti, 2008]. Biodiesel from microalgae has samikchemical and physical properties to
petroleum diesel. On the other hand, microalgalliesel supersedes petroleum diesel by
contributing to lower particulate, CO and hydro@artemissions during combustion [Schenk
et al.,2008]. However, microalgal oil is rich in polyutsgeated fatty acids which lead to fuel
oxidation during storage, thus reducing the suitgbof microalgal biodiesel. This problem

can be overcome through hydrogenation of microaddChisti, 2007].

Unfortunately, neither bioethanol nor biodiesel a&een as suitable alternative fuels for
aviation [Hilemanet al., 2009]. Methane and hydrogen have been mentiondigreas long
term solutions to aviation’s environmental impaji@®aggetet al., 2007]. The physical and
chemical properties of bioethanol make it unsafe use in aircraft, as it has low energy
density, high volatility and high flash points [Eithanet al., 2009]. Moreover, bioethanol
requires more space and weighs more than convahiietrfuel, to supply the same amount of
energy [Daggett al., 2007]. The main obstacle for using biodiesel ima@on is its high
freezing point which approaches 0°C, far highenttie freezing point of conventional jet fuel
which is -47°C [Hemighaust al.,2006]. Additives can be used to reduce biodiedet'szing
point, but they can only reduce it by few negligildegrees Celsius. Therefore, currently
biochemical conversion is not regarded as a r@igbbcess to produce alternative jet fuel.
Thermochemical conversion, on the other hand offieespotential of producing a new fuel

from microalgae which can be suitable for use ili@on [Simset al.,2010].
2.5.1.2 Thermochemical conversion

Thermochemical conversion depends on heat to tvamsbiomass into fuels [Brennan &
Owende, 2010]. There exist several types of thehmoical conversion processes.
Gasification transforms biomass at high temperattirethe presence of water and oxygen into
gases such as CO,,HCO,, and CH [Naik et al., 2010]. Another thermochemical process can
yield bio-oils from wet microalgae, known as thenhemical liquefication. Thermochemical
liguefication employs low temperature (300-350°@yh pressure (5-20 MPa) and a catalyst
to make the transformation; thus, it is energyrnsiee [Brennan & Owende, 2010]. Pyrolysis,

another conversion method, uses medium to high eestyres (350-700°C) to transform
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biomass into bio-oil, syngas and charcoal underiiac conditions [Naiket al., 2010].
However, bio-oils produced through pyrolysis canbetdirectly used as fuels since they are
acidic and unstable. Another thermochemical comeergprocess is known as hydro-
processing, which consists of adding hydrogen wdiilthe same time removing oxygen in the
presence of catalysts [Amin, 2009]. Hydro-procegsinllowed with isomerization and
cracking leads to high quality fuels, which arehria paraffins and suitable for the use in

aircraft [Hilemanet al.,2010].

Since thermochemical routes can yield a range o§-lkhain hydrocarbons, which include
biofuels suitable for aviation [Simst al., 2010], the main focus of this thesis was on
microalgal fuels derived from microalgal oil thrduthermochemical processes. The aviation
industry has shown a great interest in microalgafyel as a potential alternative fuel [Kivits

et al.,, 2010]. The question is whether this source of figeleconomically competitive,

technologically feasible and whether it is envir@mtally sustainable. Therefore, a thorough
assessment needs to be conducted before adoptiey alternative source of fuel. Such an
assessment can prohibit labelling any new sourcenefgy as the ultimate solution before

carrying out suitable analytical studies.
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Chapter 3: An overview of fuel production considerdions

3.1 Microalgal hydro-renewable jet fuel

3.1.1 Microalgae selection

As mentioned before, the first step to a succegshduction of microalgal fuel starts with the
careful selection of microalgal strain [Brennan &éhde, 2010]. Supposedly, more than
50,000 strains of microalgae exist but only 30,80@ins have been characterized and studied
[Mata et al., 2010]. When biofuels are the end product desisederal aspects need to be
tackled in order to choose the most productivearstfarst of all, microalgal lipid content is the
most important feature for biofuel production [Scket al.,2008].When choosing the strain,
one has to decide whether to go for the very higid Icontent accompanied with low cell
productivity or moderate lipid content accompanveth high cell productivity [Mateet al.,
2010], as these two characteristics are mutualtjuske in natural strains [Ratledge & Cohen,
2008]. Normally, microalgae can accumulate betw&8#-50% of their dry weight in oil
content [Chisti, 2007]. Oil accumulation higher iha0% is usually associated with low cell
productivity [Schenlet al.,2008].

3.1.2 Site selection

The next important step in microalgae cultivatieanchoosing the appropriate site. When
assessing a potential site, several criteria nedxe tinspected and regulated. These criteria are
divided between abiotic and biotic factors [Mohemn&005]. The abiotic factors, also known
as the physical factors, are related to lightingter, CQ and nutrients [Maxwelt al., 1985].
Examples of the abiotic factors include the qusnéihd quality of light, the quantity and
quality of the water supply, the water salinitye tamount of dissolved oxygen and carbon
dioxide, the water pH, the surrounding climate uhg temperature [Maxwe#t al., 1985,
Schenket al., 2008], the rate of evaporation and precipitatenmg the availability of nutrients
and carbon sources [Moheimani, 2005].

Researchers assert that both light and temperglase major roles in the productivity of

microalgae [Mataet al.,2010]. Strong and intense light can lead to aehse in the efficiency
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of photosynthesis performed by the microalgal celtfMoheimani, 2005, Ginzburg, 1993].
This decrease in efficiency is known as photo-itldb and it is described “as a loss of the
photosynthetic capacity due to damage caused bl higdiance” [Moheimani, 2005].
Therefore, it is important to match the microalgihin with the right location by considering
the duration of sunlight per day [Ginzburg, 1993¢ncerning temperature, each microalga has
its own optimum growth temperature which allowsoitreach its maximum growth rate, but
generally the optimal temperature to grow microalganges between 20 and 30°C [Chisti,
2007]. It is thought that a decline in temperatcae be tolerated by most microalgae strains,
while an increase by only 2-4 °C from the optimaktmmalgal temperature can lead to a
destruction of the culture [Chisti, 2007, Matzaal.,2010].

Moreover, the land topography and geology also ned@ carefully considered [Scheetkal.,
2008]. Enough space must be available to constnictoalgae cultivation and production
systems [Maxwelkt al.,1985]. Concerning the topography, land slope rbaedess than 10%
and soil depth must be minimal to allow the congtam of cost efficient, large cultivation
systems. The selected land needs to supply thanes) required for the growth of microalgae
such as carbon and water [Maxwellal., 1985]. Different strains of microalgae can grow in
different aquatic media ranging from freshwater sea-water, including brackish water
[Ratledge & Cohen, 2008]. This characteristic caordase the stress on freshwater [Maxwell
et al.,1985]. The use of saline water depends on thditocaelected, either next to coasts or
nearby saline groundwater [Satyanarayanal., 2010]. On the other hand, the biotic factors
include the presence of parasites and predatorshwtén compete with microalgae, on
nutrients [Moheimani, 2005, Mat al.,2010].

3.1.3 Microalgae nutrients

Nutrients are essential to obtain a significant anbtcof biomass from microalgae cultures.
The nutrients needed are mainly inorganic composndd as Cg phosphorus and nitrogen,
[Chisti, 2006]. Providing these elements for midgaa cultures is generally considered to be
inexpensive [Powellet al., 2009]. Ninety percent of the hydrocarbons formédough
microalgal photosynthesis are made from carbon,redsethe other 10% is constituted of
hydrogen [Ginzburg, 1993]. Moreover, 50% of the digmass weight is attributed to carbon
content [Patikt al.,2008].
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The source of this carbon, obtained by microalgaeuigh biological uptake, is either from the
0.03% of carbon dioxide present in the atmospheffeom the flue gases of heavy industries
and fossil fuel power plants, which are fed to m#gae cultures [Brennan & Owende, 2010].
However, when depending only on atmospheric,,Ge productivity of microalgae will be
very low and unsuitable for fuel production [Posg&e®&chaub, 2009]. Microalgae have a better
ability to fix CO; than terrestrial crops, due to their faster groxatie. Unlike terrestrial crops,
microalgae can grow on arid land; thus, they do mptace forests, which constitute an
important carbon sink [Khaat al., 2009]. It is recorded that 1 kg of microalgae edsorb
about 1.83 kg of C®[Chisti, 2007, Patilet al., 2008]. The efficiency of COuptake by
microalgae ranges between 30-99%, depending owcultere system, such as closed versus
open system, and on the rate of culture mixing jfiRlers & Huijbregts, 2009]. This
mechanism of C@uptake allows the recycling of G@Mataet al.,2010]. The C@ absorbed
by microalgae during growth is re-emitted duringmalgal biofuel combustion [Matt al.,
2010]. In a one hectare area of cultivated micraalgwith a biomass productivity of
25g/nf.day, which has been attainable and maintainedo&jspately 500 kg of C@can be
absorbed [Schendt al.,2008].

The second most important nutrient is nitrogen,clwhsomprises 10-13% of the organic dry
weight of biomass [Posten & Schaub, 2009]. Anothetrient is phosphorus, an important
constituent for cellular metabolism and regulatisrhich contributes to the production of
enzymes and phospholipids in microalgae [Moheima05]. Phosphorus constitutes 1% of
microalgae dry biomass weight [Powell al., 2009]. Therefore, a source of nitrogen and
phosphorus should be added to the microalgae euliar order to obtain high levels of
productivity. Fertilizers can be used as a sourcautrients, as they contain nitrogen and
phosphorus, and they are used to grow terrestrigdsc[Posten & Schaub, 2009]. Another
option, which can substitute the use of fertilizéssto grow microalgae in wastewater instead
of freshwater [Parlet al., 2011]. Wastewater can provide the needed nutrientsicroalgae
growth, since it can contain high concentrationsiitfogen and phosphorus [Pittmanal.,
2011].
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3.1.4 Microalgae cultivation

To obtain high yields of biomass, microalgae ce@tuneed to be provided with sufficient
nutrients and growth stimulating factors [Schenlal., 2008]. Therefore, growing microalgae
had to be shifted from natural ecosystems to sustlaand controlled media, which can lead to
maximal growth acceleration [Brennan & Owende, 2016 a well controlled culture,
microalgal biomass can double within a period oh2dirs. Lack of monitoring and control of
previously mentioned factors such as temperatungsiemts and pH can lead to a rapid
deterioration of the culture and to contaminatiothwother microalgal species, known as
predators [Mateet al., 2010]. Two options are available to maintain atadled culture of
microalgae, either open-culture systems such &slakd ponds or closed-culture systems also
known as closed photo-bioreactors [Grigtaal., 2003]. Open ponds are established outdoors
while closed photo-bioreactors might be locatedord or outdoors [Reijnders & Huijbregts,
2009]. These artificial systems should mimic ndt@eosystems, where microalgae usually
grow and they should make use of the freely avilabnlight [Solomon & Hughey, 2007], as
such it is best to locate closed photo-bioreaatatdoors [Chisti, 2008].

3.1.4.1 Open ponds

Growing microalgae in open ponds has been knownpaactised since the 1950s [Goldman,
1979]. Open-culture systems can differ in sizepsha&onstruction materials, mixing methods
and inclination [Mateet al., 2010, Moheimani, 2005]. Generally there are twmesyof open-
culture systems, either natural waters such asJd&goons and ponds or artificial ponds and
containers [Brennan & Owende, 2010]. Most largdesead commercial microalgae cultures
in the United States, Japan, Australia, India, [Bmal, China and elsewhere are grown in open
ponds, since they are more cost efficient thanedesystems [Khaet al., 2009]. Open ponds
are simpler to establish and manage and they hiawgea production capacity, but lower than
the production capacity of closed photo-bioreaci®fsisti, 2006]. Open ponds can serve for
long periods of time, provided that the desiredrpatgal strain can be maintained [Khan
al., 2009, Sheehaet al.,1998].

In addition to the previously mentioned advantaggeen ponds can be established in areas

which are not suitable for agricultural crops; thihey do not compete with food crops for land
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[Brennan & Owende, 2010]. Also, they can be eadidyned and maintained due to their large
open surface area and they offer high potentiah&irenergy production [Scheekal.,2008].

Open ponds have some disadvantages such as théonesergy to mix the nutrients and the
need to keep the water level between 15 and 2M@caidw sunlight penetration [Matt al.,
2010]. Sometimes, the growth of a thick layer o€malgae on top of the pond might inhibit
the penetration of sunlight into deeper water lgvehus reducing the productivity of
microalgae [Brennan & Owende, 2010]. Moreover, opends are located outdoors, which
makes them more vulnerable to weather changes, tedgerature ranges, evaporation,
intensive lighting and to contamination from patéig and parasites [Posten & Schaub, 2009].

Also, open ponds require a significant land spMatget al.,2010].

On the long term, contamination of the microalgaltuwe might take over an open pond
system [Reijnders & Huijbregts, 2009]. Thereforesihecessary to perform a cyclic process of
cleaning and to re-inoculate the desired straimicfoalgae every now and then [Schextlal.,
2008]. Another way to prevent contamination cossadt sustaining the microalgal culture in
extremophilic conditions, which make the mediumawaiurable for pathogens, thus allowing
monoculture cultivation [Reijnders, 2008b, Yean@0&]. However, it is important to take into
consideration that not all microalgae strains aspable of surviving in extremophilic
conditions, such as in very high or low pH or imhnisalinity. It is worth mentioning that
microalgae strains that are capable of survivindhansh conditions normally have low oil
yields [Yeang, 2008].

3.1.4.2 Closed photo-bioreactors

As mentioned before, open ponds, including racepayds, have several disadvantages such
as occupying vast land spaces and being vulnerableutdoor weather changes and to
contamination [Chisti, 2008]. Therefore, other op8 to cultivate microalgae were introduced
[Reijnders, 2008b]. Among these alternatives isdlosed-system known as the closed photo-
bioreactor (PBR), which is three-dimensional [S¢hehal., 2008]. Closed photo-bioreactors
have been intensively researched by the JapanesghFand German governments [Sheehan
et al., 1998]. Currently closed photo-bioreactors are agd in pharmaceutical industries
[IATA, 2007a].
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There exist several types of closed photo-bioreactach as tubular, flat-plated, rectangular,
continued stirred reactors and many others. Tulyekctors are seen to be the most promising
type of PBRs, for biofuel production [Demirbas & biebas, 2010]. Closed photo-bioreactors
consist of highly transparent containers or tulbesde of plastic or glass and they have high
mechanical strength and high durability [Ma&taal., 2010]. In a closed photo-bioreactor the
desired microalgal strain is injected into transparcontainers or tubes which allow the
penetration of sunlight [IATA, 2007a, Moheimani,0&). Closed photo-bioreactors can either
be placed outdoors to make use of cheap and alagablight or they can be placed indoors
and be artificially illuminated. However, artifitidlumination is more expensive and it is not
cost efficient for large scale biomass productiGhifti, 2008]. In addition to the microalgal
culture, the containers or tubes are fed with wateriched with nutrients, and with GO
[IATA, 2007a]. It is important to prevent sedimetiba, by creating a flow in the reactor either
through a mechanical pump or an airlift pump [AhBD06]. This adds to the cost of operating

and maintaining the reactor [Yeang, 2008].

Closed photo-bioreactors offer many advantages ssclwater efficiency, by preventing
evaporation [Posten & Schaub, 2009], energy andhata efficiency, and a productivity that
is higher than the productivity achieved in opemgs taking into consideration the occupied
land space [Reijnders & Huijbregts, 2009, Schenhlal., 2008]. The cell densities in closed
photo-bioreactors can reach as high as 20g/L [Ro&teSchaub, 2009]. Moreover, closed
photo-bioreactors aim at maximizing the photosytithefficiency of microalgae strains by
providing a large surface area for sunlight disttiln and by re-circulating the culture,
nutrients and gases [Mat& al., 2010]. Most importantly, closed photo-bioreactprstect
microalgae cultures from contamination [Sheebtaual., 1998, Yeang, 2008] and offer more
control over the media characteristics such as ¢eatpre, dissolved oxygen and carbon
dioxide concentrations and lighting exposure [Ret#l., 2008]; thus, monoculture microalgae
can be cultivated for extended periods of time §8h2007]. Due to the high ability to control
media’s characteristics in bioreactors, a wideetgrof microalgae strains can be cultivated;
thus, those strains which have high oil yields hitie tolerance for extremophilic conditions
can be used [Reijnders, 2008b]. Another advantagieei ability to easily clean the transparent
materials used, such as tubes [Meital.,2010].
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Technological problems interfering with the widesgnt use of PBRs include microalgal
growth on tube walls which prevents sunlight peaxtein, and difficulty to scale-up [Matet

al., 2010]. Scaling-up closed photo-bioreactors cameeibe achieved with an increase in tubes
diameters or length. The first option, can leadradncrease in dark areas in the tubes as more
microalgae build up, resulting in a decreased liggetration [Xuet al., 2009]. Increasing
tube length can increase the residence time, swhtiie concentration of dissolved oxygen
might reach super-saturation levels, thus inhigitphotosynthesis and leading to photo-
oxidation [Chisti, 2007]. To prevent such an issu€legassing zone must be incorporated into
the design, where the microalgae culture can bategrand oxygen can be removed [Chisti,
2006]. Moreover, due to the large surface areh®eftubes, microalgae can be under intensive
light. As such, a cooling system or a heat exchangest be installed [Brennan & Owende,
2010, Moheimani, 2005]. Both closed photo-bioreectand raceway ponds are considered

technologically feasible to grow microalgae [Chi&007].

3.1.5 Microalgae harvesting and drying

After cultivation, mature microalgal broth needsbi harvested and concentrated in order to
be later processed into desirable end productsfigme & Owende, 2010]. Unfortunately, due
to the small size of microalgal cells, which rangesveen 3 to 30 mm, and due to their low
concentration in the medium or relatively high watontent (80-90%), the harvesting
procedure of microalgae can be challenging [Grahal., 2003, Patilet al., 2008, Richmond,
2004]. Moreover, no one technique for harvestingraglgae can be considered as optimal for
all strains and species [Packer, 2009, Schenkl., 2008]. The harvesting method varies
according to strain features such as size and tyeasd according to the quality of the final
product desired [Brennan & Owende, 2010]. Many ésiing methods are applied in the field
and each has its advantages and disadvantages @¥ata 2010]. Examples of harvesting
methods include sedimentation, filtration and aémgation [Brennan & Owende, 2010, Mata
et al.,2010, Schenkt al.,2008]. These harvesting techniques can be cowptédlocculation
[Grimaet al.,2003].

Flocculation is a fairly widespread method, whe@ymers are used to bring together
microalgae to form larger units, making them maasilg harvested [Matat al.,2010, Schenk
et al., 2008, Richmond, 2004]. The efficiency of the flolant used can be described in terms
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of the amount of flocculant needed to induce milgalacells to coagulate as fast as possible
[Richmond, 2004]. Researchers have recorded mame 80% efficiency using this method
[Brennan & Owende, 2010]. The flocculants couldheit be inorganic chemicals (e.g.,
aluminum sulphate) or organic cationic polymer ¢igants (e.g., Chitosan) [Scheek al.,
2008]. When choosing between flocculants, it iscieuto consider the cost, toxicity and
effectiveness of the flocculant, in addition to simiering any harmful effects that the
flocculant might induce on the end product, co-picdd or on the downstream processes
[Grima et al., 2003]. Flocculation is considered costly, but astcostly as centrifugation or
filtration [Richmond, 2004]. Flotation on the otheaind, does not require chemical addition to
bring microalgae cells together; rather it usesalvbles to bring microalgae to the surface of
the medium [Brennan & Owende, 2010]. Naturallyréhexist some microalgae strains which
can perform flotation, with the increase of theit content [Brennan & Owende, 2010].
However, little research has been conducted oratitot used for microalgae harvesting
[Brennan & Owende, 2010].

The first issue concerning microalgae harvestingelated to the high water content of the
biomass and to the small size of microalgae torbegssed [Scherdt al.,2008]. These facts,
along with the necessity to match the right miagahlstrain with its suitable harvesting
method, if not taken into consideration, can leaenergy inefficient downstream processes,
which could lead to further unnecessary costs [Sklkeé al., 2008]. Filtration, for example, is
mostly suitable for relatively large microalgae wlhipossess filaments [Brennan & Owende,
2010, Mataet al., 2010, Schenket al., 2008]. Concerning filtration it is most used in
laboratories and experiments, as it is slow andlyces maintain due to filter blockage with
time [Grimaet al., 2003, Schenkt al.,2008].

Moving to gravity sedimentation, a method widelgdsn algae farms, is considered, by itself,
unsuitable when it comes to biofuel production fronicroalgae, as it needs large spaces and
takes a great deal of time to separate the micaealgpm the medium [Schergk al., 2008].
Sedimentation is especially used for consideradnigd microalgae, of sizes exceeding 70 mm
[Brennan & Owende, 2010]. Concerning centrifugatithis method is seen to require plenty
of energy and money to separate microalgae fromhigh water content [Packer, 2009,

Schenket al., 2008]. In comparison to the other methods, cergdfion is regarded as an
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efficient technology that can separate microalganass from the water content at a fast pace
[Grimaet al., 2003]. Centrifugation consists of rapid sedimeatatiue to centrifugal forces,
which can split the biomass from the liquid mediutepending on factors such as particle size
and density [Richmond, 2004]. Centrifugation cahieee more than 95% of cell recovery
[Udumanet al., 2010]. It is mainly used to harvest microalgaehwitgh value end products

such as pharmaceuticals [Gririaal., 2003].

As mentioned before, it is important to considex tight harvesting method which is suitable
to the end product desired. One of the key critieripe considered is the amount of acceptable
moisture in the final product [Grimet al., 2003]. The main goal of harvesting is to transform
microalgal biomass from a total of 0.02-0.06% oficsanatter into microalgal slurry that
contains at least 2-15% of dry biomass [Sieghl.,2011, Udumaret al.,2010]. It is crucial to
carry on with downstream processing as soon ashp@sespecially in warm climates, in order
to preserve the usefulness of the biomass obtaiBedilar to harvesting, downstream
processing also depends on the final productsetesin this work, the interest is in obtaining
biofuels from microalgal oils; thus, dehydration shiéollow the harvesting step, to reduce the

moisture content of microalgal slurry [Grireaal.,2003].

Several thermal drying methods have been applieédace the water content of microalgal
biomass, including sun drying, spray drying aneéZee drying, in addition to applying direct
heat from fuel combustion [Brennan & Owende, 20Tl least costly dehydration method is
sun drying, mostly used for terrestrial crops [Ricimd, 2004]. However, sun drying requires
time and space [Brennan & Owende, 2010] ¢tial., 2008], especially because microalgal
biomass has a higher water content than terrestogls [Richmond, 2004]. Spray drying has
been mostly used to obtain high value products sischharmaceuticals, as it is an expensive
method [Brennan & Owende, 2010]. Spray drying depeon droplets that are brought in
contact with hot air to perform evaporation [Richmdp 2004]. Spray drying has the
disadvantage of possibly destroying algal pigmewtken the interest is in microalgal oil, it
seems that freeze drying constitutes the mostldaidehydration method, as it facilitates oll
extraction in the following processes [Grinet al., 2003]. However, freeze drying is
considered expensive for large scale biomass ptaduBrennan & Owende, 2010]. The use
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of heat from fuel combustion to dry microalgae seémbe the most suitable drying method,

as long as the fuel source does not depend oner@mwable energy resources [Stratton, 2010].
3.1.6 Microalgal oil extraction

Once microalgal biomass has been dewatered andl drleextraction should take place [Mata
et al.,2010]. QOil extraction can either be performed naedtally by using cell homogenizers
or ultrasound, or it can be performed in a non-raadtal way through the use of solvents
[Brennan & Owende, 2010]. Homogenizers consistpgflyang high pressures to disrupt the
cells. They are mainly applied for the extractidrpmteins [Richmond, 2004]. Ultrasound can
be used to disrupt microalgal cells by applyingisavaves at frequencies higher than 20 kHz
[Packer, 2009]. Ultrasound has been mainly usedalooratories, because handling large
volumes of microalgae requires high acoustic pdi®ehmond, 2004]. Another effective and
less costly method to obtain the lipids from mi¢ge& is through the use of organic solvents
such as toluene, alkanes or alcohols, which leadetb wall rupture [Richmond, 2004].
Although, the ultrasound technique is more effitidran solvents, it is still considered more
expensive and more research needs to be condwgaddng its application on a large scale
[Mataet al.,2010].

3.1.7 Microalgal jet fuel production

The extracted oil is transported to a biofuel casimn facility. There are two main methods to
obtain jet fuel from algae, either through the ReseTropsch (FT) synthesis or through hydro-
processing, which includes hydrogenation and hydagking [Hilemanet al., 2010]. The
Fischer-Tropsch synthesis produces a fuel knowrsyeshetic paraffinic kerosene (SPK),
whereas hydro-processing results in a fuel callgdrdiprocessed renewable jet fuel (HRJ),
with similar properties to conventional jet fuetf&@ton, 2010]. The Fischer-Tropsch synthesis
is applied and has been established and certifedtachnologically viable and safe process to
produce jet fuel. In South Africa, a certified fekl is produced through the FT process by
Sasol [IATA, 2007a]. Therefore, the FT process wilt be discussed further long in this work.
The focus is mainly directed towards the hydro-pssing technology, which produces hydro-
processed renewable jet fuels. Hydro-processingnisalready existing technology that is
widely applied in refineries [Kalnes & Marker, 2Q0Concerning biomass, the application of
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hydro-processing technology was first applied todpce green diesel, which is rich in
isoparaffins, through catalytic saturation, hydmagon, decarboxylation and
hydroisomerization [Kalnes & Marker, 2007]. Hydroepessing of bio-oils can make use of
already existing petroleum refineries [BezergiaknKalogiann, 2009]. This process is more
desirable than transesterification which produciesliesel because it can produce a higher
quality diesel in terms of flow properties, blenglireadiness and storage stability [Kalnes &
Marker, 2007, Nailet al.,2010].

To produce hydro-renewable jet fuels (HRJ), the esgmocess can be applied with more
optimized conditions [UOP, 2008]. The original pges yields 15% (in volume) of jet fuel as a
co-product to green diesel, whereas the new arithizgd process can yield up to 70% of high
quality jet fuel known as HRJ with zero sulphur ot [IATA, 2009c, UOP, 2008]. These
optimized conditions can convert the carbon changth of bio-oils and specifically
microalgal oils, to a range of C10 to C14, whichsistable for application in the aviation
industry [IATA, 2009c, UOP, 2008]. This reductiangarbon chain length requires a selective
cracking step [Hilemast al.,2010].

At first in the hydrogenation step, oxygen is reedvrom the microalgal oil which is then
converted into long chain normal paraffins, propamater and CO, through a reaction
involving hydrogen addition [Range & Vanhaeren, L9ATA, 2009c, Zinoviewet al.,2010].

In the next step, through isomerisation and cragkithe paraffins are transformed into
isomers, isoparaffins, and cracked in the presefice catalyst into small-molecular weight
hydrocarbons, consisting of C10 to C14 carbon chamgth molecules. These molecules
constitute the HRJ fuel in addition to other prasgusuch as naphtha [IATA, 2009c]. The
transformation of bio-oils, including microalgal,dnto HRJ requires inputs that are similar to
the inputs used in petroleum refineries such emnst@atural gas, cooling water and electrical
power [Kalnes & Marker, 2007]. The difference betwdHRJ and conventional jet fuel is that
HRJ contains only paraffinic hydrocarbons, wheraasventional jet fuel contains about 60%
of paraffinic hydrocarbons. Another difference e thigh hydrogen to carbon ratio and zero
sulphur content in HRJ, in comparison to convergigat fuel [Hilemanet al., 2010]. Also,
HRJ lacks aromatics which are present in conveatiget fuels with up to 25% in volume
[Hileman et al., 2010, IATA, 2009c]. The hydrogen needed for HRadpction can be
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obtained from natural gas and from some of the foghpcts obtained from hydrogenation and
cracking [Kalnes & Marker, 2007].

3.2 Conventional jet fuel

Conventional jet fuel is mainly produced from crumle[Hileman et al., 2009]. The process of
obtaining conventional jet fuel starts with oil éx@tion, followed by oil extraction, recovery
and processing. Oil exploration has become a stdtisd procedure depending on satellite
images which can recognize petroleum rich areasreserves, and followed with land-based
exploration, by drilling a limited number of well§his method for oil exploration reduces
unnecessary environmental impacts and allows d@alienvironmental assessment, before any
major ecosystem disturbance [Borastral., 2002]. In oil refineries, fractional distillaticiakes
place in order to separate the oil into differemtnpounds based on their different boiling point
ranges [Hilemanret al., 2009]. Jet fuel is part of the kerosene produaeanfoil refining,
obtained from the middle distillates [Koroneetsal., 2005]. The refinement of crude oil today
requires more complex and energy intensive operatiban the refinement applied few years
ago, because the quality of oil that is reachirg riefinery today is lower than the quality of
crude oil in earlier days [NETL, 2009]. Most ofetltonventional jet fuel is obtained directly
from the first step of oil refining which is didéition. Additional steps can increase the yield of
conventional jet fuel from the refined oil, suchcasalytic cracking and catalytic hydro-cracking
[NETL, 2009]. Conventional jet fuel undergoes hyti@atment in order to reduce contaminants,
by adding hydrogen to the fuel, which has the gbiio remove sulphur conteffiRange &
Vanhaeren, 1997, NETL, 2009)et fuel is later transported in pipelines, daaad used directly
in aircratft.
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Chapter 4: The Analytic Hierarchy Process (AHP)

4.1 Background

The fundamentals of the Analytic Hierarchy Processe established by Thomas Saaty in the
1970s [Saaty, 1986]. The AHP is based on a mathemharrangement consisting of “matrices
and their right-eigenvector’s ability to generataet or approximate weights” [Saaty, 1986].
Today, AHP is regarded as the most widely used fmoproblems and decisions, involving
multiple objectives [Dinket al., 2009, Shim, 1989]. The Analytic Hierarchy Procheas been
mostly useful for decision makers handling comgesblems, entailing multiple and conflicting
aspects. [Saaty, 1986, Vaidya & Kumar, 2006]. Taealtytic” in AHP comes from the word
analysis, which refers to breaking down an elenmaot smaller parts [Forman & Grass, 1999].
This multiple criteria decision making tool candyeplied in various fields in order to choose the
best option among different alternatives, to resobonflicts among politicians and other
decision makers, or to allocate resources [Vaidy&unar, 2006]. The AHP is used, as a
systematic approach, to fill the gap between fautd, values and attitudes of those judging these
facts [Zhu & Dale, 2001].

The scientific community has shown its acceptameetis method, by applying it in different
fields such as environmental and natural resouiietds, which have found in AHP a reliable
method for their analyses [Zhu & Dale, 2001]. Tatsta few, AHP has been used for land
sustainability analysis, water resource planninggst management and planning, environmental
conflict analysis, and many other studies [Zhu &d)&001]. All of these researchers have
found in AHP a way to incorporate the diverse atpaghich can affect the environmental and
natural resources, and to incorporate the diffenalties that stakeholders assign for these
aspects [Zhu & Dale, 2001].
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4.2 Brief overview

The Analytic Hierarchy Process is made up of thiegortant steps, which include
“decomposition, comparative judgments and synth¢Sigaty, 1986]. With decomposition, the
goal, objectives, criteria and alternatives aranified and arranged in a hierarchical structure,
such as pyramid [Zhu & Dale, 2001]. The generalcitre of AHP consists of the goal placed
on top and the alternatives placed at the lowegl)ewith criteria and sub-criteria in the middle
[Saaty, 1987]. The goal, criteria and alternatiaeslinked together, in what are known as nodes
and branches [Zhu & Dale, 2001]. Saaty suggesteal gsdeline not to exceed nine branches
under one node, in order to reduce risks of inifficy and inconsistency during comparison
[Zhu & Dale, 2001].

Pair-wise comparisons are applied at each levéhehierarchy [Saaty, 1987]. First, the criteria
are compared to each other, to determine theitivelamportance [Saaty, 1987]. The same
principle is applied to the sub-criteria and alsgives [Zhu & Dale, 2001]. Therefore, “the

principle of comparative judgments is applied tostouct pair-wise comparisons of the relative
importance of elements in some given level witlpees to a shared criterion or property in the
level above” [Saaty, 1987]. Matrices can be derifredh the pair-wise comparisons [Vaidya &

Kumar, 2006], which should be based on the bestrimdition available, including knowledge

and intuition [Zhu & Dale, 2001]. The end resulttbé AHP can give weights to the alternatives,
with respect to the criteria selected [Bodin & Ga&303]. Accordingly, the alternatives can be
ranked from the best choice with the highest raokthe worst choice with the lowest rank
[Saaty, 1986].

4.3 Advantages and disadvantages of AHP
4.3.1 Advantages of AHP

» Ability to break down complex problems into simjlarts, which can be processed more
easily [Saaty, 1986].
» Ability to incorporate both qualitative and quaative information into a structured but

yet, flexible decision making process [Saaty, 1987]
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* Acceptability in the international scientific commty [Zhu & Dale, 2001].

» Easily understood and applied [Saaty & Vargas, 2001

* Inconsistencies can be identified and correctedutiin the consistency index, which
provides a reliable final conclusion [Pohekar & Resmandra, 2004].

4.3.2 Disadvantages of AHP

* Time consuming, when a large number of alternatarekcriteria is involved [Pohekar &
Ramachandra, 2004].

» The need to reconsider the comparisons and weggisigned, when the consistency ratio
exceeds 10% [Kablan, 2004].

4.4 The AHP process

The process begins by identifying the problem oal d®apalexandrouat al., 2008], then
breaking down the problem/goal into factors whiah influence the problem or goal [Vaidya &
Kumar, 2006]. According to these factors, a hidrgrcan be built, which contains the goal,
criteria and/or sub criteria, and the alternativessidered (See Figure 4.4.1.) [Zeshui & Cuiping,
1999]. Pair-wise comparisons can then be carrigcabeach horizontal level of the hierarchy
and in order to establish matrices [Saaty, 1986t.“R” elements, the entries are arrayed in a
square matrix of order “n” [Zeshui & Cuiping, 1999he entry of each matrix constitutes a ratio
scale [Saaty, 1986]. The evaluation is carriedtiorgugh the use of a 1-9 ratio scale, where “the
scale assigns the intensity of importance of oitergyn upon another” [Papalexandroetal.,
2008], as shown in Table 4.4.1. The entries araiobtl by comparing the elements in the left-
hand column with the elements in the top row [ZhiD&le, 2001]. When an element is regarded
less favourably or less importantly than anothlee, éntry takes the form of a fraction [Zhu &
Dale, 2001]. Example: If A is strongly more impartdahan B, then the entry of the cell which
compares A to B is 5, whereas the entry of theimathich compares B to A is 1/5. Moreover,
the diagonal entries of a matrix hold the valuasleach element is compared to itself [Vaidya &
Kumar, 2006].

For each matrix, the consistency ratio can be &atied in order to check for inconsistencies

[Saaty, 1986]. Consistency ratio is used in the ARRrder to reduce errors, resulting from
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subjectivity [Papalexandrowet al.,2008]. MatrixA= g;, obtained from pair-wise comparisons is
considered perfectly consistent whe@ea= ax, with i, j, k =1, 2, ..., n andmax = N, With Amax
being the principal eigenvalue Af[Zhu & Dale, 2001]. When the matrix is not consigtehe
principal eigenvalue has a value which exceedsaat}s 1987]. This difference betweghx> n
and Anax = n allows the measurements of inconsistency jS&aWargas, 2001]. Thus, the
interest is in the consistency ratio, which is dedi from the ratio of the consistency index for a
particular matrix, to the average consistency infiexandom comparisons (Table 4.4.2), for a
matrix of the same size & (i.e., same number of n) (Table 4.4.2.) [Saaty &gés, 2001].
Starting with the consistency index, it is definesl {max —N)/ (n-1) [Saaty & Vargas, 2001].
When a matrix is perfectly consistent, the conaisgeratio is equal to zero [Saaty & Vargas,
2001]. On the other hand, usually the matricesvddrifrom pair-wise comparisons are not
perfectly consistent [Zeshui & Cuiping, 1999]. Axch, the consistency ratio has a value which
is greater than zero [Zhu & Dale, 2001]. The dekiralue of a consistency ratio is less than 0.1
[Saaty & Vargas, 2001]. When the value exceeds |@air;wise comparisons need to be re-

assessed in order to reduce inconsistencies [SEZ88].

The ranking of alternatives is based on the rigi¢revectors. The principal eigenvector can be
derived for each matrix [Zhu & Dale, 2001], and tmaority or weight for each node (e.g.,
criteria or alternatives) can be established basethe right eigenvectors [Saaty, 1987]. The
priorities consist of absolute numbers ranging frzeTo to one [Saaty, 1986]. The priorities are
obtained by “raising the matrix to a sufficientgrge power then summing over the rows and
normalizing, to obtain the priority vector” [Zhu Rale, 2001] (Appendix A). These priorities
are called local priorities [Saaty, 1987]. Perfgurority synthesis for all the criteria, sub-criger
and alternatives [Saaty, 1987]. There are two tyggwiorities. Local priorities are the weights
obtained from the principal eigenvectors. Whereglwbal priorities can be derived by
multiplying local priorities by the weight of thetorresponding node, in the level above [Zhu &
Dale, 2001]. The first level of criteria has eqi@tal and global priorities because the goal's
priority is equal to one [Zeshui & Cuiping, 1999he sum of global priorities at each level is
equal to one, and the sum of local priorities unale node is also equal to one [Saaty, 1987]
(Figure 4.4.1). The goal of this step is to obtihie global priorities of all the elements of the

hierarchy and most importantly to obtain the glopadrities of the alternatives at the bottom
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level [Dinhet al.,2009, Zhu & Dale, 2001], in order to be able tokréhem from best to worst,
according to their weights [Saaty, 1986].

Table 4.4.1.

The Fundamental Scale of Pair-wise Comparid@aaty & Vargas, 2001].

Intensity of Definition Explanation
importance
1 Equal importanc Two elements contribute equally to 1
objective
3 Moderate Experience and judgment sligh
importance favour one element over another
5 Strong importanc Experience and judgment strony
favour one element over another
7 Very strong One element is fawred very strongl
importance over another; its dominance is
demonstrated in practice
9 Extreme The evidence fawring one elemer
importance over another is of the highest possible

order of affirmation

Intensities of 2, 4, 6 and 8 can be used to expnéssnediate values. Intensity of 1
1.2, 1.3, etc. can be used for elements that ayeclese in importance.

Table 4.4.2

Average Random Consistency Index (RSaaty & Vargas, 2001].

N 1 2 3 4 5 6 7 8 9 10
R.l 0 0 052 089 111 125 135 140 145 149
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Figure 4.4.1 AHP hierarchy showing default priorities.
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Chapter 5: Methodology

The goal of this study is to evaluate the econaroimpetitiveness, technological feasibility and
environmental sustainability of the production arsg@ of microalgal hydro-processed renewable
jet fuel (HRJ), one of many alternative aviatiorelj using the Analytic Hierarchy Process.
Microalgal HRJ fuel has been receiving a great déalttention from the aviation industry, as a
renewable energy source that can replace conveahtjenhfuel [IATA, 2007a]. Therefore, an
evaluation of the current status of microalgal H&el production and use is necessary in order
for decision makers to have a complete picture tratgs the economics, technology and
environment into the equation. The aviation induss being pressured into minimizing its
environmental impacts [Wardle, 2003]. However, ¢hehould be no rush decisions to adopt a
new fuel, without conducting the necessary asse#smehich can ensure its environmental
sustainability [Hilemaret al., 2008]. Therefore, just because microalgal HRJ feehes from a
renewable source of energy, this does not meantshatl life-cycle environmental performance
is better than that of conventional jet fuel. AH® the interlinked process that can bring
economic, technological and environmental aspexgsther, with weights being assigned for
each of these criteria [Papalexandretal.,2008, Zinoviewet al.,2010].

5.1 Data sources

The data used for the purpose of this study wetairndd from three main sources; air transport

technical reports, research theses and peer redipuenals.

5.1.1 Air transport technical reports

The main reports used were published by the Interma Air Transport Association (IATA),
which has many publications linking the aviatiomustry with alternative fuels; and by the
Partnership for AIR Transportation Noise and Enoissi Reduction (PARTNER) [IATA,
2007a, IATA, 2008, IATA, 2009c, IATA, 2010, Stratieet al., 2010]. Several flight trials
using alternative jet fuels were cited in theseorty along with their technological
performance and environmental impacts. The threm riight trials tackled in the reports
which took place between 2008 and 2009, used hygtrewable jet fuels produced through the

UOP technology, by Honeywell, and were derived freaweral second generation feedstocks
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such as microalgae, camelina and jatropha. Theesrinvolved in these flight trials were Air
New Zealand, Continental Airlines and Japan Aidinérom these flight trials, the information
obtained was at the technological and environmdenals. In each flight trial, a 50-50% blend
of HRJ fuel and conventional jet fuel was used me @f the engines. The duration of each
flight was about two hours. Technological testeassd engine performance and operability,
whereas environmental tests measured emissionsasuldl}, HC and CO, in terms of grams

of emissions per kilogram of burned fuel, during tfTO cycle [IATA, 2009c].

5.1.2 Research thesis

A master thesis by Stratton, from the Massachude#stute of Technology, included life-
cycle GHG emissions from different aviation fueltom this source, life cycle GHG
emissions from both microalgal HRJ fuel and conierat jet fuel production and use were
obtained and utilized in this study. Stratton uieel Greenhouse Gases Regulated Emissions
and Energy use in Transportation (GREET) framewaskthe tool for his life cycle analysis
[Stratton, 2010].

Technological considerations:
» Concerning conventional jet fuel, crude oil wasuassd to be the source from which
conventional jet fuel was produced.

* Microalgae were assumed to be cultivated in opemdgofed with flue gas containing
CO,, from a nearby power plant.

Environmental considerations:

» Stratton’s analysis focused on life-cycle GHG einiss, presented in terms of ggO
equivalents per unit of energy (lower heating valcensumed by aircraft (gG&/MJ)
[Stratton, 2010]. The GHGs tackled were £L@H, and NO. The basis of GHG
calculations depended on their global warming pwgnwhich incorporates their
radiative properties and their timescale removamfrthe atmosphere. The timescale
chosen in Stratton’s study was 100 years. Othepitapt emissions such as NGQ,

soot and water produced during fuel combustion wetecovered in Stratton’s study
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* In his study, Stratton tackled three scenariosinuptic, pessimistic and base scenarios,
for emissions. Our study reflected on the basduenario, rather than on the optimistic

or pessimistic scenario.

5.1.3 Peer reviewed journals

5.1.3.1 AHP and biofuels

To the best knowledge of the author, only two stadiave been conducted so far, using the
AHP method to evaluate the sustainability and #asibility of biofuel production [Dinlet al.,
2009, Papalexandrowe al., 2008]. Papalexandrou, Pilavachi, and Chatzimadisatin 2008,
evaluated the production of conventional (e.g., athand second generation biofuels (e.qg.,
waste wood), and their use in the European Unidy) @ansport sector. Their main criteria
analyzed were life-cycle GHG emissions, life-cy@aergy consumption, the ability to
substitute fossil fuels, and the cost of subsbtutiThe study concluded that according to these
criteria and among the alternatives considered pts biofuel pathways using EU domestic
sources include “bioethanol produced from wheavstsyn-diesel produced from waste wood
via black liquor, and bioethanol produced from whedéth process heat supplied from a

combined cycle natural gas fired gas turbine witombined heat and power scheme”.

Another study by Dinh, Guo, and Mannan, in 200€yeal at evaluating the sustainability of
biodiesel produced from different feedstocks, usihg AHP method [Dinket al., 2009].
Among the raw materials considered were algae, esoybjatropha, palm oil and rapeseed.
Some of the criteria tackled included GHG emissitersd usage, water usage, total production
cost, fuel cetane number and others. The studyleded that among the alternatives
considered, and in relation to the criteria tacklddae seem to be the best option for biodiesel

production.

5.1.3.2 Other biofuel related themes

Other articles provided insight into the differestteria tackled in this study [Borowitzka,
1992, Brennan & Owende, 2010, Cherubini & Stromn281,0, Clarengt al.,2010, Colletet
al., 2011, Koroneost al., 2005, Lardoret al., 2009, Stephensoet al., 2010]. From these

articles, issues related to raceway pond performanimsed photo-bioreactor performance,
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wastewater and freshwater consumption, fertilizéditéon, energy consumption and others

were obtained. Some of these articles provided ief msight on the economic side of

microalgae cultivation and production [Borowitzk#992, Colletet al., 2011, Huntley &
Redalje, 2006, Jorqueed al.,2010, Schenkt al.,2008].

5.2 Study assumptions

Cultivated microalgae were assumed to be fed with §ias containing CO from a
nearby power plant. This assumption was based e@ifattt that microalgae cannot reach
the desirable production capacity by using atmosphO, by itself. It was also based
on the fact that creating a pure £€ream, containing 99% of GQcan result in much
higher GHG emissions, than when supplying.®@©m a nearby flue gas source [kadam,
2002].

Similar to Stratton, the fertilizers used duringcroalgae cultivation in freshwater were
nitrogen produced from ammonia, and phosphorusymexd from superphosphate and
potassium sulphate. Whereas the production of daatpu and solvents were not
considered in the assessment [Stratton, 2010, S&urbamer, 2010]. The processing
facility of biomass was assumed to be located erstime site of microalgae cultivation,
in order to be able to recycle the effluents [Ratil., 2008].

Only conventional means for microalgae harvesting ail extraction were covered in
the scenarios, due to data availability. As sudierealgae were assumed to be harvested
through flocculation followed by centrifugation [8nket al., 2008, Stephensoet al.,
2010, Wijffels et al., 2010], while oil extraction was assumed to beiedrout using
hexane solvent [Schermt al.,2008].

After oil extraction, the left-over biomass waswamsed to be sent to an on-site anaerobic
digester rather than to a combustor, in order &sgnve the nutrients in the microalgal
meal [Gouveia & Oliveira, 2009, Stratton, 2010].eTéoupling of microalgae cultivation
with anaerobic digestion was first applied in 19&bllet et al., 2011]. Biogas can be

produced from the anaerobic digestion, and it canded as an energy source for on-site
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needs, such as drying microalgal biomass [Gouvei@l&eira, 2009, Stratton, 2010].

The nutrient rich-effluent can be recycled into titure [Yanget al.,2011].

» Conventional jet fuel was assumed to be producad firude oil.

* The conversion of both microalgal oil and crudewse assumed to take place in similar
refineries with similar input and output [KalnesMarker, 2007, Wtet al.,2009]. Thus,

they were not considered in the analysis.

5.3 Alternatives

5.3.1 Alternatives overview

The alternatives were divided into five scenariésur of the alternatives refer to HRJ fuel
obtained from microalgae and the fifth alternatregers to conventional jet fuel. The five
alternatives are:

» Alternative 1: Raceway pond with wastewater SOURM/PW.

» Alternative 2: Raceway pond with freshwater souRA/PF.

» Alternative 3: Closed photo-bioreactor with wasteavaource: PBRW.

» Alternative 4: Closed photo-bioreactor with freshevasource: PBRF.

» Alternative 5: Conventional jet fuel: CVJF.
5.3.2 Alternatives description

The main stage of fuel production taken into coaition was the cultivation of microalgae
and the extraction of crude oil. Moreover, conaegninicroalgae alternatives, RWPW, RWPF,
PBRW and PBRF differed only in the cultivation stagf microalgae. After cultivation,
downstream processes were the same from harvéstwijextraction and jet fuel production.
Concerning the differences, in two of the altewvegji RWPW and RWPF, microalgae were
assumed to be cultivated in raceway ponds, withusmeg wastewater as the aquatic medium
and the other using freshwater resources, accomgavith fertilizers. In the other two, PBRW
and PBRF, microalgae were assumed to be cultivatediosed photo-bioreactors, with one

using wastewater and the other using freshwatehn ¥attilizers. The comparison between
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RWPs and PBRs was carried out in this study, becafishe lack of consensus within the
scientific community on the optimum cultivation metl [Brennan & Owende, 2010, Schenk
et al., 2008]. There are those who argue favourably foR®Bsuch as Chisti, and there are
those who view RWPs as the better alternative alltthe years of experiments and experience
supporting their position [Chisti, 2006]. The compan between freshwater and wastewater
was based on new studies, that concluded that adgae cultivated in freshwater and
depended on fertilizers appear to be environmgntatisustainable [Clarenst al., 2010].
Conventional jet fuel scenario has been chosen lzanehmark, since it is the fuel which is
widely used in aviation, today [IATA, 2010].

5.4 Criteria

The criteria tackled in this study were dividedoirthree categories: the technological, the
environmental and the economic criteria. Theseermait reflect on the feasibility and

sustainability of the alternatives compared [Zimwet al.,2010].

The criterion technology was chosen in order t@ss® basic reality of whether the alternatives
studied are available, or will be available in ttear future [Hillet al.,2006]. The extent of the
availability of the alternatives has an influenae whether each alternative is or will be a
realistic contributor to jet fuels [Hilemaeat al.,2009, Hillet al.,2006]. Also, from technological

considerations, the safety and reliability of altdive jet fuels can be detected.

The environmental criterion is very important areeas to be included, since the main objective,
of finding alternative fuels, is to reduce the eommental impacts of the aviation industry
[Hilemanet al., 2008, IATA, 2009c]. The environmental impacts oéls are not just related to
the combustion stage, but to the production steggeveall [Stephensoret al., 2010]. When
possible, the environmental impacts of an alteveatiiel should adopt the well-to-wake basis.
Such an assessment has only been considered Vatiometo GHG emissions [Zinoviest al.,
2010]. Other important environmental aspects inelidpacts on water consumption and water
quality, production and use of fertilizers and prdes, and impacts on land, which are rarely
considered [Cherubini & Stromman, 2010, Sheeha®9 2Dinhet al.,2009].
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The economic criterion is important because for altgrnative fuel to be viable, it needs to be
cost competitive with conventionally used fuels T 2008]. The economic aspect of any
alternative studied constitutes a major influencfagtor, for the success or failure of this
alternative [Zinovie\et al.,2010]. Along with the environmental reasons, regaag alternative
jet fuels stems from the need to reduce the ecandumi bill of aviation [Hilemaret al., 2008,
IATA, 2007a]. Thus, in addition to environmentaktinability and technological viability, the
economic competitiveness of the fuel constituté&eyaplayer in determining its success [Hitl
al., 2006]. Most of the time, decision makers assigmemeeight and value to the economic side,
rather than to the environmental or technologitdés [IATA, 2008]. Therefore, an optimum
environmental alternative might be existent, b @ost might be very high, making it
undesirable to decision makers [IATA, 2008].

5.4.1 Technological
5.4.1.1 Fuel production capacity

The fuel production capacity is related to eaclyestaf the fuel production process [Hilemeain
al., 2009]. The technology to produce an alternati\e? faight be established, but it might not
have the capacity to produce large amounts of figgdale-up from laboratory and pilot scale
projects to large scale production is a major coméar alternative jet fuels [Papalexandraia
al., 2008]. Also, production capacity is greatly retht® the source of energy of the fuel,
whether it is renewable or non-renewable, refléstBmited or unlimited availability [Hileman
et al.,2009].

5.4.1.2 Fuel compatibility with the present aviatia system

This criterion is very crucial because it refleatswhether a fuel can be used in the near-term
and whether it is a drop-in fuel which does notuisgymajor changes to the currently existing
infrastructure such as transmission pipelines aodage tanks [Wardle, 2003]. Also this
compatibility is reflected in terms of safety, whethe fuel produced from the alternative
source should have certain characteristics thatrerts safe usage especially in long and low
temperature flights. Some of these characterigticiside freezing point, flash point, lubricity
and thermal stability [Hilemaet al.,2010].
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5.4.1.3 Fuel readiness level

This criterion is directly related to the maturdf the alternative fuel [Hilemast al., 2009].
Whether the technologies used to produce an atteenfuel are mature enough, can directly

influence its ability to be produced on a large owarcial scale [Niginet al.,2004].
5.4.1.4 Energy

The main aim from this criterion is to ensure thay alternative suggested will not require
more energy input than energy output [Cherubini fo@man, 2010, Chatzimouratidisa &
Pilavachi, 2009, Collett al., 2011]. Thus, there is a need for any new alteraatiliel to
produce “net energy gain over the energy sources tesproduce it” [Hillet al.,2006]. As for
the alternative fuels tackled, the interest wabath their specific energy and energy density,
which was compared to the benchmark’s specificggnand energy density. Specific energy is
defined as the energy per unit mass, whereas eerngity is defined as the energy per unit

volume [Hilemaret al.,2010].

5.4.2 Environmental
5.4.2.1 Water

Few studies tackling alternative fuels include ith@acts of fuel production and use on water
resources. Water is an important aspect of enviesnah sustainability, as there is a fear that
freshwater resources are being directed away froad fcrop cultivation to biofuel crop
cultivation [Zinovievet al.,2010]. Therefore, the impacts on water quality gadntity should
be included in such an assessment [IATA, 2009c]s limportant to differentiate between
water consumption and water withdrawal [King & Wehl2008]. Water withdrawal refers to
the water withdrawn from an aquatic source, aner laturned to the source [V al., 2009].
The returned water might not be of the same qualitthe water withdrawn [Stratton, 2010].
Purposes for water withdrawal include systems’ iogplAs for water consumption, which is
the interest of this study, it refers to freshwatgut minus water output which is recycled and
reused [King & Webber, 2008, Wat al., 2009]. Water quality, on the other hand, was

evaluated in terms of its potential to lead to @pitication from nitrogen and phosphorus
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nutrients and in terms of presence of other comtams such as suspended solids and
hydrocarbons [Sheehan, 2009].

5.4.2.2 Air

The main emissions tackled were GHGs, which coutgilio global warming [Dinket al.,
2009, Macintosh & Wallace, 2009]. The number oneirenmental reason behind the search
for alternative aviation fuels is the need to relBHGs from aviation [Hilemaat al., 2008].
Thus, it is important to consider GHG emissionsrirany alternative fuel suggested, and to
compare them to the emissions of the benchmark[filEdmanet al., 2009]. Approximately,
90% of the studies considering the environmentakicts of alternative energy sources include
GHG emissions as their number one criterion fotyama[Cherubini & Stromman, 2010]. The
main GHGs tackled in studies include £QH, and NO [Macintosh & Wallace, 2009]. The
quantification of non-C@ is usually carried out using the global warmingteptial
measurement, which can convert these emissionLi@kcequivalents [Macintosh & Wallace,
2009]. During combustion, the quantities of GHGsitezd from biofuels and conventional
fuels are very similar [Stratton, 2010]. Therefattee emphasis here was on life-cycle GHG
emissions, rather than on GHGs emitted during tdmbustion phase by itself [Hilema al.,
2008]. In addition to Cg CH, and NO, other emissions produced during fuel combustion
such as NQ CO, HC and smoke were tackled in this study.

5.4.2.3 Land

This sub-criterion was divided into two aspectse Tinst one was related to the magnitude of
land needed, while the other one was related toirtigacts induced on land from fuel
production activities [Alabiet al., 2009]. The size of land needed during cultivatmin
microalgae or extraction of crude oil is much largfgan the area needed during other fuel
production stages. Thus, the focus was on extraciiod/or cultivation stages [Dingt al.,
2009]. In addition to land usage, other impact$amal can include aesthetic impacts or impacts
on the biodiversity of the area [Alaéi al.,2009].
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5.4.3 Economic
5.4.3.1 Fuel cost

The fuel cost is the most important economic asfeebe considered, as it directly reflects the
ability of an alternative fuel to be competitivetivthe benchmark fuel [IATA, 2008]. When an
alternative fuel has a much higher cost than comweal jet fuel, the aviation industry will not

be encouraged to make the transition to the alteméuel. The aviation industry is interested
in reducing its fuel bill. Therefore even if an emliative fuel offered benefits at the
environmental level, its cost still has a great actpon its potential to be adopted by the

aviation industry.
5.4.3.2 Capital cost

This sub-criterion is an important aspect of ecoiggimas it eventually affects the cost of fuel
produced [Zinovievet al., 2010]. Capital cost was only evaluated for micgahlHRJ fuel
alternatives, since conventional jet fuel alreadg the necessary facilities for its production.
On the other hand, the commercialization of migahlHRJ fuel greatly depends on the
investors’ ability to afford the capital cost ofaroalgal biofuel production facilities [Sinet

al., 2010]. Thus, CVJF was not part of this sub-criteriMoreover, fuel refineries were not
considered, because the current petroleum refimdrgstructure can be used for HRJ fuel
production as well [IATA, 2007a]. The main issuaskied in this section were the capital
costs of PBRs, RWPs and other infrastructural ndedshe water, wastewater and €O
transportation [Simst al.,2010]. The harvesting equipments were not consdlas it they are
the same for RWP and PBR scenarios. Other capatstis cdinclude the cost of the initial
microalgal culture. This cost is highly dependemtlwe specific strain; thus, it was not tackled.
Moreover, the culture cost is the same for PBRRWP scenarios; as such it does not affect
the comparison in this study [Norsket al., 2011]. Due to the absence of CVJF in the pair-
wise comparisons related to this sub-criterionjitamithl measures had to be taken, in order to
compensate for this difference from a five ordetrindo a four order matrix. This is further

tackled in Appendix B.
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5.4.3.3 Operating cost

In addition to the capital cost, operating cost stitmtes an important aspect which is
considered by those who are wiling to fund altéuea fuel production projects
[Chatzimouratidisa & Pilavachi, 2009]. It is notoergh for the capital cost to be acceptable,
but also there is a considerable weight assigneagerating costs with any new and risky
project [Simset al., 2010]. Operating cost differs between RWPs and BRI it is highly
dependent on the technologies used to harvest ahj@e and extract microalgal oil.
Therefore, considerations for operating costs shbaltaken into consideration, early on in the
process of developing microalgal biofuels. Due tte tabsence of CVJF in the pair-wise
comparisons related to this sub-criterion, add#@lomeasures had to be taken, in order to
compensate for this difference from a five ordetrirdao a four order matrix. This is further

tackled in Appendix B.

5.5 Application of AHP

After identifying the criteria, sub-criteria, antteanatives, the hierarchy was built to represent
these elements, as shown in Figure 5.5.1. Thegtegs consisted of comparing the alternatives
to each sub-criterion and criterion, building mads, deriving the right eigenvectors and the
consistency ratio, prioritizing the alternativeslaanking them from best performance to worst
performance. The process of deriving the right migetor from each matrix is presented in

Appendix A. It is worth mentioning that there wdree alternatives considered. Thus, when

comparing the consistency index to the random stersty index in Table 4.4.2, the interest was
in the consistency index corresponding to n= 5ctvtié 1.11, since the order of matrices in this
study was equal to 5. Therefore, the consistendgxrior all matrices should be less than 1.11.

After deriving the right eigenvector for each matiocal and global priorities were calculated.

Since most of the data obtained from the literatuege qualitative, the values assigned from
pair-wise comparisons in the matrices were suljecto the author’'s knowledge, which is
mainly based on the literature review conductedoAln addition to subjectivity, there was a
higher risk of inconsistencies to occur, as the encal values were derived from qualitative

data; thus, the author was at risk of obtainings@iancy indices exceeding the acceptable value
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of 1.11 or consistency ratios exceeding 0.1. Anotbsue was the possibility that someone else
assessing these data, might assign different védudke pair-wise comparisons. To overcome
this subjectivity, perfectly consistent matricesrev®uilt, where matrixA= g;, obtained from
pair-wise comparison, hagax = ax, with i, j, k = 1, 2, ..., n andmax= n [Zhu & Dale, 2001],
and with the consistency ratio being equal to 8aaty & Vargas, 2001]. From these set of
perfectly consistent matrices, alternatives werked based on their performance, in relation to
criteria and sub-criteria. However, these matricelected on ideal situations and did not
represent realistic scenarios. Therefore, the auihimoduced errors into the matrices, by

deriving two sets of matrices from the perfectipsigtent matrices.

The first set of matrices consisted of reducing ¢héries, in each matrix, to their minimum
possible values. Therefore, if another researcleewo assign these values, he/she would not
assign a value which is lower than this minimumr. &ample, if one wanted to assign a value
for pair-wise comparison between CVJF and PBRFeims of fuel readiness level, one would
not assign a value which is less than “ very striomgortant”, which refers to 7, but one might

assign a value ranging between 7 and 9.

The second set of matrices consisted of increa#iregentries in each matrix, to their maximum
possible values. Therefore, if another researclese wo assign these values, he/she would not
assign a value which is greater than this maximfeon.example, if one wanted to assign a value
for pair-wise comparison between RWPs and PBRsrimg of production capacity, one would
not assign a value which is higher than “strongangmt”, which refers to 5, because both
RWPs and PBRs still face obstacles in their pradactapacity, although currently RWPs

produce more biomass than PBRs.

It is worth mentioning that the errors were onlyraduced to the values which were higher than
1, in the perfectly consistent matrices. When caimpgaA to B, if A is more important than B,

then the value of this pair-wise comparison woutdglbeater than 1, whereas the value of pair-
wise comparison of B to A would be less than 1abese it represents the reciprocal of the value
assigned to the pair-wise comparison of A to Bgjas 1/g. Therefore, it would be sufficient to

modify the values which are greater than 1, asvtioisld reflect also on the values which are less
than 1. The errors introduced ranged between —2080+&0%, depending on each pair-wise

comparison characteristics.
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After deriving these set of matrices which takeoimbnsideration minimum, maximum and

baseline values, the ranking of the alternativesesponding to each of these scenario was
compared. If the ranking of alternatives changednfone scenario to another, this means that
the perfectly consistent matrices cannot be asswanéle baseline scenario, and that they differ
from the realistic ranking of alternatives, whichncbe calculated by others. However, on the
other hand, if the ranking of the alternatives fralirthree scenarios were identical, then it can be
said that even with the presence of subjectivitythe assigned numerical values of the pair-wise
comparisons, the overall picture and the overafigpenance of alternatives can be derived from
any of these scenarios and the assessment canrred aaut using the perfectly consistent

matrices.

The comparison between minimum, maximum and pédyfecnsistent matrices showed similar
results and similar ranking of alternatives. Theref the analysis was based on values derived
from the perfectly consistent matrices. As suchy perfectly consistent matrices were included

in the main text, whereas maximum and minimum roagriwere included in Appendix C.

5.6 Software

Matrix Laboratory (MATLAB) was used as a tool tolatdate matrices and derive the right

eigenvectors, principal eigenvalues and consisterdiges.

5.7 Sensitivity analysis

5.7.1 Equal weight for technological, environmentahnd economic criteria

Among the three main criteria considered, techrioldg environmental and economic, no

prioritization was made. The three criteria werdged to have the same importance. Thus, the
weight of the goal, 1, was divided equally betwéekea three criteria, and each received a
weight of 1/3. The reason behind the lack of ptipation in this case was to establish a base-

case without any subjectivity factor.
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5.7.2 Environmental priority

In the second case, the priority and higher weigdd given to the environmental criterion. As
such the environmental criterion was assigned ghweaif 0.5 out of 1.0, whereas each of the
technological and economic criteria was assignedegght of 0.25 out of 1.0. The reason
behind this prioritization is related to the motieé the aviation industry to reduce its
environmental impacts and further its quest fomsport fuels, which can induce less
environmental impacts than conventional jet fuelildrban et al., 2010]. Also, in the
environmental criterion, higher weights were asstgrno both sub-criteria air and water.
Therefore, the sub-criterion air was assigned aghteof 0.4, the sub-criterion water was
assigned a weight of 0.4, whereas the sub-critdaod was assigned a weight of 0.2. The
focus nowadays from the scientific community istlo@ contribution of various energy sources
and fuel consumption activities to global warmitgough emissions of GHGs. This sub-
criterion is very important to see whether theraliéive fuel can reduce the carbon footprint of
aviation. However, it must not be forgotten thatevaesources can also be affected by global
warming, and that many countries are suffering frwater shortages. Thus, the impacts of a
new alternative fuel on water consumption and otewquality must be a priority as well, in

addition to GHG emissions.
5.7.3 Economic priority

The higher weight among the three main criteria gigen to the economic criterion. As such
the economic criterion was assigned a weight of @b of 1.0, whereas each of the
technological and environmental criteria was assiga weight of 0.25 out of 1.0. The reason
behind this choice is the fact that most decisiakens and investors put a higher weight on
the cost of any new project. The search for altereduels in the aviation industry is highly
driven by the increasing cost of conventional jetlf[Hilemanet al., 2008]. Moreover, the
success of any new alternative fuel depends ocodgs competitiveness with the conventional
fuel used [Dinket al.,2009]. The higher weight among the sub-criterig assigned to the fuel
cost, as this cost is directly related to the camnpetitiveness of the fuel in the market.
Therefore, the sub-criterion fuel was assigned ghtef 0.5, whereas the sub-criteria capital

and operating costs were assigned similar weighis?®, each.
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In Table 5.7.1, there is a short list of referenetsch have used the AHP method to evaluate
the technological, environmental and economic amrations of energy related issues. The
table provides an overview of the comparisons ekéhthree aspects with relation to each

other.
Table 5.7.1

The Weights of Technological, Envionmental and Booa Criteria, in Relation to Each
Other, Obtained from Other Sources.

Reference Technological Environmental Economic
Talinli et al.,2010 Low to moderate Moderate to high Low to moderate
imporatnce importance importance
Case 1: Moderate  Low importance High importance
importance
Papalexandrowet al., Case 2 : High Low importance Low importance
2008 importance
Case 3 : Low High importance Low importance
importance
Dinh et al.,2009 Moderate importance  High importance High importance

5.8 Limitations

The full and accurate implementation of the comipaeamethodology adopted in this study
faced many obstacles, such as scarcity of infomnatack of quantitative data, lack of process-
specific data [Dintet al.,2009], lack of consensus among the scientific camity and lack of
experience in terms of large scale production afraglgal HRJ fuel [Yangt al.,2011]. Lack of
guantitative data can be explained by the factttimatrequired data are mainly available for site
specific trials and assumptions. Therefore, theg hrghly dependent on locations and
technologies used. As such, no particular valuesbeaused, but the overall conclusions from
such studies were taken into consideration tolfutie purpose of this inquiry [Cherubini &
Stromman, 2010]. When faced with contradicting infation or uncertainties, sensitivity
analyses were conducted by taking two scenari@sdahsideration, and building a matrix for
each scenario, to check whether such a differemee impact the overall performance of

alternatives, in relation to the criterion tacklgthpalexandrou@t al., 2008]. Due to lack of
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information related to new technologies, some eftdthnologies discussed in previous chapters

were not included in the assessment. The scenandgechnologies described in each of the

alternatives have been chosen either becauseweeeeenough scientific data available on these

particular technologies, or because they were thst midely used technologies in the field. The

study was not intended to promote any of the seema&hosen, but to present, understand and

realize the different aspects, which can affectraatgal HRJ fuel’s success or failure.

[Find technologically feasible, environmentally sustainable and economically viable alternative jet fuel
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Figure 5.5.1 The hierarchy of microalgal HRJ and conventigetfuel.
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Chapter 6: Technological considerations

6.1 Production capacity

6.1.1 Analysis

The first criterion measuring the technologicalsfedity of the alternatives studied was the
production capacity of each fuel. Production cayafers to the potential amount of jet fuel,
which can be obtained from each of the identifitdraatives [Hilemanret al., 2009]. The

production capacity of microalgal HRJ fuel is ghgaklated to the amount of microalgal
biomass which can be produced, and to the oil obr@Emicroalgae strains [Stratton, 2010].
The capacity of refineries to transform oil intd jeels is not considered, since petroleum

refineries and bio-oil refineries have the sameacdyp [IATA, 2007a].

RWPs have lower volumetric productivities than PHBsrowitzka, 1992]. Also, RWPs are
limited to certain strains of microalgae, which agnow in extreme conditions, and which
might not have high lipid content [Scheekal.,2008]. Moreover, RWPs require larger surface
area than PBRs, and they have poorer gas/liquics rtragsfer and lower final microalgal
density [Jorquerat al., 2010, Patilet al., 2008]. Microalgae cultivated in RWPs have the
ability to reach and maintain productivities of 2&ms of microalgal cells per square meter per
day [Lee, 2001, Patét al.,2008, Schenlkt al.,2008, Lardoret al.,2009, Pienkos & Darzins,
2009]. Such productivity in RWPs can yield aroun@t/l2a/year of microalgal biomass
[Pittmanet al.,2011].

PBRs, on the other hand, can lead to the produdfionicroalgal biomass ranging between 5-
10grams of microalgae per litre of culture, anduacb48grams of microalgal cells per square
meter per day [Chisti, 2007, Pienkos & Darzins,ZJ0BBRs have a larger production capacity
than RWPs, as they have a better capacity to @pigint and they use land space more
efficiently [Jorqueraet al.,2010]. However, PBRs are difficult to scale up amaintain [Mata

et al., 2010, Munoz & Guieysse, 2006], and until now, caencral scale production of algae
and microalgae in PBRs has only been used for éighproducts, such as pharmaceuticals
[Borowitzka, 1992, IATA, 2007a). Whereas for biofysurposes, microalgae cultivated in
PBRs are still mostly at the laboratory and pilcaie levels [Brennan & Owende, 2010].
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Moreover, currently more microalgae are cultivaded produced from RWPs than from PBRs
[Schenket al.,2008].

Currently the production capacity of conventioredlfuel far exceeds the four other scenarios,
which depend on microalgae [IATA, 2007a]. This higlhoduction capacity of CVJF is
strengthened by the fact that, conventional jelt ias been meeting the needs of aviation fleet
for more than fifty years [Hilemaet al.,2009]. The global production of conventional je¢lf

is estimated to use more than 854 million barrdlrade oil, per year [Wardle, 2003].
However, it is important to take into considerattbat conventional jet fuel is obtained from
non-renewable resources of crude oil, while miggabHRJ fuel is obtained from renewable
resources (i.e., microalgae strains and specidsatf@nouratidisa & Pilavachi, 2009]. Thus,
on the long term less conventional jet fuel willdailable [Luquest al.,2008]. Biofuels from
microalgae, on the other hand, are still at thesll®@f experimental and pilot scale projects
[Sander & Murthy, 2010]. Therefore, the quantityn@troalgal HRJ fuel produced is currently
very limited [IATA, 2010]. An overview of these cqrarisons is presented in Table 6.1.1.

Table 6.1.1

Overview of the Production Capacity of the Altervied

Alternatives Comparison overview

compared

RWPW versus Same production capacity.

RWPF

RWPW & RWPF  PBRs have higher production capacity than RWPs thistproduction
versus PBRF & capacity is currently difficult to be achieved.

PBRW

PBRF versus PBRW Same production capacity

CVJF versus RWPW CVJF is produced at commercial scale & enjoys aursatechnology,
& RWPF but it is derived from non-renewable source. WherédVPs have low
production capacity, but they are derived fromreereable source.

CVJF versus PBRW CVJF is produced at a commercial scale & enjoysureatechnology,

& PBRF but it is derived from non-renewable source. WherB8Rs currently
cannot reach their high production capacity poééntbut they are
derived from renewable source.
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6.1.2 Results

Table 6.1.2

Production Capacity Perfectly Consistent Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 1.000 1.286 1.286 0.143 0.095
RWPW 1.000 1.000 1.286 1.286 0.143 0.095
PBRF 0.778 0.778 1.000 1.000 0.111 0.074
PBRW 0.778 0.778 1.000 1.000 0.111 0.074
CVJF 7.000 7.000 9.000 9.000 1.000 (_Q.663 )

Table 6.1.3

Ranking of Alternatives, Based Solely on their Raotihn Capacity.

Alternative Ranking

CVJIF 0.663 Best
RWPF 0.095

RWPW  0.095

PBRW  0.074

PBRF 0.074 Worst

6.1.3 Discussion

The right eigenvector obtained from the perfecthyngistent matrix of production capacity
showed that the alternative CVJF has the highegghv@mong the alternatives considered.
This result was expected, as the production capawit CVJF, today, far exceeds the
production capacity of the other alternatives coesd. The two RWP alternatives have the
same weight, because they have the same prodwaacity, as they both were assumed to
use raceway ponds for microalgae cultivation. Témmes explanation can be given to the two
alternatives of PBRs, where microalgae were assutoede cultivated in closed photo-
bioreactors. Therefore, in terms of production cégaone can only judge that CVJF is the
best alternative, but one cannot really differgatizetween the technological performances of

the other four alternatives, from which microalg#J fuel can be obtained.
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6.2 Fuel readiness level

6.2.1 Analysis

Fuel readiness level refers to the fuel’'s producstate, whether it can be produced at a large
and commercial scale, or whether it is still at lddgoratory and pilot scale levels [Hileman

al.,, 2009]. Concerning conventional jet fuel, it is aidhas been produced at a large
commercial scale, and it is the number one soufrdaed for the air transport sector [IATA,
2007a]; thus, it received the highest weight amtirggalternatives considered, in relation to

this criterion.

As for the four other scenarios, the readiness iofaalgal HRJ fuel was compared based on
the differences among these scenarios, thus basenhicroalgae cultivation stages. The
harvesting and extraction of microalgal oil and theduction of fuel from cultivated
microalgae were assumed to be similar for all effthur scenarios related to microalgal HRJ
fuel. Flocculation and centrifugation are known gasses, which are widely applied in the
industrial sector and in water treatment plantsels [Udumanet al.,2010, Richmond, 2004].
Also, oil extraction through solvent use such asahe is widely used and applied to extract
fatty acids from different microalgae species [Gaimet al., 2003]. Therefore, these
technologies can be considered as mature, andhityahave no adverse effects on microalgal
HRJ fuel productivity.

Moreover, hydro-processing of oil is not a new teabgy, and it is applied in oil refineries
[Kalnes & Marker, 2007]. Hydro-processing has begtensively researched and it has been
applied for the processing of vegetable oils [Hieret al., 2009]. The consensus among the
scientific community is that hydro-processing caa barried out within the existing
infrastructure of petroleum refineries [Bezergia&riKalogiann, 2009]. Several companies are
investing in hydro-processing technology, such astld Oil and UOP, to produce paraffinic
fuels, which can act as alternatives for convemtioniddle-distillate products, such as jet fuel.
Thus, it is safe to say that hydro-processingks@wvn technology that has exceeded the pilot
scale level, but it is still at a limited produaticcale, when it comes to bio-oil processing
[Hilemanet al.,2009].
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The concerns in terms of fuel readiness level aelaead to the first step of microalgal jet fuel
production, which is microalgae cultivation. Operngds are a well established technology that
has been known and used since the 1950s [Tsuébd@éd, 1977], whereas closed photo-
bioreactors are still in their infancy stage [Sdhen al., 2008]. It is true that closed photo-
bioreactors are currently used for the production high value products such as
pharmaceuticals, but they are still far away froenh used for the production of low-value
products such as biofuels, due to their high chpitd operating cost [Norsket al.,2011].

Moreover, another difference lies in the use ofslirgater versus wastewater, during
microalgae cultivation. This difference, gives @mvantage in this particular criterion to the
alternatives which depend on the use of freshwdieing microalgae cultivation, which is
associated with the use of fertilizers, which agadily available in the market and can be
easily obtained [Matat al., 2010]; unlike the use of wastewater which necatest the
implementation of new infrastructure to transfee tthomestically produced wastewater or
industrial wastewater to microalgae cultivatioresifPittmaret al.,2011]. In some cases, new
microalgal cultivation projects can be located ineady existent wastewater treatment
facilities, but in most of the cases, new facititieeed to be built, thus requiring new
infrastructures [Pittmaet al.,2011]. An overview of these comparisons is pre=egim Table
6.2.1.

Table 6.2.1

Overview of the Fuel Readiness Level of the Altares

Alternatives Comparison overview

compared

RWPW versus RWPF is more readily available than RWPW, whichdseg new

RWPF infrastructure to transport wastewater.

RWPW versus RWPW has been applied for large scale productionitimeeds

PBRF infrastructure for wastewater. PBRF is still abpgcale, but it uses
fertilizers, rather than wastewater.

RWPW versus RWPW has been applied for large scale productidweraas PBRW is

PBRW still at pilot scale level.

RWPF versus PBRF RWPF has been applied for lage peoduction, whereas PBRF is still
at pilot scale level.
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Alternatives Comparison overview

compared

RWPF versus RWPF has been applied for large scale productidntadepends on
PBRW readily available fertilizers, whereas PBRW il gtilpilot scale level

and needs wastewater infrastructure.

PBRF versus PBRW PBRF is more readily available ffBRW, which needs a new
infrastructure to transport wastewater.

CVJF versus PBRW CVJF is produced at a commerc&ééscompared to the least available
alternative for microalgal HRJ fuel.

CVJF versus PBRF

CVJF is produced at commercid scampared to the second least
available alternative for microalgal HRJ fuel.

CVJF versus RWPW CVJF is produced at commercidscampared to third least available
alternative for microalgal HRJ fuel.

CVJF versus RWPF  CVJF is produced at commercid scampared to the most available
alternative for microalgal HRJ fuel.

6.2.2 Results

Table 6.2.2

Fuel Readiness Level Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJIF Eigenvector
RWPF 1.000 1.111 1.889 2.000 0.222 0.135
RWPW 0.900 1.000 1.700 1.800 0.200 0.121
PBRF 0.529 0.588 1.000 1.059 0.118 0.071
PBRW 0.500 0.556 0.944 1.000 0.111 0.067
CVJIF 4.500 5.000 8.500 9.000 1.000 (0.606 )

Table 6.2.3

Ranking of Alternatives, Based Solely on their Reshdiness Level.

Alternative Ranking

CVJF 0.606
RWPF 0.135
RWPW 0.121
PBRF 0.071
PBRW 0.067

Best

Worst
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6.2.3 Discussion

In terms of fuel readiness level, as it was exgbd®/JF received the highest ranking, since it
is already used in the aviation industry, whereasroalgal fuels derived from microalgae
cultivated in closed photo-bioreactors were atlibtom of the ranking, because they are the
least developed fuels, among the alternatives dereil. Among the microalgal HRJ fuel
alternatives, and in relation to each of the catibn systems, those alternatives which were
assumed to use freshwater and fertilizers, to gmoeroalgae, received higher weights than
those which were assumed to use wastewater to gnomalgae. Thus, RWPF outperformed
RWPW and PBRF outperformed PBRW, in regard to thib-criterion. The wastewater
supply, for microalgae cultivation, is less avaléathan the freshwater supply, especially in
terms of infrastructure and pipeline system reasfine

6.3 Compatibility with current aviation system

6.3.1 Analysis

Another important sub-criterion which falls undee technological considerations of jet fuel is
the degree of compatibility of the fuel with curtenfrastructural system, which transports,
stores and uses jet fuel. The fuel needs to be atiohgp with the already existing pipelines,
airport fuelling systems, aircraft and engines ¢Hihnet al., 2009]. It is very crucial for any
alternative fuel to be a drop-in fuel, in ordeb®used directly without applying changes to the
infrastructure [IATA, 2009c]. Otherwise, more tirmad money will be needed to incorporate
the alternative fuel into the aviation system. Tberrent infrastructure is built with
conventional jet fuel in mind; thus, this fuel isry compatible with this infrastructure. The
only negative drawback with using conventionalfyed| is its relatively high sulphur content,
which requires cleaning of pipes after transportoogpventional jet fuel, in order to avoid
contamination of other low sulphur fuels transpdrie these same pipes, such as ultra-low
sulphur diesel. [Hilemast al.,2009].

Concerning microalgal HRJ fuel, it is consideredthgtic paraffinic kerosene, which is free of
sulphur and aromatic content [Hilemahal., 2010]. HRJ fuel has a better thermal stability

than conventional jet fuel, due to its high hydnoge carbon ratio, and due to the absence of
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metals and nitrogen and sulphur elements, whicti tedower fuel system deposit. As such,
HRJ fuel has a higher heat of combustion than catnweal jet fuel, on a mass basis [IATA,
2009c, Naiket al., 2010]. Microalgal HRJ fuel is considered a dropfirel, and it is
compatible with the current infrastructure of amat[IATA, 2007a]. The lack of sulphur
makes microalgal HRJ fuel more attractive for pipeltransportation than conventional jet
fuel [Hilemanet al., 2008]. Whereas the lack of aromatics reduceshésnical stability and
requires the fuel to be blended with conventioralfyel, to increase its aromatic content, and
in order for the fuel to be in accordance withfietl ASTM standards [IATA, 2009c, Na#t
al., 2010]. Moreover, when compared to conventionafyet, HRJ fuel has a poorer lubricity,
due to the absence of sulphur. But, lubricity carebsily adjusted with additives [Hilemanh
al., 2009].

Therefore, flight trials conducted using HRJ fyglhduced through the UOP process had to be
blended with conventional jet fuel, due to its lovekensity. The engines with blended fuel
showed a better fuel efficiency than the engineth il00% conventional jet fuel [IATA,
2009c]. In general, no sign that HRJ fuel negayivelpacted the engines was detected [Kivits
et al.,2010]. These successful test flights resultechioraer from the US Navy and Air Force
of 600,000 gallons of HRJ fuel, produced througk thOP process [IATA, 2009c]. An

overview of these comparisons is presented in TaU3I4..

Table 6.3.1

Overview of the Compatibility of the Alternativeishwthe Current Aviation System

Alternatives Comparison overview

compared

RWPW, RWPF, The compatibility of CVJF with the current aviatisgstem exceeds the
PBRF, PBRW compatibility of microalgal HRJ fuel which needslte blended in order
versus CVJF to be used in aircraft.
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6.3.2Results

Table 6.3.2

Compatibility with the Current Aviation System Matr

Alternatives RWPF  RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 1.000 1.000 1.000 0.333 0.143
RWPW 1.000 1.000 1.000 1.000 0.333 0.143
PBRF 1.000 1.000 1.000 1.000 0.333 0.143
PBRW 1.000 1.000 1.000 1.000 0.333 0.143
CVJF 3.000 3.000 3.000 3.000 1.000¢C_ 0.229
Table 6.3.3

Ranking of Alternatives, Based Solely on their Catibpity with the Current Aviation System.

Alternative Ranking

CVJF 0.429 Best
RWPF 0.143
PBRF 0.143
PBRW 0.143
PBRW 0.143 Worst

6.3.3Discussion

Conventional jet fuel showed the best compatibiiiyh the current aviation system and its
infrastructure. Microalgal HRJ fuel derived fronethther four alternatives is also compatible,
but because it needs to be blended with conventigbauel in order to be safely used,
microalgal HRJ fuel received a lower ranking thamwentional jet fuel. All of the four
alternatives of microalgal HRJ fuel received thensaratio scale in the matrix, because
regardless of their differences in microalgae eatton systems, the end fuel product, from all
of the four alternatives, possesses the same igsalfATA, 2009c, Naiket al., 2010].
Therefore, their weights were also identical interof compatibility with the current aviation
system. As such, one cannot compare the perfornarbe alternatives providing microalgal
HRJ fuel, based solely on their compatibility withe current aviation system, because this
particular sub-criterion does not take into consatlen the differences between these

alternatives.
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6.4 Energy

6.4.1 Analysis

Starting with microalgal HRJ fuel, energy consuroptigreatly differs between the two
cultivation methods, raceway ponds and closed phmteactors [Stephensast al., 2010].
There is a scientific agreement that closed phaicehctors consume more energy than
raceway ponds [Jorqueed al., 2010, Stephensaet al.,2010]. Energy consumption of closed
photo-bioreactors can range between as low as 53W¥/ms high as 3000W/Anwhereas
energy consumption of raceway ponds can range ketv@e04w/m and 4W/m [Packer,
2009]. In addition to consuming more energy thameway ponds, closed photo-bioreactors are
more likely to have a Net Energy Ratio (NER) tlsaleiss than 1 [Lardoet al.,2009]. NER is
defined as the total energy output in lipid andniass over the total energy input to produce
this biomass [Cherubini & Stromman, 2010, Jorqtral.,2010].

The highly controlled environment, in closed phbtoreactors, requires high level of energy
input, for mixing, degassing and cooling; all thésatures which insure the better productivity
of closed photo-bioreactors require at the same tmgher inputs of energy [Brennan &
Owende, 2010, Chisti, 2006]. Closed photo-bioreactan have NER that is greater than 1,
but at a really high cost. This high cost can pdlevenergy efficient pumping system to provide
mixing for the culture, and energy efficient gagdid transfer [Brennan & Owende, 2010,
Jorqueraet al., 2010]. Another difference between RWPs and PBBs iin the harvesting

stage. Microalgae cultivated in closed photo-biot@® consume less energy during
harvesting than microalgae cultivated in racewayndso In closed photo-bioreactors,
microalgae are more concentrated in a given volwheulture, which facilitates their

harvesting due to their low water content [ChB@Q7].

Moreover, non-renewable energy input can be deedehy making use of microalgal slurry
and by growing microalgae in wastewater rather thaineshwater [Stephensat al., 2010].
Concerning microalgal slurry, which is obtainedeafbil extraction, the residual biomass can
undergo anaerobic digestion, in order to produogds and provide energy, which can be used
onsite for downstream processes, such as microdiyagy [Colletet al., 2011, Stephensost

al., 2010]. In addition to the biogas, anaerobic digesproduces nutrient rich effluent, which
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can be recycled into the culture medium [Cobetal., 2011]. Thus, reducing the need for
fertilizers, in case of PBRF and RWPF, which imtugquire energy to be produced [Clarehs
al., 2010]. These measures can greatly reflect thegetieperformance of microalgal biofuels
[Demirbas & Demirbas, 2010].

Moving to wastewater versus freshwater sourcegjaate media for cultivation, as mentioned
before, in order to be able to grow microalgaeréastiwater, fertilizers need to be added for
nutrient supply such as nitrogen and phosphorusriBan & Owende, 2010]. This difference
necessitates an additional energy input to prothedertilizers [Loreet al.,2010]. Thus, more
energy is needed for microalgae cultivated in bRWPF and PBRF than for microalgae
cultivated in RWPW and PBRW, respectively [Clarehsl.,2010]. Another aspect manifests
in the energy efficiency associated with wastewaggnediation; in comparison to regular
wastewater treatment plants (WWTP), less energyeeded to remove the same amount of
nutrients when using microalgae to remediate thsteveater [Demirbas & Demirbas, 2010].
As for PBRs, According to one study, the amouneoérgy currently invested to produce
biofuels from microalgae grown in closed photo-bamtors far exceeds the amount of energy
used to produce conventional fuel, even when usragtewater for microalgae cultivation
[Stephensoret al., 2010]. As such, PBRs were considered the worsbmpin relation to this

sub-criterion.

Concerning CVJF, the energy performance of crutextiaction activities is dependent on the
operations of each site [NETL, 2009]. But, in gehecrude oil extraction is considered a
mature technology, which can deliver more energw tih consumes [Stephensenal., 2010];
thus, its NER > 1. As for jet fuel production, ceudil refining and bio-oil refineries are
considered similar [Hilemaet al., 2010, Kalnes & Marker, 2007]. It is true that HRRfineries
consume more energy than CVJF, for additional stépgacking and hydrogen production,
but when taking the time factor into consideratithre quality of crude oil is degrading with
time, which means that more energy will be neededroduce the same amount of jet fuel
produced today [NETL, 2009, Stratton, 2010]. AsksukElRJ and CVJF refineries were
assumed to consume comparable levels of energati@tr 2010]. Thus, they were not
included in this section. Moreover, according toagon, the production of HRJ fuel, from

microalgae cultivated in freshwater with fertiligeconsumes less energy than the production
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of conventional jet fuel [Stratton, 2010]. Therefothe performance of RWPW and RWPF
with regard to energy is better than that of CVJF.

Comparing HRJ fuel with conventional jet fuel shatwat HRJ fuel has a 2% higher specific
energy than conventional jet fuel [Hilemahal., 2009]. The higher specific energy of HRJ
fuel implies that to fly a given distance, less giwiof HRJ fuel is needed than that of
conventional jet fuel. This reduction in fuel weigillows the aircraft to increase its payload,
without the risk of exceeding the maximum takeo#ight. Moreover, HRJ fuel has a 3%
lower energy density than conventional jet fueljohireduces the maximum range of aircraft.
This lower energy density, negatively affects thes fworldwide flights, which need to have
full fuel tanks [Hilemaret al.,2009]. An overview of these comparisons is pre=sgirt Table
6.4.1.

Table 6.4.1

Overview of Energy of the Alternatives.

Alternatives Comparison overview

compared

RWPW versus RWPF consumes more energy than RWPW because mdepa

RWPF fertilizers during cultivation.

RWPW versus PBRF consumes more energy than RWPW because PBRwoae

PBRF energy intensive than RWPs and because PBRF deparfddilizers
during cultivation.

RWPW versus PBRW consumes more energy than RWPW because PBRsoae

PBRW energy intensive than RWPs.

RWPF versus PBRF PBRF consumes more energy tharFRMEause PBRs are more
energy intensive than RWPs.

RWPF versus PBRW consumes more energy than RWPF because PBRwoae
PBRW energy intensive than RWPs. But, RWPF dependsrtihizers during
cultivation.

PBRF versus PBRW PBRF consumes more energy tham\PifRause it depends on
fertilizers during cultivation.

CVJF versus PBRW CVJF is more energy efficient than PBRs, but milgalaHRJ fuel has a
& PBRF higher specific energy than conventional jet fuel.
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Alternatives Comparison overview

compared
CVJF versus RWPW RWPs are more energy efficient than CVJF, and ralgal HRJ fuel has
& RWPF a higher specific energy than conventional jet.fuel

6.4.2 Results

Table 6.4.2

Energy Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.500 4.000 3.500 2.500 0.254
RWPW 2.000 1.000 8.000 7.000 5.000 < 0,508
PBRF 0.250 0.125 1.000 0.875 0.625 0.064
PBRW 0.286 0.143 1.143 1.000 0.714 0.073
CVJIF 0.400 0.200 1.600 1.400 1.000 0.102
Table 6.4.3

Ranking of Alternatives, Based Solely on their Bper

Alternative Ranking

RWPW 0.508 Best
RWPF 0.254

CVJF 0.102

PBRW 0.073

PBRF 0.064 Worst

6.4.3 Discussion

In terms of energy performance, RWP alternativesnsel to top the ranking of alternatives,
with their low energy consumption during microalgasltivation. This higher energy
performance of RWP alternatives is also associat@ the high microalgal HRJ fuel
performance in terms of specific energy, in congmari to conventional jet fuel. RWPW
exceeded RWPF in regard to this sub-criterion, wugs lower need for energy, as RWPF
requires more energy input associated with feetliproduction and use during microalgae

cultivation stage.
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PBRs were at the bottom of the ranking becausengumicroalgae cultivation, their ener
output exceeds their energy input, which makes taeergy inefficient. Similar to RWPW |
comparison to RWPF, PBRW performs slighbetter than PBRF, in terms of ene
performance, because PBRW does not depend oriziemdil However, the lack of need -
fertilizer production and use by PBRW, does notrosme PBRW high energy requiremer
which are mainly associated with highly trolled environments, during microalg
cultivation [Clarenset al. 2010] Although microalgal HRJ fuel produced from theot
alternatives PBRs has higher spe: energy than conventional jet fuel, their drawbaal
terms of high energy input, overcomes this advantdgperefore, PBRs were ranked as

worst alternatives, with regard to this -criterion.

6.5 Overall technologcal considerations

6.5.1 Results

CVIF

RWPW = Maximum

£ Perfectly
consistent

Alternatives
X
=

0.4 0.5

0.2 03
Local Weight

Figure 6.5.10verall technoloccal consideration®f the five alternatives, corresponding

maximum, perfectly consistent and minimum matri
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6.5.2 Discussion

In all of the three scenarios; maximum, minimum gmetfectly consistent matrices, when
comparing the five alternatives, only in terms @hnological considerations, CVJF seemed to
be the best option. This result was expected, a¥-d¥ the benchmark, which is currently used
in the aviation industry. Therefore, CVJF was expdcto have the best technological
performance among the alternatives, as it is derfs@m mature technology, and as it has been
used in aviation for several decades. It is woréntioning, that RWPs came next after CVJF,
and specifically RWPW.

RWPW followed CVJF in terms of technological corsgtions, because raceway ponds have
been used at a commercial scale, unlike PBRs, andulse raceway ponds topped the energy
sub-criterion ranking. Therefore, it is expectedttmicroalgal HRJ fuel produced from RWPs
and especially from RWPW, can improve its readirlesel in the market in the coming few
years, as it has the potential to compete, atettenblogical level, with CVJF [IATA, 2009c].

PBRs, on the other hand, seem far away from b&dignblogically competitive with the other

alternatives, due to the difficulties they facetla¢ technological readiness level and at the
energetic performance level as well. Thereforeroailgal HRJ fuel produced from PBRs, are
not expected to be available at a large scale,hen iear future. Rigorous research and
development to improve the technological perforneanicPBRs still need to take place, in order
for them to be competitive with CVJF production.d@nthe technological performance of PBRs
is improved, they are expected to exceed both GAWFRWP technological performances due

to their high production capacity potential [IAT2A009c].

Although the weight of each of the alternativesfeddd between the three scenarios, this
difference did not impact the overall technologipalformance of the alternatives considered.
Also, it is worth mentioning, that in the maximuweesario, CVJF received the highest weight in
comparison to the weight of CVJF in the other twergrios, whereas PBRs received the lowest
weight in the maximum scenario, in comparison te theight of PBRs in the other two
scenarios. This can be explained by the reciprealales given to the pair-wise comparisons in
the matrices. As the weight given to CVJF risegsh@s maximum scenario, the weight of PBRs

decreases, due to their reciprocal relationship.
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Chapter 7: Environmental considerations

7.1 Water

7.1.1 Analysis

From production to use of fuel, the cultivation amdraction stages are considered to be the
most water consuming stages [Schnebal., 2008]. Starting with microalgal HRJ fuel, little
quantitative data are available concerning watesemption during microalgal growth in both
raceway ponds and closed photo-bioreactors [Clagtas, 2010]. Many researchers believe
that the use of closed photo-bioreactors savedlgreathe use of water to grow microalgae,
since they have a higher volumetric productivityyd, closed photo-bioreactors need a lesser
amount of water than raceway ponds, to grow theesamount of microalgae [Scheekal.,
2008, Chisti, 2007]. Closed photo-bioreactors aAmight to be able to consume 7 to 16 times
less water than raceway ponds, depending on tleedfyfhe closed photo-bioreactors [Jorquera
et al.,2010].

However, scholars who have reached these estintes failed to mention that in hot
climates, closed photo-bioreactors tend to accumdiaat, where the temperature inside the
reactors can reach 55°C [Mata al., 2010]. Thus, closed photo-bioreactors require ashm
water, for cooling purposes, as the water which lsarost through evaporation in raceway
ponds [Demirbas & Demirbas, 2010, Aladtial., 2009]. In other climatic conditions, raceway
ponds have the ability to outperform closed phatodactors, in terms of water consumption,
where the rainfall rate might exceed the rate @pevation from raceway ponds [Stephenson
et al.,2010]. In such cases, raceway ponds can be rspkhiby the rainfall, whereas closed
photo-bioreactors, which are closed systems, cdoeoefit from such an advantage, and they
end up consuming more water than raceway pondpli8tesoret al.,2010]. As such, the level
of water consumption is highly dependent on theatic conditions, and on the design of the
cultivation system used [Matet al., 2010]. This uncertainty in water consumption dgrin
microalgae cultivation was tackled in this study,duilding two matrices for the sub-criterion
water. In one matrix, the consumption of freshwateclosed photo-bioreactors was assumed

to be higher than that in raceway ponds, and virear
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Another aspect related to water consumption, dunmgroalgae cultivation, is whether the
spent medium is recycled into the culture or ntad#es have shown that the direct recycling
of spent medium into the culture can negativelyeeaffthe growth and productivity of
microalgae, due to the presence of some inhibitans| particulate matter [Rodolét al.,
2003]. On the other hand, the lack of recyclingpént medium greatly affects the rate of fresh
water consumption, thus making microalgal biofuedmivironmentally unsustainable
[Stephensoret al., 2010]. Therefore, from an environmental point adw, spent medium
recycling is very important, especially if fresheatresources are used to grow microalgae
[Clarenset al., 2010]. Through flocculation and centrifugation, igéh are used to harvest
microalgae, inhibitors present in the spent mediam be reduced, thus allowing the recycling
of spent medium into the culture [Rodoét al., 2003]. As for wastewater use, even when
microalgae cultivation depends on wastewater ressu@a relative amount of freshwater needs
to be added to the culture, in order to prevertkaald-up, which can occur due to evaporation
[Yanget al.,2011]. However, the amount of freshwater addewtssignificant, and the use of
wastewater to grow microalgae is thought to be tblteduce the life-cycle water consumption

by as much as 90%, in comparison to the use divirater resources [Yarg al.,2011].

Another difference between microalgal HRJ fuel ralééives refers to the type of water used
during microalgae cultivation stage. As mentionefbbe, microalgae can either be cultivated
in freshwater supplied with fertilizers or in wastger, which contains the nutrients sufficient
for microalgal growth [Sander & Murthy, 2010, Sckest al., 2008]. Wastewater used for
microalgal growth can be supplied from many soustesh as agricultural runoff or industrial
and municipal wastewater [Demirbas & Demirbas, 2(lan et al., 2009]. It is without a
doubt that the use of wastewater to grow microalgakls many environmental benefits
[Brennan & Owende, 2010]. First of all, using waséer to grow microalgae, instead of
freshwater can reduce the pressure on freshwaeumees [Brennan & Owende, 2010]. Also,
degradation of freshwater through eutrophicatiare tb the release of wastewater into fresh
aqueous media, can be reduced [Matal., 2010, Pittmaret al.,2011].

The wastewater used to grow microalgae is richutmients such as phosphorus and nitrogen
[Schenket al., 2008, Pittmanet al., 2011]. These nutrients are the ones responsible fo

eutrophication of freshwater resources [Schetkal., 2008]. Microalgae consume these
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nutrients during growth, and provide oxygen fortbaea, to consume organic and inorganic
compounds [Pittmaret al., 2011]. Therefore, the wastewater is said to uradyiglogical
cleaning, which makes it safe for disposal in tbesgstem [Brennan & Owende, 2010, Khan
et al., 2009]. One study concluded that nitrogen and phogs can be removed with an
efficiency of 72% and 28%, respectively, from wasiter, using the microalgal strain
C.vulgaris[Mataet al.,2010]. Another study researched the removal efficy of nitrogen and
phosphorus in urban wastewater, using the micrbakgain S.obliquus,and achieved a 98%
elimination of phosphorus and a complete elimimatad ammonium [Brennan & Owende,
2010].

In addition to reducing the risk of eutrophicatififittman et al., 2011], the coupling of
microalgal growth and wastewater remediation hasattility to consume a reduced amount of
freshwater than conventional wastewater treatmiamit® to remediate wastewater [Clarehs
al., 2010]. Approximately, this combination can red®©86 of the water consumed in regular
WWTPs, in order to remove nitrogen and phosphaosgsthey require significant freshwater
inputs [Claren®t al.,2010]. Experiments in this field have showed thatroalgae are capable
of maintaining an optimum growth and productivityhile at the same time remediating

wastewater [Brennan & Owende, 2010].

Since there was no scientific agreement regardigyamount of water consumed during
microalgae cultivation [Mat&t al., 2010], it was hard to compare microalgae scenavits
CVJF. According to one study, most alternative suglquire more water to be produced than
conventional fuel [Patet al.,2007]. However, when microalgae are cultivated imay that is
mostly dependent on wastewater, then the amoufiesiwater needed, becomes very low,
thus making it environmentally sustainable in terafswater consumption [Lardoet al.,
2009]. As such, the two alternatives RWPW and PBRMfe assumed to behave more
favourably in terms of water consumption, in congxar to CVJF. However, when comparing
RWPF and PBRF, these two alternatives have théyabdl consume more freshwater than

CVJF, even with spent medium recycling [Lardaral.,2009].

Moreover, RWPF and PBRF were assumed to be supplitd freshwater coupled with
fertilizers, during microalgae cultivation stageerfiizers need petroleum resources, which
consume water, to be produced [Clarehsl., 2010]. Although RWPF and PBRF have the
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ability to consume more freshwater than CVJF, awti be taken into consideration that the
amount of water consumed in order to extract caibs increasing with time, as oil wells age
[Elcock, 2010]. With time, the extracted oil becanteavier and more viscous, and it requires
the use of enhanced oil recovery technologies, ivbansume large amounts of water ranging
between 2 to 350 gallons of water per gallon okairacted [Patet al.,2007]. To meet these
high needs of water consumption, the industry tedondscycle the water output [Paté al.,
2007]. However, according to one study, only 55%hefwater output or produced water gets
re-injected and reused for activities such as ecddoil recovery [Khatib & Vebeek, 2003].

Concerning water quality, during crude oil extranti water output can contain hydrocarbons
such as naphthalene, metals such as zinc, suspentiésl such as sands and clays, salt and
traces of oil [EPA, 1993]. The treatment of watH#luent is necessary before returning it back
to the environment [Borasiat al., 2002]. The main water effluent treatment consit®il
removal through gravity separators, where oil 8oanh the surface due to its lower density, in
comparison to water [EPA, 1993]. More advanced tineats include gas flotation and
filtration [EPA, 1993]. Other factors, which canflience water quality from crude oll
extraction, include blowouts and spills, which @aduce negative environmental effects on the
aquatic environment [Borasgt al.,2002]. As for microalgae cultivation, the wateflednt is

not seen to induce a significant impact on watetié®m) upon discharge [Pagk al.,2011]. On

the contrary, when wastewater is the influent usegrow microalgae, they can help improve
the water quality; thus, water effluent can haveeter quality than water influent [Pagk al.,
2011]. It is worth mentioning, that the remediatioh wastewater by using microalgae
constitutes a secondary treatment [Yatg@l., 2011]. Thus, a tertiary treatment needs to take
place, such as disinfection or filtration, aftetmant removal [Yanggt al.,2011].

When combining impacts on both water quality andrdity, CVJF was assumed to have more
environmental impacts than the other four scenamspecially that CVJF is expected to
require more inputs from water and energy, withetiras fossil fuel resources become more
difficult to obtain [EPA, 1993]. Therefore, wateorsumption and contaminants in water
effluent will keep increasing, as crude oil extiactactivities become more energy and water

demanding. On the other hand, microalgae cultinaisoexpected to become more and more
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efficient with time, like any other biofuel prodim system [Jorquerat al.,2010, Simst al.,

2010]. An overview of these comparisons is preskemdable 7.1.1.

Table 7.1.1

Overview of the Alternatives in Relation to Water.

Alternatives Comparison overview

compared

RWPW versus RWPW uses and remediates wastewater, whereas R@{f&iads on
RWPF freshwater and fertilizers.

RWPW versus RWPW uses and remediates wastewater, whereas P&#iRds on
PBRF freshwater and fertilizers.

RWPW versus Wastewater use and remediation in both scenariaseM¢onsumption
PBRW rate is dependent on location.

RWPF versus PBRF Freshwater use and fertilizerymtoah and use in both scenarios.
Water consumption rate is dependent on location.

RWPF versus RWPF uses freshwater and fertilizers, whereas PBIR®¥¥ and
PBRW remediates wastewater.

PBRF versus PBRW PBRW uses and remediates wastewhireas PBRF depends on
freshwater and fertilizers.

CVJF versus RWPW RWPW has less impact on watertigyamd quality than CVJF.

CVJF versus RWPF RWPF has less impact on water quantity and quiday CVJF.

CVJF versus PBRW PBRW has less impact on water quantity and qutdayp CVJF.

CVJF versus PBRF PBRF has less impact on water quantity and quédayp CVJF.

7.1.2 Results
Table 7.1.2
Option 1: Water Matrix (1), with RWPs Assumed tm€lone less Amount of Water than PBRs.

Alternatives RWPF RWPW PBRF PBRW CVJIF Eigenvector
RWPF 1.000 0.333 1.167 0.500 1.333 0.131
RWPW 3.000 1.000 3.500 1.500 4.000 €__ 0294
PBRF 0.857 0.286 1.000 0.429 1.143 0.113
PBRW 2.000 0.667 2.333 1.000 2.667 0.263
CVJF 0.750 0.250 0.875 0.375 1.000 0.099
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Table 7.1.3

Ranking of Alternatives, Based Solely on Water (1).

Alternative Ranking

RWPW 0.394
PBRW 0.263
RWPF 0.131

PBRF 0.113
CVJF 0.099
Table 7.1.4

Best

Worst

Option 2: Water Matrix (2), with PBRs Assumed tom§lone less Amount of Water than RWPs.

Alternatives RWPF RWPW PBRF PBRW CVJIF Eigenvector
RWPF 1.000 0.438 0.904 0.290 1.117 0.115
RWPW 2.281 1.000 2.087 0.696 2.810 0.271
PBRF 1.106 0.479 1.000 0.347 1.511 34
PBRW 3.452 1.436 2.883 1.000 3.651 ¢ 0.3

CVJIF 0.895 0.356 0.662 0.274 1.000 0.098
Table 7.1.5

Ranking of Alternatives, Based Solely on Water (2).

Alternative Ranking

PBRW 0.382
RWPW 0.271

PBRF 0.134
RWPF 0.115
CVJF 0.098

7.1.3 Discussion

Best

Worst

Due to the dependency of this sub-criterion ondieatic conditions of the location studied,

two matrices were chosen to represent the two Iplessptions. In the first matrix, RWPs were

assumed to consume less amount of water than PBRRs=fore, RWPW topped the ranking of
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alternatives, as it uses and remediates wastewdaténg microalgae cultivation. Also, in
option 1, RWPF outperformed PBRF. In option two,R¥B topped the ranking, as it was
assumed that PBRs consume less amount of waterRNéRs. In both cases, the use of
wastewater contributed to the high ranking of tfteraatives RWPW and PBRW, which
occupied the top two positions, as the use of wagtr during cultivation can reduce impacts
on freshwater in terms of both quantity and qualiyJF received the lower weight in both
matrices, because the differences between optieraad option two does not have an effect
on the performance of CVJF in terms of water corgion and its potential to cause

deterioration to water quality.

7.2 Air

7.2.1 Analysis

Carbon dioxide is the main GHG tackled when commgpfossil fuel resources with renewable
energy resources [Brennan & Owende, 2010]. The wiffierence between these two sources
is the fact that burning fossil fuels releases arbwhich was previously sequestered
[Cherubini & Stromman, 2010]. Therefore, the ingtrén biomass, and in this case in
microalgae, is related to the ability of biomassltsorb atmospheric G@nd re-emit the same
amount, when combusted [Stratton, 2010]. Thus, oalgae and other feedstocks are said to
have a “biomass credit” which makes them more feafole than fossil fuels [Stratton, 2010].
However, life cycle emissions need to be consideesthuse, the biomass credit by itself does

not insure, lower life cycle GHG emissions [Strat#t al.,2010]

Calculations by Stratton revealed that conventigetafiuel production and use can lead to 87.5
grams (g) C@/MJ, whereas microalgal HRJ fuel production froWRF, using freshwater

and fertilizers, and combustion can lead to 50gt&ms (g) C@/MJ [Stratton, 2010]. This

indicates the possibility of reducing GHG emissifmen the benchmark scenario, by almost
40%, even when using fertilizers. Although, undettas surround the calculations of GHGs,
due to the unavailability of data surroundingONemissions from cultivated microalgae
[Stratton, 2010], it is safe to say that the useva$tewater instead of freshwater to cultivate

microalgae has even a greater possibility to reddes emissions [Clarenst al., 2010,
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Demirbas & Demirbas, 2010]. In addition to the saggi in GHGs produced during fertilizer
production, RWPW has the additional advantage @ficeng GHG emissions attributed to the
energy needed to remediate wastewater in regulaiTR8)Vas microalgae cultivation coupled
with wastewater remediation consumes less energy ttegular WWTPs [Demirbas &

Demirbas, 2010].

Moreover, as mentioned before, the energy consulngdg microalgae cultivation in PBRs is
more than the energy consumed during microalgaevatibn in RWPs [Jorquerat al.,2010].
Thus, more GHG emissions were expected to be peadinom PBR scenarios than from RWP
scenarios [Stephenseat al., 2010]. Also, in comparison to CVJF and accordmgme study,
the amount of energy currently invested to produégroalgal fuels from PBRs is far greater
than the amount of energy used to produce conveltfael, and even when using wastewater,
GHG emissions from PBRW still exceed GHGs from C\{8tephensonret al., 2010].
Therefore, the global warming potential of PBR ral&tives seems to be greater than that of
the alternative CVJF [Stephensetal.,2010].

Another environmental advantage which can be astastivith microalgae HRJ fuel scenarios
is the production of on-site biogas through anaerdigestion of microalgal meal, following
oil extraction [Posten & Schaub, 2009]. This savimgsHG emissions can be applied to all
four alternatives of microalgal HRJ fuel presenitedhis study. To start with, the presence of
an anaerobic digester allows the recirculation @, @nto the culture medium [Posten &
Schaub, 2009], where 40% of the biogas producedomsposed of C®[Stratton, 2010].
Moreover, the 60% of methane, present in the biogas be used for on-site energy and heat
needs, which reduce the dependency on non-renewablgy resources; thus, reduces GHG
emissions [Stratton, 2010]. In addition, the effiueeleased from anaerobic digestion is rich in
nutrients, which can substitute the use of fediz thus reducing GHG emissions from
fertilizer production [Collett al.,2011, Stratton, 2010].

In addition to the life cycle GHG emissions, otkemissions were measured during flight trials
using HRJ fuel [IATA, 2009c]. The comparison betwedbe emissions of 100% conventional
jet fuel engines and the emissions of blended émglines show that the later produces less

NOy and smoke emissions [IATA, 2009c]. This reductioremissions was expected as the
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blended fuel has a lower flame temperature tharveraional jet fuel, due to its higher H/C

ration [IATA, 2009c]. However, great uncertaintissirround the measurement of NO

emissions from jet engine exhausts [IATA, 2009c].

On the other hand, tests revealed an increase tin ®®@ and HC emissions, when using

blended fuel [IATA, 2009c]. This increase can als® explained by the reduction in the

blended fuel flame temperature, as these emissionke NQ, tend to increase with

decreasing flame temperature, where lower tempest@re more likely to lead to incomplete
combustion and carbon oxidation [IATA, 2009c]. Thereased levels of HC and CO

emissions were still within the emission standaids’A, 2009c]. An overview of these

comparisons is presented in Table 7.2.1.

Table 7.2.1

Overview of the Alternatives in Relation to Air ssons.

Alternatives Comparison overview

compared

RWPW versus Less emission from RWPW, because it does not rexéitizers and it

RWPF saves on energy needed to remediate wastewatey regjular WWTP.

RWPW versus PBRF produces more emissions, because it is ei@ggysive and

PBRF depends on fertilizers, whereas RWPW leads todasssion, because
it does not need fertilizers, and it saves on gneggded to remediate
wastewater using regular WWTP.

RWPW versus PBRW produces more emissions, because it is memggmtensive

PBRW than RWPW.

RWPF versus PBRF RWPF and PBRF are responsibnimsions from fertilizer

production and use, but RWPF requires less enbéayy PBRF; thus,
leads to less emission.

RWPF versus
PBRW

PBRW consumes more energy and leads to more emssisian RWPF,
even though RWPF contributes to emissions fronilifemt production
and use.

PBRF versus PBRW Both PBRF and PBRW produce corabtequantities of emissions

because they are energy intensive, but PBRF enoits,rhecause it
uses fertilizers.

CVJF versus RWPW RWPW produces less emission thai-(because RWPW is less

energy intensive and contributes to energy savinggimediating
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Alternatives Comparison overview
compared

wastewater, which leads to less emission.

CVJF versus RWPF  CVJF is energy intensive; thus]JfEads to more emissions than

RWPF.
CVJF versus PBRW CVJF is less energy intensive than PBRs; thus, Q&ddfs to less
& PBRF emission than PBRs.
7.2.2 Results
Table 7.2.2
Air Matrix.
Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.531 3.683 3.100 2.580 251
RWPW 1.882 1.000 7.880 6.913 5.243 C 0.5
PBRF 0.271 0.127 1.000 0.946 0.597 0.066
PBRW 0.323 0.145 1.057 1.000 0.749 0.075
CVJF 0.388 0.191 1.675 1.335 1.000 0.101
Table 7.2.3

Ranking of Alternatives, Based Solely on Impactaion

Alternative Ranking

RWPW 0.508 Best
RWPF 0.251

CVJF 0.101

PBRW 0.075

PBRF 0.066 Worst

7.2.3 Discussion

Raceway ponds topped the ranking among the alteesain terms of environmental impacts
on air, due to their lower energy needs, in congoarito the other alternatives. The highest
score was for RWPW, which contributes to emissiamirgys by reducing energy inputs
associated with fertilizer production, and by radgcthe needs for regular WWTPSs to
remediate wastewater. PBRs, on the other handiveetéhe lowest ranking, because they
require high energy input, which leads to high gaseemissions. Although, CVJF is usually
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regarded as a high contributor to GHG and othesgoms, PBRs were still worst alternatives
than CVJF, due to their energy inefficiencies dgrimicroalgae cultivation. It is true that
microalgal HRJ fuel leads to less Némissions during fuel combustion, but this advaatiag

very minor and does not allow PBR alternatives utgperform CVJF, in relation to this sub-

criterion.

7.3 Land
7.3.1 Analysis

High impacts on land are recorded from the benckr@MJF, as it requires oil exploration and
extraction which can lead to deforestation, hatldtstruction, blowouts and spills [Boragin
al., 2002]. During oil exploration, heavy equipments artroduced, and during oil extraction,
deep wells are excavated to obtain substantial atecaf oil, which can lead to ecosystem
disruption and affect the biodiversity of the afe&TA, 2007a]. Oil spills on land lead to
contamination of soil and nearby groundwater salf@»rasinet al., 2002]. Moreover, oll
exploration and extraction induce negative impactshe aesthetics of the land [Borastral.,
2002].

On the other hand, the cultivation sites of miagaal can take place on arable and marginal
lands [Schenlet al., 2008]; thus, microalgae cultivation does not irgl@cmajor impact on
land [Schenket al., 2008]. As such, the four alternatives of microalg&J fuel have lower
impacts on land than CVJF. It should be taken amasideration that the area needed to grow
microalgae in RWPs, exceeds the area needed farilamg [Collet et al., 2011]. When
comparing microalgal HRJ fuel alternatives amongheather, PBRs seem to have a lower
impact on land than RWPs, because they can produme microalgal biomass while
occupying a smaller area [Chisti, 2006]. MoreoMeBRW has the least impact on land,
because in addition to occupying less surface &B&W remediates wastewater [Patlal.,
2011}, which reduces the need to build WWTPs, arbes not depend on fertilizers, which
reduces the need to build fertilizer productionilfaes. An overview of these comparisons is
presented in Table 7.3.1.
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Table 7.3.1

Overview of the Alternatives in Relation to Lang#auts.

Alternatives Comparison overview

compared

RWPW versus RWPW has less impact on land than RWPF, becadeed not need

RWPF fertilizers, which use land space during productenmd because it
reduces the need for WWTPs, which also require $padte.

RWPW versus Although RWPW reduces the need for land for WWTétlitees, PBRF

PBRF requires less area to produce the same amountimiass as RWPW.
But, PBRF requires fertilizers, which need landcgpt be produced.

RWPW versus Both PBRW and RWPW reduce the need for land WWThitias, but

PBRW PBRW uses land more efficiently than RWPW.

RWPF versus PBRF PBRF uses land more efficiently than RWPF.

RWPF versus RWPF requires fertilizers, which need land spadeetproduced,
PBRW whereas PBRW uses land more efficiently than RWiRFraduces the
need for WWTPs, which require land space.

PBRF versus PBRW PBRF and PBRW use land efficiahthing microalgae cultivation, but
PBRW has the advantage of reducing the need for \R&VWhich
require land space.

CVJF versus RWPW RWPs require more land for microalgae cultivatioart CVJF for oil
& RWPF extraction, but RWPs can use arable land, whileFcd&h have more
impacts on land biodiversity and aesthetics.

CVJF versus PBRW PBRs use arable land and require little space, edse€VJF can impact
& PBRF land biodiversity and aesthetics and require aifsogmt land space for
oil extraction.

7.3.2 Results

Table 7.3.2

Land Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJIF Eigenvector
RWPF 1.000 0.812 0.551 0.183 1.390 0.096
RWPW 1.231 1.000 0.620 0.205 1.822 0.116
PBRF 1.814 1.612 1.000 0.370 2.788 0.186
PBRW 5.455 4.880 2.700 1.000 8.509 0587
CVJF 0.719 0.549 0.359 0.118 1.000 0.066

80



Table 7.3.3

Ranking of Alternatives, Based Solely on their lotpan Land.

Alternative Ranking

PBRW 0.537 Best
PBRF 0.186

RWPW  0.116

PWPF 0.096

CVJF 0.066 Worst

7.3.3 Discussion

PBRs topped the ranking among the alternativesideresl, in relation to impacts on land, due
to their ability to make use of insignificant spaxfearable lands to produce significant amount
of microalgal biomass. PBRW, in particular, recéivke highest score, because in addition to
the previously mentioned advantages, PBRW can riateed/astewater, which eliminates the
need for regular WWTPs, which in turn require laméce. Although, RWPW has the same
advantage as PBRW, in terms of wastewater remedig®WPW received a lower rank than
PBRW and PBRF, due to its need for vast spacdse &ble to produce significant amounts of
microalgal biomass. All of the four microalgal HRi&l alternatives exceeded CVJF, in regard
to this sub-criterion, because they can dependraileaand marginal lands and because they
do not induce significant damage on the land usethd microalgae cultivation, unlike crude
oil extraction activities.
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7.4 Overall environmental considerations

7.4.1 Results
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7.4.2 Discussion

The overall environmentalonsideratior of the alternatives seemed to change with reto
changes in the first sutriterion; water. From Figure.4.1, RWPW seemed to receive
highest raking among the alternatives. Therefore, when RWIRsewassumed to be mc
water efficient than PBRs, RWPW was able to exadkthe other alternatives, in terms of |
overall environmentatonsideratior. On the other hand, when PBRs were assumed tcore
water efficient than RWPs, the overall environmekiconsiderations we also affected, and
PBRW topped the ranking, in this case. As sucls, ilssult clearly stresses on the importe
of taking into consideration the location of midgse cultivaton, whether in hot or col
climate, in order to carefully choose the mostahlé cultivation system, which is able
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reduce overall environmental impacts. Thereforepne particular system can be regarded as
suitable for all locations.

In the two options considered, the first and secaltetnatives were always those alternatives
which were assumed to use wastewater, during mMgaeacultivation. Therefore, in addition
to air emissions, impacts on water ought to bertaké consideration when assessing any
alternative fuel, as the impacts on water can affiee overall environmental considerations
and the ranking of alternatives. The environmepéaformance of the first two alternatives, in
reference to both water options, was roughly clegesreas the environmental performance of
the first two alternatives in comparison to theeotlalternatives was significantly distant.
Therefore, using wastewater during microalgae \atibn can greatly enhance the overall

environmental performance of alternative fuels.

When microalgae cultivation was combined with wastier treatment, the environmental
benefits can be seen at the water and air levdigrefore, in the two scenarios, those
alternatives which were coupled with wastewateattrent seemed to always stay as the top
two alternatives. However, when the use of wastewetiring microalgae cultivation was
removed from the equation, and the comparison wagetl to PBRF and RWPF, RWPF
seemed to always perform better than PBRF, at veeath environmental level. In the first
scenario, PBRF performed better only in terms gbaots on land, whereas in the second
scenario, PBRF performed better in terms of impactdand and water, in comparison to
RWPF, but still PBRF did not manage to precede RW#PEhe ranking, in either of the
scenarios. This observation emphasized that thadtrthat PBRF induces on air is far greater
than the impact that RWPF induces on both waterland combined. On the other hand,
CVJF was ranked as the worst alternative in terfhervironmental considerations, in
reference to both water options. Although, CVJRaddetter than PBRs in relation to the sub-
criterion air, this was not enough to push CVJFaahef PBRs, as it was the case for RWPF in

comparison to PBRF.
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Chapter 8: Economic considerations

8.1 Fuel cost

8.1.1 Analysis

It is true that the cost of conventional jet fuedlay is much lower than the cost of the other
alternative fuels considered in this study, butestainty plays a role in the future price of
petroleum fuels [IATA, 2007a]. The cost of conventil jet fuel fluctuates with crude oil price
fluctuations, and it is approximately 1.3 the cost barrel of crude oil [IATA, 2007a)]. The
price of conventional jet fuel cannot be maintain&sl crude oil resources are limited and are
being depleted [Luquet al., 2008, Schenlet al., 2008]. The quality of petroleum fuels is
decreasing, which in turn increases the cost afetion, refining and production [Hilemaat

al., 2009, Schenlet al., 2008]. The price of conventional jet fuel todayfasir times higher
than the price of conventional jet fuel few yeage gHilemanet al., 2008]. As the price of
crude oil rises, the opportunity for other reneveabburces of energy to be cost competitive

and become commercially available, increases [Scékal.,2008, Simst al.,2010].

The increased knowledge in the field of microalgael the development of more efficient
technologies for microalgae cultivation and hamwestre believed to be able to reduce the
final cost of microalgal oil and fuel, to becomemguetitive with the rising cost of crude oil
[Schenket al.,2008]. The field of producing microalgae for biefsi is still in its early stages;
thus, the cost of microalgal oil and fuel is basedinly on assumptions and extrapolations
from pilot scale projects [Schendt al., 2008]. The main obstacle for microalgal biofuel
commercialization is the high cost of oil feedst@t&mming from high capital and operating
costs [Liet al., 2008, Simst al.,2010].

Jet fuel obtained from microalgae cultivated in BBR the most expensive fuel among the
alternative fuels considered in this study, dugstdigh capital and operating costs [Huntley &
Redalje, 2006, Jorquemt al., 2010]. Many researchers agree that PBRs areusidble to
produce microalgal biomass at a cost which can nta&emicroalgal fuel competitive with
other conventional fuels [Norsket al., 2011]. Today, the price of crude oil has exceeded

$85/bbl [EIA, 2011]. In early phases of microaldaiofuels, researchers believed that
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microalgal oil can become cost competitive withderwil at a price of $75/bbl [IATA, 2007a].
These assumptions were based on beliefs that nge®a&an sustain biomass productivity at
60g/nt.day with 50% oil content, thus producing oil atarerage price of $75/bbl [Scheak
al., 2008]. However, as years have passed by, these o&fproductivities are still theoretical
and today the price of crude oil has exceeded $¥54nd microalgal oil still has not reached
economic viability [Schenkt al.,2008].

There are diverse estimates considering the pficgaoalgal oil, ranging between $56/bbl to
$378/bbl when cultivated in raceway ponds [Hun8eRedalje, 2006, Jorquest al., 2010],
and not less than $379/bbl when cultivated in agsieoto-bioreactors [Chisti, 2007, Jorquera
et al.,2010]. As for the cost of HRJ fuel from microalgéee range is between $3 per gallon,
which is considered optimistic, to $60 per gallo&TA, 2009c]. Therefore, high uncertainties
surround the price of HRJ from microalgae, ande#rss that a realistic estimate cannot be
reached, just by depending on pilot scale proj¢l A3 A, 2010, Simset al., 2010]. An
overview of these comparisons is presented in T&ldld.

Table 8.1.1

Overview of the Alternatives in Relation to Fuek€o

Alternatives Comparison overview

compared

RWPW versus Fuel cost of RWPW and RWPF is approximately theesdracause
RWPF they use the same cultivation system. RWPW corteghto more

economic benefits.

RWPW & RWPF Fuel cost of RWPs is better than that of PBRs, hee&WPs are

versus PBRF & cheaper to build and operate, which leads to Iduarprices.

PBRW

PBRF versus PBRW Fuel cost of PBRW and PBRF iscimiately the same, because they
use the same cultivation system. PBRW contributesdre economic
benefits.

CVJF versus RWPW Fuel cost of CVJF, which is commercially produdsdnuch better than
& RWPF that of RWPs which is still very limited.

CVJF versus PBRW Fuel cost of CVJF, which is commercially produdsdar better than
& PBRF that of PBRs which is still mainly at laboratoryake
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8.1.2 Results

Table 8.1.2

Fuel Cost Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.00( 0.90¢ 1.36¢ 1.27: 0.18: 0.110

RWPW 1.10( 1.00(¢ 1.50( 1.40C 0.20( 0.121

PBRF 0.73: 0.667 1.00(¢ 0.93: 0.13: 0.080

PBRW 0.78¢ 0.71¢ 1.071 1.00(¢ 0.14:

CVJF 5.50( 5.00( 7.50( 7.00( 1.00( <&%

Table 8.1.3

Ranking of Alternatives, Based Solely on Fuel Cost.

Alternative Ranking

CVJF 0.603 Best
RWPW 0.121

RWPF 0.110

PBRW 0.086

PBRF 0.080 Worst

8.1.3 Discussion

Because CVJF has far better and cheaper fuel lkastrhicroalgal HRJ fuel derived from either
microalgae cultivated in RWPs or PBRs, CVJF toppes ranking, with regard to this sub-
criterion. A huge gap can be noticed separating FC¥han the rest of the alternatives. RWP
alternatives perform slightly better than PBR al&tives, but neither of them can be regarded as

cost competitive with conventional jet fuel.
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8.2 Capital cost

8.2.1 Analysis

There is an agreement that raceway ponds are jgensve to build than closed photo-
bioreactors [Borowitzka, 1992, Collet al., 2011, Ratledge & Cohen, 2008], as ponds can be
constructed from less expensive materials such omerete and PVC, in comparison to
transparent and resistant plastic or glass tubes insclosed photo-bioreactors [Jorquetal.,
2010]. A major problem which is inhibiting the wgjwead adoption of closed photo-
bioreactors is their high capital cost, which cartén times higher than the cost of establishing
open ponds [Brennan & Owende, 2010, Posten & Sqt2009, Schenkt al.,2008].

Land cost should not be ignored when taking intosateration the capital cost of PBRs and
RWPs. RWPs require more land area to produce time semount of microalgae than PBRs;
thus, RWPs need more land space, which means higpéal cost [Borowitzka, 1992]. On the
other hand, the cultivation of microalgae in eitfBRs or RWPs is expected take place on
marginal and arid land, which is not expensive [Batzka, 1992, Leet al.,2008].

In terms of wastewater versus freshwater, the ahpdst includes the cost of infrastructure
which is needed to transport the water [Clartnal., 2010]. This issue can be divided into two
aspects. When depending on freshwater, site smbecthould take into consideration
freshwater availability; thus, a nearby sourceretiiwater should be available, which reduces
the infrastructure cost in terms of pipelines (elgngth) [Sheehaet al., 1998]. When using
wastewater for microalgae cultivation, the souréewastewater might not be in the near
vicinity of the facility; thus, infrastructural cosan be higher than the case of using freshwater
resources to grow microalgae [Clarezisal., 2010]. The pipelines might need to be of greater
length and of greater durability in order to prevkrakage. However, this cost is eliminated
due to the fact, that in the absence of a faatltypling microalgae cultivation with wastewater
treatment, this wastewater would still need theastfucture in order to be transported into a
regular WWTPs [Pittmaset al.,2011]. In addition, the capital cost for microagaultivation
facility using wastewater can omit the need toduailregular WWTP to handle this wastewater
[Parket al.,2011].
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Another constituent of capital cost is the costpgbelines which are intended for GO

transport. As mentioned before, in this study therse of CQ was assumed to be from a
nearby power plant [Patt al.,2008, Posten & Schaub, 2009]. Thus, the costpxlipies and

infrastructure was not considered as significams{en & Schaub, 2009]. An overview of

these comparisons is presented in Table 8.2.1.

Table 8.2.1

Overview of the Alternatives in Relation to Cap(Eaist.

Alternatives Comparison overview

compared

RWPW versus RWPW has a lower capital cost than RWPF, when ¢pkimo
RWPF consideration the savings in capital costs neededuild regular

WWTPs.

RWPW & RWPF
versus PBRF &
PBRW

RWPs have lower capital cost than PBRs.

PBRF versus PBRW PBRW has a lower capital cost tRBRF, when taking into
consideration the savings in capital costs neededduild regular

WWTPs.
8.2.2 Results
Table 8.2.2
Capital Cost Matrix.
Alternatives RWPF RWPW PBRF PBRW Eigenvector
RWPF 1.000 0.500 3.000 2.500 <ﬁSS
RWPW 2.000 1.000 6.000 5.000 ¢ 6
PBRF 0.333 0.167 1.000 0.833 0.089
PBRW 0.400 0.200 1.200 1.000 0.107
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Table 8.2.3

Ranking of Alternatives, Based Solely on CapitadtCo

Alternative Ranking

RWPW 0.536 Best
RWPF 0.268

PBRW 0.107

PBRF 0.089 Worst

8.2.3 Discussion

Conventional jet fuel was not considered in thib-stiterion, due to the fact that its capital
infrastructure and needs are already establishddeHitient, where mature technologies are
used [Hilemanet al., 2009]. Thus, the capital cost of CVJF, currentdges not inhibit its
production. As for the rest of the alternativesvlng microalgal HRJ fuel, their capital cost
was mainly attributed to microalgae cultivationifities [Papalexandrouat al., 2008, Simset
al., 2010]. RWPW received the highest weight, becatigeniefits from two characteristics; the

first characteristic is the lower capital cost diVRs in comparison to PBRs, and the other
characteristic is the savings in the need to bn@itglilar WWTPs to remediate wastewater. The
second alternative RWPF was also based on RWPnsystdue to the fact that RWPs are
cheaper to build than PBRs. Whereas the thirdredtere was PBRW, because in comparison
to PBRF, PBRW contributes to savings in the needuitd regular WWTPs, whereas PBRF
does not benefit from such an advantage, on thérasgnPBRF requires fertilizers to be

produced, which need additional capital cost fdiilieer production facilities to be built.

8.3 Operating cost
8.3.1 Analysis

Operating cost of PBRs exceeds the operating do&V@Ps, due to the highly controlled
environment and the energy needed for mixing, pampcooling and degassing in closed

photo-bioreactors [Borowitzka, 1992, Jorqueet al., 2010]. The more closed photo-
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bioreactors offer controlled culture conditions,rorease productivity, the more they become
expensive to operate [Jorquertal., 2010]. Some studies argue that the high cost axfec
photo-bioreactors is offset by their high biomassdpctivity while occupying very little space
[Borowitzka, 1992, Brennan & Owende, 2010, Schenél.,2008]. But, the issue is that these
high productivities of microalgae in PBRs have heéen reached yet, outside of laboratories
[Chisti, 2006]. However, researchers believe thatd exists room for improvement for PBRs
to become more cost efficient [Chisti, 2007, Norsieal.,2011].

Moreover RWPW and PBRW are more economically effitithan RWPF and PBREF,
respectively [Kharet al.,2009]. The use of wastewater to grow microalga¥ides economic
incentives in terms of providing nutrients, insteaid purchasing fertilizers [Chisti, 2007,
Demirbas & Demirbas, 2010, Khaat al., 2009]. In terms of wastewater remediation, the
economic benefits are solely at the RWPW level beeat consumes less energy than regular
WWTPs [Patilet al., 2008, Pittmaret al., 2011], whereas PBRW does not provide such an
economic incentive due to its higher energy needscomparison to regular WWTPs
[Goldman, 1979]. Moreover, making use of the bydords produced such as biogas and
nutrient rich effluent from anaerobic digestionncalso make microalgae cultivation more
economically attractive [Colledt al.,2011, Demirbas & Demirbas, 2010, Satyanaraydrad.,
2010].

Concerning C@ as mentioned before, microalgae were assumece ttedb with a nearby
source of flue gas, from a power plant emitting,Chhe cost of this operation is mainly
related to efficient mixing of the culture in order microalgae to capture the g{Brune et
al., 2009, Schenkt al.,2008]. However, the mixing is required for otheasons as well, such
as nutrient recycling and prevention of microalgatling [Schenlet al.,2008]. Thus, the cost
of mixing in relation to the C@capture cost becomes negligible, because theotosixing is
divided between several operations. In additiol GGk was not being captured by microalgae,
it would either induce adverse environmental impactich as global warming or it would have
to be captured by other form of techniques sudh deep geological wells or in oceans, which
in turn have a relatively high cost and have thiéitglio increase the electricity bill by more
than 30% [kadam, 2002]. As such, it is not onlyimmmentally beneficial to use microalgae
for CO, capture, but economic as well [¢f al.,2008, Patikt al.,2008].
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The cost of microalgae harvesting was previouslysmtered to be too expensive, for biofuel
production purposes, but this perception has clthmgin the rising prices of petroleum fuels
and with the better understanding of microalgaevdsting technologies [Posten & Schaub,
2009]. The cost of microalgae harvesting can rdvegereen 20-30% of total biofuel cost, due
to the high water content [Ma#&t al., 2010, Udumaret al., 2010]. Flocculation followed by
centrifugation, were the methods assumed to be useithis study, in order to harvest
microalgae and minimize its water content. Cengation used as a first step can be very
costly for biofuel production [Packer, 2009]; thus,was assumed to be applied after
flocculation which increases biomass density, daflgcthat microalgae are very small in
diameters. The coupling of these two techniquesioarease the cost effectiveness of the

harvesting process [Brennan & Owende, 2010].

When comparing the cost of harvesting and dewadragtween RWPs and PBRs, it seemed
that the cost of harvesting and dewatering of nailga@e cultivated in closed photo-bioreactors
is less than that in RWPs [Chisti, 2007, Nors&eral., 2011]. Microalgal biomass is more
concentrated in the former than in the latter andhas lower water content per volume
harvested from closed photo-bioreactors [Posterci8ag8b, 2009]. Thus, the energy needed to
harvest the same amount of microalgae from clo$edogbioreactors is less than that needed

to harvest microalgae from raceway ponds [Post&cti8aub, 2009].

Another important component of operating cost la cost [Chatzimouratidisa & Pilavachi,
2009]. Researchers describe microalgae cultivaiahprocessing, and facilities’ maintenance
as labour intensive [Borowitzka, 1992]. During owdtion, monitoring is a crucial aspect
which can determine early signs of culture collapsiata et al., 2010]. Thus, constant
monitoring is required, which in turns necessita®genses related to personnel and expertise

availability [Borowitzka, 1992]. An overview of tee comparisons is presented in Table 8.3.1.

Table 8.3.1

Overview of the Alternatives in Relation to OpergtCost.

Alternatives Comparison overview

compared

RWPW versus RWPW has lower operating cost than RWPF, whichuihes fertilizer
RWPF use costs.
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Alternatives Comparison overview

compared

RWPW & RWPF RWPs have lower operating costs than PBRs whiar offore

versus PBRF & controlled environment during microalgae cultivatiwhich in turn

PBRW induces more expenses.

PBRF versus PBRW PBRW has lower operating cost BH&RF which includes fertilizer
use costs.

8.3.2 Results

Table 8.3.2

Operating Cost Matrix.

Alternatives RWPF RWPW PBRF PBRW Eigenvector
RWPF 1.000 0.500 3.000 2.500 0.268
RWPW 2.000 1.000 6.000 5.000 ¢ 0.

PBRF 0.333 0.167 1.000 0.833 0.089
PBRW 0.400 0.200 1.200 1.000 0.107
Table 8.3.3

Ranking of Alternatives, Based Solely on Operafingt.

Alternative Ranking

RWPW 0.536 Best
RWPF 0.268

PBRW 0.107

PBRF 0.089 Worst

Conventional jet fuel was not considered in thib-stiterion, due to the fact that its operating
cost does not currently hinder or impact its praiucpotential and its availability in the fuel
market [IATA, 2009c]. As for the rest of the altatives which provide microalgal HRJ fuel,
their operating cost was mainly focused on the ogilgae cultivation stage, as they all share the
same downstream processing stages. Also, the afudtiv stage is regarded as the most
influential stage on the end cost of the fuel patli[Simset al., 2010]. RWPW received the
highest weight, because it benefits from two charastics; the first characteristic is the lower

operating cost of RWPs in comparison to PBRs, wihiehhighly controlled, and require high
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operating cost, and the other characteristic iddver operating cost to remediate wastewate
comparison to regular WWTPs. The second alternatR®/PF, was also based on R\
systems, due to the fact that RWPs are cheapgrerate than PBRs. The third alternative \
PBRW, which shares similar and high operating essPBRF, but it does not require the us

fertilizers.

8.4 Overall economiaconsiderations

8.4.1 Results

CVJF

RWPW

o o

S = Maximum

)

S RwWPF

S
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= -

<L consistent
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Figure 8.4.1. Overall economicconsiderationsof the five alternatives, corresponding

maximum, perfectly consistent and minimum matr
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8.4.2 Discussion

In all of the three scenarios; maximum, minimum gredfectly consistent matrices, when
comparing the five alternatives, only in terms obomic considerations, CVJF seemed to be
the best alternative. This result was expected?\a3F is the benchmark, which is currently
used in the aviation industry and as it is alreaolst competitive and commercially available,
on a worldwide scale. Therefore, CVJF was expetddtave the best economic performance

among the alternatives, since it has been usedati@n for several decades.

Raceway pond alternatives came next after CVJEring of economic considerations, because
unlike PBRs, RWPs have been applied at a commescaéé production level [Schemwk al.,
2008]. RWPW was the second best alternative, dukeganany economic advantages which
RWPW offers at both the capital and operating degels. The most important advantage
which separates RWPW from the rest of microalgal HiR alternatives is its association with
wastewater remediation. One can see that withoatemater remediation, such as in the case
of RWPF, RWPs become significantly distant fromnigecost competitive with CVJF. It is
true that RWPW offers many economic advantages thveother alternatives, but its fuel cost

still does not allow it to currently compete witv@F cost.

PBRs, on the other hand, are far away from beingt competitive with either RWP
alternatives or CVJF alternative, due to the difies they face, mostly at the technological
readiness level, which in turn reflect on their remmic performance. The great advantage of
PBRs is seen as their ability to offer highly cotied growth environment for microalgae
during cultivation in closed photo-bioreactors. Hwer, PBRs are still unable to offer this
advantage and exceed the performance of othenafiees, due to the difficulties they face in
maintaining this controlled environment at a lagmle. Technological obstacles such as
difficulties of scale-up and energy inefficiencyegtly contribute to the fact that PBRs are still

mainly at the laboratory level, which in turn cabtites to their high cost.

Although the weight of each alternative differedvieen the three scenarios, this difference
did not impact the overall economic consideratiohshe alternatives considered. Also, it is
worth mentioning, that in the maximum scenario, EM&ceived the highest weight in

comparison to the weight of CVJF in the other twerarios, whereas PBRs received the
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lowest weight in the maximum scenario, in comparismthe weight of PBRs in the other two
scenarios. This can be explained by the recipneaakes. As the weight given to CVJF rises, in

the maximum scenario, the weight of PBRs decreasesto their reciprocal relationship.
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Chapter 9: Overall technoloqgical, environmental andeconomic
considerations

9.1 Base-case
9.1.1 Analysis

After deriving the matrices for each sub-criteritime right eigenvectors were calculated, and
the alternatives were weighted in relation to eaab-criterion and criterion. In the first
weighting which refers to the base-case, all gaterere assumed to be of similar weight. This
weight was derived by dividing the weight of theabby the number of criteria involved.
Therefore, each of the criteria, technological,iemmental and economic received a weight
of 1/3. The weights of criteria, as mentioned befaepresent both their local and global
priorities, because the goal’s priority is equal o Concerning the sub-criteria, the local
priorities of each set of sub-criteria, under eacierion, are equal to 1, and the global
priorities of all the sub-criteria are equal toTherefore, the sub-criteria which fall under the
environmental and economic criteria, each receavextal priority which is equal to 1/3, and a
global priority which is equal to 1/9. The sub-eria which fall under the technological
criterion, each received a local priority of 1/4daa global priority of 1/12 (Check Figure
9.1.1.). The final weights of alternatives obtaimedrespond to their global priorities.

Find technologically feasible, environmentally sustainable and
economically viable alternative jet fuel.

i l

Technological Environmental Economic

0.333 0.333 0.333
Water Air Land
0.110 0.110 0.110

s Fuel eratin
Prnduc?:‘l?n Compatibility readiness Energy Faiclotint Capital'cost Opcos! :
capacily 0.083 level 0.083 0.110 0.110
0.083 0.083 0.110

Figure 9.1.1 Base-case hierarchy.
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9.1.2 Results

CVIF
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Figure 9.1.2.Overall consideratior of the five alternatives, corresponding to the -case

scenario and taking into consideration water
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Figure 9.1.3.0Overall consideratior of the five alternativescorresponding to the becase, and

taking into consideration water (:

9.1.3 Discussion

Two types of results were obtained for the l-case, with each corresponding to the asst
water efficiency of closed phc-bioreactors and raceway ponds tackiedhapter seven under
the environmental considerations. When all theedatconsidered received the same weigt
1/3, the first alternative was CVJF in the two op# of water (1 and 2). CVJF topped
ranking of alternatives, because at the telogical and economic levels CVJF outperforn
the other alternatives, due to its technologicability and commercial availability. Therefol
when giving similar weight and priority to all ohe three criteria, no alternative f
conventional jet fuelstands out. A decision maker might see that migaaHRJ fue

alternatives are not yet capable of substitutingJEVwhile providing environmental ai
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economic advantages. In such a case, the decigght tean towards CVJF, until microalgal
HRJ fuels can improve their overall performanceallrof the three scenarios corresponding to
maximum, perfectly consistent and minimum matric®g,JF was the number one alternative.
Therefore, when adding errors to the perfectly =test matrices and adopting realistic
judgments, CVJF is considered the fuel of choice.

The second alternative obtained was RWPW, in athefthree scenarios and in relation to
both water options. In this base-case, RWPW glamaght was very close to that of CVJF.
The difference between the overall performanceS\6iF and RWPW (0.043) is much smaller
than the difference between the overall performangke CVJF and the other alternatives
(0.165-0.23). It is worth mentioning that these ens (0.043 and 0.165-0.23) were calculated
from the perfectly consistent matrices, taking iobmsideration water (1), and were used as an
illustrative example. This high weight of RWPW waainly due to its environmental benefits
associated with the use of wastewater during migaeacultivation, and due to the large scale
application of raceway ponds. It is true that baseleély on environmental considerations, as
shown in chapter seven, RWPW can be considerethatiex alternative than CVJF. But, due
to the incorporation of other criteria such as tedbgical and economic, RWPW was pushed
behind CVJF. This small difference between thes® tternatives might encourage
stakeholders and decision makers to increase feanmeh and development related to RWPW,
in order to reduce this difference furthermore aybe to reach a stage where RWPW can

outperform CVJF.

Concerning the third alternative, a difference wagticed between the two results
corresponding to Figures 9.1.2 and Figure 9.113ta@ to the difference assumed early on, in
the water efficiency of closed photo-bioreactorsl aaceway ponds. This difference had an
effect on the overall ranking of the alternativesresponding to this base-case. In Figure 9.1.2
which is related to water (1), RWPF was shown taheethird best alternative, whereas, in
Figure 9.1.3 which is related to water (2), PBRWswaown to be the third best alternative.
However, when looking back at the environmentalsoderations of these two alternatives
(Figure 7.4.1 and Figure 7.4.2), PBRW was alwalpstter alternative than RWPF. The reason
behind being outperformed by RWPF in the first opt{Figure 9.1.2), is the fact that in water
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(1) PBRW had slightly better environmental impaittan RWPF, whereas in water (2), this
environmental advantage of PBRW over RWPF was nhugther.

Therefore, when combining the technological andneodc considerations of these two
alternatives with their environmental consideradidqt), RWPF received the higher weight,
because the advantage that RWPF has over PBRWe & ¢hnological and economic levels,
far exceeds the advantage that PBRW has over R\tPtRe environmental level. Whereas,
when combining the technological and economic a@rstions of these two alternatives with
their environmental considerations (2), PBRW reeéivthe higher weight, because the
environmental advantage that PBRW possesses ovd?FRVdr exceeds the advantage that
RWPF has over PBRW, at the technological and ecandewels combined. To put these
comparisons into a numerical context, perfectlyststent matrices were used for illustration.
The global technological and economic weight of FWequal to the local weights of RWPF
corresponding to the technological and economterta, multiplied by the weights given for
these criteria, which is 1/3. Therefore, RWPF hgoaal technological and economic weight
which is equal to 0.102. The global environmentaight of PBRW corresponding to water (1)
is equal to 0.09, which is less than the globahnetogical and economic weight of RWPF,
whereas the global environmental weight of PBRWresponding to water (2) is equal to
0.111, which is more than the global technologazal economic weight of RWPF.

The last alternative was always PBRF. Even whenwheer efficiency of closed photo-
bioreactors was assumed to be better than thahcd#way ponds, PBRF was not able to
outperform RWPF. PBRF was outperformed by all ef étternatives, because at each of the
technological, environmental and economic leveBRP was unable to compete with the rest
of the alternatives. PBRF is still technologicallpfeasible mainly due to its high energy
requirements, environmentally unsustainable dueh& high emissions which it produces
during microalgae cultivation and economically @asiele due to its high capital and operating
costs. Therefore, major advancements are needetptove the performance of PBRF at the
technological, environmental and economic levelgrater to be able to compete with the other

alternatives.

From this base-case which reflects on the ovematfopmance of conventional jet fuel and

alternative jet fuels derived from microalgae, @a® reach an important conclusion that a
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renewable source of energy is not necessarily taisable and viable source, to replace
conventionally used fuels. The four alternativesvae from microalgae performed poorly in
comparison to conventional jet fuel. Therefore,hwiggards to the weights assigned in this
particular case, microalgal HRJ fuel cannot be idaned as viable alternative to conventional
jet fuel, yet.

9.2 Environmental priority
9.2.1 Analysis

As mentioned before, a sensitivity analysis wasdooted in order to compensate for the
subjectivity to the pair-wise comparison values.tlis first sensitivity analysis, a higher
priority was assigned to the environmental criteridhis was justified by the interest of the
aviation industry to reduce its environmental impdxy adopting new alternative fuels [IATA,
2009c]. Therefore, the environmental criterion reeg a weight which is equal to 0.5, whereas
each of the economic and technological criteriirex a weight which is equal to 0.25. As
for the environmental sub-criteria, water and thiey each received a local priority of 0.4 and a
global priority of 0.2, whereas the sub-criteriand received a local priority of 0.2 and a
global priority of 0.1 (Check Figure 9.2.1).

Find an environmentally sustainable,
ftechmically viable and economically
feasible altermative jet fuel

¥ ¥ h 4
Technical Environmental Economic
0.25 0.5 0.25
h 4 ¥ ¥
Water Air Land
02 02 0.1
¥ ) L ] L ] 2 ¥ x
i Fuel readi o y o] ti
PZ;EEE\O'H Energy e }1;&\11111&55 Compatbility| Fuel cost Capital cost p:itng
2 25 ) 25 0832 083
0.0625 0.0625 0.0625 0.0625 0.083 0.08 0.083

Figure 9.2.1Environmenral priority hierarchy.
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9.2.2 Results
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Figure 9.2.2.0Overall consideratior of the five alternatives, corresponding to the syrvinenta

priority casetaking into consideration water (:
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priority case taking into consideration water (.
9.2.3 Discussion

When a higher priority was assigned to the enviremial criterion, the ranking of alternativ
changed in comparison to the t-case. RWPW managed to exceed the benchmark C\
both of the options of water efficiency. Howeveyedto the better performance of clo:
photobioreactors in terms of water consumption in wg®; RWPW received a slight
higher global weight in the overall performance, @9 shown in Figure.2.2, than that in the
overall performance (2). Despite this differenceits final global weight, it is clear th.
RWPW would be the number one alternative for stakddrs who wish to focus their me

interest on environmental sustainabi

As for the secod alternative, CVJF was pushed back to the septexck by RWPW. Th
reason behind this change can be explained byaittettiat the technological and econoi
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aspects of CVJF enabled it to outperform RWPW, ha base-case. However, when the
environmental criterion was stressed, as in thée cthe environmental advantages of RWPW
exceeded the technological and economic advantaf&3V/JF, combined. To put it in a
numerical context and taking into consideration pleefectly consistent matrices, the sum of
the technological and economic global weights ofJE\fs equal to the technological local
priority of CVJF multiplied by the weight given the technological criterion in this case,
which is 0.25, plus the economic local priority@VJF multiplied by the weight given to the
economic criterion in this case, which is 0.25.s&gh, the global technological and economic
weight of CVJF becomes 0.263, whereas the globat@mmental weight of RWPW is 0.316,
which is more than the global technological andheoaic weight of CVJF.

Therefore, from an environmental point of view, thenchmark cannot be considered as the
best aviation fuel. But, CVJF can be consideredb#o currently more environmentally
sustainable than the other alternatives deriverh froicroalgae, such as RWPF, PBRW and
PBRF. Moreover, the distance between the weighteived for both RWPW and CVJF
seemed to be far less than the distance betweewslghts of CVJF and the other lower

ranking alternatives.

Similar to the base-case, the third alternativdfetBl between the two water options
considered, in this environmental priority case. RWbutperformed PBRW in regard to water
(1), whereas PBRW outperformed RWPW in regard teewg). Similar to the base-case, this
difference stresses on the importance of includiegimpacts on water and the importance of
taking into consideration the climatic condition§ microalgae cultivation sites. RWPF

performed better than PBRW in relation to the tetbgical and economic sub-criteria tackled
in chapters six and eight. When PBRW outperform&dPR in this environmental priority

scenario, it indicated that when environmental anability is stressed, and with the suitable
climatic conditions, PBRW with its lower global tewlogical and economic weights can

outperform the more readily available and cost-cetitige alternative, RWPF.

Also, similar to the base-case, PBRF performedIganrcomparison to the other alternatives,
because in addition to its inefficiencies at thehtelogical level and its lack of

competitiveness at the economic level, the assumedoved performance of closed photo-
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bioreactors in terms of water consumption (2) waisatle to improve the position of PBRF in

comparison to the other alternatives, even withhigd environmental priority.

According to Harrison if an alternative jet fuelncke provided with a lower cost than
conventional jet fuel or with more environmentalaadtages than conventional jet fuel, then its
adoption in the aviation industry should take pl@darrison, 2008]. As such, while RWPW
might have the potential to compete with CVJF, whstnessing on environmental
sustainability, the other microalgal HRJ alternesivseemed to be far from being competitive
with CVJF.

9.3 Economic priority

9.3.1 Analysis
Another aspect of the sensitivity analysis condisté giving the higher priority to the

economic criterion, in comparison to the technatabiand environmental criteria. This high
priority was justified by the weight and the higbneideration that the stakeholders assign to
the cost of any new alternative fuel [Harrison, @00'he economic criterion was assigned a
weight of 0.5, whereas the technological and emwvirental criteria, each received a weight of
0.25. As for the economic sub-criteria, the fuedtaeceived the highest weight of 0.5, whereas
each of the capital and operating costs receiveetight of 0.25 (Check Figure 9.3.1). This
higher weight assigned to the fuel cost can beagx@tl by the aviation industry’s interest in
the final fuel cost, in comparison to the benchnj&éR A, 2010].

[Find an environmentally sustainable,
ltechnically viable and economically
[feazible altemative jet fuel
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Figure 9.3.1 Economic priority hierarchy.
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9.3.2 Results

CVJF

RWPW
& Maximum
o
2
)
& RweF -
c E Perfectly
] consistent
<
E Minimum

PBRW

PBRF

0.1 0.15 0.2 0.25 03 0.35 0.4
Global Weight

Figure 9.3.2.Overall consideratior of the five alternatives, corresponding to the @coic

priority casetaking into consieration water (1).

107



CVIF
RWPW
& Maximum
o
2
)
S RWPF
= E Perfectly
9 .
= consistent
<
PBRW E Minimum
PBRF

0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4
Global Weight

Figure 9.3.3.Overall consideratior of the five alternatives, corresponding to the ecoic

priority case taking into consideration water (:

9.3.3 Discussion

Giving the higher priority to the economic criteriead to results vich are similar to the one
obtained in the basgase. The benchmark CVJF topped the ranking ofnaltees, in relatiol
to both water options, followed by RWPW. However this case, the difference between
weights of each of the alternatives CVJFd RWPW (0.103) was more distinct than

difference observed in the b-case (0.033). It is worth mentioning that these lnewrs (0.10:
and 0.033) were calculated from the perfectly csiest matrices, taking into considerat
water (1), and were used an illustrative example. Concerning CVJF, it reee the highes
ranking, because at the technological and econdewiels, CVJF was found to be the be
among the alternatives considered. Therefore, itldvonly be logical for the accumulation
the weights of these two criteria to present CVJF a&slibst alternative, especially with
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increase in the weight of the economic criterioherefore, even if at the environmental level,
CVJF was not the top alternative, the other twteda were able to push CVJF to the top, in
this case. To put this result in a numerical congexd using the perfectly consistent matrices, it
would be sufficient the subtract the global envimemtal weight of CVJF from its overall

global weight corresponding to the high economiorfiy, to see that its global environmental

weight is insignificant in comparison to the condanweight corresponding to the other two
criteria. As such, the overall global weight of GVis equal to 0.366, whereas the global
environmental weight of CVJF is equal to 0.0215jokttorresponds approximately to 6% of

its overall global weight.

The second position occupied by the alternative R¥MRas mainly driven by the higher
environmental advantages that RWPW offers in commparto all the other alternatives, and to
its higher economic and technological considerationcomparison to the other microalgal
HRJ fuel alternatives. RWPW cannot be truly congdeas competitive with CVJF at the
economic level, but in comparison to the other oatyal HRJ fuel alternatives, RWPW
performance was far better than them, which hastieds closer weight to CVJF.

It is interesting to observe that in this higheorsmmic priority case, the third alternative was
the same in the two water options. Unlike the hzsse and the environmental case, the
assumption that closed photo-bioreactors have w@rbetater efficiency than raceway ponds
was not able to help the PBR alternatives, and drtiqular PBRW, to occupy the third
alternative position. In both options, RWPW waskeghas the third alternative; thereby RWP
alternatives outperformed PBR alternatives. Thssiltecan be explained by the fact that in the
base-case and the environmental priority casegtivronmental criterion had more weight
than that in the economic priority case. In theebemse the environmental criterion was
assigned a weight of 0.3 and the global priorityvater was 0.09, and in the environmental
priority case, the environmental criterion was gissd a weight of 0.5 with global priority of
water being equal to 0.2, whereas in the economarity case, the environmental criterion
was assigned a weight of 0.25 with the sub-crite@ter having a global priority of 0.075.
Therefore, one can see that the enhancement thamgiroved water performance of closed
photo-bioreactors had given to PBR alternatives RBRW in particular in the base-case and

the environmental priority case, did not have thens effect in this case. Thus, PBRW
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environmental weight was not able to outperform Higher economic and technological
weight of RWPF. As such, PBRW was, in both optior@ked as the fourth alternative,
followed by PBRF.
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Chapter 10: Conclusion

10.1 Summary

Two types of fuels were considered in this stutig first one was the benchmark fuel known as
conventional jet fuel and derived from conventiopatroleum sources; i.e., crude oil, and the
other type was microalgal hydro-renewable jet fuedfained from microalgae through the
hydro-processing technology. These two types olsfueere divided between five alternative
scenarios. The purpose of this study was to ewalwdtether a technologically feasible,
environmentally sustainable and economically coitipet alternative fuel derived from
microalgae can be provided to the aviation industhe reason behind this choice was the lately
great interest dedicated to microalgal jet fuabnfrthe aviation industry. This interest can be
explained by the need to find biofuel sources, Whace not derived from food crops. The
interest in microalgae as a source of fuel is nst pt the air transport level, other transport
sectors are also showing interest in microalgaeraiiit is estimated that the US and EU are

aiming to replace about 20% of transport fuels @2@with microalgal biofuels.

Several alternative scenarios were chosen to reprdke different pathways through which
microalgal HRJ fuel can be produced. Other pathwargsavailable as many companies and
research institutions are working on developingroatgal fuels. However, only few of these
technologies were considered due to their widespnese, and due to the availability of
information surrounding these particular pathwdygs worth mentioning that the performance
of the alternatives considered are dependent ammggns undertaken by researchers, such as
those related to microalgal oil content and bionmassluctivity. Also, the results corresponding

to microalgal fuels can differ when choosing otbenversion routes.

The analytic hierarchy process (AHP) was used @asabl to analyze the data available on these
two types of jet fuels. The analysis was mainlydoasn three criteria; the technological, the
environmental and the economic. Mainly qualitatilada were obtained, which necessitated the
use of perfectly consistent matrices and the aptitin of sensitivity analysis to compensate for
subjectivity and to account for realistic views anions. In addition to the perfectly consistent

matrices, two other matrices were derived for eab-criterion, which represented maximum
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and minimum values possible for each pair-wise amspn. From the sensitivity analysis the
ranking of the alternatives has slightly changeaimfrone case to another, but the top two
alternatives were always the same, CVJF and RWPWe B its better environmental
performance, RWPW was only able to outperform CVJfhe higher environmental priority
case, whereas in the other two cases, CVJF occubpedirst position in the ranking of the
alternatives. Therefore, the final result reallypeéeds on the decision makers and stakeholders,
and their choice concerning their most importarntedon. The other alternatives considered
seemed unable to compete with either CVJF or RWiRVEny of the cases considered, as there
is a gap noticed between the performance of CV3FRAWPW and the performance of the other

alternatives, at the technological, environmenta aconomic levels.

It is important to note that the viability of miaigal HRJ fuel alternatives greatly depends on
the inputs used, such as the type of water usedglmicroalgae cultivation. RWPW was able to
outperform RWPF due to the fact that RWPW dependedwastewater, whereas RWPF
depended on freshwater input. Also, in other ocresi when closed photo-bioreactors were
assumed to be more water efficient than racewaylgoonly PBRW was able to outperform
RWPF; even with the poorer performance of PBRWemms of technological and economic
criteria. PBRF was not able to compete with eitR8RW or RWP, due to the fact that it
depended on freshwater resources for microalgasatibn. Also, none of the microalgal HRJ
fuel would have been able to compete with CVJFKaifbon sources were not provided from
cheap waste streams. Therefore, one can see thaingpmicroalgal biofuel production with the

use of waste streams constitutes a crucial reqemefor the success of this fuel.

10.2 Adoption, commercialization and certification

It is clear that the adoption and commercializatafnalternative jet fuels and specifically

microalgal hydro-renewable jet fuel, are still fagi many challenges. Most importantly,

feedstock availability can be considered as thebainone obstacle hindering the widespread
adoption of microalgal HRJ fuel. Large scale prdaurcof microalgal biomass and microalgal

oil has not reached the desired or needed leveblyetto difficulties still facing the producers at

the technological and economic levels of microalgaktivation and harvesting [Matet al.,

2010]. Some of the issues affecting feedstock algity include the obstacle related to
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microalgae screening, and the identification ofrigat microalgae species for the right climatic
conditions and the right cultivation systems. Aligbh screening is performed by many
institutions, there is an applied strategy whichssts of not sharing the discoveries concerning
the characteristics of different strains of micgaed, as part of an institution’s intellectual
property, which stems out of concern that compegtitnight make better use of such results.
However, sharing such data is important in ordeprevent repeated research and mistakes,

which can only lead to more delays.

It is without a doubt that the main economic chajle of microalgal HRJ fuel manifests in the
ability to make the transition from laboratory sc&sts to a large commercialized scale. Private
investors consider such projects to be very riggpecially that they cannot be provided with
enough information, which can guarantee the sucaket®ese projects. Although raceway ponds
have performed better over the years in regarflitoaspect and in comparison to closed photo-
bioreactors, the economics are still hinderingyeadopters from taking the risk of funding large
scale production facilities. Therefore, governmestgpport needs to take place in order to
ensure the competitiveness of microalgal oil withde oil. Similar to first generation biofuels,
which were supported by governments to reach tleirent commercial stage, second
generation biofuels also need similar support atl¢hrel of research and development and pilot

scale projects.

Other challenges are related to the hydro-procgssiage of microalgal oil. As mentioned
before, hydro-processing of bio-oils was first agglto produce, mainly, hydro-renewable diesel
fuels in addition to obtaining a smaller fractiohhydro-renewable jet fuels. Additional steps
need to be applied in order to produce hydro-rebévet fuels in higher quantities than hydro-
renewable diesel fuels. Therefore, the economied te increase when producing this higher
fraction of hydro-renewable jet fuels, due to tleea for additional steps of hydro-cracking and
isomerization. Thus, the price of producing hydeaawable jet fuel is higher than the price of
producing hydro-renewable diesel fuels. Moreoves, amount of fuel needed to power the road
transport sector is more than the amount of fuebed to power the air transport sector. These
two facts play a role in favouring the productiohhydro-renewable diesel fuels over hydro-
renewable jet fuels. To overcome such an issuis, @xpected that as more bio-oils undergo

hydro-processing in refineries, the production pdife-renewable jet fuel increases. Moreover,
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another issue that needs to be tackled in orderctease the widespread production of hydro-
renewable jet fuels is the certification of HRJI&Jenvhich are expected to take place in the

coming year, with a maximum fuel blend percentaigg086.

10.3 Recommendations and future work

It is worth mentioning that although several alggive pathways were considered in this
assessment, they all relate to the same feedstmtkoahe same processing technology which is
hydro-processing. Microalgal HRJ fuel is consideasdpart of the immediate solution to the
environmental impacts of aviation, induced by thee wf conventional jet fuel, as blended
microalgal HRJ fuel can be used directly in therent aviation infrastructure. While many
researchers believe in the ability of microalgaeofter considerable contribution towards
environmentally sustainable biofuels, and otheeswin microalgae the ability to displace all
liquid fuels obtained from petroleum, microalga®@d not be the only feedstock considered
and hydro-processing should not be the only teduylconsidered. No one source and
production process of alternative fuels can replaoaventional jet fuel. Therefore, other
alternatives should be considered, in order to idemwa combination of the best performing

alternative jet fuels to replace conventional el f

Also, the adoption of renewable alternative jetsumnstitutes one step among the many steps
that are being researched and applied by the amiatidustry to reduce its environmental
impacts. The substitution of conventional jet faklne is not enough to significantly reduce the
environmental impacts and GHG emissions, espediady during the life cycle of microalgal
HRJ fuel, the carbon cycle is not considered todugral. Less emission on the overall life cycle
is produced from microalgal HRJ fuel than from cemtional jet fuel, but this step by itself is
not enough to make a significant difference. Thanesfother long term carbon free alternative

fuels should also be considered.

Many uncertainties still need to be tackled andreskkd in order to have a more thorough
understanding of the technological, economic andrenmental considerations of microalgal
biofuels. Among these uncertainties are those eglab the lack of standardized method to

account for life cycle GHG emissions. In this pautar study, high uncertainties surround the
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calculation of quantities of nitrous oxides relehsduring microalgae cultivation stage.
Therefore, there is an urgent need to develop radatdized procedure, which can properly
account for GHG emissions, and which can combimlstity without scarifying the certainty
of the results. Also, gaseous emissions producethgldurbine fuel combustion need to be
further addressed in order to understand the dysamhich affect the increase or decrease in

the quantities of N@ HC, CO and smoke number emitted.

Another area which can be improved is the redudtioenergy consumption during microalgae
cultivation either in open ponds or in closed pHoimreactors. Although open ponds consume
much less energy than closed photo-bioreactorsg thalways a room for improvement to make
biofuel production less energy intensive. One sagge consisted of using renewable energy
sources instead of fossil fuel sources to powemtieroalgae cultivation site. Therefore, solar
panels can be used for example to provide the medjuieat for the anaerobic digester or the
energy needed for the harvesting steps of micrealgawever, when considering any renewable
energy source to replace fossil fuels, it shoulddben into consideration that the energy input

needed to provide this renewable energy sourcedinot exceed its energy output.

Even with higher alternative fuel prices, the awiatindustry might be willing to commit to

alternative fuels based on reduced environmentphats and with the hope that as alternative
fuel supplies increase, the price of fuels tendiécrease. However, the important questions
become how long before the environmental beneéts lze seen and measured and how long
before the price of alternative fuels become bdarabd acceptable. It is without a doubt that
early adopters supported by governments need éosiadh a risk, as part of the learning curve of

alternative aviation fuels.

All the ground tests and flight trials conductednad at assessing the feasibility and the
environmental and economic performance of 50-5099 Hiel blends with conventional jet fuel.
The process of alternative jet fuel certificatisralso concerned with the performance of 50-50%
blended fuels. Once the certification of HRJ fuetluding microalgal HRJ fuel, is approved
higher percentages of blended fuel need to be deresl and assessed. These higher percentages
might require alterations to the currently usedrastructure. But, it is important to start
considering such higher percentages, as they nmaydar higher technological, economic and

environmental benefits.
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Concerning the results obtained from this studgytmainly reflect the current status of
conventional and microalgal HRJ fuels. The techgie® included in the analysis are based on
their present status in the field. However, majvamcements are expected to take place at the
technological level, which can in turn affect thevieonmental and the economic aspects of
fuels. Microalgal HRJ fuels are expected to beconwre efficient and more technologically
attractive, whereas conventional jet fuels are etqueto become less efficient. Therefore, such
an assessment needs to be kept up-to-date, in wr@decount for any development which can
generate different results according to new daszosteries and achievements. Today the world
is witnessing higher crude oil prices due to thdtipal situations in the Arab world. Such

situations, if persisted, can accelerate the adomf alternative fuels.

Other issues which were not included in this warkl aeed to be tackled include impacts of the
transportation stage. Transportation of feedstodletineries and of end-product fuels to airports
and to other facilities needs to be addressedt @sn have significant environmental and
economic impacts. Transportation was not considardtis study, because it is dependent on
the location of microalgae cultivation sites, faample whether microalgal oil is imported from

developing countries or produced in developed awemt Also, other site issues related to
transportation are associated with the closenessi@balgae cultivation sites to the refineries.
As mentioned before, petroleum refineries can lael us process microalgal oils into HRJ fuels.
However, the location of petroleum refineries agete be in relation to petroleum and crude oil
sites, and microalgae cultivation sites might netldcated in the proximity of these already
existing refineries. Therefore, new refineries nhighed to be built, which can affect the overall

performance of microalgal HRJ fuels.
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Appendix A: Calculation of the right eigenvector

An example for calculating the right eigenvectotie# perfectly consistent matrix of production

capacity is provided below.

Alternatives RWPF RWPW PBRF PBRW CVJF
RWPF 1.000 1.000 1.286 1.286 0.143
RWPW 1.000 1.000 1.286 1.286 0.143
PBRF 0.778 0.778 1.000 1.000 0.111
PBRW 0.778 0.778 1.000 1.000 0.111
CVJF 7.000 7.000 9.000 9.000 1.000

Step 1: Squaring the matrix

Alternatives RWPF RWPW PBRF PBRW CVJF
RWPF 5.002 5.002 6.431 6.431 0.714
RWPW 5.002 5.002 6.431 6.431 0.714
PBRF 3.889 3.889 5.000 5.000 0.555
PBRW 3.889 3.889 5.000 5.000 0.555
CVJF 35.004 35.004 45.004 45.004 5.000

Step 2: Summing the rows and the rows total

5.002 + 5.002 + 6.431 +6.430 +0.7143.520

5.002 + 5.002 + 6.431 +6.431 +0.714 3.580

3.889 + 3.889 + 5.000 +5.000 + 0.555 8.333

3.889 + 3.889 + 5.000 +5.000 + 0.555 8.333

35.004 + 35.004 + 45.004 + 45.004 + 5.000 = 185.0

The rows total is equal to 248.842

Step 3: Normalizing by dividing the row sum by therows total

Eigenvector g 0948

0.0948
0.0737
0.0737
0.6631

This process must be repeated until the eigengelation does not change from the previous
one.
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Appendix B: Calculations related to the economic aterion

In order to be able to use a five order matrixegard to fuel cost and four order matrices in
regard to both capital and operating cost, sewtegls had to be taken. The missing alternative in
the four order matrices was CVJF. Therefore, inrtblt eigenvectors derived from capital and
operating cost matrices, the fifth value which llsueorresponds to CVJF was assigned a value
of zero. As for the right eigenvector derived frone fuel cost matrix, the value obtained for
CVJF was multiplied by one (assumed weight for feet). This is justified by the fact that for
CVJF, only one sub-criterion under the economitedon was used to evaluate CVJF. And as
mentioned before, the sum of the weights of suterta under one node, in this case, one sub-
criterion for CVJF should be equal to one. On thleephand, the other four alternatives were
assessed based on three sub-criteria. The sune efdights of the three sub-criteria is equal to
one; thus, the weight for each sub-criterion wé&s térresponding to the base-case. The values
of the right eigenvectors corresponding to the falternatives were multiplied by the assigned
weights of sub-criteria. After multiplying the wéigof CVJF with one, and the weight of the
other alternatives with the assigned weights ofaithria, the sum of the global priorities of the
alternatives in relation to the economic criterexceeded the maximum value which is one.
Therefore, normalization had to be conducted ireotd bring down the sum of the alternatives’
global priorities to one. An illustration of thisqeedure is provided in the example below, taking

into consideration the perfectly consistent masricethe economic criterion.

Step 1: Assign values for pair-wise comparisons

Table A.1.1

Fuel Cost Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF

RWPF 1.000 0.500 3.000 2.100 0.167
RWPW 2.000 1.000 4.500 2.700 0.200
PBRF 0.333 0.222 1.000 0.500 0.111
PBRW 0.476 0.370 2.000 1.000 0.125
CVJF 6.000 5.000 9.000 8.000 1.000

118



Table A.1.2

Capital Cost Matrix.

Alternatives RWPF RWPW PBRF PBRW
RWPF 1.000 0.286 6.500 4.500
RWPW 3.500 1.000 9.000 6.000
PBRF 0.154 0.111 1.000 0.333
PBRW 0.222 0.167 3.000 1.000
Table A.1.3

Operating Cost Matrix.

Alternatives RWPF RWPW PBRF PBRW
RWPF 1.000 0.286 6.000 3.900
RWPW 3.500 1.000 8.000 5.900
PBRF 0.167 0.125 1.000 0.250
PBRW 0.256 0.169 4.000 1.000

Step 2: Derive the right eigenvector

Table A.2.1

The Right Eigenvectors of Fuel Cost, Capital Cost @perating Cost Matrices.

Alternatives Fuel cost: Capital cost: Operating cost:
Eigenvector 1 Eigenvector 2 Eigenvector 3
RWPF 0.112 0.271 0.262
RWPW 0.175 0.594 0.587
PBRF 0.043 0.043 0.044
PBRW 0.068 0.091 0.106
CVJF 0.602 0.000 0.000

Step 3: Calculate the local priorities of the altenatives.

Table A.3.1

The Local Weights of Alternatives, correspondinguel Cost.

Alternatives Fuel cost Eigenvectorl Weightl x Eigenvectorl
Weightl
RWPF 0.333 0.112 0.036
RWPW 0.333 0.175 0.039
PBRF 0.333 0.043 0.026
PBRW 0.333 0.068 0.028
CVJF 1.000 0.602 0.602
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Table A.3.2

The Local Weights of Alternatives, Correspondin@apital Cost.

Alternatives Capital cost Eigenvector2 Weight2 x Eigenvector2
Weight2

RWPF 0.333 0.271 0.088

RWPW 0.333 0.594 0.176

PBRF 0.333 0.043 0.029

PBRW 0.333 0.091 0.035

CVJF 0.000 0.000 0.000

Table A.3.3

The Local Weights of Alternatives, Correspondin@perating Cost.

Alternatives  Operating cost Eigenvector3 Weight3 x Eigenvector3
Weight3
RWPF 0.333 0.262 0.087
RWPW 0.333 0.587 0.193
PBRF 0.333 0.044 0.014
PBRW 0.333 0.106 0.035
CVJF 0.000 0.000 0.000

Step 4: Calculate the local weights of alternativeand normalize.
Local weight = Weightl x Eigenvectorl+ Weight2 xy&mvector2+ Weight3 x Eigenvector3
Table A4.1

Local Weight of Alternatives and Normalized Locaigtits of Alternatives.

Alternatives Local weight Normalized local weight
RWPF 0.213 0.152
RWPW 0.393 0.282
PBRF 0.085 0.061
PBRW 0.099 0.071
CVJF 0.603 0.432
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Appendix C: Minimum and maximum matrices

B.1 Techno[ogy
B.1.1 Production capacity
Table B.1.1.1

Production Capacity Minimum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 1.000 2.000 2.000 0.200 0.128
RWPW 1.000 1.000 2.000 2.000 0.200 0.128
PBRF 0.500 0.500 1.000 1.000 0.111 0.065
PBRW 0.500 0.500 1.000 1.000 0.111 0.065
CVJF 5.000 5.000 9.000 9.000 1.000 ¢ 0.6

Table B.1.1.2

Principal Eigenvalue, Consistency Index & ConsisteRatio of Production Capacity Minimum
Matrix.

Principal eigenvalué\fyay) Consistency Index (ClI) Consistency Ratio (CR)
5.002 0 0

Table B.1.1.3

Production Capacity Maximum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 1.000 5.000 5.000 0.125 0.136
RWPW 1.000 1.000 5.000 5.000 0.125 0.136
PBRF 0.200 0.200 1.000 1.000 0.111 0.038
PBRW 0.200 0.200 1.000 1.000 0.111 0.038
CVJF 8.000 8.000 9.000 9.000 1.000 ¢ 0.6
Table B.1.1.4

Principal Eigenvalue, Consistency Index & ConsisteRatio of Production Capacity Maximum
Matrix.

Principal eigenvalué\(ya;) Consistency Index (CI) Consistency Ratio (CR)
5.370 0.093 0.083
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B.1.2 Fuel readiness level
Table B.1.2.1

Fuel Readiness Level Minimum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 1.100 1.500 2.000 0.250 0.140
RWPW 0.909 1.000 1.500 1.700 0.200 0.125
PBRF 0.667 0.667 1.000 1.100 0.167 0.088
PBRW 0.500 0.588 0.909 1.000 0.125 0.074
CVJF 4.000 5.000 6.000 8.000 1.000 1(_03)1
Table B.1.2.2

Principal Eigenvalue, Consistency Index & ConsisteRatio of Fuel Readiness Level Minimum
Matrix.

Principal eigenvalué\(ya;) Consistency Index (CI) Consistency Ratio (CR)
5.006 0.002 0.001
Table B.1.2.3

Fuel Readiness Level Maximum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 3.000 4.000 5.000 0.200 0.204
RWPW 0.333 1.000 2.500 3.500 0.167 0.106
PBRF 0.250 0.400 1.000 3.000 0.118 0.064
PBRW 0.200 0.286 0.333 1.000 0.111 0.037
CVJF 5.000 6.000 8.500 9.000 1.000 € 0.5%
Table B.1.2.4

Principal Eigenvalue, Consistency Index & ConsisteRatio of Fuel Readiness Level Maximum
Matrix.

Principal eigenvalué\fyay) Consistency Index (ClI) Consistency Ratio (CR)
5.288 0.072 0.064
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B.1.3 Compatibility with the current system
Table B.1.3.1

Compatibility with the Current System Minimum Matri

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 1.000 1.000 1.000 0.500 0.167
RWPW 1.000 1.000 1.000 1.000 0.500 0.167
PBRF 1.000 1.000 1.000 1.000 0.500 0.167
PBRW 1.000 1.000 1.000 1.000 0.500 0.167
CVJF 2.000 2.000 2.000 2.000 1.000 ¢ 0.3

Table B.1.3.2

Principal Eigenvalue, Consistency Index & ConsisteRatio of Compatibility with the Current
System Minimum Matrix.

Principal eigenvalué\fyay) Consistency Index (ClI) Consistency Ratio (CR)
5.000 0 0
Table B.1.3.3

Compatibility with the Current System Maximum Matri

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 1.000 1.000 1.000 0.200 0.111
RWPW 1.000 1.000 1.000 1.000 0.200 0.111
PBRF 1.000 1.000 1.000 1.000 0.200 0.111
PBRW 1.000 1.000 1.000 1.000 0.200 0.111
CVJF 5.000 5.000 5.000 5.000 1.000 ¢ 05

Table B.1.3.4

Principal Eigenvalue, Consistency Index & ConsisteRatio of Compatibility with the Current
System Maximum Matrix.

Principal eigenvalué\fyay) Consistency Index (ClI) Consistency Ratio (CR)
5.000 0 0
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B.1.4 Energy
Table B.1.4.1

Energy Minimum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.667 4.000 3.100 1.500 0.261
RWPW 1.500 1.000 7.000 6.000 3.000 ¢ 0.4
PBRF 0.250 0.143 1.000 0.833 0.667 .072
PBRW 0.323 0.167 1.200 1.000 0.833 0.088
CVJF 0.667 0.333 1.500 1.200 1.000 0.132
Table B.1.4.2

Principal Eigenvalue, Consistency Index & ConsisteRatio of Energy minimum Matrix.
Principal eigenvalué\(y,;) Consistency Index (CI) Consistency Ratio (CR)
5.051 0.013 0.011

Table B.1.4.3

Energy Maximum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.222 6.000 4.000 3.000 219
RWPW 4.500 1.000 9.000 8.000 6.000 ¢ 0.5

PBRF 0.167 0.111 1.000 0.400 0.400 0.040
PBRW 0.250 0.125 2.500 1.000 0.667 0.069
CVJF 0.333 0.167 2.500 1.500 1.000 0.089
Table B.1.4.4

Principal Eigenvalue, Consistency Index & ConsisteRatio of Energy Maximum Matrix.

Principal eigenvalué\fyay) Consistency Index (ClI) Consistency Ratio (CR)
5.161 0.040 0.036
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B.2. Environment

B.2.1 Water

Table B.2.1.1

Water (1) Minimum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.500 1.100 0.667 2.100 0.171
RWPW 2.000 1.000 3.000 1.500 3.500 0.3

PBRF 0.909 0.333 1.000 0.500 1.100 126
PBRW 1.500 0.667 2.000 1.000 2.500 0.247
CVJF 0.476 0.286 0.909 0.400 1.000 0.099
Table B.2.1.2

Principal Eigenvalue, Consistency Index & ConsisteRatio of Water (1) Minimum Matrix.

Principal eigenvalueh\f,)

Consistency Index (ClI)

Consistency Ratio (CR)

5.023 0.006 0.005

Table B.2.1.3

Water (2) Minimum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJIF Eigenvector
RWPF 1.000 0.500 0.909 0.333 1.100 0.125
RWPW 2.000 1.000 1.700 0.833 2.500 0.263
PBRF 1.100 0.588 1.000 0.500 3.000 0.181
PBRW 3.000 1.200 2.000 1.000 3.500 0.

CVJF 0.909 0.400 0.333 0.286 1.000 .092
Table B.2.1.4

Principal Eigenvalue, Consistency Index & ConsisteRatio of Water (2) Minimum Matrix.

Principal eigenvaluehfu,)

5.074

Consistency Index (ClI)

0.018

Consistency Ratio (CR)
0.016

125



Table B.2.1.5

Water (1) Maximum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.200 2.000 0.333 3.000 0.119
RWPW 5.000 1.000 4.500 3.000 6.000 ¢ 0.4

PBRF 0.500 0.222 1.000 0.250 2.500 .084
PBRW 3.000 0.333 4.000 1.000 5.000 0.261
CVJF 0.333 0.167 0.400 0.200 1.000 0.049
Table B.2.1.6

Principal Eigenvalue, Consistency Index & ConsisteRatio of Water (1) Maximum Matrix.

Principal eigenvalué\fya;) Consistency Index (CI) Consistency Ratio (CR)
5.214 0.054 0.048
Table B.2.1.7

Water (2) Maximum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.256 0.500 0.222 2.900 0.091
RWPW 3.900 1.000 2.900 0.500 4.900 0.291
PBRF 2.000 0.345 1.000 0.286 3.900 0.141
PBRW 4.500 2.000 3.500 1.000 6.500 ¢ 0.4

CVJF 0.345 0.204 0.256 0.154 1.000 0.047
Table B.2.1.8

Principal Eigenvalue, Consistency Index & ConsisteRatio of Water (2) Maximum Matrix.

Principal eigenvalué\fyay) Consistency Index (ClI) Consistency Ratio (CR)
5.148 0.037 0.033
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B.2.2 Air
Table B.2.2.1

Air Minimum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.667 3.500 3.000 2.000 0.262
RWPW 1.500 1.000 7.600 6.000 3.000 ¢ 0.
PBRF 0.286 0.132 1.000 0.909 0.400 .066
PBRW 0.333 0.167 1.100 1.000 0.769 0.084
CVJF 0.500 0.333 2.500 1.300 1.000 0.138
Table B.2.2.2

Principal Eigenvalue, Consistency Index & ConsisteRatio of Air Minimum Matrix.
Principal eigenvalué\fya;) Consistency Index (CI) Consistency Ratio (CR)
5.036 0.009 0.008

Table B.2.2.3

Air Maximum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.400 6.500 4.900 3.500 0.273
RWPW 2.500 1.000 9.000 7.500 6.000 ¢ 0.5

PBRF 0.154 0.111 1.000 0.400 0.200 .035
PBRW 0.204 0.133 2.500 1.000 0.455 0.063
CVJF 0.286 0.167 5.000 2.200 1.000 0.114
Table B.2.2.4

Principal Eigenvalue, Consistency Index & ConsisteRatio of Air Maximum Matrix.

Principal eigenvalué\f;) Consistency Index (CI) Consistency Ratio (CR)
5.189 0.047 0.042
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B.2.3 Land
Table B.2.3.1

Land Minimum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.833 0.588 0.200 1.500 0.106
RWPW 1.200 1.000 0.833 0.222 1.600 0.127
PBRF 1.700 1.200 1.000 0.400 2.500 0.180
PBRW 5.000 4.500 2.500 1.000 7.000 ¢ 0.5
CVJF 0.667 0.625 0.400 0.143 1.000 .074
Table B.2.3.2

Principal Eigenvalue, Consistency Index & ConsisteRatio of Land Minimum Matrix.
Principal eigenvalué\{ya;) Consistency Index (CI) Consistency Ratio (CR)
5.013 0.003 0.002

Table B.2.3.3

Land Maximum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.400 0.286 0.145 3.500 0.072
RWPW 2.500 1.000 0.400 0.167 5.000 0.123
PBRF 3.500 2.500 1.000 0.250 6.500 0.214
PBRW 6.900 6.000 4.000 1.000 9.000 ¢ 0.

CVJF 0.286 0.200 0.154 0.111 1.000 033
Table B.2.3.4

Principal Eigenvalue, Consistency Index & ConsisteRatio of Land Maximum Matrix.

Principal eigenvalué\fyay) Consistency Index (ClI) Consistency Ratio (CR)
5.262 0.065 0.058
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B.3. Economic

B.3.1 Fuel cost
Table B.3.1.1

Fuel Cost Minimum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.909 1.200 1.500 0.200 0.119
RWPW 1.100 1.000 1.300 1.200 0.222 0.122
PBRF 0.833 0.769 1.000 0.833 0.154 0.090
PBRW 0.667 0.833 1.200 1.000 0.167 0.096
CVJF 5.000 4.500 6.500 6.000 1.000 0.5

Table B.3.1.2

Principal Eigenvalue, Consistency Index & ConsisteRatio of Fuel Cost Minimum Matrix.

Principal eigenvalué\fy,,)

Consistency Index (Cl)

Consistency Ratio (CR)

5.015 0.004 0.003

Table B.3.1.3

Fuel Cost Maximum Matrix.

Alternatives RWPF RWPW PBRF PBRW CVJF Eigenvector
RWPF 1.000 0.500 3.000 2.100 0.167 0.112
RWPW 2.000 1.000 4.500 2.700 0.200 0.175
PBRF 0.333 0.222 1.000 0.500 0.111 0.043
PBRW 0.476 0.370 2.000 1.000 0.125 0.068
CVJF 6.000 5.000 9.000 8.000 1.000 ¢ 0.60p
Table B.3.1.4

Principal Eigenvalue, Consistency Index & ConsisteRatio of Fuel Cost Maximum Matrix.

Principal eigenvalué\fnas,)

5.114

Consistency Index (ClI)

0.029

Consistency Ratio (CR)
0.026
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B.3.2 Capital Cost
Table B.3.2.1

Capital Cost Minimum Matrix.

Alternatives RWPF RWPW PBRF PBRW Eigenvector
RWPF 1.000 0.667 2.500 1.500 64
RWPW 1.500 1.000 5.500 3500 C__ 0.

PBRF 0.400 0.182 1.000 0.833 0.104
PBRW 0.667 0.286 1.200 1.000 0.145
Table B.3.2.2

Principal Eigenvalue, Consistency Index & ConsisteRatio of Capital Cost Minimum Matrix.

Principal eigenvalué\fyay) Consistency Index (ClI) Consistency Ratio (CR)
4.033 0.011 0.009
Table B.3.2.3

Capital Cost Maximum Matrix.

Alternatives RWPF RWPW PBRF PBRW Eigenvector
RWPF 1.000 0.286 6.500 4.500 0.271
RWPW 3.500 1.000 9.000 6.000 C 0.59%
PBRF 0.154 0.111 1.000 0.333 0.043
PBRW 0.222 0.167 3.000 1.000 0.091
Table B.3.2.4

Principal Eigenvalue, Consistency Index & ConsisteRatio of Capital Cost Maximum Matrix.

Principal eigenvalué\fyay) Consistency Index (ClI) Consistency Ratio (CR)
4.178 0.059 0.053
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B.3.3 Operating cost
Table B.3.3.1

Operating Cost Minimum Matrix.

Alternatives RWPF RWPW PBRF PBRW Eigenvector
RWPF 1.000 0.667 2.500 1.700 0.266
RWPW 1.500 1.000 6.000 4.000 (C_ 0.502
PBRF 0.400 0.167 1.000 0.833 0.099
PBRW 0.588 0.250 1.200 1.000 0.132
Table B.3.3.2

Principal Eigenvalue, Consistency Index & ConsisteRatio of Operating Cost Minimum
Matrix.

Principal eigenvalué\fa;) Consistency Index (CI) Consistency Ratio (CR)
4.032 0.011 0.009
Table B.3.3.3

Operating Cost Maximum Matrix.

Alternatives RWPF RWPW PBRF PBRW Eigenvector
RWPF 1.000 0.286 6.000 3.900 0,262
RWPW 3.500 1.000 8.000 5900 C_0.582
PBRF 0.167 0.125 1.000 0.250 0.044
PBRW 0.256 0.169 4.000 1.000 0.106
Table B.3.3.4

Principal Eigenvalue, Consistency Index & ConsisteRatio of Operating Cost Maximum
Matrix.

Principal eigenvalué\f;) Consistency Index (CI) Consistency Ratio (CR)
4.237 0.079 0.07
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