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ABBREVIATIONS AND ACRONYMS

APEC Asia-Pacific Economic Cooperation

ASEAN Association of Southeast Asian Nations

BAT Biomass Assessment Tool

C Carbon

CO, Carbon dioxide

DHA Docosahexaenoic acid

DW Dry weight

E10 10% of ethanol mixed with 90% of gasoline

Fe Iron

GHG Greenhouse gas

GIS Geographic information system

HRAP High rate algal pond

K Potassium

N Nitrogen
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RS Remote sensing

Sandia Sandia National Laboratories (U.S. DepartroeBnergy)
TNO Netherlands Organisation for Applied ScientResearch
WWTP Wastewater treatment plant

UNITS

g gram

ha hectare
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kL kilolitre

km? square kilometres
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MW Megawatt
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EXECUTIVE SUMMARY

Using algal biomass to produce biofuels has redeimereased attention recently.
Some compelling arguments for the growing inteagstthat algae grow rapidly, yield
more biofuel per hectare than terrestrial plantsitain little or no toxic substances,
are biodegradable, can be used in ways that genexattively low GHG emissions
and, in most instances, do not compete directly Wabd production on agricultural
land. Thus algae could add significantly to théeptal for biofuels to displace fossil
fuels.

However, major challenges lie ahead. Although thersific literature indicates very
high potential productivity for algae, it is unliigethat such laboratory values can be
achieved in practical industrial applications. Rermore, it is not clear how much
land is available and affordable in locations sasltoastal areas, where the climate,
water and nutrients may be sufficient to suppagtdbmmercial cultivation of algae.

The goal of this study is to assess the potentrduant and location of algal biomass
that could be made available for the sustainaldeymtion of biodiesel in the APEC
economies. To achieve this, the study discusses thethods of assessment. Method
1 is based on the TNO authors, van Harmelen and (@906), who claimed that the
most suitable resources for the application of calgae mass cultures to renewable
energy production in the near-term are human, dnand some industrial wastes
containing sufficient nutrients (principally nitreg and phosphorus) for algal growth.
This approach suggests that about 52 million tomiedgal biomass could be grown
in the APEC economies over the next 10-15 yeart)ef TNO approach is applied
without any modifications. However, if the methadadjusted to allow for the fact
that not all wastewaters from human and animalcesumn the APEC economies are
collected for treatment, then the total algal pb&rwithin the APEC economies is
only about 21 million tonnes. This correspondshi® production of just over 8 GL of
algal biodiesel, hardly enough to replace 2% ofenirfossil diesel usage.

Method 2 assumes that the key nutrients —-,0Dand P — will be provided by the
same sources of human and animal wastes, withrttignly factor being the amount
of carbon available. Facilities are assumed teehaater, N and P available that can
be used in the ponds to produce the algal bion#sfsstr the oil is extracted, it is
processed into biodiesel. Nutrients are recycletthénwater and the residual biomass
is used to produce biogas via anaerobic digestbich is then combusted to provide
additional electric power and GOn-site. If temperature variations and incidenaso
radiation are not taken into account, this approastmates that about 211 million
tonnes of algal biomass could be grown in the AREEGnomies in the foreseeable
future. This corresponds to a maximum APEC-widedpotion of about 71 GL of
algal biodiesel, enough to replace 12% of curressif diesel usage. If temperature
variations and solar radiation are considered, these figures drop by about 50%.

The largest potential producers of algal biodiesabng the APEC group are China
and the United States. Both economies have lapgelations located in cities and
towns throughout their land areas, providing a 8enand more flexible distribution
of wastewater, nutrients and g8burces to feed algal ponds. In the short-ternmaCh
has the greatest potential because of its largpulptions of people, pigs and other
animals which are currently generating huge wadivwsreams that could be used to



produce about 9 GL of algal biodiesel. Althoughstaimounts to less than 10% of
their current diesel usage, they could develotpacity to almost triple this amount
in the long-term, thereby increasing their replaestof fossil diesel substantially.

Indonesia and Thailand possess the potential dgpacreplace about 2 GL of their
fossil diesel use with algal biodiesel in the fetudowever, uncertainty prevails with
respect to the amount of wastewater that is celteand treated in both economies, as
well as in Malaysia, Mexico, Papua New Guinea, Piglippines and Viet Nam.
Since several of these economies also possesaplaeity to replace up to 10% of
their fossil diesel by algal biodiesel, there isuagent need to increase the amounts of
wastewater collected and treated in these countistead of allowing it to remain
uncollected and untreated. This urgency also eristthe basis of improving overall
sanitary conditions and lowering the risks of deea

Economies with the potential to replace 15% or mafréheir current fossil diesel
usage with algal biodiesel are Indonesia, Perusi@u$hailand, the United States and
Viet Nam. In Australia, Brunei Darussalam, Canddlaile, Japan, Malaysia, Mexico,
Singapore and the Phillipines, the extent of tidaement potential is about 10%.

As it focuses on marginal coastal land and therntiateuse of saline water, the third
method discussed herein requires further survek wat is beyond the scope of this
report. However, it is clear from earlier work tiaistralia, Chile, Indonesia, Mexico,
Russia and the United States possess greater jpbt@enterms of marginal coastal
land than the other APEC economies. More relialsiemates of the amounts of
marginal coastal land in each economy need to bected and then combined with
information on the locations of sources of £LO@nly then will additional biomass
potential be identified. Method 3 should be viewasl a “coastal land plus GO
approach that treats the algal biomass potentideayy limited by local availability
of CO, and marginal coastal land. It can provide an upopend assessment of
additional possibilities in the long term.

Further research is needed to locate all the sswtautrients and water that exist in
each economy and assess how close they are toadlabde land and sources of €O
Geographical proximity assessment is best done thighassistance of GIS-based
tools such as Sandia’'s PONCH model. For exampheo@ sophisticated version of
this model could be developed to determine thenwgiticoastal locations for algal
biomass production in terms of the transportatiost€ of moving the nutrients and
energy needed to maintain HRAPs. The PONCH modebkan applied successfully
to two APEC economies (Canada and Australia), soiild be a natural choice for
an APEC-wide study of this kind. However, furthesearch is needed to quantify
more precisely the effects of temperature variatiand incident solar radiation on
algae growth potential at various locations in e&APfEC economy.



INTRODUCTION

The objective of this report is to assess the paeamount and location of algal
biomass that could be made available for the sumtée production of biodiesel in the
APEC economies. Potentially, algal biomass cowdalsustainable, relatively low
GHG emissions feedstock that is widely availablewg rapidly, yields more biofuel
per hectare than terrestrial plants, contain®/ittd toxic substances, is biodegradable,
and in most instances does not compete directly feibd production on agricultural
land. For these reasons, algae could contribgtafiantly to the resource potential
of biofuels to displace fossil fuels.

The scientific literature indicates very high pdtahproductivity for algae. However,

it is still unclear whether such laboratory valdes biodiesel production from algae
can be achieved in practical industrial applicatiofurthermore, it is not clear how
much land is available in suitable locations (sasttoastal areas) where the climate
and availability of water and nutrients are suéitdito support the cultivation of algae
in some of the APEC economies. Through an ingssessment of these key factors,
and the range of yields that might be achievedbfodiesel production from algae
using sustainable technology and industrial methtids report will provide a rough
set of estimates of the amount of biodiesel thaghtipotentially be produced
sustainably from microalgae in the APEC economesd thus the amount of
conventional oil that biodiesel from algae couldgpially displace.

The findings of this report should assist agriadtu economic, energy and land
ministries in developed and developing APEC ecoesm&ome typical questions it
may help to answer are: To what extent could waseams — such as human and
animal wastes near towns and cities — become aisabte source of algal biofuels?
Should waste locations be surveyed to have a fulelerstanding of their potential?
Can marginal land in coastal areas be used folidsetiproduction? Do limits exist
on the scaling-up of biodiesel from algae owingctmmpetition for key nutrients?
Which ways of displacing fossil diesel for trandpare the most sustainable? This
report should enhance the capacity of officials arplerts to address these and other
related issues. By identifying locations that h#we key resources available to make
them potentially suitable for the cultivation oferoalgae as biodiesel feedstock, and
assessing their overall resource potential, thertapay encourage algae cultivation
as a means of displacing oil consumption in trartspo

Before discussing potential methodologies, we reeclarify what the term “algae”
signifies in this report. Eukaryotic algae are gaflg divided into unicellular
“microalgae” and multicellular “macroalgae” (e.gasveed). Three ways of making
oils like biodiesel from these algae have been@sed in the literature:

[1] Microalgae may be cultivated photosyntheticaHy.e. with sunlight. Benemann
(2010) estimates that annual world commercial pctdn of the microalgal biomass
grown in this way is about 10,000 tonnes. The malgae currently cultivated

photosynthetically are Spirulina, Chlorella, Duplid and Haematococcus. About
half of this production is of Spirulina, mostly @hina, with Japan and Taiwan being
the main producers of Chlorella, and other majodpcers in Australia, the U.S. and
India. Thus some APEC economies are important mtoztuareas for photosynthetic
algae, but a negligible proportion of this currpraduction is used to make biofuels.



[2] Microalgae may be grown heterotrophically — by dark fermentations using a
source of carbon like sugar or starch. BenemanhQ28uggests that another 10,000
tonnes are produced annually via this technologiniy in the Far East for Chlorella
(used as a nutritional supplement) and in the @nf.Germany, for olil (triglycerides)
high in the omega-3 fatty acid DHA, used mainlyaasinfant formula ingredient.
Once again, a negligible amount is currently usedhaike biofuels. This is done in
small pilot plants only.

[3] Some macroalgae might be used to produce dmfbet work on the conversion
of seaweed into biofuels is in its infancy.

This report focuses exclusively on planktonic matgae grown photosynthetically,
meaning that the algae are suspended in a ligadtgrmedium (water). As almost
all commercial algal biomass is currently produsedpen raceway ponds containing
water, this will be the only technology assumedtifas project.

To accomplish its objective, the report adoptsahrethods of assessing the resource
potential of algae for production of biodiesel fugelAPEC economies. Method 1 is
based on the TNO authors, van Harmelen and Oork6§20vho suggested that the
most suitable resources for the application of odtgae mass cultures to renewable
energy production in the near-term are human, dnand some industrial wastes
containing sufficient nutrients (principally nitreg and phosphorus) for algal growth.
The TNO estimates for waste potential must be #efjlusownwards because they
assumed that all wastewater would be collectedtaeaded. This is not the case for
most APEC economies. Being limited by nitrogen picitbn, Method 1 provides an
approximate estimate of the algal biodiesel poat@imong the APEC economies in
the near-term — possibly over the next 10-15 years.

Another set of estimates, optimistic in the shenirt but plausible and definitely more
sustainable in the longer term, result from assgniimat the key nutrients (N and P)
will come from human and animal wastes (e.g. céddtie and piggeries). In this case,
the limiting factor will be the amount of carbonaglable. Such facilities are assumed
to have water that can be used in HRAPs to prodiga biomass. The biomass will
have its oil extracted and processed into biodiede¢ nutrients will be recycled in
the water and the residual biomass will be condeirteo biogas (methane; GHvia
anaerobic digestion, which is then combusted teigeoadditional electric power and
CO, on-site. This technology we label Method 2.

Our anaerobic digestion pathway is not new, bemmndled on Oswald and Golueke
(1960), Regan and Gartside (1983), Benemann andal@s{&996) and Campbell,
Beer and Batten (2009), among others. It is nutedicient, energy-efficient and
displays a good carbon footprint. Although it aseanan alga that is amenable to
flocculation and oil extraction using hexane, thare new technologies appearing
that may be able to dewater the algae cheaply snace the oil with minimal energy,
using methods observed in nature (e.g. using merabri® cause a capillary action in
combination with cohesion, adhesion, absorption tadspiration). These do not
require dangerous chemicals; as such the algael @sb be further processed for
food products and pharmaceuticals.



The third proposed method (Method 3) requires e of the amount of marginal
land available on coastlines in close proximityhagburces of C&(e.g. derived from
the CARMA database and other sources). This maydweed as a “coastal land plus
CQO,” approach. It treats algal biomass potential asgokmited by local availability
of CO, and marginal coastal land, ignoring the availgpihif other nutrients such as
N and P. Method 3 should be regarded as an upperdbassessment of additional
possibilities in the long term. Since such estimatannot be realized unless locally
sustainable sources of nutrients can be identiiedvays of recycling nutrients
developed, this method is too approximate to biedalpon without further detailed
assessment with the assistance of GIS-based tachsas Sandia’'s PONCH model or

PNNL'’s Biomass Assessment Tool (BAT). These modelisbe discussed in a later
section.



MAKING BIODIESEL FROM MICROALGAE

Finding suitable locations for large-scale cultivatand processing of microalgae for
conversion into biodiesel is a challenging taskadidlition to the selection of robust
species and strains of algae, other key resouecgsred to grow it successfully are:

(1) warm sunlight and good insolation — preferablyyakr round,;

(2)  asustainable source of nutrients (N, P) — prefgenazyclable;

3) a sustainable water supply — preferably recyclable;

(4) asustainable source of @O preferably nearby; and

(5) reasonably flat land — preferably at least 400drest

Geographical
Algal strain Location
Microa'zae and product Land - almost flat
Hassiication selection Water - recyclable
system Muldple criteria Warmth - all year
Nearby source of CO,

Nutrients - recyclable

High
lipid yield

High

biomass

Oil easy to Non-

extract

Extract oil Convert Consume

Algae-to-biodiesel value chain

HOW? Co-product(s)

Figure 1: The What, Where and How of Algal Biodieske
(Source: Batten et al, 2011)

To answer the key WHAT and WHERE questions implied-igure 1, a potential
maker of biodiesel must consider two sets of gaaestisimultaneously: (1) what is
known about the suitability of different algal strsin certain locations and (2) what
is known about the products that can be producau those strains in the preferred
locations. This is no easy task. A major challeisgdat not all strains that grow well
in a laboratory are suitable for large-scale culgiin the field (Sheehan, 1998). For
example, certain non-laboratory strains may beebétir biodiesel production. Thus
strain, product and site selection are intimatetgrirelated. Although this kind of co-
selection is a significant challenge, it will na discussed further here.

All the subsequent processing steps in the algdmettiesel supply chain — from algal
growth to final combustion — comprise the HOW qicest in Figure 1. These kinds
of processing steps are required to make biodifrseh algae. However, many
microalgae harvesting studies have ignored the malnjects of the investigation —
the microalgae — when choosing their harvesting dedatering technologies (see



Benemann and Oswald, 1996). More often than net,nticroalgae are treated as
homogeneous, uniform and unvarying colloidal p&tic when in reality they are

complex and highly variable, not just between sgpediut within the same strain
exhibiting different surface charges (a major dateant in harvesting responses),
depending on culture condition. Development of arsal harvesting technologies
applicable to all microalgae is unrealistic econgatly, because they consist of crude
and expensive methods such as centrifugation aandhichl flocculation. Secondly,

therefore, a biodiesel maker must match the akgainsto the harvesting, dewatering
and oil extraction technologies.

This report will attempt to answer some WHERE qgoest for the APEC economies
as a whole. In reality, it is important to keep thielogy and whole supply chain in
view, since location decisions about the algal ghowedium will depend on the
strain selected which, in turn, will affect the adeof downstream processes — such
as suitable methods of harvesting, dewatering dnextraction. Many choices must
be made when arranging the complete supply chaim &lgal selection and growth
to final combustion in the vehicle.



METHOD 1: THE ADJUSTED TNO APPROACH

Introduction

Given limited data, a pragmatic way to tackle bismeesource assessment is to start
by estimating the theoretical possibilities andntiv@roduce a set of constraints that
gradually whittle these theoretical resources dtava more realistic set of achievable
possibilities. This sequential constraints methodesponds to the approach adopted
by two Dutch authors at the TNO (van Harmelen andlk) 2006) for algal biomass
and by Farine et al (2011) and others for terr@skiiomass. A brief summary of the
TNO approach adopted by van Harmelen and Oonkvisliancluding indications of
some flaws in their original approach and wayswdrooming them.

Climatic Resources

The first constraint limiting algal production idincate, defined by temperature,
sunlight and moderate seasonality. Van HarmelenCaomk (2006) decreed that those
locations within the blue rectangle shown in Fig@eenjoying annual average
temperatures of 15°C or more, were suitable foroaigae production on wastes. As
we shall see shortly, such an arbitrary and sirmiplapproach would exclude several
APEC economies where algae can be grown (albeie relmwly) from our list of
prospects. In future assessments, constraintsi@risom incident solar radiation,
minimum winter and night-time temperatures shoudabolopted, because these are
much closer to the actual limiting factors.

degr. Celcius
-
| [l
I 2015
] -15--10
[ 0-5
e-s
| [
[ -5
[ 15-20
B 05
| ERE

Figure 2: Temperature zones declared suitable forlgae biofuel feedstock production
(Source: van Harmelen and Oonk, 2006)

Water Resources

A sustainable supply of water in sizeable amountmiessential resource for the algal
ponds. Potential sources include fresh water, baater, seawater, brackish water,
wastewater and other aquifers, marshes, lakes sindrees. Given that most ASEAN
economies need fresh water and bore water for gingroses, they will be ruled out
for this study. Also, they should be ruled out arstainability grounds. Brackish
water and other specific water bodies will be rubed because they require individual



assessment to confirm their location and suitgbilitis task is well beyond the scope
of this study. Thus we are left with only two pdsigies as key resource candidates —
seawater at coastal locations or wastewater.

In many APEC economies, coastal land is highlygatiand highly priced because it
is in great demand for various purposes. This makdgficult to use seawater at
coastal locations unless the location is remotenfaities and towns or it is piped
significant distances inland from the coast todlgal pond. Thus seawater could be
an expensive option which, when combined with thst ©f transporting or piping
sufficient nutrients and CQo the same facility, is likely to drive up theewall costs
of coastal facilities to uneconomic levels. Forstheason, a few Asian economies
(Japan in particular) farm algae at sea. Coastal i unavailable or is prohibitively
expensive in these economies. However, other AREE@Ganies have the potential to
develop algal facilities on marginal land in codsteations. This coastal resource
potential is discussed in the chapter entitled METH3: A COASTAL LAND PLUS
CO, APPROACH.

Thus we are left with wastewater as the best, texar-option for new algal ponds.
Another reason why wastewaters containing humanaaindal wastes are attractive
as media for microalgal growth is that a growingniser of wastewater facilities have
several levels of treatment (primary, secondary t@nidary), resulting in ponds and
lagoons with water of different qualities. In thasasting ponds, one can find all the
nutrients (in different proportions) needed to ausinew algae growth in separate,
high-rate algal ponds. By overcoming the need Iy upon external sources of water
and nutrients, the overall cost and sustainakolityuch facilities for algae growth and
oil extraction improve markedly.

Our spreadsheet assessment of algal oil produfdrolelbourne Water showed that
wastewater treatment plants can outperform othstesys in cost-benefit terms and
also display an excellent carbon footprint (Batétral, 2011). More importantly, if
wastewater systems are chosen as the mediumitieralgal biodiesel production, as
this technology is perfected it can be expandedeoycling available nutrients and
waters and digesting the residual biomass to pmtiiagas as a self-sufficient source
of power and C@ This strategy can increase the viability of pradg biofuels
(Benemann, 2010). For these and other reasonsewatst treatment would seem to
be the best short-term business model for algdmetiesel production. Therefore,
Method 1 (this chapter) and Method 2 (next chaptéi)focus on algal oil production
with the help of wastewater treatment of humanamchal wastes.

Waste Nutrient Resources

We are not the first to conclude that the resounmessidered most suitable for the
near-term application of microalgae cultures fanesgable energy production and
GHG abatement are human, animal and some industaisies (see e.g. Benemann,
2003; 2010; van Harmelen and Oonk, 2006). A recgport from the University of
California at Berkeley goes even further by projegtan unfavourable outcome for
large-scale production of biofuels from microalgexess wastewater treatment is the
primary goal (Lundquist et al, 2010). As mentiorédxbve, further confirmation of the
importance of the wastewater treatment path caore fecent spreadsheet modelling
of two treatment plants in Melbourne (Batten et26111). The scenario of growing



microalgae near existing treatment lagoons, extrgdhe algal oil and feeding the

remaining biomass through an anaerobic digestprdaduce biogas for the renewable
production of electricity in on-site generatorssuked in algal oil being producible at

a cost of less than US$1 per litre. Although thisnpising result was possible because
of the availability of all the key resource inpw@slittle or no cost, it suggests that
wastewater warrants more in-depth consideration thaas received to date. If the

additional income associated with the wastewagattnent is taken into account, then
Lundquist et al (2010) have shown that algal oillddoe produced for as little as 20

cents per litre.

Part of the attraction of the wastewater path emesnftom an important change in
emphasis in wastewater treatment technology — fo&idizing the organic matter in

the waste (i.e. removing the biological oxygen ded)ao removing, recovering or

recycling the key nutrients — N and P. This growimged for nutrient removal,

recovery and recycling improves the economic paéenf using new algal ponds in

wastewater treatment, since microalgae are paatigukefficient in capturing and

removing such nutrients (Woertz et al, 2009). Tthesthird constraint on where to
grow algae is the location of waste nutrient sosire@eople, pigs and dairy cows — in
the climatically suitable areas. Without a suffitiesustainable density of N-rich and
P-rich resources, algae cultivation at commeraaleswill not be viable.

One way of estimating the nitrogen and phosphoaeesied for algae production is to
use the Redfield ratio (Redfield, 1934), which pdeg a coarse elemental molar ratio
of 106:16:1 for C:N:P for all marine phytoplanktdssing the atomic weights of 12,
14, and 31 for C, N and P respectively, the retathass ratio becomes 1272:224:31.
For dry algae biomass consisting of 50% carbom, dhies the relative percentages of
C, N and P on a mass basis as 50, 8.8, and 1.8rpierespectively. The percentages
of N and P are often rounded to 9% and 1% respadgtiv

In this report, we assume that these elementaleobtercentages can be generally
applied as an approximate average for microaldaee lalso assume that the nutrient
uptake efficiencies for each are of the order o%75 being comparable to that
reported for nitrogen in terrestrial crops likercerit follows that the nutrients needed
to produce 1000 kg of dry weight microalgae ar@rested to be nominally 117 kg of
nitrogen and 16 kg of phosphorus (Pate, Klise angl 011). In other words, 1 kg of
N translates to a potential of 8.5 kg of algal bé@ms Although the nutrient use
projections calculated here are only rough estisatiject to uncertainty, the ratio of
1 to 8.5 is of the same order as the 1 to 10 emgumed by van Harmelen and Oonk
(2006) to calculate their global theoretical algasource production potentials. For
consistency with the TNO method, we have adoptedhigher ratio of 1 kg of N
producing 10 kg of algae biomass to estimate thverddoound production potential of
each APEC economy by the year 2020 (see Table 1).

APEC'’s Theoretical Resource Production Potential

After assessing availabilities of suitable climatanditions, wastewater and nutrient
resources, the TNO analysis summed the theoretgmbnal resource potential of
municipal wastewaters, piggeries and dairy cowltgedn climatically suitable areas
of the world. It used spatially differentiated gddta from the Edgar GHG emission
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database to calculate and display spatial resqotntials for the year 2020 in a map
form, as shown in the TNO report (see van HarmatehOonk, 2006, page 26).

Their estimated global theoretical resource poaéimi 2020 is 366 million tonnes of
algal biomass production (up from 200 in 1990),edasn the assumed nutrient
content of the human, dairy cow and pig wastehédimatically suitable areas. In
comparison, our estimate of the APEC economiesiréitecal resource potential in
2020 is about 204 million tonnes of algae biomasslyction (Table 1). This is just
under 60% of the global theoretical resource pakrnhe bulk of the difference being
attributable to the algae production potential did, Africa and South America.
From this and earlier analyses, it is clear thabAss the largest theoretical potential
— especially China (an APEC economy) and Indiasidetthe APEC region).

Table 1: Theoretical algae resource production potgial by APEC economy in 2020
(based on total waste N nutrient located within 15@rea in Figure 2)

MUNICIPAL ANIMAL TOTAL ALGAE (Mt)
APEC ECONOMIC ZONE WASTE (1) WASTE (1) WASTE (1)
Australia 217,000 572,400 789,400 7.89
Brunei Darussalam 0 0 0 0
Canada (See Note 1) 0 0 0 0
Chile 7,000 0 7,000 0.07
Peoples Republic of China 5,257,750 5,281,600 10550 105.39
Hong Kong, China 0 0 0 0
Indonesia 977,500 216,000 1,193,500 11.94
Japan 20,000 11,000 31,000 0.31
Republic of Korea 0 0 0 0
Malaysia 111,000 64,800 175,800 1.76
Mexico 619,500 3,060,700 3,680,200 36.80
New Zealand 0 0 0 0
Papua New Guinea 22,000 400 22,400 0.22
Peru 119,750 58,800 178,550 1.79
The Philippines 111,750 99,100 210,850 2.11
Russia (Note 1) 0 0 0 0
Singapore 0 0 0 0
Chinese Taipei 25,000 30,000 55,000 0.55
Thailand 428,250 299,800 728,050 7.28
United States of America 848,500 1,033,500 1,8800 18.82
Viet Nam 430,500 468,600 898,600 8.99
TOTAL 9,195,500 11,196,200 20,391,700 203.92

Note 1: Wholly located outside of the 15 degreesp@mal algal growth zone

Adjusting the TNO Approach to Constrained Estimatio

Next, constraints were introduced on the availgbihf flat land, the availability of
low cost land and the availability of GGupply, energy and other infrastructure. The
first constraint was approximated by land locatéedrabelow 500 metre altitudes,
whereas the second and third constraints wereetejatirely to population densities.
Locations that fulfilled all three constraints, addition to climatic conditions, were
deemed to have the best economic potential. Thasight the global resource
potential down from a theoretical maximum of 364lion tonnes to a pragmatic
possibility of 90 million tonnes of algal biomassoguction per annum. In other
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words, municipal and animal wastewater potentiedslianited to about 25% of their
theoretical potential by the combined constrairftéaok of populated areas and the
availability of suitable land (flat and cheap).

Theoretical Algae Resource Production Potential ‘

Reduction due to Climate Constraints |

Location of Waste Nutrient Resources

Reduction due to Wastes Collected

Reduction due to Land Available

PARPP

Figure 3: Adjusting the TNO Approach down from a Theoretical to a Practical Potential
(PARPP = Practical Algae Resource Production Poteral)

Our Method 1 estimates for the practical resoumterngial of the APEC economies

are derived from the maps of global technical pisprovided in van Harmelen

and Oonk (2006, Figure 4.7, page 32). Originallg khoped to receive sufficient

responses to our questionnaire — which was serlasuyear to all APEC economies
— to obtain improved estimates of the algal reseyatentials in each economy (see
Appendix A). Because the response level to ouresuwas low, however, we have

adopted the TNO approach for our lower-bound egémal he resulting estimates are
given in Table 2. In this table, it has been assuthat 1 tonne of microalgae can
produce 333 litres of biodiesel.

After constraints were introduced on the avail&pitif flat low-cost land, C@supply,
energy and treatment infrastructure (as discusad®g, the resource potential of the
APEC economies came down from a theoretical maximti@04 million tonnes per
annum to a pragmatic likelihood of just over 58 limil tonnes of algal biomass
production per annum (see Table 2). In other wardsjicipal and animal wastewater
potentials are limited to less than 30% of theeattetical potential by the combined
constraints of the lack of populated areas andstacity of flat, low-cost land. Of
note is the fact that China, the USA and Indonss&m to offer the best prospects for
making algal biodiesel in the near future. In terofigeplacing fossil diesel (in %
terms), Indonesia offers the greatest potentiah whe opportunity to replace almost
one quarter of its current diesel use. When tpectical potential is viewed as a
percentage of their theoretical potential, the teading APEC economies for algae
production from wastes are Japan and the USA. Theseeconomies stand out
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because they have a relatively large number oflyHgbpulated urban settlements.
However, Japan has very little real potential beeaof its lack of available land,
while the United States has significant algae petida potential in the near-term. In
absolute terms, however, China has the potentia¢tome the leading waste-to-algae
producer in the APEC bloc.

Table 2: Practical algae resource production poterel by APEC economy in 2020
(adjusted for various constraints)

USABLE ALGAE BIODIESEL | AS A % OF
APEC ECONOMIC ZONE NITROGEN (t) (Mt) (ML) DIESEL USE
Australia 32,750 0.33 110 1.1%
Brunei Darussalam 1,750 0.02 7 3.5%
Canada (See Note 1) 0 0 0 0
Chile 3,000 0.03 10 0.25%
Peoples Republic of China 2,749,500 27.5 9,165 4.4
Hong Kong, China 0 0 0 0
Indonesia 709,750 7.1 2,366 23.5%
Japan 14,000 0.14 47 0.15%
Republic of Korea 4,800 0.05 17 0.1%
Malaysia 121,250 1.21 404 7.1%
Mexico 402,750 4.03 1,343 8.1%
New Zealand 7,500 0.07 25 1.1%
Papua New Guinea 0 0 0 0
Peru 7,000 0.07 23 0.8%
The Philippines 176,750 1.77 589 9.5%
Russia (Note 1) 0 0 0 0
Singapore 0 0 0 0
Chinese Taipei 0 0 0 0
Thailand 579,000 5.79 1,930 14%
United States of America 776,650 7.77 2,589 1.6%
Viet Nam 228,750 2.29 762 16%
TOTAL 5,817,000 58.17 20,185 4.9%

Note 1: Wholly located outside of the 15 degreexp@mal algal growth zone.

Unfortunately, there are weaknesses in the assangpéidopted in van Harmelen and
Oonk (2006) to generate practical potentials frbm theoretical potentials discussed
above. In the APEC economies, not all wastewatsn fnuman and animal wastes is
collected. Even less is treated. This means tretettimates in Table 2 need to be
adjusted downwards in accordance with the extentwtoch each economy’s

wastewater is collected and treated. Furthermarlg, asmall percentage of cattle are
raised in feedlots where wastewater can be mad&blafor algae production. The

percentages of pigs raised in piggeries with wastesmyponds are higher (see Table
3). But in both cases, the assumed wastewaterad@ifrom animal waste sources
that could be used for algae growth will be lessitthe amount assumed in Table 2.
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Table 3: Practical algae resource production poteral by APEC economy in 2020
(adjusted for % of sewage collected, cattle in fedmts and pigs in piggeries)

% of Sewage | % of Cattle % of Pigs in ALGAE

APEC ECONOMIC ZONE Collected in Feedlots medium-size (Mt)
Piggeries

Australia 87% 5.4% 54% 0.30
Brunei Darussalam 40% 1% 20% 0
Canada (See Note 1) 74% 20% 40% 0
Chile 96% 1% 20% 0
Peoples Republic of China 46% 10% 24% 8.78
Hong Kong, China 93% 1% 20% 0
Indonesia 25% 1% 20% 1.78
Japan 67% 1% 20% 0
Republic of Korea 50% 1% 20% 0
Malaysia 40% 1% 20% 0.42
Mexico 20% 5.7% 40% 0.65
New Zealand 80% 1% 20% 0
Papua New Guinea 30% 1% 20% 0
Peru 81% 1% 20% 0.05
The Philippines 7% 1% 20% 0.27
Russia (See Note 1) 55% 1% 20% 0
Singapore 100% 1% 20% 0
Chinese Taipei 85% 1% 20% 0
Thailand 40% 0 80% 3.18
United States of America 71% 80% 45% 5.44
Viet Nam 5% 1% 5% 0.11
TOTAL 20.98

Note 1: Wholly located outside of the 15 degreexp@mal algal growth zone.

We have estimated the amounts of human sewagecteallen each APEC economy
in 2005 and the proportion we expect will be cdkelcand treated by the year 2020.
We have repeated this estimation for the percergagairy cows in feedlots and the
percentage of pigs in large or medium-sized piggeriable 3 contains the results.
The reduced quantities of wastewater availablealgae culturing in each APEC
economy have led to a reduction in the total algamass capacity of the APEC

region from 58 Mt to about 21 Mt.
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METHOD 2: A SUSTAINABLE INPUTS APPROACH

Introduction

Making substantial reductions in @@missions from large, coal-based (or gas-fired)
power plants using algae — the major argumentqwuterd for algal biofuels by many
proponents — is most unlikely. Grobbelaar et aD@0calculated that biofixation of
CO, from a 300 MW thermo-electric coal-fired powertsta would require an algal
culture area of about 100 kmThey concluded that conventional mass cultures of
microalgae are economically infeasible to absotistantial amounts of GCGemitted
from point sources. This scale-up challenge has lbeafirmed in other studies (e.g.
Campbell, Beer and Batten, 2009). The extra costsaated with providing more
land and infrastructure (capital costs) and eleityrifor pumping over much longer
distances (operating costs) make the productiorbiofliesel alone economically
unattractive under these conditions.

The expected economies of scale found in othersimids do not apply for current
algal raceway pond designs. Furthermore, usingaaigae in this way postpones the
replacement of unacceptably dirty industries byct, renewable ones. Therefore,
smaller, renewable and distributed £€durces — such as abattoirs, piggeries, cement
plants, cheese factories, ammonia plants and watteweatment plants — are more
suitable. It may be erroneous to assume that blgdiesel can replace fossil diesel to

a significant extent, just as ethanol is unlike@yeplace petrol. At current E10 levels,
ethanol is a fossil fuel extender (Batten, 2008)célder climates especially, algal
biodiesel may not blend properly with fossil diegeheir respective properties differ
before blending.

The Basics of Method 2

A more sustainable and scalable strategy for tbdymtion of algal oils and biodiesel
is to recycle the water, carbon and key nutrieNtarid P). For example, the residual
biomass after oil extraction could be convertetlitmas via anaerobic digestion, with
digester residues (containing nutrients and carbeir)g recycled to the ponds. This
would not only facilitate additional on-site powgeneration and thus GQor the
algae, but also ensure that nutrient supplies ddbecome a bottleneck if and when
the ponds increase in size and/or number. As Banen(2010) noted, this approach
can cover most process (“parasitic”) energy neadd,perhaps even generate surplus
power to enable fossil energy to be replaced bgr®ogy. Self-sufficient approaches
based on recycling of key inputs will be necesgsargnsure that algal biofuels are
carbon-neutral or carbon-negative in a life cydsessment.

As mentioned in the Introduction, the oil extrantjplus anaerobic digestion pathway
is not new. Oswald and Golueke (1960) suggestéathter authors to have confirmed
its credentials include Regan and Gartside (19B&)emann and Oswald (1996) and
Campbell, Beer and Batten (2009), among othersa hecent Australian biomass
resource assessment (Farine et al, 2011), it waisdféhat Australian wastewater
treatment plants provide about 33.8 kg of dissolgatbon per person. This figure
provides a means of estimating the maximum thesaeéimount of carbon produced
via wastewater treatment each year, which can leeconverted into a Gestimate
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for each APEC economy. In a similar manner, the lmemof pigs in piggeries and
cattle in feedlots can be used to estimate the maxi theoretical amount of G@hat
could be collected from these animal wastes in emgdnomy. The total COfrom
human and animal wastes can then be calculatecc@meerted into potential algal
biomass — to form part of our Method 2 estimate.

NPKS N as urea
308 kg 448 kg

CO, 93 tonnes

@Mﬂ & Algae

Raceway

h““§ 55 tonnes

Fe 0.5kg

Flocculant 133 kg

Figure 4: Our assumed annual materials inputs and atputs for Method 2
(adapted from Campbell, Beer and Batten, 2009)

Although many production systems of this kind hagen proposed for growing algae
and extracting oil, in this report we shall addpt bne discussed in Campbell, Beer
and Batten (2009), which is displayed in Figurewith CO, supplementation, an
annual algal growth rate of 15 diftlay or 55 tonnes per ha dry weight is a reasonable
expectation. In turn, about 16.5 kL/ha of biodieseuld be produced per annum.
Although this figure may appear to be conservatwehe present time it is unrealistic
to adopt higher growth rates that correspond talidenditions — such as a biodiesel
production rate of 33 kL/ha. Such ideal conditians rarely if ever experienced in the
field, so a conservative figure is more appropréitthis point in time.

The need for C@supplementation is due to the fact that municipastewaters are
deficient in C, in relation to their N and P (Bersam and Oswald, 1996). Without
CO, supplementation, only about 5-10 tonnes/ha of vagight algal biomass is
likely. Regan and Gartside (1983) estimated 6 tsfin@annually for common algae
strains. At a growth rate of 15 dffday, the annual nutrient requirements are
approximately 310 kg/ha of nitrogen and 31 kg/hgludsphorus (and possibly some
potassium), all of which can be obtained from thgaaic waste. A similar deficiency
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in C applies for wastewaters containing animal esssince they are of a similar

composition.
carbon dioxide.

In Method 2, therefore, the limitifactor will be the supplementary

According to Campbell, Beer and Batten (2009), @es of CQ supplementation
will result in 55 tonnes of dry weight algae pectage per year. If we assume that 6
tonnes per hectare per year results from atmosphbsorption (Regan and Gartside,
1983), we can calculate the amount of supplemer@®y At a growth rate of 15
g/m’/day, a minimum of 87 tonnes of supplementary, B€ hectare will be required
each year — equivalent to 23.8 tonnes/ha of carbon.

Using this approach (Method 2), we can roughlyneste the potential algal biomass
production of an APEC economy based on the amducerbon in its organic waste
that reaches large processing plants. Based aabtines calculations we shall assume
that on average each tonne of carbon results ito2:8s of dry-weight algae, which
in turn produces 0.76 Kkilolitres of biodiesel ardjuires 0.042 ha of land for ponds.
The actual land area needed will be about 0.058 Iatal, with the extra land being
taken up by roads, buildings, processing equipnpeping and other equipment.

Table 4: Practical algae resource production poterial by APEC economy
(using Method 2)

BIODIESEL (ML) |AS % OF DIESEL
ECONOMICZONE | ALGAE (M) | ALGAE (M) | E2oi o i | ¢ ad) °C unad
Australia 3.28 3.28 1,092 1,092 9.6%  9.6%
Brunei Darussalam 0.05 0.05 15 157.4% 7.4%
Canada (See Note 1) 0 4,77 0 1,550 0 8.0%
Chile 0.75 1.50 244 488 5.0% 10.0%
Peoples Republic of China 36.70 73.40 11,927 23,855 9.5% 24.8%
Hong Kong, China 0.57 0.57 185 185( 12.4% 12.4%
Indonesia 5.73 5.73 2,366 2,366 | 19.5% 19.5%
Japan 3.57 7.14 1,160 2,320 3.1% 6.2%
Republic of Korea 2.19 2.19 712 712 3.3% 3.3%
Malaysia 1.12 1.12 404 404 | 5.9% 5.9%
Mexico 4.02 4.02 1,343 1,343 6.7% 6.7%
New Zealand 0.04 0.39 13 127 0.5% 4.5%
Papua New Guinea 0.21 0.21 68 68 70.0% 70.0%
Peru 2.23 2.23 725 725 20.3% 20.3%
The Philippines 0.92 0.92 589 589 7.9% 7.9%
Russia (See Note 1) 0 6.70 0 2,178 0 11.7%
Singapore 0.51 0.51 166 166 78% 7.8%
Chinese Taipei 1.75 1.75 569 569 1.0% 1.0%
Thailand 2.71 2.71 1,930 1,930 11.7% 11.7%
United States of America 45.80 91.50 14,869 29,738 7.3% 14.5%
Viet Nam 0.58 0.58 189 189 13.2% 13.2%
TOTAL 112.73 211.27 37,968 71,156 6.9% 12.9%

Note 1: Wholly located outside of the 15 degreesp@imal algal growth zone.
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The Effects of Variable Temperatures, Solar Rad@tiand Time

In Table 4, we have included several differentreates of the amount of algae and
biodiesel that could be produced by each APEC engnander the abovementioned
assumptions for Method 2. The column labél€dadjusted(or °C ad) reduces the
maximum resource potential shown in the columnltC unadjustedor °C unad]
whenever (1) the night-time average temperaturdsraoperature variations between
summer and winter are below the levels neededh®ae the assumed growth rate of
algae and/or (2) the levels of incident solar ragimare below the levels needed to
achieve the assumed growth rate. The levels ofl@mtisolar radiation assumed for
each APEC economy in this assessment are showgurefs.
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Figure 5: World Daily Incident Solar Radiation Map
(Source: OKSolar —www.oksolar.com/abctech/solar-radiation.htm

The pertinent adjustment factors are shown in TdhleThe top three APEC
economies in terms of the potential amount of ataé could be produced under the
different assumptions are highlighted in yellowTiable 4. Two of these economies
have an adjustment factor of 0.5 (China and the JU$8gether with Chile, they have
been assigned this value because roughly half thed is located in areas that are
regarded as less suitable for the growth of algamlse of levels of incident solar
radiation, night-time temperatures or temperatuseations between summer and
winter. New Zealand has an adjustment factor ofd@dause only about 10% of its
land area is located in areas deemed suitabledovtly of algae at the assumed rate.

One should bear in mind that these estimates daule®but the growth of algae in the
economies that have been adjusted downwards. Groayhbe slower and may need
more research to identify the species and strdimdgae that are suited to the cooler
temperatures, their variations and the levels afient solar radiation observed.
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Table 5: Adjustment Factors for APEC Economies

Adjustment Factor for

APEC ECONOMIC ZONE Temperature Variations
and Solar Radiation

Australia 1.0
Brunei Darussalam 1.0
Canada (See Note 1) 0.0
Chile 0.5
Peoples Republic of China 0.5
Hong Kong, China 1.0
Indonesia 1.0
Japan 1.0
Republic of Korea 1.0
Malaysia 1.0
Mexico 1.0
New Zealand 0.1
Papua New Guinea 1.0
Peru 1.0
The Philippines 1.0
Russia (See Note 1) 0.0
Singapore 1.0
Chinese Taipei 1.0
Thailand 1.0
United States of America 0.5
Viet Nam 1.0

Note 1: Wholly located outside of the 15 degreesp@mal algal growth zone.

These adjustment factors are crude, first approaoma and further research will be
needed for each APEC economy to quantify more peécihe effects of temperature
variations and incident solar radiation on alga@agin potential.
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METHOD 3: A COASTAL LAND PLUS CO , APPROACH

Introduction

Although algal ponds are best located close to lsmaburces of C®and nutrients
(such as wastewater treatment plants, piggeried]dts, abattoirs, landfills, ammonia
plants and distributed power plants), there mayfurther opportunities for algal
ponds in those APEC economies that have signifiaegds of vacant land in coastal
locations. The economics of coastal locationssrestvily on the price of land and
the distances involved, since €@nd other nutrients must be transported from their
sources to the algal ponds. These piping or trahgests can be expensive, as has
been confirmed in several studies (e.g. CampbekrBnd Batten, 2009; Griffin and
Batten; Stephens et al, 2010).

How much land in coastal areas could be used fmtymtion of biofuels? For ethanol,
several multi-economy assessments of bioenergyhpaten the literature are based
on assumptions about availability of “marginal”’,d%” or “waste” land (e.g.
Hoogwijk et al., 2005; Milbrandt and Overend, 2008ijbrandt and Jarvis, 2010).
These studies suggest that significant opportuniB&ist for growing terrestrial
biomass suitable for the production of ethanol. @asessment suggests that some
APEC economies could replace a substantial shatteeofcurrent gasoline and crude
oil imports with ethanol from marginal lands (Middt and Overend, 2009) —
including Australia (537%), Chile (357%), New Zaada(78%), Peru (1,666%) and
Vietnam (79%).

The situation is vastly different for algal biodeésFinding sufficient flat land suitable
for growing algae in hundreds of large, open poisda major challenge. Although
coastal areas provide limited opportunities foraalgn most APEC economies, the
concept of growing algae in coastal deserts shoatde dismissed. It is an old idea
(Regan, 1980; Wagener, 1981) that was piloted encibastal areas of Calabria and
blossomed commercially in South America's Atacaneaddt (the driest desert in the
world) in 1991, when Solarium began to produce alioee tonnes of Spirulina per
annum. According to Milbrandt and Overend (2008yesal of the APEC economies
— Australia, Chile, Mexico, Peru and the Unitedt&a- have large areas of dry, flat,
low-lying land along or near their coastline. Thability of desert areas for algal
biodiesel will need to be explored individually feach APEC economy in the future.

Other biomass assessments have not consideredddre marginal, idle or waste.
Instead they have adopted location-specific assomgpfor land areas to be devoted
to new production systems, like co-location by kshdring (O’Connell et al., 2009;
Farine et al., 2011). In many ASEAN nations, mdstaied land is used for activities
akin to light agriculture — e.g. grazing or lighopping. Giving up light agricultural
uses in favour of algal facilities would involvense degree of trade-off between food
production and energy production capacity. Co-locamear existing sources of
nutrients, CQ and water appears to be the best solution fot ptyads.

Once we look beyond wastewater sources, findingsi@ areas of land to grow algae
at a commercial scale is much more challenging fimahng land to grow terrestrial

biomass for ethanol. The difficulty with algae lst five additional input factors must
be considered and co-located simultaneously witd [@s mentioned earlier) — warm
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sunlight, a sustainable water supply, and sustiersdurces of N, P and G(5everal
studies examining the economics of algal biofualgehsuggested or calculated that
the breakeven size for a viable algal biodiesellifpaconsisting of open raceway
ponds is about 400 hectares (Benemann and Oswa@if; Campbell, Beer and
Batten, 2009; 2011; Stephens et al., 2010). Beybhisdsize, diseconomies of scale
(such as piping, pumping and general transporstosay offset the scale economies
(see Figure 6). Considerably larger land areas Hmwaen recommended for algal
facilities based upon photobioreactors (DarzinalgR010), but this technology will
not be investigated in this report.

20
AREA
15 = — = o —
£
o 10
o
5 e
0 ; . ; :
0 200 400 600 BOD 1000
AREA (hal

Figure 6: Sensitivity of Internal Rate of Return toTotal Land Area of Algal Ponds
(Source: Stephens et al, 2010)

Access to affordable land may still be a constrianmunicipal wastewater facilities,
and is unreliably represented by the simple pomradensity constraints imposed in
the TNO analysis. On the other hand, municipal &®&ater treatment systems are
generally government functions and land is sometiraserved for these facilities to a
greater extent than for private activities. Goveenis can accord them future priority
by reserving larger areas of land for wastewatellifies associated with algae. As
more detailed surveys of land ownership, availgbdnd cost will be needed before a
better understanding of land availability can baed, we shall not dwell any further
on the issue here. The availability of land at Mneel of an individual site, local
government area or township is beyond the scopleisfeport.

Estimating the Amount of Marginal Coastal Land

If a distance limit from the coastline is assumdgegan and Gartside (1983) chose 3
km — the amount of marginal land that is coastalade estimated with the help of
earlier estimates of the areas of marginal landlabla in each APEC economy (see
Milbrandt and Overend, 2009; Figures 7 and 8; aabld 7). Although it is unclear if
these earlier estimates are still reliable todaig clear that Australia, Chile, Mexico,
Russia and the United States possess greater jpbtenterms of marginal coastal
land than other APEC economies.
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Figure 7: Marginal Lands in Mexico
(Source: Milbrandt and Overend, 2009)
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Figure 8: Marginal Lands in the United States
(Source: Milbrandt and Overend, 2009)




In most cases, the others possess tiny quantitissgayinal land at coastal locations.
We ruled out Canada and Russia earlier becauseiofdooler climates, although this
would not prevent them from growing algae /moreviyoor in the dark.

Based on the amounts of marginal land reportedilbrihdt and Overend (2009) and
displayed in Table 6, we have roughly estimatedatmeunt of marginal coastal land
in each APEC economy. As these rough estimates dane by visually inspecting
the spatial maps and assessing the proportion ajin@ land that was within 3 km
of the nearest coastline, they should be regardédas a crude first approximation.
To improve their accuracy, a series of GIS-basedsumements of the areas available
at various distances from the coastlines will lpineed at a later date.

Table 6: Marginal Coastal Land in the APEC Economis
(Adapted from Milbrandt and Overend, 2009)

Rough estimate of
APEC ECONOMIC Land area Marginal amount of marginal
ZONE (ha) land coastal land (ha)
Australia 769 million 13.50% Less than 1 million
Brunei Darussalam 0.6 million 1.40% A few thousand
Canada 983 millior] 3.80% Less than 50,000
Chile 72 million 13.00% About 0.25 million
People’s Republic of China 940 millian 5.40% Lesart 50,000
Indonesia 185 million 2.00% Less than 50,300
Japan 37 million 1.30% About 5,000
Korea 9.5 million 1.70% About 25,000
Malaysia 33 million 1.00% About 50,000
Mexico 195 million 13.00% Less than 0.5 million
New Zealand 27 million 6.50% About 50,000
Papua New Guinea 46 million 1.60% Less than 100/000
Peru 130 million 4.40% About 25,000
Philippines 28 million 2.30% Less than 80,000
Russia 1,690 million 2.20% Less than 0.5 million
Chinese Taipei 3.6 millior 2.20% About 10,000
Thailand 52 million 3.30% About 100,000
United States of America 943 million 13.00% About 0.25 million
Viet Nam 32 million 6.50% Less than 25,000

As mentioned earlier, the price of land in coakteations close to metropolitan areas

is often high because it is highly valued for otparposes — such as for residences or
for recreational activities. Thus the viability obastal land must be assessed for its
likely price and availability before a reliable assment of the amounts that might be
available for algal ponds can be carried out.

Locating Sources of C®

Potential sources of GOnclude grid-connected power stations, indepengemer
stations, mining sites, wastewater treatment plgiggeries, cattle feedlots, abattoirs,
landfills and ammonia plants, to name a few. Wedute CARMA.com website as a
source of data about the amounts of,@Otentially available from the larger, grid-
connected power stations in each APEC economy.pfblelem with relying on the
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CARMA.com website is that it includes only the largpower stations. In reality,
algal ponds are best located close to smaller eswtCQ and nutrients. These other
sources that could be drawn upon in the future matd to be identified by analysts in
each of the APEC economies.

Selecting Suitable Sites

Sandia National Laboratories, the Canadian NatiBeslearch Council and CSIRO in
Australia are working together to develop and amplynodel that evaluates potential
possibilities for algal biomass production in vaxyigeographic locations. This effort
assesses existing geospatial data to define thgra@dc relationships between

variables of interest such as solar radiation, €aurces and available land, and link
them to locations of potential production near wastter treatment plants (WWTPS).
Another version of this model could be used infiltare to help determine optimal

coastal locations for algal biomass productioreimis of the transportation distances
for nutrients and the energy requirements for naammg a hybrid pond system.

Model output includes a suitability ranking of patiel algal production sites based
on the input described above as well as estimdtdge@mount of algal biomass that
could be produced at these locations.

The geospatial data collected for analysis inclU@@s sources, wastewater locations
with nutrient (N, P) concentrations, land cover afmpe and solar resources. In the
future, it is intended to include air temperaturgansportation networks and waste
heat (from the power plants). All data is used anda’s dynamic decision-support
model (known as PONCH) to determine the best lonatfor more detailed research.
Preferred sites are likely to be where the limitmgrients are co-located.

Algae Molecular Composition per Atom P

Adjust numbers in blue. Default for C, N, P is "Redfield ratio". Default
for H and O compared to C from Bayless et al 2003.

P ONCH

If nitrogen load data are available, or phosphorous load
data are available, but not both:

Potential Biomass Production

30+ 29% P limited ( 16 )
71% N limited ( 39 )
0% Climited( 0 )
100 % Total ( 55 )

20T

(8 Assume missing constituent is unlimited
(" Do not calculate productivity potential for that WWTP

10T

# waste water treatment plants

Algal Nutrient Uptake Efficiencies:

Nitrogen <J DL:>
100 % 0% 20% 40% 60% 80 % 100 % 33 17 3 1 1
0
Phosporous <::| q[:> le-3 1 10 20 30
|
100 % 0 L/ 20}'1/ 40} % 60} % 801"/ 109) % R\;E»S;i(ailse to to to fo and
° ? ? ? § ’ ? 1 10 20 30 up
Carbon [ Biomass produced (dry) [tonnes/day]
<::‘ t t t t t LKJE:>
100 % 0% 20% 40% 60% 80% 100 %
Max distance to move CO2
Potential productivity of largest 10 WWTPs: 147.2 tonnes/da
A L1 i
N i } } } } l ‘ Il 1
0 20 40 60 80 100 = :>
85 km

Figure 9: The Basic Worksheet of the PONCH Model
(Source: Klise et al, 2010)
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The main worksheet of the PONCH model is showniguife 9. Users can change
nutrient uptake efficiencies or elemental compositif more information is known
about a particular algae species. The search rdldeusnodel uses to determine the
amount of CQ available within a specific distance from the WV¢T€an also be
changed. Based on the nutrient load and the &Q@ilable, the theoretical maximum
productivity can be calculated and interactivelygplithyed on a map. Being an
interactive model, a change can be made easilgegmhrios can be compared.

If saline water from a coastal location or wast@wvdtom a WWTP is to be used as a
water source and algae-based fuels will be prodacedrefined on-site in a type of
hybrid pond system, an assessment of additiondl laguirements will be necessary
before selecting and ranking the feasibility ofieas alternative locations for large-
scale production. In other words, the PONCH modei only provide an initial,
coarse ranking of potential sites based on thetitota of resource inputs that are
included in the data set supplied. The reliabitifythe sites selected depends heavily
on the comprehensiveness and accuracy of the eapaavided. To complement this
macro perspective, a more fine-grained assessneatch site and the available land
nearby needs to be undertaken on a site-by-site.bas

Southern Ontario Waste Water Treatment Plant Locations Colored According to Potential Algal
Productivity Based on N & P from waste water, and CO2 within a user specified distance.

Potential productivity color codes ..

Ontario Clean Water Agency - Clarkson WWTF

C
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/ .—4»( P /\
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\ \
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| ° ° '
) ° °% 0 )&
e () 40\\' D
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° ° e e e
P Top 10 Ontario N P C limited potential productivities
7 ,,// City of Toronto - Ashbridges Bay Treatment Plant 43 tonnes/da
’V"’i // City of Toronto - Humber Treatment Plant 20 tonnes/da
Y Y. 4 Regional Municipality of Durham - Duffin Creek WPCP 18 tonnes/da
( o City of Hamilton - Woodward Avenue WWTP 16 tonnes/da
‘,T - Ontario Clean Water Agency - Kitchener WWTP 13 tonnes/da
N /7.\(‘/ City of Toronto - Highland Creek Treatment Plant 10 tonnes/da

7 tonnes/da

Ontario Clean Water Agency - GE Booth lakeview WWTF

7 tonnes/da

City of Windsor - Lou Romano Water Reclamation Plant

6 tonnes/da

Ontario Clean Water Agency - Waterloo WWTP

3 tonnes/da

Figure 10: Southern Ontario’s Potential Algal Prodictivity using CO, Sources within 85 km
(Source: Klise et al, 2010)

The PONCH model has been applied to two APEC ec@®(anada and Australia)
and some results of these applications are displayeFigure 10 and Figure 11.
Because the province of Ontario has no externadtlioe, instead featuring a very
large number of lakes (internally and on its basflesome of the preferred sites are
near lakes while others are distant from any natuader body. By way of contrast,
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most of the preferred sites in Australia are orcdastline, because about 90% of its
population lives in coastline cities. Cities areend potential water sources — larger
WWTPs and saline water — can be found. More impdistathere are several areas of
inexpensive, marginal land near the coastline mheon Western Australia, Northern

Territory and Queensland that could be good fongrg algae.

Australia nitrogen and phosphorous (N&P) production locations colored according to potential algal biocrude
production for distance from N&P location to CO2 location of no more than 200 km
Top 30 potential biocrude production sites

Malabar Sewage Treatment Plant 131,156 |/da
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North Head Sewage Treatment Plant 109,029 |/da
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e Bolivar Wastewater Treatment Plant 9,149 |/da

il ! Cronulla Sewage Treatment Plant 9,113 l/da

P Bunbury Wastewater Treatment Flant 6,743 |/da

- Elack Rodk Water Reclamation Flant 6.717 l/da

s Point Peron Wastewater Treatment Flant 6,535 |/da

= Murumba Downs Sewaage Treatment Plant 6.366 |/da
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Gibson Island WWTP 4,655 |/da

o Glenelg Wastewater Treatment Plant 3.673 |/da

3 o - Camill Meat Processors Tamworth 3,596 |/da

Potential production color codes i Murray Bridge Wastewater Treatment Plant 3,442 |/da

. _.; = & Queensland Alumina Ltd 3,087 l/da

1e-2 bris/da o 1 brl/da “}d& Brendale Sewage Treatment Plant 3.060 |/da
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10 brls/da to 100 bris/da Brlibix_a Island Sewage Treatment Plant 3,028 /da

100 brls/da to 1,000 bris/da Wamewood Sewage Treatrment Plant 2,750 l/da
1,000 brils/da and greater All N&P sources : 711,943 |/da

Biocrude Histogram View or, other map views: Biomass produced CO2 fixed Algal oil produced Area required

Figure 11: Preferred Sites in Australia Selected Usg the PONCH Model
(Source: Roach, 2011)

Sandia’s PONCH model is not the only GIS-basediakjte selection model that has
been developed. Remote sensing (RS) and GIS hareused previously to develop
resource availability models for several cropsudaotg algae. For example, suitability
analysis approaches have been used to selecf@itbgoethanol processing centres
(Koikai, 2008) and microalgae facilities (Maxwell al, 1985; Pate, 2008). More
recently, GIS methods were employed for an analyseégae resource availability in
California (Lundquist et al, 2010). Available resce data were collected from a
variety of sources and used to identify optimabloans. Given the high cost of water
(e.g. groundwater) in California, wastewater sosiraere targeted. Like in Sandia’s
model, the point locations of all (Californian) WW3 were mapped within the GIS.
Only areas located within a 3 mile radius of the WRWvere evaluated, since beyond
3 miles, the capital costs for piping and the poa@sts for pumping in California
become too expensive.
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Figure 12: PNNL’s Biomass Assessment Tool

(Source: PNNL website)

Pacific Northwest National Laboratory has been tmirg an adaptive, GIS-based
Biomass Assessment Tool (BAT) for optimal site tamas, production rates, and
resource demands (see Figure 12). This tool masntwe comprehensive than the
PONCH model, but it is unlikely to be able to ddibwn to the fine-grained micro-
level required to assess the variety of issuesdtathe final hurdles in identifying
viable sites for commercial-scale algae facilities.
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CONCLUSIONS AND FURTHER RESEARCH

Preliminary Conclusions

The three methods described in this report can igeolower and upper bound
estimates of the amounts of algal biomass, oilt@ndiesel that may be produced in
the APEC economies in the near and longer termshddel provides lower bound
estimates by the year 2020 which, although moaesy, still turn out to be optimistic
within such a short time-frame. Method 2 providesyvoptimistic estimates of the
algal biomass that could be produced sustainabl2080, given the extent of the
requirements for nutrient recycling. Both the unatgd and the adjusted estimates
discussed earlier are shown in Table 7.

Table 7: Practical algae resource production potefial by 2020
(using Method 1 and Method 2)

METHOD 1: METHOD 1: METHOD 2: METHOD 2:
APEC ECONOMIC ZONE | Adjusted for | Unadjusted for | Adjusted for Unadjusted for
wastewater wastewater temperatures temperatures
collected collected and radiation and radiation
ALGAE (Mt) ALGAE (Mt) ALGAE (Mt) ALGAE (Mt)
Australia 0.30 0.33 3.28 3.28
Brunei Darussalam 0 0.02 0.05 0.05
Canada (See Note 1) 0 0 0 4.77
Chile 0 0.03 0.75 1.50
Peoples Republic of China 8.78 27.50 36.70 73.40
Hong Kong, China 0 0 0.57 0.57
Indonesia 1.78 7.10 5.73 5.73
Japan 0 0.14 3.57 7.14
Republic of Korea 0 0.05 2.19 2.19
Malaysia 0.42 1.21 1.12 1.12
Mexico 0.65 4.03 4.02 4.02
New Zealand 0 0.07 0.04 0.39
Papua New Guinea 0 0 0.21 0.21
Peru 0.05 0.07 2.23 2.23
The Philippines 0.27 1.77 0.92 0.92
Russia (See Note 1) 0 0 0 6.70
Singapore 0 0 0.51 0.51
Chinese Taipei 0 0 1.75 1.75
Thailand 3.18 5.79 2.71 2.71
United States of America 5.44 7.76 45.80 91.50
Viet Nam 0.11 2.29 0.58 0.58
TOTAL 20.98 58.17 112.73 211.27

Note 1: Wholly located outside of the 15 degreesp@mal algal growth zone.

No firm estimates using Method 3 have been providetthis report. However, once
the necessary research has been undertaken (s®@,hielcan provide estimates of
the additional algal biomass that could be produndtie long run (say by 2050 and
beyond). All these estimates should be regardeceasapproximate, optimistic and
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heavily conditional upon the assumptions invokeithdpeealized over the time frames
mentioned. Except for the adjusted estimates catiedlusing Method 1 (the figures
in the first column of Table 7), realization of aofythe larger estimates will require a
significant amount of technical progress, so aactieve the necessary improvements
in productivity and lipid yields and the requireeductions in capital and operating
costs that are needed to make commercial volumalgalf biodiesel.

The unadjusted total amount of algal biomass cafedlusing Method 2 — about 211
million tonnes for the total APEC economy — is afinthe same as the theoretical
maximum of 204 million tonnes estimated using tHeOT method (see Table 1).
Given the significantly different assumptions iesk methods, one may conclude that
about 200 million tonnes of algal biomass is a iast, upper-bound estimate to the
amount of algae theoretically producible by all AP&conomies in the very long run.

Table 8: Potential Replacement of fossil diesel talgal biodiesel in the APEC economy
(In the near-term and long-term)

METHOD 1: METHOD 1: METHOD 2: METHOD 2:
APEC ECONOMIC ZONE | Adjusted for Adjusted for Unadjusted for | Unadjusted for
wastewater wastewater temperatures temperatures
collected collected and radiation and radiation
BIODIESEL AS A % OF BIODIESEL AS A % OF
(ML) DIESEL USE (ML) DIESEL USE
Australia 114 1.0% 1,092 9.6%
Brunei Darussalam 0 0 15 7.4%
Canada (See Note 1) 0 0 1,550 8.0%
Chile 0 0 488 10.0%
Peoples Republic of China 3,463 3.6% 23,855 24.8%
Hong Kong, China 0 0 185 12.4%
Indonesia 716 5.9% 2,366 19.5%
Japan 0 0 2,320 6.2%
Republic of Korea 0 0 712 3.3%
Malaysia 171 2.5% 404 5.9%
Mexico 220 1.1% 1,343 6.7%
New Zealand 0 0 127 4.5%
Papua New Guinea 0 0 68 70.0%
Peru 21 0.6% 725 20.3%
The Philippines 112 1.5% 589 7.9%
Russia (See Note 1) 0 0 2,178 11.7%
Singapore 0 0 166 7.8%
Chinese Taipei 0 0 569 1.0%
Thailand 1,270 7.7% 1,930 11.7%
United States of America 2,256 1.1% 29,738 14.5%
Viet Nam 12 0.8% 189 13.2%
TOTAL 8,355 1.8% 71,156 12.9%

Note 1: Wholly located outside of the 15 degreexp@mal algal growth zone.

In terms of the amount of algal biodiesel that dobke produced in each APEC
economy, and how much fossil diesel it could reglamr results are summarized in
Table 8. China and the United States are the tw&@\lRconomies that have the
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greatest potential to produce algal biodiesel headustainable pathways discussed in
this report (Method 2). They both have large potores located in many cities and
towns, providing a broader and more flexible dmttion of wastewater, nutrients and
CO, sources to feed their algal ponds. In the shontstehowever, China has the
greatest potential because of its huge populatidrzeople, pigs and other animals
which are already generating large wastewater ragehat could be used to produce
about 9 GL of algal biodiesel. Although this amauttt less than 10% of their current
diesel usage, they possess the capacity to almplst this amount in the long-term,
thereby increasing their replacement of fossil élissbstantially.

Indonesia and Thailand possess the capacity taagembout 2 GL of their current

fossil diesel use with algal biodiesel in the feturowever, right now there is a high
degree of uncertainty with respect to the amounvadtewater that is collected and
treated in both economies, thereby ensuring aisastie supply of wastewater for the
algal ponds. This is also true of several other BREEonomies, such as Malaysia,
Mexico, Papua New Guinea, The Philippines and Yem. Since several of these
economies also possess the capacity to replaae 1@ of their fossil diesel by algal

biodiesel, there is an urgent need to increasarti@unts of wastewater collected and
treated in these countries instead of allowing iteamain uncollected and untreated.
This urgency already exists on the basis of imprgwverall sanitary conditions and

lowering the risks of disease.

Economies with the long-term potential to replaeB0%6 of their current fossil diesel
usage with algal biodiesel are Australia, Bruneru3aalam, Canada, Chile, Japan,
Malaysia, Mexico, the Phillipines and Singaporepl@eement potential in Russia, the
United States and Viet Nam may be higher — clasé&56.

As we mentioned at the start of this section, el tarious estimates provided in this
report may be turn out to be optimistic within tirae frames suggested. In particular,
estimates provided by the Sustainable Inputs Apgirddlethod 2) are undoubtedly
optimistic unless and until governments in each B8REEonomy energetically develop
sustainable policies that set aside suitable landHRAPs close to nutrient sources.
Municipal WWTPs, piggeries and cattle lots mustude HRAPSs in the construction
and reconstruction of their facilities in the fidurSustainable approaches to the
production of algal biofuels and bioenergy arehi@ittinfancy. It requires government
leadership and support (partly via subsidies amdritives) to ensure the emergence
of multi-purpose plants that can recycle wateryiaats and biomass in a sustainable
manner.

Future Research Needs

In terms of further research needs in the aredgafearesource assessment, there are
many. Nevertheless, we shall concentrate on keyarel requirements that follow on
naturally from the findings discussed in this re&por

As mentioned earlier, further survey work is regdibefore reasonable estimates of
the amount of marginal land that might be availairiecoastlines or at other locations
can be assessed accurately. Based on the amoumtsarginal land reported in
Milbrandt and Overend (2009), we produced very eradtimates of the amount of
marginal coastal land in each APEC economy withidistance of 3km from the
coastline. Since these estimates were done byllisnapecting spatial maps, they
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are nothing more than a first approximation. Thability of coastal and other land
must be assessed for its likely price and avaitgtikefore a reliable assessment of the
amounts that might be available for algal ponds lmarassessed. We would suggest
that the governments of each APEC economy engageasurement of the amounts
of coastal and other land likely to be availableH&RAPs at an affordable price.

This fine-grained, land availability informationrcée combined with information on
the locations of sources of GOOne source of international data on C® the
CARMA database. However, CARMA provides emissioatador the larger power
stations in each APEC economy only. In realityablgonds are best located close to
smaller sources of CQand nutrients. Thus, the many smaller,(30urces will need
to be identified by analysts in each of the APEGneenies.

The next research step is to locate the sourceatdénts and water that exist in each
economy and assess how close these are to thaldeaidnd and sources of @O
Geographical proximity assessment is best done thighassistance of GIS-based
tools like Sandia’'s PONCH model. A more sophisadatersion of this model could
be developed to determine the optimal coastal ilmeatfor algal biomass production
in terms of the transportation distances for natgeand the energy requirements for
maintaining a HRAP system. Versions of this modeléhbeen applied successfully
to two APEC economies (Canada and Australia), swiild be a natural choice for
an APEC-wide study of this kind.

The PONCH model requires data on levels of incidefr radiation. However, solar
radiation data will need to be enhanced with mgnénid seasonal data on variations
between daytime and night-time temperatures. Ttesaperature variations, together
with solar energy inputs, are important for suctdsgrowth of algae. The reduction
factors that have attempted to take these mulgfflects into account in this report
(see Table 5) are unacceptably crude approximatkursher research will be needed
to quantify more precisely the effects of tempamtuariations and incident solar
radiation on algae growth potential in each APEGhemy.

Finally, there are several other pathways thatcctel used to produce biofuels from
algae that were overlooked in this study. For eXammicroalgae can be grown in

photobioreactors or in dark fermenters. It maypbsesible to produce biofuels from

macroalgae (seaweed). The potential for growingealig coastal deserts should not
be dismissed. However, the economic viability afreaf the above for algal biodiesel

will need to be explored individually for each APEC€onomy in the future.
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APPENDIX A:
QUESTIONNAIRE SENT TO THE APEC ECONOMIES

Dear APEC member,

Diesel fuel produced from large-scale algae cuitivaprovides a potential substitute for
fossil fuels, and can reduce dependence on fassli$ fand reduce the release of greenhouse
gases to the Earth’'s atmosphere. CSIRO is workmdpehalf of the APEC Biofuels Task
Force to produce estimates and a report on theumesgotential of algae for biodiesel
production in APEC economies. All information prded to us will be used to create special
Geographical Information System (GIS) maps whicll e available to all participating
APEC economies at the conclusion of the project.

The potential for large scale algal growth will dad on the co-location of suitable land,
usually flat and otherwise of little economic valuath a large source of nutrients (especially
nitrogen) from sources like sewage treatment plantslarge scale animal farms, as well,CO
from industry or fossil-fuel fired electricity geragion stations.

To help us complete the report for APEC we seebrinfition from all APEC economies (see
Appendix for our preliminary estimates). To do thige seek quantitative information as
follows:

1. Diesel fuel
Please provide the total annual consumption ofetliesel for your economy (in tonnes),
based on the latest available data.

2. Waste water treatment

a. Please provide a current list with geographocalrdinate pairs of your municipal waste
treatment plants serving populations above 1 milfeople.

b. For each plant, state its annual turnover otevéitsnnes/annually).

. For each plant, state its annual nutrient coinagon (tonnes of Nitrogen).

. For each plant, state its total annual dischafgeastewater.

o0

3. Livestock (cattle, dairy, pigs, chickens) intersarming or feed lots.

a. Please provide a list of your largest livestfackns with geographical coordinate pairs.

b. For each livestock farm, state its annual outflivestock waste/manure (tonnes).

c. For each livestock farm, state its annual ouitptérms of nutrient concentration (tonnes of
Nitrogen).

d. For each livestock farm, state its annual outpuwastewater.

4. Land

a. Please provide raster or polygon maps charaictgriand use, particularly those areas
close to livestock farms (cattle, dairy, pig, cldnk as well as power stations; or

b. Please provide coordinate pairs for flat uneatindand adjacent to power stations, and/or
large-scale livestock (cattle, dairy, pigs, chickdarms that may be suitable for the
construction of an algae facility.

We thank you for your cooperation.
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