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Abstract

Energy dense liquid fuels (e.g. No. 2 Fuel, Jet A, etc) are nearly indispens-
able within modern transport and energy supply infrastructure. With increasing
environmental and geopolitical concerns related to petrochemicals and fuels, al-
ternative biofuels are being sought. One promising feedstock can be derived via
the microalgal solar energy conversion resource which does not compete with
food supply, nor does it require fresh water (both already under strain in many
regions). Despite the promise of many-fold increase in productivity relative to
traditional terrestrial crops (oil-seeds, cellulosic biomass for ethanol, etc), mi-
croalga based fuels have many biological and technological aspects which must
be better understood and improved. This thesis investigates the interface of bi-
ological dimensions and product fuel quality aspects (namely cloud-point and
stability). It is shown that on account of unique hydrocarbon species (polyun-
saturated long-chain alkenones, PULCAs), some marine prymnesiophytes (e.g.
Isochrysis sp.) although promising in terms of bulk total lipid extract (TLE)
may be undesirable for some biofuel end products (e.g. biodiesel). An alter-
native nitrogen source (urea) in the presence and absence of added nickel was
investigated for growing the diatom Phaeodactylum tricornutum. During the
batch culture experiments, daily or 2-day resolution sampling was performed for
TLE, fatty acid methyl esters (FAMEs), nutrients (PO4, Ni, NO3+NO2, NH4,
Si), biomass dry weights, protein expression, flow cytometry, and relative flu-
orescence (RFU). Significant results are presented here along with relevant en-
vironmental data (solar energy, photo-period, temperature). Results under these
conditions are preliminary support and proof-of-concept for both technological
and economic pilot-scale bioproduction of microalgal biofuels and other natural
products (e.g. nutraceuticals, protein feeds, lubricants, etc). The FAME distribu-
tion and time-course changes under the treatment conditions are discussed with
respect to nutrient depletion and the results have relevance to both biofuels and
global biogeochemistry.

Keywords: renewable energy, microalgae, biofuel, biodiesel, biorefinery, indus-
trial ecology, sustainability, climate change, oil, alkenone, CO2, FAME, PULCA.
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Chapter 1

Introduction

“Biofuels R&D is like the wild-west, there’s a lot of hype and everybody
is scrambling to get involved – what we need is for people to dig in
and support or refute the hype with real-world proof of concept. One
challenge seems to be going from laboratory flask to production scale.”

- Mak Saito, Associate Scientist, WHOI; speaking in reference to grand
potential of emerging science and applied efforts in biofuels – consider-
ate of the hype and uncertainty present in microalgal biofuel prospects.

1.1 Aquatic Species Program, fossil oil, & geopolit-
ical history

The Aquatic Species Program (ASP) was financed by the US government via the
Department of Energy (DOE) for nearly two decades [96]. The aim of the ASP
was to investigate the potential for energy production from cultivation of algae.
It could be said that this program was one of the first serious investigations into
potential of biomass energy inputs to the modern energy supply chain. Unlike
other renewable energy resources, the substantial advantage of biomass is that
solar energy is stored chemically and consequently an instantaneous consumer
is not required to make use of the energy resource (as opposed to solar or wind
technologies without storage infrastructure).
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CHAPTER 1. INTRODUCTION

There will certainly be improvements in electric energy distribution and manage-
ment (such as the “smart-grid” in discussion [59]), however our modern energy
demand includes a larger indispensable fraction of non-electric power [2, Sec-
tion 2, Figure 2.0]. While our surface transport may transition to non-petroleum
sources such as all-electric battery or fuel cell technologies, modern aviation is
unlikely to be sustained by any other portable storage than the energy dense jet
fuels (e.g., Jet-A, ~43MJ/kg, [1]). Meanwhile, peak oil, is upon us or immanent
according to a DOE sponsored report [41]. Unlike previous energy crisis we now
have billions more people at the energy tap, not the least of which are citizens of
China, India, and Indonesia amidst already far worse per capita energy intensive
nations like Australia, Canada, and the USA.

The need exists for liquid fuels, and it is claimed that one source for sustainable
supply could be microalgae [16, 44, 58] – avoiding many of the environmental
concerns associated with other biomass energy crops (e.g., cellulosic ethanol as
compared with biodiesel by Hill et al. [40]). Why then would the DOE discon-
tinue the ASP? The answer to this question requires some history review. The
ASP evolved out of DOE sponsored programs following concerns about energy
security arising from the 1973 oil embargo (and related 1970s energy crisis) –
following “economic recovery” the “apparent need” for alternative energy re-
search dwindled (as did government funding).

Following the 1973 oil embargo and resulting geopolitical debacle including in-
direct but dubious transitions of both the US dollar and British pound sterling
to fiat money (unbacked currency), business returned to “normal.” Now we face
growing environmental concerns (as presented by the IPCC since 1988 [47]), an
economic crisis of global proportions, and a looming fossil energy decline [41].
The emerging picture is not one of sustainability, but conflict. Although funding
for the ASP was cut in the 1990s with a final close-out report summarizing the
findings [95], it has laid the foundation for renewed interest and offers hope for
our future.

Our modern dependence on oil extends beyond combustion for heat and trans-
port to include large-scale petrochemical generation such as fixed nitrogen via
Haber-Bosch for agriculture. The energy return on investment for oil to date is
so profound few other sources can compete as primary energy supplies to our
growing and diverse end-uses. Like any living system our society has selected
the easiest energy first. Yet a simple mass-balance would show that this is not
a sustainable path. With more carbon dioxide (CO2) in the atmosphere a trickle
down effect is inevitable; as the oceans establish a new gas equilibrium state
with CO2, they become more acidic and the delicate pH balance behind many
biogeochemical processes is shifted [22, 42].

2 1.1. AQUATIC SPECIES PROGRAM, FOSSIL OIL, & GEOPOLITICAL HISTORY



CHAPTER 1. INTRODUCTION

Independent of our confidence in IPCC reports and what is at risk, the fact re-
mains that oil is limited in supply and comes bundled with a plethora of geopo-
litical issues. Consequently a justified course would be to reincarnate the goals
of the ASP. In the close-out report to the ASP it was stated,

“...[T]his report should be seen not as an ending, but as a begin-
ning. When the time is right, we fully expect to see renewed interest
in algae as a source of fuels and other chemicals. The highlights
presented here should serve as a foundation for these future efforts.”

Indeed, the time may now be ripe for picking up where the ASP left off. This time
however, relative oil costs are significantly improving economic viability [4].
Moreover, there have been substantial technology improvements in air-lift pho-
tobioreactors (PBR), automated system monitoring and control, and molecular
tools (genomics, proteomics, metabolomics) [14, 15, 58, 65, 68, 110]. Optimism
remains, despite more than a decade of abandon [61] and loosing priceless care-
fully screened cultures in that time [52]. The optimism in this theme is evident
from both public and private investment into advanced research and commercial-
ization of microalgal biofuels and co-products [21, 3, 73].

To continue, the principles of bioproduction, co-products, and biorefineries are
important and shall be discussed next. As background to subsequent sections,
this concise abstract by Li et al. [58] is quoted:

“Microalgae are a diverse group of prokaryotic and eukaryotic
photosynthetic microorganisms that grow rapidly due to their sim-
ple structure. They can potentially be employed for the production
of biofuels in an economically effective and environmentally sustain-
able manner. Microalgae have been investigated for the production
of a number of different biofuels including biodiesel, bio-oil, bio-
syngas, and bio-hydrogen. The production of these biofuels can be
coupled with flue gas CO2 mitigation, wastewater treatment, and the
production of high-value chemicals. Microalgal farming can also
be carried out with seawater using marine microalgal species as the
producers. Developments in microalgal cultivation and downstream
processing (e.g., harvesting, drying, and thermochemical process-
ing) are expected to further enhance the cost-effectiveness of the
biofuel from microalgae strategy.”

It is helpful to know that three generations of plant-based feedstocks have come
to be; First Generation: food-parts, from purpose grown crops, Second Genera-
tion: non-food-parts and/or waste from existing food agriculture (e.g., stalks and

1.1. AQUATIC SPECIES PROGRAM, FOSSIL OIL, & GEOPOLITICAL HISTORY 3
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stems from fruit harvest), and Third Generation: strictly non-food sources (e.g.,
algae, forestry residuals, others). Although these terms have gained popularity in
biofuels discussion (e.g., Gressel [34]) they are not ideal because the successive
generation terminology implies “improvements” which are ambiguous and in-
deed some aspects are even cause for concern as discussed by Knothe [54]. Nev-
ertheless, downstream processing of crop products regardless of “generation”
are a necessity and most effectively managed with the concept of a biorefinery
as described next.

1.2 The biorefinery concept

Girisuta [33] provides a concise definition of biorefining as follows:

“Biorefining aims for a complete valorisation of the biomass
source by performing the overall processes with a minimum loss of
energy and mass and to maximize the overall value of the produc-
tion chain. It consists of an efficient fractionation of the biomass into
various value-added products and energy using physical separation
processes in combination with (bio-) chemical and thermo-chemical
conversion steps. In that sense, the biorefinery concept has similar
objectives as today’s petroleum refineries.”

Typically the biorefinery can have three main processes:

• Primary fractionation: separates biomass into it’s six main components
(cellulose, hemicellulose, lignin, proteins, amino acids, pure plant oil).

• Secondary fractionation: converts intermediate fractions to valuable end
products (e.g., bio- fuels).

• Tirtiary processing: transforms the chemical intermediates to high added
value end-products (e.g. via catalytic and or pyrolitic methods).

Residuals from the above processing and fractionation stages can be directed to
heat and power generation via thermochemical conversion processes (e.g. direct
combustion, gasification, pyrolysis).

4 1.2. THE BIOREFINERY CONCEPT
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1.3 Outlook for microalgal biofuels

Microalgae as a feedstock toward biofuel production has been shown to have
superior advantages over traditional terrestrial crops in potential to satisfy trans-
portation fuel needs at a defined cost-competitive relation dependent on the price
of crude oil [16]. Indian researchers are screening indigenous microalgae strains
hoping to seed and harvest them from simple and inexpensive open-pond sys-
tems as a feedstock for augmenting biofuel production [50]. Higher efficiency –
though more expensive – closed uni-algal culture systems (PBRs) are success-
fully being employed by a number of private corporations for a wide range of
products including fuels for surface vehicles as well as jet fuel [102].

Not all ventures are successful though – for example one headline reads: “The
Harvard-MIT algae company winds down after spending millions and experienc-
ing delays, technical difficulties.”1 Technical difficulties encountered by Green-
Fuels might be a surprise, it was not inability to produce feedstock, but largely
inability to harvest fast enough, that is, algae grew faster than they could be har-
vested. Where one venture is lost, another is born as the next (albeit more tenta-
tive) headline in this progression reads: “Rapidly growing algae and streamlined
processes could mean $2 diesel by 2011 or 2012. But hurdles await.”2

Media hype aside, in addition to the environmentally relevant need for carbon-
neutral fuels, a wide variety of products can be made from microalgae (several
being high-value products) [57]. Cyanobacteria were shown to be a source of
many bioactive natural products by Patterson et al. [75]. In pharmaceuticals The
biorefinery concept – to make use of all potential salable products – exploits the
variety of products microalgae can produce. Bio-refinery concepts, economies
of scale, and pursuit of carefully selected uni-algal continuous culture systems
are proposed as the three main strategies to lead to improved economic viabil-
ity [16]. Use of microalgae and perhaps other aquatic species might avoid many
negative impacts on the land where alternative crop approaches are employed
(erosion, eutrophication, etc) as described by Fargione et al. [28] and numerous
others [e.g. 28, 55, 92].

Why are microalgae, and algae in general such prolific growers and consequently
of interest for this application? In brief their simple structure allows for more ef-
ficient use of solar energy. While most higher freshwater plants as well as green
algae and cyanobacteria make use of a more ancient form of photosynthesis (C3

1“GreenFuel Technologies Closing Down,”
http://www.greentechmedia.com/articles/read/greenfuel-technologies-closing-down-4670/

2“Coming Soon: $2 a Gallon Diesel From Algae?,”
http://www.greentechmedia.com/articles/read/coming-soon-2-a-gallon-diesel-from-algae/
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plants) [66, 69], there is more recent genetic evidence of a more facultative na-
ture whereby a more “modern” C4 photosynthesis and CCM (CO2-concentrating
mechanisms) approaches exist in P.t. and other diatoms specifically [70, 84].

Not only is the basic science of microalgae advancing; practical application too
is on the rise. While still developing toward economic viability, the field of
algal biofuels is promising due to it’s impressive yield capacity. Even at the
modest annual oil production claims from Benemann Associates for 10,000 L/Ha
from pilot scale production [91], the yield is still nearly twice the annual oil
yield per hectare than the next most prolific producer feedstock, palm oil (<6,000
L/Ha) [16, Table 1], without the myriad concerns of terrestrial crops (need for
fresh water, food vs. fuel, etc.).

Fossil fuels are derived in part (perhaps mostly) from ancient biomass [67]; algae
being a significant contributor. Consequently the aim of microalgal biofuels is
simply to expedite the same process which brought us our current supply of
stored ancient solar energy (fossil fuels). The target is a steady but sustainable
supply of contemporary hydrocarbon fuel substitutes (biofuels).

1.4 Nomenclature

Numerous existing and thesis-specific abbreviations and terms will be employed
throughout this work. A list of nomenclature including glossary terms is pro-
vided in Appendix A and should be a useful reference for those unfamiliar with
the “biofuels jargon.”

1.5 Thesis outline

In Chapter 2, the significance of alkenones (constitutively produced by some
haptophyta) with respect to biodiesel and cold-flow performance is discussed.
This is followed by Chapter 3, which details results from a practical study on
Cape Cod, MA under natural solar illumination with diatoms grown on the alter-
native nitrogen source, urea, with and without nickel trace metal addition. Sub-
sequent Appendices beginning on page 51 support with extended information
and background to the two main chapters (2, and 3).

6 1.4. NOMENCLATURE



Chapter 2

Isochrysis, alkenones, and biodiesel
cloud points

“What we’re after is that chubby guy who can still run a marathon.”

- Chris Reddy, Associate Scientist, WHOI; speaking in reference to the
importance of lipid-productivity as a selection criteria for algal strains,
not simply fast growth rates or lipid content alone.

2.1 Introduction to alkenones experiment

Interest in biofuels continues to increase with concerns over climate change and
a looming energy crisis [46, 77]. Based on a resurgence of interest in microalgal-
derived biofuels, it is anticipated that many large-scale bioproduction sites will
be constructed in the coming decades [16, 18, 43, 44]. While this field is rapidly
changing, the majority of biofuels produced at these facilities will initially be
mixtures of fatty acid methyl esters (FAMEs) known as biodiesel. This sub-
stitute for fossil-fuel diesel is produced from reactions between methanol and
glycerides; the latter are the major components of oil and cell membranes in
microalgae as well as terrestrial plants.

Biodiesel is used to formulate a range of mixtures from B2 (2% biodiesel mixed
with 98% fossil-fuel diesel) to B100 (100% biodiesel). In preparation for a future
~0.5 hectare bioproduction site in Cape Cod, Massachusetts, USA (41° 33 05”N,
-70° 36 55”W), we surveyed local species capable of sustainable growth and

7
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high production of FAMEs under the low incidence of annual light availability
and cool temperatures of the region.

Figure 2.1: Isochrysis sp. (T-Iso) micrographs. (b) phase contrast image, (a)
pseudo-colored merge of c and d, (c) Nile Red stained image with 46HE filter
(Ex: 500/25, em: 535/30), (d) chlorophyll autofluoresence through filter set 50
(ex: BP640/30, em: BP690/50). All images acquired with Zeiss Plan-Neofluar
40x/0.75 Ph2 objective lens and Zeiss Axiocam MRm monochrome camera.

One of our targeted algae was the coastal marine prymnesiophyte Isochrysis sp.
including strains T-Iso and C-Iso (Figure 2.1) [76, 112].We were interested in
Isochrysis sp. as they have been cited in reviews on algal-based biofuel [16, 43],
can be grown both indoors and outdoors [49], and are farmed commercially for
mariculture feedstocks [5, 26, 56]. Furthermore, this effort conforms with the
future fuels strategy proposed by Inderwildi and King [46], stressing the im-
portance of in-depth scientific analysis of short, medium, and long-term aspects
of biofuel production. Here we present results on how polyunsaturated long-
chain (mainly C37–38) alkenones, part of a group of unusual compounds in-
cluding alkenes and alkenoates collectively referred to as PULCAs (Figure 2.2),
produced by Isochrysis sp. and other prymnesiophyte [20], can adversely af-
fect biodiesel quality. Specifically, we spiked part per thousand amounts of
alkenones in B20 blends prepared from soybean oil and observed the effects
of the alkenones on the cloud point (CP) of the mixtures.

8 2.1. INTRODUCTION TO ALKENONES EXPERIMENT
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Figure 2.2: Two common alkenone structures produced by Isochrysis sp., ex-
emplifying very long carbon chain and the trans-double bonds. Studies have
detected methyl and ethyl alkenones with 35 to 40 carbons with two to four dou-
ble bonds [86]. Nomenclature for alkenones is similar to FAMEs; # of carbons:
# of double bonds.

2.2 Methods

2.2.1 Species and culture conditions

Two Isochrysis sp. strains “T-Iso” and “C-Iso” and the diatom, Thalassiosira
weissflogii strain “TW” were sourced from the Milford Laboratory Microalgal
Culture Collection (Milford, Connecticut). Additional information on the “T-
Iso” and “C-Iso” strains has been described in detail by Patterson et al. [76],
and Wikfors and Patterson [112]. We included TW in our study to highlight
differences in lipid profiles of algae. Microalgae were cultured in 250-ml glass
Erlenmeyer flasks under 24-hour light (approximately 31 µE ·m−2 · s−1(PAR))
and held on an oscillating shaker (100 rpm) at 19°C. Standard f/2 medium was
used for cultures with silica provided for the comparison diatom (TW). Microal-
gae were harvested by centrifuging at 4,000 rpm and decanting the supernatant.
The remaining algal pellet was freeze-dried.

2.2.2 Extraction of algal samples

Freeze-dried algal biomass (10 to 50 mg) was extracted with hexane. The resul-
tant lipid extract was spiked with an internal standard, ethyl nonadecanoate, and
transesterified under N2 using 10% methanolic HCl in hexane (55ºC; 12 hours).
We used ethyl nonadecanoate to check both the completeness of the transesterifi-
cation reaction by monitoring the production of methyl nonadecanoate and using
the latter for quantification purposes. The reaction products were extracted with
hexane, reduced in volume, spiked with an external standard, n-heptadecane, and
stored until analysis by the GC-FID.

2.2. METHODS 9
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Figure 2.3: GC-FID chromatograms of B20 solutions (80% fossil diesel, 20%
B100 from soybean oil) prepared for CP analysis. (a) B20, (b) B20 with
alkenones (0.11 w/v), (c) B20 with alkenones (0.75 w/v), and (d) B20 with
alkenones (2.25 w/v). Except for the 16 and 18 carbon FAMEs, compounds
eluting in the first 20 minutes are almost all fossil diesel constituents.

10 2.2. METHODS
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2.2.3 Analysis by GC-FID

We quantified FAMEs and alkenones in the esterified samples using a Hewlett-
Packard 5890 GC-FID. Compounds were separated on a glass capillary column
(J&W DB-1MS, 30m, 0.25-mm i.d., 0.25-µm film thickness) with H2 carrier gas.
FAMEs were identified with standards purchased from Nu-Chek Prep (Elysian,
MN) and Supelco (Bellefonte, PA). Alkenones were identified based on com-
parison to published elution order on gas chromatographic columns, their mass
spectra, and mixtures harvested from cultures of Isochrysis sp. Methyl nonade-
canoate recoveries were always > 90%. No ethyl nonadecanoate was observed
in the samples.

2.2.4 Alkenone-spiked B20 solutions

We used a mixture of pure alkenones composed mainly of 37 and 38 carbon
alkenones isolated from Isochrysis sp. Refer to Figure 2.3 for the relative distri-
bution of each alkenone. We added 0, 0.11, 0.23, 0.38, 0.75, 1.13, and 2.25 mg
of alkenones to 4-ml amber vials with Teflon-lined caps and then 0.8 mL of on-
road fossil diesel purchased at local filling station in Falmouth, Massachusetts,
USA on September 7, 2009. For the samples with higher amounts of alkenones,
it was necessary to warm the vials, while capped, for 30 seconds for complete
dissolution. Two hundred microliters of soybean-derived B100 (Renewable Bio-
fuels, Port Neches, TX; passed ASTM D6751 test parameters) was then added
to each vial resulting in B20 blends. The alkenone content did not affect the
volume of each solution. We attempted to prepare a B20 blend with 4.5 mg of
the alkenones, but the latter did not dissolve until another 1 ml of fossil diesel
was added. Several microliters of each sample were removed for analysis by
GC-FID. The samples were stored in darkness and analyzed for CP.

2.2.5 Cloud point analysis

The Cloud point (CP) of the fossil diesel, soybean-derived B100, and the alkenone-
spiked B20 blends were analyzed with ASTM method D2500 - 09 Standard Test
Method for Cloud Point of Petroleum Products. These analyses were performed
by Ana Laboratories, Inc. (Newark, New Jersey).

2.2. METHODS 11
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2.3 Results and discussion

Figure 2.4: Gas chromatograms of FAMEs and alkenones extracted from marine
algae. (a) marine algae Thalassiosira weissflogii and (b) Isochrysis sp. Note the
absence of alkenones in the diatom (a). The peaks labeled with “*” and “**” are
n-heptadecane and methyl nonadecanoate, used as standards. The FAMEs and
alkenones are highlighted in the chromatograms and their respective number of
carbons is labeled along the x-axis. As noted in the text, these extracts were pro-
duced from acid-catalyzed transesterification, although we found base-catalyzed
transesterification yielded similar results.

During the evaluation of different algal species for biodiesel production for our
region, we noticed that Isochrysis sp. (both strains) relative to other algal cul-
tures was rich in alkenones with total amounts comparable to total FAMEs (Fig-
ure 2.4). This was not a surprise as it is well known that Isochrysis sp., Isochrysis
galbana, and some other prymnesiophyte taxa, including Emiliania huxleyi and
Gephyrocapsa oceanica produce these PULCAs [20, 29, 76, 107], with 35 to
40 carbons methyl or ethyl ketones, although 37 and 38 carbons are generally
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the most dominant [86, 87]. Often these neutral lipids are more abundant than
triacylglycerols, especially in the stationary-phase of growth curves [25].

Studies by Eltgroth et al. have shown that PULCAs reside in cytoplasmic lipid
bodies for energy storage [25]. The exact biosynthetic pathways have not been
elucidated, but the proportion of the more unsaturated PULCAs increases with
decreasing water temperature [20, 107]. Unlike unsaturated FAMEs that have
methylene-interrupted cis (Z) double bonds, the alkenones have trans (E) double
bonds separated by five and occasionally three methylene groups [64, 80, 81, 86,
87] (Figure 2.2).

As Chisti [16] noted, not all algal oils will produce high quality biodiesel, such
as those that would yield FAMEs with 4 or more double bonds, which would
be highly susceptible to oxidation. However, due to their long chain lengths,
double bond trans geometry, and high melting points (>55ºC) [74], we hypoth-
esized that alkenones could be problematic, too. (Pure C36:2 alkenone has a
MP of 57ºC [74], while the alkenone mixture used in this study had a MP of
65ºC.) In particular, the alkenones would likely increase CPs to unreasonably
high temperatures. To test this hypothesis, we originally tried to dissolve mg
quantities of alkenones into a high quality soybean-derived B100. We choose
this experimental design to highlight how alkenones could affect an otherwise
high-quality biodiesel. Unfortunately, we were unable to dissolve the alkenones
in the soybean-derived B100 even with gentle heating. Hoping that fossil diesel
would act as a solvent for alkenones, we then prepared mixtures of B20 spiked
with alkenones. This approach was successful until efforts to dissolve 4.5 mg of
alkenones into 1 ml of B20 failed. Preliminary solubility studies illustrate the rel-
ative insolubility and highly non-polar nature of these compounds. For instance,
while the C36:2 alkenone could be dissolved in dichloromethane and benzene, it
was only partially soluble in ethereal solvents, and completely insoluble in more
polar solvents such as acetone and methanol.

The CP of the fossil fuel diesel and soybean B100 used to prepare the B20 mix-
tures were -9.4 and 2.2ºC, respectively. The B20 mixture had a CP of -6.1ºC,
which increased markedly with alkenone content (Figure 2.5). In particular for
B20 with 0.75 to 1.13 ppt; w/v alkenones, the CP temperature jumped from -5
to 2.2ºC, respectively. This is remarkable considering the GC-FID alkenone sig-
nal is barely perceptible even in our highest alkenone-spiked B20 sample (Fig-
ure 2.3, insets of d, 2.25 ppt; w/v), which had a CP of 20ºC. This illustrates how
CP is highly sensitive to even minor amounts of non-FAME lipids, especially
those with high melting points [71].

A related study by Imahara et al. [45] demonstrated that the addition of small
amounts of higher-melting saturated esters to representative biodiesel mixtures
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had a dramatic impact on CP. Importantly, irrespective of the biodiesel com-
position, mixtures with fixed saturated ester content had essentially identical
CPs. Our alkenone-spiked biodiesel mixtures provide further evidence that CP
is mainly determined by abundance of components with higher melting point
temperatures. For this reason certain classes of compounds such as those with
trans-double bonds have been identified that will cause a biodiesel to fail specifi-
cation standards Knothe [53]. Others include cis-monounsaturated esters longer
than C18 (melting points between approximately -8 and 9 °C), and saturated es-
ters longer than C10 (methyl undecanoate MP = -12 °C). The long-chain length
(C35 – C41), trans-alkene geometry, and resulting high melting points (>55 °C)
of algal-derived long-chain alkenones make these compounds unsuitable com-
ponents of biodiesel fuels.

Figure 2.5: Cloud point temperature (ºC) versus total alkenones content in B20
mixtures prepared from soybean-derived B100 and fossil diesel. The B20 mix-
tures were prepared by dissolving various amounts of alkenones into the fossil
diesel and then adding the soybean B100. Error bars are smaller than symbols.

CP criteria are not strictly set by ASTM, but rather “reported,” however it is likely
that other regulated ASTM values would be affected, such as kinematic viscosity.
In the case of CP and the related cold-filter plugging point (CFPP), ASTM D975
provides guidance for operation temperatures based on 10th percentile minimum
temperatures [111]. These results are noteworthy as Isochrysis sp. would oth-
erwise be a desirable producer of biodiesel amenable FAMEs. It is already
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grown commercially for mariculture so any hurdles with scale-up to large scale
biodiesel production would be less of a problem. We also analyzed one commer-
cial mariculture product (T-Isochrysis Algae Paste, www.brineshrimpdirect.com)
and found that it had a similar distribution of FAMEs and alkenones as Fig-
ure 2.4 (b). Moreover in a recent study of 55 microalgal species for biodiesel
production, I. galbana proved to be average in both biomass yield and lipid pro-
ductivity [35]. Average lipid content in nutrient-replete and nitrogen-deficient
cultures are 25 and 29% dry weight respectively. Therefore, it is quite likely that
others will be attracted to this alga’s characteristics for biodiesel production, yet
great care should be taken in doing so due to alkenone contamination.

Even minor feedstock components containing alkenones (levels above 1 ppt; Fig-
ure 2.5) can affect fuel quality. As shown (Figure 2.3) these compounds may
elute beyond the maximum retention time and temperature gradient of a stan-
dard GC-FID analysis for biodiesel and biodiesel blends. While Hu et al. sum-
marized the presence of many very-long-chain fatty acids (>C20) of several al-
gae (including haptophyta Emiliania huxleyi and I. galbana) and cyanobacteria,
the PULCAs were not considered, and indeed until now their importance may
remain under-emphasized.

Synthesis of PULCAs has been documented to be restricted taxonomically within
the haptophyte order Isochrysidales [19, 20]. Consequently these algae might be
avoided for biodiesel unless downstream refining such as crystallization fraction-
ation is performed [51]. However, the otherwise positive attributes of Isochry-
sis sp. noted earlier may be more ideal for generating other biofuels, such as
methane from catalytic gasification of biomass that are less dependent on the
lipid composition but more focused on lipid production of algae [38, 103].

2.4 Conclusions

In summary, marine microalgae have great promise for the production of biodiesel.
However, some species can produce high melting-point lipids in addition to fatty
acids, such as alkenones, that can detrimentally affect biodiesel quality but may
be useful in other biofuel technologies.
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Chapter 3

Phaeodactylum physiology and lipid
quality

“This is like tuning a violin in a hail storm!”

- William (Bill) Mebane, Marine Resource Center (MRC) Systems Op-
erator; speaking in reference to operating biological chemostats and the
inherent complexities and instabilities.

3.1 Introduction to Ni/urea experiment

Diatoms are important primary producers responsible for 60% of oceanic pri-
mary productivity [101]. Furthermore, diatoms pose significant biogeochemical
control on ocean primary productivity contributing 20% of global (terrestrial and
marine) primary productivity [27, 30]. Phaeodactylum tricornutum (P.t.) and
Thalassiosira pseudonana (T.p.) are two diatoms widely studied in culture. The
genome of P.t. has been sequenced [13], and it is known that urea is a sutable ni-
trogen source for this species [83]. Urea was studied because it serves as a proxy
for nitrogen sourced from waste water which is an abundant and inexpensive nu-
trient source for algaculture. These features justified selection of P.t. for this
study. Physiological results and detailed lipid profiles have been prepared un-
der treatments with only urea as a nitrogen source, versus a replete control with
nitrate provided (a more conventional aqueous marine media nitrogen source).
Where urea was present one treatment also had additional nickel supplemented
as discussed below.
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Figure 3.1: Micrograph
of P. tricornutum (source:
www.jgi.doe.gov).

Preliminary indirect evidence suggested that
in the absence of sufficient nickel, cells over-
produce a non-functional (apo) urease pro-
tein [82], having adverse effects on cultures
growing on urea. Direct evidence, purifica-
tion, and characterization of nickel-urease has
subsequently been developed [105]. Broader
environmental and biogeochemical ramifica-
tions of the nickel-urease continue to unfold.
As proposed by Price and Morel [79], a col-
imitation effect is apparent between nickel and
nitrogen with the apparent nickel-dependent
urease as the likely culprit. Not surpris-
ingly, urease was subject to numerous early
scientific investigations and was the first or-
ganic molecule to be synthesized; moreover
it was the first recognized nickel metalloen-
zyme [98]. More recently the complexity of

metalloproteins and their associated chaperons was described by Waldron and
Robinson [108]. It is evident that trace elements, micro/macro nutrients, and
protein interactions behave in a dynamic and often colimiting way.

Colimitation as a concept is summarized by Saito et al. [90] and has been im-
proved by recent physiology studies such as presented by Saito and Goepfert
[89], however additional investigations such as presented here provide useful
support to the modeled and theoretically purported colimitation concepts; namely
with respect to nitrogen and light (independent, type I), and nickel and urea (bio-
chemically dependent, type III) colimitations as described in Saito et al. [90,
Table 1]. Although nickel is known to be critical for urease activity, it has other
roles yet to be elucidated since even organisms lacking nickel-urease show a
nickel requirement which aside from partial cobalt substitution appears to be an
absolute (or type 0) requirement [100]. During photosynthesis, superoxide dis-
mutase may also be an important nickel containing enzyme as shown in the case
of some cyanobacteria [23, 24].

Urease is a nickel-dependent metalloenzyme that catalyzes the hydrolysis of urea
to form ammonia and carbon dioxide.

Marchler-Bauer et al. [63] notes:

“Nickel-dependent ureases are found in bacteria, archaea, fungi
and plants. Their primary role is to allow the use of external and
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internally-generated urea as a nitrogen source. The enzyme con-
sists of three subunits, alpha, beta and gamma, which can exist as
separate proteins or can be fused on a single protein chain. The
alpha-beta-gamma heterotrimer forms multimers, mainly trimers.
The large alpha subunit is the catalytic domain containing an ac-
tive site with a bi-nickel center complexed by a carbamylated lysine.
The beta and gamma subunits play a role in subunit association to
form the higher order trimers.”

Figure 3.2: Urease α-subunit showing
the bi-nickel center complexed by a car-
bamylated lysine (lower right) as identi-
fied by Benini et al. [8].

P. tricornutum is one of two diatoms
for which at this time genomes have
been sequenced [13]. Within the
genome for T. pseudonana (CCMP
1335), an 807 amino acid nickel
urease exists (NCBI Reference Se-
quence: XP_002296690.1). The
known urease sequence from T.
pseudonana (XP_002296690.1) was
run in BLAST against P. tricornutum
CCAP 1055/1 (taxid:556484) produc-
ing a significant alignment with a pre-
dicted protein of 878 amino acid (ac-
cession XP_002183086). With 5%
gaps in the protein alignment the
positive matches were 78% yielding
an e-value of 0.0. Putative con-
served domain regions were detected
and the conserved domain sequence
“cd00375” is indeed for the nickel-
dependent urease α-subunit, shown
for the aligned 567 amino acid sequence of T.p. in Figure 3.3 on page 20.
The bi-nickel α-subunit structure is presented in Figure 3.2.

The advantage of working with an organism whose genome is sequenced may
be obvious yet this is only one aspect which promoted selection of P.t. for this
study. Ease of culturing and the ability to grow well with urea as the primary
nitrogen source made P.t. an excellent subject for this study. Moreover, as a
diatom this species represents a significant community for broader biogeochem-
ical understanding. In general the experiment looks at “real-world” intermediate
scale bioproduction with replete f/2 medium (Guillard [36], Guillard and Ry-
ther [37]) versus a nitrate-free f/2 amended with urea to serve as a proxy for the

3.1. INTRODUCTION TO NI/UREA EXPERIMENT 19



CHAPTER 3. PHAEODACTYLUM PHYSIOLOGY AND LIPID QUALITY

uric acid sourced from urine in waste water. An additional experimental treat-
ment included both urea and nickel. Sampling was performed daily for relative
fluorescence (a proxy for biomass and the basis of growth-curve data), and ap-
proximately every other day for approximately 2 weeks looking at the following
parameters: (1) relative fluorescence units (RFU), (2) biomass (dry weight), (3)
lipids and proteins, (4) nutrients and nickel, (5) flow cytometry.

A key determinant in evaluating microalgal strains for biofuels potential, partic-
ularly with respect to biodiesel is the lipid distribution. Information regarding
hydrocarbon chain length, prevalence of double bonds, and bond type are crucial
aspects in sorting microalgae candidates as noted in Chapter 2. Consequently,
detailed GC-FID analysis has been performed on the transesterified oil products
from algae extractions over the range of growth stages and treatments from this
experiment (Sections 3.3.3 and 3.3.4).

Figure 3.3: Conserved domain (bottom line) for nickel urease α-subunit against
P.t. (top line), amino acid matches are highlighted throughout.
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3.2 Methods

3.2.1 Fluorescence (RFU)

Fluorescence data was collected from a Turner Designs TD-700 bench-top flu-
orometer with filters configured to measure chlorophyll a (PMT 185-870 nm,
ex: 340-500 nm, em: >655 nm). Daily calibration was performed with a solid
standard turned to the “high” orientation. Dilution was necessary to avoid signal
saturation in dense cultures of late exponential phase. Samples were measured
after dilution in 1 cm path-length glass test-tubes with equal parts sample and
filtered seawater of the same source as used in culture media preparation (Vine-
yard Sound seawater, Cape Cod, MA). All recorded data is relative to the solid
standard and serves as a proxy for cell concentration.

3.2.2 Biomass (dry weight)

Samples for dry weight were collected by gentle (<35 kPa) vacuum filtration
of 250 mL of sample onto preweighed and combusted Whatman GF/F filter pa-
per. Filters were dried overnight at 60ºC and subsequently re-weighed and nor-
malized to filtered culture volume for dry wight biomass in units mg/L. These
samples were archived for future TOC and biogenic silica analysis. Biomass pro-
ductivity values are calculated from the net increase/decrease in biomass divided
by the elapsed time relative to any sampling time-point.

3.2.3 Lipid and protein pellets

Biomass for subsequent lipid extraction was collected by centrifugation (Beck-
man J2-21M, rotor #14) at 9,000 rpm (12,600 x g) for 25 minutes at 10ºC. Pel-
lets from two 250 mL volumes were combined and centrifuged at 13,000 rpm
in an eppendorf MiniSpin micro-centrifuge. Supernatant was decanted and the
remaining pellet was freeze dried and stored at 4ºC until extraction detailed in
Section 3.3.3 on page 32. Proteomic pellets were prepared in a nearly identical
way to those for lipids with the only alteration being that biomass pellets were
immediately stored at -80ºC after pelletization.

3.2.4 Nutrients and nickel

Nutrient samples were collected by syringe filtering (0.2-µm) ~45 mL of culture
into 60 mL acid-washed vials. All samples were frozen until analysis which was
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done at the Woods Hole Oceanographic Institution (WHOI) nutrient processing
facility. Nickel samples were prepared by the same methods as for nutrients,
however only the +urea, +nickel treatment was tracked throughout the entire
time-course. Replete and +urea, -nickel treatments were sampled for nickel only
at start (t0) and end (t f ) of the experiment.

3.2.5 Flow cytometry

Small 1.8 mL volumes of sample were mixed on ice with 0.2 mL chilled formalin
(10% by volume Formaldehyde [~36%] buffered in f/2 medium). Cryo-vials
with the fixed samples were stored in liquid nitrogen archive for future flow
cytometry analysis.

3.2.6 Algaculture

Detailed algaculture culture medium methods are outlined in Appendix C.4.
Briefly, a common f/2 media developed by Guillard [36], Guillard and Ryther
[37] was used as has been typical of numerous previous physiology studies. The
only exception to medium preparation was in sterilization methods; here either
microwave or chlorine bleach with subsequent sodium thiosulfate addition was
employed (details described in Appendix C.4.2).

Maintenance cultures of Phaeodactylum tricornutum (strain number CCMP632)
were kept in a growth chamber at 23ºC with constant light of ~160 µE ·m−2 ·
s−1(PAR). Maintenance cultures were 1 L, followed by primary acclimation cul-
tures also at 1 L to allow for adjustment to treatment conditions. Subsequent
scale-up to 8 L and finally 80 L was done during exponential growth with ap-
proximately 5-10% inoculation volumes to establish approximately equal rel-
ative fluorescence across treatments. Cultures subsequent from and including
the 8 L scale were grown in a greenhouse kept between 12 and 25ºC (time and
weather dependent) under natural diurnal illumination.

Conditions for all acclimation cultures (1 L and 8 L scale) were the replete f/2
control in addition to two experimental treatments where nitrate was replaced
by urea at half the molar concentration (as two nitrogen atoms exist per urea
molecule versus the single nitrogen in a nitrate molecule). In one of the urea
treatments nickel was also provided at a total added concentration of 100 nM. In
the final 80 L experiment these media conditions were sustained with the single
exception being that double the phosphate was inadvertently added in the replete
media.
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Throughout maintenance and 1-L scale acclimation, cultures were bubbled con-
tinuously with atmospheric air filtered by 0.2-µm filters. For practical reasons
the air supply to 8-L acclimation and 80-L experimental cultures was passed
through a column approximately 10 cm long and 2 cm in diameter, lightly packed
with glass wool to remove only larger particulates from the centralized green-
house air supply.

The greenhouse was positioned on the WHOI Quissett Campus, Cape Cod, MA
(41° 33 05”N, -70° 36 55”W, 7 m elevation). Greenhouse siting allowed sig-
nificant solar exposure (i.e. minimal shading) even in winter months and the
building and culture array were oriented with the long-axis aligned to an east-
west direction (Figure 3.4) allowing for minimal self-shading.

Figure 3.4: Greenhouse site and surroundings - Google Earth image with build-
ing at center outlined by box east of the baseball diamond’s left-field (north ori-
ented to top).

3.2.7 Total lipid extract

Pellets of approximately 50 mg (dry weight) were accurately weighed then trans-
ferred to a Soxhlet thimble which was placed into a combusted glass vial and
extracted in 20 mL of dichloromethane/methanol (2:1). Extractions were incu-
bated at 70ºC for 1 hour before decanting solvent. Three sequential incubated
solvent extractions per pellet were combined to obtain a figure for total lipid ex-
tract (TLE). The TLE was reduced in volume by rotovap and blown down to
dryness under gentle UHP nitrogen gas allowing for an accurate extraction mass.
Using TLE, the lipid content was determined and expressed as a percent of orig-
inal biomass dry weight. TLE was resuspended for storage further analysis in
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hexane containing 0.25% butylated hydroxytoluene (BHT) (to prevent/minimize
sample oxidation).

3.2.8 Transmethylation

Transmethylation (transesterification) was performed on an aliquot of TLE to
convert TAGs to the component fatty acids. Acid catalyzed transmethylation of
lipids was conducted in combusted glassware. Methanoic HCL was prepared
by gradual (dropwise) addition of 5 mL of acetyl chloride in 50 mL of cool-
dry methanol [17]. For this study, 0.2 mL of TLE was taken from each sample,
brought up to 1 mL in hexane then combined with 2 mL of methanolic HCL and
0.5 mL of ethyl nonadecanoate (C19 FAEE) internal standard (141 micrograms).
Vials were then purged for 1 minute with UHP nitrogen, capped quickly, and the
cap-glass interface wrapped with Teflon tape. Samples were incubated at 70ºC
for 4-6 hours to ensure complete methylation.

Following incubation vials were cooled to room temperature and the solution was
washed as described here: (1) add 10 mL deionized water and (2) 10 mL hexane,
then (3) gently invert 6 times prior to centrifugation (1500 RPM, 5 minutes)
followed by (4) decanting all hexane and (5) repeating all from step 2 twice
more.

The washed product (combined hexane decants) was reduced by rotovap and
then dried under gentle UHP nitrogen gas to allow for a measure of total conver-
sion from TLE to methylated oil product (MOP). After MOP mass was recorded,
all samples were resuspended in 1 mL of hexane containing 0.25% BHT as de-
scribed in section 3.2.7.

The internal process standard ethyl nonadecanoate (ethyl-C19 or simply C19)
was added to track methylation efficacy and wash recovery; if the transesterifica-
tion reaction does not go to completion the ethyl peak (C19-FAEE) will appear
in subsequent GC-FID analysis independent from the methyl peak (C19-FAME).
As the internal standard addition of C19 is known, it serves as a quantification
standard for sample FAMEs with known internal response factors. Previous work
has shown high conversion efficacy (ethyl to methyl).

3.2.9 GC-FID quantification

A target of approximately 50-100 ng/µL on column was achieved by diluting
the MOP in hexane. Since most samples were approximately 0.23-1.2 mg/mL, a
common 1/10th dilution provided the practical 23-112 ng/µL MOP on column.
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Included in the dilution at final volume of 1000 uL was an external standard spike
of n-heptadecane (nC17) for quality control purposes. The external standard is
not necessary, nor common but was used as an added quality control measure
and to determine recoveries of the internal standard. Quantifying the methyl
nonadecanoate required adjustment for the lost carbon in conversion from FAEE
to FAME (Details, see Appendix C.3.2). In brief, C19 FAME was simultane-
ously used to determine recovery (based on nC17) and to calculate compound
specific amounts based on IRFs which are generally 1 for hydrocarbons. Non-
adecanoate (C19) and n-heptadecane (nC17) are valid standards because they
have odd-numbered carbon lengths which are not expected in these natural sam-
ples on account of the biosynthesis pathway for fatty acids which results in even-
numbered carbon chain lengths.

FAMEs in the esterified samples were quantified with an Agilent 5890 GC-FID.
Compounds were separated on a glass capillary column (J&W DB-1MS, 30m,
0.25-mm i.d., 0.25-µm film thickness) with H2 carrier gas. The injection vol-
umes for GC runs were 2 microliters, and the temperature program began with a
5 minute hold at 40ºC, followed by a 30ºC/min ramp to 120ºC, proceeding im-
mediately then at 8ºC/min until reaching the final 320ºC which was held for 5
minutes.

Results of GC-FID analysis were processed with standard internal response fac-
tor methodology, taking the resulting specific quantified compounds and normal-
izing to biomass. Further details on the GC-FID methodology are presented in
Appendix C.3.

3.2.10 Environmental monitoring

Representative temperature logs were prepared from a simple data-logging multi-
meter (Fluke 189) equipped with a type K thermocouple exposed to air or sub-
merged in an abiotic 80 L culture tube for approximately 48 hours. Global short-
wave solar radiation was sourced from Dr. Richard Payne (WHOI) as measured
in 1-minute intervals by an Model PSP Pyranometer (Eppley Labs, Newport,
Rhode Island) over the range 0.285 to 2.8 µm. The 1-minute averages were sub-
sequently averaged into 15-minute data for the purposes of this study. Integration
of total daily solar energy were taken over the 15-minute averaged data set.
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3.3 Results and discussion

First evidence of variation between treatments was observed in the acclimation
cultures where the urea treatment without added nickel lagged slightly behind the
other cultures as determined by RFU (data not shown). The 8 L acclimation cul-
tures were grown in a greenhouse where environmental parameters varied within
controlled temperature set-points. Light and temperature from a representative
~48 hour period can be seen in Figure 3.5.
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Figure 3.5: Representative temperature and light conditions each recorded over
approximately 48 or more hours during November in an east-west long-axis
aligned greenhouse.

During algaculture, rigorous aseptic technique was not practical, however all
reasonable efforts were made to minimize contamination – keeping relatively
high cell densities and typical inoculation volumes ~10% helped ensure contam-
ination could not easily compete with the desired P.t. biomass. Cultures were
monitored by microscopy and no notable contamination was seen except for mi-
nor fungal contamination by the late exponential phase (day 6) at 80 L scale.
Due to the high fluorescence and optical cell densities in addition to the practi-
cal approach of this work, the minor fungal contamination observed late in this
study were not considered a compromise to the results. It is valuable information
to know that at least through several generations up to 80 L culture volumes very
little contamination was observed.
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Of the samples collected, not all were processed for this presentation and con-
sequently the following results are limited to (1) growth data from RFU measure-
ments, (2) biomass time-course (dry weights), (3) nutrient data (NH4, NO2+NO3,
Si, PO4), and (4) TLE and lipid (FAME) distribution.

3.3.1 Growth curves and biomass productivity
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Figure 3.6: Growth curves and maximum solar radiation for all treatments at 80
L scale.

Growth curves (RFU vs. time) show typical exponential and stationary phases
and are plotted along with the maximum solar radiation in Figure 3.6. Biomass
alone including a late harvest time-point (day 41) is presented in Figure 3.7. The
late harvest was impromptu, however it is speculated that the divergence noted at
day 41 would have been present (perhaps to an even greater extent) much earlier
than day 41.
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Figure 3.7: Biomass dry-weight vs time.

Biomass was beginning to proliferate when an uncertain blend of simultaneous
light and nutrient limitations set in. For the purposes of this discussion the no-
table time-points discussed will be early exponential (day 2), mid-exponential
(day 4), late exponential (day 6) and “stationary” (day 9). Light limitation may
have induced a premature appearance of entry into “stationary” phase, hence the
quotes used here when referring to “stationary” phase.

At day 41 significant biomass accumulation persisted in both the replete and
+urea, +nickel treatments; conversely, the +urea, -nickel treatment underper-
formed (Figure 3.7). This is strong evidence that nickel is a beneficial nutrient
through or during late growth phases when grown on urea.
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Figure 3.8: (A) Total solar energy inputs and (B) biomass productivity over 41
days.

Biomass productivity for all treatments attained a local maximum between days
2 and 4 (true exponential growth phase) (Figure 3.8 (B)). The calculated biomass
productivity at this resolution is very enlightening because it can be compared
directly with the nutrient, light, fluorescence, and other parameters of this study.
Furthermore, it is encouraging to note that the productivity values measured here
(>0.015g/L/day) are within an order of magnitude of laboratory results for the
same species presented by Rodolfi et al. [85] (0.24 g/L/day). This compar-
ison of results is further compelling considering the lab-cultured results were
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highly catered to, having been grown with replete f/2 medium in 250-mL Er-
lenmeyer flasks (100 mL of culture) maintained in an orbital incubator flushed
with air/CO2 (95/5, v/v) at a temperature of 25°C, under continuous illumination
(100 µmol PARPhotons ·m−2 ·s−1). In comparison we used the same f -medium
(Guillard and Ryther [37]) but under natural light conditions, minor atmospheric
air bubbling lacking CO2 enrichment (for mixing and provision of CO2) and
significantly cooler temperatures than the Rodolfi et al. study.

The large 80-L culture volume and significant culture density virtually assures
substantially reduced solar exposure in comparison with any lab study. Chisti
[16] notes and compares the reported half-saturation constant of light for Phaeo-
dactylum tricornutum which is 185 µmol PARPhotons ·m−2 · s−1 [62], or about
20 W ·m−2. Although solar irradiance can be well above this, it would soon
reach an inhibitory region whereupon stress would prevail.

Natural lighting will follow a roughly gaussian shape, increasing from dawn to
a mid-day peak then fading into dusk; consequently for a more accurate com-
parison the reported photon irradiance should be converted to energy irradiance
and then integrated over the comparison duration (24h). Daylight fluorescent
tubes are meant to simulate natural sunlight (color temperature of 5500K in ac-
cordance with our sun). As cultures are typically illuminated directly, the PAR
fluence and PAR irradiance are synonymous and the relation of equation 3.1 may
be applied [104, Chapter 9, topic 9.1].

2000 µmolePAR photons · s−1 = 400W =⇒ 5 µmolePAR photons
W · s

(3.1)

Hence, lab lighting is approximately 20W ·m−2 (100/5).1 Taking continuous
lighting, (24 h/day), the PAR irradiance on a per-meter basis yields daily en-
ergy of 0.48 kWh ·m−2 · day−1(0.02kW/m2 * 24h/d). Taiz and Zeiger note that
when light is completely diffuse, irradiance is only 0.25 times the fluence rate
which is likely within the naturally-lit greenhouse environment. Still, taking
the best case (direct sunlight), the solar energy inputs would be on the order of
2000 µmol PAR photons or 400 W (roughly 40% of the 1000 W total solar ir-
radiance typically measured in clear and sunny conditions); thus the daily solar
energy for this experiment on a per-meter basis ranged from 0.19-1.3 kWh ·m−2 ·
day−1 (40% of the minimum and maximum values in Figure 3.8, A). On the

1This is an acceptable approximation for conditions as defined, however this is a great simpli-
fication from the actual electromagnetic radiation physics which require Plank’s Law integrating
the spectral radiant emittance over the desired wavelength range.
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sunniest day then the PAR energy would be at most 2.85 times laboratory condi-
tions, however on cloudy days it is less than half the laboratory-case total daily
irradiance. Because the solar energy was measured outside the greenhouse, and
days were not always clear it is certain that cultures were exposed to less input
PAR than the lab conditions of Rodolfi et al. [85].

3.3.2 Nutrient data
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Figure 3.9: Nutrients: (A) phosphate, (B) silicate, (C) ammonium, (D) ni-
trate+nitrite.

N:P ratios were initially ~25 for both urea treatments and ~12 for the replete
control. By day 9 the dissolved N:P was over 500 in the replete media. Nutrient
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draw-down is especially evident in phosphate and silica (Figure 3.9, A and B).
Although phosphate was inadvertently added in excess to the replete culture, it
tracked with the experimental treatments by day 4. Silica draw-down in the urea
treatment in absence of nickel exceeds the moderate draw-down in the presence
of nickel and intermediate results with replete media (where no additional nickel
was provided).

With respect to the silica data, some insight may be provided in consideration
of oceanographic biogeochemical literature such as presented by Firme et al.
[31] and Dupont et al. [23] regarding silica and nickel biogeochemistry respec-
tively. For example Firme et al. postulate that silica is only depleted after iron –
perhaps similarly in the no-added nickel treatment silica is more quickly depleted
due to nickel limitation. This is particularly compelling as Dupont et al. notes
the importance of nickel in SOD, independent of the nitrogen source. A cursory
BLAST with the putative NiSOD from Prochlorococcus marinus str. MIT 9301
(YP_001091703) against P.t. yields a dozen significant alignments and there are
several conserved domain fragments from the NiSOD. Consequently, urea only
(no added nickel) culture may have been unable to resolve oxidative stress in
addition to having limited ability to metabolize urea.

No significant quantities or trends were observed in ammonium (Figure 3.9, C),
indicating that this intermediary in urea metabolism was quickly depleted. No
measurable levels of combined nitrate and nitrite were detected in the urea treat-
ments, and in the replete culture medium, this analyte was gradually drawn down
to about half the initial concentration (Figure 3.9, C) which in light of the high
final N:P ratio shows phosphate became more limiting than nitrogen in this cul-
ture.

It is apparent from the nutrient data and biomass/RFU in conjunction with light
data that these cultures may have undergone simultaneous limitations of light
and macro-nutrients. Initially it is thought that light became limiting especially
after observing cell densities by day 4 which were sufficient to cause significant
internal shading.

3.3.3 Total lipid extract (TLE)

Total lipid extract is an important figure for comparison because it closely reflects
the potential for raw oil production normalized to biomass which can help estab-
lish bounds on biodiesel production estimates. Resulting TLE for the treatments
and time points of this study are presented in Figure 3.10.
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Figure 3.10: TLE as percent of dry weight biomass.

The approximate range of TLE for this study is 15-30% with an overall average
of all time-points and treatments being 24% matching well with the published
values of 21 and 23 % for replete and N-deficient cultures respectively in a review
including six reference papers specific to P.t. [35]. The significant aspect of TLE
presented here is the difference between early exponential growth phase (day 2)
and all subsequent time-points. It seems at first counter-intuitive for the TLE
to drop with declining nutrients (particularly nitrogen in the case of the replete
culture), however this may be an indication that significant (albeit temporary)
light limitation existed, causing increased catabolism as a measure to counter-
act the lower abundance of solar energy noted in Figure 3.8, A.

While TLE is a useful indicator, it warrants comment, that this is a “bulk” indica-
tor. Just as chlorophyll has been a simple indicator with more advanced pigment
analysis often being more revealing; here too TLE is a simple practical tool. De-
tailed lipid profiling can provide more insight than TLE alone; such profiling is
summarized in the the following section.
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3.3.4 FAME distribution
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Figure 3.11: FAME distribution; as percent of (A) dry weight biomass and (B)
total FAMEs (i.e., FAME as % of total FAMEs).

In addition to TLE (a quantity measure), the specific FAME distribution reveals
the “quality” potential of a given microalga strain, treatment, or harvest time. As
a quality control measure, transesterified canola oil was compared with experi-
mental extractions and documented FAMEs content – encouragingly these mea-
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surements were identical to literature values (details in Appendix D.2). It should
be noted also in quality control that ethyl nonadecanoate was not detected in any
GC-FID results indicating thorough transesterification.

All but one compound was verified with standards purchased from Nu-Chek Prep
(Elysian, MN) and Supelco (Bellefonte, PA). The unverified peak is most likely
16:2 (or 16:3) FAME, but as this was not explicitly confirmed it will be referred
to here as “16:2-?” to signify the uncertainty. Future work by GC-MS, or a
simple hydrogenation experiment will confirm the speciation of this compound.

Lipid extracts were processed for FAME content on days 2, 4, 6, and 9 with re-
coveries all >89%. Because internal standards were used for quantification, even
with recoveries below 100% the results are valid and reliable. Results can be
summarized concisely as the biomass dry-weight normalized quantities of main
component FAMEs. Component FAME ratios and total FAMEs are simultane-
ously depicted for all treatments and time-points in Figure 3.11.

Compared with TLE it can be noted that a more significant FAME trend exists
among treatments (in addition to growth phase). While TLE generally declined
after day 2, the FAME content normalized to biomass actually raises (increased
ratio of storage- versus membrane-lipids). Furthermore, the FAME content of
the urea treatment lacking nickel (+urea,-nickel) was highest on day 2, but sub-
sequently lowest for all other time-points. FAME content in the replete and
nickel amended urea treatment compared well with each other throughout the
experiment.

A contributor to the elevated FAMEs following day 2 is the putative 16:2 FAME
(Figure 3.11(A),“16:2-?”) and to an even larger extent EPA which in the replete
and nickel added treatments intensified to >30% of the FAMEs (compared to
a preliminary value, 10%). Other such changes in the FAMEs distribution are
summarized in Figure 3.11(B).

3.3.5 Literature intercomparison and further discussion

A recent and related study on TAG accumulation and profiling of P.t. during
starvation (Yu et al. [117]) notes that chemotypes of the TAGs produced were
generally similar regardless of the starvation condition. FAME results presented
here appear to corroborate the Yu et al. study with respect to similarity of chemo-
types.

For days 4 and 6, the dominant compound was eicosapentaenoic acid (EPA, a
20:5 compound) except in the urea treatment without nickel added. This com-
pound although holding potential for use in nutraceuticals [116], is less desirable
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for biodiesel by the prevailing transesterification production methods. As dis-
cussed in in Chapter 2, alternative conversion strategies exist such as hydrother-
mal gasification[38, 103].

As originally proposed by Yongmanitchai and Ward, nutraceuticals production
(for example of EPA) may likely be better derived directly from algae (as op-
posed to fish involving more extensive extraction processes and coming laden
with other bioaccumulated toxins such as mercury). P.t. appears an excellent
candidate species for sourcing EPA. Interestingly, there is evidence of a vita-
min B12 control on EPA yield in P.t. as presented by Yongmanitchai and Ward
[116]. Indeed in the larger context vitamin B12 is shown to play an important
colimitation role in phytoplankton as described by Bertrand et al. [9].

With respect to future bio-production strategies it is important to carefully in-
terpret results from batch-culture studies as presented here. Although the dis-
tinction of culture methods has been emphasized by some (example, Siron et al.
[99]), it may easily be overlooked. Expansion on the topic of continuous produc-
tion is presented in Appendix E.3.

3.3.6 Cell morphology and implications

During sample processing a significant note was the rapid filtration time for the
urea treatment without nickel. Considering the silica draw-down observed, it
would seem reasonable that the diatoms were forming more frustules which
could help maintain open space across the filter membrane whereas cells with
fewer or no frustules would tend towards filter clogging. This result has interest-
ing implications when coupled with the lipid profiles and prospective industrial
harvesting schemes; filtration could be more efficent depending on cell morphol-
ogy (i.e., with frustules), but at the cost of reduced FAMEs (Figure 3.11, A),
despite relatively un-compromised TLE (Figure 3.10).

3.4 Conclusions

Considering the comparison conditions (real world vs. laboratory) this study
demonstrates a preliminary success of aggrandized bioproduction. Future work
should yield continuous or semi-continuous chemostat systems which should
greatly enhance production prospects with relatively minor added system com-
plexity (automated growth monitoring, and fresh nutrient/medium supply at bal-
ance with withdrawn medium). Finally a finishing stage (open-pond) could be
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incorporated for nutrient draw-down and lipid accumulation, thus forming a bi-
nary system which takes advantage of the best aspects of both closed and open
system types.

When nickel is provided, urea is an an excellent nitrogen source for P.t. and
yields quality FAMEs content with potential for both biofuels and nutraceuti-
cals. Future work could begin to assess efficacy of municipal sewerage waste
fractions as a nitrogen source – urea in this study was intended to simulate such
an approach. Moreover, these results support the recent claim by Yu et al. that
diatoms may represent an excellent choice for biofuel production, particularly in
the light of their evidence (in the case of T.p.) that silica limitation may be more
effective than nitrogen limitation in producing lipids amenable to fuel produc-
tion.

Future proteomic assessment of samples collected across multiple growth stages
from this study will better elucidate transcriptional regulation of lipid production
perhaps making way for more effective production pathways as suggested by Yu
et al. [117].

Finally, it can be determined from these results that TLE is not a “fool-proof”
evaluation tool for prospecting microalgae strains as it is “blind” to the myr-
iad component fatty acids which can have a variety of pros and cons as well
as varying downstream processing and products. These results underscore the
importance of detailed lipid profiling rather than simple TLE analysis (as is cur-
rently more prevalent in the literature) which perhaps falsely “justifies” certain
strains or bioproduction methods over others.
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Appendix A

Appendix organization,
nomenclature, and glossary

“WHOI’s role in biofuels could be like that of the shovel salesman
during the gold rush in the wild-west”

- Tracy Mincer, Assistant Scientist, WHOI; referring to the role of WHOI
in technology transfer and R&D for the emerging and potentially very
lucrative microalgal biofuels movement.

Organization

Supplemental materials in the following appendices are generally sectioned to
coordinate with the chapters of the main text, for example, Appendix B supports
Chapter 2, while Appendix C supports Chapter 3. Remaining appendices support
the work more generally. Foremost, however is the following nomenclature list
and glossary.
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Nomenclature / Glossary

ASP Aquatic Species Program, a nearly two decade long research endeavor
(1978-1996) funded by the United States Department of Energy. The
ASP researched energy production using algae, particularly in inexpen-
sive open-pond cultures.

ASTM American Society for Testing and Materials

B100 Biodiesel (100 percent), similarly, B10 is 10 percent biodiesel with 90
percent fossil diesel an so on with B20, B50, etc.

BHT Butylated hydroxytoluene

BLAST Basic local allignment search tool, a web-based graphical user interface
for genomic and proteomic sequence allignment.

C17 n-heptadecane (also nC17)

C19 Nonadecanoate

CCMP Center for Culture of Marine Phytoplankton

CP Cloud point

DOE Department of Energy (United States)

EPA Eicosapentaenoic acid (also icosapentaenoic acid), an omega-3 fatty acid.

FAEE Fatty acid ethyl ester

FAME Fatty acid methyl ester

FID Flame ionization detector

GC Gas chromatograph
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ha Hectare, unit of area equal to 10,000 square meters.

IMG Integrated Microbial Genomes, a community resource for comparative
analysis and annotation of all publicly available genomes from three do-
mains of life in a uniquely integrated context.

IPCC Intergovernmental Panel on Climate Change

IRF Internal response factor

JGI Joint Genome Institute

kWh Kilowatt-hour, a unit of energy which can be converted to MJ where 1
kWh = 3.6 MJ.

MBL Marine Biological Laboratory

MJ Mega Joule, a unit of energy which can be converted to kWh where 1 MJ
is approximately 0.278 kWh.

MOP Methylated oil product

MRC Marine Resource Center (section of the Marine Biological Laboratories)

NCBI National Center for Biotechnology Information, (http://www.ncbi.nlm.nih.gov)

NiSOD Nickel dependent superoxide dismutase

NOAA National Oceanic and Atmospheric Administration

P.t. Phaeodactylum tricornutum

PAR Photosynthetically active radiation

PBR Photobioreactor, a cultivation system designed for batch or chemostat cul-
turing of photosynthetic organisms (eg. algae).

PULCA Polyunsaturated long-chain (mainly C37-38) alkenones

RFU Relative fluoresensce units

SOD Superoxide dismutase

T.p. Thalassiosira pseudonana

TAG Triacylglycerol
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TLE Total lipid extract

TOC Total organic carbon

UHP Ultra high purity

WHOI Woods Hole Oceanographic Institution
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Appendix B

Supplement to Chapter 2

The results of Chapter 2 have been prepared and submitted in similar form to
Energy & Environmental Science where they are in peer review for publication
as a correspondence (submitted January 2010).

B.1 GC-FID methods

GC-FID method details are identical to those outlined in Appendix C.3.
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Supplement to Chapter 3

C.1 Molecular background to experiment

As background to the urease and nickel experiments with P.t., it was both relevant
and necessary to gather some current basic genomic information such as is easily
obtained with online database resources (e.g.. JGI, IMG, and NCBI). In this case
NCBI and it’s associated tools, “BLAST” and “BLink” was used as a reference
tool for the nickel-urease protein search and comparison. Example results of the
conserved domain urease α-subunit are presented in Figure C.1.

Figure C.1: Graphical interface results in NCBI for predicted protein including
the urease α-subunit, Phaeodactylum tricornutum CCAP 1055/1.

57



APPENDIX C. SUPPLEMENT TO CHAPTER 3

C.2 GC-FID chromatograms and integration results

The following figures are organized uniformly and systematically to detail the
raw source data used to determine lipid profiles as presented in Section 3.3. The
example Figure C.2 identifies the peak numbers (in parenthesis), retention times
(x-axis), and integrated peak areas (above peaks) as were integrated and quan-
tified for all similar figures. Table C.1 contains relevant compounds quantified
and the approximate retention times.

Beginning with Figure C.3, subsequent presentation alternates between chro-
matograms and integration data summary tables for 4 time-points, days 2, 4, 6,
9; early, mid, late- exponential, and “stationary” phases respectively.

Figure C.2: Example Chromatogram with peaks as specified in Table C.1.

58 C.2. GC-FID CHROMATOGRAMS AND INTEGRATION RESULTS



APPENDIX C. SUPPLEMENT TO CHAPTER 3

Peak # Approximate
retention time

(minutes)

Compound (typical nomenclature is
C:D, where C = carbon length, D =

double bonds)
1 16.4 17:0, nC17 Alkane (external standard)
2 16.5 14:0
3 18.4 16:2 (assumed)
4 18.6 16:1
5 18.9 16:0
6 20.9 All 18s
7 22.3 C19 FAME (internal standard)
8 22.5 20:5 (EPA)

Table C.1: Compounds, retention time, and peak number typical of these GC-
FID results.
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Figure C.3: Day 2 (early exponential phase) chromatograms for replete (top),
+Urea,-Ni (middle), and+Urea,+Ni (bottom) samples
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Table C.2: Day 2 (early exponential phase) integration results for replete (top),
+Urea,-Ni (middle), and+Urea,+Ni (bottom) samples
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Figure C.4: Day 4 (mid-exponential phase) chromatograms for replete (top),
+Urea,-Ni (middle), and+Urea,+Ni (bottom) samples
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Table C.3: Day 4 (mid-exponential phase) integration results for replete (top),
+Urea,-Ni (middle), and+Urea,+Ni (bottom) samples
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Figure C.5: Day 6 (late exponential phase) chromatograms for replete (top),
+Urea,-Ni (middle), and+Urea,+Ni (bottom) samples
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Table C.4: Day 6 (late-exponential phase) integration results for replete (top),
+Urea,-Ni (middle), and+Urea,+Ni (bottom) samples
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Figure C.6: Day 9 (“stationary” phase) chromatograms for replete (top), +Urea,-
Ni (middle), and+Urea,-Ni (bottom) sample
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Table C.5: Day 9 (“stationary” phase) integration results for replete (top),
+Urea,-Ni (middle), and+Urea,+Ni (bottom) samples
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C.3 GC-FID methods supplement

C.3.1 Standards

Standards for the GC-FID analysis routinely included both internal (C19) and ex-
ternal (nC17) standards. Additional compounds were identified with standards
purchased from Nu-Chek Prep (Elysian, MN) and Supelco (Bellefonte, PA). Elu-
tion order is displayed for the relevant standards (routine internal, external, and
other external) and an example sample in Figure C.7, with relevant retention
times in Table C.6. At high concentrations it is possible to lose resolution as
peaks co-elute, consequently concentration was kept appropriately low (~50-100
ng/uL on column).

Standards were run for each instrument and column to insure correct peaks-
compound relationships in the elution scheme. Two GC-FID were used through-
out this thesis and the figures and tables in this section reflect results from an
Agilent 5890 GC-FID.

Peak # Approximate
retention time

(minutes)

Compound
(nomenclature is a:b, where a =
carbon length, b= double bonds)

1 16.43 17:0, nC17 Alkane (external
standard)

2 16.48 14:0
3 18.4 16:2 (assumed)
4 18.6 16:1
5 18.9 16:0
6 20.78 18:2
7 20.89 18:1
8 21.22 18:0
9 22.3 C19 FAME (internal standard)

10 22.5 20:5 (EPA)

Table C.6: Retention times for compounds identified in Figure C.7.
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Figure C.7: Elution order of standards (top 3 frames), and an example sample
(bottom frame).
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C.3.2 FAEE to FAME conversion adjustment

The internal standard added is fatty acid ethyl ester (FAEE) (ethyl nonadecanoate)
which through transmethylation is converted to fatty acid methyl ester (FAME).
The FAEE has a retention time of ~22.9 minutes and was never observed in the
final GC results assuring essentially 100% transmethylation efficacy. As a con-
sequence of the transmethylation the FAME loses a carbon, hence the formula
weight must be adjusted prior to using the FAME as an internal standard.

Correcting the internal standard for quantification requires that the FAEE mass
added be multiplied by the factor 0.955 (a 4.49% reduction); this figure accounts
for the formula weight proportion of FAME (312.53 g/mol) to FAEE (326.56
g/mol).

C.3.3 Internal response factor

The internal response factor (IRF) used in this work was determined with fresh
standards on the same column and instrument used for all samples presented in
Appendix Section C.2. For C19 as determined by nC17, the IRF = 0.985 and
for all other calculations relating specific compounds to C19, an IRF of unity is
taken since it is common practice to use this value for hydrocarbons in GC-FID
analysis.
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C.4 Algaculture methods

C.4.1 Protocol for f/2 media

The following tables and procedure is taken from Guillard [36], Guillard and
Ryther [37] and has been used extensively by CCMP1 where this information
was sourced verbatim.

f/2 Medium

(Guillard and Ryther 1962, Guillard 1975)

This is a common and widely used general enriched seawater medium designed
for growing coastal marine algae, especially diatoms. The concentration of the
original formulation, termed " f Medium" (Guillard and Ryther 1962), has been
reduced by half.

To prepare, begin with 950 mL of filtered natural seawater and add the following
components. The trace element and vitamin solutions are provided below. Bring
the final volume to 1 liter with filtered natural seawater. If the alga to be grown
does not require silica, then it is recommended that the silica be omitted because
it enhances precipitation. Autoclave.

Table C.7: f/2 media constituents.

1https://ccmp.bigelow.org/node/58
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f/2 Trace Metal Solution

To prepare, begin with 950 mL of dH2O, add the components and bring final
volume to 1 liter with dH2O. Autoclave. Note that the original medium (Guillard
and Ryther 1962) used ferric sequestrene; we have substituted Na2EDTA • 2H2O
and FeCl3 • 6 H2O.

Table C.8: f/2 trace metal solution constituents.

f/2 Vitamin Solution

First, prepare primary stock solutions. To prepare final vitamin solution, begin
with 950 mL of dH2O, dissolve the thiamine, add 1 mL of the primary stocks
and bring final volume to 1 liter with dH2O. Filter sterilize. Store in refrigerator
or freezer.

Table C.9: f/2 vitamin solution constituents.

C.4.2 Sterilization protocols

For small volume (< 1 L) cultures, microwave sterilization or autoclave was used.
Any cultures over 1 L were sterilized (both media and culture) with chlorine.
Regular household bleach (6%, or 0.87 M sodium hypochlorite) was added at
0.5 mL per L of culture medium. Following an 8-12 hour sterilization period
(including gentle mixing by air bubbling), Sodium Thiosulfate (1 Molar stock
solution) was added at 0.125 mL per L of culture media. Inoculation can be
done within minutes of the thiosulfate reduction step.
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Additional studies

D.1 Solvent extraction comparisons

Different extraction solvents have varying rates of efficacy. While hexane is in-
expensive and commonly used for lipid extractions, DCM/MeOH recovers more
constituents (pigments for example). As an additional study I briefly compared
extractions with each (1) Hexane and (2) DCM/MeOH. Normalizing for quan-
tity of biomass processed the (TLE mass as percent of dry-weight biomass pro-
cessed) it was found that with (1) %TLE = 2-4, whereas with (2) %TLE = 12.
Consequently, from 3-6 times more mass is extracted with (2) than (1). This dif-
ference is evident in chromatograms from the same samples. In Figure D.1, the
dominant peaks at retention times of circa 13 and 19 are for external and internal
standards respectively; between the standards it is evident without quantification
that more variety of compounds were extracted with DCM/MeOH (lower) than
Hexane (upper).
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Figure D.1: Chromatograms comparing Hexane and DCM/MeOH extractions

D.2 Novel antarctic cyanobacteria

This section focuses on results of a screen for interesting novel microbes that
might be used for bioproduction, particularly in relatively cold culturing cli-
mates. Specifically, three cyanobacterial assemblages collected from Antarc-
tic fresh-water lakes were cultured in BG11 medium. The biomass from these
samples was prepared as detailed in Section 3.2.3. Results from the GC-FID
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quantification are shown in Figure D.2, along with transesterified canola oil for
comparison.
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Figure D.2: Antarctic cyanobacteria FAMEs distribution for three cyanobacterial
assemblages (AA- 2, 3, 5) compared to a reference of transesterified canola oil
(far left) for comparison.

Growth curves for these cyanobacteria are difficult to prepare as a result of their
tendency to grow in colonial form. Also, to simulate their natural environment
the results here are from cultures maintained at 4ºC. These cultures and prospects
of such novel microbes for bioproduction in cold climates is in demand – future
work may better qualify these and other microalgae by detailed assessment of
lipid productivity and lipid quality as characterized by methods similar to this
thesis.

TLE with DCM/MeOH extraction was comparatively low (13-18% by dry weight)
for the cyanobacteria discussed here (relative to both Isochrysis, and Phaeo-
dactylum).
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D.3 State and national feasibility study (Massachusetts
& USA)

As a preface to this thesis one subject matter was to look regionally throughout
the United States based on available solar energy and prepare a “back-of-the-
envelope” calculation for the potential of biofuels (namely from microalgae) to
replace our current petroleum demand in the surface transportation sector. This
effort is more of a general thought experiment, and while it should not be used for
substantial evaluation, it can complement existing estimates as an independent
and un-biased analysis.

The objective was to estimate if based on limited pilot scale productivity esti-
mates the US could sustain current transport fuel needs with fuel from a mi-
croalgae based bioproduction system, and if so, what percent of existing farm
land would be required. Farm-land was selected as a reference and it should not
imply that arable land would be required for such a scheme (in fact it would be
ideally discouraged, thus reserving quality agriculture land for food crops).

The main estimate for conversion efficiency on which the entire calculation is
based comes from Huntley and Redalje [44], after adjusting for hypothetical
energy inputs (10%) and incomplete conversion to biodiesel (assumed 80% ef-
ficacy based on Chisti [16]). The conversion efficiency used was slightly below
0.5% (significantly lower than the theoretical value of Bolton [10], <13%). In
reality the value will likely fall between these.

Current data for inputs included state-by-state data and sources as follows:

Agriculture land use U.S. Department of Agriculture1

Total non-water area Census 2000 Summary File2

Fuel by state Department of Transportation3

Solar radiation resource National Renewable Energy Labs4

Calculations were performed in Microsoft Excel, though details are not included
here, they may be supplied upon request from the author (tyler.goepfert@uni-
oldenburg.de).

1http://usda.mannlib.cornell.edu/MannUsda/viewDocumentInfo.do?documentID=1259
2http://factfinder.census.gov/servlet/DCGeoSelectServlet?ds_name=DEC_2000_SF1_U
3http://www.fhwa.dot.gov/policyinformation/pubs/pl08021/excel/Fig5_2.xls
4http://rredc.nrel.gov/solar/old_data/nsrdb/redbook/atlas/
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The result showed that while the state of MA could not meet its own needs for
transport, the USA on the whole could do so with an equivalent of 1.6 times
current agriculture land. This result prompted a quick sensitivity analysis of the
conversion efficiency and resulting fuel production potential and land require-
ments relative to existing agriculture land for the nation as a whole. This analysis
is summarized in Figure D.3.
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Figure D.3: Sensitivity analysis on biomass solar energy conversion efficiency
and resulting fuel production and land use estimates.

These calculations provide a very rough estimate on what is believed to be a
lower-bound on potential as a function of solar energy conversion efficacy (as-
suming biodiesel [B100] production).
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Sundries

E.1 Further background and informal discussion

Theoretical solar conversion potentials

In the late 1970s, inspired by evidence of peak oil, Bolton and Hall [11] dis-
cussed the merit and theoretical limits of solar fuel production and summarized
that photosynthesis may in fact be the optimal target pathway for such a goal.
Bolton [10]states in reference to microbial photosynthesis that:

“Such a process would have a decided advantage over the solar
generation of electricity in that conversion and storage are carried
out in the same process.”

Shockley (now famous in namesake for the Shockley diode equation in the PV in-
dustry), and others developed theoretical maximum conversion efficiency bounds
of ~31% in AM0 sunlight conditions [97]. Later further generalized photochem-
ical solar energy conversion, and even Plank and Kirchhoff based limits corrob-
orated the 31% ideal boundary as noted by Bolton et al. [12].

While ideal maximum conversion efficiency from sunlight to stored chemical
energy in carbohydrates is ~13.3% (comparable to modern-day thin-film Photo-
voltaic technology), the “net” efficiency after dark and photorespiration consider-
ations is only ~5.6% [11]. Of great significance however is that this conversion
efficiency is into stored energy not instantaneous conversions as are unfortu-
nately often compared with the potential from photo-bio conversion systems.
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Meeting fuel demand

The general public often only consider electricity when discussing energy and
power; however, fuels (especially in the transportation sector) are an especially
important topic. In the US, nearly a third of all primary energy is dedicated to
transportation with petroleum contributing 95% of the fuel supply in this sec-
tor [4]. What’s more, there is evidence that our growing demand in the trans-
portation sector may be larger than previously estimated from standard top-down
methodology. Over a recent 10 year period it was shown that while IEA data
show a 1.7% growth rate, an alternative bottom-up approach revealed up to 12%
growth for the same period [119] (the difference being ~40 vs 6 year doubling-
times respectively). Consequently it is possible that our ability to continue fuel-
ing growth will be compromised if such growth estimations may be significantly
different from reality.

Green chemistry

Commercial and current fossil-based industries favor inherently unsustainable
(often toxic, polluting, and disruptive) approaches. The scale of fossil evolution
is emphasized by Pokhodenko and Pavlishchuk [78]:

“Total growth in production for petroleum refining and the basic
and fine chemical synthesis industry has surpassed the volumes of
chemical production in all previous human history by several orders
of magnitude.... Of course, such rapid growth in chemical produc-
tion entails sharp growth in the amount of wastes that can endanger
the environment.”

A growing response to the above concern is green chemistry which addresses the
root of fossil-based energy problems rather than mitigation strategies.

Algal bio-energy focus is fundamentally natural in comparison with most other
energy solutions. While natural systems may not always have high efficiency we
must consider externalities (in light of modern concern for environmental quality
and biodiversity as related to climate change and natural stability).

Distinction between algae/microalgae and microbes

Microbes or micro-organisms are a broad class of living cells characterized by
their small (hence, micro) size. Microalgae are uniquely photosynthesizing mi-
crobes further defined for the purposes of this study as was previously defined
by Wang et al. [110]:
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“...[M]microalgae [are] all unicellular and simple multi-cellular
photosynthetic microorganisms, including both prokaryotic microal-
gae, i.e., Cyanobacteria (Cyanophyceae) and eukaryotic microal-
gae, e.g., green algae (Chlorophyta) and diatoms (Bacillariophyta).”

The cyanobacteria tend not to be lipid accumulators, and are less optimal for bio-
oil, but do however produce other useful compounds and perhaps can be coupled
in a mutualistic way on account of their ability to fix atmospheric nitrogen (they
are effectively the ligumes of the sea). Cyanobacteria are the only group of
organisms that are able to reduce nitrogen and carbon in aerobic conditions. For
fuels reduced carbon is the desired species, and in a closed system if an organism
can also reduce nitrogen itself, that is advantageous.

E.2 Fuel potentials and conversion techniques

Cellulosic ethanol

In the early 1990s ethanol gained wide support as a prospective future renewable
fuel substitute to fossil fuels [60]. Indeed ethanol production has seen signifi-
cant development, albeit with significant recent concern over its degree of ap-
propriateness [28]. Further, it has been argued that sugar cane is the best way
to produce bioethanol from both the economical and the environmental point of
view, including GHG mitigation through the use of ethanol as a gasoline sub-
stitute .[88]. The debate in cellulosic biofuels appears to run deep with agro-
industrial and political dimensions not soon to be resolved.

Gasification potential

Wu et al. [113] summarize potential for gasification:

“E. huxleyi is a nice experimental system for studies on the ori-
gin of marine petroleum and natural gas. This species is also sug-
gested as promising biomass in production of renewable fuels by
means of pyrolysis.” [114]

Balat et al. [7] presents an excellent contemporary overview of this technology
noting that currently the main purpose of biomass gasification is the produc-
tion of low- or medium heating value gas for internal combustion engines and/or
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power production. Balat et al. [7] further argue that a more effective use of the
biomass resource is a coupling of bio-syngas (from gasification) with Fischer-
Tropsch Synthesis (FTS) to prepare an excellent No. 2 Diesel replacement hav-
ing the added advantage of no aromatics or sulfur compounds.

Direct Alcohol production

In early 2008 news of synthetic biologist James Liao’s efforts at University of
California, Los Angeles highlighted progress with photosynthetic bacteria to-
ward directly making isobutanol [6].

“Liao and his co-authors described how they engineered E. coli
to produce isobutanol, a longer chain alcohol than ethanol. That
increased chain length gives isobutanol a more energetic punch per
liter and enables it to be separated from water more easily, Liao
says. The molecule can also easily be converted to fuels that can be
blended with gasoline as well as transformed into other commodity
chemicals.”[93]

Hydrogen production

Hydrogen production from cellulosic material is yet another potential pathway
for fuel generation, however it relies heavily on yet to be refined (hyper)thermophilic
enzymes in a simple one-pot production method [115]. Alternatively direct bio-
photolysis or “photobiological hydrogen production” can be employed as pro-
posed by NREL investigators:

“...[H]ydrogenases in the green alga, Chlamydomonas reinhardtii,
are being engineered to remove the detrimental oxygen-sensitivity
property. The ultimate goal of this work is to develop a water-
splitting process that will result in a commercial hydrogen-production
system that is cost effective, scalable to large production, non-polluting,
and self-sustaining.”1

Researchers at UC Berkeley are working with Chlamydomonas deprived of sul-
fur while exposed to light which results in hydrogenase production and spurring
release of H2. Hemschemeier et al. [39] provides some of the most recent and
interesting synthesis of work done using C. reinhardtii for direct hydrogen pro-
duction.

1http://www.nrel.gov/basic_sciences/technology.cfm/tech=16
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Advanced hybrid schemes

Hydrogen, gasification, hydrothermal carbonization, and fuel cell technology are
some of the hottest topics under current investigation with respect to renewable
energy. Perhaps an obvious prospect is the coupling of technologies, for example
to use of the spent bio-mass residuals from one process toward one or more of
the following:

• Anaerobic biogas digestion (ABD)

• Gasification

• Fast Pyrolysis toward liquid fuel production

• Hydrothermal carbonization, and Hydrothermal electrolysis (of glycerol
for example: [118])

• Use suitable biomass toward direct carbon fuel cell

E.3 Challenges within microalgal biofuels

Scaling up

A chemostat steady-state model can be reduced to a relatively simple system
described by equation E.1.

µ = f/V (E.1)

where,

µ= specific growth rate

f = bulk media flow rate

V = reactor volume

and can be rearranged for f defining the appropriate cell dilution (or harvest) rate
at steady state. Immediately apparent here is the benefit of a large system for
bulk production, economies of scale, and a hope for future biofuel substitution
in place of environmentally worrisome fossil fuels.

82 E.3. CHALLENGES WITHIN MICROALGAL BIOFUELS



APPENDIX E. SUNDRIES

In nature, as well as in any conceivable large-scale production system, the no-
tion of steady state is impractical because of the multitude of stochastic pa-
rameters (seasonal and diurnal light variability, nutrient regime changes, etc).
Consequently a quasi-steady-state model is often assumed leading to in imper-
fect, but still reasonable predictability in production. It would seem that larger
systems are more resilient, though conceivably more complex from a mainte-
nance/management perspective.

To overcome scaling problems one approach is to expand with modular units
which can be isolated during maintenance or trouble-shooting. When a culture
is in exponential growth it must be continuously supplied with all necessary nu-
trients which may become a great challenge in commercial production scale –
one work-around to modulate growth would be shading and/or temperature reg-
ulation. Alternatively a batch system could be employed, although the consensus
seems to be that for large scale commercial production a continuous (or at least
nearly continuous) strategy must be employed.

Competition

With the global $1 trillion per year market for energy, it is thought there is plenty
of room for many players. Echoing the sentiment from throughout the biofuel
competition, Stephen Mayfield, a cell biologist at the Scripps Research Institute
in San Diego, California, claims the more biofuels players, the better. “We will
use every molecule of renewable energy we can get.” [94].

Even in cool mid-latitudes there is progress in species selection and growing
biodiesel production with successful partnerships that have recently been publi-
cized showing the importance of cross-disciplinary interaction and public-private
partnerships around the world [72].

Competition is not always contributing in a positive way; when a shrimp farm or
other aquaculture business spins their existing systems to solicit funds from pub-
lic and private investors it only draws resources away from genuine investigation
and technology improvement – moreover when the off-shoot fails it brings a bad
name to an industry just getting off the ground.

The water problem

An astute cyber-citizen recently posted:

“Before you make algae into fuel for cars, you have to dry it.
Cars can’t burn water. It takes more energy to dry the algae than
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you can recoup from the biomass. This has been researched decades
ago. The conclusion was (and will be again) that it won’t work
because of the high water content in algae.”2

So, what is the truth of this matter, the current state of technology, and reason for
sustained optimism that surrounds this topic.

In the case of Paul Woods (CEO of Alganol), it is ethanol which solves the
de-watering problem. Alganol’s technology has been licensed to BioFields of
Mexico and involves no de-watering, crushing, or processing as it makes use of
bio-ethanol production and it’s inherent volatility for separation from the bio-
reactor bulk media[21].

Alternatively, solvent extractions can be employed. And more recently novel
methods such as pulsed electric field (PEF) technology are being investigated for
recovery of oil from the bulk algaculture solution. Dewatering is a well-known
problem and one being actively addressed as reflected in a review by Uduman
et al. [106].

Media and research hype

Even scientific literature is prone to a form of hype, that is a proven bias towards
positive results in peer reviewed journals [48]. With care and guarded optimism
it seems appropriate to continue pursuing the algae to energy grail.

E.4 Internet resources

The following links have been screened for reliable content and are considered
to be of reputable quality within the context of introductory references for mi-
croalgal biofuels technology.

General interest and institution urls

http://www.nrel.gov/biomass/proj_microalgal_biofuels.html

http://www.algalbiomass.org/

https://ccmp.bigelow.org/

2http://www.bionomicfuel.com/scientists-confirm-algae-is-the-most-effective-alternative-
energy-source/
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Recent popular media urls

http://www.wired.com/wiredscience/2009/12/the-lost-decade-of-algal-biofuel/

http://www.triplepundit.com/2009/03/algae-biofuel-hype-hope-and-promise/

E.5 Miscellaneous points and claims for considera-
tion

• Microalgae can capture sunlight 20-40 times more efficiently than plants,
and unlike corn- or soy-based feedstocks, they do not create a "food or
fuel" dilemma3.

• The reality is that algae is not a panacea or a complete solution. Dr. Bene-
mann of Benemann Associates drove the point home: “(We) can’t replace
oil with algae – there is too much hype and hope.”4

• We must seek continued basic understanding of the molecular biology in
underlying topics such as the fatty-acid biosynthesis pathways and acyl-
transferases involved in glycerolipid synthesis [32]

• The contentious GMO topic (and to it’s extreme, synthetic genomics who
may aim to design and patent life from the molecular level)... a variety of
perspectives are discussed in the following references [109, 34]

3http://www.renewableenergyworld.com/rea/news/article/2009/09/algae-biofuels-from-
pond-scum-to-jet-fuel

4http://www.triplepundit.com/2009/03/algae-biofuel-hype-hope-and-promise/
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