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Abstract

Fossil fuels have propelled society to our current technology, but the future of energy lies in renewable resources, starting
with vehicles. Despite constituting only 5% of the total vehicles in the United States, medium to heavy-duty trucks, which
consume diesel fuel, are responsible for an astounding 23% of annual CO, emissions in the transportation sector. The full
implementation of greener biodiesel is often deemed an infeasible method for mitigating pollution because the production
of such biodiesel directly competes with the agricultural industry for the available arable land. Energy-dense algae are
more suitable feedstocks for biodiesel and circumvent many of the problems posed by current biodiesel feedstocks, and
their potential can be used to propel the biodiesel industry into the future of sustainable energy. Nannochloropsis is a
promising genus of algae due to its high productivity and lipid content. Here I show how to optimize the growing medium
composition for increased biodiesel quality while maintaining high productivity by quantifying the constituent fatty acid
type and composition using gas chromatography (GC). The algae are grown in two groups of three 2.5 L glass jugs spanning
three concentration levels of nitrates and phosphates. A growing “f/2” medium is kept constant across trials. The algae
are harvested using a flocculating solution of aluminum sulfate and vacuum filtration. In sifu transesterification is used to
achieve maximum conversion of fatty acids into fatty acid methyl esters, which are then analyzed using GC. The algae grown
in low, medium, and high nutrient concentrations produced average absorbance values (a measure of biomass concentration)
at 750 nm of 0.91, 0.99, and 1.18, respectively, after 32 days of growth. The maximum monounsaturated fatty acid (MUFA)
concentration of 62.68% of total fatty acids was reached in a low nutrient concentration, which corresponds to high-quality
biodiesel. Through this study, a scientific breakthrough was achieved by maximizing both the quality of biodiesel produced,
which is beyond any currently available biodiesel, and also the quantity with a productivity of greater than 100 times the
current biodiesel feedstocks.
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1. Introduction

1.1 Energy outlook

In 2020, the annual world primary energy consumption,
a measure of the total energy produced, was estimated at
5.8390 x 10 joules [1], a number with such a high order of
magnitude that it is impossible to visualize. It is possible to
visualize, though, that only a mere 10.4% of this energy was
produced using renewable sources [1]. Although this seems
to be a significant portion, Bill Gates recently stated in an
interview with CBS that it is not nearly enough to prevent the
devastating effects of climate change [2]. This increased threat
of global climate change is mainly attributed to greenhouse
gas (GHG) emissions from fossil fuel usage. The associ-
ated climatic change projections pose major consequences
for nature and humans that will at best result in the doubling
of atmospheric CO, concentration compared to the previ-
ous naturally-occurring highest concentration of 300 ppm
within the next half-century [3,4]. Such predictions present
a profound level of uncertainty regarding the environmental
sustainability of current fossil fuel use not only about the re-

source’s finiteness but also concerning the negative effects of
CO, emissions.

Fossil fuels, as formally defined by U.S. Department of
Energy, are non-renewable resources that are formed when
prehistoric plants and animals die and are gradually buried by
layers of rock [5]. Fossil fuels are the largest contributors of
GHG:s to the biosphere, totaling 34169.0 million tons of CO,
in 2020 [1], of which 28% is associated with the transportation
sector [6]. This sector is the most polluting of all sectors, in-
cluding industrial, agricultural, and electricity generation. The
transportation sector produces over 55% [7] of the nitrogen
oxides (a much worse pollutant than CO, with 265-298 times
the global warming potential [8]) in the biosphere. The trans-
portation sector is also the least renewable, with only 4% [9]
of its total energy derived from renewable sources, mainly
biofuels. The worst offenders of this sector are medium to
heavy-duty trucks, which represent 5% [10] of the total ve-
hicles in the US but account for an astounding 23% [6] of
annual CO; and 96% of nitrogen oxides emissions [11].

Therefore, the overall implication is a need for an enhance-
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ment of renewable energy sources in the transportation sector.
Such investment would produce the maximum return of re-
ducing GHG emissions, especially in creating economical and
practical biodiesel for medium to heavy-duty trucks.

1.2 Biodiesel

In recent years, the use of liquid biofuels in the transporta-
tion sector has shown rapid global growth. This is primar-
ily motivated by: (1) GHG emissions and climate change
concerns, (2) a desire for renewable and sustainable energy
sources, and (3) an interest in developing more secure fuel sup-
plies [12]. This growth is partially driven by policies focused
on mitigating GHG emissions [1]. For example, the U.S. En-
ergy Independence and Security Act (EISA) of 2007 requires
the Environmental Protection Agency to set annual standards
for the Renewable Fuel Standard program each year [13, 14].
The annual biodiesel production requirement was set at 2.43
billion gallons/year for 2020 [14]; however, only 1.82 billion
gallons were produced [15], resulting in fines for parties that
failed to meet the requirement [16].

Although burning petroleum-based diesel and biodiesel
both release greenhouse gases, the overall environmental im-
pact of biodiesel is much lower. The combustion of petroleum-
based diesel results in a net-positive greenhouse gas emission
since it releases carbon originally captured and stored in the
crust of Earth. This is harmful to the environment and causes
global warming. However, since biodiesels are produced
from biological feedstocks, it has a different mechanism of
reaction. The feedstocks first capture carbon from the atmo-
sphere through photosynthesis and store it in lipids. When
the biodiesel produced from the feedstocks is burned in a
diesel engine, the carbon is re-released into the atmosphere.
Optimally, the process involving biodiesel is a net-zero car-
bon emission cycle. In reality, this is currently unattainable
due to emissions during the processing of feedstocks and the
production of biodiesel. Still, biodiesel produces much fewer
greenhouse gas emissions than petroleum-based diesel.

1.2.1 Definitions

There are many types of diesel fuel that are marketed. The
three categories are petroleum-based diesel, biodiesel, and
renewable diesel.

Petroleum-based diesel (often referred to as “diesel”) is a
fossil fuel that is derived from petroleum. To produce diesel,
petroleum is refined through a heat and pressure-based process
called hydrogenation.

In contrast to non-renewable petroleum-based diesel, re-
newable diesel and biodiesel are both biomass-based biofuels
and are therefore renewable fuels. However, renewable diesel
and biodiesel differ in how they are produced and in their
physical properties. Renewable diesel is processed similarly
to the way petroleum-based diesel is produced, which makes
it more chemically similar to diesel. Renewable diesel can be
used in engines that are designed to run on conventional diesel
fuel [17]. The significant disadvantage of renewable diesel
is that the production process is highly inefficient and is not

currently economically feasible other than in regions where
there are significant government subsidies. In the United
States, these subsidies are currently only present in the state
of California [17].

Biodiesel is also a renewable fuel; however, it is pro-
duced differently than petroleum diesel and renewable diesel,
using transesterification. Biodiesel is defined by ASTM In-
ternational, formerly known as American Society for Testing
and Materials, as “a fuel comprised of mono-alkyl esters of
long-chain fatty acids derived from vegetable oils or animal
fats, designated B100” [18]. Through the transesterification
reaction, fatty acids are converted into fatty acid methyl es-
ters (FAME) by exchanging the organic group R’ with the
organic group R” of an alcohol, most commonly methanol in
a biodiesel production reaction. FAMEs are more commonly
known as biodiesel, and they are used directly in biodiesel-
suitable vehicles.

A simple fatty acid naming convention consists of two
numbers separated by a colon symbol. The first and second
numbers represent the number of carbon atoms and carbon-
carbon double bonds, respectively, in the fatty acid chain. The
latter is more commonly known as the degree of unsatura-
tion [12]. For example, C18:0 (octadecanoic acid) represents
a fully saturated 18-carbon long fatty acid chain, which is a
carboxyl group attached to a hydrocarbon chain. C18:1 rep-
resents a monounsaturated 18-carbon long fatty acid chain.
C18:2, C18:3, and greater represent a polyunsaturated 18-
carbon long fatty acid chain. To indicate a fatty acid has been
transesterified, “ME” is added to the abbreviation. For exam-
ple, octadecanoic acid methyl ester (or methyl octadecanoate)
is represented as C18:0ME. To signify when a particular un-
saturated fatty acid is a cis- or trans-isomer, “-c” or “-t”, re-
spectively, is used as a subfix. For example, cis-octadecenoic
acid is represented as C18:1c.

1.2.2 Biodiesel composition

Biodiesel fuel is produced by transesterification of virtu-
ally any triglyceride feedstock. This includes transesterifing
oil-producing crops, animal fats, and algal lipids following
the reaction mechanism pictured in fig. 1. Biodiesel, which
is composed of FAMEs, produced from transesterification
of triglycerides are nearly exclusively composed of even-
numbered fatty acid carbon-chains. In contrast, renewable
diesel produced from the same feedstocks contain substan-
tial amounts of odd-numbered fatty acid chains since one
carbon is removed during the hydrotreating step [12]. This
phenomenon is simply a difference in characteristics between
biodiesel and renewable diesel and does not affect the quality
of diesel produced.
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Figure 1. The transesterification mechanism of fatty
acids [19].

1.2.3 First generation biodiesel

First-generation biodiesel that have attained economic pro-
duction levels in small quantities are mainly extracted from
food and oil crops, including rapeseed oil, sugarcane, sugar
beet, and maize [20] as well as vegetable oils and animal fats
using conventional technology [21]. The availability of crops
and comparatively easy processing procedure are the main
benefits of first-generation feedstocks. Although the growth
in production and consumption of biodiesel will continue,
their impacts towards meeting the overall energy demands
in the transportation sector will become increasingly limited
due to direct competition with food production for the use of
arable land [22]. Therefore, first-generation biodiesel’s exact
benefits will soon become its limiting factor.

1.2.4 Second generation biodiesel

Second-generation feedstocks are produced from non-
edible feedstocks, including Jatropha oil, Rubber seed oil,
and Neem oil [23]. The main advantage of such feedstocks
over first-generation feedstocks is little to no requirement of
arable land. However, second-generation feedstocks are not
currently used for biodiesel production in the U.S. [24] since
they do not yield enough benefits, as of right now, compared
to first-generation feedstocks to justify extensive research and
development. Further, harvesting and treatment difficulties of
second-generation feedstocks pose a significant challenge for
economic production. Currently, demand for biodiesel can
still be satisfied with first-generation feedstocks, although the

limit is being reached quickly, which will require development
of more practical feedstocks in the future [20].

1.2.5 Biodiesel quality

Another limiting factor on the wide adoption of biodiesel
is the varying quality depending on production from various
feedstocks, which affects the performance in many diesel
engines. The fatty acids in the feedstocks are composed of dif-
ferent concentrations of monounsaturated fatty acids (MUFA),
saturated fatty acids (SFA), and polyunsaturated fatty acids
(PUFA). The quality of biodiesel and petroleum-based diesel
can be measured by three numbers: (1) cetane number, (2)
cloud point, and (3) oxidative stability. (1) The cetane number
is a measure of the performance of a given diesel fuel in a
diesel engine. A higher cetane number is desirable since it
correlates with a higher performance fuel. (2) The cloud point,
measured in degree Celsius, is a measure of the fluidity of
diesel and biodiesel fuel at a low temperature; therefore, a
lower number is desirable. (3) The oxidative stability is a
measure of the storage capabilities of a diesel fuel. The mea-
sure of oxidative stability has units of milligrams of insoluble
particles per 100 milliliters of fuel. Therefore, a lower number
is desirable, which corresponds to a more pure fuel.

To explain why MUFA, SFA, and PUFA gives the fuel
its characteristics, the molecular structure of these three
molecules must be analyzed. SFA is a straight hydrocarbon
chains with a carboxyl group attached. On the other hand,
unsaturated fatty acids (MUFA and PUFA) are fatty acids with
one or more bends, depending on the degree of desaturation.
Pictured in fig. 2 are a straight-chain SFA, single-bend cis-
MUFA, and trans-MUFA. Trans-isomers are rarely found in
biological organisms.
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Figure 2. Pictured are the molecular structures of SFA and
cis- and trans-MUFA [25].
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Figure 3. Pictured are the molecular structures of
n-hexadecane (cetane) and 1-methylnaphthalene [26].

The cetane number compares the molecular structure of
a molecule to n-hexadecane [27], which is more commonly
known as cetane (fig. 3). The straight-chain hydrocarbon
n-hexadecane is defined to have a cetane number of 100. 1-
Methylnaphthalene is defined to have a cetane number of 0.
SFA has the most similar structure to n-hexadecane, so it has
a higher cetane number. MUFA has one bend, thus a lower
cetane number. PUFA has multiple bends, thus the lowest
cetane number of the three types of fatty acids.

In SFAs, the straight-chain structure allows molecules to
be packed closely together [28]. This results in the biodiesel
that is derived from SFA to turn solid at a higher temperature
(a higher cloud point) than biodiesel derived from unsaturated
fatty acids. On the other hand, as the degree of unsaturation in-
creases, more bends are introduced into the molecules, which
causes them to be less compact. This results in PUFA-derived
biodiesel having the lowest cloud point.

It must be noted that the desaturation of fatty acids is the
removal of hydrogen atoms that are bonded to the carbon-
chain. If hydrogen atoms are removed, the carbon atoms
become more easily accessible by oxygen and are oxidized
more quickly [29]. Therefore, biodiesel derived from fatty
acids with more unsaturation will have a lower oxidative sta-
bility than that of the biodiesel derived from fatty acids with
less unsaturation.

According to the US Department of Energy, the optimal
biodiesel is produced only using MUFAs and no SFAs or PU-
FAs [18]. As shown in table 1, SFA-derived biodiesel has a
high cetane number and oxidative stability, both desirable at-
tributes, but has a high cloud point, which is undesirable since
the biodiesel would become cloudy at a higher temperature
than optimal. On the other hand, PUFA-derived biodiesel has
a low cloud point, which is desirable, but has a low cetane
number and oxidative stability, both less than optimal. A
high MUFA content represents a compromise between the
advantages and disadvantages of PUFAs and SFAs. It has
an adequate cold-temperature fluidity, oxidative stability, and
high cetane number [28]. However, no biological organism
can produce only one type of fatty acids. The fatty acid profile
is always a combination of the three types [18]. This is a sig-
nificant challenge since any SFA and PUFA would decrease
the quality of the biodiesel produced.

Currently, the main biodiesel feedstock in the U.S. is soy-
bean oil, the precursor to 57% of the biodiesel produced [30].

Soybean oil is widely adopted due to its low demand in other
sectors and, therefore, increased availability. However, soy-
bean oil is composed of 23.7% MUFA [12], much less than
desirable, producing a lower quality biodiesel.

On the other hand, a small portion of biodiesel, 10%, is
produced from canola oil [30], which has the highest quality
with 62.9% MUFA [12]. Although canola oil-based biodiesel
has a higher quality, it cannot be widely adopted due to high
demand as a cooking oil.

In summary, the broad range of biodiesel quality and un-
certainty about the quality of biodiesel that one might be
purchasing greatly limits the practicality of biodiesel since
not all diesel vehicles can use biodiesel. Biodiesel of lower
quality is not even considered as an option. Although canola
oil produces high-quality biodiesel, its use is limited. This
presents the difficulty of the biodiesel industry competing
with the agricultural industry, thus, a different feedstock is
needed to mitigate these difficulties.

1.3 The potential of microalgae

Usage of first-generation feedstock for biodiesel produc-
tion is gradually approaching its limits due to increasing food
prices and occupation of arable land [22]. Second-generation
feedstocks solve some of these problems but create other
problems during the production of biodiesel, as outlined in
section 1.2.4 [20]. Thus, a new and innovative energy source
is required to mitigate the disadvantages of first and second-
generation feedstocks.

Microalgae (more commonly referred to as algae) is con-
sidered a third-generation feedstock for biofuels. An al-
ternative for first and second-generation feedstocks, third-
generation algae feedstocks have significant benefits. The
major benefits of third-generation biodiesel are: (1) lesser
greenhouse effect, (2) higher productivity and more easily
cultivated and harvested [31-33], (3) decreased requirement
of arable land (therefore eliminating competition with the
agricultural industry), (4) higher lipid concentration than tra-
ditional feedstocks, and (5) decreased influence on food sup-
ply [23].

As stated previously, the most optimal solution to the
current climate crisis is to create widely available and practi-
cal biodiesel, which is more than possible with algae due to
their high lipid content of 20%-50% dry biomass [34]. Not
only this, but algae can also be effectively used for ethanol
production due to their cellulosic structure containing high
carbohydrates. The remaining carbohydrates after lipid ex-
traction can be used to produce ethanol, thus creating two
products using one feedstock. Therefore, using algae not
only provides a scientific solution to have both high qual-
ity and high productivity while maintaining practicality, but
also provides economic benefits for the society and industry
by producing useful byproducts without a need for further
dedicated energy during the cultivation process.

The most significant advantage of using microalgae is its
low land requirement. Algal production areas do not occupy
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Saturated (SFA) Monounsaturated (MUFA) Polyunsaturated (PUFA)
Fatty acid C12:0, 14:0, 16:0, Cl16:1, 18:1, 20:1, C18:2, 18:3, 20:4,
18:0, 20:0, 22:0 22:1 20:5
Cetane Number High Medium Low
Cloud Point High Medium Low
Oxidative Stability | High Medium Low

Table 1. Fuel Properties as a Function of Fuel Composition in Diesel Engines [18].

agricultural land, and they only require fertilizer to control the
quality of algae produced in terms of fatty acid types. Further,
algal feedstocks maintain a very high productivity of over
100 times of existing feedstocks (table 2) while eliminating
competition with the agricultural sector.

Feedstock Biodiesel productivity
kg biodiesel/ha/year

Algae 121,104

Canola oil 862

Soybean oil 562

Table 2. Biodiesel yield per unit area per year for various
feedstocks [35].

Possible algal production areas include factory grounds
and sewage treatment plants. The rich nutrients in wastewater
can be used to boost algal growth while simultaneously fil-
tering the wastewater, removing the need for large dedicated
water treatment plants through chemical processes. Algal
growth can also be enhanced using CO, [36] from industrial
sources such as fossil fuel-fired power plants and direct-air
capture plants designed to capture CO; from the air. In this
way, algae may be considered carbon-neutral and only reusing
existing CO; in the atmosphere. Therefore, using biodiesel
will have a minimal impact on the environment due to the
carbon-neutrality of the algae used to produce biodiesel. By
reducing the competition for arable land and food sources,
algae allow for further expansion of the biofuel industry while
maintaining a carbon-neutral product.

1.4 Optimizing algae for biodiesel production

As previously stated, the greatest return on investment will
be deriving biodiesel using algal lipids. Currently, biodiesel
produced by algae is of lower quality than that which is pro-
duced by vegetable oils, which are the primary feedstocks
used for biodiesel production in the U.S. [30] This is mostly
due to the composition of the fatty acids produced by the
algae, which are often slightly lower in MUFAs and higher in
SFAs and PUFAs compared to vegetable oils. As previously
stated, the optimal biodiesel is produced using only MUFAs.

It is crucial that a high-quality biodiesel comparable to
petroleum-based diesel is produced since this would maxi-
mize the practicality and effectiveness of the biodiesel. Hav-
ing large amounts of low-quality fuel is not practical since it

cannot be used in many engines. On the other hand, producing
slightly smaller amounts of high-quality fuel maximizes its
practicality since more vehicles can use the fuel. Thus, it is
vital for the industry and environment to formulate a high-
quality biodiesel feedstock that is high in MUFA and low in
SFA and PUFA.

This research study is focused on formulating the opti-
mal growing medium concentration of various nutrients to
maximize the relative MUFA content of the algal lipids while
minimizing PUFA and SFA (see section 1.5 for further ex-
planation). The goal is to optimize the relative MUFA con-
tent beyond that of canola oil to produce the highest quality
biodiesel comparable to petroleum-derived diesel.

Past research has shown that the genus of algae Nan-
nochloropsis has one of the highest overall lipid contents [37].
Further, it is easily cultivated, partially due to its inherent
charge that causes individual alga to repel each other and main-
tain the algae in suspension [38]. Therefore, Nannochloropsis
is chosen to be the research species in this study since it is the
optimal genus for biodiesel production. The species obtained
is Nannochloropsis oculata.

1.5 Theory supporting hypothesis: Lipid produc-
tion

The triglycerides used to produce biodiesel are composed
of three fatty acids and a glycerol. The molecules of interest
are fatty acids. The formation of fatty acids involving fatty
acid synthase occurs via six recurring reactions until the 16-
carbon chain palmitic acid is produced (C16:0) [39]. Once
this fatty acid has been produced, it can undergo a number
of modifications that result in desaturation from the enzyme
desaturase or elongation from elongase. These two modifi-
cations often correlate with each other. Meaning, a greater
degree of overall desaturation among all fatty acids is often
associated with greater overall elongation. This does not mean
that a specific fatty acid that is less saturated is also longer;
instead, this mechanism regards a common trend in the entire
group of fatty acid molecules in general.

The reason that a higher lipid concentration would result
in a greater overall desaturation is as follows. In a higher lipid
concentration, the algae would have more energy to modify
the C16:0 fatty acid more, thus resulting in an overall increase
in desaturation and more PUFAs. On the other hand, in a
lower lipid concentration, the algae would have less energy
and fewer fatty acids to desaturate. Therefore, more fatty
acids are desaturated only once, resulting in a relative increase
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in concentration of MUFAs.

1.6 Hypothesis

Previous research has shown that the concentration of
lipids in algal biomass increases as the concentration of ni-
trates and phosphates in the media that the algae is grown
in increases [34]. As the lipid concentration increases, the
concentration of longer chain fatty acids also increases [37],
which is associated with an increase in desaturation, as pre-
viously stated. In this study, it is hypothesized that the con-
trary is also true: a lower concentration of nitrates and phos-
phates should result in relatively less desaturation of fatty
acids. Therefore more lipids would have gone through only
one stage of desaturation, producing a relative increase in
MUFA concentration.

I hypothesize that the Nannochloropsis grown in low ni-
trate and low phosphate concentrations would yield a higher
MUFA percentage and lower SFA and PUFA percentage,
which would produce higher quality biodiesel, at the expense
of a slight decrease in productivity. The reason for a slight
decrease in productivity is hypothesized to be that the algae
would produce a decreased biomass concentration due to the
fewer nutrients present and result in a relatively lower lipid
concentration.

2. Methods

2.1 Supplies

The instrumentation used in this study included: gas
chromatography (GC) with flame ionization detector, UV-
vis spectrometer, standard lab equipment (beakers, flasks,
graduated cylinders, etc.), Nannochloropsis oculata (from
www.algaeresearchsupply.com), 2.5L glass jugs for algae
growing, grow lights, and air pump.

2.2 Controls

The following variables will be held constant across the
six growing containers:

* Algae grown: Nannochloropsis oculata

— The same algae is grown across all experimental
growing mediums.

e Culture medium

— The same culture medium composition (Guillard
(1975), [40]) is used across all experiments EX-
CEPT for the nutrients specified in section 2.3.

 Light illuminance: 30-35 lux

— Held constant using fluorescent grow light in a
dark room kept at a consistent distance from the
grow containers. [lluminance is measured using a
Vernier light probe (LS-BTA).

— It has been shown that algae produces the highest
concentration of lipids (including MUFA, PUFA,
and SFA based lipids) at this illumination.

» Temperature: 22.5-23.5°C

— A heating mat is placed under algae growing con-

tainers. Power delivered to the heating mat is

varied automatically based on temperature.
* pH: 9.63-9.91
— Buffering salts are added to the artificial seawater
medium.
* Growth volume: 2 L
— Water is added as needed to each 2 L growing
algae suspension in 2.5 L glass jugs to mitigate
the effects of evaporation.

2.3 Independent variables
The algae is grown in the Guillard (1975) “{/2” Medium
[40]. The only modifications made to the medium are the
concentrations of NaNO3 and NaH,PO, ¢ 2H,O:
* Low NP (Nitrate and Phosphate) — 1/2 the concentration
of baseline
— NaNO;3 : 4.41 x 1072 M
- NaH,PO,4 ¢ 2H,0: 1.81 x 10> M
* Baseline (Original f/2 Medium)
- NaNO; : 8.82x 1072 M
- NaH,POy * 2H,0:3.62 x 1075 M
* High NP — 2 times the concentration of baseline
— NaNO;3: 1.76 x 10~ M
— NaH,POy * 2H,0: 7.24 x 107°M

2.4 Experimental design

Nannochloropsis oculata was cultivated for 32 days at
three different levels of nutrients as specified in section 2.3.
The baseline nitrate and phosphate concentration used is the
same as specified by the f/2 medium. The high and low were
chosen to double and halve the concentrations, respectively.
The f/2 medium, which is my baseline, is derived from the
original f medium, which had concentrations at twice the con-
centration of /2, hence the name f divided by 2. To test the f
medium condition, the high nutrient concentration was chosen
to be the same as the f medium, which is twice the concentra-
tion in the f/2 medium. The low nutrient concentration was
chosen to halve the /2 concentration to maintain symmetry.

Each cultivation was performed in duplicate to increase
statistical validity, completing a 2x3 design. Throughout this
study, each sample is labeled as L1, B1, H1 for the first group
of low, baseline, and high nutrient concentrations, respec-
tively. The second group is labeled as L2, B2, H2 for the
second group of L-NP, Baseline, and H-NP. Due to space
constraints, cultivations were performed in duplicate. Culti-
vations were conducted in a temperature and light-controlled
room using six glass jugs.

Each analyte produced from individual algae suspension
samples is analyzed in triplicate using GC to increase statisti-
cal validity.

2.5 Cultivation

The green microalgae Nannochloropsis oculata (obtained
from Algae Research and Supply) is cultivated in six individ-
ual containers. The algae are grown on a 20” x 48” 100 W
heating mat to maintain a constant temperature of 25°C [38].
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A fluorescent grow light set on a 12:12 hour light:dark pho-
toperiod is used to keep the illuminance at 30-35 lux. Six
1.3 L/min air stones are connected to a 58 W, 75 L/min air
pump to aerate the algae at a constant rate. A dissolved oxy-
gen probe is not available, so an oxidation-reduction potential
probe is used to measure the dissolved oxygen concentration
since the reading is directly proportional to the amount of
dissolved oxygen. See the configuration of full cultivation
apparatus (fig. 4).

Figure 4. All batches of algae. Pictured is the full cultivation
apparatus.

2.5.1 Cultivation of first non-experimental batch

A 50 mL inoculum of the algae, salts, and f/2 nutrients
were obtained. The salts and f/2 nutrients were dissolved in
3.79 L of deionized water to create the f/2 Medium. The first
batch of algae will not be used to collect data. Instead, it will
be grown in the baseline f/2 growing medium and will be
used to inoculate the experiments. To grow the first batch of
algae, the solution is placed in a 6 L Erlenmeyer flask, and the
water level is recorded using tape on the side of the flask. The
original absorbance of the 50 mL inoculum, which is directly
proportional to the biomass concentration, is taken at 750 nm
using a UV-vis spectrometer, which is the recommended wave-
length to use [38] due to a non-linear increase in chlorophyll
density as biomass density increases. The growing medium
is inoculated using the 50 mL inoculum. Over several weeks,
the algae will grow in the cultivation medium (fig. 5). When
the absorbance of the algae suspension meets or exceeds the
original value, proceed to the next step of inoculating the ex-
perimental flasks with the non-experimental algae suspension
(section 2.5.2).

Figure 5. Non-experimental algae to be used to inoculate
sample media. Pictured is the fluorescent grow light, heating
mat, and air bubbler.

2.5.2 Cultivation of samples

Prepare duplicates of the three 2 L f/2 Medium in a2 L
volumetric flask following the specified NaNO3 and NaH,POy4
¢ 2H,0 concentrations (section 2.3). Transfer the medium
to 2.5 L glass jugs. Inoculate each jug with 50 mL of algae
suspension taken from the first batch of algae. Over several
weeks, the algae will grow in the cultivation medium (fig. 6).
When the absorbance of the algae suspension meets or ex-
ceeds the original value, proceed to the next step of harvesting
algal biomass (section 2.7).

(a) L1 Algae
Suspension

(b) B1 Algae
Suspension

(c) H1 Algae
Suspension

Figure 6. Algae growing in suspension in 2.5 L glass jug
with 2 L growing media at different nutrient concentrations

2.6 Biomass measurements
2.6.1 Absorbance measurement

Samples of algae suspension at each nutrient level are col-
lected in separate micro-cuvettes. A UV-vis spectrometer is
used to measure the absorbance at 750 nm of the algae suspen-
sion. The absorbance is a measure of how much a substance,
in this study the algae suspension, is able to absorb light at a
specific wavelength, which is chosen to be 750 nm. This wave-
length is chosen due to the non-linear chlorophyll accumulat-
ing characteristic of algae as cell density increases. Choosing
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a wavelength out of the range of chlorophyll allows the spec-
trometer to minimize interference [38]. The absorbance value
produced is directly proportional to the biomass concentration
of algae biomass in the growing medium [41].

Once harvested, the precise biomass can be calculated
based on the volume of suspension harvested and the mass of
algae harvested (see section 2.7).

2.7 Harvesting algae biomass

The algae are harvested from suspension using the process
of flocculation, which uses a charged flocculant that interacts
with the algae’s surface charge to produce flocs much greater
in size than algal cell size.

A stock solution of 20 g/LL Al,(SQy4)3 is prepared in deion-
ized water and stored at room temperature. The precipitant
is allowed to settle, and the transparent solution is used. Six
beakers (250 mL each with 200 mL of algae suspension) of
algae suspension is harvested from each experimental group
and placed on a stir-plate (fig. 7). The flocculation test method-
ology is adapted from Chatsungnoen et al. [41]. All beakers
were simultaneously treated as follows: (1) 6 mL of 20 g/L.
Al>(S0O4)3 added using micropipette, (2) rapid mixing at 80
rpm for 2 min to disperse flocculant, (3) gentle mixing at 50
rpm to allow flocculation, and (4) no agitation for 30 mins to
allow flocs to settle (see fig. 8 and fig. 9).

The resulting flocs are harvested using vacuum-filtration
with Whatman Grade 42 filter paper with a pore size of 2.5 um
(fig. 10). Each sample is placed in a sterile petri dish (fig. 11)
in a vacuum desiccator (not pictured). Samples placed un-
der vacuum in a convection oven at 40°C for 12 hours to
determine the weight of total dry biomass harvested.

Figure 7. All samples are harvested. 200 mL of algae
suspension placed in 250 mL beakers.

(b) B1 Sample

Figure 8. Flocculation of samples using Al;(SOy4)3. Image
taken during flocculation period. Flocs are visible and are
beginning to settle.

(a) L1 Sample (c) H1 Sample

Figure 9. Flocculation of samples using Aly(SO4)3 while
being stirred using stir plate.

(b) B1 Filtration

(a) L1 Filtration (c) H1 Filtration

Figure 10. Vacuum filtration of samples that have been
flocculated.
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(a) Transesterified samples stored in 1.5 mL
GC vials. Pictured are samples after
performing hexane extraction, which
produced transparent upper layer of hexane.
The translucent bottom layer contains a
mixture of FAMEs and glycerol.

C11-L1 Sample; C14-B1; C13-HI.

i3

Cl16-HI.

q

(b) Transparent upper layer of hexane after
performing hexane extraction. Transferred to
separate 1.5 mL GC vials for storage.
C15-L1 Upper hexane layer; C17-B1;
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(c) Diluted upper hexane layer 2:3
(solution:hexane). Pictured is a dilution ratio
of 1:9, which was replaced with 2:3 later
during GC analysis since a ratio of 1:9 failed
to produce quantifiable results due to low
concentration.

C18-L1 hexane dilution; C19-B1; C20-H1.

Figure 12. Samples are transesterified, FAMEs extracted, and diluted for GC analysis.

(a) L1 Sample

Figure 11. Samples have been dried and are stored in sterile
petri dishes.

(b) B1 Sample (c) H1 Sample

2.8 In situ transesterification

To produce biodiesel, algal lipids must be extracted from
harvested biomass and transesterified into FAMEs. A single-
step in situ transesterification eliminates the need for an ini-
tial lipid extraction through direct transesterification of lipids
performed simultaneously with lipid extraction. In situ trans-
esterification also offers the advantage of quantifying all fatty
acids as FAMEs, regardless of lipid extraction efficiency [42].
This allows an accurate representation of biodiesel potential.

It is possible to identify lipid composition without transes-
terification of its constituent fatty acids since each fatty acid
directly correlates to one FAME. However, quantification of
such fatty acids through GC is challenging due to the high
elution temperatures of fatty acids. On the other hand, FAMEs
have a much lower elution temperature, which is much more
suitable for GC quantification [43].

The in situ transesterification methodology is adapted
from Wychen et al. [44]. The method is carried out on 5
to 10 mg of dried sample, extracting lipids in 0.2 mL chloro-
form:methanol (2:1, v/v), and simultaneously tranesterifying
the lipids in situ with an acid-catalyzed reaction using 0.3 mL
HCl:methanol (0.6 M HCI in methanol) for 1 hr at 85°C in the

presence of 250 pg pentadecanoic acid methyl ester (or methyl
pentadecanoate, C15:0ME) as an internal standard (fig. 12a).
The resulting FAMEs are extracted with 1 mL HPLC grade
hexane at room temperature for at least 1 hr (fig. 12b), leav-
ing behind polar compounds, e.g. glycerol or phosphatidic
acid. The resulting FAME solution in hexane is diluted 2:3
(solution:hexane) with hexane (fig. 12c¢).

All extraction and transesterification procedures are per-
formed in 1.5 mL glass GC vials.

2.9 Gas chromatography FAME quantification

The final hexane dilution from section 2.8 is analyzed
using GC to quantify the FAME and therefore fatty acid com-
position. Supelco 37-component standards were used for
identification and quantification of FAMEs with five-point cal-
ibrations (0 to 10 mg/mL). Transesterification adds a methyl
group to a fatty acid; thus, GC analysis of FAMEs overesti-
mates the mass of fatty acids per unit biomass [45]. To mit-
igate this, data was mass-corrected so that results produced
are in terms of mg of fatty acid per gram dry biomass.

2.9.1 Setting up the GC for FAME analysis
FAMEs were separated and quantified using a Thermo
Scientific Trace 1310 GC equipped with a flame ionization
detector (FID), split injector, and a TG-5MS 30 m x 0.25 mm
inner diameter x 0.25 pm film thickness column. The analysis
program that was developed is detailed below:
* 1 pL injection at 50:1 split ratio, inlet temperature of
230°C
* Constant flow: 1 mL/min helium
* Oven temperature: 130°C for 1 min, 6°C/min up to
170°C and hold for 18 min, 6°C/min up to 213°C,
8°C/min up to 250°C and hold for 12 min (49.46 min
total)
e FID: 250°C, 350 mL/min zero air, 35 mL/min H,
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2.9.2 Quantification of FAMEs

An internal standard method was chosen to account for
possible losses during the transesterification process and other
preparation processes.

The Flame Ionization Detector (FID) uses a flame fueled
by zero air (ultra-pure air) and hydrogen. After ionizing
the molecules, the FID measures the current produced in pi-
coamperes (pA). This characteristic causes the FID to have a
different response for different molecules. The response of
all hydrocarbons is generally considered to be roughly pro-
portional to their molecular weight [46]. To account for this,
response factors were calculated for each fatty acid analyzed
from analyzing the Supelco 37-component FAME standards,
which encompasses all analyzed fatty acids. Five-point cali-
bration curves were created from analyzing five concentration
levels of the FAME standards, and the response factor for
each individual fatty acid were calculated.

The GC software used is Chromeleon 7.2, which automat-
ically performs the response factor calculation and normaliza-
tion for the quantity of the internal standard C15:0ME. The
formulas that the software uses are as follows:

To calculate concentration of FAME:

R
Conc.FAME = R—A X RFactor X Conc.js
I

To calculate relative concentration of FAME:

Conc.FAME

9%Conc.FAME =
ODWsample

x 100%

¢ Conc.FAME: Concentration of specific FAME being
analyzed

* Ra: Response of analyte in pA

* Ris: Response of internal standard in pA

* RFactor: Response factor of specific FAME being ana-
lyzed

* Conc.js: Concentration of internal standard in pg/mL

* ODWgymple: Oven dry weight of sample

3. Results

3.1 Growth and cultivation conditions

The growth trajectories for the 32-day cultivations of Nan-
nochloropsis oculata are shown in fig. 13. Only three data
points were collected due to limited access to growing location
and limited time. After 32 days of cultivation, the absorbance
values obtained in the L-NP, Baseline, and H-NP nutrient
concentrations measured 0.91, 0.99, and 1.18, respectively
(table 3). The pH levels and temperature were held constant
between 9.63-9.91 and 22.5-23.5°C, respectively, throughout
the cultivation period in all nutrient concentration levels.
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Figure 13. Growth trajectory of 32-day cultivations in H-NP,
Baseline, and L-NP nutrient concentrations represented as
change in absorbance over time. For each, the mean (£SD) is
given, n = 2.

3.2 Biomass density

The cell density for the 32-day cultivations calculated
through harvesting via flocculation of algae suspension is
shown in table 4. After 32 days of cultivation, the cell density
attained in the L-NP, Baseline, and H-NP nutrient concen-
trations measured 0.229, 0.360, and 0.235 g/L, respectively
(table 4). However, after performing a one-way ANOVA, it
was found that the p-value of 0.522 is much greater than 0.05,
therefore, the data collected is not statistically significant. A
possible error is explained in section 4.1.1.

L-NP Baseline H-NP
0.229 (0.161) 0.360 (0.073) 0.235 (0.095)

Table 4. Biomass concentration data of 32-day cultivations in
L-NP, Baseline, and H-NP nutrient concentrations. All units
are in g/L. For each, the mean (+SD) is given,n =2, p =
0.522.

3.3 Fatty acid composition

The fatty acids that were detected and resolved to iso-
mer level were C16:0, C16:1, C18:0, C18:1c, and C18:2
(note: Fatty acids were detected in the form of FAMEs. Here,
they are represented as fatty acids since the difference in mo-
lar mass has already been accounted for). The recovery of
FAMESs and the internal standard following the procedure
adapted from Wychen et al. is 89.5+3.5% [42,44].

The fatty acid composition by mass is shown in table 7.
The relative fatty acid composition (table 8) is found by find-
ing the ratio of the concentration of a particular fatty acid to
the total fatty acid concentration. Both concentrations are in
relation to concentration in the analyte and are determined
without the mass of algae used during transesterification.

The dominant fatty acids present in the nutrient-stressed
Nannochloropsis oculata were C16:0, C16:1, and C18:0.
Further, the L-NP cultivation yielded the lowest absolute
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Nutrient Concentration .
L-NP Baseline H-NP
Day
1 0.06 (0.007) 0.06 (0.007) 0.06 (0.007)
7 0.15 (0.014) 0.17 (0.007) 0.15 (0.021)
32 0.91 (0.007) 0.99 (0.028) 1.18 (0.007)

Table 3. Growth data of 32-day cultivations in L-NP, Baseline, and H-NP nutrient concentrations represented as change in
absorbance over time. All units are in absorbance units. For each, the mean (xStandard Deviation (SD)) is given, n = 2.

fatty acid concentration at 11.459 mg/g biomass; however,
it yielded the highest concentration of MUFAs relative to all
fatty acids of 62.68%. In nutrient-replete conditions, the total
fatty acid concentration increased by 14.216% to 13.088 mg/g
biomass, though, the relative MUFA concentration decreased
by 14.56% to 48.12%, while the relative SFA concentration in-
creased by 8.79% to 38.60% and relative PUFA concentration
increased by 5.77% to 13.28%.

Total FA Content
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Figure 14. Total fatty acid composition showing data from
all experiments and replicates. n = 2.
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Figure 15. Relative fatty acid composition by type. n = 2.

The data collected can be easily visualized in fig. 14 and
fig. 15. Both plots include data from all experiments and all
replicates. Plotting symbols represent replicates, and over-
lapping symbols were shifted slightly on the x-axis for better
visual representation. Replicates were averaged to obtain
mean values.

Figure 14 shows the total fatty acid concentration plot-
ted with respect to the nutrient concentration. Doubling the
nutrient concentration from L-NP to Baseline represents a
significant increase in the total fatty acid concentration by
more than 2 mg fatty acids per g of biomass.

Figure 15 shows the relative fatty acid concentration for
each fatty acid type with respect to the nutrient concentra-
tion. It is seen that the L-NP cultivation produces the highest
concentration of MUFA and lowest concentration of both
SFA and PUFA. To confirm statistical significance, a one-way
ANOVA test is performed, producing a p-value of less than
0.05. Therefore, it is concluded that the data collected is
statistically significant.
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Figure 16. Change in relative MUFA content and absolute
fatty acid concentration with respect to nutrient concentration
cultivations in H-NP, Baseline, and L-NP nutrient
concentrations.

Figure 16 shows the change in relative MUFA content and
absolute fatty acid concentration with respect to the nutrient
concentration. As the nutrient concentration is decreased, the
relative concentration of MUFA increases; however, the to-
tal fatty acid concentration decreases. The contrary is also
true: as the nutrient concentration is increased, the relative
concentration of MUFA decreases while the total fatty acid co-
nentration increases. The anomaly with the H-NP cultivation
is addressed in section 4.2.

4. Possible Inaccuracies

4.1 Biomass density, growth, and cultivation condi-

tions

Although this study is centered around improving the
quality of biodiesel, it is still advantageous to find the effect
of increasing lipid quality on the total lipids produced. To
achieve this, the exact dry biomass of algae harvested must
be calculated. In doing so, the algal biomass concentration
was also found, which produced different results compared
to that of the absorbance reading table 4. Possible errors that
caused a difference in results are explained in the following
subsections.

4.1.1 Biomass density and concentration

To measure the exact dry biomass concentration of the
algae suspensions, vacuum filtration was used to harvest the
algae after flocculation. However, during the filtration, it was
noticed that the filtrate is slightly green when filtering all sam-
ples. The filtrate of H1 and H2 were slightly darker in color
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than B1 and B2 (see fig. 10). This phenomenon can be ex-
plained by inaccuracies during the flocculation and filtration
processes.

The H-NP cultivation has a higher biomass density than
the baseline cultivation given its higher absorbance measure-
ment (table 3) at the time of harvesting. Since there is in-
creased biomass in H-NP, more flocculant must be used to
flocculate all algae. However, the same volume of flocculant
was used across all algae suspensions. This means that the
same mass of algae was flocculated.

Further, past research has shown that algae cell sizes are
smaller in higher nutrient concentrations than in lower nutrient
concentrations when grown for the same period [45].

The combined effect of an overall smaller algae cell size,
a lower percentage of algae flocculated, and inefficient filter
paper pore size caused the inaccuracies seen in table 4.

Although there might be a possible inaccuracy, it does not
impact any other data collected in this study since no data
relied on the measurement of biomass concentration in the
cultivation suspension.

4.2 Possible inaccuracies in oven dry weight

Due to the flocculation mechanism and process, excess
AI** ions may be stuck to the algae cells, causing inaccuracies
when finding the oven dry weight and creating a mass reading
higher than in reality.

To mitigate this possible inaccuracy, further experimen-
tation is required to measure mass of AI’* ions stuck to the
algae by finding the mass of the evaporated filtrate. However,
this involves using a finer filter paper and accounting for the
mass of the nutrients and trace metals in the growing media.

The overall implication of a higher than in reality oven dry
weight is skewing the absolute fatty acid content lower than
actual values. This effect is more prominent in algae grown in
H-NP due to an overall smaller cell size. However, this does
not impact the validity of this study since the quality of the
biodiesel produced is based on the relative concentration of
fatty acids, which does not involve the dry weight of algae
used. Further, this does not impact the effect of changing
nutrient composition on the relative quantity of fatty acids
produced.

4.3 Possible gas chromatography analysis inaccu-
racies

GC is regarded as the “Golden Standard” for FAME and
fatty acid analysis; however, there are still possible inaccu-
racies specific to this study. Since the GC column used in
this study was not a dedicated FAME column, it produced
different results than dedicated FAME columns. For example,
the observed elution order of C16:0ME and C16:1ME is re-
versed compared to chromatograms produced by dedicated
FAME columns. This is due to the low-polarity of the TG-
SMS column used compared to the high-polarity of dedicated
columns.

The elution order of a molecule is determined by a few
aspects, including: (1) the molar mass of the molecule (a
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higher molar mass would increase elution time) and (2) the in-
teraction between the molecule and the stationary phase of the
column (greater interaction would increase elution time) [46].
C16:0ME has a slightly higher molar mass than C16:1ME, by
2.1 g/mol. However, C16:0ME interacts relatively less with
the stationary phase than C16:1ME when compared to the in-
teractions of dedicated FAME columns. This is due to the fact
that C16:1ME is more polar than C16:0ME [47]; therefore,
C16:1ME would interact relatively more than C16:0ME in a
lower polarity column such as the one used in this study [48].

Although the elution order of C16:0ME and C16:1ME is
found to be reversed compared to dedicated FAME columns,
this does not affect the data collected since the same concentra-
tion of analyte is eluted and measured. The difference in order
merely causes a difference in retention time reading, which
is not considered during gas chromatography quantification
other than to identify the molecule that is eluted.

5. Discussion

5.1 Nannochloropsis oculata produces increased
relative MUFA concentrations in nutrient-
stressed conditions

It is found that stressing algae during growth through
nutrient starvation produces a significantly higher monounsat-
urated fatty acid content (MUFA) than nutrient-replete con-

ditions (four times higher concentration) by 14.56% (fig. 15

and table 8). Further, data shows that a decrease in nutrient

concentration by four times from the H-NP cultivation to the

L-NP cultivation decreases both the concentration of saturated

fatty acids (SFA) and polyunsaturated fatty acids (PUFA) by

8.79% and 5.77%, respectively (table 8). This finding strongly

supports the hypothesis. Therefore, the hypothesis that the

Nannochloropsis grown in low nitrate and low phosphate con-

centrations would yield a higher MUFA percentage and lower

SFA and PUFA percentage is accepted. By stressing the algae,

the fatty acid profile becomes closer to that of canola oil than

that of soybean oil. Therefore, the research goal is met.

5.2 Nannochloropsis oculata produces decreased
total fatty acids in nutrient-stressed conditions
The absolute concentration of lipids decreases as the nu-
trient concentration decreases (fig. 14), which corroborates
previous research data [49]. This supports the second half of
the hypothesis that the Nannochloropsis grown in low nitrate
and low phosphate concentrations would produce a relatively
lower lipid concentration. Therefore, the second half of the
hypothesis is also accepted.

5.3 Theory supported by data

Data shown in table 8 supports the theory behind the
hypothesis (seen in section 1.5 that an increased lipid concen-
tration would result in less overall desaturation and elongation.
The data supports this theory since the relative concentration
of MUFASs in L-NP is 30.26% more than in H-NP; therefore,
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more fatty acids are desaturated only one time to form MU-
FAs. Further, the relative concentration of longer 18-carbon
chain fatty acids is 10.76% less in L-NP than in H-NP; there-
fore, less fatty acids are elongated. Thus, the data supports the
theory that desaturation and elongation are overall correlated.

5.4 Practical significance

The data collected is statistically significant (fig. 15); how-
ever, this does not prove practical significance, which is one
of the most important subjects to consider.

Comparing the fatty acid composition of the L-NP cul-
tivation to soybean oil and canola oil in table 5, the MUFA
concentration of L-NP is close to that of canola oil and much
higher than that of soybean oil, which is an indicator that the
quality of L-NP biodiesel is comparable to that of canola oil
and much higher than that of soybean oil. The SFA and PUFA
concentrations are nearly entirely opposite of each other in
L-NP and canola oil, which affects the cetane number, cloud
point, and oxidative stability of the biodiesel produced.

To analyze how the altered concentration of fatty acids
affects biodiesel quality, the cetane number, cloud point, and
oxidative stability are used. Table 6 compares the quality of L-
NP-based, canola oil-based, and soybean oil-based biodiesel
and petroleum-based diesel. The values of L-NP biodiesel
are estimated through analysis and comparisons of individ-
ual fatty acid types with current feedstocks [50,51]. (1) The
cetane number of L-NP biodiesel is approximately 62, which
is significantly greater than all other cetane numbers, includ-
ing that of petroleum-based diesel. This signifies that L-NP
biodiesel would have the highest combustion quality in a
diesel engine, thus burning more cleanly and having lesser
emissions while increasing performance. (2) The cloud point
is a measure of the fluidity of diesel and biodiesel fuel at a
low temperature; therefore, a lower number is desirable. The
cloud point of L-NP biodiesel is approximately equal to that
of canola biodiesel and is comparable to that of diesel. A vital
comparison is that the cloud point of L-NP biodiesel is signif-
icantly lower than that of soybean biodiesel, which asserts the
fact that L-NP biodiesel will be much more practical in the
industry and the number of diesel vehicles capable of burning
L-NP biodiesel is substantially more than vehicles that can
burn soybean biodiesel. (3) The final and crucial indicator
of fuel quality is oxidative stability, a measure of the storage
capabilities of the fuel. The measure of oxidative stability has
units of milligrams of insoluble particles per 100 milliliters
of fuel. Therefore, a lower number is desirable, which corre-
sponds to a more pure fuel. The data for oxidative stability
used in this study was collected by the National Renewable
Energy Laboratory following ASTM D2274 — Standard Test
Method for Oxidation Stability of Distillate Fuel Oil (Acceler-
ated Method) [51]. D2274 measures the inherent stability of
middle distillate petroleum fuel under accelerated oxidizing
conditions. In the method [52], the fuel is aged at 95°C for
16 hours while oxygen is bubbled through the sample at a
rate of 3 L/h. The sample is then cooled to room temperature
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L-NP Baseline H-NP Soybean Oil Canola Oil
% SFA 29.81 (0.02) 36.85 (0.17) 38.60 (0.33) 16.5 7.6
% MUFA 62.68 (0.01) 52.61 (0.25) 48.12 (0.24) 23.7 62.9
% PUFA 7.51 (0.08) 10.54 (0.43) 13.28 (0.57) 59.7 30.9

Table 5. The fatty acid composition of algal lipids compared to that of soybean and canola oil [12]. For algal lipids, the mean
(£SD) is given, n = 2.

L-NP Biodiesel Canola Biodiesel Soybean Biodiesel Petroleum-based
Cetane Number ~ 62 55 47 47
Cloud Point (°C) ~ -33 -3.3 0.9 -7
Oxidative Stability (mg/100mL) < 6.2 449 16.0 23

Table 6. Comparison between L-NP algal lipid, soybean oil, canola oil, and petroleum-based diesel qualities. Numbers are

estimated through analysis and comparison with current feedstocks [50,51].

before filtering to obtain the filterable insolubles. The greater
values for canola biodiesel and soybean biodiesel highlight
the drawbacks of current biodiesel feedstocks since they are
significantly less stable compared to diesel. Comparing L-
NP biodiesel to petroleum-based diesel highlights one of the
greatest advantages of L-NP algal lipids in terms of quality
since they have similar oxidative stability measures.

Overall, the findings prove to be practically significant in
the industry and can vastly improve the quality of biodiesel
produced compared to all current feedstocks. This is crucial
in the mission to produce a biodiesel that all diesel engines
can combust.

5.5 Maximize practicality

To maximize the practicality of producing algal biodiesel
in an industrial setting, both the total fatty acid concentration
and relative MUFA concentration must be maximized. This
would maximize both quality and quantity. However, previ-
ous research has concluded that quality and quantity are not
compatible, and researchers were forced to choose one or the
other [49]. All previous research opted for quantity. How-
ever, this significantly reduces the applicability of biodiesel
in society. Having a high quantity of lower quality fuel that
cannot be used by many diesel engines is not a viable solution.
This study confirmed these observations between quality and
quanitity. As shown in fig. 16, opting for higher quantity
corresponds to a lower MUFA concentration, resulting in a
lower quality biodiesel.

In this study, both high quality and high quantity were
obtained. By growing the algae at the L-NP nitrate and phos-
phate nutrient concentration and slightly starving the algae,
an excellent quality biodiesel that is comparable to petroleum-
based diesel is produced. The L-NP algal biodiesel is suitable
for use in all diesel engines. Most importantly, such high
quality is reached without compromising productivity when
compared to all other biodiesel feedstocks. While it has a
12.447% lower productivity than Nannochloropsis grown in
H-NP nutrient concentration (table 7), L-NP still has greater

than 100 times the productivity of all current biodiesel feed-
stock (table 2).

Further, it is envisioned that in an industrial setting, algae
will be grown in large pools near waste processing facilities.
In this setting, there will be adequate sunlight and air to pro-
mote algal growth. As previously mentioned (section 1.3) ,
algae is capable of filtering waste while simultaneously in-
creasing its productivity, therefore it is twice as effective. In
these conditions, algae will not only produce a high quality
feedstock for biodiesel, but it will also partially eliminate the
need for large waste treatment facilities through chemical pro-
cesses. This will further decrease the environmental impacts
of society.

6. Conclusion

High-quality biodiesel with MUFA content greater than
60% is crucial to the growth and development of the biodiesel
industry. Thus far, all research regarding biodiesel, more
specifically algal biodiesel, has been focused on producing
the highest quantity of lipids and maximizing the production
of biodiesel. However, having large amounts of biodiesel is of
no use unless the quality of biodiesel nears that of petroleum-
based diesel.

Unfortunately, guidelines on the quality of biodiesel pro-
duced from first and second-generation feedstocks (see sec-
tion 1.2.3 and section 1.2.4) are not nearly strict enough
to maintain high-quality biodiesel by requiring a specific
concentration of MUFA in the feedstock used. The qual-
ity of biodiesel produced by soybean oil is much worse than
petroleum-based diesel due to its higher viscosity and higher
freezing point, thus significantly decreasing the widespread
implementation of biodiesel since many engines are unable to
combust low-quality biodiesel effectively. The findings in this
research provide scientific statistics and evidence that would
enable the guidelines and government regulations to become
more strict.

Although canola oil produces the highest quality biodiesel
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out of all feedstocks used in the United States due to its high-
est MUFA content and lower SFA and PUFA content, it is
not nearly the most used feedstock. This is due to the high
demand for canola oil as a cooking oil. This drawback proves
that an effective feedstock must be grown solely for the pur-
pose of biodiesel production, not for agricultural purposes
with biodiesel production as a secondary product.

A high-quality feedstock is logistically required to in-
crease the likelihood of biodiesel fully replacing diesel as fuel
used in diesel engines. Further, it is crucial that this feed-
stock does not compete with the agricultural industry for vast
amounts of arable land. What is discovered in this research
suggests that algae is the perfect candidate for this vision
due to its incredibly high productivity and no requirement for
arable land.

This study aimed to find the optimal nutrient concentra-
tion for Nannochloropsis growth that will both maximize the
relative MUFA content of the algae, which therefore maxi-
mizes the quality of biodiesel produced, but also yields high
productivity. A scientific breakthrough was made in find-
ing that a nitrate and phosphate nutrient concentration of
4.41 x 1072 M and 1.81 x 1075 M should be used in the al-
gae cultivation medium to achieve a fine balance of improving
biodiesel quality while maintaining high productivity. The
MUPFA concentration of algae matches that of canola oil when
grown in a medium at the specified nutrient concentration.
Furthermore, the cetane number and oxidative stability are
better than all current biodiesel feedstocks, in some cases
better than even petroleum-based diesel. Most importantly,
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the Nannochloropsis algae continued to maintain high pro-
ductivity at this concentration. These characteristics define
algal biodiesel produced by algae grown in nutrient-stressed
conditions as the highest quality biodiesel that is currently
available and is most suitable for large-scale production.

In summary, this study has determined one of the most
crucial and often overlooked aspects of biodiesel production,
which is the optimization of quality, along with quantity,
through determining the optimal growing conditions of Nan-
nochloropsis oculata for high quality and quantity biodiesel
production. Together, algae is a high quality, high productivity,
and waste processing feedstock. Further, the algae accom-
plishes this without requiring arable land. These findings will
prove vital to the development of algal biofuels, which are the
future of the biodiesel industry.
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Nutrient Concentration L-NP Baseline H-NP
Total FA Content 11.459 13.898 13.088
Saturated Fatty Acids (SFA)
C16:0 0.399 (0.015) 0.932 (0.014) 0.705 (0.023)
C18:0 3.0166 (0.104) 4.189 (0.073) 4.346 (0.067)
> SFA 3.416 (0.119) 5.121 (0.087) 5.052 (0.090)
Monounsaturated Fatty Acids (MUFA)
Cle:1 3.090 (0.095) 2.206 (0.065) 2.182 (0.057)
Cl8:1c 4.093 (0.131) 5.105 (0.058) 4.116 (0.077)
3 MUFA 7.183 (0.226) 7.311 (0.123) 6.298 (0.134)
Polyunsaturated Fatty Acids (PUFA)
C18:2 0.861 (0.018) 1.467 (0.091) 1.739 (0.120)
Y PUFA 0.861 (0.018) 1.467 (0.091) 1.739 (0.120)

Table 7. The concentration of each identified fatty acids in mg/g oven dry weight after 32 days cultivation in L-NP, Baseline,
and H-NP nutrient concentrations. For each, the mean (+SD) is given, n = 2.

Nutrient Concentration L-NP Baseline H-NP
Saturated Fatty Acids (SFA)
C16:0 3.48% (0.02) 6.70% (0.05) 5.39% (0.03)
C18:0 26.32% (0.07) 30.14% (0.13) 33.21% (0.36)
> SFA 29.81% (0.09) 36.85% (0.17) 38.60% (0.33)
Monounsaturated Fatty Acids (MUFA)
Ccle6:1 26.97% (0.02) 15.87% (0.12) 16.67% (0.01)
Cl8:1c 35.71% (0.01) 36.74% (0.38) 31.45% (0.24)
> MUFA 62.68% (0.01) 52.61% (0.25) 48.12% (0.24)
Polyunsaturated Fatty Acids (PUFA)
C18:2 7.51% (0.08) 10.54% (0.43) 13.28% (0.57)
¥ PUFA 7.51% (0.08) 10.54% (0.43) 13.28% (0.57)

Table 8. The fatty acids composition relative to total fatty acid content after 32 days cultivation in L-NP, Baseline, and H-NP
nutrient concentrations. For each, the mean (£SD) is given, n = 2.
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