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ABSTRACT
Water and fuel are precious resources. Efforts must be made to be able to obtain both
by sustainable means, such as combining wastewater treatment and biodiesel
production using microalgae. The goals of this study are to determine whether: the
model fresh water species, Chlamydomonas reinhardtii, can survive and grow in
wastewater and produce biomass compared to local strains growing at a local
wastewater treatment facility, to determine which group of species is more efficient at
removing nutrients from the water, and to determine if the wastewater species
(Eudorina , Chlorococcum, Fischerella) can be used to feasibly produce biodiesel.
Six 4 liter plastic tanks filled with artificial wastewater were inoculated with culture
and tested every other day for biomass production and nutrient content of the
wastewater. The algae were then harvested. Neither algae strain was found to have a
significant difference between their fatty acid methyl ester (FAME) production.
However, there was a significant difference in the efficiency of nutrient removal and
biomass production. The wild strains from the wastewater treatment plant removed
more phosphorus than the freshwater species C. reinhardtii. The wastewater species
also produced more biomass than C.reinhardtii. Both measures were found to be
statistically significant. Neither species produced enough lipids to be viable to
commercial use in creating biodiesel, but natural occurring algae could have other
potential uses such as production of biodegradable plastics.

ix

INTRODUCTION
There is a growing need for an inexpensive, effective method of removing
unwanted nutrients and toxins from wastewater (Flouty and Estephane, 2012). Water
treatment and sanitation is an important process to ensure the safety and health of the
people, though the methods used many times involve chemicals and expensive
treatments. Conventional methods entail using bacteria and chemicals to treat the
water and remove unwanted nutrients (Abdel-Raouf et al., 2012). These methods,
however, lead to carbon dioxide being produced from the bacteria, with the bacteria
then having to be eliminated from the effluent with chemicals (e.g., chlorine) as a
result (Abdel-Raouf et al., 2012). As an alternative to chemical treatments, some
wastewater treatment facilities have been using micro-algae (i.e., small, unicellular
algae) to absorb the unwanted nutrients and toxins from the untreated water. Microalgae excel at absorbing nitrogen and phosphorus and inhibit growth of anerobic
bacteria (Abdel-Raouf et al., 2012). For example, algae removed 19% of dissolved
nitrogen and 43% of dissolved phosphorus from wastewater in a waste-water
treatment plant in Kansas (Sturm et al., 2012). Biosorption and bioaccumulation by
microbial organisms (i.e. bacteria, yeast, and algae) are ideal methods to remove
heavy metals present in wastewater and other effected water sources. While several
of these organisms have been shown to be able to uptake large quantities of heavy
metals, algae is the most suited to treating aqueous environments, and therefore
wastewater (Flouty and Estephane, 2012).
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In order to remove unwanted materials, such as phosphorus and nitrogen,
from the wastewater treatment system completely, algae that uptake the unwanted
materials must be removed from the system. One problem with using algae for
wastewater treatment is finding a productive use for the algae that have been removed
from the system. Algae’s fast growth makes it ideal for creating biodiesel, as it can
grow more quickly than terrestrial crops (Campbell et al., 2010). However, despite
micro-algae’s fast growth, the Department of Energy did not considered it to be
energy feasible to grow algae for the sole purpose of creating biofuel (Sheehan et al.,
1998). It takes phosphorus and water resources to grow, and more energy would be
spent on building the facility to produce it, with the added concern that the strain of
algae being used could become contaminated from outside sources (Sheehan et al.,
1998). This analysis assumes that a biofuel facility was built from scratch, not using
existing waste treatment facilities (Johnson and Wen, 2010; Sheehan et al., 1998).
Other researchers were not warded off by the DOE’s conclusions and went on
to estimate how well microalgae would do against other alternative energy crops and
regular diesel later on. Batan et al. (2010) used previous work to try and create an
industrial-scale model for growing the alga Nannochloropsis to estimate the net
energy ratio and greenhouse gas (GHG) emissions created from manufacturing this
biodiesel. They found that microalgae biodiesel consumed 30% less energy for
production than soybean biodiesel (Batan et al., 2010). Algae production of biodiesel
also had some of the lowest GHGs emitted, but the carbon and nitrogen-based
fertilizers needed to grow algae produce large amounts of GHG. Despite this, Batan
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et al. (2010) found that microalgae bio-fuels can be more beneficial to the
environment than soybean-based biodiesel.
One possible solution to the issues identified above could involve combining
the processes of wastewater treatment and bio-fuel production with micro-algae.
Several studies have shown this to be a cost effective way to give the micro-algae the
nutrients they need without using a freshwater source such as a river or other
tributary. For example, Johnson and Wen (2010) analyzed an algal culture system
where algae were grown on a solid surface to produce macro-algae with the purpose
of producing bio-fuel feedstock, which were found to be less expensive and had a
better yield compared to a suspended culture system. Dalrymple et al. (2013)
determined that wastewater can be a great resource for bio-fuel production, but high
concentrations of the waste reduce lipid production. In another study, Fortier and
Sturm (2012) found that it is feasible to create algal ponds within one mile of
wastewater treatment plants in Kansas and that the proposed production of bio-fuel
from these ponds could meet 29% of the demand for liquid fuel for Kansas.
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Brief History of Biofuels
Biofuels are not as recent a discovery as one might believe, with over three
centuries of research work on biofuels. Biofuels were the first liquid fuels used by
humans (Singh, 2013). Vegetable fuels were used for thousands of years before it
became widely used commercially for lighting up streets and lanterns in the 1700’s.
In the 18th century, most fuels used for lighting lamps and were derived from plant
material. Two of the competing fuels were from whale oil and lard oil, while the
leading fuel for the lamps was camphene, a combination of ethanol, turpentine and
camphor oil. By 1830, camphene had taken over much of the fuel industry. Cheaper
to produce and providing better light, many distilleries were created to provide the
ethanol for fueling the lighting needs of Europe and the United states by 1860.
Petroleum was discovered only a year before in 1859. While whale oil and lard oil
were still being used and keresone had just started to become known, camphene
outpaced them in sales.
Table 1: A breakdown of historical fuel prices.*
18th Century Oils
Oil

Price per gallon

Materials

Camphene

$0.50

Ethanol, turpentine, camphor oil

Lard Oil

$0.90

Animal Fat

Whale Oil

$1.30 - 2.50

Animal Fat

* Singh, B.P. (2013). Biofuels in History. Biofuel Crops Production, Physiology and Genetics, CABI.
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However, in 1862, the US congress passed a new law to tax ethanol
production an extra $2.08 per gallon. The law was meant to tax alcoholic beverages,
but given its vague language, the law applied to camphene as well. The tax supported
petroleum based fuels while forcing new costs onto camphene sources (Singh, 2013).
Most of the distilleries created solely for the purpose of creating fuel were forced to
close (Singh, 2013). Petroleum took over as the main source of fuel for the United
States.
Without the tax in Europe, and with few natural oil deposits to work with,
biofuel was able to compete with petroleum. German Emperor Kaiser Wilhelm, or
Wilhelm II, developed a government program to produce large-scale production of
energy independent biofuel for his country. The idea was to push economic value
into farming while also providing a cheaper source of food. The program was put
into place in 1899. Germany was the first country to create a large-scale biofuel
industry using fuel from potatoes. In 1930, a tariff on foreign oil was also put in
place to discourage the use of petroleum products, while promoting research into
using biofuel to power automobiles, trucks, and even locomotives. According to
Singh, in 1906, about 72,000 distilleries operated, of which 57,000 were small farm
based operations (Singh, 2013). There was even promotion by the Germany
government for ethanol powered household products, linking together the entire chain
of energy. Yet the system developed by Wilhelm II was later replaced by electricity.
Before World War I, France’s ethanol program was supported by the Ministry
of Agriculture and raised biofuel production from 2.7 million gallons to 8.3 million in
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over 5 years. France did not create a large-scale production program like the
Germans, but instead aimed to support their ethanol derived from sugar beets and
drive down production of other crops. After World War I, France adopted a
mandatory blending law that called for a 25% blending of gasoline fuels with ethanol.
Biofuels use peaked in 1935 at 406 million liters, accounting for over 7% of all fuel
use, and declined to 194 million liters by 1937 due to poor harvests (Egloff, 1939).
The hard work in Germany and France did not go unnoticed by the US at the
time. German’s interconnected system even sparked an investigation by the US
congress in 1896 into an agricultural based fuel generation and a debate that went on
for a decade. The automobile industry was taking over, taking away jobs and some of
the economic market from farmers. The promise of being able to fuel the vehicles
taking their jobs had farmers supporting the idea of growing crops for ethanol
production. The oil industry had a monopoly going, driving down the price of oil so
that hardly any could compete. Even with the 1862 tax repealed by President
Theodore Roosevelt, the remaining government regulations put in place from
prohibition agents made the cost to produce ethanol too high. With the low price of
petroleum products and the opposition to ethanol production by prohibition politics,
biofuel was unable to regain a foothold in America for many years.
The promise of biofuels never truly died out. Fuel shortages during both
world wars lead to research into alternative food and fuel sources during the 1920’s to
1950’s. It was during this time that microalgae first was introduced as a possible
candidate for fuel production, where as ethanol based fuels had been the top proposed
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biofuel source as we can see above. Harder and von Witsch, German researchers,
were the first scientists to suggest microalgae, particularly diatoms, might be suitable
to generate lipids for both food and fuel (Harder and von Witsch, 1942). Aach (1952)
was the first to perform a detailed study to cultivate algae for this type of research.
Aach discovered that nitrogen starvation can lead algae to increase their neutral lipids
during stationary phase of growth, research that is still used today to try and boost
promising species into higher lipid production (Aach, 1952; Borowitzka and
Moheimani, 2013). A redrawn graph of their research can be seen below, showing
how the study strain, Chlorella pyrenoidosa, was able to increase the dry weight lipid
concentration from 20% to 70%.

Figure 1: Changes in proximate composition of Chlorella pyrenoidosa in batch culture showing
accumulation of lipid as nitrogen is depleted (Redrawn from data in Aach, 1952) (Borowitzka and
Moheimani, 2013).

Despite the evidence showing algae could accumulate a high level of lipids, it
was also understood that the actual lipid productivity was low. With the Second
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World War over, the need to look for alternative fuels waned, and research changed
focus. Alga was then hailed as a possible solution to starvation, particularly a strain
of Chlorella with its high protein content (Spoehr and Milner, 1948; Spoehr and
Milner, 1949; Geoghegan, 1951). However, the hope was short lived, when it became
clear from the research that the algae had very specific growing conditions, showing
it was not robust enough to survive outside of laboratory conditions at that time.. The
cost for separating by a centrifuge and drying the algae were high, on top of the
realization that it could not be ingested without further processing. The methodology
needed to extract the nutrients would come in the 1960’s.
Algae research continued in both small scale and large scale around the world,
most of which used Chlorella. Large-scale production needs and engineering
requirements took place in the USA at Stanford Research institute from 1948 to 1950
(Cook, 1950; Burlew, 1953). It was the study in 1951 that took place at Arthur D.
Little Inc. in Cambridge, Massachusetts, USA that was the first significant outdoor
pilot plant to take place. Two types of closed bioreactors, not yet called that at the
time, were crafted and tested (Anon, 1953; Borowitzka and Moheimani, 2013). The
experiments with each system took place in succession, with the first design being
used first during the months of July through October. This study is remarkable
because it showed that long term outdoor algae cultivation and media recycling was
possible, while at the same time highlighting many now well known issues with
closed photobioreactors. Germany developed a study at the same time, facing a
similar issue with contamination by protozoa and other algae species. Their design,
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however, was with two large tanks with lined plastic trenches in a glass house. They
discovered that the contamination was dependent on the growing conditions and
media. Control of cyanobacteria contamination, for example, was achieved by
lowering the amount of calcium concentration in the media. Large scale outdoor
cultivation of microalgae started in 1951 in the Netherlands and in 1957 in Russia and
in Florence, Italy.
All of these studies, along with the research that took place in Japan around
the same time period, lead to methods used currently in large scale commercial
production and identified most of the key issues still facing any attempts at
commercial-scale microalgae production. (Borowitzka and Moheimani, 2013). One
such issue was algae hardiness. Sasa et al. (1955) also were the first to do a detailed
study of the seasonal variation in algae productivity over a whole 12 months period
using a range of strains with different temperature tolerances. They demonstrated
that, for year round culture, the species must have a wide temperature tolerance (Sasa
et al., 1955; Borowitzka and Moheimani, 2013).
Another new type of algae research began making headway at this time. It
was William Oswald and his colleagues at University of Berkeley, California who
revitalized microalgae mass culture research in the United States after it had subsided
in the mid-1950’s (Oswald et al. 1957; Oswald and Golueke, 1960). Oswald and
Gotaas were pioneering the use of algae for wastewater treatment. Oswald et al.
(1953) had published their research on the beneficial oxygenating properties of algae
in sewage oxidation ponds (Borowitzka and Moheimani, 2013). In 1957, Golueke et
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al. began proposing the use of algae grown in wastewater to then be used for the
production of methane as a combustible fuel for electrical energy production. Algae
wastewater treatment research has continued to this day, but the fermentation of the
biomass for energy production was largely forgotten. In 1969, Oswald and his
colleagues at Berkeley created a meandering pond in Richmond, California. Many
large-scale wastewater treatment ponds were created from the research generated in
Richmond, and they are still in operation to this day (Oswald, 1988). Many facilities
dictated to growing algae in open ponds are based on designs created by Oswald.
One such example is the work on algae wastewater treatment commenced by Shelef
in the early 1970s with the construction of a 300 m 2 pond in Jerusalem modeled on
Oswald’s design (Shelef et al., 1973).
There was a marine counterpart conducting similar research to Oswald in
1971 on the other side of the USA. John H. Ryther and colleagues at Woods Hole
Oceanographic Institution, Massachusetts built two small circular ponds, along with 6
small ponds mixed by six small pumps (Goldman and Stanley, 1974; Goldman and
Ryther, 1976; D’Elia et al. 1977; Goldman, 1979). The small ponds were used for
outdoor experiments.
From 1960 to 1970, the major findings and work in algae culture were focused
on commercial production of microalgae for nutritional supplements and
nutraceuticals. While the research was important, it was not until 1980 that a major
effort was made in the US with algae research towards microalgae being studied for
use as an energy source. It was the US Department of Energy that began this with the
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‘Aquatic Species Programme (ASP)’ in 1980. The main goal of this initiative was to
develop algae as sources of liquid fuels able to compete with petroleum based
products. Some earlier reports conducted Benemann and coworkers had suggested
that this was possible (Benemann et al.,1977; Benemann et al.,1978). Sheehan et al.
(1998) gives a detailed summary of the history and major conclusions reached by the
program in their 1998 report. Sheehan et al. was the first to point out the possibility
of biomass production and lipid accumulation being mutually exclusive based on the
two factors being controlled by opposing nutrient states, nutrient levels being optimal
versus nutrient level limitation. Most of the research studies in the program were
positive, showing high yields for biomass and algal lipids, as well as supporting the
idea that there were no fundamental issues with engineering these large outdoor
systems. However, the yields were below the theoretical limits proposed, and below
still the level needed for them to be economically-viable. The last part they stated in
their report was the only plausible application of microalgae biofuels production is
with integration of wastewater treatment. In cases where the two are integrated, the
economic and resource constraints are relaxed enough that it should hopefully
become viable.
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Conventional Wastewater Treatment Systems
In the introduction, conventional wastewater systems were briefly mentioned.
In this section, we will overview a variety of contributing background information to
give a more in-depth explanation for the pursuit of this research.
In order to understand why algae can be used for water treatment, we must go
over what is already being done in terms of conventional wastewater treatment.
According to the United States Environmental Protection Agency, Wastewater
treatment is a form of pollution control. It helps to protect national waters, as
facilities will either discharge to a natural water source or for reuse. Conventional
treatment systems speed up the natural process of microorganisms treating the water.
In the case of conventional treatment, this means bacteria are the organisms acting on
the wastewater. There are two stages to this treatment, Primary and secondary.
In Primary treatment, the first step is the removal of solids in the water that
cannot be digested. This is done by a screen placed to filter out larger pieces of
debris. The water then flows into a grit chamber, where all smaller heavy particles
sink to the bottom. These particles include small stones, sand, and even cinders. At
this point the water still contains many dissolved organic and inorganic solids, along
with a few other solids suspended in solution. The water moves into the next part of
the process, the sedimentation tank. The flow of the water is controlled as such here
to slow down enough that the solids settle out of the water down to the bottom of the
tank. The process is gradual and takes several hours to complete. The settled solids
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form a mass called raw primary biosolids. These biosolids are removed via a
pumping system, and can either be further treated to destroy possible harmful
pathogens and used a fertilizer, incinerated, or disposed of in a landfill. Primary
treatment is not enough to get the water to discharge safe levels, which is why over
the years secondary treatment began to be utilized (Fig 2).

Figure 2: Process of primary treatment of conventional water treatment systems (from EPA1998).

Secondary treatment is the process of using the bacteria present in the
wastewater to remove roughly 85 percent of the organic matter still present in the
wastewater. There are two principle methods used for this part of the treatment cycle:
the trickling filter and the activated sludge process. The first step for either method is
the same, once water either flows or is pumped out of the sedimentation tank, it
moves into another part of the facility with the equipment for the process. In the
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tricking filter process, it is a filter of various stones that allows the sewage to pass
through, filtering out slowly. These can vary from three to six feet deep. The stones
provide surface area for the bacteria to grow and consume the unwanted organic
matter in the water. This process must be contained, as it releases biogases into the
environment from the cellular respiration of the bacteria. After the water has passed
through the filter, it is moved to another sedimentation tank to remove the excess
bacteria that have been allowed to accumulate.
The other method, more often used today, is the activated sludge method.
This process is faster than the trickle method because there is a larger base of bacteria
introduced than on the stones in the trickle filter. It incorporates aeration of the water
and exposure to highly bacteria laden sludge. The water moves into an aeration tank,
where it is mixed with the sludge and air and then allowed to sit for hours. The
process produces billons of bacteria, while those bacteria breakdown organic
compounds into harmless byproducts. The sludge can then be reused for treating
more influent, while the partial treated sewage water is moved into another
sedimentation tank for the removal of the excess bacteria (Fig 3).
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Figure 3: Secondary treatment method for conventional water treatment systems: activated biosolids
process (from EPA1998).

The secondary process is not complete until the water has been cleared of all
coliforms. Coliforms refer to all bacteria and microorganisms present, not just those
that are harmful. The reasoning behind the total removal is it is very difficult to
determine out of the billons of bacteria now present, if they are all safe or pathogenic.
Testing for E. coli specifically is a method used by the industry to try and determine
whether or not detected coliforms will be harmful, but it will not ensure that other
harmful bacteria are not missed. The most efficient way to ensure safety is the
removal of all coliforms. Chemicals are utilized in order to kill the bacteria, most
commonly use of those is chlorine. Chlorine reduces the odor as well as eliminates
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99 percent of the possibly harmful bacteria. However, many states require that
another step be taken if chlorination takes place to ensure the safety of surface waters.
Dechlorination, the removal of chlorine from water, can be done by adding another
chemical, Sulfur dioxide. There are alternative methods for killing off the bacteria,
such as Ultraviolet light or ozone, which avoid the use of chlorine disinfectant.
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Algae Wastewater Treatment
How is algae treatment different from the bacteria? Algae need sunlight and
some type of movement to keep them from shading themselves from built up
biomass. While there will still be some type of screening to remove most of the dirt
and indigestible solids, instead of moving into an enclosed sedimentation tank, the
water is moved into was is called a fluctuation pond (Oswald, 1990).

Figure 4: The basic biological interactions in a facultative pond (from Kiepper, 2013).

This pond has two layers: an aerobic layer on the top and an anaerobic layer
below. The aerobic layer is where light and air are present and the algae species can
grow. The bottom layer is anoxic. Organic solids will settle and anaerobic bacteria
grow (Oswald, 1990). The pond itself can range from 2 to 5 feet deep, with up to
three to five feet of free space to account for wave action (Kiepper, 2013). These
organisms co-habituate in the fluctuation pond, breaking down digestible debris and
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the algae photosynthesizing and producing oxygen. The organic material is broken
down in the anoxic layer by the bacteria, and the algae further uptake those free
nutrients (Oswald, 1990). With the addition of oxygen produced by the alga, the
pond can remain open, unlike in typical treatment systems, which are all enclosed.
Most systems still produce some negative odor despite being enclosed, and it is quite
detectable. The oxygenated layer provide by the growing alga mitigate this (Oswald,
1990). The other benefit of the oxygen is for the algae to help aerobatic bacteria to
survive and further reduce and breakdown solids.
Once the water has had time to settle out most of its remaining solids, it is
moved into the next part of the treatment, a high rate algal raceway or pond. This fast
moving raceway is recommended to be pushed along with paddle wheels to lower the
energy cost in maintaining the facility (Oswald, 1990). Algae here bloom, producing
greater amounts of oxygen and further removal of nutrients. The large volume of
oxygen starts to kill off anaerobic bacteria, while allowing aerobic to survive and
break down any leftover organic (Oswald, 1990). Some of this oxygenated water is
fed back into the fluctuation pond, to feed the aerobic layer on top and continue to
drive the reactions forward. Some algae will settle out of solution in the high rate
pond to create what Oswald termed algae sediment. He pointed out that this would
not harm the process as those algae who settle out of solution would likely be
hibernating (Oswald, 1990). The settled alga would not start to decompose and
release the nutrients they had collected.
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The second to last stage of an algae controlled wastewater treatment system is
to harvest the majority of the algal biomass. The water from the high rate pond is
sent into a settling pond. This can be aerated or mixed. The algae settle to the bottom
of the pond, sometimes helped with a clarifying agent at times. The water is siphoned
off to the final treatment phase in a maturation pond (Oswald, 1990). Meanwhile the
harvested algae are laid out to dry out the excess water for other possible uses. In
Oswald's 1990 paper, he said the nutrient rich algae made a great candidate for
fertilizer. The Delhi plant at the start of this study had been looking for an alternative
approach to dealing with the dried algal biomass, as they had such a large abundance.
The maturation pond is the last step in the algal water system. The water in the
maturation pond can either be further disinfected or applied to agricultural land
(Oswald, 1990). It is not suitable for drinking water, as that would require more
processing. Most municipal or industrial water treatment facilities require further
treatment in order to reach clean drinking water standards, such as reverse osmosis or
ultraviolet light.
These ponds and raceways are recommended to be a certain size and depth for
small community service. Algae treatment method facilities have the negative
drawback of taking up a large amount of land, though that is mitigated by the ability
for them to be built on fallow ground. Combining the process of wastewater
treatment with producing an energy product would help to alleviate the financial
impact creating a facility (Oswald and Golueke, 1960).
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Objectives
While combining the two processes presented above seems to be the key to
making algae biodiesel feasible, the practicality of this combination needs to be
considered more closely. Do the species of microalgae selected for bio-fuel
production also make good choices for wastewater treatment, or vice-versa? The
objective of this study was to take strains of algae that are commonly found in
municipal wastewater treatment plants and compare their abilities of absorbing
nutrients to that of a freshwater species of microalgae selected for biodiesel
production. To test the feasibility of combining production of biodiesel and
wastewater treatment by microalgae, a sample of three native algae found at the
municipal water treatment plant located in Delhi, CA was extracted and grown in
artificial wastewater alongside the model biofuel producing species, Chlamydomonas
reinhardtii. Chlamydomonas reinhardtii, is a natural freshwater alga believed to have
a high potential of lipid production (Dr. Mark Heinnickel, Stanford University,
personal communication, 2013). I tested this alga’s ability to reduce nutrients in the
effluent from a wastewater facility by examining nitrogen and phosphorus reduction
in wastewater. Once the algae were grown, they were harvested and turned into
biodiesel.
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Hypotheses
There are three hypotheses that were tested in this study. My first hypothesis
was that C. reinhardtii (CR) would survive in artificial wastewater, but not produce
as much biomass as the native species (WA) of the wastewater treatment plant. The
null hypothesis is there would be no difference in growth rates between either strain.
Second, I hypothesized that CR and WA would both remove nutrients from
the water, but the native species would remove greater amounts of nutrients. The null
hypothesis is that there would be no difference in performance between the two
species
Third, I hypothesized that CR would produce more lipids than WA. Much
research has shown that in order to get algae to produce the maximum amount of
lipids, it needs to be deprived of nitrogen to force it into a starvation state where it
will start to store up energy to protect itself (Rodolfi et al., 2009.; Baxter, 2012;
Woertz et al., 2009.; and Dalrymple et al., 2013). However, such conditions are not
possible in a wastewater treatment facility. Since this study is focused on both
biofuel production and wastewater treatment, the algae will not be nutrient starved.
The research will test the algae’s natural amount of lipids produced under artificial
wastewater treatment.
Gas Chromatography was used to determine if FAMEs (fatty acid methyl
esters) were present in the biodiesel samples. This was to ensure that the acid
transesterification took place and the reaction went to product.

METHODS
Algae Samples and Culture Conditions
Before any experiments could begin, algae samples had to be obtained. C.
reinhardtii was ordered from Connecticut Valley Biology Company grown on an agar
slant. Using sterile method, a robust algae cell was taken to inoculate a 473 ml sterile
glass jar. This was covered with an air-permeable plastic to avoid contamination and
put in natural light to allow it to grow.
For the wastewater strains, samples were taken from the maturation pond at
the Delhi Wastewater facility on October 15, 2016 and put into three glass jars with a
fertilizer solution. The concentrated solution of 40 ml of sterile water had 0.267
grams of 6-8-10 fertilizer added. Four ml of the concentrated solution was added to
400 ml sterile water, as this blend provides similar nutrients as a media tailored to
algae growth (initial conc. N: 4.01 ppm, P: 5.34 ppm)(Connecticut Valley Biological
Supply Co., Inc. 2016; Simple Miracle Grow Isolation Media, 2013). The
Connecticut Valley Biology company recommended growing their provided algae
sample in a standard algae growth media, Bristol’s and Metals. Comparing the listed
ingredients and their relative concentrations, I was able to make a more cost effective
alternative fertilizer solution to build a starter culture (Simple Miracle Grow Isolation
Media, 2013). The samples gathered from the Delhi Wastewater facility needed to be
grown into a stock solution to draw from in case the algae in the study did not survive
the artificial wastewater.
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As the maturation pond had the least amount of foreign bacteria present, it
was used for extraction. Each starter culture had a different sanitizing treatment to
remove any unwanted organisms. The one selected for testing was the jar with 0.5
grams of iodine added to help eliminate any unwanted bacteria, group WA. The
wastewater algae strains in WA were keyed out to Eudorina sp., Chlorococcum sp.,
and Fischerella sp.
Table 2: Starter wastewater strain algae cultures and treatments
Title

WA
WT
WW

Strains
Wastewater species (maturation
pond, Delhi) Eudorina sp.,
Chlorococcum sp., Fischerella sp.
Wastewater species (maturation
pond, Delhi)
Wastewater species (maturation
pond, Delhi)

Treatments

0.5 g Iodine in Fertilizer Solution
0.15g ciprofloxacin HCl (from a 250 mg
tablet) in Fertilizer Solution
Fertilizer Solution

A pilot study was conducted using the starter cultures grown and inoculated in
6 flasks with artificial wastewater to determine if the algae strains would grow in the
wastewater (Fig 5) (OECD, 2001). For this pilot study, both the C. reinhardtii jar and
wastewater jar were taken to CSU Stanislaus in November to inoculate the
experimental flasks. Using sterile technique, 15 ml of each inoculate were transferred
into three 125 ml Erlenmeyer flasks filled with 80 ml artificial wastewater (Fig 5)
(OECD, 2001). Both the flasks and the wastewater media were put through an
autoclave at 121° C before adding the cultures to ensure no bacterial or fungal
contamination. The flasks were kept at 22° C under constant motion in a water bath
orbital shaker at 150 RPM, under constant light from a heat lamp for two weeks (Fig
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6). Using the orbital shaker allowed the temperature to be kept at 23-25° C, the ideal
range for algae growth.

Figure 5: Six 125 sample flasks with artificial wastewater in pilot study. Three flasks inoculated with
C. reinhardtii are in the flasks with green tape. Wild strains from Delhi are contained in the flasks in
the back row, labeled WA.
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Figure 6: Experimental set up for pilot study in CSUS microbiology lab. Pilot study had an orbital
shaker with heating lamp as light source.

While this pilot experiment was taking place, three larger flasks were
inoculated with 75 ml of sample into 300 ml of artificial wastewater (AWW), two of
the wild strains, labeled as WA and one of C. reinhardtii, labeled as CR (Fig 7).
These were created to increase the amount of algae into a large enough batch to
inoculate two gallon-sized plastic tanks for the later experiments.
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Figure 7: Three larger flasks filled with stock cultures for experiment 1 inoculation.

Samples of 2 ml were taken from the algae cultures Monday – Friday for two
weeks to measure the absorbance to determine the growth rate of the two different
algae. Absorbance readings were taken using the spectrophotometer in the 680 nm
range, using artificial wastewater as a blank.
Cell counting was also used to determine if the number of cells was increasing
over time. The algae cells were counted on a Hausser Scientific Bright Line
hemocytometer, using the center square to account for the large number of cells
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present (Hausser Scientific). As this was a lengthy process, one flask from each algae
strain was chosen to be monitored this way daily, CR a and WA c.
Table 3: Summary pilot study flask cultures.
Flask names

Strains
Wastewater species

WA a

(Eudorina, Chlorococcum, Fischerella)
Wastewater species
(Eudorina, Chlorococcum, Fischerella)
Wastewater species
(Eudorina, Chlorococcum, Fischerella)
C. reinhedtti
C. reinhedtti
C. reinhedtti

WA b
WA c
CR a
CR b
CR c

Figure 8: Glass hemocytometer (Nexecelom).

Figure 9: Filling hemocytometer with sample (Nexecelom).
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Figure 10: Algae counting with hemocytometer (Nexecelom).

Figure 11: Cells under a microscope on a hemocytometer (DeLange, 2013).
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Experiment One and Two: Dry Weight and Water Testing
After twenty days of incubation, all the flasks of C. reinhardtii flasks were
consolidated, as were the wastewater flasks, into larger flasks and transferred using
sterile technique into large plastic containers.
The tanks were filled with four liters of AWW each, and 125 ml of the starter
flask inoculate (Fig 12 and 13). The tanks were placed into the CSU Stan
greenhouse, with air bubbled into them via an air pump and round air stones. The
temperature of the media fluctuated from 10oC to 25oC over the course of a day (Fig
14). Samples of approximately 40 ml were extracted every other day from the tanks
to test for biomass produced and amount and type of nutrients in the water. Samples
were centrifuged to separate the algae biomass from the water. The water was tested
for its orthophosphate and total nitrogen levels, and the separated algae pellets were
placed into porcelain crucibles and put into a drying oven overnight at 108 oC
(Pecegueiro do Amaral, 2012). The dry mass of the alga were recorded on the second
day of drying.
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Figure 12: Chlamodyous reinhardtii inoculated 4 liter tanks, day 1.

Figure 13: Wastewater strain sample inoculated 4 liter containers, day 1.
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Figure 14: Experiment 1 set up in the greenhouse, with bubbling stones in place.

The nutrient load of the water medium was determined with orthophosphate
and nitrogen test kits from LaMotte. Both were colorimetric tests, yielding parts per
million, ppm. The kits came with a standard to compare to for determining the level
present in the samples. This was not known before the experiment, as it was not
mentioned in any literature, but the aeration used to keep the algae moving and from
shading each-other added nitrogen to the water. However, after the experiment was
complete and the LaMotte company consulted, it was determined that the nitrogen
levels were too high to accurately ascertain the amount present in the water with the
test kit. The limit of the range of the test kit was 0.4 mg/L to 2 mg/L. The solution
was well above that range at 30 mg/L. The results were therefore unreliable. The
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nitrogen results were discarded, and the phosphate was used solely for the
determination of the algae's effectiveness at absorbing nutrients.
After two weeks of data collection, algae harvest took place on December 16
and 17, 2015. An aluminum starch solution, from the Dober company, which is a
chemistry company that provides sustainable and eco-friendly products, provided by
my contact Reed Semenza, was added to try to make the algae clump. This is the
standard solution used at the Delhi plant to help with separating the algae from the
water. The solution allowed most of the algae to be gathered. The rest of the algae
were harvested by scraping the sides and bottom of the tanks, before draining off the
liquid into 250 ml centrifuge bottles. Six bottles were run at a time, until all the
remaining liquid had been drained from the tank. The algae samples were put into 50
ml plastic Falcon tubes, centrifuged and consolidated into 12 tubes, 2 per tank. The
50 ml tubes were frozen at -20°C for storage until they could be analyzed for their
biofuel potential.

Figure 15: The 50 ml Falcon tubes containing consolidated algae samples from harvesting tanks.
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Experiment Three: Biofuel Potential
Algae were analyzed by gas chromatography (GC). The Gas Chromatograph
used was the GC HP 5890 Series II. In order to determine if they could be analyzed
on the column present in the machine, the GC apparatus had to be tested with B100
biodiesel to see if the column already installed could properly separate the individual
peaks of the chemical compounds. The B100 biodiesel was provided by a local
biodiesel company, Community Fuels. The column used for all standards and
samples was HP- 5 m (Crosslinked 5% Ph Me Silicone) 25 m x 0.32 mm x 0.17 um
film thickness.
Samples were stored for two months before they were transferred to 1.5 ml
plastic conical vials and dried using a rotoevaporator at 40oC for four hours. Once
allowed to cool, the algae were grounded to create a homogenized mixture with small
particle size to allow for the best reaction during transesterification. They were stored
again at -20oC until ready to be measured out and used.
After the GC was optimized for our experiment, standards were ordered to follow

the method produced by the 2015 updated procedure by Waychen and Laurens
(2015). The alga samples were grounded, dried by vacuum overnight, with the
weight taken the next day. Each sample was investigated in triplicate.
Weeks before the alga samples were investigated, Fatty Acid Methyl Ester
(FAME) standards filled to proper dilutions with the same prepared internal standard
were run on the same GC and with the same conditions to create a calibration table.
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Using this graph the retention times of the individual FAMEs and the position of the
internal standard, the amounts of the FAMEs and composition of the FAME profile
were able to be determined. A calibration curve was graphed for each standard to
help with determining the amount of the unknown FAME concentrations in the alga
samples (Fig 16 and 17).

Figure 16: Standard calibration curve carbon 8

Figure 17: Standard calibration curve carbon 10

In order to determine the amount of unknown FAMEs present in the extracted
samples, a calibration table was made using a series of dilutions of a known mix of
standards. FAMEs standards mix C:8-C:24, 100 mg, by Supelco from Sigma-Aldrich
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was diluted with hexane to make a base mix of approximately 10 mg of FAME to 25
ml of hexane (Lot number: XA17562V). Portions of this mix were then diluted to
create four different levels, and one level undiluted, for a total of five levels of
increasing concentration (Appendix A). The theoretical amount present of each of
the 14 carbons in the standard mix was calculated using the supplier’s information,
and then used to determine how much was present in the dilutions. An internal
standard was also prepared to verify recovery of the extracted unknowns. Ten mg of
tridecanoic acid methyl ester from Sigma Aldrich was diluted with 10 ml of HPLC
grade hexane, and put into 1.8 ml clear gas chromatograph vials. Once prepared, 200
l of each level of standard had 5 l of a prepared internal standard added, and were
run on the machine to create the table. After the concentration table was completed,
the samples were ready to be run with a set amount of tridecanoic acid methyl ester
(15 L). The area of the peaks in the chromatograms and the retention times were
analyzed to compare with the unknown samples. The peak areas generated obtained
for the unknowns and their retention time were used to determine the amount of the
FAME in micrograms per microliter, g/l.
The day before use, 7 to 9 mg of dried alga sample, three for each sample
group, were measured out into 1.5 ml plastic conical vials to be completely dried
overnight in at 40 oC, to ensure that there was no residual moisture and to obtain the
weight of the dry samples. Several dry, labeled clear 1.8 ml GC vials were filled with
the dry alga samples. The dry weight had been recorded to the nearest 0.1 mg once it
was added to the vial. A mixture of 200 l of chloroform:methanol solution, 300 l
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of methanolic hydrochloric acid and 25 l of the prepared internal standard were
added to each of the vials of dried alga samples (Fig 18).

Figure 18: Sample GC vials containing dried algae samples, filled with chloroform:methanol solution
before transesterification.

Chloroform:methanol solution was added to break down the cell barriers to
make it easier to extract the oils. Using acid transesterification, methanolic
hydrochloric acid was added to the 1.5 ml vials holding 7- 9 mg of sample. To
undergo transesterification, the vials were then put into a digital dry block at 85oC for
an hour to heat the reaction (Fig 19). This changes the natural lipids present into fatty
acid methyl esters that can then be extracted with hexane in the next step (Fig 19).

Figure 19: Transesterification of algae samples in chloroform:methanol solution with concentrated
HCl:methanol added at 85°C in solid dry block.
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Figure 20: Samples of transesterified algae cooling, prior to hexane extraction.

Figure 21: Hexane addition to cooled algae sample vials for FAME extraction.

Using the parameters set up in the method produced by Waychen and Laurens, 1 l of
prepared sample was added to the GC and run for 23 minutes at 250 oC, changing over
time to allow for the separation of the different length carbon chains.
Using the position of the internal standard, tridecanoic acid methyl ester, and
the retention times of the FAME standards to compare to the rest of the peaks, the
amount of different length chains of FAMEs were able to be determined. Combining
the amount of FAMEs together for the total sum of FAME present in the sample and
dividing by the dry weight gave the percent of total FAMEs.
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Statistical Analysis
To test for significant differences between algae species’ biomass and their
ability to absorb orthophosphate, a two factor repeated measure ANOVA was used
utilizing the free statistical analysis package, Vasserstats with an alpha of 0.05
(Lowry, Richard, 2016). A two factor repeated measure ANOVA was used to
compare the differences in biomass production and nutrient absorption at each point
during the growth period before harvest. As mentioned above in the nutrient section,
the nitrogen results were not used as the results were determined to be unreliable.
This was due to the total nitrogen levels being above the ability of the test kit to
measure them with accuracy.
For the calculated percent of FAME produced, a one tail T-test with an alpha
of 0.05 was used to determine if there was a significant difference present between C.
reinhardtii and the wastewater strain. A one tail T-test was used for the FAME
results, as the samples taken were not repeated measure.

RESULTS
Experiment One: Nutrient Reduction

Orthophosphate uptake was significantly different between species.
(F24,23=28.07, p< 0.0001). The orthophosphate steadily decreased from 20 ppm for
all tanks over time, but with a much lower value for the wastewater species, hereby
known as WA, (12 ppm) than CR (16 ppm) (Table 4, Fig 22). On average for WA,
Orthophosphate showed a reduction of 40% compared to the 20% removed on
average by the CR. This shows that the algae were absorbing and lowering the
nutrients in the wastewater and supports the second hypothesis, that WA would
outperform CR at clearing the water (Fig 23).
Table 4: Orthophosphate levels of wastewater

Day
0
2
4
7
9
11
14
16

CR 1
20
20
16
16
16
16
16
16

Orthophosphate (ppm)
CR 2 CR 3
WA 1
WA 2
20
20
20
20
20
20
20
20
16
16
16
16
16
16
14
14
16
16
14
14
16
16
12
12
16
16
12
12
16
16
12
12
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WA 3
20
20
16
14
14
12
12
12
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Average Orthophosphate levels over
Time
Orthophosphate (ppm)

25
20
15
CR

10

WA

5
0
0

5

10
Time (Days)

15

20

Figure 22: Average Orthophosphate levels in ppm over the course of tank experiment.

mg of Phosphorus/L of Wastewater (ppm)

Comparision of Alage groups removal
of Phospate from Artificial wastewater
25

20

WA

15

10

5

0
Initial amount, Day 0

Day 16, after algae

Figure 23: Reduction of phosphorus due to microalgae activity in artificial wastewater

CR
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Experiment Two: Biomass Production
Biomass production was significantly different between CR and WA. (F20,21 =
infinity, p <.0001). The low p-value supports the experimental hypothesis, that there
is a significant statistical difference between CR and WA in terms of their biomass
production. WA produced a greater biomass on average than CR (Tables 5 and 6).
This refutes the null hypothesis of there being no difference between the algae growth
abilities. Figure 24 shows the changes in harvested biomass over the time the
experiment took place. On days 4 and 14, there was no overlap between the species,
with the wild strain having greater biomass on average (Fig 24 and in the tables
below marked with an *). It is clear that while there is a similar trend in growth and
decline, the actual individual biomass produced was significantly different. The
amount of algae that was harvested from the tanks at the end of experiment 1 and 2 is
shown by Table 7. Overall, WA tanks produced 2 grams more of biomass than the
CR tanks.
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Table 5: CR biomass production of algae samples over time in g/L.
CR species Biomass results over time g/L (Dry weight)
Day

CR 1

CR 2

CR 3

Average

2
4
7
9
11
14
16

0.02
0.03
0.18
0.25
0.16
0.09
0.08

0.02
0.05
0.09
0.28
0.20
0.08
0.10

0.01
0.03
0.11
0.28
0.13
0.07
0.11

0.02
0.04
0.12
0.27
0.17
0.08
0.10

Std. dev.
0.005
0.011
0.045
0.019
0.032
0.014
0.013

Table 6: WA biomass production of algae samples over time in g/L.
WA species Biomass results over time g/L (Dry weight)
Day

WA 1

WA 2

WA 3

Average

2
4
7
9
11
14
16

0.01
0.06
0.09
0.27
0.18
0.12
0.11

0.02
0.09
0.11
0.24
0.23
0.15
0.17

0.04
0.06
0.11
0.30
0.26
0.16
0.11

0.02
0.07*
0.10
0.27
0.22
0.14*
0.13

Std. dev.
0.011
0.015
0.012
0.028
0.039
0.020
0.033

*Days were there was no overlap between species biomass and standard deviations.
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Average Biomass productivity of algae
0.35
0.3
0.25

g/L

0.2
CR

0.15

WA
0.1
0.05
0

0

5

10
Time (days)

15

20

Figure 24: Average biomass produced over sixteen days for CR tanks and WA tanks.

Table 7: Individual tank harvest summary with wet weights taken before storage.

Tank

Harvest from each tank (in grams)
Wet Weight
(grams)
Average (grams)

CR 1

3.75

CR 2

6.82

CR 3

6.45

WA 1

8.23

WA 2

6.59

WA 3

8.02

5.68

7.62
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Experiment Three: Biofuel Production
Using the peak area taken from the gas chromatograph (Appendix B) and the
example calculations provided by the Braden Crowe from the laboratory department
in CSU San Luis Obispo, I was able to isolate FAME signatures for the algae. The
peak area was calculated by the gas chromatograph’s attached computer software, by
setting a point at the base of the peak and then clicking at the top of the peak’s curve
to set the end point. Using the standards and their peaks (Appendix C) to create
retention factors and calibration curves, I was able to convert the peak area for the
FAME in the individual samples into their relative amount in micrograms (Waychen
and Laurens, 2015). The amount of each individual FAME produced was added
together for the total produced by the algae. The dry weight was then used to
determine how much of the total weight was fatty acid methyl esters, and therefore
the amount of biofuel the algae had produced. The following results were split up
into the two main areas with determining biodiesel feedstock quality, the
characterization and the amount of FAME produced.
Fame Characterization
Both algae had FAMEs in the 16 carbon and 18 carbon range, meaning the
backbone of the molecules had 16 or 18 carbons in its chain, as those chains are the
major mid-length chains produced and used for biodiesel. However, CR had many
smaller unknown 16 and 18 carbons, along with several in the 14 and 15 carbon
ranges, with a total of 22 different carbon chains. WA had a total of 12 different
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carbon chains, and while it had less variety of 16 and 18 carbon length chains, it had a
larger percentage of the 18 length carbons present. All of the peaks for both groups
were small, however. The smaller the peak, the lower the amount of FAME is
present in the sample, as can be seen in the results of the percent of Total FAME
produced versus the alga FAME composition. Despite having fewer overall carbon
chains, WA samples had larger amounts of the two 18:3 mid-length carbons, leading
it to having a larger average percent of 18 length carbons in the FAME profile (Fig
25).

Percent of FAME out of Total
recovered FAME

80
70
60
50
40

CR3 B

30

WA3 B

20
10
0
C14

C16
C18
Carbon Groups organized by Length

C24

Figure 25: Percent recovered FAME carbon groups from total present in samples. The total recovered
FAMEs were sorted into carbon groups based on the length of the carbon chain. The totals were
divided by the sum of the total FAME to determine the percent of the individual groups present in the
sample. An average of the three samples for each testing group was calculated in order to produce this
graph. This does not represent the amount of FAME present in the sample. It is a comparison between
the samples of their carbon profiles.
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Fame Production
For the total FAME percent by weight, both strains came out to have similar
values. The average percent for CR was 3.44% with a standard deviation of + 0.13
while WA was 3.23% and a standard deviation of + 0.08 (T test p=0.13)(Fig 26.)
This supports the null hypothesis of there being no difference between the green algae
species.

Average Percent Overall FAME (%) by weigh

Comparison of FAME percentage by
dry weight
3.5

3.3

3.1

CR3 B

2.9

WA3
B

2.7

2.5
Algae species

Figure 26: Comparison of average percent total FAME produced between CR and WA.

DISCUSSION
The main goal of this thesis was to explore the feasibility of using microalgae
to treat wastewater while at the same time harvesting it for a sustainable source of
biodiesel. The three objectives of this thesis were to determine if the species
naturally present in Delhi’s wastewater treatment facility (WA) could be used for
biofuel production, if CR could survive in wastewater to be used as a seed, and if the
species could clear the water of unwanted nutrients. The three hypotheses were tested
in this study: 1) the WA would outperform CR in clearing the wastewater of
unwanted nutrients, 2) the WA would produce more biomass than CR, and 3) that CR
would outperform WA and produce more FAMEs. It was shown that CR could
survive and grow in artificial wastewater in the pilot study. Hypothesis 1 and 2 were
supported, while hypothesis 3 was not.
For the main experiment comparing the biomass production, the wastewater,
natural light and shifting temperatures were very similar to what the algae would have
experienced at the wastewater treatment facility. Looking at the graph and comparing
the patterns seen for the biomass over time, we can see a natural life cycle of an algae
culture (Fig 27).
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Figure 27: Life cycle of algae culture (adapted from Food and Agriculture Organization of the United
Nations, 1996).

Green fresh water algae are well researched and known to reach the peak of
their exponential growth phase around seven days, a time suggested to move a culture
into a larger container to continue the exponential growth phase (Food and
Agriculture Organization of the United Nations, 1996).
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Figure 28: Algae tanks visual data, from day 2.

Figure 29: Experimental tanks on day 7.
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The algae had started the exponential growth phase on day 6 and continued to
increase. The result of this growth rate increase is seen by the sampling results on the
biomass from day 9. A decrease is seen four days after based on the average
extracted biomass. The algae had reached stationary phase and was starting to
decline. This is why in the graph the algae biomass starts to decline. The algae had
started to rest on the bottom, or clinging to the sides away from the bubbler, which
made it more difficult to harvest (Fig 30). Living algae stayed floating in the water
column.

Figure 30: Tank CR3 on day 11.

The decline helps to explain why the amount of orthophosphate stopped
declining after day 10 of the first experiment. The algae were no longer growing and
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consuming the nutrients present in the water. According to the FAO Manual on the
production and use of live food for aquaculture, the key to keeping cultures alive is to
keep them in the exponential or second phase of growth (Food and Agriculture
Organization of the United Nations, 1996). While this is excellent advice for keeping
a lab culture going, it was not practical for part this feasibility experiment, which was
meant to determine if the algae are having an effect on the nutrient levels. Some
death of the algae takes place at the treatment facility as well. Oswald (1990) admits
to this happening in his design for algae treatment. This change in state does show
that the death of the algae was naturally occurring and not a result of an outside
complication impacting the results.
There are factors that could have affected the biomass production results. Cell
size was different between the species, example: CR measure to be about 2 um. One
species of wastewater was larger than all the rest, at about 3 um. However, in the
final overall wet harvest from the growth tanks, there was an average of 2 grams
difference between CR and WA that cell size alone could not account for (Table 7).
Regarding the biomass production (Fig 25) in the Results section, it can be
seen that several days out of the sampling days show no overlap between the two
species as well. While cell size could play a role, with the significant difference in
individual days over the growth period and the overall harvest output suggests it was
based on the algae performance and suitability to the environment. WA performed
better, and produced an overall greater amount of biomass than CR. These species
are suited to the wider range in temperatures and large amounts of nutrients present at
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the Delhi facility. This leads us to the next hypothesis results, the ones for the
nutrient uptake.
The results for orthophosphate uptake were significant. It is clear that WA
reduced the amount of nutrients present more than CR. This supports the
experimental hypothesis 1. The reduction was similar for all WA tanks, showing a
clear standard of performance for the species groups. The results are similar to those
found in other recent similar studies (Woertz, 2007; Woertz et al., 2009; Abdel-Raouf
et al.,2012, Strum et al. 2012; Pecegueiro do Amaral, Maira Freire, 2012.; Dalrymple
et al., 2013).
For the third hypothesis, production of lipids, it was shown that both species
had similar results in biofuel production while grown in artificial wastewater. This
evidence leads to the rejection of the third hypothesis. Why was the amount of
FAME production similar with different species? Both CR and WA were green
freshwater algae with similar life cycles. It was unknown what the amount of FAME
produced from the mixed wastewater would be before this experiment, while it was
believed that CR being a model species would produce more. Blatti and Burkart
(2012), used a common model strain of CR called csc137c that they report in their
supplement information could have produced up to 20% oil. The total FAME
achieved in the end of the experiment was 5% FAME by weight from their algae
samples. Their article provided a benchmark for me to compare to, however Blatti
and Burkart’s experiment did not produce commercial viable yield of biodiesel. The
goal of their study was to use a model species to demonstrate to a class the
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possibilities algae based biofuel could offer. Their media was tailored to growth of
the algae. This difference suggests an answer as to why CR did not achieve the same
percent of FAME in this experiment, since it was the same species. As said by Alex
Baxter in his 2012 thesis,
“Under ideal conditions, algae synthesize primarily proteins and
carbohydrates that are necessary for cell growth. However, when stressed, algae will
synthesize large quantities of triacylglycerols (TAGs) that are comprised of mid- to
long-chain fatty acids (FAs) bound to glycerol, and these FAs are the primary source
of biodiesel. By manipulating growth conditions (e.g. temperature, light, nutrients,
pH etc). the concentration and composition of the FAs can be altered.”
All modern algae biofuel research is focused on altering growth conditions
and studying the effects those conditions have on the alga’s performance in desired
characteristics. Baxter (2012) used two green alga strains in a specialized media
called growth matrix called CHU 10, a synthetic media rich in nitrogen, phosphorus,
silicon and carbon for his initial growth of his samples, but then limited it later on
when trying to grow the algae for lipid research. In order to try and force species of
algae to produce large amounts of lipids, they are starved for nutrients, particularly
nitrogen (Beijerinck, 1904; Spoehr and Milner, 1949; Aach, 1952; Shifrin and
Chisholm, 1981; Cobelas and Lechado, 1989; Roessler, 1990; Thompson, 1996;
Basova, 2005; Merzlyak et al., 2007; Hu et al., 2008; Rodolfi et al., 2009; Baxter,
2012). The goal of lowering the amount of nutrients is to push the algae to store fats
and lipids for energy. This can take a species that has natural high production of
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lipids and make the amount of lipids stored increase, as the algae store resources for a
time of starvation
However, this leads to a lower amount of algae harvested, as this kills off
some cells that cannot withstand the harsher conditions and increased competition for
resources (Beijerinck, 1904; Spoehr and Milner, 1949; Aach, 1952; Shifrin and
Chisholm, 1981; Cobelas and Lechado, 1989; Roessler, 1990; Sheehan et al., 1998;
Thompson, 1996; Basova, 2005; Merzlyak et al., 2007; Hu et al., 2008; Rodolfi et al.
2009, Baxter, 2012). Most studies have done this with nitrogen limitation as that is
the original method provided by Aach (1952), but some have removed phosphorus as
well (Rodolif et al. 2009, Baxter, 2012). According to Hu et al (2008), nitrogen
limitation is one of the leading nutrient factors affecting lipid production. The results
can vary based on species of alga being used. In fact, in Rodolfi et al. (2009) it did
lead to progressive reduction in productivity and cessation of growth after four days
in green alga (Chlorella sp). and seven days in Scenedesmus sp. Phosphorus
deprivation did allow the marine species (Tetraselmis suecica and Nannochloropsis
sp) to survive for longer, but it still lowered productivity and ultimately lead to an
early end of the growth period. This study is a great example of how growing
conditions can affect the algae species being used.
Rodolfi et al. (2009) and Baxter (2012) were trying to optimize lipid
production, while I was testing the efficiency of using algae to clean wastewater, and
trying to get economically-viable levels of lipid production as a byproduct. While the
results lead to the rejection of my third hypothesis, understanding now how much
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impact the growing conditions have on alga performance makes it an understandable
outcome. The total nitrogen in the AWW exceeded the La Monte test kit’s range.
Accurate measurements were unable to be obtained for the total nitrogen. However
based on the high phosphorus content measured and other studies in this research, the
high amount of nutrients is the most likely reason for the low production of FAME
and lipids in the algae (Beijerinck, 1904; Spoehr and Milner, 1949; Aach, 1952;
Shifrin and Chisholm, 1981; Cobelas and Lechado, 1989; Roessler, 1990; Sheehan et
al., 1998; Thompson, 1996; Basova, 2005; Merzlyak et al., 2007; Hu et al., 2008;
Rodolfi et al. 2009). Commercial treatment of wastewater requires reduction of
nutrients and production of oxygen. As nutrient load is determined by the incoming
wastewater there is no practical way to reduce the nutrients and starve the algae under
these conditions. Without starving the algae, commercial yields of biofuel have not
been demonstrated (Beijerinck, 1904; Spoehr and Milner, 1949; Aach, 1952; Shifrin
and Chisholm, 1981; Cobelas and Lechado, 1989; Roessler, 1990; Sheehan et al.,
1998; Thompson, 1996; Basova, 2005; Merzlyak et al., 2007; Hu et al., 2008; Rodolfi
et al. 2009; Baxter, 2012). The results of this study agree with the afore mentioned
research, and suggest that using a combination of freshwater algae for liquid biodiesel
production and primary wastewater treatment has not shown to be feasible as it stands
currently. Further studies with accurate nitrogen results could be done in the future to
corroborate these findings.
There seems to be a large disconnect between algae researchers looking at
combining the two processes. Several who are proposing the merge are looking at it
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from a theoretical viewpoint (Abdel-Raouf et al., 2012). The evidence from those
researchers using both wastewater and constructed growth media, has been nutrient
reduced in order to push the algae into high production of lipids. However, this
technique ultimately leads to the algae production slowing and some culture dying off
prematurely in the case of constructed growth media (Rodiflo et al., 2009).
Considering that algae species vary from 70 to 90% water by weight, this
leads to a reduction of the limited product (FAME) trying to be acquired. The
primary research working directly with the algae shows that in order to reach high
enough yields to be commercially viable in terms of oil production, the algae must be
pushed towards starvation with reduced nutrients loads. In fact, Sheehan et al. (1998)
noted in the conclusion of their report on the Algae Species Programme that their
most significant observation was the conditions needed for using algae for wastewater
treatment and biofuel production were in opposition, and that further research would
be needed to overcome this barrier in the form of genetic manipulation, either to
increase the levels of lipid synthesis or the effectiveness at the algae’s photosynthetic
abilities. Rodolfi and his colleges (2009) made the same note in their research,
stating that the traits in the algae they were looking for during their screening, high
biomass productivity and lipid production, were mutually exclusive (Sheehan et al.,
1998; Rodolfi et al., 2009; Borowitzka and Moheimani, 2013).
This goes against the two other desired results from algae grown in
wastewater. The algae are meant to uptake the unwanted nutrients as a means of
reducing what is present and to produce a large amount of biomass. The two desired
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outcomes are directly opposed in their needed conditions for success. Using water
already treated to try and provide a lower nutrient media also goes against using the
algae as the primary water treatment. Having to pretreat the water negates some of
the benefit trying to be achieved by combining the two purposes. Sheehan et al.
(1998) also stated that combining algae biofuel and wastewater treatment was the
only way to make it feasible.
Does this mean that growing algae for a renewable fuel source is not feasible?
I would not discount algae-based fuel just yet. As discussed above, growing
conditions and species have a marked impact on the success of the algae’s
performance. In 2015, a study was conducted in Huston, Texas where the researchers
had a successfully pilot study using clarified wastewater to grow monocultures and
mixed cultures of algae for biofuel production (Bhattacharjee and Siemann, 2015).
The water had been treated to remove solids and so was not primary wastewater. The
species used in this study were different, but the wastewater removal rate of
phosphorus was similar to this thesis, 53% removal of orthophosphate (Bhattacharjee
and Siemann, 2015). Their species of alga (Scedemudus, Chorella, and Spirulina),
however, produced larger amounts of lipids (Bhattacharjee and Siemann, 2015). The
researchers reported that their cultures had reached high levels of oil production,
higher productivity (25.4 mg/L) than Strum et al. (8.35 mg/L)(2012). They claim to
have estimated that 80% of their extracted lipids could be turned into biodiesel
(Bhattacharjee and Siemann, 2015). However, the researchers did not use GC
chromatography to determine the exact percentage of their lipid samples they
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converted, nor did they provide the amount actually converted into FAMEs. They
used thin layer chromatography to determine the presence of FAMEs, showing that
conversion took place, but not the actual amount converted (Bhattacharjee and
Siemann, 2015). GC chromatography is the current standard for determining
composition and potential quality of a biofuel feedstock. This leaves questions about
the accuracy of the alga’s lipid performance. Compared to this thesis, the higher lipid
production is most likely due to a combination of the different species used in this
study and the use of secondary treated wastewater. The clarified water used by
Bhattacharjee and Siemann was at a much lower starting concentration, for example
5.1 mg/L Phosphorus instead of 20 mg/L.
Bhattacharjee and Siemann’s (2015) research does give some hope that alga
might still be used for a dual purpose using secondary or tertiary treatment water
instead of primary untreated water and producing biofuel, but it leaves a lingering
question to the variability in the results compared to other studies (Strum et al., 2012;
Rodoflio et al. 2009; Abdel-Raouf et al., 2012). One factor affecting the production
could be the time of year and the location. The study took place during the summer
months, where it has been known the warmer temperatures can boost algae biomass
production, as it brings the water closer to their ideal range of growth, 25 to 27°C
(Bhattacharjee and Siemann, 2015; Sasa et al., 1955). Their results suggest that these
factors listed did not affect or impact their experiment or the FAME content, which is
encouraging. The study claims that there were no effects of the control factors on the
produced FAME, yet they used water that had had some treatment by using the
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clarified water, lowering the nutrient levels boosts lipid production. The
concentration of nutrients compared to the raw untreated water was not taken into
account, because that parameter was not tested. An interesting note, the researchers
not only did not have seeding problems, but the open reactor cultures were not
overtaken by other species, a large concern for trying to produce mono cultures in
large high rate ponds for commercial production, and something that can take place
even in closed photobioreactors (Bhattacharjee and Siemann, 2015). Perhaps there is
a future for combining fuel alga as a secondary or third treatment to wastewater,
where the nutrient level will be reduced enough to push the algae into producing
higher amounts of lipids. The cost to build the facilities in conjunction with an
existing wastewater treatment system, along with having a reliable and low-cost
method to then remove the algae are barriers that would need to be overcome.
There are other avenues of biofuel research taking place as well, ones that do
not include wastewater at all. Exxon Mobile is working on many projects for
growing marine algae for biofuel production. However, they are focused on only
growing the algae for production of fuel, not for a dual purpose use. The company’s
research is aimed at using marine species instead of freshwater species, allowing
them to grow on saline water (ExxonMobile, 2017). Rodilfo et al. (2009) showed
that marine species outperform freshwater strains, so it is sensible that Exxon Mobile
would turn to using a marine strain. They have met with some promising results with
Michigan State University and Synthetic Genomics Inc
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There are still challenges with moving from small laboratory scale to large
scale production, some of which are discussed below, mainly harvest and seeding.
Harvesting the algae and converting it into fuel are also issues. Exxon Mobile’s PR
article posted on their website Energy Factor claims that the oil they extract takes
only bit more processing than their normal crude oil (ExxonMobile, 2017). They do
not provide a specific explanation of course, which leads to larger questions.
Knowing how biodiesel is produced from algae, it seems unreasonable to say that it
“only takes a bit more” processing. Algae must be dehydrated before it can be
transesterifed or have maximum lipid extraction. If not, when using the base method
of transestherification, the water can harm the process and cause saponification of
some of the more sensitive fatty acids (Laurens et al., 2012). The development of the
acid transestherification method used in this research for algae by Wychen and
Laurens, (2015) is meant to be able to use wet algae, but it is more effective if it is
smaller particle size, which requires some type of milling or grinding. Even if they
use an alternative method with extracting the lipids first via hexane extraction, the
algae still needs to be dried and ground to ensure proper recovery of the product. The
hexane must also be removed before being sent out as the extracted fuel would be
mixed with the solvent. Exxon themselves admit in the same article that they
understand there are issues to scalability and they don’t yet have the answers (Exxon
Mobile, 2017). The benefit of all this is that there is some hope with Exxon’s capital
resources they will be able to fund the research needed to find answers to these issues.
Cellulosic fuels at one time looked to be the answer to green energy independence,
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but many startup companies failed by underestimating the enormous cost of the
research needed into scaling up (Kessler and Sperling, 2016). What worked in a
laboratory was not so easy to reproduce at a commercial level and more research had
to be done to determine the proper amount of enzyme to be added for example, or the
mix of breakdown for fuels from refuse or garbage (Kessler and Sperling, 2016).
Some of the only companies to stay around lasted because they were a branch out
from a larger corporation, making money from their main products to fund the
necessary research and development (Kessler and Sperling, 2016).
Why grow algae on wastewater then? While algae are not currently the
solution to creating a sustainable fuel source without years of further study and
development, the uses for algae from these wastewater treatment plants don’t end at
biofuel. The idea of combining the growth of algae for biofuel and primary
wastewater treatment faces many challenges, but the algae’s ability to naturally
reduce the nutrient load in the water is still something viable and worth promoting
(Sheehan et al., 1998; Woertz, 2007; Rodolfi et al., 2009; Woertz et al., 2009; AbdelRaouf et al.,2012; Amaral, Maira Freire, 2012; Strum et al., 2012; Pecegueiro do
Dalrymple et al., 2013).
Using the algae for treatment sans biofuel production has many benefits.
Algae and phytoplankton are largely responsible for the carbon sequestration that
takes place in our oceans. Unlike alga blooms which lead to deoxygenation and
whose decomposition leads to a release of carbon, the constant moving high rate
ponds at wastewater facilities and constant reintroduction of nutrients leads to the
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algae staying in exponential growth. While there will be some die-off, the majority of
the algae present will act as a carbon sink (Oswald, 1990; Pokoo-Aikins et al., 2010).
With the anaerobic bacterial growth being naturally reduced by the oxygen producing
algae, the system can be left open for the high rate ponds and fluctuation ponds. This
avoids the gases produced from bacterial treatment, where the many treatment ponds
must be sealed to avoid the release of hydrogen sulfide gas, methane and carbon
dioxide. Carbon dioxide is fixed by the algae and oxygen is produced, the complete
opposite of a traditional treatment with bacteria loading. There is another opportunity
for the emissions or flue gas from power plants could be channeled into the water
where the algae is grown and consumed there. The algae would act as a scrubber, and
sequester the carbon dioxide from the flue gas (Pokoo-Aikins et al., 2010).
Another benefit to using algae to clean water is to avoid the use of more
harmful chemicals. The algae do absorb the excess nutrients from the water, and the
only chemical added to the water treatment process could be avoided by seeding with
naturally clumping algae. This is negated during the process used to extract and
transform the algae into biodiesel. Any chemical solvent used to extract lipids is
harsh or toxic. Hexane is the industry standard and is a known to be a neurotoxin.
The acid transestherification process used to convert the lipids into FAMEs uses a
highly concentrated form of hydrochloric acid. The cost for the chemicals to process
and extract the algae is also a concern, as it will raise the price of the oil sold above
that of petroleum based products.
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Different algae also have different properties (Demirbas, A., 2009). Some
species and even strains produce more oil, while most species produce more protein.
There can be large variation in the same species as well. Sheehan et al. (1998) also
supports this, suggesting that not one species will fit all possible facilities. A local
strain with high productivity and oleaginous characteristics would be the most likely
candidate to succeed. It will take more research to optimize growth conditions for
large cultures and lipid production. Multiple strains might need to be used for year
round growth and productivity. The best approach was found accidently during field
research, with outside species contaminating the research ponds. These species
survived better than the test cultures, as the selected research algae were found not to
be robust enough. (Sheehan et al., 1998; Borowitzka and Moheimani, 2013).
An algae native to the area could be used to clean the water and analyzed to
see what it would be optimized to produce. Algae can be used for small communities
to clean their wastewater, if more than one growth cycle is allowed to grow before
removal for green algae.
There are obstacles to overcome though. The two major difficulties in
growing algae for wastewater treatment are finding an efficient low cost harvesting
method, and ensuring large bodies of water can be properly seeded for sustainable
growth. While there are many other uses for the algae, there are some challenges to
extracting the algae from the water for use. The current methods are using a clarifier
in order to clump the algae together, or to centrifuge and carefully decant off the
water until all of the algae is removed (Gultom and Hu, 2013.; Demirbas and
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Demirbas, 2010). Using the clarifier introduces the use of extra chemicals to the
process and added cost. The centrifuge method allows for a greater return of product,
but leads to large energy use and extra production costs (Gultom and Hu, 2013.;
Demirbas and Demirbas, 2010). In order to be truly sustainable, there needs to be a
low cost, low energy usage method of extraction of the algae. The current method
being used at the Delhi facility is using a starch chemical to clump the algae out of
solution. There is a cost to buying the chemical clumping agent. Filtering out the
algae is another method (Gultom and Hu, 2013.; Demirbas and Demirbas, 2010). The
large issue with filtering out the algae is the filters fill up quickly and become
clogged. The filters need to be constantly replaced and can be difficult to reach to do
so. All these methods are inefficient with time and extra materials cost.
There are two other low cost methods being researched: using fungi to clump
the algae together or seeding with naturally clumping algae. The fungi send out
tendrils to grab the algae cells together under it. The fungi take and feed from the
algae’s energy resources (Gultom and Hu, 2013). While the energy consumption
would initially be a concern for using this method, growing in a wastewater
environment with large amounts of nutrients makes the concern moot. There is even
evidence that combining the growth of fungi and algae can lead to greater yields of
lipids (Muradov et al., 2015). Muradov et al. did a study with several different green
algae species, cultured with fungi that would help clump the cells together for ease of
harvest (2015). The researchers were testing how it affected the production of lipids.
They found that in most cases, the overall lipid production increased, while the
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individual algae lipid production decreased. The fungi were absorbing some of the
nutrients from the algae, leading to the decrease. However, the difference between
the algae with and without was not significant. The difference in the outputs overall
in terms of lipid production was significant.
The other method, seeding with an alga that naturally clumps, comes with its
own challenges. In actual research and production of with the algae, this study
showed me that there can be difficulties in trying to seed water with algae cultures,
much as there is with working with any live organism. One thing I observed was that
growing the natural species in the wastewater is better than trying to add another
species that doesn’t naturally occur. In fact, there much anecdotal evidence to show
that it is more difficult to try to seed large bodies of water and have success, as well
as research difficulties (Baxter, 2012; Woertz, 2007; Dalrymple et al., 2013). Most of
the studies I researched while writing my proposal did not mention having difficultly
growing their algae. However, after speaking with Dr. Tryg Lundquist, one of the
main civil engineers on the Delhi project from CSU San Luis Obispo and supporter of
Dr. Oswald’s algae wastewater research, I was cautioned to have several back-ups in
case the experiment failed. I did have trouble during my pilot study where I had to
restart and inoculate again for both test groups. Alex Baxter could not perform lipid
analysis on the large scale field part of their study because the algae yield was too
small to test (Baxter, 2012). Woertz (2007) in his thesis research had to reinocculate
his tanks when the undiluted wastewater was too strong for his algae. Algae that
grew naturally in the Delhi wastewater plant did better when conditions were similar
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to the wastewater plant in my thesis experiment than the CR performance. Doug
Walker, senior wastewater operator at the Delhi Facility, told me about some of the
difficulties they had had with the system in the past. It took the facility two years to
get the algae to grow to the point where they did not have to seed anymore, reseeding
itself. They have not had to reseed at all since they reached a sustainable feedstock of
naturally occurring wastewater algae. Using the natural growing algae present in that
environment instead of trying to seed with something that does not naturally occur
not only seems to bring a better result with cleaning the water, but to have a greater
success at having the algae grow and thrive. This helps to explain why the Delhi
Plant has had such success with their algae production in the long term.
Algae’s ability to be used for wastewater treatment is well supported (Woertz,
2007; Woertz et al., 2009; Strum et al. 2012; Abdel-Raouf et al.,2012; Pecegueiro do
Amaral, Maira Freire, 2012Dalrymple et al., 2013 ), while alternative research into
ways to turn it into commercial biofuel need to be more explored (Abdel-Raouf et al.,
2012; Bhattacharjee and Siemann, 2015; ExxonMobile, 2017; Ajjawi et al., 2017).
One of the many challenges facing algae as a fuel source is growing it. Trying to
grow specific algae can be difficult, however, as seen from Sheehan et al.’s findings
from the Algae Species Programme (Sheehan et al., 1998). Finding space and
resources, hence why many researchers believed using wastewater is ideal for solving
two problems as once (Sheehan et al., 1998; Abdel-Raouf et al., 2012).
What does this mean for the Delhi plant? Based on the results of this study,
the species present in the wastewater treatment plant at Delhi cannot be used for
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commercial biodiesel production. Based on the alga’s overall performance during
this study, while CR is a model organism, this strain is not a good choice for
wastewater treatment. It did reduce the orthophosphate present in the artificial
wastewater by 20 percent, but there are other species with better nutrient reduction
rates. The wastewater facility have algae that provide a much needed service of
cleaning contaminates out of the water, but they will not be viable for commercial
biodiesel production as the techniques currently stand. There are other possible uses
for these algae instead of making biodiesel that can make it sustainable. To help
productivity, Doug Walker told me the Delhi plant has decided to enter an agreement
to turn the harvested algae into biodegradable plastic with the help of the Algix
Company.
The Algix company, in cooperation from their sister company Solarplast, uses
algae that naturally occur in wastewater and elsewhere, realizing the business
opportunity in taking what most would consider pond scum, and turning it into a
money venture. They are a sustainable company that uses algae to make commercial
biodegradable products. In their main state of operation, the company works with
local fish farmers to extract unwanted algae overtaking their ponds using a dissolved
air flotation method (Algix, LLC.,2015). Using the flotation method, the use of
chemicals can be avoided (Algix, LLC.,2015). The dense algae slurry created is then
pumped into a tanker truck and driven to their drying facility to prepare the algae.
Once dry and milled, the algae are mixed to variety of concentrations with a
petroleum based resin to produce high-quality plastics (Algix, LLC.,2015). Plastics
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requested by businesses are created by a 3D printing machine with their selected
algae/petroleum mix.
Algae can be used as a solid fuel. There has been research done comparing its
burning rate and energy to coal and two other renewable sources (KosowskaGolachowska et al., 2017., Zhu et al., 2016). Compared to the renewable sources, the
algae pellet burned longer and produced more energy (Kosowska-Golachowska et al.,
2017).. It was still lower than conventional coal, but as coal is pure carbon, it is not a
perfect comparison. Despite this, the algae are a viable source to be burned in a solid
form in places where coal is used. There are small businesses and studies in United
Kingdom advertising using algae in this manner currently.
There is another alternative for creating energy, even if it is not liquid fuel.
An Australian company, Algae Enterprises, has created a patented system for using
algae to clean wastewater and create electrical energy (Algae Enterprises, 2017). It is
based on the research done by Golueke et al. (1957) when algae were first being
research for its potential to treat wastewater. He proposed the harvested algae could
be then fermented or used to produce electrical energy. The algae biomass is put
back into the system and used as feedstock for producing gas in a digester. The
methane produced is then siphoned off into a generator that burns the biogas to
generate electrical energy (Golueke et al., 1957; Algae Enterprises, 2017; ICF
International, 2012). Unlike typical wastewater treatment plants, that consume
energy in order to run and treat their water, this approach gives a sustainable process
with the added bonus of having no generated waste (Golueke et al., 1957; Algae
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Enterprises, 2017). The species used do not have to be a specific type, but can be
what will naturally grow in the water as well, avoiding the issue with trying to seed.
They also claim to that their patented design helps with maintaining high levels of
algal biomass density at a commercial level, a very common stated problem when
trying to scale up algae production in research and pilot studies (Rodolfi et al. 2009;
Alex Baxter, 2012; Strum et al. 2012;Bhattacharjee and Siemann, 2015). While there
will be some greenhouse gas emission from converting the biogas into electrical
energy, those emissions could be channeled down into the wastewater, providing
carbon dioxide that the algae could uptake.
Electrical energy is a huge demanding industry on resources and nature, with
many negative environmental impacts (Algae Enterprises, 2017). This combined
process by Algae Enterprises would help to cut back on those negative impacts while
providing a beneficial service of water treatment (Algae Enterprises, 2017). The
biggest advantage of this system over other alternatives is that it is scalable to a
commercial size. In order for sustainable processes to truly be sustainable and make
an impact, they need to be able to be used practically (Algae Enterprises, 2017). This
company has shown it can be commercialized, it can be used at a large scale,
something nothing else I have seen in my research on liquid biofuel and wastewater
treatment using algae has shown. It eliminates the harvesting issues, and use of
chemicals for lipid extraction (Algae Enterprises, 2017). The only possible draw
backs are the emissions from burning the biogas, and that the company is using water
that is filtered and possibly pretreated with aerobic activated sludge (Algae
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Enterprises, 2017). This means the algae is not acting as a primary treatment, but this
reflects the options many are showing (Woretz et al., 2007; Strum et al., 2012,
Dalrymple et al., 2013; Bhattacharjee and Siemann, 2015). Dalrymple et al. (2013)
study showed that high levels of nutrients harmed the algae’s ability to form quality
lipids and their survival. Most of the other studies that had successful lipid
production and bioremediation of their wastewater was using it as a secondary or
even tertiary treatment level, such as the Texas example done by Bhattacharjee and
Siemann (2015). This means that the conventional wastewater methods and plants
would need to be intact with the addition of algae growth systems, a large expense.
With the addition of creating its own energy, it could be worth implementing.
Regarding carbon emissions, it is cleaner than coal burning power plants. This
system even clears the biogas of the hydrogen disulfide and carbon dioxide which has
to usually be removed via carbon filtration system in other similar systems. The alga
acts as its own biogas scrubber as well as water treatment.

CONCLUSION
The purpose of this study was to determine the feasibility of using an ideal
freshwater algae species for wastewater treatment and biofuel production. The results
of the two experiments clearly show that while CR can survive and grow in
wastewater, it does not remove as much of the unwanted nutrients as the species that
are naturally adapted to that environment. CR produced less biomass and removed
less nutrients than the wastewater strains. Neither species produced enough FAMEs
to be commercially viable, and this is based on the growing conditions inherent in
using wastewater. Biodiesel production cannot be paired with wastewater treatment
to help make it feasible, because the large amount of available nutrients will not push
the algae into producing the fatty acids needed for making biodiesel. However, both
algae removed the nutrients from the water, with the wastewater strains out
performing CR. Algae can and should be considering for wastewater treatment for
small communities. There are other uses for the algae once grown and harvested that
would make it productive, but there are some challenges that need to be addressed,
such as cost effectiveness and low energy harvest methods.
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