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ABSTRACT
Cross Flow Filtration for Mixed-Culture Algae Harvesting for
Municipal Wastewater Lagoons
by
Misheka Wilson, Master of Science
Utah State University, 2011
Major Professor: Dr. Ronald Sims
Department: Biological Engineering
The transesterification of lipids extracted from algae makes up the third
generation of biodiesel production. The city of Logan, Utah, proposes that the algae used
from the 460-acre wastewater pond could potentially be used for the production of
biofuel that could serve as transportation fuel for the City solid waste vehicles. Separating
the algae from the Logan Lagoon wastewater is the most expensive portion of the
biodiesel process and the application of chemical flocculation can significantly increase
costs and potentially interfere with biodiesel production. Cross flow filtration has been
identified for algae harvesting, and experiments were conducted to evaluate materials and
operating conditions for separating and harvesting algae from the Logan Lagoon system.
Two cross flow filtrations units were used to conduct experiments. A pilot-scale
cross flow filtration unit provided by WesTech, Inc., Engineering (Salt Lake City) with a
0.2-micron nylon membrane mesh was used for mixed-culture algae harvesting. In
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addition, a bench scale cross flow filtration unit was provided, and tests were conducted
to further examine the effectiveness of cross flow filtration on pure-culture algae
harvesting. A 1-micron nylon, 5-micron nylon and 5-micron polyester mesh were used
with this system.
The WesTech, Inc., Pilot Scale System demonstrated that the type of membrane
used was critical for effective algae harvesting. Test results showed that the algal cake
that developed on the membrane and that the amount of algae harvested decreased with
flux.
The bench scale unit demonstrated that more algal cells were collected when a
membrane of a larger pore size was used. The 1-micron nylon mesh proved to be the
most effective at concentration algae. The 5-micron polyester mesh was shown to be
more effective than the 5-micron nylon mesh.
The results in this thesis show that cross flow filtration is a feasible option for the
City of Logan Environmental Department and is a technical option for algal harvesting
for biofuel production.
(146 pages)
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PUBLIC ABSTRACT

Cross Flow Filtration for Mixed-Culture Algae Harvesting for
Municipal Wastewater Lagoons

by
Misheka Wilson
The City of Logan Environmental Department has a goal to remove chemicals
from the municipal wastewater that can cause algae growth in Cutler Reservoir that will
impair use for recreation. The proposed plan to accomplish the goal is to grow algae
within the 460-acre Logan Lagoon wastewater system, and then remove the algae from
the treated wastewater that enters Cutler Reservoir. The collected algae may be used to
produce biodiesel to fuel the City solid waste vehicles. The City will coordinate the
development and implementation of this project with the assistance of the Utah State
University Biological Engineering Department. The technology of cross flow filtration
was proposed as a chemical-free form of algae harvesting and was evaluated for this
project.
Experiments were conducted with laboratory-scale and pilot scale cross flow
systems. Filtration membranes constructed of polyester and nylon with pore sizes of 1micron and 5-micron were used at various engineering operating conditions to determine
the optimal conditions for the laboratory system.
Results demonstrated that cross flow filtration was a suitable option for the algal
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harvesting without adding additional chemicals that may interfere with the production of
biodiesel. The polyester membrane collected a larger mass of algae compared with the
nylon membrane, and a small pore size of 1-micron retained more algae compared with
the 5-micron pore size.
Cross flow filtration was demonstrated to be an effective method for harvesting
algae from the Logan Lagoon wastewater, with a cost of approximately $2 million
dollars. Although biodiesel fuel was not generated from the harvest algae, the predicted
price of the algal biodiesel per gallon ranged from $7.17 to $7.18 in the first year. The
benefits of cross flow filtration for algae harvesting are discussed in the thesis, and the
results can be used by City of Logan, Utah engineers to compare cross flow filtration
with other engineering technologies for the separation and harvesting of algae from
treated wastewater.
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CHAPTER 1
INTRODUCTION AND OBJECTIVES

The International Energy Association reports that there has been an average of a
2% increase in energy use per year since 1980 due to an increase in population and
economic growth from developing nations. [1] As this increase in energy demand occurs,
fossil fuels are still the heaviest energy contributors. Fossil fuels are formed from the
fossilized remains of dead plants and animals that have been exposed to heat and pressure
in the Earth’s crust over millions of years. [2] They come in the form of coal, petroleum
and natural gas and are a finite resource that releases carbon dioxide when burned.
Petroleum is the number one form of fossil fuel used and is the primary source of
transportation fuels. One of the concerns with the use of petroleum being the most
commonly used form of energy is that it a finite resource supplied from the world’s oil
reserves. Studies show that oil consumption in the world will increase by 60% by 2020.
[1] The United States (US) is currently the leader in petroleum based fossil fuel use and
imports 60% of the world’s oil. Currently, 80% of the fuel used by the US comes from
fossil fuels which include coal, natural gas and petroleum. [1] Because experts state that
the current oil and gas reserves will only last a few decades it is critical that an alternate
renewable energy source be created. Smaller oil reserves are on the verge of depletion
and larger reserves are estimated to be depleted in 50 years at the rate of use. [3] Because
the world’s main source of energy is being is nearly is being reduced, research
concerning the creation of alternate renewable fuels from biomass is of great importance.
Biofuels are considered to be a desirable alternative because they are “greener”
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and sustainable. When using fossil fuels, there are two major facts that are of concern:
fuel prices and environmental effects. The excessive use of fossil fuels is a concern
because of the current and potential environmental damage. The most studied negative
effects from the use of this form of energy include global warming from greenhouse
gases, acid rain and pollution. Burning fossil fuels releases a number of gases including
NOx, water vapor and particularly CO2. The release of CO2 is important because carbon
dioxide is a gas that traps heat in the atmosphere. As the Earth’s temperature rises from
the trapping of heat from CO2, weather patterns will be altered. Increase in the Earth’s
temperature can lead to a rise in sea level from the melting of ice caps, which can result
in flooding of populated areas. An increase in temperature may also lead to inland
drought. In addition, the disproportionate use of fossil fuels can lead to acid rain which
can damage vegetation, contaminate drinking water and damage fresh water marine life.
The second factor of concern about the use of fossil fuels is the price. A
significant increase in the price of oil has been observed since 2005. Table 1-1 shows the
increase in the price of oil over the past 40 years.
According to Table 1-1 the price of oil increased from $54.28 in 2005 to $140.00
in June of 2008. In terms of the gasoline and diesel, the price of a gallon of diesel fuel
was $2.40 in 2005 and increased to $4.20 per gallon while the price of a gallon of fuel
increased from $1.98 per gallon to $4.10 per gallon. [4] The price of petroleum based
fossil fuels fluctuates because this source of energy is located in the world energy
reserves and is controlled by various nations. The US ships its oil from countries various
countries including Canada, Mexico, Saudi Arabia and other nations in the Middle East.
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An alga is described as an organism with chlorophyll a and without stems and
leaves. [7] Algae are a desirable biomass feed stock because they are not complex to
grow. For optimal growth, algae require sunlight, CO2 and water. The majority of algae
are phototrophic meaning that they can grow anywhere that enough sunlight is found.
Algae are also autotrophic meaning that they take CO2 and convert it to sugars through
the Calvin cycle. Algae have a faster growth rate in comparison to other crops used for
biodiesel. Microalgae can be replenished in a few days while standard biomass feed stock
would takes months to replace.
The majority of algae used in biodiesel production are eukaryotic and store their
lipids in the cell membrane. Eukaryotic algae store carbon and energy in the form of a
triacylglycerol. The triacylglycerols are important in biofuel production because they are
part of the reaction needed to create biofuels. Biodiesel is created from triacylglycerols
which are reacted with methanol to create fatty acid methyl esters. The fatty acid methyl
esters generated are the main source of biodiesel. Algae used in biodiesel production is
normally cultivated in open systems that are advantageous to other methods because due
to their low cost and maintenance. Algae biofuel is shown to be more efficient than other
sources for various reasons and the benefits of the potential success alternative form of
energy far outweigh the difficulties.
In this study, the city of Logan, Utah plans on using algae from the local
wastewater pond to create biofuels. The city would like to harvest enough algae to make
biodiesel for the diesel powered vehicles in the city. In addition, the city would like to use
the harvested algae and put it in an anaerobic digester to make methane gas to power
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homes and buildings in the city.
Two separate algae sources are being used for research purposes. Wastewater
with a mixed culture of algae will be taken from the wastewater oxidation. There are 11
forms of algae documented in the effluent of the Logan Lagoon wastewater treatment
plant but the majority of algae in the effluent consist of chlorella vulgaris and
scenedesmus obliquus. [8] The second form of algae supplied is a pure culture of
chlorella vulgaris from a 200 L laboratory size raceway pond.
A suitable concentration of algae from the lagoon wastewater needs to be
harvested for successful biofuel production. The city of Logan Environmental
Department requires an estimated algal concentration of 50 g/L for biodiesel and methane
gas production. Research conducted by Mata, Martins and Caetano shows that an algae
slurry with a total suspended solids concentration of 5-15% is needed for algae fuel. [9]
Another variable that is studied is the removal of phosphorus while biofuel is being
created. The state of Utah requires that the effluent from the lagoon have a total
phosphorus level of 0.05 mg/L before it is discharged into the Cutler Reservoir. [10] The
city of Logan would like to explore is whether the algae gathered to create biofuels will
remove phosphorus and if the amount of phosphorus removed meets the state’s level for
environmental safety.
The challenge in creating biodiesel from algae and that the city of Logan faces is
that this that algae are microscopic and diluted therefore making it very difficult to
remove from water. Research by Richmond shows that algal cell recovery can account
for 20 -30% of the total cost of production of biodiesel. [7] Algae have a density similar
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to water, and low concentrations (under 500 mg/L) can affect the performance of algae
harvesting. [7] Large quantities of water are also required to remove enough algae for
successful biodiesel production.
Research into a successful form of algae harvesting is of interest because a
universal method has not been developed. In this project, cross flow filtration will be
closely examined for algae harvesting at the Logan Lagoons wastewater treatment plant.
Cross flow filtration is a separation method where the solvent flows tangentially across
the surface of the membrane. The potential advantages, of this harvesting method, the
challenges with filtration, what effects cross flow filtration during algal collection, and
the possibility of supplying a large scale CFF system will be covered in this project.
Seven objectives were researched and reviewed. The results discussed will provide
information on suitable parameters for cross flow filtration for algae harvesting for the
city of Logan, Utah. The results discussed can be used by the City of Logan
Environmental Department, engineers and other researchers to determine the efficiency
of CFF.
The purpose of this study is to determine the effectiveness of cross flow filtration
for algae harvesting from the Logan Lagoon municipal wastewater treatment plant. The
following activities were accomplished in this project.
1) Conduct experiments with WesTech, Inc., pilot scale CFF unit at Logan
Lagoons wastewater treatment plant to determine ideal operating parameters
with that system.
2) Conduct experiments with bench scale cross flow filtration unit to determine
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ideal operating parameters for various membranes.
3) Determine if cross flow filtration is a suitable method for Logan Lagoon
wastewater.
4) Determine if cross flow filtration is successful with higher algae
concentrations.
5) Compare current information gathered to mathematical models.
6) Discuss alternate comparable filtration systems for Logan Lagoons.
7) Discuss if cross flow filtration is economically beneficial for algae harvesting.
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CHAPTER 2
LITERATURE REVIEW

History of Algal-Based Fuels
The history of biofuels dates back to the early 1900s. However, due to the energy
crisis this form of energy has become of importance to the world over the past three
decades. Early uses of biofuels can be dated back to Henry Ford powering and creating
parts of the Ford model T from soybean oil. The use of alternative fuel for a diesel engine
was first noticed with the testing of the original diesel engine. The inventor, Rudolf
Diesel noted that peanut oil could be used to operate a diesel engine. This knowledge of
biodiesel was not of importance until 1950 due to economics and geographical reasons
rather than fuel shortages. Since the 1950s, the development of biofuels and biodiesel
have made significant progress. There have been several generations of biofuels to date.
The first generation of biofuels consisted of energy from food-based crops which
included corn, sugar, and vegetable oils to produce alternative energy. The second
generation of biofuels were created from lignocellulosic non-food feed stocks, waste and
dedicated feed stocks. [11] First generation biofuels were advantageous because they
were made from products that could be easily grown and used to produce fuel. The
problem experienced with first generation biofuels is that their creation competed with
food production. This competition caused a challenge due to a decrease in available food
and an increase in prices. In addition, first generation biofuels required excessive
amounts of land space to grow the crops.
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Second generation biofuels aimed to solve the problem of first generation biofuels
by being created from non-food sources. Second generation biofuels consisted of
lignocellulosic material, waste and dedicated crops such as switchgrass. Second
generation biofuels were advantageous over the first ones because most were created
from food waste, which solved the problem with using excessive land space to create
fuel. However, the question with this generation of alternative energy is that
lignocellulosic material is difficult to process of which makes creating biofuel from that
source difficult. Due to the lack of success with the previous generations of renewable
fuels, a third generation biofuels is being researched.
The third generation of biofuels is created from algae. The results may be more
promising than the previous generations. Biofuel from algae is advantageous because
algae produce more oil in comparison to other crops. Algae can produce up to 70% lipids
in comparison to food crops such as rapeseed oil which produce up to 40%. [12] Algae
also require less land space and can be grown in ponds. They have much higher growth
rates and productivity when compared to conventional forestry, agricultural crops, and
other aquatic plants, requiring much less land area than other biodiesel feedstocks of
agricultural origin (up to 49 or 132 times less when compared to rapeseed or soybean
crops, for a 30% (w/w) of oil content in algae biomass.) [9]
Algae biodiesel research became crucial in 1970 during the oil crisis of the 1970s.
The National Renewable Laboratory created the “Aquatic Species Program,” (ASP)
where the focus was to produce high lipid producing algae was grown in ponds using
CO2 waste from coal-fired plants. [13] During the initial program 3,000 species were
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collected from different parts of the US and examined for lipid producing capacity. Initial
findings showed that green algae produced the most oil and were the best for biofuel
production. The ASP project was further expanded from 1980-1995 with the study of the
production of algae biofuels from open ponds vs. photobioreactors. Since that period of
time a variety of commercial companies have expanded their research into the use algae
biofuels. One of the most noticeable companies who have dealt with fuel from algae oil is
Exxon Mobil. In 2009 Exxon Mobil launched an algae biofuel program and will
contribute 600 million dollars to Synthetic Genomics Incorporated. Throughout the
project, this company will conduct research to find superior strains of algae and to
determine if algae grow better in open ponds or photobioreactors for large scale
cultivation.

Review of Algal Separation Methods
Although there are many advantages of algae biofuel, there are many difficulties
faced in creating this form of alternative energy. Currently, algae biodiesel is more
expensive than regular fuel. The price of a gallon of biodiesel created from algae can
range from $2.41 - $6.90 per gallon [14] in comparison to regular diesel which was $2.45
in 2009. [15]
The economics of algae biofuel is mainly affected by the method of removal.
There are numerous algae harvesting methods that include dissolved air flotation,
centrifugation, flocculation and filtration.
Centrifugation involves the use sedimentation tank that uses an enhanced gravity
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force that increases the rate of sedimentation. There are several types of centrifuges
available including a tubular bowl and a disc centrifuge. The effectiveness of
centrifugation recovery depends on the settling rate, residence time and flow throughput.
Research by Sims shows that centrifugation is effective in algae harvesting when the
algae recovery is over 90%. [16] Centrifugation for larger scale algae recovery is possible
due to advances in structural steel technology to create the device. For proper
performance, centrifugation requires a thorough cleaning in between algae harvesting for
an efficient operation. The creation of large cleaning devices has made this method
attractive. However, centrifugation is limited by the amount of fluid that the device can
use. Research by Sims has shown that centrifugation for algae harvesting became
ineffective when the volumetric flow coming into the device exceeded 4m^3/h. [16]
Research by Sims has also shown that effective algae recovery was limited to a
volumetric flow rate of 2 m^3/h. [16] In terms of the Logan Lagoons, centrifugation
would be unsuccessful when the volume of wastewater coming into the device exceeded
1056 gallons per hour and effective algal recovery was 528 gallons per hour. In addition,
the power consumption used by a centrifuge is also a deterrent. A centrifuge on average
uses 1.3 KW h/m^3 of water which is 1.4 KW for every 264 gallons of wastewater used.
[16] Centrifugation at the Logan Lagoons may not be effective due to the flow rate of the
plant. The Logan Lagoons uses 15 million gallons of water per day and the capacity of
centrifugation and the power required will not meet the current demand.
Flocculation is the collection of cells into a cumulative mass. Flocculation can
occur with the adjustment of pH or the addition of chemicals. Research by Richardson
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shows that flocculation occurs when the pH of algal biomass is increased to the range of
11.8-12. [7] Chemical flocculation is widely used in algae harvesting because large
amounts of biomass can be treated. Of the chemicals used, aluminum sulfate has been
proven to be the most effective. Most algae are negatively charged. At large distances,
algae repel each other but at short distances Van der Waals attraction forces can hold the
cells together. Chemical flocculation can reduce the cell surface charge so that algal
clustering and sedimentation increases. The addition of coagulants can neutralize the
charge of an algal cell and increase the distance at which attraction would occur.
Polymers can also neutralize cell surface charge and form a bridge in between the algal
cells. When polymers are used, a few factors must be considered including the molecular
weight, the dose of the polymer, and the concentration of the biomass. Chemical
flocculation is an effective treatment for harvesting algal biomass however, it is an
expensive process. In addition, maximal algal recovery by chemical flocculation occurs
at the end of the exponential growth phase and decreases afterwards.
Dissolved air flotation (DAF) is another method of algae harvesting which is
commonly used for sewage thickening but can also be used for algal harvesting. The
process for DAF involves the use of chemicals to increase the size of the algae biomass
while air bubbles are added to the mixture. The gathered algal biomass attaches on to the
bubbles and rises to the surface. Most units have several mixing chambers to which a
coagulant or polymer is added. Liquid with flocculating chemical and algae is mixed in
the effluent coming from the DAF, placed under pressure and super saturated with air.
Water is pumped into the flotation tank, and the air comes out of the solution as tiny air
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bubbles. The flocculated algae attach themselves to the air bubbles and rise to the surface
of the tank. DAF is advantageous because this treatment method has been studied and
used by numerous wastewater treatment facilities and the technology involved is well
understood. The use of polymers and flocculants in this treatment method cause the algae
to easily cluster and the use of air bubbles makes the collection of algae easy. A
disadvantage of DAF involves the price of the chemicals used and the size of the air
bubbles used can cause the algal flocs to break if they are too large. [16]
Filtration is used to separate particulate or solute components in a fluid
suspension according to their size by flowing under a pressure differential through a
porous medium. This downstream processing technique is not limited to separating large
particles from solutions. Filter membranes can be designed to precisely filter a variety of
very small particles. Microfiltration involves the removal of solids ranging from 0.1-10
microns while ultrafiltration involves the removal of solids ranging from 0.001 to 0.01microns. Algae harvesting is commonly used in the microfiltration range because algal
cells range from 5-15-microns.
Filtration for algae harvesting commonly involves the use of a synthetic
membrane. A membrane is defined as “a selective barrier between two phases, the term
‘selective’ being inherent to a membrane or membrane process.” [17] Membranes have
the ability to transfer one component more readily than another because of the differences
in physical and/or chemical properties between the membrane and the permeating
components. Transport through the membrane takes place as a result of a driving force
acting on the components. Membrane processes can be driven by different factors but the
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because it can be used to separate feeds containing large amounts of particulate solids.
Normally CFF differs from dead end filtration because in dead end filtration, the cake
layer increases with time while the flux decreases with time. In dead end filtration, the
cake layer grows on the membrane and clogging is theoretically noticed with this form of
filtration in comparison to CFF. Flux decline is also experienced in CFF; however it is
smaller in comparison to standard filtration. In addition, this method is also advantageous
in theory because the majority of the filter cake is washed away during the filtration
process with certain materials due to the tangential flow. CFF is hypothetically more
beneficial than standard filtration because the removal of the cake layer allows for a
longer membrane life and making it a potentially cost effective solution. For the reasons
outlined CFF is a desired solution in biological science and algae biofuel production.

Common Uses of Cross Flow Filtration
In biotechnology, cross flow filtration can be used for the purification of proteins
and the removal of a virus. [18] When CFF is used to separate proteins from a solution,
the product is secreted from the cells into a suspension broth. The amount of proteins
purified depends on the filtration flux, cross flow velocity, rejection coefficient,
concentration polarization, cake resistance and filtration resistance. During this
application, the proteins are carried from the influent flow line to the filter during the
process. The proteins are excreted and maintained in the permeate stream while the cells
are discharged in the retentate stream. During this process a gel-layer may form on the
membrane surface causing a rejection of proteins which is common during cross flow
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filtration. Some of the microbial cells may deposit onto the filter to form a filter cake
while some of the proteins are rejected to create a concentration polarization layer.
Concentration polarization is a phenomenon seen noticed particularly in protein
purification in comparison to other uses. The concentration polarization plays an
important role because as this factor increases, the filtration flux decreases and the
amount of proteins excreted into the permeate decreases. Another factor that affects cross
flow filtration of proteins is the cake resistance. As cells are deposited on the surface and
the cake increases, the permeate flux will decrease as well. Research by Hwang and
Hwang shows that the reduction of the flux from cross flow filtration comes more from
the increase in the cake resistance versus concentration polarization. [18] During the
purification of proteins, the amount of proteins rejected is significantly influenced by the
cake properties. When using cross flow filtration for protein purification, protein
recovery is dependent on the filtration flux and the protein rejection coefficient. A higher
filtration flux and lower rejection coefficient leads to a higher protein recovery. Finally
the amount of proteins removed depends on the cross flow velocity of the system.
Research shows that the amount of proteins collected increases with cross flow velocity.
This is because of the increasing affect that mass transfer has on flow rate that is studied
in basic fluid dynamics.

Cross Flow Filtration for Algal Harvesting
Cross flow filtration for algae biofuel production differs from the use for protein
purification because the product of interest is in the retentate and the concentration
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polarization phenomenon is not as fluent in this method. Tangential flow filtration of
algae has been studied since the 1970s but its uses for biofuel productions are current.
Cross flow filtration is desired for algal biofuel production because tangential flow
filtration in theory is capable of removing large amount of algal cells from water while
the sustaining the life of the membrane. It has also been shown to preserve the properties
of the algal cell and cause little damages. Decreases in the price of certain membrane
materials and advances in the range of applications for various materials make cross flow
promising. During biofuel production, cross flow is used to separate algae into the
retentate from the permeate which is needed to make biofuel. As previously stated, a TSS
concentration of 5-15% is necessary for successful biofuels production. [9] A number of
factors that affect the TSS must be addressed to understand the dynamics of CFF.

Factors Affecting Cross Flow Filtration for Algal Harvesting
Cross flow filtration of algae is affected by several parameters which include pore
size, pressure, membrane material, flow rate, starting algal concentration, membrane
resistance and percentage of algae retained by the membrane. Each parameter will be
discussed later in the results section for each form of algae discussed. Each of the
described parameters affect the permeate flux which is of great concern in algae biodiesel
production. The permeate flux in cross flow filtration is defined as the flow of the
permeate flow rate divided by the area of the membrane. During our experiments the flux
will be in terms of liters per hour per square meter. Permeate flux is of importance
because it affects the amount of algae gathered in the retentate stream. During algae
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biofuel production, higher the flux, the greater amount of algae is concentrated. This
result is desirable because higher algal concentrations are needed for to create biodiesel.
An increase in flux creating an increase in solids concentration was shown by Fane and
Fell in 1977 with wheat starch in municipal wastewater. [19] Experiments by Fane and
Fell have suggested that the effect of higher concentrations have an advantageous effect
on cross flow membrane systems. Also, the amount of mass transported is affected by
flow rate. For membrane filtration, flux is defined as the flow rate of the permeate line
divided by the area of the membrane. The amount of algal mass transported increases as
the flow rate increases (and therefore the flux) because the mass transport coefficient is
increases. This principle is found in standard fluid dynamics. The information provided in
this thesis will prove that as permeate flux increases, the amount of algae separated
increases. Permeate flux is influenced by pressure, starting algal concentration, flow rate,
membrane resistance and pore size.
The term pressure used in cross flow filtration can be described as transmembrane
pressure and average pressure. Transmembrane pressure is defined as the average driving
force needed for liquid to pass through the membrane. The transmembrane pressure
consists of the average pressure which is the understood as the pressure throughout the
inlet and the retentate. The average pressure is important to determine the average
pressure throughout the inlet and the retentate line. The average pressure is seen in
equation 1:
Equation 1:
2
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or the pores of the membrane, but the size of the particles retained by it. [17] During
experimentation, the membranes used have a nominal pore size rating. The reason why
this was concluded because throughout experimentation a percentage of the algae was
retained by the membranes. Pore size is important in CFF because as pore size increases,
flux increases. There are two equations that show the relationship between flux and pore
size. The first equation is known as the Hagen-Poiseuille equation. During this equation,
the theory states that the as the radius of the pores increases at a constant pressure, the
flux increases.
Equation 3:
ε

r ∆P
8ητ∆x

Where:
J = Flux (m³/s)
r = Radius of pores (m)
∆P = Pressure difference across membrane (Pa)
Ƞ = Viscosity of liquid (Pa*s)
∆x = Thickness of membrane (m)
Ʈ = Pore tortuosity (dimensionless)
ɛ = Surface porosity (dimensionless)
The Hagen-Poiseuille, equation is limited by the assumption that most pores are
cylindrical. Because this assumption is not true for most membranes, the Carman-Kozeny
equation is studied in most cases. The Carman-Kozeny equation differs from the first
equation because the equation assumes that the pores are intrices in the membrane. The
Carman-Kozeny equation includes a constant which accounts for different pore shapes
and factors in the porosity. Below is the equation for the Carman-Kozeny relationship.
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Equation 4:
ε ∆P
∗
ŋ

Where:
∆P = Pressure difference across membrane (Pa)
Ƞ = Viscosity of liquid (Pa*s)
∆x = Thickness of membrane (mm)
K = Dimensionless constant which depends on pore geometry
ɛ = Surface porosity
S = specific surface area (m²)
Another factor needed for filtration requires that the membrane reach a successful
wetting pressure before the flux increases. Wetting pressure is described as the minimum
pressure required for the pores to become permeable. The wetting pressure is affected by
membrane material and pore size. Wetting pressure is an important piece of information
because hydrophobic membranes (water permeable) have a lower wetting pressure in
comparison to a hydrophilic membrane (non-water permeable). This factor is important
because theoretically, a hydrophobic membrane would require a lower wetting pressure
and requires a lower pressure to create an algae separation. A hydrophilic membrane
would require a higher pressure and theoretically a higher pressure would be required to
create an algae separation. The membranes used during this thesis are considered were
both hydrophobic and hydrophilic. During filtration, smaller pores require higher wetting
pressure to create permeation. When permeation is achieved, flux increases linearly over
time. Nylon membranes used during these experiments were hydrophilic; polyester
membranes used in this experiment were hydrophobic. At a certain pressure, larger pores
become permeable while smaller pores remain unaffected. Figure 2-4 shows an example
of how wetting pressure to create a permeable membrane is affected by pore size.
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Membrane resistance is affected by membrane material for various reasons.
Certain membrane materials require a higher pressure to cause permeation which affects
the membrane resistance. Polypropylene has a higher tensile strength due to the
construction of the polymer (186 MPa) and therefore would require a higher pressure to
cause algal separation before deformation in comparison to nylon which has a lower
tensile strength (96 MPa) and would require a lower pressure. [21]
In addition, the amount of algae concentrated is affected by membrane material.
Different membranes have different electrostatic properties which influence the effect of
the particles that pass through. Nylon has a negative surface charge while polypropylene
has a positive surface charge and theoretically polypropylene would harvest more algae
because the particles have opposite surface charges in comparison to nylon. The surface
charge of membranes can be modified by chemicals to reduce fouling and to increase
algae harvesting. During this thesis, the nylon and polyester membranes were run without
the use of electrostatic surface modifying agents.
The last factor to consider is the percentage of algae retained by the membrane. In
the previous paragraphs, the importance of pore size was discussed because as pore size
increases, flux increases and, therefore, algal total suspended solids concentration
increases. However, with an increase in pore size, there is a loss of solids in the permeate
line and as a result the percentage of algae retained by the membrane is of significance.
The formula for the percentage of algae retained by the membrane is shown in equation
8.
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Equation 8:
∗ 100
Where:
CF = concentration in feed
CP = concentration in permeate
The percentage of algae retained by the membrane increases with a decrease in pore size
because as the pore size decreases, the particles that would normally pass through a larger
size will be held in the retentate. For example, if a particle is 15-microns, it is expected
that a 5-micron pore size will retain more of that particle than a 10 micron pore size
because the 5-micron pore size is smaller and will hold more of that particle in the
concentrate line. Theoretically, a proper membrane will retain 90% of the particle that it
is rated for. [17] However, when a membrane is selected, tests must be conducted to
ensure that the assumption is accurate. Normally, the percentage of algae retained by the
membrane will be higher at a higher pressure and flow rate in comparison to lower
pressures and flow rates. The reason why this occurs is because a higher flux is generated
at a higher pressure allowing for a larger concentration of solids. Also CFF is affected by
higher flow rates due to the increase in the mass transfer coefficient. As the amount of
mass transported increases, the percentage of algae maintained increases. The percentage
of algae retained by the membrane is of importance because theoretically larger pores
will generate a higher flux but lower solute retention. During this project, the percentage
of algae retained was measured for three different membranes and discussed in the results
section.
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CHAPTER 3
MATERIALS AND METHODS

WesTech, Inc., Pilot Scale Cross Flow Operation
A number of parameters were studied to determine the viability of cross flow
filtration for algae separation at the Logan lagoons. There are two CFF units that have
been used to conduct research on the effectiveness of this treatment method. The first unit
is a pilot scale CFF unit that was provided by WesTech, Inc. (Salt Lake City). The unit
was used to conduct experiments using larger volumes of water from the Logan Lagoon
wastewater treatment effluent. The WesTech, Inc., CFF unit consists of a system that
includes a 50-gallon tank that stores the effluent, a 100-gallon reaction tank which can be
used to concentrate chemicals with optional coagulants, a centrifugal pump, an influent
line flow meter and a permeate line flow meter. The unit contains a tubular nylon
membrane which is 18 feet in length, 6 inches in diameter and 19.7 square feet. A
pressure gauge is located at the beginning of the membrane and at the end of the
membrane. The term pressure discussed from the WesTech, Inc., unit is actually
described as the average pressure. The readings from the two gauges are important to
determine the average pressures that are used during the study of the results. The range of
each gauge was 0-60 PSI. The pressure over the membrane was adjusted using a back
pressure valve located at the back of the membrane. The average pressure is determined
by adding the reading from the front and back gauges and dividing them by two.
Normally, the reading from the gauge located at the front of membrane system was
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higher than the gauge located at the back of the membrane. The WesTech unit used a
mixed culture of algae from the Logan Lagoons that includes chlorella, scenedesmus,
oocystis, ankistrodesmus and palmella. During the tests, the algal densities were kept
mostly steady with algal fluctuations due to the amount of algae allowed into the effluent
from the wastewater oxidation pond. The state of Utah requires that the algal densities of
the wastewater treatment effluent stay at 25 mg/L on average for optimal performance of
the Lagoons. During the trial, the densities for the wastewater treatment effluent ranged
from 14-60 mg/L.
Figure 3-1 is a photograph of the WesTech, Inc., CFF unit, which outlines flow of
wastewater in the system. Waste water containing algae starts at the concentrate tank and
is pumped through the influent flow line into the membrane and back into the concentrate
tank. During experimentation, the algae from the Lagoons was processed in 50-gallon
batches and the West Tech large CFF unit operated in two modes called the “batch
mode” and “continuous operation mode.” The two different operation modes were used
to generate different results which would be useful in understanding the performance of
the membrane under various pressures and flow rates. The flow rate from the concentrate
tank was controlled using an on and off switch, a variable speed drive and potentiometer.
The influent flow was controlled using the potentiometer from the concentrate tank
ranged from 0-60 GPM. The permeate line flow meter ranged from 0-30 LPM. The flux
calculated for this experiment was based off of the reading from the permeate flow meter
and was divided by the area of membrane. On the next page is the WesTech pilot scale
CFF system. The arrows in red detail the flow of the liquid in the system.
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each influent flow rate. An average of each influent flow rate pressures was taken for
each 5 PSI back gauge increment and was used as a data point. Data points were selected
for averages pressures of 5, 10, 15, and 20 PSI. A linear graph was created and the
resistance of the membrane was calculated based off of the slope

“Batch Mode” Operation
The term “batch mode” comes from the understanding that the data collected from
the Logan Lagoon wastewater is processed 50-gallons at a time in batches as shown in
Figure 3-2. Batch mode is significant because this operation mode will help supply
information on the amount of algae concentrated at various pressures over a certain
period of time, the permeate flux over a period of time and if phosphorus is removed
while algae is being concentrated. The time of each test throughout this operation was on
average 75 minutes long. The time of the test was based on the time it takes to empty the
volume of the tank. In batch operation, water from the ditch or the raceway ponds at the
lagoons was sent to the feed tank and processed. During this operation, the concentrate
was returned to the feed tank while the permeate is discharged. Wastewater samples
were taken from the permeate and concentrate lines every 10 minutes to monitor the
change in phosphorus and total suspended solids. The flow rates that were studied during
this form of operation were 10, 20 and 30 GPM. These flow rates were selected at the
request of the city of Logan Environmental Department to understand the performance of
the system at lower flow rate range of the system. Higher flow rates were not examined
because the amount of water sent to the system would not be economical for
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Figure 3-2: WesTech,
W
Incc., Cross Flo
ow Filtration System “Baatch Mode” Operation.
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supplied to the filter as shown in Figure 3-3. In continuous mode, a batch of water from
the raceway ponds or wastewater ditch effluent was sent to the feed tank and processed.
Wastewater from the retentate and permeate lines were redirected to the initial
concentrate tank to keep the algal concentration constant. Samples from the permeate and
retentate line were taken and studied to confirm that the algal total suspended solids
concentration remained constant to ensure the algal mass did not increase with time.
Total phosphorus tests were also conducted to ensure that that level of phosphorus
remained constant with the algal total suspended solids. Confirming that the algal TSS
concentrations and phosphorus remained constant were important to ensure that the
membrane did not collect accumulate algae with time. In addition, the algal TSS and
phosphorus was significant to verify the consistency of the results. In continuous mode
the pressure vs. flux, the percentage of algae retained by the membrane and the
phosphorus with time was monitored. The pressure vs. flux was studied at influent flow
rates ranged from 10, 20, and 30 GPM. The average pressures used during this test
ranged at 10, 20, 30, and 40 PSI. The percentage of algae retained by the membrane was
studied at same flow rates and pressures. Two tests were conducted for each experiment
and the results are shown in Chapter 4. Figure 3-3 is a diagram of the continuous mode
operation.

Cleaning Procedure
The WesTech Inc. unit is cleaned in four steps using 33% hydrochloric acid and
50% sodium hydroxide. After the algae is separated from the lagoons wastewater, potable
water from a local source is poured into the algae tank and is processed through the unit
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Figure 3-3: WesTech,
W
Incc., Cross Flo
ow Filtration System Conntinuous Moode Operatioon.
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added, circulated and the pH was monitored again. When the pH reaches an appropriate
level the combination of water and bleach is circulated through the system for a half an
hour and bleach is left to soak in the system for an hour. The purpose of increasing the
pH of the water to 10 with sodium hydroxide is to increase the solubility of the solutes
deposited on the membrane. The purpose of adding bleach is to kill any microbes that
have grown on the membrane. Afterwards water is pumped through the cross flow unit
for a half an hour to rinse the system out. During the next step, fresh water is added to the
system and a solution of 33% hydrochloric acid is added to the water until the pH of the
solution is decreased to 1. As stated with the sodium hydroxide, a specific amount is not
required except that a certain amount is used to decrease the pH of the water. The
solution with hydrochloric acid was left in the membrane for an hour. The pH of the
water was monitored with a pH probe until the pH decreased to 1. Acid was added in
small increments, circulated and monitored until the pH of the water in the concentrate
tank reached an appropriate level. The purpose of increasing the pH to 2 is to remove oils
deposited on the membrane. Other forms of acid such as nitric, phosphorus or citric acid
were not used because the nutrients in the solution would stimulate the growth of the
algal cells. During the final step, the system is rinsed with water and drained.

Bench Scale Cross Flow Materials and Methods
The second set of experiments were conducted using a laboratory bench scale
CFF unit. The bench scale laboratory unit was developed by Jason Brown at Utah State
University. [22] The system includes an inlet, retenate, and permeate line for operation.
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An adjustable ball valve was placed on the retentate line for the adjustment of pressure on
the retentate line. A pressure gauge was placed on the inlet, retenate and permeate lines to
monitor the performance at each portion of the system and to record the transmembrane
pressure. The unit was constructed from two 12 in x 12 in (0.96 sq. meter) acrylic sheets.
A silicon sheet with adhesive was used as a seal for the cross flow filtration unit to
prevent leaking. The success of the seal was critical to ensure that accurate data was
collected for algae harvesting. Pharmed tubing which can be used for the transportation
of fragile media was attached to inlet, permeate and retentate lines of the bench scale
unit. A flat sheet style membrane was placed in between the acrylic sheets with the
silicon seal. Stainless steel bolts and knobs were used to hold the two acrylic sheets
together. The filter consists of 16 carved channels which are used for the collection of
algae. Each machined channel is 14.3 mm wide and 3.8 mm deep. The channels were
aligned in rows and placed vertically along each acrylic sheet. The holes for the bolts
were places on each corner of the bench scale CFF and a bolt hole was places on each
end of algae collection channels. Figure 3-4 is a schematic of the permeate and retenate
plates for the bench scale cross flow unit.
Several types of membranes were used to determine the optimal performance of
cross flow filtration that included a 1-micron nylon, 5-micron nylon, and 5-micron
polyester membrane. The pressures studied during this portion of the experiment were the
transmembrane pressure and the average pressure. The transmembrane pressure is
described as the average pressure in the feed line minus permeate pressure. The average
pressure is described as the inlet feed pressure plus the retentate pressure divided by two.
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Figure 3-4: Bench
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scale Cross
C
Flow Filtration
F
Syystem Permeate and Reteentate Plates
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22]
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Pressure vs. Flux
The pressure vs. flux for the bench scale unit was recorded with three different
membranes using the same influent flow rate and three different settings on the retentate
ball valve. For each pressure vs. flux trial, the retentate ball valve was fully opened, fully
closed and ¾ opened and the flux was recorded at each setting. A centrifugal pump was
used to transfer the chlorella into the membrane. The inlet pressure of the pump was 10
PSI and the influent flow rates of the chlorella into the membrane ranged from 1-3 liters
per minute. During the pressure vs. flux trials, the highest transmembrane pressure that
was recorded was assumed to be where the membrane reached steady state. Three trials
were recorded for each membrane for statistical purposes.

Retention of Algae by Membrane
Samples from the retentate and permeate lines were taken from the pressure vs.
flux trial to determine the percentage of algae retained by each membrane. The
percentage of algae retained for each membrane was determined by recording the starting
algal concentration of the raceway pond and them comparing this to the algae
concentration of each membrane at different pressures. The pressure was adjusted with a
ball valve located on the retentate line. The retentate line ball valve was adjusted to two
different settings. The settings included fully opened and fully closed. For each ball valve
adjustment, the concentration of algae was recorded. The percentage of algae retained
was recorded and compared to each other to determine a suitable membrane. Three trials
for the 1 and 5-micron nylon membrane were used and two trials for the 5-micron
polyester membrane were recorded.
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Algal Concentration
A higher total suspended solids concentration of algae was used to for the bench
scale cross flow filtration trials to determine the success of cross flow filtration in
comparison to the algal concentrations used with the WesTech, Inc., pilot scale unit. The
total suspended solids were measured to determine the concentration of the chlorella in
the raceway pond. The total suspended solids tests were conducted by according to
standard methods number 160.2. [23] During the trials, 50 ml of sample was used to
determine the total suspended solids tests versus 100 ml. Starting algal concentrations
ranging from approximately 100-180 mg/L were used and tests were conducted for 4
minutes. Three trials were used for the 5-micron polyester and nylon membrane at high
and low pressures. Two trials were recorded for the 1-micron nylon membrane.

Cleaning Procedure
The membrane was cleaned during each test to ensure the consistency of the
results. Each membrane was soaked in a solution of 1M hydrochloric acid for 20 minutes
rinsed and a solution of 1M sodium hydroxide for 20 minutes before it was reused. The
reasons why the membranes were soaked in the specified chemicals were for the same
reasons why sodium hydroxide and hydrochloric acid were used for the WesTech, Inc.,
cross flow filtration unit.
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CHAPTER 4
RESULTS AND DISCUSSIONS
The results discussed below were for the WesTech, Inc., CFF unit and the bench
scale unit was collected throughout August 2010-July 2011. The effect of temperature on
the viscosity of the Logan Lagoon wastewater was not taken into account for the results
of the pilot scale unit. As discussed in the material and methods section, the results for
the chlorella were gathered with the bench scale unit, examined and used to make a
recommendation for the proper membrane to use for the Logan Lagoon wastewater.
During experimentation with the pilot scale unit, concerns about the membrane used in
the system were discovered and will be discussed in this section. The challenges with the
membrane for the pilot scale unit affected the capability to gather algal concentration
plots at specified flow rates and pressures. Therefore some of the results for the pilot
scale unit are not statistically sound. Three trials were used for the bench scale system
during the pressure versus flux experiments and the 5-micron polyester and nylon algal
concentration trials. Two tests were conducted during the 1-micron nylon algal total
suspended solids tests. Three trials were used for the 5-micron polyester and 1-micron
nylon membrane resistance trials and two tests were conducted for the 5-micron nylon
membrane resistance trials. The seal of the bench scale unit was changed early during the
trials to prevent leaking and loss of algae which would affect the results. Leaking was
noticed when initial tests were conducted with the 1-micron nylon filter at a lower
retentate pressure setting. The seal was changed and the tests were rerun to ensure the
accuracy of the results of the 1-micron nylon filter at a higher retentate pressure setting.
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The starting algal concentrations measured as TSS for the chlorella ranged on
average from 124-184 mg/L and the algal concentrations for the Logan Lagoon
wastewater ranged from 15-60 mg/L. The differences in the range of the Logan Lagoon
wastewater were created by differences in the amount of algae allowed to be taken from
the ponds and released into the effluent. Differences in algal concentrations for chlorella
were caused by the amount of time taken for the algae to be regrown after each use with
the bench scale unit.
There are several variables that will be discussed that can affect the performance
of CFF for algae which include pressure, flow rate, membrane material, algal
concentration, and membrane resistance. The reasons why each factor affected algae
harvesting was discussed in the literature review. Each variable discussed is affected by
membrane pore size which will be addressed in detail in the results. The first set of
results discussed will concern the bench scale unit and then the WesTech, Inc., pilot scale
unit.

Lab/Bench Scale Results
The work conducted using the laboratory bench scale CFF unit was used to
determine the effectiveness of CFF using chlorella was grown in a 200 L laboratory
raceway pond. During experimentation, the concentration of algae used for testing took
on average three days to achieve. If the algae concentration of the raceway pond was
above the desired algae concentration, then the algae was diluted with deionized water to
reach the appropriate concentration. Seventeen gallons on average of chlorella was used
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for each test and was pumped into the bench scale system. Fluctuations in the algal
concentrations throughout testing were noted and recorded due to the intermittent filling
of the algal tanks. The algae concentrations during each 5-gallon increment were noted
for each 5-gallon increment and on average the changes in algal concentration were on
average 25 mg/L. It was assumed that changes in the algal concentrations have minor
minimal effect on the results and the data collected was sufficient to make a
recommendation for a proper membrane for the cross flow filtration for algal harvesting
for the Logan Lagoons.

Bench Scale Membrane Resistance Results
The membrane resistances were collected for the 5-micron nylon, 1-micron nylon,
and 5-micron polyester membranes and the membrane resistances were recorded for each
mesh in PSI/LMH. It was noted that a higher transmembrane pressure was generated with
polyester in comparison to the nylon membrane with the same pore size. The membrane
resistances for the bench scale CFF unit for the 5-micron polyester membrane were
shown to be 0.008 PSI/LMH (29 PSI/Lps/m^2) and 0.003 PSI/LMH (12 PSI/lps/m^2) for
the 5-micron nylon membrane. The membrane resistance for the 1-micron nylon
membrane was shown to be 0.007 PSI/LMH (17 PSI/lps/m^2). The data collected shows
that the membrane resistance for the polyester membrane was higher in comparison to the
nylon membranes. The information provided suggests that theoretically because the 5micron polyester membrane has a higher membrane resistance in comparison to the 5micron nylon membrane that the polyester material would gather less algae in
comparison to the nylon membrane. The 1-micron nylon membrane theoretically would
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gather more algae than the 5-micron polyester membrane but would harvest less than the
5-micron nylon membrane. The reason why this would occur because as the resistance
increases, the flux would decrease and the algal TSS would decrease. The results show
that as pore size decreases, membrane resistance increases. However, it was noted during
experimentation that the 5-micron polyester membrane harvested more algae in
comparison to the nylon membrane. A higher flux was recorded during experimentation
using pure water in comparison to the nylon membrane. It has been concluded that
because polyester is more hydrophobic in comparison to nylon that the above trend
mention occurred. Table 4-1 summarizes the membrane resistances that were gathered for
the bench scale cross flow filtration unit. Figure 4-1 is a graph of the bench scale cross
flow filtration membrane resistances.

Pressure vs. Flux
The pressure vs. flux for the bench scale CFF system for the 5-micron polyester,
5-micron nylon and the 1-micron nylon membranes were compared to each other and the
results are shown in Figure 4-2. As previously noted with the membrane resistances, the
transmembrane pressure for the 5-micron polyester membrane was higher in comparison

Membrane Type

Transmembrane Permeate
Pressure Range Flux

Membrane
Resistance

Membrane
Resistance

5-micron Nylon Membrane

0 - 5 PSI

5 - 9 LPS

0.003 PSI/LMH

12 PSI/lps/m^2

5-micron Polyester Membrane

0 - 9.33 PSI

0.7 - 3.6 LPS

0.008 PSI/LMH

29 PSI/lps/m^2

1-micron Nylon Membrane

0 - 9.2 PSI

0.83 - 5 LPS

0.007 PSI/LMH

28 PSI/lps/m^2

Table 4-1: Bench Scale Membrane Resistances.
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Figure 4-1: Bench Scale Cross Flow Membrane Resistance Graph.
*Only two tests were conducted with the 5-micron nylon membrane.
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Figure 4-2: Bench Scale Cross Flow Pressure vs. Flux Results for Chlorella.
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to the transmembrane pressure for the 5-micron nylon membrane and the 1-micron nylon
membrane. The permeate, retentate and permeate flow rates were recorded for cross flow
filtration for the settings of the bench scale unit when the ball valve located at the back of
the unit was set at opened, closed, and three quarter. Table 4-2 shows results of the
recorded transmembrane pressures and fluxes and a graph of the pressure vs. flux for the
bench scale cross flow filtration system. Figure 4-2 displays the pressure vs. flux for the
1, and 5-micron nylon membranes and the 5-micron polyester membrane.
The transmembrane pressure and the flux were calculated for each membrane.
Because the construction of the system differed from the pilot scale unit, it was assumed
that steady state for the bench scale cross flow filtration system was achieved when the
transmembrane pressure reached 5 PSI for the 1-micron nylon and 5.6 PSI for the 5-

5-micron Polyester
Transmembrane Pressure (PSI)

Flux (LMH)

Retentate Ball Valve Setting

5.09

514

Opened

5.52

7545

3/4 opened

8

1237

Closed

5-micron Nylon
Transmembrane Pressure (PSI)

Flux (LMH)

Retentate Ball Valve Setting

5.01

1884

Opened

5.14

1934

3/4 opened

5.6

3459

Closed

1-micron Nylon
Transmembrane Pressure (PSI)

Flux (LMH)

Retentate Ball Valve Setting

5.1

2765

Open

5.15

3226

3/4 open

5

3871

Closed

Table 4-2: Transmembrane Pressures and Fluxes for Bench scale Cross Flow Filtration
Unit.
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micron nylon membrane. The bench scale CFF system reached steady state at 8 PSI using
the 5-micron polyester membrane. A comparison of the data shows that the amount of
algae harvested could increase and reach steady state for a polyester membrane at 8 PSI,
at 5.6 PSI for the 5-micron nylon membrane and at 5 PSI for the 1-micron nylon
membrane. A polyester membrane would go to steady state at a higher pressure in
comparison to a nylon membrane of the same pore size. The effect that this possibly
could have on a system is that more energy could be required to harvest algae if a
polyester membrane is used in comparison to a nylon membrane of the same pore size. It
was noted that the 5-micron nylon membrane generated a higher flux in comparison to
the polyester membrane of the same pore size when operated at a similar influent flow
rate. This implies that the 5-micron nylon membrane could harvest a larger portion of
algae although the algal total suspended solids concentration results differ. It was also
observed that a slight decrease in flux with pressure occurred using the 1-micron nylon
membrane. However, because this observation was not recorded with the 5-micron nylon
and polyester membrane, it was concluded that the cake that formed on the membrane
was incompressible. Also, because the flux did not decrease greatly with pressure using
the 1-micron nylon membrane, it was assumed that the flux would probably increase if a
higher transmembrane pressure was recorded. It was noted that the Carman-Kozeny
equation for flux with pore size was not proven in the results but that a higher flux
resulted in a higher algal concentration for the 1-micron nylon membrane. It was assumed
that the effect of leaking and membrane clogging possibly effected the results.
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Comparison of Percentage of Algae
Retained by Membranes
A comparison of the amount of algae retained by the membrane for the bench
scale CFF unit was compared to each other when the retentate valve on the bench scale
cross flow filtration system was set at opened and closed. The percentage of algae
retained by the membrane was collected from the pressure vs. flux experiments. It was
noted throughout the study that the results for the membrane retention when the retentate
ball valve was ¾ opened were inaccurate and were excluded. The percentage of algae
retained by the membrane was recorded for the 5-micron nylon, 1-micron nylon, and 5micron polyester membranes. The corresponding transmembrane pressures for each
opened and closed setting were observed and the algal retention was recorded. Three
tests were conducted using the 1-micron and 5-micron nylon mesh. Three experiments
were conducted with the 5-micron polyester filter but only two were used due to errors
with the third trial. Table 4-3 shows the results for the bench scale CFF system when the.

Retentate Ball Valve Setting
1-Micron Nylon Membrane Retention
Opened
Closed
5-Micron Polyester Membrane Retention
Opened
Closed
5-Micron Nylon Membrane Retention
Opened
Closed

Transmembrane
Pressure (PSI)
5.08
5.35

Membrane
Retention (%)
29
67

4.75
9.00

43*
47*

5.20
6.00

30
54

Table 4-3: Bench scale Percentage of Algae Retained by Membrane for 1-, 5-Micron
Nylon, and 5-Micron Polyester Mesh Sizes.
*Only two tests were conducted with the 5-micron polyester membrane.
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ball valve for the various pressure settings using the outlined membranes of different pore
sizes and materials. The results show that the 5-micron nylon membrane retained 29
percent of the algae when the ball valve was opened and 67 percent of the algae when the
ball valve was closed. The 5-micron nylon membrane retained 30 percent of the algae
when the ball valve was opened and 54 percent of algae when the ball valve was closed.
The 5-micron polyester membrane retained 43 percent of algae when the ball valve was
opened and 47 of algae when the ball valve was closed. The 5-micron polyester
membrane held 13% more algae in comparison to the 5-micron nylon membrane when
the retentate ball valve was opened and the 5-micron polyester and 5-micron nylon
membranes held a similar amount of algae when the ball valve was closed. It was
assumed that the 5-micron polyester membrane could retain more algae than the nylon
membrane because only two trials were conducted with the membrane. The percentage
of algae retained by the membrane using the bench scale CFF system was higher at
higher pressures than at lower pressures. The percentage of algae retained at a higher
pressure was attributed to a higher total suspended solids concentration of algae being
recorded at higher pressures due to an increase in flux. Also, the mass transfer resistance
decreases at higher pressures and flow rates.

5-Micron Polyester Chlorella High
Pressure Results
The repeated experiments for the 5-micron polyester membrane concluded the
following: a final concentration of 278 ± 92 mg/L was maintained when using a starting
algal concentration of 140 ± 11 mg/L in 4 minutes when using an average influent flow
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rate of 6.00 liters per minute, an average permeate flow rate of 3.12 liters per minute and
an average transmembrane pressure of 6.83 PSI was maintained. The algal concentration
in the permeate line started from 150±57 mg/L and a maximum permeate line
concentration of 213±98 mg/L showing that the 5-micron polyester membrane could
create approximately a 1.85:1 algal harvesting concentration. The standard deviation for
the results can be contributed to several factors. During testing, the time taken for the
algae to be regrown to the desired total suspended solids concentration of 150 mg/L took
several days to achieve and the concentration fluctuated around this number. Also, when
the algal concentration was far above the desired starting concentration, the algae were
diluted with water to the preferred concentration. In addition, the permeate results for the
third conducted trial were not recorded but the total suspended solids concentration ratios
for trial one and trial 2 were 1.83:1 and 1.88:1 and therefore it was assumed that the
average results in this section were accurate. Figure 4-3 is a graph of the total suspended
solids concentration for the 5-micron polyester membrane. The bend in the permeate line
suggests that the concentration ratio of a polyester membrane increases with time.

5-Micron Polyester Chlorella Low
Pressure Results
The repeated experiments for the 5-micron polyester membrane demonstrated the
following: a final concentration of 290 ± 116 mg/L was maintained when using a starting
algal concentration of 165 ± 22 mg/L in 4 minutes when using an average influent flow
rate of 6.00 liters per minute, permeate flow rate of 1.60 liters per minute and a
transmembrane pressure of 5.17 PSI was maintained. The algal concentration in the
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Chlorella Algal TSS Concentration (mg/L)

300
250
200
150

Retentate Line
Permeate Line

100
50
0
0

1

2

3

4

5

Time (minutes)

Figure 4-3: Bench scale Chlorella Total Suspended Solids Concentration for 5-Micron
Polyester Operated at High (6.83 PSI) Transmembrane Pressure.
permeate line started from 91±86 mg/L and a maximum permeate line concentration of
245±42 mg/L was achieved. The-5-micron polyester membrane could create a 1.6:1 algal
harvesting concentration when operated at an average transmembrane pressure of 5.17
PSI. The standard deviations were attributed to a fluctuation in algal concentration due to
growth in between trials. Also clogging contributes to the bends in the graph. Figure 4-4
is a graph of the total suspended solids concentration for the 5-micron polyester
membrane. The reduction in algal concentrations in the retentate and permeate lines were
attributed to algal settling in the tanks during experimentation.

5-Micron Nylon High Pressure Results
The repeated experiments for the 5-micron nylon membrane concluded the
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Figure 4-4: Bench scale Chlorella Total Suspended Solids Concentration for 5-Micron
Polyester Operated at Low (5.17 PSI) Transmembrane Pressure.

following: a final algal concentration of 264±80 mg/L was maintained when a starting
algal concentration of 143±22 mg/L was maintained in 4 minutes when using an average
flow rate influent flow rate of 6.00 liters per minute, an average permeate flow rate of
2.40 liters per minute at a constant average transmembrane pressure of 6.2 PSI. The algal
concentration in the permeate line started from 45±22 mg/L and concentrated to 148±99
mg/L showing that the 5-micron nylon membrane could create an approximate 1.75:1
algal harvesting concentration capability. The bends in the graph were attributed to
fluctuations during changing of the 5-gallon algal tanks and clogging. Figure 4-5 is a
graph of the results.
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Figure 4-5: Bench scale Chlorella Total Suspended Solids Concentration for 5-Micron
Polyester Operated at Low (6.2 PSI) Transmembrane Pressure.

5-Micron Nylon Low Pressure Chlorella
Bench scale Results
The repeated experiments for the 5-micron nylon membrane concluded the
following: a final algal concentration of 286±186 mg/L was maintained when a starting
algal concentration of 112±46 mg/L was maintained in 4 minutes when using an average
influent flow rate of 6.00 liters per minute, an average permeate flow rate of 2.75 liters
per minute, and a constant average transmembrane pressure of 5.00 PSI showing that the
5-micron nylon membrane could create a 1.2:1 algal harvesting concentration capability.
The average transmembrane pressure in this section was noted to be lower than the
polyester membrane that operated at a higher pressure. The lower transmembrane
pressure noted with the 5-micron nylon membrane was attributed to nylon having a lower
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material strength than polyester and therefore less pressure would be required to cause
algal separation. The lower pressure required for algal separation could seem beneficial
due to energy requirements but the 5-micron nylon membrane would require more time
to reach a suitable algal TSS concentration for biofuels production in comparison to
another membrane that would generate the desired concentration in a shorter period of
time. The standard deviations were attributed to similar reasons noted with the 5-micron
nylon membrane operated at a higher pressure. The bends in the graph were noted to be
caused by clogging of the pores in the membrane. It was noted that the 5-micron nylon
membrane experienced more foulding in comparison to the polyester membrane. Figure
4-6 is a graph of the total suspended solids concentration for the 5-micron nylon
membrane.
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Figure 4-6: Bench scale Chlorella Total Suspended Solids Concentration for 5-Micron
Nylon Operated at High (5.00 PSI) Transmembrane Pressure.
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1-Micron Nylon Bench Scale High
Pressure Results
The experiments for the 1-micron nylon membrane concluded the following: a
final concentration of 515±40 mg/L was maintained when a starting measured algal
concentration of 124±3 was created in 4 minutes when using an average influent flow
rate of 6.00 liters per minute, an average permeate flow rate of 3 liters per minute an
average constant transmembrane pressure of 6.5 PSI. The algal concentration in the
permeate line started from 120 mg/L and concentrated to 160 mg/L showing that the 1micron nylon membrane could create a 3.2:1 algal harvesting concentration capability.
The standard deviations were attributed to minor fluctuations in the algal concentration
when the concentrated chlorella from the raceway pond was diluted to the desired
concentration of 150 mg/L during the experiments. The 1-micron nylon membrane was
shown to obtain the highest total suspended solids concentration of chlorella algal mass
in comparison to the 5-micron nylon and 5-micron polyester membranes. The scientific
reason for a higher chlorella TSS algal concentration being obtained was due to the
percentage of algae that could be retained by the membrane using the 1-micron nylon
filter. The 1-micron nylon membrane retained the highest percentage of algae when
operated at a higher pressure in comparison to the other tested membranes with a larger
pore size. It was assumed that the 1-micron nylon mesh obtained a higher TSS solids
concentration of algae due to the smaller pores which allows for less algae to be filtered
and collected in the permeate line. Based on the results, it was assumed that a 1-micron
pore size would perform optimally in comparison to other pore sizes. Figure 4-7 is a
graph of the total suspended solids concentration for the 1-micron nylon membrane.
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Figure 4-7: Bench scale Chlorella Total Suspended Solids Concentration for 1MicronNylon Operated at High (6.5 PSI) Transmembrane Pressure.
*Only two tests were conducted with these results.

1-Micron Nylon Low Pressure Chlorella
Bench Scale Results
The experiments for the 1-micron nylon membrane concluded the following: a
final concentration of 482±40 mg/l was achieved when a 1 minute starting algal
concentration of 184±28 in 4 minutes when using an average influent flow rate of 6.00
liters per minute, an average permeate flow rate of 0.76 liters per minute at an average
transmembrane pressure of 5.75 PSI. The algal concentration in the permeate line started
from 60 mg/L and concentrated to 172 mg/L showing that the 1-micron nylon membrane
could create a 2.8:1 algal harvesting concentration capability. The standard deviations
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were attributed to minor fluctuations in the algal concentration when the concentrated
chlorella from the raceway pond was diluted to the desired concentration of 150 mg/L
during the experiments. The algal total suspended solids concentration steadily increased
with time and clogging was not noted for this set of results. Similar observations were
recorded with the 1-micron high pressure results. It was concluded that the 1-micron pore
size could produce less clogging because less algal cells are not allowed to be trapped in
the pores of the membrane. Through the experiment, the initial algal concentration was
not recorded in error. The algal concentration results could possibly be higher than show
but it was assumed that the results gathered were suitable to determine the algal
concentration ratio. Based on the results, it was assumed that the chlorella TSS
concentration was smaller at lower pressures than higher pressures which was noted with
the previous results. Figure 4-8 is a graph of the algal harvesting capabilities using the 1micron nylon membrane.

WesTech Pilot Scale Results
The first data set of information that will be discussed with the WesTech, Inc.,
pilot scale unit is the membrane resistance. Tap water from a local source was used
during the results. During the trials, the flux for the cross flow filtration unit was
determined by setting the retenate pressure gauge located at the back of the membrane at
5,10,15, and 20 PSI, respectively and then by adjusting the influent flow rate during each
increment. When the influent flow rate was adjusted, the pressure at the front of the
gauge and the permeate flow was recorded. The pressure setting at each gauge was
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Figure 4-8: Bench scale Chlorella Total Suspended Solids Concentration for 1-Micron
Nylon Operated at Low (5.75 PSI) Transmembrane Pressure.
*Only two tests were conducted with these results

recorded to determine the average pressure for the results. The influent flow rates were
adjusted from 5-45 GPM and the permeate flux during each adjustment changed. During
each influent flow rate adjustment for each retentate gauge setting, the permeate flux
changed on average of 0-1 LPM. For each adjustment of the gauge located at the back of
the membrane at 5, 10, 15, and 20 PSI the permeate flux changed on average to 9, 18, 25,
and 33 LPM. It was noted as the influent flow rate increased, that the permeate flux
decreased. This observation shows that there were initial difficulties with the membrane
which affected the results. The difficulties and concerns about the membrane are
discussed later in this chapter. Tables 4-4 thru 4-7 shows the influent flow rates, average
permeate flow rates and fluxes for testing gathered for WesTech pilot scale unit.
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5 PSI Retentate Pressure Setting
Average Influent Flow Rate
(GPM)

Average Permeate Flow
Rate (LPM)

Average Flux
(LMH)

St. Dev
(LMH)

9.02

10.33

370.76

20.72

19.49

10.17

364.78

10.36

34.9

9.67

346.84

54.81

43.46

9.80

351.62

85.44

49.53

9.33

334.88

54.81

Table 4-4: WesTech, Inc., Pilot scale Influent Flow Rates, Permeate Flow Rates and
Fluxes for 5 PSI Retentate Ball Valve Setting.

10 PSI Retentate Pressure Setting
Average Influent Flow Rate
(GPM)

Average Permeate Flow
Rate (LPM)

Average Flux
(LMH)

St. Dev
(LMH)

7.75

18.5

663.78

47.76

23.85

17.5

657.8

31.79

18

613.54

47.76

40.96

17.33

430.56

41.43

50.96

17.6

382.72

18.99

0

Table 4-5: WesTech, Inc., Pilot scale Influent Flow Rates, Permeate Flow Rates and
Fluxes for 10 PSI Retentate Ball Valve Setting.

15 PSI Retentate Pressure Setting
Average Influent Flow Rate
(GPM)

Average Permeate Flow
Rate (LPM)

Average Flux
(LMH)

St. Dev.
(LMH)

9.93

25.83

926.89

51.79

23.71

25.00

897.00

71.76

38.81

17.50

941.85

63.43

39.92

24.17

867.1

51.79

47.86

25.67

920.91

41.43

Table 4-6: WesTech, Inc., Pilot scale Influent Flow Rates, Permeate Flow Rates and
Fluxes for 15 PSI Retentate Ball Valve Setting.
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20 PSI Retenate Pressure Setting
Average Influent Flow (GPM)

Average Permeate Flow
(LPM)

Average Flux
(LMH)

St. Dev
(LMH)

12.33

33.07

1186.43

29.22

23.95

32.08

1151.14

36.25

36.70

32.67

1172.07

90.30

45.35

32.25

1157.12

8.97

57.43

32.13

1152.64

6.34

Table 4-7: WesTech, Inc., Pilot scale Influent Flow Rates, Permeate Flow Rates and
Fluxes for 20 PSI Retentate Ball Valve Setting.

Membrane Resistance
The membrane resistance of the CFF was shown to be 0.0150 PSI/LMH. The
performance for the WesTech, Inc., CFF unit was compared to a membrane of a
comparable pore size and material from the Millipore Corporation. The membrane
manufactured by Millipore was constructed from nylon and had a 0.2-micron pore size
which is similar to the WesTech unit pore size of 0.2-micron. The membrane resistance
of the Millipore nylon membrane was calculated to be 0.0007 PSI/LMH (25
ml/min*cm^2 for 10 PSI pressure differential). Comparisons of the two membranes show
that the WesTech, Inc., pilot scale unit has a higher membrane resistance than the
Millipore system and therefore would have a lower flux and lower algal concentration. If
a nylon membrane of a 0.2-micron pore size is used in the future, it is recommended that
it be constructed by Millipore company because of this factor. The reasons why the
membrane resistance differ could include that two different types of nylon are used or the
construction of the membrane could play a factor. The nylon material used for the
Millipore membranes is constructed from nylon 6,6, while the WesTech, Inc., pilot scale
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membrane is assumed to be constructed from nylon 6,6 with reinforced carbon fibers.
The nylon material constructed by Millipore has a tensile strength of 14,000 psi while the
material strength of the WesTech, Inc., pilot scale CFF is assumed to be 30,000 psi. The
material strength of the WesTech, Inc., CFF is presumably higher and this factor affects
the membrane resistance.
When the WesTech, Inc., membrane resistance was compared to the membrane
resistances of the bench scale unit and it noted that the membrane resistance of this
system was 3-8 times higher than the membrane resistance of the 5-micron nylon, the 5micron polyester and the 1-micron nylon membranes. The WesTech, Inc., membrane
resistance was higher than the membrane resistance of the other membranes due to the
smaller size of the pores as discussed in the literature review. For future reference, it has
been recommended that the membrane resistance not exceed 0.0150 PSI/LMH. Figure 49 is a graph of the pressure vs. flux for pure water for the Westech cross flow filtration
system. The average pressure vs. the average flux was recorded during this trial because a
permeate line gauge was not included in the design of the system. Therefore, the
transmembrane pressure could not be recorded. The average pressure for the membrane
resistance is the inlet pressure plus the retenate pressure divided by two.

WesTech “Continuous Mode” Results
Pressure vs. flux. The first set of data collected for the continuous mode results
was the pressure vs. flux. As described in the previous section, the pressure vs. flux is
important to determine where the exact pressure where the flux reaches steady state and
therefore the amount of algae concentrated does not increase. The starting algae
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Figure 4-9: Membrane Resistance Chart for WesTech, Inc., Pilot Scale System.

concentrations for each of these tests ranged from 25-30 mg/L. A mixed culture of algae
from the Logan Lagoons was used. Throughout experimentation, it was noted that
difficulties the membrane impacted the permeate flux. During two trials of the
experimentation, it was noted that the permeate flux would start at approximately 7 LPM
for 10, 20, and 30 GPM and then drop to 5 LPM. During the data collection, the permeate
flow rate prior to decline was the one used for the calculation of the flux. The Westech
pilot scale unit was shown to reach steady state at 25 PSI for flow rates of 10 GPM, 20,
GPM and 30 GPM. The above statement means that with an algal concentration of 25-30
mg/L when operating the WesTech, Inc., pilot scale CFF unit that the amount of algae
theoretically gathered will increase and reach steady state at 21.5 PSI. Statistics have
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been added for the benefit. Tables 4-8 thru 4-10 are three charts for the results for the
pressure versus flux for the WesTech, Inc., pilot scale CFF unit. Figure 4-10 is a graph of
the results gathered from the pilot scale system that are shown in Tables A-7 through A-9
in Appendix A.
Percentage of Algae retained by the membrane. The membrane retention plots
were gathered from the WesTech, Inc., CFF unit. The trend in the flow rates show that
the retention of the membrane of the WesTech, Inc., unit is higher at lower flow rates and
lower at higher flow rates. Research shows that 92.6% of the algae were retained by the
membrane when the influent flow rate of the system was set at 10 GPM and 85.7% of the
algae were retained by the membrane when the influent flow rate was set at 30 GPM. In
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Figure 4-10: Pressure vs. Flux for Logan Lagoons Mixed-Culture Algae for WesTech,
Inc., Pilot Scale Cross Flow System.
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addition, experimentation shows that membrane resistance for the Westech cross flow
filtration unit fluctuated from 82-100% when operated at 20 GPM. An error in the testing
method affected the results of the pilot scale unit and a constant algae concentration for
various pressures was not determined. For this thesis, it was assumed that the average
amount of algae harvested was 94.80% because the range of algae varied from 82-100%.
Table 4-8 displays the amount of algae retained by the membrane.
Figure 4-11 is a graph for the amount of algae retained by the membrane for the
WesTech, Inc., cross flow filtration system. Because the results indicate the more algae
are retained by the membrane at lower pressures instead of higher pressures, the
information could indicate that the cake formed on the pilot scale cross flow filtration
unit is compressible. As discussed in the literature section, a compressible cake creates a
lower permeate flux at a higher pressure and a higher permeate flux at a lower pressures.
The effect of a lower permeate flux at higher pressures is a result of the compaction of
the cake on the membrane as pressure increases. When using a compressible cake, the
cake resistance increases and reduces the flux which will affect the amount of algae
harvested. Compressible cakes are important for this research because as the cake
compressibility increases, the cake resistance will increase and reduce the flux which will

Flow Rate (GPM)

Membrane Retention in Percentage

10

92.60

20

94.80

30

85.70

Table 4-8: Percentage of Algae Retained by WesTech, Inc., Membrane at Selected Flow
Rates.
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Figure 4-11: WesTech, Inc., Cross Flow Filtration Pilot scale System Percentage of
Algae Retained by the Membrane.

decrease the amount of algae harvested. When using the current WesTech, Inc., pilot
scale CFF and 0.2-micron membrane, it is recommended that the system be operated at
lower pressures and flow rates to harvest more algae due to cake compressibility.

WesTech Pilot Scale Unit “Batch Mode” Results

Algal Total Suspended Solids Concentration
During this section, the results for the “batch mode” unit for the Westech pilot
scale CFF unit will be discussed. The results covered will include the amount of algae
concentrated and difficulties harvesting the algae due to membrane concerns. Two
successful sets of data were collected for the amount of algae harvested. The other tests
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that were conducted were unsuccessful and the amount of algae harvested remained
constant during the trials. Due to difficulties with the membrane, the results presented in
this section are not statistically sound because two tests were conducted during the
research. A final algae TSS concentration of 164 mg/L was achieved for a starting algae
concentration of 32 mg/L during a 70 minute trial and a final algae concentration of 62
mg/L was reached for a starting algae concentration of 15 mg/L for a 90 minute trial
consecutively when the pilot scale cross flow filtration unit operated at 30 PSI. During
the third trial, difficulties with the harvesting capabilities of the pilot scale system were
noticed. The total suspended solids concentration of algae remained at 32 mg/L during
the 90 minute trial. Multiple tests were conducted for operating pressures of 10 and 20
PSI and the total suspended solids tests remained constant during the 90 minute trials.
Further trials and multiple cleanings were conducted during the months of November and
December to exclude factors such as weather conditions, pore clogging and error in
testing. After the trials were completed, it was concluded that the pilot scale cross flow
filtration unit was unsuccessful at concentrating algae. Figures 4-12 and 4-13 show the
amount of algae that was gathered by the WesTech, Inc., cross flow filtration unit.

Flux Decline
The flux decline was recorded as the algal TSS concentration increased and is
shown in Figure 4-14. The results show that a higher flux was observed with a lower flow
rates and a lower flux occurred at higher flow rates. The results also show that the flux
increased with decreasing pressure. The results occurred for two reasons. First, it was
noted that as the influent flow rate increased, the flux decreased with only pure water as
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Figure 4-12: Mixed-Culture Algal Total Suspended Solids Concentration for Logan
Lagoon Algae Collected on August 27, 2010 using WesTech, Inc., Pilot Scale System.
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Algal Total Suspended Solids
Concentration ‐ September 17, 2010
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Figure 4-13: Mixed-Culture Algal Total Suspended Solids Concentration Collected for
Logan Lagoon Algae on September 17, 2010 using WesTech, Inc., Pilot Scale System.
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Figure 4-14: WesTech, Inc., Pilot scale CFF System Flux Decline with Time at Different
Flow Rates and Pressures.

shown in Tables 4-4 through 4-7. Therefore, the flux would decrease as the influent flow
rate increased with wastewater as well. Another factor is that the algal cake that builds on
the membrane is compressible and would decrease flux as pressure increases. The results
show that the current WesTech, Inc., pilot scale system would harvest the most algae at
10 GPM at 10 PSI in comparison to other pressures and flow rates.

Membrane Concerns Discussion
Further research was conducted and two experts who were successful with cross
flow filtration for algae harvesting were contact. The two experts included Arizona State
University and the Pall Corporation (Port Washington, NY) was contacted and an
assessment of the current pilot scale system was conducted. It was concluded that the
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pilot scale CFF unit was unsuccessful for several reasons: the pore size of the pilot scale
unit was too small and required excessive pressure to create an algae separation, the
length of the membrane was above the size needed for successful algae harvesting and
the diameter of the cross flow filtration unit was too wide for algae harvesting. The
recommendation about the length of the membrane for the CFF system came directly
from the Pall Corporation. The current pilot scale system at the Logan Lagoons was
compared to the pilot scale system of Pall Corporation. The pilot scale system
manufactured by Pall Corporation comes with a 2 gallon low volume holding tank and a
5 gallon high volume holding tank. The flow rates of the Pall system range from 0.01
gallon per minute to 0.017 gallon per minute. The membranes recommended were called
the Microza modules and are made from polyvinyldene fluoride. The membrane models
include Microza modules USP-143 and UMP-153 the average pore size of each
membrane is from 0.1 to 0.2-microns, respectively. The area of model USP-143 is 0.12
square meters and module UMP-143 is 0.08 square meters. The WesTech. Inc., pilot
scale system has a current membrane length of 18 feet which is approximately 3.3 meters
in length and the area of the membrane was 1.67225 square meters. It was recommended
that the pilot scale cross flow filtration unit have a membrane length of 1 meter long. The
length of the membrane was examined because the Pall Corporation suggested that the
length of the membrane and the diameter of the membrane affected the cross flow
velocity which affects the formation of algae on the membrane. As the cross flow
velocity increases, the amount of algae deposited on the membrane increases which
reduces the flux. The cross flow velocity of the pilot scale unit was calculated. The
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formula from the cross flow velocity was shown below.
Equation: 9
CFV = Q * (πro² - πri²)
Where:
CFV = Cross flow velocity (m/s)
Q = Influent flow rate (m³/s)
ro = radius of outside diameter of membrane in (m)
ri = radius of inside of membrane (m)
It was determined that the cross flow velocity of the pilot scale unit was 0.007 m/s for a
cross flow velocity of 30 GPM for a total suspended solids concentration of 25-30 mg/L.
The technical data sheet for the system created by the Pall Corporation stated that a cross
flow velocity of 0.5-10 m/s was generated for a flow rate of 0.01 to 0.17 gallon per
minute. The area of the membrane created by the system for Arizona State University
was 0.125 square meters. In addition, the system created by Arizona State University
generated a cross flow velocity of 0.17 m/s for algal concentrations of 1 g/L. The system
by Pall differed from the WesTech, Inc., pilot scale system because the suggested cross
flow velocity can be generated for an algal concentrations starting from 25 mg/L. The
system by Arizona State University differed from the system created by Westech because
the successful membrane was constructed from PVC, the pore size of the membrane was
0.65-microns and the area of the membrane was 0.125 meter squared. The cross flow
velocity of the WesTech, Inc., pilot scale unit was significantly lower and suggests that a
higher cross flow velocity should be generated for a successful filtration. The Pall
Corporation also stated that the length of the membrane used in the WesTech, Inc., cross
flow filtration system could cause the permeate water to back flush into the retentate line
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phosphorus at 10 GPM, 20 GPM, and 30 GPM. The results show that the WesTech, Inc.,
pilot scale CFF showed that the amount of total phosphorus in the retentate line was
lower than the total phosphorus in the permeate line. A persulfate digestion of the
samples was used and the results show that the CFF was capable of removing the total
phosphorus that was attributed to the Logan Lagoon algae in the samples. Futher research
was conducted for whether the pilot scale CFF could remove different forms of
phosphorus. There are several types of phosphorus that include orthophosphate,
polyphosphate and organic phosphate that were important for this project and the
capability of the WesTech, Inc., CFF to remove each substance of studied.
Orthophosphate comes from the reactive phosphorus in the water, polyphosphate comes
from detergents and organic phosphorus comes from human or animal waste. Further
research was conducted but it was concluded that the pilot scale CFF was not capable of
removing phosphorus that was contained in the algal cells but it was not capable of
removing polyphosphate, orthophosphate and organic phosphorus. It is recommended
that an additional phosphorus removal system be installed when using CFF for the Logan
Lagoons. Figures 4-16 through 4-18 are three graphs that show the total amount of
phosphorus removed from the WesTech, Inc., pilot scale system.
The results in Figure 4-16 through 4-18 show that the total phosphorus in the
retentate line at 10 GPM ranged from 1.2 mg/L to 1.5 mg/L and the total phosphorus in
the permeate line ranged from 0.4 to 0.7 mg/L. When operating at 20 GPM the total
phosphorus in the retentate line ranged from 1.7 and declined to 1.3 mg/L while the
amount of phosphorus in the permeate line ranged from 0.41 to 0.53 mg/L. The amount
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Membrane Type and Pore Size

Transmembrane Pressure (PSI)

5-micron Nylon
5-micron Nylon
5-micron Polyester
5-micron Polyester
1-micron Nylon
1-micron Nylon

6.20
5.00
6.83
5.17
6.50
5.75

Chlorella Maximum Algal
TSS (mg/L)
264 ± 80
246±182
278 ± 92
290 ± 116
515 ± 40
482 ± 40

Table 4-9: Bench Scale Cross Flow Filtration Maximum Algae Harvesting Amounts.
membrane was the most effective at harvesting algae in comparison to the nylon
membrane of the same pore size. The conclusion was based on a higher total suspended
solids concentration of algae was achieved and a higher percentage of algae was retained
by the polyester membrane. A polyester membrane could be more effective at gathering
algae in comparison to the nylon membrane due to the electrostatic properties of the
membrane. A polyester membrane could be better at harvesting algae because it is
hydrophilic and a nylon membrane is hydrophobic which means that the membrane could
allow for the gathering of hydrophilic solutions such as algae grown in water. Higher
pressures were shown to be more effective at harvesting algae and maintaining algae
when using the bench scale cross flow filtration system. The graphs for the pressure vs.
flux show that the polyester membrane would reach steady state at 8 PSI in comparison
to a 5 and 1-micron nylon membrane which would reach steady state at 5.6 PSI and 5 PSI
respectively. Table 4-9 shows that a higher pressure should be used to harvest algae to a
certain extent however care should be taken to the membrane because excess pressure
can lead to premature fouling of the membrane and excessive energy costs. A 1-micron
membrane of a polyester or similar material could prove to create a suitable amount of
algae during a lengthened test time.
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The WesTech, Inc., System proved to be ineffective when examined because the
flux reduced as time increasing which decreases the amount of algae harvested. The
results were demonstrated when the flux versus the influent flow, the pressure versus flux
and the amount of algae harvested was examined. The influent flow rate vs. the flux
demonstrate that there were difficulties with the membrane and the pressure vs. flux
shows that the algal cake that builds on the membrane is compressible and reduces flux
with increased pressure over time.
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CHAPTER 5
MATHEMATICAL MODELS

The chlorella algal results discussed in Chapter 4 were modeled to measure the
thickness of the cake that developed on each membrane and to determine the maximum
algal concentration with time. The cake thickness is of importance because as the cake
thickness increases, the flux decreases and the total suspended solids concentration of
algae decreases. Several equations were used to determine the variables that are used to
model the cake thickness that were developed and shown in “Harvesting algal biomass
using ultrafiltration membranes.” [24]
The equation for permeate flow rate is seen in equation 10. The equation for
permeate flow rate is similar to the equation for flux however; a variable for the area of
the membrane is included. The permeate flow was of importance in this project because
theoretically as permeate flow rate increases, the flux increases and the concentration of
algae increases.
Equation 10:
∗

Where:
Q = permeate flow rate (m3/s)
ΔP = change in transmembrane pressure (Pa)
Rm = membrane resistance (Pa/m/s)
Rc = cake resistance (1/m)
μ = dynamic viscosity in (Pa*s)
A = area (m2)
Before the permeate flow rate was determined the cake resistance was determined. In
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order to determine the cake resistance the cake thickness was modeled. Determining the
cake resistance required measuring the cake thickness and the resistance of the cake per
unit of thickness. The cake thickness was of importance in this project because when the
cake thickness was determined the permeate flow rate was modeled accordingly.
Equation 11 shows the formula for the cake resistance.
Equation 11:
∗
Where:
Rc = cake resistance (1/m)
δ = cake thickness in (m)
kc = specific cake resistance (1/m2)
The specific cake resistance
The specific cake resistance was measured using the constant pressure equation
determined by Harrison. [25] The equation can be used for dead-end filtration in addition
to crossflow filtration. Equation 12 displays the equation that was used to determine the
specific cake resistance.
Equation 12:
μ∗
2∗

∗
∗

∗

μ∗
∗

Where:
t = time (s)
Vt = permeate volume (m³)
cb = chlorella bulk solution algal concentration (%)
Rm = membrane resistance (Pa/m/s)
A= area of membrane (m²)
kc = specific cake resistance (1/m2)
ΔP = change in transmembrane pressure (Pa)
μ = dynamic viscosity in (Pa*s)
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The specific variables used to determine kc are found in Appendix B. Table 5 -1 is a table
of the specific cake resistance for each membrane operated at high and low pressures.
Determining the cake thickness is problematic and requires the use of
mathematical software. The cake thickness was modeled using Maple and equation 13
shows the specific cake thickness with time.
Equation 13:
̵

∗ ln 1
∗μ∗

∗μ∗ ∗
∗μ∗
∗

Where:
δ = cake thickness (m)
t = time (s)
Js = steady state flux (m³/m²*s)
Rm = membrane resistance (Pa/m/s)
kc = specific cake resistance (1/m2)
kcr = cake growth rate (m/s)
ΔP = change in transmembrane pressure (Pa)
μ = dynamic viscosity in (Pa*s)
The cake growth rate was determined prior to determining the cake thickness. The cake
growth rate is determined using the flux at steady state and the flux before the initial
filtration begins. Equation 14 shows the cake growth rate.

Membrane Type

Specific Cake Resistance (1/m2)

5-micron Polyester High Pressure

5.880*1012

5-micron Polyester Low Pressure

9.330*1013

5-micron Nylon High Pressure

9.391*1012

5-micron Nylon Low Pressure

1.675*1013

1-micron Nylon High Pressure

3.491*1013

1-micron Nylon Low Pressure

2.844*1014

Table 5-1: Specific Cake Resistance for Bench Scale CFF Membranes.
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Equation 14:
∗

∗

Where:
Js = steady state flux (m³/m²*s)
Jo= Flux prior to initial filtration (m³/m²*s)
cb = chlorella bulk solution algal concentration (%)
cm = chlorella algal concentration at membrane surface (%)
The flux at steady state can be modeled according to Hu [24] but for this project, the flux
at steady state and the flux prior to initial filtration for the bench scale CFF was recorded
using the and substituted. Table 5-2 shows the rate of cake growth for each membrane.
The cake thickness was modeled and recoded at 4 minutes for each membrane.
Table 5-3 shows the maximum cake thickness for each membrane at 4 minutes.

Membrane Type

Rate of Cake Growth (m/s)

5-micron Polyester High Pressure

0.00171

5-micron Polyester Low Pressure

0.00036

5-micron Nylon High Pressure

0.00150

5-micron Nylon Low Pressure

0.00011

1-micron Nylon High Pressure

0.00295

1-micron Nylon Low Pressure

0.00021

Table 5-2: Rate of Cake Growth for Bench Scale CFF Membranes.

Membrane Type

Maximum Cake Thickness at
4 Minutes (m)

5-micron Polyester High Pressure

0.008140

5-micron Polyester Low Pressure

0.000690

5-micron Nylon High Pressure

0.002370

5-micron Nylon Low Pressure

0.000170

1-micron Nylon High Pressure

0.000590

1-micron Nylon Low Pressure

0.000039

Table 5-3: Maximum Cake Thickness for Bench Scale CFF at 4 Minutes.
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Tables 5-2 and 5-3 show that the cake thickness for polyester was higher than for
the nylon membrane. These results demonstrate that the polyester membrane developed a
higher cake thickness in comparison to the nylon membrane because a higher total
suspended solids concentration of algae was achieved. During testing it was noticed that
the nylon membrane was more susceptible to fouling in comparison to the nylon
membrane although the thickness of the algal cake was lower. Nylon material is more
susceptible to fouling because the material is more likely to grow when an algal film
develops on the membrane. The growth in bacteria mentioned causes a higher fouling of
the nylon membrane when compared to a polyester membrane. Membrane fouling was
also noticed with the WesTech, Inc., pilot scale CFF although the results are not included
in this section.
The permeate flux was modeled at 4 minutes based off of the calculated cake
resistance, membrane resistance and measured pressure drop. Table 5-4 shows the
maximum permeate flow rate and Figure 5-1 shows an example permeate flow rate
decline with an increase in cake thickness.
The maximum chlorella algal TSS concentration was modeled based off of the

Membrane Type

Permeate Flow Rate (m3/s)

5-micron Polyester High Pressure

6.834*10-5

5-micron Polyester Low Pressure

4.907*10-4

5-micron Nylon High Pressure

0.00012

5-micron Nylon Low Pressure

0.01100

1-micron Nylon High Pressure

0.00015

1-micron Nylon Low Pressure

0.00028

Table 5-4: Maximum Permeate Flow Rate for Bench Scale CFF Membranes.
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Figure 5-1: Example of Predicted Permeate Flow Rate Decline With Time and Cake
Thickness for 1-Micron Nylon Membrane Operated at Low Pressures.

permeate volume produced from the flux. The formula for the predicted permeate volume
developed by Hu [24] is shown in equation 15:
Equation 15:
∑∑ (Qij + Qij+1)*tinterval
Where:
V(t) = Permeate volume at time t (m3)
Qij = Permeate flow rate at filtration cycle i step j (m3/s)
Qij+1 = Permeate flow rate at filtration cycle i step j+1 (m3/s)
tinterval = time between Qij and Qij+1 (s)
Because the bench scale CFF and the WesTech, Inc., pilot scale CFF only
contained one filtration cycle and a single filtration step, the formula was modified.
Equation 16 shows how the permeate volume was calculated using the bench scale and
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WesTech, Inc., CFF units. Table 5-5 shows the permeate volumes for the bench scale
CFF flux.
Equation 16:
(Qtime a + Qtime b)*tinterval
Where:
V(t) = Permeate volume at time t (m3)
Qtime a = Permeate flow rate at time a (m3/s)
Qtime b = Permeate flow rate at time b (m3/s)
tinterval = time between Qtime a and Qtime b
The chlorella algal TSS concentration was modeled based off of the holding volume of
the tank, the predicted permeate volume and initial algal concentration. Equation 17
shows the formula for the maximum algal chlorella algal concentration.
Equation 17:
∗

Where:
C(t) = Predicted algal TSS concentration (mg/L)
Co = initial algal TSS concentration (mg/L)
Vo = holding volume of tank (m3)
V(t) = permeate volume at time t (m3)

Membrane Type

Permeate Volume (m3)

5-micron Polyester High Pressure

0.00515

5-micron Polyester Low Pressure

0.00873

5-micron Nylon High Pressure

0.00700

5-micron Nylon Low Pressure

0.00900

1-micron Nylon High Pressure

0.00600

1-micron Nylon Low Pressure

0.00478

Table 5-5: Permeate Volumes for Bench Scale CFF Membranes.
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The maximum chlorella algal concentration was also modeled and Table 5-6 shows the
predicted Maximum Chlorella Algal Flux at 4 Minutes.
The percentage of algae retained by each membrane that was shown in Chapter 4
was factored into the results. The model shows that the 5-micron polyester creates a
higher chlorella total suspended solids concentration in comparison to the nylon
membrane of the same pore size. The model also shows that the 1-micron nylon
membrane has the highest chlorella total suspended solids concentration. The predicted
chlorella algal concentration results were higher than the actual data collected. The
reason the predicted results were higher than the actual results were due to noticed
leaking in the bench scale CFF. The model shows that the polyester material is
recommended over the nylon material due to higher algal concentration and low fouling.
The calculations for the mathematical models are shown in Appendix B.

Membrane Type

Chlorella Algal TSS Concentration
(mg/L)

5-micron Polyester High Pressure

931.00

5-micron Polyester Low Pressure

553.00

5-micron Nylon High Pressure

750.00

5-micron Nylon Low Pressure

304.00

1-micron Nylon High Pressure

1190.00

1-micron Nylon Low Pressure

765.00

Table 5-6: Predicted Maximum Chlorella Algal TSS Concentration at 4 Minutes.
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CHAPTER 6
ECONOMICS
The cost of producing algal biofuel is of great concern, and the price of
production is what halts the advancement of this alternative form of energy. As
previously noted, the cost of removing and separating algae from water is 20-30% of the
overall cost. [7] Cross flow filtration was studied to determine if this separation method
reduces the price of producing algal fuel. The total price of producing algal fuel is broken
up into three categories, which include capital costs, operating costs and co-products cost.
The capital cost is defined as the price to purchase and install the necessary machinery
and equipment to produce biofuel. [26] The operating costs are known as the price of
operating the installed equipment. [27] The price of co-products is the credits produced
from biomass. [27] In this section, the price of the co-products is known as the selling
price of the algal biomass. Equation 18 displays the formula for the production of algal
biofuel.
Equation 18:
∑

∑

∑

Where:
Ccapital = total capital costs
Cproduction = cost of production
Ccoproducts = total cost of coproducts
The price of purchasing and installing the WesTech. Inc., cross flow filtration
system, membrane and the transesterification reaction will be included in the capital
costs. The operating costs include the prices of utilities, labor, and chemicals that are
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used to clean the membrane. The coproducts will include the selling price of algae
produced. The capital costs for producing algal fuel using the WesTech. Inc pilot scale
system has been included in Table 6-1. A cost estimate from Millipore Corporation for a
membrane constructed of polyester of 0.47 square meters in area and a cost estimate from
WesTech, Inc., for a nylon membrane of the same area that is suitable for the pilot CFF
system has been included. The recommended membrane is 4 inches in width and 3.3 feet
in length.
The operating costs for producing algal fuel with the WesTech, Inc., pilot scale
system is shown in Table 6-2. Based on the research conducted for this thesis, it was
assumed that 0.78 L of 33% hydrochloric acid was used to reduce the pH for every 200L
of water used and 50 ml of sodium hydroxide powder was used to increase the pH for
every 200L of water used with the WesTech, Inc., Pilot scale CFF System.

Capital Costs

Price

Capital Costs

Price

WesTech, Inc., CFF

$ 140,000.00*

WesTech, Inc., CFF

$ 140,000.00*

Nylon Membrane

$

5,000.00*

Polyester Membrane

$

2,950.00**

Plumbing

$

1,000.00

Plumbing

$

1,000.00

Extraction

$ 1,296,628.00

Extraction

$ 1,296,628.00

Transesterification

$ 226,460.00

Transesterification

$ 226,460.00

Drying

$ 450,000.00

Drying

$ 450,000.00

Storage of algae

$

Storage of algae

$

Total

$ 2,149,088.00

Total

$ 2,147,088.00

30,000.00

30,000.00

Table 6-1: Capital Costs Associated with WesTech, Inc., Pilot Scale CFF system using
Polyester and Nylon Membranes.
*Price provided by Lindsay Housley of WesTech, Inc.
**Price provided by Millipore Corporation Technical Support
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Operating Costs
Labor per year
Power requirements (Kw/hr/day)
Utilities (price per hour)

Price
$30,000.00
$11.94
$0.86

Annual Operating Cost of WesTech, Inc., CFF

$2,741.00

Hydrochloric Acid

$4,500.00

Sodium Hydroxide

$300.00

Total

$37,553.40

Table 6-2: Operational Costs Associated with WesTech, Inc., Pilot CFF System Using
Polyester and Nylon Membranes.
A total suspended solids concentration of 5-15% or 50,000-150,000 mg/L is
needed for successful biofuel production. Mathematical models were used to predict the
time that the WesTech, Inc., pilot scale CFF would reach a 50,000 mg/L total suspended
solids concentration when the system operates at 20 GPM. Table 6-3 shows the time
required for the WesTech, Inc., CFF to achieve a 5% total suspended solids concentration
and the mass of algae that produced with the system.
Based on the model developed by Hu [24], the time taken to reach a total
suspended solid concentration of 5% chlorella TSS concentration would be reached faster
for each membrane if a higher pressure is used. The polyester membrane would reach a
suitable chlorella TSS concentration in a shorter period of time when compared to the
nylon membrane of the same pore size due to the electrostatic properties of the material.
A 1-micron pore size would allow for a higher percentage of algae retained by the
membrane and a shorter time to reach a successful TSS concentration of algae for biofuel
production.
An estimate for the financial credit produced from the coproducts was based on
the analysis conducted by the National Renewal Energy Laboratories in 2008. The
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Initial Chlorella
Algal
Concentration
(mg/L)

Time Required
to reach 5% TSS
Chlorella Algal
Concentration
(min)

Power
Consumed
(Kw)

Number of
Operation
Cycles per
day

Mass of
Chlorella
Algal
Produced
(kg)

5-micron
Polyester at High
Pressure

466

68

1.68

3

12.00

5-micron
Polyester at Low
Pressure

550

77

1.92

3

12.00

5-micron Nylon
at High Pressure

476

72

1.79

3

12.00

5-micron Nylon
at Low Pressure

300

80

1.99

3

12.00

1-micron Nylon
at High Pressure

420

44

1.02

3

12.00

1-micron Nylon
at Low Pressure

616

48

1.19

3

12.00

Membrane
Type

Table 6-3: Time Required for WesTech, Inc., Pilot Scale TFF to Reach a 5% Chlorella
Algal TSS Concentration.

financial analysis shows that the coproducts credit was $5 million for every 10 million
gallon of biofuel produced. For this project it was assumed that a $0.50 cents per gallon
coproduct credit is produced. Chlorella has 30% lipid content and the density of the algal
oil is 0.864 kg/l [28]. Three hundred and fifty gallons of algal biofuel would be produced
per day and 92,716 gallons of fuel would be produced per year using a 5% TSS
concentration. The total coproducts credits would add to approximately $190,000 dollars
per year. The total cost of producing algal biofuel is shown in Table 6-4.
The total cost of producing 92,716 gallons of algal biodiesel is $1,994,641.40 a
year for a polyester membrane and $1,996,641.40 dollars per year for a nylon membrane.
The total cost of a gallon of algal fuel would be $21.51 per gallon using a nylon
membrane and $21.54 using a polyester membrane using a 5% TSS concentration. The
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Cost of Producing Algae Biodiesel with WesTech, Inc.,
Pilot scale System
Polyester Membrane Capital Costs

$2,147,088.00

Nylon Membrane Capital Costs

$2,149,088.00

Operational Costs

$37,553.40

Coproducts Cost

$190,000.00

Polyester Total Cost

$1,994,641.40

Nylon Total Cost

$1,996,641.40

Table 6-4: Cost of Producing Biodiesel with WesTech, Inc., Pilot Scale System.
price of producing a gallon of biodiesel was also studied using a 15% TSS concentration
and the price of a gallon of fuel using a nylon membrane is $7.18 and the price of
producing a gallon of fuel using a polyester membrane is $7.17.
Algae are sold for approximately $22.95 per kg of dry weight in open raceway
ponds according to Richardson. [7] The amount of algae produced per day was shown in
Table 6-3. The total selling price of the algae per day would be $275,400.00 and
$73,531,800 per year when using a 5% TSS algal concentration. The total selling price of
the algae per day would be $826,000 and $220,595,000 per year when using a 15% TSS
algal concentration. The price of the algal based fuel is higher than standard biodiesel that
is $3.89 [29] but would reduce over the years because the cross flow filtration system has
an average of a 10 year life [30] and the membrane cost is low. Also, the cost of
producing algae biodiesel using cross flow filtration is lower than chemical flocculation
where the price ranges from $10.95 dollars per gallon. [31] The calculations used in this
section are shown in Appendix C.
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CHAPTER 7
ALTERNATE FILTRATION SYSTEMS
Several alternate filtration systems were studied and compared to the current
WesTech, Inc., pilot scale cross flow filtration unit for future evaluation and study. Due
to the complications with the current pilot scale CFF system, alternate systems were
researched for a replacement. Several systems were studied that include:
Pall Corporation Research and Modeling System (RAMs)
Graver Technologies
GEA Filtration
Each of the system contained comparable algal holding tank volumes for pilot scale
testing. Also, the systems were studied to determine if a pilot scale CFF could be
purchased with a more cost effective price. The systems that were researched differed
from the current WesTech, Inc., CFF because each of the membranes was constructed
from a different material. The systems reviewed were studied to determine if a different
membrane with a larger pore size, smaller area and lower cross flow velocity could be
obtained. In addition, each system was studied to determine a more suitable material for
algal harvesting.

Pall Corporation Research and Modeling System
The system created by the Pall Corporation is called the Research and Modeling
System (RAMs) for cross flow filtration system and has been used for successful algae
concentration for biofuel production. The system was created by Pall comes with a 304
stainless steel construction, a 20-liter (5-gallon) holding tank and a 0-40 PSI operating
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prressure and a 0.01-0.17 gallon per minute
m
flow rrate. Figure 7-1 is a phootograph of tthe
Pall Research
h and Modeliing System.

Advantages
A
The sy
ystem uses Pall
P Microzaa module whhich is constrructed from polyvinyldeene
flluoride. The suggested models
m
for th
he Pall Microoza module include moddule USP-1443
an
nd module UMP-153.
U
Each module is 1 meter inn length andd module UM
MP has an area of
0.8 square meeters and mo
odule USP-143 has an arrea of 0.12 sqquare meters. The RAM
Ms
ystem comess with back flush
f
capabilities that m
make the mem
mbrane easieer to clean. T
The
sy
membrane
m
maaterial of con
nstruction iss advantageoous because iit is chemicaally resistantt and
will
w not foul as
a easily durring operatio
on. In additioon, the membbrane material is considdered
hy
ydrophobic and its surfaace charge alllows for sepparating highher amounts of algae. Thhe
Pall Microza module com
mes with a ho
ollow fiber m
membrane w
which is beneeficial over tthe

Figure 7-1: Pall Research
h and Modeliing System ((RAMs). [300]
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current bag style nylon membrane because it is capable of transferring a higher amount of
algal mass. The shorter length of the membrane would prevent permeate water back flush
in the retentate line due to pressure drop that was discussed with the WesTech, Inc., pilot
scale system. In addition, the low energy cost of operating the system would potentially
lower the cost in the price of the algal fuel produced.

Disadvantages
Although the Pall RAMs CFF system has proven to be successful, the price of the
system and the membrane can be economically challenging for pilot scale use. According
to Pall, the RAMs cross flow filtration system costs $75,000 for a fully outfitted system
and the membranes cost approximately $5,500 to purchase. The price of renting the
system for testing purposes costs $26,000 per month. The Pall RAMs is more economical
than purchasing a replacement WesTech system however; the price of renting the system
would out weight the benefit of harvesting algae for small scale research. The price of the
Pall pilot scale CFF is lower than the current price of the WesTech, Inc., CFF but is still
expensive. In addition, the pore size of the membranes ranges from 0.1-0.2-microns in
size. Based on the research conducted in this thesis, a 0.1-0.2-micron pore size is not
desirable due to the high pressure needed to cause separation and the effect the small pore
size has on fouling although it would retain high amounts of algae. Also, the system
would produce a smaller amount of algae Table 5-1 is an estimate of the cost for
operating the Pall Research and Modeling System.
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Pall Research and Modeling System Capital Costs
Price of system

$75,000*

Price of membrane

$5,600*

Pall Research and Modeling System Operating Costs
Start-up
Kw/hr

$25,000*
0.84 Kw/hr

Price/hour
Annual cost

$0.86/hr
$1,543.00

Table 7-1: Operating and Capital Costs for PALL RAMs CFF System.
*Price provided by Doug Dilillo of Pall Corporation

Graver Technologies
The second system that was studied was created by Graver Technologies. The
system used comes with a 316 stainless steel construction. The system can be designed to
come with a 50 gallon size holding tank, a 0.1-micron membrane, stainless steel
membrane and operating pressures within the range of 0-60 PSI. The system comes with
a variable speed drive for adjustment of the flow rate and can be easily moved to different
sites for testing. Figure 7-2 is a photograph of the system created by Graver
Technologies.

Advantages
The Graver system comes with the Scepter membrane which is constructed from
316 stainless steel. The Scepter systems are normally using in pharmaceutical industry
for the separation of biological solids such as yeast and microbial cells due to the sanitary
construction of the membrane. It is recommended that the Scepter membrane constructed
so that the dimensions are 4 inches wide and two meters in length giving an area of 1.3
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Figure 7-2: Graver
G
Techn
nologies Cro
oss Flow Filttration Systeem. [36]
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m
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Graver Technologies CFF System Capital Costs
Price of system
Price of membrane

$50,000.00*
$2,500.00**

Graver Technologies CFF System Operating Costs
Start-up
Kw/hr

$5,000.00
1.49

Price/hour
Annual cost

$0.86/hr
$2,583.00

Table 7-2: Operating and Capital Costs for Graver Technologies CFF System and Scepter
Membrane.
* Estimated Price
**Price provided by Scott Wittwer of Graver Technologies

GEA Filtration
The systems designed by GEA Filtration are constructed from 316 stainless steel
and there are two models of interest that could be used for biodiesel production that is
similar to the WesTech, Inc., pilot filtration system. The Model R cross flow filtration
system comes with a 15-gallon tank, a spiral wound ceramic membrane, operating
pressures ranging from 0 to 600 PSI and a feed pump. The Model L cross flow filtration
system comes with a ceramic flat sheet membrane, a 4 gallon feed tank, operating
pressures ranging from 0 to 1,000 PSI. The pressures on both systems can be set for a
selected range. The membrane area of the model L system is 0.05 square meters and the
membrane area of the model R system is 0.104 square meters. The available pore sizes
for each system is 0.8 microns and 1.4 microns. Figure 7-3 are photographs of the GEA
Figure 5-3 are photographs of the GEA Filtration models R and L.
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Figure 7-3: GEA
G
Filtratio
on Model L (left)
(
and Moodel R (righht) Cross Flow Filtration
Systems. [37]]
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GEA Filtration Model L Capital Costs

GEA Filtration Model R Capital Costs

Price of system

Price of system

Price of membrane

$70,000*
$300**

Price of membrane

$125,000*
$350**

GEA Filtration Model L Operational Costs

GEA Filtration Model R Operational Costs

Kw/hr/day

29.84

Kw/hr/day

71.60

Price/hour

$0.86

Price/hour

$0.86

Annual cost

$6,466.00

Annual cost

Table 7-3: Operating and Capital Costs for GEA Filtration Models L and R.
* Estimated Price
**Price provided by GEA Filtration Technical Support

$15,517.00
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CHAPTER 8
RECOMMENDATIONS
The discussion featured in results section show that a polyester membrane can
concentrate more algae due to its material properties. Polyester is hydrophobic and can
hold more algae in comparison to other membranes. A 1-micron pore size has been
shown to hold the most algae in comparison to other membranes. For the Logan Lagoons
wastewater treatment plant, a 1-micron pore size has been shown to be the most optimal
membrane for concentrating a different strain of algae. Pore sizes above 1-micron will in
theory collect more algae but most of the algae but a sufficient amount will not be
retained Polyester generated a higher algal TSS concentration and was a more
economically sound option. A nylon membrane is not recommended for CFF for algae
harvesting to the material properties and excessive fouling of the material. Nylon was
shown to create a higher flux; however a higher concentration was achieved with a
polyester membrane. Nylon is hydrophilic and the WesTech, Inc., pilot scale system
demonstrated that the wetting pressure required for a separation to occur during CFF is
too high with a small pore size in comparison to other membranes.
It has been recommended that tests be conducted initially with a laboratory
system to determine a proper membrane before a pilot scale system is used. It is
recommended to determine the optimal pressure, flow rate and pore size prior to
purchasing a larger membrane. This recommendation has been suggested for economic
purposes. The optimal condition for the bench scale unit was approximately 6 liters per
minute at 7 PSI. Purchasing membranes for a pilot scale system prior to bench scale use
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would be economically detrimental due to the cost of each membrane and the possibility
of lack of success.
An automatically operated bench scale system has also been recommended. The
system constructed by Jason Brown [22] was demonstrated be to be successful for his
research and has been proven to be successful in harvesting algae but an automatically
run system could be less difficult to operate. The advantages of using the system
constructed by Brown is the low cost of the operating the system.
When using a pilot scale system, it is recommended that a spiral wound or hollow
fiber membrane be used, in addition the membrane length should be below 3 meters and a
suggested length of 1 meter is recommended due to the success of the researches
mentioned in the results section with this membrane length. The diameter of the
membrane should also not exceed 6 inches. This recommendation has been recommended
for the length and diameter has been recommended due to the effect that these diameters
would have on the cross flow velocity of the system which would affect the cake that
builds on the membrane. The optimal operating conditions of the WesTech, Inc., pilot
scale system is 20 GPM at 30 PSI.
The current system by WesTech, Inc., is not recommended for algae harvesting
due to the pore size of the membrane and the construction of the membrane. Out of the
alternate systems suggested the system by Pall Corporation has been recommended for
the next set of tests due to previous success of the system, low energy requirements, the
membrane construction and the material used for the system. The Pall Corporation
manufactures a PVDF membrane with a 0.65-micron pore size and this is recommended
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for use with this system. The Graver Technology system is appealing based on the price
of renting a unit.
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CHAPTER 9
SUMMARY
Algae biofuel is a promising alternative to other forms of energy due to the high
lipid content of the microorganism, the rapid growth time of the cells and the lack of use
of land that is found in traditional crops. The greatest opposition in creating this fuel is
the difficulty is collecting the algae from the water. During this experimentation, cross
flow filtration was studied. A bench scale system constructed by Utah State University
and a pilot scale system manufactured by WesTech, Inc., was used. The purpose of this
thesis was to determine if cross flow could harvest a suitable concentration of algae for
biofuel production and to make a recommendation for a suitable membrane for the City
of Logan Environmental Department.
Experiments have shown that a polyester membrane because of its material
properties and a 1-micron pore size is recommended because more algae is held in the
retentate line which allows for a higher concentration in comparison to the other
membranes tested. Future work would test cost effective plastics that are similar to
polyester such as PVC based on the success of this membrane from Hu. [24]
Cross flow filtration was proven to be a successful method for concentrating algae
at the bench scale level and can be used at the pilot scale level. Higher concentrations are
required prior to algae harvesting and direct use of cross flow filtration from the effluent
is not recommended. The research reported in this paper can be used to make a
recommendation for the Logan Environmental Department.
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Appendix A
Bench Scale and WesTech, Inc., Cross Flow Data
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Time (min)
Retentate Line
Concentration
0
1
2
3
4
Permeate Line
Concentration
1
2
3
4

Trial 1 (mg/L)

Trial 2 (mg/L)

Trial 3
(mg/L)

Average
(mg/L)

St. Dev
(mg/L)

152
296
302
396
368

136
116
246
198
184

131
177
149
155
282

140
196
232
250
278

11
92
77
129
92

220
288
210
126

80
138
194
176

0
0
0
0

150
213
202
151

57
98
137
124

Table A-1: Chlorella Total Suspended Solids Concentration for Bench Scale 5-Micron
Polyester Membrane Operated at High Pressure.

Time (min)
Retentate Line
Concentration
0
1
2
3
4
Permeate Line
Concentration
1
2
3
4

Trial 3
(mg/L)

Average
(mg/L)

St. Dev
(mg/L)

Trial 1 (mg/L)

Trial 2 (mg/L)

164
60
335
324
184

188
204
216
386
336

144
141
174
161
250

165
135
242
290
257

22
72
84
116
76

13
296
288
134

184
156
204
208

76
282
252
120

91
245
248
154

86
77
42
47

Table A-2: Chlorella Total Suspended Solids Concentration for Bench Scale 5-Micron
Polyester Membrane Operated at Low Pressure.
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Trial 1 (mg/L)

Trial 2 (mg/L)

Trial 3
(mg/L)

Average
(mg/L)

St. Dev
(mg/L)

184
108
182
130
184

98
148
152
272
264

148
64
136
184
343

143
107
157
195
264

43
42
23
72
80

62

28

45

24

2

142

116

129

18

3

112

110

111

1

4

78

218

Lost during
testing
Lost during
testing
Lost during
testing
Lost during
testing

148

99

Time (min)
Retentate Line
Concentration
0
1
2
3
4
Permeate Line
Concentration
1

Table A-3: Chlorella Total Suspended Solids Concentration for Bench Scale 5-Micron
Nylon Membrane Operated at High Pressure.

Time (min)
Retentate Line
Concentration
0
1
2
3
4
Permeate Line
Concentration
1
2
3
4

Trial 1 (mg/L)

Trial 2 (mg/L)

96

172

134
260
374
262

252
232
212
104

66
236
300
258

158
190
258
138

Trial 3
(mg/L)

Average
(mg/L)

St. Dev.
(mg/L)

Lost during
testing
168
186
272
166

89

86

185
226
286
177

126
142
186
130

102
203
233
132

79
124
161
127

82
184
140
Lost during
testing

Table A-4: Chlorella Total Suspended Solids Concentration for Bench Scale 5-Micron
Nylon Membrane Operated at Low Pressure.
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Time (min)
Retentate Line
Concentration
0
1
2
3
4
Permeate Line
Concentration
1
2
3
4

Trial 1 (mg/L)

Trial 2 (mg/L)

Average
(mg/L)

St. Dev
(mg/L)

124
200
274
176
390

128
194
224
488
640

126
197
249
332
515

3
62
10
13
40

120
212
172
160

0
0
0
0

120
212
172
160

Lost during testing
Lost during testing
Lost during testing
Lost during testing

Table A-5: Chlorella Total Suspended Solids Concentration for Bench Scale 1-Micron
Nylon Membrane Operated at High Pressure.

Time (min)
Retentate Line
Concentration
1
2
3
4
Permeate Line
Concentration
1
2
3
4

Trial 1 (mg/L)

Trial 2 (mg/L)

Average
(mg/L)

St. Dev
(mg/L)

140
310
400
510

228
296
381
454

184
303
391
482

62
10
13
40

60
132
172
172

0
0
0
0

60
132
172
172

Lost during testing
Lost during testing
Lost during testing
Lost during testing

Table A-6: Chlorella Total Suspended Solids Concentration for Bench Scale 1-Micron
Nylon Membrane Operated at Low Pressure.
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WesTech, Inc., Cross Flow Filtration System 10 GPM
Average Pressure
Average Pressure
Permeate Flow Rate
(PSI)
St. Dev. (PSI)
(LPM)
0.0
0.0
0.0
6.6
0.2
2.5
11.5
0.0
5.0
15.8
0.4
6.0
21.0
0.0
7.5
26.3
1.1
10.0
30.8
0.4
10.0
36.0
0.7
10.0
41.1
0.2
10.0

Average Flux
(LMH)
0.00
89.70
179.40
215.28
269.10
358.80
358.80
358.80
358.80

Flux St. Dev.
(LMH)
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Table A-7: Pressure vs. Flux Results for WesTech, Inc., Pilot Scale Cross Flow Filtration
System at 10 GPM.
WesTech, Inc., Cross Flow Filtration System 20 GPM
Average Pressure
Average Pressure
Permeate Flow Rate
(PSI)
St. Dev.
(LPM)
0.0
0.0
0.0
6.8
0.4
2.5
10.6
0.9
5.0
16.8
0.4
7.5
21.3
0.4
8.0
25.5
0.0
9.0
32.0
0.0
9.0
36.3
0.0
9.0

Average Flux
(LMH)
0
89.7
161.46
242.19
278.07
296.01
296.01
296.01

Flux St. Dev.
(LMH)
0.0
0.0
25.4
38.1
12.7
38.1
38.1
38.1

Table A-8: Pressure vs. Flux Results for WesTech, Inc., Pilot Scale Cross Flow Filtration
System at 20 GPM.

WesTech, Inc., Cross Flow Filtration System 30 GPM
Average Pressure
Average Pressure
Permeate Flow Rate
(PSI)
St. Dev. (PSI)
(LPM)
0.0
0.0
0.0
6.5
0.0
2.5
10.8
0.4
5.0
16.0
0.0
6.0
21.0
0.0
6.8
26.0
0.0
7.5
31.6
0.9
6.8
36.1
0.5
7.5

Average Flux
(LMH)
0.00
89.57
179.13
214.96
241.87
268.70
241.79
268.70

Flux St. Dev.
(LMH)
0.0
0.2
0.4
0.5
38.5
0.6
37.5
0.6

Table A-9: Pressure vs. Flux Results for WesTech, Inc., Pilot Scale Cross Flow Filtration
System at 30 GPM.
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Mathematical Models
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5-micron Polyester High Pressure Results
5-Micron Polyester High Pressure
Mathematical Model Variables
J1
J2
∆P
Jo
Js
Rm
Μ
A
T

Values
0.050 ml/cm2*s
0.0606 ml/cm2*s
3447 Pa
0.000735 m3/m2/s
0.000717 m3/m2/s
3308458 Pa/m/s
1.004*10-3 Pa*s
0.092 m2
240 s

Table B-1: 5-Micron Polyester High Pressure Mathematical Model Values.

5-Micron Polyester at High Pressure Calculations:
/

1)
2)

0.050( [ml/cm^2*s))/k

.
.

3)

.

=

∗ ∗

.

∗

.

.

∗

.

∗ ∗

0.265

∗

4) 5-Micron Polyester cm concentration in percentage = 0.0265
5) 5-Micron Polyester cb concentration in percentage = 0.0152
6)

∗

∗

∗

∗

∗

∗

∗
.

7)

.

.

0.01248

∗

∗

.

0.00171

/

∗ .

∗

∗

.

9)

∗

5.88 ∗ 10

∗

8)

∗ ∗

.

∗ ∗
.

∗
∗ .

∗
.

.
.

∗ 0.0000735
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∗ ∗ ∗
∗ ∗

∗

10)

∗ ∗

∗
.

∗

∗ .
.

11)
.

∗ .

∗

∗ .

∗

∗ ∗ .

∗ .

∗

∗

∗

∗

∗ ∗

∗ .

240

.

12)

0.00814 m

13)

(Qtime a + Qtime b)*tinterval

14)

(5.15 L/min + 4.80 L/min)*1 min = 5.15 L = 0.000151 m3

15)

∗

/ ∗

16)

1981

.

17)
18)

/
1981

∗ 0.47

931.00

∗∆
∗
.

19)
.

∗

∗

,

∗ ∗

.

6.83 ∗ 10

5-Micron Polyester Low Pressure Results
5-Micron Polyester Mathematical
Low Pressure Model Variables
J1
J2
∆P
Jo
Js
Rm
Μ
A
T

Values
0.050 ml/cm2*s
0.0304 ml/cm2*s
3447 Pa
0.000585 m3/m2/s
0.000732 m3/m2/s
3308458 Pa/m/s
1.004*10-3 Pa*s
0.092 m2
240 s

Table B-2: 5-Micron Polyester Low Pressure Mathematical Model Values.

.

/
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5-Micron Polyester at Low Pressure Calculations:
/

1)
2)

0.050( [ml/cm2*s))/k

.
.

3)

.

=

∗ ∗

.

∗

.

.

∗

.

∗ ∗

0.131

∗

4) 5-Micron Polyester cm concentration in percentage = 0.0164
5) 5-Micron Polyester cb concentration in percentage = 0.0131
6)

∗

∗

∗

∗

∗

∗

∗
.

7)

.

.

0.01248

∗

∗

∗

∗

∗

.

9)

∗ .

9.45 ∗ 10

∗

8)

. ∗

.

∗ ∗
.

∗
∗ .

.

.

∗

.

∗

.

.

0.00361
∗ ∗ ∗
∗ ∗

∗

10)

∗ ∗

∗
.
∗ .

∗
.

11)
.
.

12)
13)
14)

∗ .

∗

∗
∗ .

∗ ∗ .

∗ ∗ .
∗

∗
∗ ∗

∗

∗

.

240
0.00621m
(Qtime a + Qtime b)*tinterval
(5.13 L/min + 3.6 L/min)*1 min = 8.73L = 0.000873 m3

∗
.
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∗

15)

/ ∗

16)

1285

.

/
∗ 0.43

1285

17)

553.00

∗∆

18)

∗
.

19)
.

∗

∗

,

4.91 ∗ 10

.

∗ ∗

5-Micron Nylon High Pressure Results
5-Micron Nylon High Pressure
Mathematical Model Variables
J1
J2
∆P
Jo
Js
Rm
Μ
A
T

Values
0.0108 ml/cm2*s
0.040 ml/cm2*s
10342 Pa
0.00046 m3/m2/s
0.00060 m3/m2/s
7514363 Pa/m/s
1.004*10-3 Pa*s
0.092 m2
240 s

Table B-3: 5-Micron Nylon High Pressure Mathematical Model Values.

5-Micron Nylon at High Pressure Calculations:
/

1)
2)

0.0108 ( [ml/cm2*s))/k

.
.

3)

.

=

.

.

∗

∗

.

.

∗ ∗

∗ ∗

∗

0.131

4) 5-Micron Nylon cm concentration in percentage = 0.0232
5) 5-Micron Nylon cb concentration in percentage = 0.0184
6)

∗

∗

∗

∗

∗

∗
∗

120
.

7)

∗

.

.

∗

∗ .

∗ 0.01248

∗

.

∗ ∗
.

∗ ∗

∗ .

9.39 ∗ 10

∗

∗

8)

∗

.

9)

.

.

∗

.

.

0.00150

∗ ∗ ∗
∗ ∗

∗

10)

.

∗

∗ ∗

∗
.
∗ .

∗

∗ ∗ .

∗ .

11)

.

∗

∗ .

∗

∗ ∗ .

∗

∗

∗ ∗

∗

240

.

0.00234 m

12)
13)

(Qtime a + Qtime b)*tinterval
(3.4 L/min + 3.6 L/min)*1 min = 7.00 = 0.000700 m3

14)

∗

15)

/ ∗

16)

1389

.

/
1389

17)
18)

∗

.

∗ 0.54

750.00

∗∆
∗
.

19)
.

∗

∗ ∗

∗

,
.

0.00123

.

.
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5-Micron Nylon Low Pressure Results
5-Micron Nylon Low Pressure
Mathematical Model Variables
J1
J2
∆P
Jo
Js
Rm
Μ
A
T

Values
0.0450 ml/cm2*s
0.0541 ml/cm2*s
1734 Pa
0.000870 m3/m2/s
0.0006086 m3/m2/s
7514363 Pa/m/s
1.004*10-3 Pa*s
0.092 m2
240 s

Table B-4: 5-Micron Nylon Low Pressure Mathematical Model Values.

5-Micron Nylon at Low Pressure Calculations:
/

1)
2)

0.0450 ( [ml/cm2*s))/k

.
.

3)

.

=

∗ ∗

.

∗

.

..

∗

.

∗ ∗

0.131

∗

4) 5-Micron Nylon cm concentration in percentage = 0.00051
5) 5-Micron Nylon cb concentration in percentage = 0.0096
6)

∗

∗

∗

∗

∗

∗

∗
.

7)

.

.

∗

∗∗
.

∗

∗∗

∗ .

∗

.

1.675 ∗ 10

∗

∗

8)

∗

.

9)

.

0.00011

∗ .

.

∗

.
.

∗

.

∗ 0.066
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∗ ∗ ∗
∗ ∗

∗

10)

∗ ∗

∗
.
∗ .

∗

11)

.

∗ .

∗

∗ ∗
∗ .

∗ ∗ .

∗

.

∗

∗

∗

.

∗ .

240

.

0.00017

12)

(Qtime a + Qtime b)*tinterval

13)

(3.97 L/min + 5.03 L/min)*1 min = 9.00L = 0.0009 m3

14)

∗

15)

/ ∗

16)

1012

.

/
1012

17)
18)

∗

.

∗ 0.30

303.00

∗∆
∗
.

19)
.

∗

∗

,

∗ ∗

.

0.00111

1-Micron Nylon High Pressure Results
1-Micron Nylon High Pressure
Mathematical Model Variables
J1
J2
∆P
Jo
Js
Rm
Μ
A
T

Values
0.0604 ml/cm2*s
0.0544 ml/cm2*s
6895 Pa
0.000358 m3/m2/s
0.000329 m3/m2/s
109523465 Pa/m/s
1.004*10-3 Pa*s
0.092 m2
240 s

Table B-5: 1-Micron Nylon Low Pressure Mathematical Model Values.
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1-Micron Nylon at High Pressure Calculations:
/

1)
2)

0.0604 ( [ml/cm2*s))/k

.
.

3)

.

=

∗ ∗

.

∗

.

..

.

∗

∗ ∗

0.131

∗

4) 1-Micron Nylon cm concentration in percentage = 0.01707
5) 1-Micron Nylon cb concentration in percentage = 0.0124
6)

∗

∗

∗

∗

∗

∗
∗
.

7)

.

.

∗

∗ ∗
.

∗

∗ ∗

∗ .

∗ 0.066

∗

∗ .

3.491 ∗ 10

∗

∗

8)

∗

.

9)

.

.

∗

.

∗

.

.

0.000295
∗ ∗ ∗
∗ ∗

∗

10)

∗ ∗

∗
.
∗ .

∗
.

11)

.

.

∗ .

0.00059 m

13)

(Qtime a + Qtime b)*tinterval

15)

∗ ∗ .

∗ .

∗ ∗ .

∗

∗

∗
∗ ∗

∗ .

240

.

12)

14)

∗

∗

(1.82 L/min + 4.0 L/min)*1 min = 4.82 L = 0.000482 m3
∗
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/ ∗

16)

1778

.

/
1778

17)

∗ 0.67

1190.00

∗∆

18)

∗
.

19)
.

∗

∗

,

0.00152

∗ ∗

1-Micron Nylon Low Pressure Results
1-Micron Nylon Low Pressure
Mathematical Model Variables
J1
J2
∆P
Jo
Js
Rm
Μ
A
T

Values
0.0135 ml/cm2*s
0.0140 ml/cm2*s
3447 Pa
0.000353 m3/m2/s
0.000386 m3/m2/s
109523465 Pa/m/s
1.004*10-3 Pa*s
0.092 m2
240 s

Table B-6: 1-Micron Nylon Low Pressure Mathematical Model Values.

1-Micron Nylon at Low Pressure Calculations:
/

1)
2)

0.0135 ( [ml/cm2*s))/k

.
.

3)

.

=

.

.

∗

∗

.

..

∗ ∗

∗ ∗

∗

2.65 ∗ 10

4) 1-Micron Nylon cm concentration in percentage = 0.0140
5) 1-Micron Nylon cb concentration in percentage = 2.65 ∗ 10
6)

∗

∗

∗

∗

∗

∗
∗
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.

7)

∗

.

.

∗

∗ ∗
.

∗ ∗

∗ .

∗ .

∗

∗ 0.066

2.844 ∗ 10

∗

∗

8)

∗

.

9)

.

∗

.

.
.

∗ 0.000386

∗

0.00021 m/s
∗ ∗ ∗
∗ ∗

∗

10)

∗ ∗

∗
.

∗ .

∗
.

11)

.

∗ .

∗

∗ ∗ .

∗ ∗ .
.

∗

∗

∗
∗ ∗
^

∗ .

240 s

.

12)

0.000039 m

13)

(Qtime a + Qtime b)*tinterval
(5.13 L/min + 3.6 L/min)*1 min = 8.73L = 0.000873 m3

14)

∗

15)

/ ∗

16)

1285

.

/
1285

17)
18)

∗

∗

∗ 0.43

553.00

∗∆
∗
.

19)
.

∗

∗ ∗

∗

,

0.00029

^3
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Appendix C
Economics
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2

1)
$ ,

∗ 267

∗

.

∗

.

2) 5-micron Polyester maximum amount of algal oil produced per day
200
∗ 965
68
∗

∗5

1
1000

3) 68,118

∗

∗ 20

∗4

∗ 60

68,118

,

68.12

∗

.

79
4) 79

∗ 262

20,698

5,175
5) 5-micron Nylon maximum amount of algal oil produced per day
200
∗ 264
68
∗
6) 52,941

∗5

∗ 20

1
1000

52,941

∗

52.94

,

∗4

∗

∗ 60

.

61.27
7) 52.94

∗ 262

13,870

2,774
8) 1-micron Nylon maximum amount of algal oil produced per day
200
∗ 1190
68
∗

∗5

∗ 20

1
1000

84,000

∗4

∗ 60

$ .
∗

∗
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∗

9) 84,000

84.00

,

∗

.

97.00
10) 84.00

∗ 262

22,008

5,502

11) Maximum amount of algal oil produced per day at 5% algal TSS
concentration

50,000

∗5
∗

∗ 20

1
1000

12) 1,200,000

∗

∗4

∗ 60

1,200,000

,

1,200

∗

.

1,389
13) 1,389

∗ 267

370,833

92,708
14) Maximum amount of algal oil produced per day at 15% algal TSS
concentration

150,000

∗5
∗

15) 3,600,000
4,167

∗ 20

1
1000

∗

∗4

3,600,000

,

3,600

∗

.

∗ 60
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∗ 267

16) 4,167

1,112,500

278,125

17) Annual cost of biofuel per gallon for nylon membrane for first year using
5% TSS concentration
$ ,

,

.

$21.54 per gallon

,

18) Annual cost of biofuel per gallon for polyester membrane for first year
using 5% TSS concentration
$ ,

,

.

$21.51 per gallon

,

19) Annual cost of biofuel per gallon for nylon and polyester membranes for
second year using 5% TSS concentration
$ ,

,

,
,

$19.56 per gallon

20) Annual cost of biofuel per gallon for nylon membrane for first year using
15% TSS concentration
$ ,

,

.
,

$7.18 per gallon

21) Annual cost of biofuel per gallon for polyester membrane for first year
using 5% TSS concentration
$ ,

,

.
,

$7.17 per gallon
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22) Annual cost of biofuel per gallon for nylon and polyester membranes for
second year using 5% TSS concentration
$ ,

,

,
,

$6.52 per gallon

