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Abstract 
 

 One of the largest challenges in the world of today is fossil fuel consumption.  Human 
beings consume huge quantities of fossil fuels every day, yet there is a limited supply in the 
world.  In the long term, an alternative source of energy needs to be found.  Few of the 
replacements available for fossil fuels are suitable for generating electricity, which is necessary 
to sustain modern society.  One of the recently available alternatives that seems to hold the 
greatest potential is harvesting oil from algae. 

 All methods of growing algae are based on either an open-pond system, or an enclosed 
growing container (also known as a photo-bio-reactor, or PBR).  A particular PBR design is 
proposed here, and its advantages and disadvantages relative to an open-pond system are 
examined and quantified.  It is found that the power cost of operating the PBR is more than 
seven times that of the open-pond system.  However, the open-pond system produces energy at 
only about one-sixth the rate of the PBR.  This makes their net costs of operation similar:  about 
18 cents per day for the open pond, vs. 22 cents per day for the PBR. 

A further disadvantage of the open-pond system, however, is that it occupies about 113 
square feet of space, as compared with 28 square feet for the PBR.  Thus, for applications with 
limited space available, the PBR would be the preferable method. 
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Introduction 
 
 Since man first walked across this world a pattern of consumption began that since then 

has only accelerated.  It began with simple things like food and water.  Such essentials are 

necessary for the survival of all creatures, but man was intelligent and desired other comforts.  

He began making tools to make everyday tasks easier and using fire to warm him in the cold of 

night or winter.   

 Here his patterns led him to use wood.  It was a readily available resource good for 

making tools and created the often desired warmth for hours on end.  It became the first 

significant fuel that man’s intelligence led him to consume.  This consumption began about 

400,000 years ago when man first developed the ability to create and control fire consistently.   

 Man’s relationship with fire changed very little until the time of the Persian Empire 

when it was discovered that liquid oils burned much like wood, casting off light and heat.  

Ancient Persian tablets show that in the upper levels of society petroleum oils were often 

burned for lighting purposes.   Once again, man’s intelligence had led him to another discovery, 

the ability to light something as desired.  The night was no longer a time of darkness and the 

pattern of fuel consumption was reinforced by the desire for more comfortable styles of living. 

 Shortly thereafter, the Greeks found use in coal.  Coal is first referenced by 

Theophrastus in his geological treatise, On Stones where he notes its use as a fuel in the 4th 

Century B.C.(Miller).  During this time it was commonly used by smiths for copper casting, which 

can be done at relatively low temperatures.  Because impurities are not easily removed from 

coal, it could often not reach the high temperatures required for use in iron-smelting furnaces.  

Overall coal was used very little until it was rediscovered in the Middle Ages in Europe.  The 
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Greeks did not favor it because of the impurities and easy access to wood made the mining of 

coal an arduous and relatively pointless task.   

 Around 1200 A.D. coal gained significant popularity both for its industrial uses and its 

uses within one’s own home.  By this time population concentrations had begun to spring up 

consistently in places that often got quite cold in the winter.  As the cities expanded, 

surrounding forest resources of wood were significantly diminished and became scarce.  At this 

time, because of the cost of firewood, coal became the economical choice and gained significant 

favor with people living in these types of regions.  Previously coal had not been a very 

economically viable choice, but recent advances in shipping on the high seas made this bulky 

and cumbersome fuel much simpler to transport.   

 By 1257 the smog from coal burning in these types of cities was getting so bad that it 

drove Eleanor of Provence, wife of King Henry III, out of Nottingham Castle and away from 

London because the fumes made her feel ill.  Yet, the ball had only started rolling for by the 

1370’s there were 84 different coal boats travelling up and down the East Coast of England.  This 

was one of the first times where man’s desire and need for consumption led to significant health 

problems stemming from his own activities.   

 It was another 600 years before the fuel demands of man were once again revised to 

fulfill his needs.  In 1851 Abraham Gesner created kerosene by refining it from coal(Evisum Inc).  

As a result of the extraction process many people referred to it as coal oil.  It quickly became a 

popular fuel for lighting and heat because it burned more cleanly and was much cheaper to 

procure than whale oil.  It quickly took over and many inventors created lamps specifically 

designed to burn kerosene, but its dominance was short-lived.  In 1880 Thomas Edison created a 

practical version of the incandescent bulb and started his own company for installing them.  

Here began the decline of kerosene; however due to the relatively high cost of incandescent 
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bulbs and the lack of readily available electricity in most places, kerosene continued to be a 

significant player in the market of keeping man’s activities warm and well lit.  One of the largest 

benefits offered by the creation of kerosene was commercial drilling for petroleum that came as 

a result.    

 Kerosene was not the only useful product of petroleum.  Petroleum was also useful for 

creating many lubricants, moisturizers, and cleaning agents.  With the availability of commercial 

petroleum in the 1850’s research into the internal combustion engine skyrocketed.  Up to this 

point its development had been hindered by the lack of an appropriate fuel source.  Inventors 

had tried many things over the centuries including gun-powder, coal dust, and hydrogen.  By 

1863 the petroleum fueled internal combustion engine had gained significant popularity.  Within 

two years of building his first reliable model, Étienne Lenoir, had sold 143 in Paris alone.  By 

1888 Karl Benz was producing the Motorwagen which is now recognized as the first 

commercially available automobile in history (Conceptcarz.com).  

 Petroleum has continued to fuel the world of man and has seen little more development 

since the days of Benz and Lenoir.  Some improvements that have come in the interim include 

the ability to refine petroleum into diesel, gasoline and other important fuels, the ability to 

change the octane content of fuels and make them more stable under pressure, and anti-gelling 

agents for diesel and other thick fuels easily affected by cooler temperatures.  Man has become 

incredibly dependent on this resource as it is also used in the production of plastics and 

pharmaceuticals.  Compared to most other fuels known to man it is much less expensive and 

easily collected.  However, in seeking out this most important of resources, man has also 

discovered something else; this resource is available in very limited quantities.   

 With the discovery that there are limited quantities of oil available in the world man is 

once again putting on his thinking cap and trying to figure out a solution that will preserve the 
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current state of being.  Some of the quickest solutions developed were wind, hydroelectric, 

nuclear, and solar.  Unfortunately all of these solutions have immense limitations.  Wind power 

is limited to areas where there are large open spaces that are constantly besieged by strong 

winds.  Hydroelectric is one of the simplest and most practical solutions ever created for 

generating large quantities of electricity; however it is also limited by geographic restrictions.  

The most important restriction is the necessity of a large quantity of flowing water with a 

significant drop over a short distance.  This presents a challenge because immediately, there are 

a limited number of places where hydro-electric dams can be installed.  Nuclear power is 

another fantastic solution as it produces huge quantities of energy but also produces highly 

radioactive waste that is not safe to be around for periods potentially lasting millions of 

years(EPA).  Solar energy has a lot of potential in the future.  Unfortunately the highest 

efficiencies at which solar energy can currently be harvested are around 30% (Stirling Energy 

Systems).  One model of Stirling’s solar energy collecting dishes produces 25 kW and costs 

$75,000 per dish if ordered in commercial quantities.  As a result, solar is expensive and 

currently not a highly effective solution.   

 Currently one of the most heavily researched and seemingly promising energy solutions 

is using algae as a source of bio-fuels.  Algal cells produce lipids (oils) as a method of flotation.  

Oil, being lighter than water, allows the cells to float around in ponds, lakes, rivers, and oceans.  

Advantageously, the cells of certain strains of algae are composed of up to 40% oil (Algae 

Depot).  By growing algae and harvesting the oil it produces man can refine practically limitless 

supplies of fuel.   

 There are many advantages to using algae for production of fuel: it reduces greenhouse 

gases, absorbs solar energy, creates no waste products and algae can be grown in the comfort 

of one’s own home.  One of the most important factors in growing algae optimally is keeping a 
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proper ratio of all the substances algae needs to survive.  These substances include things such 

as minerals from which nutrients are harvested, light, and most importantly in this case, carbon 

dioxide.  Growing algae produces large quantities of oxygen as carbon dioxide is absorbed as 

part of the photosynthetic process.  If algae as a source of bio-fuel, is commercially grown, the 

potential is there for it to actually reduce the amount of carbon dioxide buildup significantly.  A 

second advantage is that in a lot of ways, algae growth is like harvesting solar energy.  The algal 

cell uses sunlight to undergo photosynthesis and produce the glucose that it needs to survive.  

Essentially plants are the most effective solar panels we as humans can get our hands on, and 

algae as a solar panel has something to give back.  Additionally, the process of growing algae 

produces no waste products.  Upon separating the oil from the algae the three products 

remaining are the water, lipids and biomass.  The water can be re-used for the next growth 

cycle, the oil is used to produce fuel and the biomass can be compacted and used as a feed 

source for animals.  The greatest advantage of algae is that it can be grown anywhere.  Small 

self-contained growth units can be set up in the basement of the average house.  A unit takes up 

no more room than a broom-closet in the corner and once started is completely automated 

until the end of the growth cycle.  This gives each person who has one a semblance of 

independence, the ability to produce one’s own fuel and no longer be forced to fall victim to 

large oil companies.  Also, large facilities for growing algae can be set up on land that is not 

useful for anything else, such as desert areas where there is no potential for the growth of crops 

or grazing of livestock.  This means no more environmental impact on rivers by damming them 

up or covering soft sloping and attractive hillsides with unsightly turbines.  By taking advantage 

of areas that other energy sources cannot, algae has an additional advantage as it has little if 

any negative impact.   



6 
 

Background 
 
 The research of algae as a possible source for bio-fuel began in the 1950s at MIT.  They 

began growing algae on the rooftops of campus buildings in plastic bags referred to as Photo-

Bio-Reactors (PBRs).  Overall the project was an abysmal failure because of the high start-up 

cost.  The PBRs were very expensive and the overall production was very limited(Benemann).  

 William J. Oswald of the University of California Berkeley began research in the late 

1950s into the potential of algae from a sanitation perspective.  His interest was primarily based 

on the sanitation capacities that algae had with respect to wastewater.  Through his research, 

algae as a means to treat wastewater was developed into a working system known as the 

Advanced Integrated Wastewater Pond System (AIWPS).  His research pioneered the high-rate 

pond that has come to be the basis of the most popular means of algae production today.  His 

high-rate pond was designed to stimulate algal growth and allow for optimal growth in order to 

promote the algae to more quickly treat the waste water.  It involves a long, shallow, oval-

shaped raceway with a full-width paddlewheel at some point which constantly turns, causing 

the water to circulate.  At the time he noted the possibilities of algae for bio-fuels, but low 

gasoline prices at the time resulted in little consideration of this potential(Yang).   

 In 1978 the Carter Administration created the Solar Energy Research Institute (SERI) in 

Golden Colorado.  It was created because of the energy crises facing the country in the 1970s, in 

the hope that alternative sources of energy could be developed to aid the country in the time of 

what appeared to be a dwindling petroleum supply.  In 1978 the U.S. Department of Energy, the 

National Renewable Energy Laboratory (NREL) and SERI created the Aquatic Species Program 

(ASP) which began researching algae’s potential for producing natural oils as a fuel source.  They 

focused primarily on determining which types of algae produced the most oil, but also, which 

types had this capacity in extreme conditions including temperature, pH, and salinity.  The 
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collection they developed is housed at the University of Hawaii and represents the most 

promising unmodified strains of algae to date.  They also searched for what environmental 

trigger caused algae to increase their production of lipid oils.  Several significant finds were 

discovered including that nutrient deficiency results in higher oil concentrations in individual 

cells, but is more than offset by much lower reproduction rates.  Unfortunately they achieved 

little success in attempting to cause algae to produce more oil.   

 A key component of the DOE research was the attempts of the NREL laboratory to 

maintain an environment that provided optimal growth characteristics.  By monitoring the 

environmental conditions in the growing algae they were able to determine if more CO2 or 

nutrients should be added to allow for optimal synthesis of new cells.  This was done primarily in 

open ponds, as open ponds offered what appeared to be the best ratio of production to start-up 

cost.   They did find however that open outdoor ponds were very susceptible to temperature 

change and in regions with high temperature variability their production could become quite 

low.  This means that desert areas, which otherwise seem perfect for such production, have the 

potential to hamper the growth of the algae and solutions to this problem must be found before 

they can be considered suitable.   

 One of the most heavily researched parts of production by the NREL was the production 

cost and how it related to the production method.  They found that in order to keep costs low 

enough to make the production of algal bio-fuel competitive, open ponds seemed to be the only 

option.  Closed PBRs were deemed too expensive to manufacture to remain competitive, so the 

ASP adopted the raceway method of growing algae from Oswald’s wastewater treatment 

solution.  Even using the most cost-effective method of production the NREL was of the opinion 

that the organisms must convert sunlight to biomass at nearly theoretical levels.  They also 

stated that, “We project costs for biodiesel which are two times higher than current petroleum 
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diesel fuel costs(A Look Back at the U.S. Department of Energy's Aquatic Species Program: 

Biodiesel from Algae).”  However it must be taken into account that this article was written in 

July of 1998, at which time average diesel fuel costs across the United States were $1.03 per 

gallon (Duffy); currently, diesel averages $3.067 per gallon (Weekly Retail Gasoline and Diesel 

Prices ).  This means that according to the NREL research of the 1990s, bio-fuels should currently 

be a cost-competitive solution.   

 Since the end of the ASP little development occurred in the field until about 2006 when 

at least 100 venture companies began pursuing the technology.  Most companies that have 

sprung up since 2006 have focused on enclosed PBRs and making them more cost effective.  

There are several arguments that point to PBR’s as still the better option.  The two primary 

arguments are that first, they take up significantly less space, and second, they have a lower 

contamination risk.  The space advantage is significant in allowing individuals to keep a PBR in 

their backyard, or in the case of the newest technology, even in their basement.  The second 

advantage of lower risk of contamination is of less significance because, just like an aquarium or 

sealed drinking water tank, contamination still occurs.  Enclosed tanks are easier to regulate and 

can be kept clean for longer periods of time, but eventually they too require cleaning.   

 One of the most significant players in the algae research game since 2006 is a company 

called Origin Oil.  They support the PBR design but have added their own twist.  Their system 

called the Helix BioReactor, utilizes a cylindrical tank that sits vertically.  Within the tank is a 

central column that supports several arms that stretch out to the edges of the tank horizontally. 

These arms are arranged in a helix pattern much like DNA, and each contain a row of LEDs.  This 

allows for light penetration anywhere in the tank and it also allows the mixture to be gently 

stirred.  In contrast, algae growth is inhibited in the high-speed raceways by the constant 
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disruption of the paddlewheel which agitates the water and algal cultures as it maintains the 

water’s motion.  

 In addition to the Helix BioReactor, Origin Oil has brought other new technologies to the 

table. They have developed a new, more efficient method of cracking the algal cells to replace 

more cumbersome methods of the past.  Prior to their method it was often necessary to use 

toxic chemicals and energy-intensive processes.  Origin Oil has developed a method that 

simplifies these processes into one low-energy, environmentally friendly step.  After the algae 

culture is finished growing and it is time to harvest the oil, the mixture is run through a tube that 

both injects CO2 to make the mixture more acidic and microwaves the entire culture.  The effect 

is that the more acidic mixture causes a weakening of the cell walls and then the microwave 

causes them to burst, releasing the contents of the cell wall.  As the mixture exits the other end 

of the tube it goes into a holding tank where in a period of about an hour most small cultures 

separate on their own into three layers: a biomass layer of burst algal cells, a layer of water, and 

a layer of oil at the top.  The by-products of this system are all safe for multiple purposes.  Since 

no chemicals are used in the process, the water can be re-used or recycled for plant growth or 

another culture of algae.  The bio-mass can be used as feed for animals in feed lots or for other 

algal products, and the oil which collects at the top is easily removed and used for bio-

fuel(Origin Oil).   

 One other company that has sprung up and is currently making claims about their 

capabilities for fuel production is Seambiotic.  This company claims that they can produce bio-

fuels at costs that are competitive with current petroleum fuel costs.  They use the high-rate 

pond method on their primary facility which is located in Israel.  One innovation that they have 

brought to the field has been pulled from the past research of MIT.  They are using flue gases 

from Israel Electric Co. as their primary source of CO2 which provides several benefits.  First, it 
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lowers the environmental impact of electricity generation for Israel Electric Co. as the algae 

removes a significant portion of the contaminants generated, and secondly, it allows for cheap 

access to CO2 which is one of the most expensive parts of algae growth.  In order to maintain the 

optimal growth environment for the algae gathering, CO2 is commonly identified as the most 

significant cost for commercial facilities(Seambiotic). 

Models 
 

Both methods of growth involve several basic requirements that are handled in 

different ways.  These requirements are light, carbon dioxide, fertilizers, and movement.  As 

each type of growth method is designed differently they will handle these requirements in 

different fashions.   

PBR (Photo-Bio-Reactor) 
 The PBRs are almost autonomous.  Their layout is a large vertical cylindrical tank that 

has multiple arms inside that are parallel to the ground and arranged vertically on a central 

column in a helix pattern (Figure 1).  The central column is 

able to rotate, moving the arms, which in turn causes a gentle 

stirring motion.  The arms not only gently stir the algae, but 

also contain LEDs.  The purpose of the LEDs is to provide 

adequate light anywhere in the tank for growth.  In this sense 

the tank can be deeper and larger yet still provide adequate 

light anywhere inside it.  The rotation of the arms also helps 

the light reach all of the specimens in the tank on a consistent 

basis.  The arms are not only used to distribute light, however.  

They also contain small tubes and jets that allow the PBR to regulate its gas concentrations.  If 

Figure 1:                                                        
Simple Model of a Photo-Bio-Reactor 
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the water sample is getting low on CO2 the PBR can simply inject more until the contents reach 

an optimal level for the growth of the specimens.  In this respect there is almost no required 

intervention except to start the culture, and to monitor the availability of the required gases.   

 From this point onward all calculations and estimates will be based on a specific PBR 

design and size, that is eight feet tall, six feet wide, and has a central shaft that is six inches 

thick.  The light bars in the tank are rectangular prisms that are 2.75 feet long, have a base of 1 

inch, and a height of 0.57 inches.  A cross-section of the bar would show a rhombus that has side 

lengths of one inch; thus the interior angles are 35° on the cutting edge and 145° on the top 

corner over which the water flows.   

To mimic the light provided by natural sunlight the tank’s bars have LEDs spaced in such 

a fashion as to provide adequate light flux to the algae.  A surface under direct sunlight typically 

experiences a light intensity ranging anywhere from 32,000-130,000 lux (1 lux is equal to 1 

lumen per square meter, or 1/683 Watt per square meter at a wavelength of 555 nm).  

Kingbright makes an LED that has a luminous intensity of 160 lumens per steradian.  This means 

as the distance r from the LED increases, the light intensity decreases because of the larger area 

of the base of the light cone that still only contains 160 lumens per steradian.    A copy of the 

specification sheet for this LED can be seen in the Appendix.   

Using Kingbright’s 160 lumen per steradian LED to light the tank the first thing to 

determine is the necessary spacing in both the horizontal and vertical directions.  To calculate 

the vertical spacing of the LEDs it must first be taken into account that half way between two 

bars there will be an equal amount of luminous intensity from both bars, so the LEDs from one 

side will only need to emit 16,000 lux.  To solve for the distance from the LED at which 16,000 

lux is emitted the following equation should be used: 
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The components of the equation are as follows: vl  represents the luminous intensity of the 

source in lumens, 1,550 is the number of square inches in one square meter, 2r represents the 

area (in in2) through which the light is shining at a distance r from the source, and vE  is the 

desired intensity (in lux).  By inserting the known components the equation can be solved for r, 

half the distance between light bars: 
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The resulting value of r is 3.94 inches.  This means that when two lights both spaced at 3.94 

inches from a given point shine on it, its luminous intensity will be 32,000 lux.  It must be taken 

into account that normal sunlight only penetrates a growing specimen about three inches. 

However, due to the dimensions of the tank it is most simple to round the spacing to four 

inches.  The tank is 96 inches tall, so in order to evenly space the lights, the bars will be 

separated by eight inches.  This means there will be 12 light bars per bank.  By using four banks 

of lights, the run-time of the tank on a day-to-day basis is lowered and the speed at which the 

banks must rotate is also lowered.  Using 4 banks of 12 lights there are a total of 48 light bars. 

 To determine how many LEDs are necessary it must next be determined how far apart 

they are spaced on the bars.  Since an adequate intensity is achieved with only two lights shining 

in opposite directions there is no need to have overlap at the point four inches from the bar 

from the LEDs to either side on the bars.  In order to determine how wide the cone is at the base 

some simple trigonometry is necessary.  From the Appendix it is evident that the LED has a 

viewing angle of 100°.  Also, the known radius r is 4 inches.  From these two values the base 
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width of the cone can be calculated.  Using the equation for tangent the base width of the cone 

is: 

inchesbase

base

base
r

53.9

2
50tan4

2
tan











 

Each bar is 33 inches from end to end and since each LED spans 9.53 inches it is apparent 4 LEDs 

will be needed for each bar with minimal overlap.  To determine the spacing of the LEDs the 

length must be divided by the number of lights, 
LED

in
LEDs

in 25.8
4

33  .  Now knowing that 

the LEDs will be spaced every 8.25 inches on center the total number of LEDs can be 

determined.  Since there are 48 bars with four LEDs pointing up and four LEDs pointing down on 

each bar there will be a total of: 

LEDsbars
bar

LEDs
38448*)44(   

The next step is calculating the power consumption of these LEDs.  Electrical power 

consumption is computed from, IVP  , where P is power in watts, I is current in amps, and V 

is potential difference measured in Volts.  From the Appendix it can be gathered that the 

required current for one LED is 700 mA, and that the potential difference is 4.6 volts, so the 

power required for each LED is, WVAx 22.3)6.4(*)107( 1  .  Taking into account that there 

are 384 LEDs in the tank the total power consumption from the LEDs is: 

W
LED

W
LEDs 48.123622.3*384   

Since the light bars in the tank need to slowly rotate in order to make sure the whole 

tank gets adequate quantities of light, some energy will be consumed in order to power this 

rotation.  One light bar can be modeled as a rectangular prism that is 2.75 feet long, 1 inch wide, 
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and 0.57 inches tall.  Although it is true that these bars are actually parallelograms with interior 

angles not equal to 90°, in order to model the drag force the simplest method is to model 

them simply as rectangular prisms. 

 In order to limit cavitations the Reynolds number of the bars must be no higher than 

100.  The first step in calculating the drag force is to find the velocity of the bar at the ends.  The 

equation defining the Reynolds number R is(E. John Finnemore), 

,


LU
R   

where R is the Reynolds number, L is the length of the bar that is parallel to the direction of fluid 

flow, U is the velocity at which the fluid passes over the surface, and ν is the kinematic viscosity 

of the fluid surrounding the bar.  This equation is only true if R≤100.  In the case of the light bar 

moving in water L=0.57in/12(in/ft)=0.0478 ft, R=100, and ν=0.93*10-5 ft2/s at 80°F(The 

Engineering ToolBox).  Thus:  

510*93.0

*0478.0
100




U
 

  From this it can be found that the velocity of the light bar at the end of the arm rotating about 

a central point is U=0.01946 feet per second.  Using ,rU   where U is velocity, r is the radial 

length of the rotating arm, and ω is the angular velocity, ω can be found.  In this case the 

Reynolds number of 100 results at the end of the light bar which is 3 feet from the point of 

rotation, thus 301946.0  and ω=0.00649 rad/s. 

 In order to calculate the drag force it is simplest to integrate the equation for drag force 

over the length of the bar due to varying velocities.  The equation for drag force on an object is 

A
V

CF DD
2

2
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where CD is the friction drag coefficient, ρ is the density of the fluid in which the object is placed, 

V is the velocity of the object with respect to the fluid, and A is the area of side of the object 

that is parallel to the direction of fluid flow(E. John Finnemore).  In order to utilize this equation 

it is necessary to calculate CD.  Using Stokes Law, which applies wherever R is less than 100, 

R
CD

24
  where R is the Reynolds number for the object.  In this case 



DV
R  where D is the 

length of the object parallel to fluid flow, V is the velocity of the object with respect to the fluid, 

and ν is the kinematic viscosity of the fluid, thus 
DV

CD

*24
 (E. John Finnemore).  This 

equation can be substituted into the force drag equation and then by integrating over the length 

of the object perpendicular to fluid flow the drag force on an object experiencing changing 

velocities can be calculated as follows.   

,
2

)(*24 2

drL
r
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where D is the length parallel to the direction of fluid flow, r is the distance from the center of 

rotation along the bar, and ω is the angular velocity of the bar.  By inserting the proper 

constants: 
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  In looking for power though it is necessary to know the torque needed to rotate the arms.  This 

torque can be calculated by multiplying the force integrand by an additional factor of r: 




3

25.0

2610*4008.1 drr  

This yields a torque of 1.26*10-5 ft lb per light bar.  
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In order to calculate power from torque,  simply convert foot pounds to Newton meters: 

Nm
lbft

Nm
lbsft 55 10*71.1

356.1
*10*265.1    

At this point utilize the fact that P , where   is torque in   , and ω is angular velocity.  

Upon inserting the known variables it is found that: 

barlight

W

s

rad
Nm 735 10*1.110*49.6*10*71.1    

Since the machine has 48 light bars it takes W67 10*28.548*10*1.1   to operate the 

mechanism.  Knowing from the design that the machine has 48 light bars, and 384 LEDs, it can 

be seen that the PBR consumes a total of wattswattswattsE 123648.1236628.5  .   

High Speed Raceway 
 The high speed raceways are much simpler than the PBRs and do not have as many 

features or nearly as many complicating factors.  A high speed raceway is basically what it 

sounds like.  It is an oval shaped pond that has a divider in the middle and the water “races” 

around it by the force of a paddle-wheel.  They can be modified to support such things as CO2 

injection, but are typically designed and built with simplicity in mind.   

 The high speed raceway modeled in this paper uses a rectangular tank design that is 

18.75 feet long, by six feet wide, by two feet deep.  There is a divider in the middle that insures 

two channels flowing in opposite directions powered by an undershot waterwheel.  These 

dimensions will be used because they closely mimic the volume of the PBR from the other 

section.  Some assumptions are made in the power requirements of this model.  The most 

significant assumption is that there are only eight hours of light available per day to utilize for 

growth.  
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 This design means that the only significant source of energy consumption is the power 

required to turn the waterwheel.  In order to calculate the power required the following 

equation was used(E. John Finnemore): 

watts

factorWtohp

Q
g

v

hp
Qh





)(*

1

*
*2

1

*

2





 

In these equations h is the energy head (the energy provided by water based on velocity, 

pressure, and height above the point of power production or use), Q is the volumetric flow rate 

of water,   is the unit weight of the fluid, hp is horse power, v is the velocity of the water 

passing under the wheel, and g is the US standard gravitational acceleration constant.   

In order to calculate the power use of the waterwheel all the constants in the previous 

equations must be determined.  Because the tank is a rectangular box that is divided in half, a 

very simple constant to find is Q.  To calculate Q the equation is 

Q
t

c

p
Vm f



**

 

where fm  is a mixing factor to insure the sample is adequately mixed over the course of the 

day, V  is the volume of the tank, 
c

p
 is phases per cycle, the number of times the water must 

be cycled before portions of the sample are beginning to receive their second dose of sunlight, 

and t is the total time allowed for cycling.  Inserting the known values Q is found to be: 

s

ft

hr
hr

cyclesft 33

10

min

sec
60*

min
60*8

8*225*160
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To determine v from Q it is necessary to take the dimensions of the tank into account.  The tank 

is known to be six feet wide with a divider in the middle so the channel of flow is three feet 

wide.  To find velocity from flow rate simply use the equation v
A

Q
  where v is velocity, Q is 

flow rate, and A is the cross-sectional area of the channel of flow.  Thus:  

s

ft
v

ft

s

ft

6.1
6

10

2

3

  

It must also be taken into account that the tangential velocity of a water wheel is typically 20%-

30% lower than that of the water itself, so here the waterwheel’s tangential velocity must 

exceed that of the water by 20%-30%.  This waterwheel will assume a velocity of 

s

ft
61.23.1*6.1   and a flow rate of 

s

ft 3

133.1*10  .  Using these constants the power 

calculation is simple: 

W

s

lbft

W

ft

lb

s

ft

s

ft

s

ft

18.80

356.1*4.62

1

13*

2.32*2

61.2

3

3

2

2
































































 

Thus it is evident that the high-speed raceway operates much more efficiently with a cost of 

about 80 watts. 
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Conclusions 
 
 A comparison of the two models would leave the reader believing that the obvious 

choice in this case is the high-speed raceway.  Indeed, it is true that there are many advantages 

to the high-speed raceway, however the same is also true for the PBR.   

 More or less, the only advantage of the high-speed raceway is the power consumption 

compared to that of the PBR.  This model sits outside and uses sunlight for growth, thus it uses 

less power.  It also can be placed in arid regions where the ground is not particularly useful for 

other things.  However, this model is highly susceptible to temperature change and is left very 

exposed unless covered at night or housed within a large structure.    This results in many 

shortcomings for the raceway because there are strains of algae that can grow in this type of 

environment but they typically trade lipid production for hardiness.  These types of algal 

samples grow more slowly, and put more energy into producing carbohydrates, and proteins for 

growth.  Another reason this type of strain is necessary is that high-speed raceways are open to 

other types of invasive algae that could be floating in the air and other contaminants that inhibit 

growth.  As a result, since the PBR can grow less hardy strains that produce more lipid oils, the 

production of the PBR is on average about six times greater than that of the high-speed 

raceway(Mike). 

 In contrast to many of these shortcomings, the PBR shows itself to be a very viable and 

effective competitor; however the PBR falls short in terms of power consumption.  Its other 

advantages though, are plentiful.  The strains of algae that can be grown in a PBR are not limited 

by the surrounding environment.  Temperature, invasive species, light availability, and CO2 

sequestration are not issues.   Since the PBR system of growth is entirely sealed, no invasive 

species can get in once the tank is closed.  This allows less-hardy strains that produce more 

lipids to grow freely without the threat of other species of algae out-producing them.  The issue 
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of CO2 is a big one because often the concentration of CO2 needed would exceed the point of 

saturation in an open-pond system, which would either result in waste, or limit the level of 

concentration that could be reached.  A sealed PBR does not waste CO2 because the pressure of 

CO2 in the sealed system allows the system to reach the proper concentration without becoming 

saturated.  Since the PBR is typically housed indoors there is no temperature variation in the 

sample as the warmth of the structure in which it is housed is more than adequate to maintain 

the temperature of the tank.   

 It is apparent that the PBR has many advantages, but the power consumption appears 

to be a serious issue.  To compare the two models, a comparison is first made of how long the 

two models would have to run in order to receive equal quantities of light.  The high-speed 

raceway is two feet deep and sunlight typically penetrates a growing specimen to about 3, 

maybe 4 inches.  So, the percentage of exposed volume at any given time is: 

%5.12125.0
2

25.0


ft

ft

depthfluidtotal

depthnpenetratiolight
 

The high-speed raceway is intentionally designed this way.  Since it is assumed that there are 

only about 8 hours of light available each day, one eighth of the tank should be exposed to light 

at any given time so that by the end of the day the entire tank will have gotten its fair share of 

sunlight.   

By comparison the PBR must run for a certain amount of time to get adequate light to 

the entire specimen as well.  To determine how long it must run, the volume of exposed sample 

must first be determined.  Each LED produces a cone of light that reaches four inches from the 

LED itself before its intensity is no longer adequate for growth.  The volume of a cone is 

3

2hr
V


 .  In this case the radius of the cone must be calculated based on the viewing angle 

of the LED and the distance from the LED to the base of the cone.  The distance from the LED is 
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four inches and the viewing angle of the LED is 100°.  The viewing angle can be cut in half to 

form a right triangle, thus using the equation for tangent the radius of the cone is found to be,  

ftft 397.0
3

1
*)50tan(   

Using this radius the volume of each cone of light is,  

3

2

165.0
3

3

1
*397.0*

ft



 

It is also known that there are 384 LEDs in the tank, so 
33 36.63384*165.0 ftft   of the 

specimen are exposed at any given time.  This volume of 63.36 ft3 is 2816.0
225

36.63
 of the 

total population.  Since each portion of the specimen in the high-speed raceway gets one hour 

of light, each section of the PBR specimen should also get one hour of light.  Thus the PBR needs 

hr55.3
2816.0

1
 of runtime each day.   

 Therefore a direct comparison of the two models indicates that the high-speed raceway 

consumes hrkW

kW

W

hrsW
 641.0

1000

8*18.80
per day.  In similar fashion it can be seen that the 

PBR consumes hrkW

kW

W

hrsW
 39.4

1000

55.3*1236
per day.  This appears to be a significant 

difference because the PBR consumes 684% of the power of the high-speed raceway.  Thus, the 

cost of the PBR is about about $0.22 per day while the high-speed raceway is about $0.03 per 

day to operate, based on a cost of $0.05 per kW hour and not taking monthly service charges 

into account. This represents a significant discrepancy in costs. 
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 However, it must be taken into account that because of the increased control over 

environmental factors like the CO2 concentration, fertilizers, invasive species, etc, the PBR has a 

production rate that is typically 600% greater than that of a high-speed raceway.  Thus if it 

requires six high-speed raceways to produce an equivalent amount of oil the cost of the raceway 

would be increased to about $0.19 per day relative to the PBRs cost of $0.22 per day.   

Also it must be taken into account that based on these models a single high-speed 

raceway occupies 112.5 square feet of space while the PBR only occupies 28.27 square feet.  

This means that the high-speed raceway occupies about 398% of the space occupied by the PBR.  

Once again, take into account the fact that the PBR has a production rate that is six times that of 

the raceway and in order to produce an equivalent quantity of oil the raceway would have to 

occupy 23.88 times as much space as that of the PBR.   

In conclusion, the high-speed raceway and the PBR have similar costs in terms of power 

for production with a difference of about $0.03 per day.  This alone would not justify the cost of 

the PBR, however before even taking into account the increased land required for the raceways, 

the PBR has much less upkeep in terms of cleaning compared to that of the huge volumes of the 

tanks required of the raceways.  Once the land is taken into account the PBR becomes the clear 

choice as it is viable for places with limited space yet offers very similar costs and outputs. 
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