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Executive Summary

Alabama has an immediate opportunity to lead thi®@man becoming self sufficient with
respect to liquid fuels for transportation. Maskication of micro-algae in the state,
using less than 3% of our land area, could prodluee B gallons of fuel we need every
year. Through careful design and efficient operatibalgae farms, the payback on the
initial investment would be within a few years, wiimakes algaculture an attractive
investment opportunity on its own. Factoring in ge®-political benefits of energy self-
sufficiency and closing the loop on the carbon eyonbkes the proposition of statewide
algaculture compelling. With the likelihood of prextion rates exceeding 3,000 gallons
of biodiesel per acre annually, algae-to-biodigsehique among the alternative fuels
concepts in having the potential to be a 100% swidbr our transportation fuel needs.

The seminal work on algae-to-biodiesel within th& Uvas the U.S Department of
Energy Aquatic Species Program performed by théeoNak Renewable Energy
Laboratory (NREL) from the mid 1970’s through thelrh990’s in response to the
nation’s first energy crisis. The original goaltbé ASP was carbon dioxide mitigation,
but early on they realized the biodiesel feedstoutiential of micro-algae, and therefore
redirected the program. Two key technology develapnmeeds were identified during
the ASP, namely the cost and energy efficient meéf) providing sufficient carbon
dioxide to the ponds to support the high growtlesahherent to micro-algae, and (2)
harvesting dilute (200-300 ppm) micro-algae from plond water. The program was shut
down by DOE in the mid-90’s when gasoline returtee@1 per gallon.

The present assessment, performed under conteeitts Choctawhatchee, Pea, and
Yellow Rivers Watershed Management Authority arel Alftabama Departments of
Economic and Community Affairs and Agriculture dndustry, with cost sharing by the
Alternative Energy Committee of Auburn Universityas for technical and economic
feasibility of statewide algaculture in Alabama tbe production of biodiesel feedstocks
from algal oil, and nutritional and animal feedét®from algae meal. It consisted of
experimental investigations, technology developmiat¢rviews with government
agencies and private enterprises, and an engigegesign and cost analysis. The
assessment, as discussed herein, developed seltdgraihe challenges of providing
sufficient carbon dioxide to the ponds and harmgsthicro-algae using commercially
available technology.

There were several important innovations duringcinerse of the program, namely (1)
integration of animal litter digesters to providgnents and energy for the algae farms,
(2) integration of carbonation pits and their purwith a novel linear pond design, (3) a
low-cost harvesting system, and (4) a scheme fegmtion of algaculture with catfish
aguaculture to improve the competitiveness ofitidsistry within the state.

The economic analysis estimated an installed cost@0 acre algae farms of less than $1
million, and annual nets of $200,000. The analiggstified key cost and price variables
which are likely to have the biggest impact oneéhenomic performance of the algae



farms, including those for petroleum crude, algband meal, carbon from carbon
dioxide capture, and commercial fertilizer.

The assessment resolved three phases to algacultbne Alabama, two near term and
another somewhat longer term. The near term plempky animal litter as the nutrient
source for the algae ponds.

One phase would involve digesting poultry littedarattle manure in an anaerobic
digester which would produce methane, and carboxidi, to power a diesel generator
that would provide electrical and thermal powerun the farm. The exhaust of the diesel
generator would provide the heat for a drum dryéh@end of the algae harvesting
system, and the cooled, carbon-dioxide rich exhaosid then feed the algae pond
water via gas-liquid exchange in a carbonationAdltthe poultry litter and cattle manure
in Alabama would provide about 2% of the nutridtsthe state’s liquid transportation
fuels via algae-to-biodiesel.

The other near-term phase would integrate algadgwith catfish ponds. Using algae
ponds to remove catfish litter from the catfish g®@@at an accelerated rate would improve
the yields of the catfish ponds dramatically. Tlgaa ponds would also hyper-oxygenate
the catfish pond water and reduce, or eliminatejamted algae blooms in the catfish
ponds. Productivity from the catfish ponds couldilgdriple, and the revenues from the
algae ponds would match those of the catfish pdniéle the production of algae from
the catfish farms would be only a small fractiorthadt from the poultry and cattle farms,
it could have a significant beneficial impact orstcand quality for Alabama’s catfish
industry.

The longer term phase of algae farming would reqgoapturing carbon dioxide from
fixed and vehicle point sources in the state. Aarimational movement is underway to
scrub carbon dioxide from stack gases and then msgjit for underground storage. A
better solution would be to feed it to algae porid® carbon dioxide from Alabama
Power’s fossil-fuel fired power plants would progifi0% of the state’s transportation
fuels via algae-to-biodiesel. And a Welsh compauigtes Anturio Ltd, has a “greenbox”
technology that can capture up to 90% of the cadioxide produced by vehicle
engines; their original purpose in developing thishnology was to feed algae farms.
While these means of providing carbon dioxide axeegal years away, it would likely
take the intervening years to perfect and implenaggaculture on animal litter.

A credible scenario therefore exists in which aigare can provide all the liquid fuels
required for transportation within the state of Bdaa. This scenario is financially
attractive on its own, and the added benefits sfasnable energy self-sufficiency and
closing the loop on the carbon cycle compel usie i serious consideration.



Introduction

Widespread cultivation of micro-algae has the pimaeio make Alabama, and the United
States, self-sufficient in liquid fuels for transfation. Alabama could produce its 3 B
gallons per year of transportation fuels from lionl acres of algae ponds, which are
only 3% of our land. This amount of acreage isuroeasonable to consider, since the
state currently has more than 150,000 acres of megte ponds, including recreational,
farm, and aquaculture ponds.

Fuels from algal oil could either be biodiesel,jathis a methyl ester produced via a
straightforward reaction between most any vegetaibkend methanol, or straight (so
called “green”) diesel, which is essentially thensaas petro-diesel. Microalgae, as
plants, store energy as carbohydrates and liprktteese lipids are similar to those
produced by row crops such as soy. Algae lipidsbeaaxtracted via processes similar to
those used for soy, and sold to Alabama’s biodieselucers, who are currently lipid-
feedstock-limited. The meal remaining after exi@cts rich (about 50%) in protein, and
can therefore be used as a high-value ingrediesmiimal feeds.

The seminal work on algae-to-biodiesel was perfarmehe wake of our nation’s first
energy crisis (mid 70’s to mid 90’s) by the U.S pagment of Energy’s National
Renewable Energy Laboratory (NREL) in Golden, Cadlar, whose original mission for
the algae project was carbon dioxide mitigatione@tan 1998). During the early years
of their program they discovered that some of thaespecies were capable of
producing 50% or more of their weight in lipids,den the proper growth conditions, and
the program therefore transitioned to algae-to-b®al. The program included laboratory
and field work to identify the most promising specand to optimize growth conditions
for maximizing lipid yield per acre. Their key fim)s were that (1) high-rate open
ponds, capable of producing 30 grams of algaequears meter per day, at 30% lipids
content (yielding 4,000 gallons of biodiesel fuet pcre annually), would be the only
capital-cost effective approach (as compared withrgety of enclosed photobioreactors)
for producing lipids for transportation fuels, {gtive species of algae should be used,
since they would take over the ponds anyway, ahth@price of biodiesel produced
from algal lipids would be in the $2-4 per gall@ange. The program was shut down in
the mid-90’s when gasoline returned to a dollargadion.

After a careful study of their report, we additibpaoncluded that (1) the southeastern
region of the U.S. is the best location for widesput algaculture owing to our abundance
of pond-capable land, fresh water, sunshine, amdarmusbandry, (2) algaculture needs
to be intimately coordinated with animal husbandnying to the complementary natures
of the plant and animal kingdoms with respect tiaot needs and waste products, and
(3) significant engineering would be required ie #reas of nutrient feeds (notably
carbon, nitrogen, and phosphorus) to the pondg] design, and the harvesting process.

Now that gasoline has reached $3 per gallon, atidtiwe ongoing political and military
upheaval in the Mideast, we as a nation recoghigaitgent need to identify and develop
alternative fuels for transportation. Alabama’s Bements of Economic and Community
Affairs, and Agriculture and Industry, along withetChoctawhatchee, Pea, and Yellow



Rivers Watershed Management Authority, have theeefommissioned Auburn
University to perform a technical and economic assent of algaculture for biodiesel
production in our state, with Auburn University'$térnative Energy Committee as a

cost sharing partner. The results of the assessomrtiined in this report, are to serve as
input to the decision-making process by the statepivate industry as to what further
steps should be taken toward commercializatiorigafculture here.

Overview of This Report

This report, as a reflection of the assessmerit,itserganized based on the nutrient
needs, specifically carbon dioxide, of microalgaegrowth at economically practical
rates (> 20 grams per square meter per day avetagaayhout a 300 day growing
season). We have learned during the assessmeatithagpheric carbon dioxide, despite
concerns about its increased concentration duhiegéast two hundred years and the
subsequent contribution to the so-called “greendaiifect”, is far too dilute (350-500
ppm by volume) to support this minimum economicaigble growth rate.

Open ponds, even with paddlewheel mixers, woulgt abkorb 1% of the daily carbon
dioxide required. Efforts to improve the air-to-plamansport of carbon dioxide to meet
the required growth rates, such as bubble colunwetted film contactors, would

require more energy input than that produced bytrals, and they would be
prohibitively costly. This is why, in all the pri@nd current work on algae-to-biodiesel of
which we are aware, concentrated (10% or more)ocadioxide is supplied to the pond
water. The NREL work focused on fossil-fuel powkarm stack gases; other point-source
carbon dioxide emitters include cement and limatslapulp and paper plants, breweries
and other fermentation processes, and animal wiagtsters.

Discussions with electric utility companies, cemgliaints, and pulp and paper mills
conducted during the assessment revealed thagsittbday, capturing the carbon
dioxide emissions from the stacks would be comfidand expensive. Further,
insufficient available land exists adjacent to thpkants for growing the algae required to
consume even a significant fraction of the carbioide emitted. This is unfortunate,
since Alabama Power exhausts enough carbon ditxigepport half of the state’s liquid
transportation fuel needs, via algae-to-biodiesel.

We therefore turned to the state’s animal husbamahystry for carbon sources. The
poultry litter from Alabama’s chicken houses isremtly sold as a fertilizer for land
application; the manure from our dairy and beetiea generally left in the field to
decompose. Land application of poultry litter i€tw@ing an environmental concern,
owing to phosphate buildup and runoff which resulinwanted algae blooms in our
waterways.

One option for beneficial use of animal litter woblile to feed it to anaerobic digesters
located at algae farms. Digesters would convervthatile organic compounds in them
to methane and carbon dioxide, the former of wiizhid be used to generate electrical
and thermal energy for the farm. The carbon diokide the engine generator exhaust
would be scrubbed by the pond water. Nitrogen, phorus, and trace metal nutrients



from the litter which leach into the digester wateuld be sent there as well. The mass
balances show that the nutrient content in the ahlititer is generally what the algae
need for healthy growth.

The assessment examined animal litter as thesficgtce of carbon for the ponds, via
anaerobic digesters which would produce methanthéoalgae farms as well as carbon
and other nutrients for the algae. The farm is ttesmgned based on the integration of an
anaerobic digester and high rate algae growth padrtds design also includes the
harvesting system, which saw significant experimedévelopment during the
assessment. The challenge in harvesting is to remospended microalgae whose pond
concentration is about 200 ppm (5,000 grams of ma#e gram of algae) via dewatering
and drying operations which yield a product thah@e than 90% dry solids, while
staying within very tight cost and energy constisin

Poultry litter and cow manure would provide at n@&% of the annual carbon required
for our transportation needs. Although full implertegion of algaculture supplied by
digesters would take several years to implementendd serve as the first commercial
opportunity for algaculture, we must find a muctgk source of carbon if our goal is to
supply all of our transportation needs via algabitmliesel.

For this we turn to recent developments in thelfadl carbon dioxide capture, both at the
power plant and vehicle level. There are progrartermationally to capture and
sequester carbon dioxide emissions from statiopanyt sources, particularly power
plants, and vehicles. The former (see, for exanyphey.co2captureproject.oygvould
compress the carbon dioxide and pump it into underrgd caverns. Instead, the carbon
dioxide could be barged up or down river to algaens. The latter is in demonstration
by a Welsh company, Maes Anturio Ltd., whose eralfasthe carbon dioxide would be
algae farms. Since both of these opportunitiesaveral years from fruition, we will
therefore focus on present day sources of carbmaddi and the other nutrients, namely
animal litter.

Nutrients

For the fast-growing algae species under consideray this program, pond

productivity during the growing season of Februidapugh November would be
nutrient-limited. The rate of feeding nutrientshe pond is therefore of paramount
importance in setting the overall direction of glgaculture program. This applies
particularly to carbon. Supporting a growing se&sanerage growth rate of 20 grams
per square meter per day, with a range of perh@ms the warmer months to 10 in the
cooler, requires the addition of 10 grams of carpensquare meter per day on average,
since algae are about 50% carbon. If the sourtieeofarbon were atmospheric carbon
dioxide alone, the rate of carbon dioxide uptakenfthe atmosphere by the pond would
have to be 40 grams per square meter per day ayesiage carbon dioxide is about 25%
carbon. Unfortunately the uptake of ponds by atrhesp carbon dioxide is 1% of that
required (Appendix A).



We considered means of increasing the rate of cadmxide uptake (Appendix B),
including sparging air bubbles up through a veltiaak, through which the pond water
would be circulated, and by creating a thin wefiial atop a ramp elevated above the
pond surface, along the top edge of which the peaigr would be pumped.
Unfortunately, within the limits of reasonable emebudgets and equipment sizes for
these means of air-pond water contacting, the dtearbon dioxide uptake by the pond
water are still far from adequate. The reasonghiigrare (1) the low (350 ppm (V))
concentration of carbon dioxide in the atmosphane, therefore (2) the low (milli-

molar) solubility of atmospheric carbon dioxidetie pond water; supplemental sources
of carbon are required.

Fortunately Alabama is an ideal state for providimgse supplemental carbon sources
through our animal husbandry, namely poultry arttlecalhese sources also provide the
other nutrients required by the algae, notablyogién and phosphorus. This should not
surprise us, since the plant and animal kingdome wesigned to be completely
complementary by their Creator.

Poultry: Alabama produces 1 B chickens per yedewside, which produce 2 B pounds
of litter; this litter is sold as a fertilizer foow crops. Over the years the high phosphate
levels in the litter have caused phosphate buildupe fields, with subsequent runoff
into streams, rivers, and Mobile Bay, where unwaigae blooms occur. ADAI is
therefore looking for other beneficial uses of litter to avoid these blooms.

An excellent use would be for feeding algae poitie means of feeding the ponds
would ideally be via animal litter digesters, whére volatile solids would be converted
by anaerobic bacteria to methane and carbon dioXige methane would be combusted
to produce electrical and thermal energy for tlgaalfarm, and the exhaust scrubbed of
its carbon dioxide by the pond water. Using digester the poultry litter would
therefore make inorganic carbon available to thedgpas well as all the other nutrients
from the litter, while providing an important soarof energy for the farms. The algae
farms would be energy self-sufficient (Appendixdince the 26 kW of methane
produced by the digester, for each acre of algad ped, are well more than required.

If all the carbon content of the poultry litter preced by the state were turned into algae,
1.2 B kg of algae would be produced (at 30% cadmnient of the litter and 50% carbon
content of the algae), which would then yield 3ZyMlons of biodiesel at 20% lipids
content of the algae; this would require 23,00@saf ponds at a pond productivity of
24,000 kg (53,000 pounds) of algae per acre.

Cattle: 700,000 beef cattle are produced annualBabama. For a market weight of 800
pounds and a manure production rate of 20 poundsqed of animal per year, 6% of
which is carbon (half of the 12% volatile solids)3 B pounds of algae could be
produced, which would yield 35 M gallons of biodgieand which would require 25,000
acres of high rate growth ponds. As with poulttieh, the manure would be fed to a
digester to extract the methane content.



Catfish: The catfish industry in Alabama providesnéque opportunity for algaculture.
Alabama produces 100 million pounds of catfish atligubut competition from Latin
America and Asia is rapidly driving down our markéare (by 30% in the past three
years) and pricing (catfish fell from 85 to 65 eepéer pound this year within a six week
period). We need a new competitive advantage ifiaibe of these foreign imports.

Catfish yields are typically 7,500 pounds per aordess, annually from the ponds in
Alabama. The limit to this productivity is the raieremoval of litter by natural processes
in the ponds, and buildup of litter in the pond=gfrently results in algae blooms and
crashes, which affect negatively the taste andtyuzfithe meat. AU Fisheries estimates
that productivity could increase more than threfbthe litter were harvested, and a
program is underway at Auburn University’s Fishef@partment to develop a suitable
means to do so, in which the litter would be pumpetof the ponds, flocculated, settled,
dewatered, and dried to pellets for use as dritizert

An alternative would be to pump the litter-ladentevdrom the catfish ponds to a high
rate algae pond on the farm, where the algae,mbatation with aerobic bacteria in the
water, would metabolize the litter and oxygenatewlater; dense algae cultures can
produce up to four-fold supersaturation of oxygewater, thereby obviating catfish
pond aerators.

The clear, oxygenated water from the algae hanggtiocess would be returned to the
catfish ponds. In this way catfish productivity twbe increased dramatically and the
likelihood of harmful algae blooms and crashedhdatfish ponds reduced or
eliminated. One acre of algae ponds on a catfish f@ould be able to process the litter
from four acres of catfish ponds, at a catfish padtity of 20,000 pounds per acre
annually. And the revenue generated per acre bgltfse pond would be about the same
as that for the catfish ponds.

While this is an interesting option to consider dor aquaculture industry, the quantity of
algae produced would be small in comparison toghaduced by poultry litter and cattle
manure. We therefore will discuss it no furthethia present analysis.

Animal Husbandry Summary

If we were able to turn the carbon content offadl poultry litter and cattle manure
produced in the state annually into algae, whieh58% by weight carbon and which
would be at least 20% by weight lipids, 67 M gafiai biodiesel would be the result.
These would provide 2.2% of the 3 B gallons of ilibjwels consumed by the state
annually for transportation.

Algae Growth Kinetics

Much of the research during the Aquatic Speciegiara at NREL was on algae growth
kinetics, in their efforts to achieve the targeddarction rate of 30 grams of algae per
square meter of pond per day; their approach wasedical in nature. They were
occasionally able to achieve the target growth, taiénot consistently. Based on our
analysis of carbon transport rates to the pondstlaa published specific growth rates for



various algae species, we believe that growthliateations are frequently those placed
by nutrient uptake rate limitations of the pondsisican be illustrated by example.

Chlorella are fast-growing, robust, green microaalgvhich are native to Alabama.

10 pm

Because of their rapid growth rates they usuallypithate open ponds here. Lipid
contents in the 20-30 weight percent range have beggorted for Chlorella, which, while
below those of some other species (50-70 weightget lipids have been measured), are
adequate; soy is typically 20% lipid.

Chlorella double in cell count every 8 hours oslégghey have adequate nutrients and
light, for pond temperatures in the range 20-35Tis corresponds to a specific growth
rate constant of 2.4 day” in the expression

P uC, where

D

P is the growth rate,gzrﬂ,
m< xday

D is the pond depth,
andC is the alga concentratimg@S (or ppm).
m

For a specific growth rate constant of 2.4 dand our target pond concentration of 200
g

m’

P =480 9
D \
For a pond depth of 0.2 meters, the areal prodticiarthen

4802 (02m)=96—2
m3 xd m2 xd



which is nearly 5 times our target growth rate @fg2ams per square meter per day.

Therefore, achieving acceptable growth rates, mvaw, requires providing nutrients at

a rate sufficient to maintain those growth rates.

Overall System Design
An algae farm fed by animal litter would look sofmat like the following:

Inground Animal

Compost Digester Litter

/ =1L 1
_]{—‘%%D - H Garbgﬁaﬂun

High Rate
Growth Pond

Flocculation

//L o 20 ) ~ Product:

Algas

Belt Filter Press and Drum Dryer

The digester would convert animal litter into metband carbon dioxide gases which
would flow to an engine/generator to produce elegtenergy and an exhaust rich in
carbon dioxide. The exhaust would provide heatlerdrum dryer, and the high-rate
algae growth ponds would be fed this cooled exhaastarbonation pits, one for each
pond, through which the pond water and diesel esthaould flow countercurrently, so
that up to 90% of the carbon dioxide would be albsdroy the pond water. Soluble
nitrogen, phosphorus, and trace metal nutrientshiec from the litter in the digester
would flow to the ponds directly via makeup watamped through the digester to the
ponds.

The ponds would operate in a continuous, steadg stade. That is, the algae
concentration, in the range 200-300 ppm, would reraasentially constant by the
balancing of the harvesting rate with the photdsgtit growth rate. The pond water
would flow continuously to a harvesting system, vehthe algae would be removed by

flocculation and settling, and the clear, essdgtatae-free water, would be returned to

the pond.



The settled algae, 1-3% solids, would be pumpedlielt filter press for dewatering and
subsequent drying over a series of drum dryerseldat the diesel exhaust. The dried
algae would then be packaged for shipment to aggsmr who would extract the oil from
the meal.

Digester

The digester, a pit in the ground with a fabrice@wvould receive animal litter slurried
with makeup water in a feed pit. Anaerobic bactemald metabolize volatile organic
compounds, producing methane and carbon dioxidehwhiould be pumped through a
scrubber and dryer on its way to the diesel geaer§tirring in the digester would be via
a circulation pump, and un-digested solids woul@detinuously removed for sale as
compost after dewatering and drying. The liquidvilate through the digester would
correspond to a residence time of at least 10 days.

Pond

The baseline design is the standard high-rate grpend, developed during the past 40
years, having an oval shape with a center wallpauitilewheel (Borowitzka 2005); area
is one acre. This is typical of the ponds in th8.Wor growing Spirulina as a
nutraceutical.

Economic analysis of a 100-acre farm (discussted & in this report) revealed a strong
incentive for increasing pond size to 10 acresldimg this, the pond flowrate then
matched the flowrate of the cantilever pump ford¢heoonation pit (see below), and we
realized we could circulate the pond water witls {nimp, thereby eliminating the
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paddlewheel at significant cost and energy savikggher, we located the carbonation
pit within, and at one end, of a linear pond, aodpded two ponds via their cantilever
pumps. This eliminates the regions of slow and dbtdy which exist in the racetrack
design, where poor mixing and algae settling waaclr.

Circulation of the pond water would ensure thattadl algae cells periodically make it to
the photic zone for photosynthesis to occur. Catiah would also ensure good mixing
of nutrients and prevent significant thermal gratBe A practical velocity for the water
would be one half foot per second, which is a cammpse between mixing effectiveness
and mixing power; mixing power is related to th&ewf velocity, such that velocities
much higher would consume an excessive amountesfygras compared with the
chemical energy content of the algae produced.

Key to the success of the algaculture programbmllow cost and simplicity of the
ponds and the associated processes, and so wel@sen unlined earthen ponds for the
baseline design. Alabama is an excellent statthse ponds; there are presently
150,000 acres of such ponds in the state for recredarm use, and aquaculture.

The design production rate of the algae in the psraf grams per square meter per day
as an annual average. The literature places am lippeof 30-50 (Goldman 1995), and
as the program matures we hope to get there, bubfe we prefer a conservative
number. We assume that the average is sustainety@duB00 day growing season, with
no production during the colder and darker montli3ezember and January.

11



Carbonation

I Returned
b 1o Pond
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Exhaust

Air-to-pond carbon dioxide transfer would occud & of the carbon dioxide uptake
required to support the design growth rate of 20rgy per square meter per day, as
shown in Appendix A. Artificial means of increasitigs rate are impractical, as shown
in Appendix B. We therefore require a concentrdtddeast 10%) source of carbon
dioxide to feed the ponds, and this would be doaem in-ground carbonation pit,
discussed in Appendix C. Carbon-dioxide rich diesédaust would first be cooled
through the drum or belt-oven dryer in the harvegstystem, then sparged up through
the carbonation pit, where it would exchange cardioride with pond water flowing
down into the pit. A cantilever pump would lift tkarbon dioxide rich pond water from
the bottom back to the pond. Given the high coshefcantilever pumps, the farm would
have one carbonation pit for every ten acres ofipon

Harvesting
Celluloge Ferric Mitrate
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The small size of most microalgae (1-30 micronajtipularly Chlorella (2-10 microns)

is a significant advantage in high rate growth mobecause the algae are much easier to
keep in suspension, so that they don’t settle ouhe bottom of the pond and therefore
become lost in the process. This is particuladg if the residence time of the algae in
the pond is no more than two or three days, sifaer enicro-algae are prone to
spontaneous flocculation into larger aggregates;iwettle much more easily.

Their small size likewise makes harvesting thenllehging. The concentration of algae
in the growth ponds would be about 200 ppm, whigans that for every gram of algae
there would be 5,000 grams of water, and dewate@mgot be done simply by filtration;
the filter media would blind almost immediately.f@&ugation would work, and it is
done in preparing algae pastes for aquaculture.edemnthe high initial and operating
costs of centrifuges do not fit our low-cost mofielalgaculture in Alabama. Maturation,
or settling, ponds could be used downstream oftbeith ponds, which would allow the
algae time to age and flocculate. The residence itmthese ponds, however, would be
measured in days, which would more than doubletme acreage of the farm. We
consider this to be unacceptable from cost and lsedconsiderations.

We have therefore developed, through laboratorgexpentation, a low-cost, energy
efficient, simple, and fully effective means of Yesting fresh microalgae from growth
ponds. It comprises three steps, namely flocculatiewatering, and drying.
Flocculation is a two step process, in which cebel fibers are first added, via a static
mixer, followed by ferric nitrate, also via a statnixer. The cellulose, added at a rate of
10% of the algae weight, provides a fibrous stmectan which the algae agglomerate
upon addition of the ferric nitrate, yielding a usl, fibrous floc which stands up to the
dewatering process.

The pond water containing the flocculated algaeld/be sent to one of three batch
settling tanks, sized for a one hour residence;tome would be filling while the others
are settling or draining. After each tank filledvibuld be allowed to settle for one hour,
and then the floc at the bottom of the tank wowdhbmped to the belt filter press for
dewatering. The press, which has the capacitydaragering the algae from all the
growth ponds on the farm, would increase the saafgent from about 3% to 20%
through mechanical action on the algae cake, tonmze the amount of thermal energy
needed for drying. The clear water removed fromatlyae cake would be recycled to the
ponds.

Drying the algae would be via a drum dryer; the aned algae would transfer to a
drying belt and pass over a series of drums hdatedr from a methane-fired forced air
heater. The 26 kW (625 kWh/day), per acre, of tlemenergy produced would be ample
for drying the algae, since the latent heat reguioeincrease solids content from 20% to
90% is 170 kWh/day per acre. It is likely that greduct algae from the drum dryer
would be in the form of a thin algae-paper, whiokild be wound up in rolls for storage
and shipment, owing to the use of the cellulosecilitent.
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Experimental Program
The experimental phase of the feasibility assessfoensed on the areas which we

believe to be most important for the success otgpadead algaculture in Alabama,
namely algae growth rates and the harvesting psodé®se are discussed individually

below.

Algae Growth Rates: We refurbished two concretadiks” at the North Auburn
Fisheries Unit, and fitted them with paddlewheetens and center walls.

Each tank measures 9 feet x 25 feet, which is apaiely 25 square meters, or 0.006
acres.

Prior to algae growth studies we developed a simq@ans of measuring the algae
concentration in pond water using spectrophotom&y developed a relationship
between algae concentration and transmittanceCahBbby a series of dilutions from a
concentrated suspension; algae concentration wasured in the starting suspension by
centrifugation, drying, and weighing the algae mass
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On 9 June, 2007, we filled one of the tanks widslrwater to which we added an
inoculum of Chlorella which we had concentratea ismaller pond. Nutrients were
added by flushing a 5 gallon pail of poultry litiato the pond. In three days the
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Chlorella concentration increased from 10 ppm tod@®. Based on an exponential
growth model,

dd_(t: =uC, whereu is the growth rate constant,

we calculated a growth rate constant of 0.84/ddy¢ckvis much smaller than the
literature value of 2.4/day, indicating nutriemhifations. However, even for this smaller
growth rate constant, the production for a stedale oncentration of 200 ppm would
still be 34 grams per square meter per day, faralgepth of 0.2 meters. These results
reinforce our belief that we will be able to aclgesur design seasonal average growth
rate of 20 grams per square meter per day if wplgupbe ponds with sufficient
nutrients.

We also measured pond temperature during the suigduigr21, 2007) to learn how
warm it would get, since algae growth falls oftemnperatures in excess of 95 F.
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The data show that 95 F is reached briefly midratien, but otherwise the pond
temperature in the summer would be acceptabledod glgae growth.

Harvesting: The laboratory program developed a rapd cost effective means of
harvesting algae from dilute (200 ppm) pond suspess The harvesting method which
we developed begins with a two step flocculatiomcpss in which cellulose is first
mechanically mixed with the pond water, followedfbyric nitrate addition via a static
mixer. In production the cellulose, as a 5% watespgnsion, would also be added via a
static mixer.
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The flocculated algae are then allowed to concantria settling, and then dewatered via
filtration.

We manually pressed the filtered algae to furtlevater it; this would be done by a belt
filter press in production. We dried the algaenrnoa&en, and this would be done in
production with a drum dryer downstream the békfipress. The dried algae are fibrous
in nature, owing to the use of cellulose flocculemtd would likely form a paper-like
structure which could be wound as rolls for storagd shipment.

Economic Analysis

Tables 1 and 2 provide a preliminary set of costsr@venues for 100 pond-acre algae
farms with two different pond sizes, Table 1 foOXihe-acre ponds, Table 2 for 10 ten-
acre ponds. A farm based on 1 acre ponds woulbémwver technical risk option,
because 1 acre ponds are in commercial use in.teftt growing Spirulina, a popular
neutraceutical. However, it would also be the meoqgensive option, since there would
be 100 each of most of the process equipment &pdmds, versus 10 each for the ten
acre ponds, and since the cost for most procespraqut is well less than linear with
respect to size or capacity.

Each table has four sections, including front ered costs (nutrient input and power
generation), back end fixed costs (dewatering ayihgl), pond fixed costs, and revenues
and variable costs of operations. The front and leacl systems service all of the ponds
on the farm, therefore requiring only one of eaoh ltem for the farm. At this stage the
costs and revenues are budget-level estimatesyand be firmed up as part of a
follow-on engineering study. We assume a sellingepof 30 cents per pound for the
lipid, since soy oil is currently selling for motigan 40, and we assume a selling price of
7 cents per pound for the algae meal, since casalimg for $4 per bushel (56 pounds).
Total fixed costs for the ponds are less thanfoalthe farm having 10 acre ponds as
compared to those for the farm of 1 acre pondsghvivould strongly encourage an
aggressive effort to make the ponds as large aslpesMunicipal wastewater treatment
systems in California, which use high rate algaedgsaas part of the treatment process,
operate multi-acre ponds successfully up to 15sacre
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All the process equipment in these tables is coroiaiy available today, with two
exceptions, the cantilever pump and the drum dijlee. cantilever pumps for providing
the high flowrate circulation between the ponds tredcarbonation pits would require a
custom design to match the specifications withbihégeted cost; currently available
cantilever pumps are over-designed and overpricedur application. Informal
discussions with a cantilever pump manufactureicated that we should be able to meet
our performance and cost goals. For the ten-aand gdesign we would locate the
carbonation pit in the pond, and use the cantilpuwenp for circulating the pond water as
well, thereby eliminating the need for a paddlewager. This is another strong
incentive for choosing the ten-acre pond size.

Table 2 indicates an initial investment of lesstBa million per farm; revenues for each
farm could exceed $150,000 per year ($1,500 pe) adepending on the market pricing
of algae oil and meal, resulting in a payback gkedba few years, for the assumed
pricing of 30 cents per pound for the lipid andents per pound for the meal; these
prices are based on $85 per barrel crude oil ae$dhushel corn. For a million-acre
statewide program to supply 100% of Alabama’s iqwansportation fuels via algae-to-
biodiesel, an investment of $10 billion would bguized.

As a stand-alone investment the algae farms appdsr fairly attractive. The life of the
farms would presumably be several decades, umetihéxt transportation technology
takes over, thus making for fairly large presertsgaalculations. Moreover, additional
but difficult-to-value investment incentives wowdcrue, such as carbon credits, closing
the loop on the carbon cycle, and some valuatiomaking Alabama completely self-
sufficient with respect to liquid fuels for transgagion.
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TEAL 19-Nov Base Case: 100 One-Acre Ponds

Eront End Cost.
Land $240,000
Equipment and Process Building, and Office $30,000
Digester Pit $6,600
Digester Cover $12,600
Grinder Pump $1,000
Compost Pump $1,000
Methane Blower $1,000
Litter Pit $1,000
Scrubber/Dryer $5,000
Engine/Generator $25,000
Exhaust Blower $1,000
Back End
Belt Filter Press $40,000
Conveyor Oven $40,000
Water Return Pump $500
Overflow Tank $1,000
Subtotal $405,700
Ponds
Pond $160,000
Paddlewheel $300,000
Carbonation Pit $50,000
Static Mixer $10,000
Static Mixer $10,000
Carbonation Water Pump $100,000
Harvesting Water Pump $30,000
Ferric Metering Pump $35,000
Cellulose Metering Pump $7,700
Settling Tank $50,000
Settling Tank $50,000
Settling Tank $50,000
Algae Pump $5,000
Subtotal $857,700
Equipment Total $1,263,400
Installation, Plumbing, Controls  10% of Equipment Total $126,340
Installed Cost $1,389,740
1 acre 100 acres
Algae Production ka/d bty Ibly.
Total 81 53,460 5,346,000
Lipid 16.2 10,692 1,069,200 30 cents/lb $320,760
Meal 64.8 42,768 4,276,800 7 cents/lb $299,376
total gross $620,136
Materials
litter 133 87,780 8,778,000 $30/ton $131,670
ferric ion 10 6,600 660,000 2 cents/lb $13,200
cellulose 8 5,280 528,000 $20/ton $5,280
water 10,000 gal 40,000
0O&M $50,000
materials $200,150
Labor
Foreman $60,000
Technicians $200,000
labor $260,000
net $159,986

Table 1: Costs and Revenues Projected Based onelPand Size
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TEAL 19-Nov

Eront End

Land

Equipment and Process Building, and Office
Digester Pit

Digester Cover
Grinder Pump
Compost Pump
Methane Blower
Litter Pit
Scrubber/Dryer
Engine/Generator
Exhaust Blower

Back End

Belt Filter Press
Drum Dryer

Water Return Pump
Overflow Tank

Ponds

Pond

Paddlewheel
Carbonation Pit

Static Mixer

Static Mixer

Carbonation Water Pump
Harvesting Water Pump
Ferric Metering Pump
Cellulose Metering Pump
Settling Tank

Settling Tank

Settling Tank

Algae Pump

Installation, Plumbing, Controls  10% of Equipment Total

1 acre
Algae Production ka/d Ibly
Total 81 53,460
Lipid 16.2 10,692
Meal 64.8 42,768
Materials
litter 133 87,780
ferric ion 10 6,600
cellulose 8 5,280
water 10,000 gal 40,000
O&M
Labor
Foreman
Technicians

100 acres

Ibly
5,346,000
1,069,200
4,276,800

8,778,000
660,000
528,000

Aggressive Case: 10 Ten-Acre Ponds

Subtotal

Subtotal

Equipment Total

Installed Cost

30 cents/lb
7 cents/lb
total gross

$30/ton
2 cents/lb
$20/ton

materials

labor

net

Cost
$240,000
$30,000
$6,600
$12,600
$1,000
$1,000
$1,000
$1,000
$5,000
$25,000
$1,000

$40,000
$40,000
$500
$1,000

$405,700

$160,000
$0
$50,000
$5,000
$5,000
$100,000
$10,000
$3,750
$3,750
$25,000
$25,000
$25,000
$1,500

$414,000
$819,700
$81,970

$901,670

$320,760
$299,376
$620,136

$131,670
$13,200
$5,280

$50,000
$200,150

$60,000
$200,000
$260,000

$159,986

Table 2: Costs and Revenues Projected Based orrEOPond Size
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Notes on Tables

Land: The total size of the farm is estimated td B@ acres, and we assume a purchase
price of $2,000 per acre.

Building: We assume a 10,000 square foot steetlimgjlon a slab.

Digester Pit: The pit would hold 830,000 gallongpm@ximately 3,300 cubic meters, at a
cost of $2 per cubic meter.

Digester Cover: A digester of 3,300 cubic metdrsircular, would be 40 meters in
diameter if it is 5 meters deep. The area of theecwould be approximately 1,260
square meters, and we estimated the cost at $1stjpare meter.

Grinder Pump: 60 gpm pump for sewage treatment.

Compost Pump: 40 gpm pump for sewage treatment.

Methane Blower: 200 cfm.

Litter Pit: The pit would hold 83,000 gallons, appimately 330 cubic meters, at a cost
of $2 per cubic meter, rounded up to $1,000.

Scrubber/Dryer: 200 cfm, engineering estimate st aolarge-quantity purchase.
Engine/Generator: 100 kW at $250 per kW.
Exhaust Blower: 2,000 cfm.

Belt Filter Press: 0.37 tons per hour of dry algal@ch is well within the capacity of the
smallest available press.

Conveyor Oven: Engineering estimate for 0.37 tarshour (dry solids) gas-fired oven.
Water Return Pump: 160 gpm.

Overflow Tank: 1,000 gallons.

Pond: 80,000 cubic meters for 100 acres, at $2ydgc meter.

Paddlewheel: Engineering estimate of $3,000 eacthé&one-acre pond paddlewheels.
For the ten-acre ponds the carbonation pumps wetddlate the water, and no
paddlewheels are therefore required.

Carbonation Pit: The pits would be 25 feet in dienand less than 10 feet deep, each

sized for 10 acres of ponds. For the one-acre pamgscarbonation pit (and pump)
would be shared by ten ponds, to keep the costs.déar the ten-acre ponds there would
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be a pit (and pump) at one end of the pond. Edadk pstimated to be $5,000, based on
typical costs for excavation and concrete work.

Static Mixers: The harvesting system flow ratedsgpm per acre. There would be 100
pairs of static mixers (one each for the ferricaté and cellulose additions) for the one-
acre pond farm, and 5 pairs for the ten-acre pandd, since the ponds are operated as
tandems.

Carbonation Water Pump: These would be 20,000 gotilever pumps, ten per farm. A
pump manufacturer estimated that, properly desigiede could be $10,000 each in
high quantity production.

Harvesting Water Pump: 70 gpm centrifugal pumpterone-acre ponds, 1,400 gpm for
the ten-acre pond pairs.

Ferric Metering Pump: 0.25 gpm and 5 gpm gear pumps
Cellulose Metering Pump: 0.03 and 0.6 gpm flexibipeller pumps.
Settling Tanks: 500 gallon and 10,000 gallon cdridcdtom polyethylene tanks.

Algae Pump: 1.5 gpm and 30 gpm diaphragm pumps.

The Next Step
In the event that the state, industry, and investrmemmunity would like to pursue
algaculture for biodiesel and animal feedstocks ftlowing next steps are suggested:

Engineering Study: A detailed engineering studyutthde conducted on the system and
components to nail down performance and costs.a&Vhdst of the equipment is
commercially available, custom engineering woulddxguired for the pond, the
paddlewheel pond mixer (if needed), the cantilgnenp for the carbonation pits, and the
drum dryer heated by diesel exhaust.

Enclosed Photobioreactor Assessment: Several caegpare developing enclosed
systems as alternatives to open ponds. Their ptiaiuand cost data should be verified
and compared with those of open ponds.

Pilot Project: A one to ten acre pond should bét lanid integrated with a digester and
harvesting system. The pilot farm should be opdratdeast two complete growing
seasons to quantify productivity in Alabama.

Product Evaluation: The algae produced by the falioh should be processed to lipid
and meal. The lipid should be sampled or sold tbAma’s biodiesel producers so that
they can tune their processes accordingly. Feeatiestshould be performed on the meal
to determine how best to use it in the animal fieddstry. These studies would update
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those performed during the past 40 years whichrgépeeported good success with
algae meal as a protein and nutrient source fonarieeds (Martin, 1971). Moreover,
since Chlorella sells at retail today for $25 peumpd as a neutriceutical, it would be
worthwhile to explore this market for the meal aslw

Re-assessment: A technical and economic re-assessshmild be performed using data
from the above activities, to serve as a basisdanmercialization business plans.

These efforts could be accomplished in a peridessd than three years, at an estimated
cost of less than $3 million.
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Appendix A: Air-to-Pond Carbon Dioxide Transport

Overview:

This is an analysis of the transport rate of cariomide from the atmosphere to the
pond. It shows that the calculated, and measur@asport rate is about 1% of that
required to support our design growth rate of 2hgg of algae per square meter per day.
Air-to-Pond Surface Mass Transport:

1. Carbon Dioxide Concentration in Air

Carbon Dioxide Content of Air: 385 ppm by volume
Ideal Gas LawPV =nRT

Number of Moles in 1 Cubic Meter of Air at 1 atnmda?y/ °C:

n (htT) $1000L) =41mol Air
0082 —*™M (300K )
mol K
Concentration of Carbon Dioxide:
c= 41" 50003855592 = 0016M2 02
m L Air m
or 0016M202 44 9€0.  _ 57 9CO;
m molCO, m

2. Mass Transport Rate

Air to Pond Surface

Wanninkhof & McGillis (Wanninkhof 1992) show a plot the gas phase mass transport
rate,K, versus wind speetll, which reaches an asymptote of 5 cm per holt as
approaches 0.

Assuming that, at best, the carbon dioxide coneéotr in the pond water is zero, the
maximum gas phase carbon dioxide mass transpartNlus:

N=Cck= 079 gom _Im  24h _,q,0C0,
m h 100cm 1d m* day
Algae Growth Rate Supported by This Flux:
P= 084 gCZ:O2 1gCarbon 2gAlgae _ 0.429A2Igae.
m- xd 49CO, 1gCarbon m- xd
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Pond Water Surface-to-Bulk Mass Transport

Quinn & Otto (Quinn 1971):

N :DA—BC,where
d

N is the carbon dioxide flux,
C is the carbon dioxide concentration at the surface
and is the film thickness for mass transport.

Using typical values for the diffusivity of carbdioxide through water from Quinn &
Otto of Dag = 24.0°° cn/s and = 100 microns (m):

2
240° M 2 9%0:
N = s m*  10° m  1m?  3600s 24h
100 m im  10°cm*  1h 1d
N=0359":
m°d

Algae Growth Supported by This Flux:

P= 035 gCoO, 1gC 2gAlgae _ 0.189Algae
m?>xd  4gCO, 1gC m? xd

Discussion:

The above calculations indicate that the sloweb@adioxide transport process is on the
water side of the air-water interface. Schind&ehindler 1971) presents data taken from
two different lakes which show carbon transporalodut 0.2 g carbon per square meter
per day, which would support an algae productioa 0 0.4 g algae per square meter per
day. This compares well with the air and liquides@hlculations above, particularly given
the four-fold range of liquid side film thicknesga®sented by Quinn & Otto.

We can therefore assume that the maximum produrdikenof algae in the high-rate
growth ponds, based on atmospheric carbon dioxateais well less than 1 g algae per
square meter per day, far short of the 20 g algasquare meter per day target.
Therefore the major supply of carbon must comeeeifitom animal litter digesters,
aerobic bacterial breakdown of organic carbon weaglture pond waters fed to the high
rate ponds, or from mobile and stationary pointrsewarbon dioxide emitters.
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Appendix B: Means of Enhancing Air to Water CarbonDioxide Transport

Overview

Appendix A showed that, under normal pond condgjdhe transport of carbon dioxide
from the air to the pond is 1% of that needed &iasn the design algae production rate
of 20 g per square meter per day, owing to thedomcentration of carbon dioxide in the
air. We therefore explored two means of enhandiegransport rate, namely a bubble
column and a wetted film ramp, both of which proug@asible. These are discussed
below.

Bubble Column

A one acre pond would produce 80 kg of algae pgratia production rate of 20 g per
square meter per day, and thus would require 48f kgrbon. If all the carbon were to
come from the atmosphere as carbon dioxide, 168f kgrbon dioxide would have to be
transported from the air to the pond.

The flow rate of air required for this is as follsw

3 A4; 3 A4;
Q= 160kg CO, Im”air 1000g 1d ih  _ sgm-air
d 0.7gCO, 1kg 24h  3600s S

According to Shah (Shah 1982), to maintain bubldwf(small, distinct bubbles with
minimal coalescence, and therefore high interfaaiah for gas-liquid transport), the
superficial gas phase velocity in the column shdaéldess than 0.03 meters per second.

The minimum column area would then be

3 .
A= peMar Is _go2
s 0.03m

and the minimum column diameter would be

87m?
J,

D= (4 =11mor 35 ft.

Such a large column would be well beyond the simbast constraints for the one acre
pond. Further, the compressor power for blowingc2usic meters of air per second
(4800 cfm) against a minimum water column heigh ofieters would be about 10 kW,
which is far in excess of the power budget forahe acre pond.
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Wetted Ramp Contactor

Another contacting option would be to provide a paabove the pond, at the top of
which a portion of the pond water would be pumpedsto provide a thin film of water
flowing down the surface of the ramp, where theawvatould absorb atmospheric carbon
dioxide at a higher rate than in the pond itselé Bvdgeted 1 kW of pumping power for
this analysis.

The pumping power relationship B=QrgH . For a power of 1 kW and a ramp height
at the high end of 6 feet (2 meters) the flow i$cdlews:

3 3
0= PH _ - 1kwW 1(:)&(;)\] 361Cr)]Os :180T] —0.05M™

79 1000°Y 9.8 (2m) S
m S

FromPerry’s Chemical Engineers’ Handbogsee also Emmert 1954), the thickness of a
falling film on an inclined ramp is as follows:

3Gm
m=g——-,
gr?sina

whereG is the mass flow rate per unit width (22 meters,width of the racetrack) of the
ramp:

3
0 05m 100(2kg .
S m
G= =239
22m m>s
m= pondwater vigosity= 0.0li = 0.001ﬂ :
Ccm>s m>s
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g = 985—2,
. kg
r = pondwaterdensity=1000—,
m

a = ramp angle with horizontal, here 60 degreeg66it) = 0.9,

3 2359 (001K9
m>s m>s

2
9.8?2 1000% (0.9

andm=, =0.0009mM=0.9mm.

The average film velocity is the flow rate dividieg the cross-sectional area of the film:

3
0.0
= s =p5M
(22m)(0.0009m) s’

2
: . m- . L
The dimensionless parameter— in Perry’sis as follows:
AB

m = film thickness = 0.09 cm,

2
Dag = diffusivity of carbon dioxide through water2>10° cm
<

<

2m

= transit time of film on ramp = = 0.9s,
. m
(sin ) 2—
S
2
and (0.0902m) = 450.
2X0° Cr: (09s)

The Reynolds Number is as follows:

o 4 23 K9
Re= 22 = —mk”S = 9200

m  0.001°9

m>S

For Re > 1000H, = 3 meters _ri

, Wherek, is the liquid phase mass transfer
L

coefficient.
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The carbon dioxide transport rate from air to watethe ramp is then
NA=k (C- 0)A,
whereC is the concentration of carbon dioxide on the wateface, assumed to be the

equilibrium concentration, and in this analysisagsume that the bulk concentration of
carbon dioxide is zero.

gCo,
m3

1 gCOZ

0.0008" 0.2
S S

(22m)(3m)= 00

This would support a pond growth rate of

O_OlgCOZ 3600s 24h 2gAlgae :4329Algae
S 1h 1d 49CO,

for aoneacrepond.

However, the daily production of a 1 acre pondgbgign, is 80 kg. The ramp would
therefore provide only 0.5% of the daily productrequirement of carbon dioxide.
Nonetheless, it is instructive to calculate theagmd@ment of carbon dioxide uptake by a
wetted ramp as compared with the pond itself.

On the ramp, the algae growth rate supported dyocadioxide transport would be:

432gAIgae
_ d __g5 gAIgae.
(22m)(3m) m? xd
This compares well with that of the pond itsedf18 gAzlgze:
me:

—06'158 = 36times the carbon dioxide uptake of the pond itself.
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Appendix C: Carbon Dioxide Stripping from Diesel Exhaust Gases

Overview:

Owing to the very small (1%) contribution of atmbepic carbon dioxide to the carbon
needs of the high rate algae growth pond, a digesiald be used to produce methane
and carbon dioxide from volatile solids in animtkr. The methane would be used to
provide electrical power and thermal energy toféine via a diesel generator, and the
carbon dioxide from the digester and the dieseirengyould be scrubbed with pond
water to absorb as much of the carbon dioxide agdume economically feasible. We
believe that a simple bubble column, a pit with dexard pond water flow and upward
carbon-dioxide containing gas flow, would be appiate for this scrubbing operation.
This appendix contains design information for theHle column. Note that the system is
sized for 12 hours per day operation, a seasorahge for the duration of the
photosynthesis period.

Basis:
40 kg carbon required per day for the 1 acre grgwtid (algae assumed to be 50 wt%
carbon), diesel exhaust is 20 mole % carbon dioxide

Carbon Dioxide Concentration:

pv="YRT,
M
g
latm) (20%) 44—~-CO
w (o) 4 beo, o
= =0. ;
M 0.082L xatm (SOOK) m> Exhaust
mol XK

Gas Flow Rate:
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40kgC 44kgCO, 1m® 1d 1min m?

_ =0.0096—
»d 12kgC 0.35kg 1440min  60s S
3 3
or 0.0006M 605 35150 cm

s 1min 1m?

Minimum Cross-sectional Area of Column Required:
For 10% gas volume fraction in column (to ensueegbod mass transport rates of
bubbly flow (Shah 1982)), and for a bubble riseoeél of 0.3 m/s:

0.0006™
A= 5 - 032m? (diameterof 64cmor 2.1ft)

0.3? (10%)

Note: This will beincreasedbelowfor otherreasons.

Height of Column Required:

By sizing the column so that only 10% of the voluisigas, we can assume that the gas
bubbles, estimated to be 3 mm in diameter (0.003i8® individually at their terminal
velocity of 0.3 m/s. We can follow the mass transpdan individual bubble as it rises
through the water column, to calculate the numibseoonds, and thus the column
height, required for the bubble to lose 90% otagbon dioxide. We chose 90% recovery
because the concentration of carbon dioxide irbttable will decline exponentially with
time, so that it would take the same additionalisol height to go from 10% (absolute)
carbon dioxide remaining to 1% (absolute) carbaxidie remaining as it would for the
100% to 10% reduction, which may not be economycaliractive.

Assuming that the liquid flow rate is ten times geichiometric amount required (the
carbon dioxide is only 10% of its saturation vadui¢he liquid phase exit) we can
approximate the bulk liquid carbon dioxide concattn as 0.

Liquid-side Mass Transport:
The transport rate of carbon dioxide from the balshirface is

k (C- 0)A, where
k, = liquid phase mass transport coefficient, takeﬂ.@@Ole (Shah 1982),
S

A = bubble surface area?m

- o .mol
andC = liquid phase carbon dioxide concentratiof-.
m

From Henry’s Law at 30 °C:
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56,000mol molefraction
1m® 2000atm
P, = partial pressure of carbon dioxide, atm,

C=P, where

56,000m—c3)I = molar density of water,
m

2000 = Henry’s Law constant for carbon dioxide@PG,L (from
molefractior

Perry’s Chemical Engineers’ Handbogk
andC = 28P,.

Gas Bubble Content:
The rate of carbon dioxide transfer out of the bellasimd into the liquid phase in terms of
the time rate of change of carbon dioxide partiaspure in the gas bubble is

mol  dP,
m?® >atm
V = gas bubble volumen?,
410
m? >atrr

V 41 , where

= molar volume of ideal gas at 30 °C,

and dPtA = time rate of change of carbon dioxide partiggsure in bubblea,lt—m.
S

Equating the Transport and Time Rate-of-change $erm

41V db,

= 000016 28xAXP,
S

Rearranging:

dP, _ 00001628 Adt

P, 41 Y,

For a 0.003 m bubble\';‘ =2000m?, and

dP, _ (0.00016 (2000 (28)
P, 41

dt = 022dt.

Integration gives
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In P 022t .

A2
For a 10-fold reduction in partial pressure of carldioxide,

t= M =10seconds.
0.22

Since the bubble rise velocity is 0.3 meters peosd, the minimum column heigh,
would be

H= 03" (10s)=3m.

Liquid Flow

We choose a liquid flow rate which is 10 times sk@chiometric amount, so that the
exiting carbon dioxide concentration is low enotglensure near-maximum mass
transport from the bubbles to the liquid phase.

Carbon Dioxide Entering with Gas Phase:

3 k 1mol I
0.0006™ 0,35/9C0.  IMOICO, -_; 47qmoICO,
S m 44 gCO, S
Saturation Concentration of Carbon Dioxide in Puvater:
C = 0.2atm 56,000mol Water  molefraction _ 56 molCO,
im? 2000atm m?®
Liquid Flowrate at 10 times stoichiometric:
0.07 molCO, 3
L= > “10=0.136"- = 2000gpm
mol CO, S
m

Liquid Velocity in Column:

3
0.136M -
=5 =042—
0.3zm S
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Note: The terminal velocity of the gas bubbles.Beters per second, which means that
this liquid velocity would create gas holdup prabte We therefore need to reduce the
liquid velocity in the column, perhaps by a faavdten, to 0.042 meters per second, by
increasing the column area by a factor of ten,2on% (2 meters or 6.6 feet in diameter).
This is for a 1-acre pond. It would be 32 (b0 meters or 33 feet in diameter) for a 10-
acre pond

Liquid Pumping Power:

3
p= 0.136% 1000% (im) 9.8™ =1,330W (for12hourg

SZ

Gas Pumping (Compression) Powe ) (Anderson 2002):

0.286

1

P+407 = 4 o5 0000425 , where

407

P, (HP) = Q, (cfm) 528

m® 35ft> 60s

= 0.0096— = 20cfm,
Qe s 1m® 1min

P =120in water,
and 0.7 is the assumed efficiency of the compresso

P, =0.5HP =(0.5HP) % = 380W (for 12hourg

Pit Volume:

35ft*  7.5gal
1m?® 1ft®

Y, :%D2h=0.7854(2m)2 (4m)=(12.6m?) = 3,300gal
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Appendix D: Pond Mass Balance
Basis: 1 acre pond, ~ 4000'm

Production RateR):

gAlgae 1kg (4000m2):8okgAlgae

P= 20"—
m-xd  1000g d

Harvesting Flow RatéQH ) at an Algae Concentration of 200 ppm:

6 3 3
Q, = 80 kg Algae 10° kg PondWater 1Im :400m PondWater
d 200kg Algae 1000kg
3
400m 1000L 1gal 1d - 70gpm

d m? 4L  1440min

Pond Water Residence Timg:(

Pond Volume:Axh = 4000m? x0.2m = 800m?
goom’ _

3

400™
d

Residence Timet =

Makeup Water Requirement:
According to Borowitzka (Borowitzka 2005), typigadnd evaporation rates are 3

centimeters per day. Our experience with the erpental ponds is that it is significantly
less in Alabama, perhaps owing to our regularhhhegative humidity, and we estimate
the evaporation rate here to be, for a growing@seaserage, of 1 centimeter per day.

For a one acre pond, the makeup flow &g ) would be:

3

_ m om
Qu = 0.0 (4000m2)—407,

3
m 25008l _ 15 00092,
d 1m? d

Q, = 40

| 1d
and = 1009 % _740m.
Qu d  1440min 9P
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Appendix E: Paddlewheel Power

1 Acre Pond Dimensions:
For a 2:1 Length:Width aspect ratio of a racetgaakd with a surface area of 1 acre,

pond lengtfL, ) is 90 meters,

pond width\W, ) is 45 meters,

depth(D) is 0.2 meters,

and flow channel widtfW, ) is 22 meters.

Mean Distance of Travel from Paddlewheel, arounadPback to Paddlewheel:
| =[2(90- 20)+2(40- 20)]m =180m
The hydraulic diametéb,, ) is
4
D, = % where

U is the wetted perimeter, m,
A..is the cross-sectional area of the channgl, m
4A.s  4W.D _ 4(22m)(0.2m)

= = 078m.
U W.+2D 22m+2(0.2m)

andD,, =

The average veloci(y) is 0.5 feet per second (0.15 meters per second).

Density(r): 1000 kg per cubic meter
Viscosity (/7): 0.001 kg per meter per second

Reynolds Number:

1000%9  0.15™ (0.78m)

3
Re= Vs m ks =117.000 TurbulentFlow
m 0.001 9
m >s

Paddlewheel Power (Green 1995):

P=QrgH,g=9.82
S
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3

Q=VA., =VW.D = 0.15g (22m) (0.2m) = 0.66"-

S
Head:
2.2 2
_vin*(21) , 2Kv where
Rh0.75 29
n = 0.008,
[ =180 m,
Rh=.195 m,
K = 2.4,
2 2
0.157 (0.008°(2480m) 2(2.4) 0.15™
andH = s _ + S =00023m.
(0.195m) 5 9_822
3
p= o.eam? 1000% 9.8?2 (0.0023m) =15W

The total power P, , is the pumping power divided by the overall eéficy of the
paddlewheel, the drive, and the motor. A reasonetinbéce for this efficiency is 10%.

P, W 150w
0.1
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Appendix F: Digester for Animal Litter

Overview:

The analysis below is for the digester to proviteutrients for a one acre pond. The
results would be multiplied by the number of actalgae growth ponds for the final
sizing of the digester, compressor, scrubber, agthe/generator.

Digester Sizing:
Basis: 1 acre pond
- 80 kg algae per day requires 40 kg carbon per 5i@86(carbon in algae).
- 40 kg carbon per day requires 133 kg poultry li8% volatile carbon in litter).
- Vinyard Technologies Digesters (Vinyard 2007): 8ayes of water per pound of
waste
- 10 day residence time in digester

Water Requirement per kg Waste:

,galWater 8lb Water _ 2,:Ib Water _ 2,:kg Water
~ Ib Waste 1gal Water “Ib Waste ng Waste

Water Requirement for Digester per Day:

133 kg Litter o5 kg Water _ 3325kg Water
d kg Waste d
3325kg Water 1galWater _ 830gal Water
d 4kg Water

Digester Sizing for 1 Acre Pond with a 10 Day Reasitk Time:
V= 830976“ (10d) = 8300gal

Methane Output:
3mol MethaneDut

C. K ® 3CH,+CO,,
org 4 2" 4molCarbonin

Methane Production:

OkgC 1kmolC 3kmolCH, :2.5kmoICH4
d 12kgC 4kmolC d
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Maximum Power Produced from Methane Combustion:

Z.M 247 KW 1d = 26kW (per acre)
d kmolCH4 24h

Appendix | discusses the uses for this methane.

Methane (and Carbon Dioxide) Compressor Sizing:
Total Gas Flow:

2.5kmolICH, + 2?5 kmolCO, =3.3kmolGas

Molar Volume of Gas:

! L _ 0.8206antm 300K — o5 L
n mol mol XK latm mol
Gas Flow Rate:
3
o= 33000 o5 L M d o oefm
d mol 29L 1440min

Liquid and Solid Output:
Vinyard reports a water output of 140 pounds perlamd a solids output of 3 pounds
per hour for a digester sized for one acre:

4,2Ib Water 1gal 1h

1
h 8.3Ib  60min

= 0.4gpmslurryoutput

Nutrient Balance:

Poultry Litter Content Algae Content
Actual Normalized to Carbon Actual Normalized tork@an
Carbon 30% 100% 52% 100%
Nitrogen 4% 13% 9% 17%
Phosphorus 2% 7% 1% 2%

Discussion: If all the available carbon in litterdonverted to algae, there would be a
deficit of nitrogen and a surplus of phosphoruac8ithe carbon conversion will be less
than 100%, it’s likely that the nitrogen will befBcient or surplus as well.

Nutrient Concentrations in Digester:
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The daily water throughput for the digester, 830oga per day for each acre of pond
fed, would be used to carry nitrogen, phosphonud,teace metal nutrients, supplied by
the animal litter, to the ponds. The calculatiolobeestimates the concentrations of the
nitrogen and phosphorus compounds to see if salubihits would be met.

Nitrogen: 13 wt% of Carbon

OkgC 13kg N - 5kg N
d 100kgC
Molarity of Nitrogen in Outflow:
5kgN  1000gN 1molN 1gal _ 0 1moI N
830gal 1kgN  14gN 4L L

This is well below the solubility limits of the nitgen compounds (e.g. ammonium
nitrate) found in the digester.

Phosphorus: 7 wt% of Carbon

40kgC 7kgP - 3kgP
d 100kg C

Molarity of Phosphorous in Outflow:

3kgP 1000gP 1molP 1gal :O.OEmOIP
830gal 1kgP  31gP 4L L

This is also well below the solubility limits ofétphosphorus compounds (e.qg.
ammonium phosphate) found in the digester.

Litter Pit Volume:

3 3
(830ga) =t 1M _3om
7.5gal 35ft
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Appendix G: Harvesting

Flocculation

The flocculation process agglomerates individuaroyalgae cells into macroscopic
entities which are easily dewatered through setliittration, and pressing. Our two
stage flocculation process starts with additiofeofic nitrate, followed by addition of
cellulose fiber, and produces a fibrous floc whidthstands the shear forces of
dewatering.

Flocculants are typically added in stirred tanksg, We instead chose static mixers, owing
to their better uniformity of mixing and lower ia#fied and operating/maintenance costs.

The pond water flow rate to the harvesting systeif0igpm. We selected Ross 4 inch
diameter, six-element mixers for each of the twditaces, which would provide the
required mixing at a low pumping power, as showowe

For 4 inch diameter elements, the pressure dreyatdr through each element, at 70
gpm, is 0.05 psi. The pumping power for this isadl®ws:
P ((kw)=Qx xgxh/3,600,000.
Q =70 gal/min x 60 min/h x 3.78 L/gal x 1 cuh,000 L =16 cum/h
= 1,000 kg/cu m

g =9.8 m/s/s

h = 0.05 psi/element x 12 elements x 28 inchesiw/9.0254 m/inch w
=043 m

P =19 watts.

Ferric Nitrate Feed Rate:
Basis: 25 ppm pond water basis, 5% ferric nitratateon (nine waters of hydration:
molecular weight 400 g/mole)
Flowrate:
70 gal/min x 8.3 Ib/gal x 25 |Ib Fe/1,000,000 lmgavater
x 400 Ib ferric nitrate / 56 Ib Fe
x 100 Ib ferric nitrate solution / 5 Ib ferric rate x 1 gal/8.3 Ib
=0.25 gpm
Daily requirement of ferric ion:
0.25 gal/min x 8.3 Ib/gal x 5 Ib ferric nitrate@ (b solution
x 1,440 min/d
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= 150 Ib ferric nitrate
150 Ib ferric nitrate x 56/400 = 21 Ib ferric ion

Cellulose Feed Rate:

Basis: 10% of algae weight, 5% solution

Flowrate:
70 gal/min x 8.3 Ib/gal x 200 Ib algae/1,000,000viater x1 Ib cellulose/lb algae
100 Ib solution/5 Ib cellulose x 1 gal/8.3 Ib 28 gpm

Daily requirement of cellulose: 81 kg algae x 10% kg cellulose

Wet Algae Pump: @ 1% solids
81kg/d/ 1% x 1 d/24 h x 2.2 Ib/kg x 1 gal/8.3H®0 gpm

Settling Tank (3 per pond):
70 gal/min x 60 min = 420 gal
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Appendix H: Dewatering and Drying

Dewatering:

The wet, flocculated algae which are in the bottdrthe settling tanks would be 1-3%
solids, and would therefore require mechanical demrag to 20% solids prior to being
sent to the dryer, to minimize the amount of dry@mgrgy required. Belt filter presses are
available for this; the smallest ones are ratecforinimum of 0.6 tons per hour on a dry
solids basis. This throughput capability would &eyé enough for the production of 160
acres:

81kgAIgae 22b 1d 1ton 20.0037tonsAIgae
acred 1kg 24h 2000lb acrexh
O_Gtohns
" =160acres
0.0037 01
acrexh

One 0.6 tons per hour belt filter press would tf@eeservice the entire farm. Each
pond’s harvesting system would pump the wet algemugh a main line to the belt filter
press for dewatering. The clear water would therebgned to the ponds.

Water Return Flow Rate
Basis: 1% solids to 20% solids, 1 acre pond

81kg Algae  99kg Water ~ 80kg Water —799- 3245 400 kg Water
acred 1kg Algae 20kgAlgae  , acred
400 kgWater 1L 1gal 1d _ 0.07gpm

acred lkg 4L 1440min acre

Drying:
The design production rate for a 1 acre pond ikg8a&f algae per day. The algae leaving
the dewatering process would have a solids conte2®%, and must be dried to at least
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90% solids to prevent spoiling in shipment andager The amount of water to be
removed daily is therefore

81 kgAlgae  80kgWater ~ 10kg Water ~315 kg Water
acred 20kgAlgae ,,  90kgAlgae _ . acred
. KW >h . :
For a heat of vaporization @.54——————, this would require
kg Water

kg Water 054 KW »h

315 54—
acrexd kg Water

=170kW »h.

The methane produced by the digester would proaitteal of 26 kW of power, 625
kWh of energy per day, for each acre of pond. Aplpehshows that there is thermal
energy well in excess of the 170 kWh per acre neééotedrying, which would be done in
the drum dryer.
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Appendix I: Energy Balance

Appendix F showed that there would be 26 kW pee,a2/600 kW for a 100-acre farm,
of methane generated by the digester. Some ofithttane would be sent to a diesel
engine/generator to provide electrical power ferfdrm, and the remainder would be
available for providing heat to the drums of therdrdryer, perhaps via a simple gas-
fired forced air system.

We estimate that the total electrical load forfdmen would be 100 kW, 5 kW for the
front-end equipment, 20 kW for the back end equipim@0 kW for the ponds, and the
remainder for the various electrical loads on #venf We would therefore install a 100
kW engine/generator, having an estimated efficienfc30%. This would consume 143
kW of the methane produced by the digester andhdige 43 kW of thermal power,
leaving more than 2,400 kW of methane for drying dlgae. Our preliminary plan for
this would be a simple methane-fired forced airtingasystem.

Appendix H showed that 170 kwh would be requiredriothe daily production of 1
acre, thereby requiring 17,000 kWh for the farm ¢y, which computes to 710 kW for
a 24-hour drying period. The excess available thépawer would be more than 1700
kW, counting the thermal power of the diesel. Maild be transferred to the pond
water in the carbonation pits.
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