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Significant literature does exist in the areas of solar collection, fiber optic light delivery,
aternative high value uses for biomass, and multipollutant control using biologica means.
However, current biomass literature lacks sources regarding practical photosynthetic systems for
greenhouse gas control.

The concept behind affordable engineered photosynthesis systems is simple. Even though CO, is
afairly stable molecule, it is the basis for the formation of complex sugars (food) by green plants
through photosynthesis. The relatively high content of CO, in flue gas (approximately 14%
compared to the 350 ppmin ambient air) has been shown to significantly increase growth rates
of certain species of cyanobacteria. Therefore, this application is ideal for a contained system
engineered to use specially selected (but currently existing) strains of cyanobacteria to maximize
CO, conversion to cyanobacterial biomass and thus not emit the greenhouse gas into the
amosphere. In this case, the cyanobacteria biomass represents a natural sink for carbon
sequestration.
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Figure 1. Photosynthetic conversion of CO, to biomass and oxygen

Photosynthesis reduces carbon in the gas stream by converting it to biomass. As shown in Figure
1, if the composition of "typical" cyanobacteria (normalized with respect to carbon) is
CH18No170056, then one mole of CO, is required for the growth of one mole of cyanobacteria
Based on the relative molar weights, the carbon from 1 kg of CO, could produce an increased
cyanobacteria mass of 25/44 kg, with 32/44 kg of O, released in the process, assuming G is
released in a one-to-one molar ratio with CO,. Therefore, a photosynthetic system provides
critical oxygen renewal aong with the recycling of carbon into potentially beneficial biomass.

Enhanced natura sinks are the most economically competitive and environmentally safe carbon
sequestration options because they do not require pure CO,, and they do not incur the costs (and
dangers) of separation, capture, and compression of CO, gas. Among the options for enhanced
natural sinks, the use of existing organisms in an optimal way in an engineered photosynthesis
system is low risk, low cost, and benign to the environment. Additionaly, this engineered
photosynthesis system has the advantage of being at the source of the emissions to alow
measurement and verification of the system effects, rather than being far removed from the
emissions source, as is the case with forest-based and ocean-based natural sinks. Finaly, the use



of oceanrbased sinks could present significant problems. It will be necessary to add large
amounts of iron to the ocean to “use”’ the vast quantities of CO, that might be added. As a resullt,
there will be no control over resulting growth. “Weed” plankton, the most likely organisms to
grow, will not provide sufficient nutrients for the food webs and there is a high probability of
significant negative environmental impact. In the case of CO, stored at the bottom of the ocean
in “lakes,” the adverse effects on the ocean-floor ecosystem cannot be predicted, but are likely to
be considerable. The system we are proposing has little or no adverse environmental impact.

For low concentration CO, streams (such as the 14% mean CO, concentration in waste flue
gases from coa-fired power plants), the joint consideration of conversion of collected solar
energy (usng the Oak Ridge process) and natural carbon capture has the potential for
significantly lowering carbon management costs. An engineered photosynthesis system can use
(or recycle) waste CO, to generate a store of reduced carbon in the form of biomass that could be
used as afud, fertilizer, feedstock or sink for disposal. Also, engineered photosynthesis systems
will likely benefit from current research into enhancing the process of photosynthesis, either
genetically or via catalysts. This synergistic effect could lead to significant CO, reductions not
otherwise possible.

The process presented in this proposal (and shown schematically in the Appendix) would be
suitable for application at existing and future fossil units. It aso has several advantages
compared to other natural sequestration techniques. For this project, optimization is based on
design of a mechanical system to best utilize existing organisms rather than on optimizing the
desirable features of an organism by genetic manipulation. Genetically engineered organisms are
notorioudly unstable, especially when forced to grow at the high rates expected in this
application. The process also requires relatively small amounts of space (1/25™ of a raceway
cultivator design) and most of the required energy is provided by passively collected sunlight.
Because the organisms are grown on membrane substrates arranged much like plates in an
electrostatic precipitator, there is little pressure drop. From a solar energy utilization standpoint,
this proposal offers a unigue and cost-effective aternative using a new hybrid system that
leverages two decades of advancements and cost improvements in the solar, optical coating, and
large-core optical fiber industries. This method far surpasses previous attempts at distributing
sunlight to enhance cyanobacteria growth. Findly, this system could be used in virtualy any
power plant with the incorporation of trandating slug flow technology to create favorable
conditions for cyanobacteria growth, such as reduced temperatures and enhanced bicarbonate
concentration.

One of the great advantages of carbon sequestration via an engineered biological system is that
the sequestration is performed by the well-understood and natural process of photosynthesis. The
challenges are therefore more engineering-based than scientific. However, there are a number of
challenging concepts that will be faced in this work.

Cyanobacteria were picked for this application because they are one of only two groups of
organisms capable of growing a the experimental temperatures of 50-75°C. Although the
cyanobacteria are treated as a photosynthetic "black box" in that a mechanistic study of the
photosynthesis process is not part of this work, maximizing certain behaviors is a key to long-
term success d this application. For example, the optimal blend of nutrients (including nitrates



and bicarbonates) that maximize growth and carbon fixation rates must be determined. Further,
because the organisms are grown on vertical substrates to minimize the pressure drop of the flue
gas, cyanobacteria that "cling” to these surfaces is critical. However, if the attachment is too
strong, cleaning the surface and harvesting becomes problematic. In addition, growth
characteristics must be characterized to design the optimal harvesting system. For example, if the
organisms reach maturity (or die) they consume less carbon than if they are growing. Therefore,
an identifiable characteristic of growth must be quantified to maintain maximum carbon fixation.

Another consideration is the potentia effects of the cyanobacteria on local environments should
containment be lost. While they are naturaly occurring organisms, their effects on colder
ecosystems must at least be considered. Thermophilic ("heat" loving) or mesophilic
cyanobacteria were selected, in part, because their growth ceases or is drastically decreased when
exposed to lower temperatures. However, growth rate data at lower temperatures for target
species should be quantified for understanding potential adverse impact.

The distribution of photosynthetic photon flux (light energy in the visible spectrum - wavelength
of 400-700 nm) is a key to promoting uniform and maximum growth. Simply put, if growth is
maximized, carbon fixation will be maximized. Distributing light is not a smple task. Light
intensity varies according to Beer's law. Thus, a particulate-laden flue gas can result in a large
loss of photon flux due to scattering. As a result of the nonruniform distribution of light, growth
rates could be decreased or more lighting capacity (to shorten the average transmission path)
could be required, requiring more energy to achieve maximum photosynthetic response.

The specific challenges of the passive sunlight delivery system relate to: 1) the ability to
simultaneously minimize cost and optimize the material dispersion and scattering properties of
the large-core optical fibers so that a maximum amount of visible light emerges radialy from the
fibers (glowing much like a fluorescent lamp), and 2) design the illumination system to spatially
illuminate al regions of the growth membranes evenly. In addition to these project-specific
challenges, the practical matter of integrating readily available components into a practica
working light distribution prototype has yet to be experimentally validated. These issues include
optimizing the performance and cost of two-axis sunlight trackers, dish concentrators, UV Cold
mirrors, and optica fibers. Similarly, the optica system design and management of wasted
thermal energy residing in highly concentrated sunlight must be optimized. Researchers at Oak
Ridge National Laboratories are addressing this effort.

Lighting methodology consderations do not stop a delivery mechanisms. Lighting cycle
duration (duration of light exposure for the organisms) is also an important consideration. While
some "rest" or "dark" period is required, the optimum length of the light and dark cycles to
promote carbon fixation is not well known. It is estimated that the natura maximum for the
lighting cycle (about 16 hours) might be optimal, but further testing is required to understand the
effect of the wide range of lighting cycles that could be experienced.

Another concern regards growth substrate composition and orientation. The growth substrate
must be resistant to wear in the harsh environment of the flue gas and corrosive potential of the
growth media and offer a high degree of adhesion with the cyanobacteria because of the vertica
position. However, the degree of adhesion can be too high, becoming problematic for harvesting.



Harvesting, or the process of separating young from mature cyanobacteria, and reapplication of
growing (not yet mature) cyanobacteria to growth surfaces are other key concerns. Preliminary
tests indicate that cyanobacteria, removed in "clumps' from the growth strata, are easily agitated
into a diffuse state. At this point, mature or dead cyanobacteria can be removed and
cyanobacteria that are maturing (and thus maximizing their consumption of carbon) can be
repopulated on the growth strata. The harvesting process is aso necessary to promote cell
division and to reap the benefits of post-processed biomass.

A schematic illustrating the overal biologically-based greenhouse gas control system with a
fossil-fired electric generation plant is shown in the Appendix. This illustration shows the
bioreactor exposed to the flue gas, even after the flue gas is “scrubbed’ of CO, by the dug-flow
reactor. This arrangement was chosen because it is the anticipated configuration.

Brief Bibliography

http://www.eia.doe.gov/

Allen M.M., and Stanier R.Y . “Selective Isolation of Blue-green Algae on Plates’. J.Gen
Microbiol. Vol.51 pp.203-209.

Aresta, M., Tommad, ., "Carbon Dioxide Utilisation in the Chemical Industry,” Energy
Conversion and Management, Vol.38 (Supplemental Issue), 1997, pp. 373-378.

Bacastow R., and Dewey, R., "Effectiveness of CO, Sequestration in the Post Industrial Ocean”,
Energy Conversion and Management, Vol. 37(6-8), 1996, pp. 1079-1086.

Benemann J,, “CO, Mitigation with Microalgae Systems’, Energy Conversion and Management,
Vol.38 (Supplemental Issue), 1997, pp. 475-479.

Brock, T.D., Thermophilic Microorganisms and Life at High Temperatures, Springer-Verlag,
New York, 1978.

Castenholz R.W. “ Culturing Methods for Cyanobacteria’. Methods Enzymol. Vol 167 (1988) pp.
68-93.

Cooksey, K.E., “Requirement of Calcium in Adhesion of a Fouling Diatom to Glass’, Appl.Env.
Microbiol.Vol 41 (1981) pp. 1378-1382.

Cooksey K.E. and Cooksey B. “Adhesion of Fouling Diatoms to Surfaces : Some Biochemistry”
In Algal Biofouling. Eds Evans L.V and Hoagland K.D.(1986), pp. 41-53.

Cooksey K.E. and Wigglesworth-Cooksey B., “ Adhesion of Bacteriaand Diatomsto Surfacesin
the Sea: areview”. Aquatic Microbial Ecol. Vol 9 (1995) pp.87-96.

Fairchild E.,and Sheridan R.P. “A Physiological Investigation of the Hot Spring Diatom,
Achnanthes exigua” ,J. Phycol. Vol 10, (1974) pp. 1-4.

FerrisM.J. and Hirsch, C.F.”Method of Isolation and Purification of Cyanobacteria’.Appl.Env
Microbiol.Vol 57(1991) pp. 1448-1452.

Fisher, A., "Economic Aspects of Algae as a Potential Fuel,” Solar Energy Research, 1961,
University of Wisconsin Press, pp. 185-1809.

Geesey G.G, Wigglesworth-Cooksey, B. and Cooksey , K.E. “Influence of Cacium and other
Cations on Surface Adhesion of Bacteriaand Diatoms : A Review.” Biofouling (1999) in
press.




Hanagata, N., Takeuchi, T., Fukuju, Y., Barnes, D., Karube, I., “ Tolerance of Microalgae to
High CO, and High Temperature,” Phytochemistry, Vol.31(10), 1992, pp. 3345-3348.

Hirata, S., Hayashitani, M., Taya, M., and Tone, S. “Carbon Dioxide Fixation in Batch Culture
of Chlorella sp. Using a Photobioreactor with a Sunlight Collection Device,” Journal of
Fermentation and Bioengineering, Vol.81, 1996, pp.470-472.

Kgiwara, S., Yamada, H., Ohkuni, N., and Ohtaguchi, K., "Design of the Bioreactor for Carbon
Dioxide Fixation by Synechococcus PCC7942," Energy Conversion and Management,
Vol.38 (Supplementa Issue), 1997, pp. 529-532.

Kaplan, A., Schwarz, R., Lieman-Hurwitz, J., and Reinhold, L., "Physiological and Molecular
Aspects of the inorganic Carbon-Concentrating Mechanism in Cyanobacteria,” Plant
Physiology, Vol. 97, 1997, pp. 851-855.

Kondo J., T Inui, T., and Wasa, K. (Editors), Proceedings of the Second I nter national
Conference on Carbon Dioxide Removal, Oxford: Pergamon Press, 1995.

Maeda, K., Owada, M., Kimura, N., Omata, K., Karube, 1., “ CO, Fixation from the Flue Gas on
Coal-Fired Thermal Power Plant by Microalage,” Energy Conversion and Management,
Vol.36(6-9), 1995, pp. 717-720.

Matsumoto, H., Shigji, N., Hamasaki, A., Ikuta, Y., Fukuda, Y., Sato, M., Endo, N., and
Tsukamoto, T., “Carbon Dioxide Fixation by Microalgae Photosynthesis Using Actual Flue
Gas Discharged from a Boiler,” Applied Biochemistry and Biotechnology, Vol.51-52, 1995,
pp. 681-692.

Miyairi, S. “CO, Assimilation in a Thermophilic Cyanobacterium,” Energy Conversion and
Management, VVol.36(6-9), 1995, pp. 763-766.

Nagase, H., Eguchi, K., Yoshihara, K., Hirata, K., Miyamoto, K., “Improvement of Microagal
NOx Removal in Bubble Column and Airlift Reactors,” Journal of Fermentation and
Bioengineering, Vol. 86(4), 1998, pp.421-423.

Nagase, H., Yoshihara, K., Eguchi, K., Okamoto, Y., Yamashita, R., Hirata, K., and Miyamoto,
K., “Uptake pathway and Continuous removal of Nitric Oxide from Flue Gas using
Microalgae” Biochemical Engineering Journal, Vol. 7, 2001, pp.241-246.

Ohtaguchi, K., Kgiwara, S., Mustagim, D., Takahashi, N., "Cyanobacterial Bioconversion of
Carbon Dioxide for Fuel Productions,” Energy Conversion and Management, VVol.38
(Supplemental Issue), 1997, pp. 523-528.

RippkaR. “Isolation and purification of cyanobacteria’. Methods Enzymol.Vol. 167 (1988) pp.
3-27.

Vaara, T., VaaraM., and Niemela, S. “Two Improved Methods for Obtaining Axenic Cultures of
Cyanobacteria’. Appl. Env Microbiol. Vol.38 pp. 1011-1014.

Wigglesworth-Cooksey, B.van der Mei, H., Busscher H.J. and Cooksey K.E. “The Influence of
Surface Chemistry on the Control of Cellular Behavior : Studies with a Marine Diatom.
Colloids Surfaces : Biosurfaces (1999) Vol 15 pp. 71-79.

Yoshihara, K., Nagase, H., Eguchi, K., Hirata, K., Miyamoto, K., “Biological Elimination of
Nitric Oxide and Carbon Dioxide from Flue Gas by Marine Microalga NOA-113 Cultivated
inalLong Tubular Photobioreactor,” Journal of Fermentation and Bioengineering, Vol.
82(4), 1996, pp.351-354.



FOSSIL GENERATION PLANT

WITH BIOREACTOR

The bioreactor contains cyancbacteria (referred to here as algae) that metabolize carbon
dioxide to biomass with the help of a slug flow reactor that provides needed ions. Light,
which is necessary for the process of photosynthesis, is transmitted through special solar

collectors via large core fiber optic cables.

STEAM

Stearm produced by the
fumace poviers high-prossurg
turbines and generators to
produce electricity

]
ELECTROSTATIK
PRECIPITATOR
Metal plate filters
“catch™ electrically
charged fiy ash as it
paszes through

FOSSIL-FIRED
FURMNACE

Coal is ground into very
fire poweder, which makes
it easier o burm The haat
produced converts wwater
o Ftaam

ic by Christivns LWlimar

COOLING TOWER
Hot water from the slug
flows reactor must be
wmoled to inresse the
abuliny of the water to
tramsport bicarbonate

Hot water _Cool water

TRANSLATING SLUG FLOW REACTOR
Gas travels very rapidhy through tubes of running water,

TUBES

Gas fram the fusrmace and water

from the coofing tower pass

through numerous tubes inside

the translating shug fliow reactor. -~

L4
(ST

1 ANNULAR FLOW
Gas rapidly passes throwgh the tubas, ferdng wanar 1o the
oamsice of the ubes, forming a ring of water

Water ring is
farmed as water is
pushed to outside
of tube as gas
moves through

SLLEG FLOAW

Warter forms slugs diss 1o fricton, indlination, and Tow
progeriies, creating a Uebulent mixing zone that masdmizes
thh absorption of carbon dicxide in wates.

R Witer falli e
Trewm tfie sickes

af the fiabe 4|1 AL G

SOLAR COLLECTORS
Special parabofic dishes collect light that is

Lransmitiesd via filer optic calbles (o the bioresdorn White
chord-like

dfcharge
k ‘;— Mirrar
P‘:m:.!ballr il Light
mTor Erl;‘an:mfrn-.:'
rovgh to
I'-ibt'rnllpri.
. ' catbiies
Cabies g0 ——a8

through rool
P rrreE Fitaar i i

Ioveactor iy cabier

Stacks

BIOREACTOR -
Algas grow on screens with the assistance of water pipes that spray the sceens and large fibaroplic
tubes that provide light. The algse grow and are recyded in a contenuous prooess:

] Water sprays Screens
aref rermoes algas il il -l
B Smaller algaa in

/I;TTH-‘:\ .'-l.-.v_--rmrx ﬁ "_.
Ilﬁ i : F 3 wertsr are dripped .!

L gl
algag

L A back onta the

.\\ kY (i ik | SETERNS 0 FeSTArt

- iy _-..-’V' s ' E T the gpcle,
{.., i v h / I

& Smaller algoe are
sent back to the

i %;/ R Ewm‘m@

Lavge tore
Filaariagtte
catibe
s ibeie
ligafer

Watler — -

S EPBrS Jﬂﬁ &g
Algae
SRR

1
Algae fall to the -
2 bettarn of the [l
bioreactor and are

pusnged inte a

harvesting box Haruasted

Harnesting box
g, alpan




