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Liquid suspensions of Lumnaria saccharina gametophytes were cultivated at

12 ')C in a 3 L tubular photobioreactor. a 3 L planar photobioreactor. and a 1 L stirred

tank photobioreactor and their growth characteristics compared. The tubular

photobioreactor consisted of two parts: a 1.9 L coil of translucent silicone tubing (39 m

length, 0.8 cm diameter) that was illuminated at 20-30 ttE/m2-sec but not continuously

aerated, and a 0.9 L aeration tank that was aerated at 1 L/min but not illuminated. The

suspension culture was circulated between the aeration tank and the tubular section by a

peristaltic pump at 105 ml/min. The 3 L planar photobioreactor vessel was constructed of

Plexiglas with dimensions of 37 cm by 29 cm by 5 cm. The suspension culture in the

planar vessel was illuminated at 20 ttE/m2-sec and aerated at 1 L/min. The 1 L stirred

tank photobioreactor was illuminated at 20 ttE/m2-sec and aerated at 1 L/min. Specific

growth rates of 0.091 day -' and final biomass concentration of 2.300 mg DCW/L were

achieved in the tubular photobioreactor after 51 days. Specific growth rates of 0.045

day-1 and final biomass concentration of 2,500 mg DCW/L were achieved in the planar

photobioreactor after 90 days. The average growth rate over two stirred tank

photobioreactor runs was 0.050 day-I and final biomass concentrations of over 1.000 mg

DCW/L were achieved after 50 days.
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INTRODUCTION 

BACKGROUND 

Researchers have recently discovered chemical compounds from marine algae that 

could represent the next generation of cancer and AIDS drugs (Anon.. 1992). Seaweeds 

provide a rich and largely untapped resource for these pharmaceuticals. Fundamental 

work on the characterization of compounds that may benefit cancer and AIDS patients is 

ongoing (Rouhi. 1995) but several compounds have already been identified. Typically, 

these compounds have a large and complex molecular structure with regio- and stereo-

specific side chains. With these types of molecules, traditional chemical synthesis has 

extremely poor yields, on the order of one gram product for one ton of starting material 

(Krohn et. al., 1991; Fuller et. al., 1992). 

Tissue cultures of marine seaweed hold promise for the production of secondary 

metabolites from marine organisms. Providing an adequate supply of biomass and its 

chemical compounds is necessary in order to further the study the medicinal properties of 

these metabolites. Some of the marine algae and associated secondary chemical 

metabolites of published interest to the National Cancer Institute and other researchers 

include the anti cancer drug candidate Halomon from the red marine macroalga Portieria 

hornemannii (Fuller et. al., 1992) and sulfolipids from the marine cyanobacterium 

Lvngbva lagerheimii (Anon, 1992). Unfortunately, secondary metabolites like those 

above are only present in small quantities in the field collected biomass. Current 

techniques for the identification and isolation of potentially interesting compounds largely 

focus on the harvesting and extraction of algal biomass, followed by analytical
 

identification. However, harvesting and extraction of field collected biomass is
 

unsuitable for large scale development of bioactive compounds because not enough
 

compound can be produced. In addition, field collection of algae can be detrimental to
 



the local environment as well as being. expensive. Furthermore, researchers have found 

that the chemical compounds expressed in field collected algal biomass are highly 

variable and dependent on environmental conditions ( Fuller et. al., 1994), and thus would 

significantly complicate development of a medicinal compound extracted from harvested 

algae. 

The recent problems with the supply of the potent anti ovarian cancer drug Taxol 

obtained from Taxus brevilolia perfectly illustrate the problems associated with 

harvesting marine algae from the natural environment. Up until a partial synthesis (using 

the needles of Taus baccata) of Taxol was achieved, the only source of Taxol was from 

Taxi's brerifolia a threatened yew tree present in the extreme western part of the United 

States. There were clear problems with the harvesting of these trees. One dose ofTaxol 

required six 6 inch diameter yew trees to be cut. Considering the 12,000 annual cases of 

ovarian cancer the lack of sufficient biomass in the form of trees would have prevented 

widespread testing and development of Taxol not to mention commercial distribution of 

the drug (Rouhi, 1995). With marine seaweeds the lack of harvestible biomass would 

present supply problems, especially if the effective dose is large and the concentration of 

metabolite within the seaweed is small. 

Cell and tissue culture of marine seaweeds are an attractive alternative to the 

harvesting of seaweeds from the natural environment. These cell and tissue cultures can 

be cultivated under controlled laboratory conditions within closed bioreactors. Reactor 

conditions can be modified to optimize biomass productivity, elicit the production of 

desired secondary metabolites, and cultivated free of contaminating organisms. 

Because the cell and tissue suspension cultures derived from marine macroalgae 

are photosynthetic, it is necessary to maintain high irradiance throughout the entire 

bioreactor. Illuminated bioreactors are termed photobioreactors. High levels of 

irradiance can be maintained in a photobioreactor by maintaining a large reactor surface 

area to volume ratio in the reactor design. Several types of closed photobioreactors have 



been proposed in the literature that achieve this design principle. Most of these 

photobioreactors can he divided into two types or systmis: tubular photobioreactors and 

planar photobioreactors. There are many variations on the tubular photobioreactor 

design, for example, the two plane tubular photobioreactor (Torzi lo et. al.. 1993). the air 

lift helical tubular photobioreactor (Lee and Bazin. 1990), and tubular bank 

photobioreactor (Richmond et. al., 1993). Many tubular photobioreactors are designed so 

that culture is illuminated in the tubular section and aerated in the aeration section. This 

is done to maximize the culture volume inside the tubular section where photosynthesis 

takes place. Designs for the planar photobioreactor are not as varied, but include the flat 

inclined modular photobioreactor (Hu et. al., 1996), and the flat plate photobioreactor 

(Qiang and Richmond. 1996). The design of these planar photohioreactors is simple 

relative to the tubular photobioreactor. The reactor is typically constructed of translucent 

plate with a large surface area and short light path. This light path is a critical design 

parameter that affects the volumetric productivity of the photobioreactor. The light path 

in planar photohioreactors range from 7.5 to 200 mm (Qiang et. al., 1998). 

In this study a 3 L planar and a 3 L tubular photobioreactor were developed for the 

cultivation of filamentous suspension cultures established from female gametophytes of 

the marine brown alga Laminaria saccharina. Female gametophyte suspension cultures 

of L. saccharina produce several bioactive hydroxy fatty acids deriving from O) -6 

lipoxygenase oxidation of linoleic and arachidonic acids, including 13-HOD, 13

HODTA, and 15-FIETE (Rorrer et. al., 1997). 

Previous work on growth kinetics of L. saccharina female gametophyte filament 

suspension cultures in photohioreactors focused on 0.9 and 1.3 L stirred tank 

photobioreactors (Qi and Rorrer, 1995) and 0.28 L and 0.9 L bubble column 

photobioreactors (Zhi and Rorrer, 1996). The effects of a variety of process conditions 

including initial biomass concentration, aeration rate, initial nitrate concentration, and 

light intensity were studied in the bubble column photobioreactor. The effects of light 

intensity and CO, mass transfer were investigated in the stirred tank photobioreactor. 
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Both the bubble column and the stirred tank papers reported that CO, mass transfer 

limited growth did not occur in the reactor systems and that light limitation of growth did 

occur. 

RESEARCH OBJECTIVES 

This thesis had four objectives: 1) to construct and build planar and tubular 

photobioreactors: 2) to characterize and compare the growth of L. saccharine in the 3 L 

planar and 3 L tubular photobioreactors with growth in a I L stirred tank photobioreactor; 

3) to estimate light transmission in planar and tubular photobioreactors: 4) to estimate and 

compare CO2 consumption and mass transfer in each photobioreactor system. The 

approach to estimation of light transmission and CO, mass transfer in the tubular 

photobioreactor identifies important operating parameters in optimizing biomass 

production from photosynthetic macroalgal suspension cultures in scaleable 

photobioreactor systems. 



MATERIALS AN!) METHODS
 

CULTURE MAINTENANCE
 

Flask cultures of L. saccharina female gametophytes were maintained as an 

Procedures for subcultureinoculum source for photobioreactor cultivation experiments. 

are described below. All steps described in the subculturing procedure were conducted 

using sterile technique in a laminar flow hood. Ten 250 ml Erlenmeyer flasks, each with 

a foam plug, 1500 ml of GP2 basal medium, one 500 ml blending cup unit, one biomass 

filtration unit, one pair of forceps, and one 100 ml graduated cylinder were autoclaved at 

123 ()C for 20 minutes at a steam jacket pressure of 20 psig. The blending cup was 

described by Qi and Rorrer (1995). The biomass filtration unit was a 1000 ml vacuum 

Erlenmeyer flask attached to a 59 mm diameter buchner funnel with a 51 mm diameter by 

60 gm nylon mesh filter. After autoclaving, the GP2 medium, glassware, blending cup 

unit, and biomass filtration unit were cooled to room temperature. The GP2 medium was 

placed in a 4 ()C refrigerator in the dark overnight. Then, 5 ml of 200X GP2 nutrient 

stock and 5 ml of 68 gIL NaHCO3 were added to each 1000 ml of autoclaved GP2 base 

medium. The final composition of the complete GP2 medium is given in Table I. 

Inoculum for subculture was then prepared. Four 250 ml flasks each containing 

100 ml of 28 day old L. saccharina female gametophytes cultures with a deep brown 

color were selected. Selected cultures were observed microscopically for the presence of 

contaminants (non photosynthetic bacteria, blue green algae, protozoans. and other 

eukaryotic algae). Flasks that showed no contamination were then poured into the 

sterilized 500 ml blending unit and the 400 ml of pooled culture was blended for seven 

seconds on an Osterizer blender at "grind" speed. The blended culture was poured into 

the biomass filtration unit, and the filaments were retained on the 51 mm diameter by 60 

gm nylon mesh filter. The filaments were immediately resuspended in 150 ml of GP2 

medium, filtered again with the biomass filtration unit, and resuspended in 150 ml of GP2 

medium. Eighty ml of GP2 medium was poured into each 250 ml Erlenmeyer flask, and 



Table 1: Composition of o OP2 medium 

Chemical Name
 
Artificial seawater base
 

Sodium chloride
 
Sodium sulfate
 

Potassium chloride
 
Potassium bromide
 

Sodium tetraborate decahvdrate 
Magnesium chloride hexahydrate 

Calcium chloride dihydrate 
Strontium chloride hexahydrate 

Nutrient Supplement 
Sodium nitrate 

Sodium phosphate 
Sodium bicarbonate 

Sodium citrate dihydrate 
Micronutrients /vitamins 

Sodium molybdate (VI) dihydrate 
Potassium iodide 

Zinc sulfate heptahydrate 
Sodium orthovanadate 

Manganese chloride tetrahydrate 
Thiamine-HC1 

B I, 

Biotin 

Chemical Formula 

Nal.1
 

Na:SO4
 
KCl
 

KBr
 
Na.,13 0- 10F1,1)
 

M2C1, 6H,0
 
CaC1,214:20
 

SrC1,-61-1,0
 

NaN0
 
Nafi,Pat H.,0
 

NaHCO3
 
Na,C6115072H,0
 

Na,Mo042H,0
 
KI
 

ZnS0.17H,0
 
NalVO4
 

MnC1,-4H,0
 
CLI-Iixti3OSCI-HCI
 

C6;1-188CoN14014P
 

CloHi6N,03S
 

Concentration (mg/L) 

21030
 
3520
 
610
 
88
 

34
 
9500
 
1320
 
20
 

254 
25.6 
680 
2.04 

0.012 
0.042 
0.0112 
0.0048 
0.0034 

0.25 
0.000125 
0.000125 



20 ml of resuspended filaments were then poured into each flask. The flasks were then 

resealed with the sterile foam plug and maintained in a low temperature illuminated 

incubator at 12 ()C, 20 [,t/m2-sec incident light intensity and 16 hours light: 8 hours dark 

photoperiod. 

PHOTOBIOREACTOR DESIGN AND OPERATION 

Tubular photobioreactor design 

A schematic of the tubular photobioreactor is presented in Figure 1 and a
 

photograph of the tubular photobioreactor is presented in Figure 2. The tubular
 

photobioreactor consisted of an aeration tank, a tubular section, and an air lift system.
 

The aeration tank was sparged with air but not illuminated. The tubular section was 

illuminated but was not aerated. Culture medium was recirculated to and from the 

aeration tank and the tubular section by a peristaltic pump. Details of the tubular section, 

aeration tank, and air lift system are provided below. 

Tubular section 

The tubular section of the tubular photobioreactor consisted of 39 m of 0.44 inch 

(1.1 cm) OD. 0.31 inch (0.79 cm) ID Masterflex 96410-18 translucent silicone tubing 

wrapped around a stainless steel hexagonal frame. The frame dimensions were 56 cm in 

height and 26 cm in diameter. The culture inside the tubing was radially illuminated by 

two 24 inch long 20 W cool white fluorescent lamps vertically mounted on a light stage 

positioned within the hexagonal frame. The average distance from the lamps to the 

tubing was 10 cm. Liquid culture medium was recirculated through the tubular section by 

a Masterflex Model 7518-10 peristaltic pump. The tubing used for the peristaltic pump 

was Pharmed 0.25 inch (0.64 cm) ID 0.38 inch (0.95 cm) OD tubing. A 35 cm section of 

this tubing connected the aeration tank to the entrance of the tubular section. 
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Tubular Photobioreactor Schematic 
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Figure 1: Schematic of tubular photobioreactor 
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Figure 2: Photograph of tubular photobioreactor 
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Aeration tank 

A Vials 3 L glass fermentation vessel and stainless steel headplate served as the 

aeration tank for the tubular photobiore:ictor. Air was supplied by an aquarium pump. 

metered by a King Instruments flow meter (2.4 SCFH full scale), humidified in a 250 ml 

bubbler flask, and then sterilized through a 50 mm diameter by 0.2 1.1m sterile air filter. 

The sterile air was supplied to the culture medium through a stainless steel sparger with 

four 1.6 mm holes drilled in the bottom horizontal portion of the sparger tube and 

positioned 3 cm above the bottom of the aeration tank. The headplate of the aeration tank 

was fitted with two air outlet ports, a tubular section culture return port, a thermocouple 

port, a medium addition port. and a sample port. Each air outlet line was connected to a 

50 mm diameter by 0.2 tm sterile air filter. The tubular section return port was a 0.79 cm 

ID polypropylene soft tubing connector. A type T thermocouple (12 inch length by 0.063 

inch diameter. stainless steel sheath) was inserted into a 14 cm long by 0.25 inch (0.64 

cm) OD. 0.18 inch (0.46 cm) ID cm thermocouple well. The medium addition line was 

connected to a 50 ml syringe. Culture samples were drawn with a 50 ml syringe 

connected to a stainless steel sample tube placed in the aeration tank. The length of the 

sample tube was 19 cm and the diameter was 0.25 inch (0.64 cm) OD, 0.18 inch (0.46 

cm) ID. Liquid culture was mixed in the aeration tank by a 5.0 cm long by 0.9 cm 

diameter magnetic stir bar with a VWR 205 magnetic stirrer at a setting of 2.5 (208 rpm) 

for runs 10, 13-15, and 17 and a magnetic stirrer setting of 3 (255 rpm) for runs II and 

12. A "floating" stir bar, positioned 1.5 cm above the bottom of the aeration tank by a 

polypropylene stir bar mount, was used in tubular photobioreactor Runs 10 and 11 and a 

stir bar resting on the bottom of the aeration tank was used for tubular photobioreactor 

Runs 12-15 and 17. 



Air lift system 

The air lift system periodically injected air directly into the tubular section. The 

air supplied to the tubular section displaced the liquid culture medium in the tubular 

section. Air delivered to the air lift system was supplied by an air cylinder connected to 

an actuated valve connected to a Gra lab 451 intervelometer. Air passing through the 

valve was metered by a King Instruments flowmeter (5 SCFH or 2.5 Umin full scale), 

and then passed through a 50 mm diameter by 0.21.1m sterile air filter. Air then entered 

the tubular section at the plastic tee shown in Figure 1. Figure 3 shows that the 

volumetric displacement rate of the liquid culture medium equaled the volumetric air 

injection rate. A volumetric displacement rate of 2 L /min was high enough to detach 

biomass that had become attached to tubing walls. 

Tubular photobioreactor operation 

Cleaning 

After a given cultivation experiment was concluded, the tubular section was 

disconnected from the aeration tank. Residual biomass was washed from all wetted parts 

of the tubular section and the aeration tank. The tubular section of the tubular 

photobioreactor was first flushed with tap water from the faucet to remove biomass from 

the tubing inner walls. After flushing with tap water, all of the tubing sections were 

disconnected from tubing connectors. A foam plug was used to clean biomass still 

adhered to the tubing after tap water flushing. Specifically, a foam plug was cored with a 

1.59 cm ID cork borer and cut to 2 cm in length. The foam rubber plug core was placed 

in each tubing section and forced through each section with tap water from the faucet to 

remove any biomass still adhering to the tubing walls. All of the tubing sections were 

allowed to dry for one day. The culture inside the aeration tank was poured out. The 

aeration tank, aeration tank headplate, and headplate fitting assemblies were scrubbed 
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with liquinox phosphate free SOUP using a test tube brush. and rinsed several times with 

tap water and twice with ddI-1,0. 

Reassembly. autoclaving, and inoculation 

The aeration tank and tubular sections of the tubular photobioreactor were 

reassembled. The headplate fitting assemblies for the aeration tank headplate were 

reassembled and mounted onto the headplate. The reassembled headplate was then 

mounted and sealed onto the aeration tank. Tubing sections for the tubular section were 

reassembled with 0.7 cm ID tubing connectors clamped with wire. The reassembled 

tubing was wrapped clockwise around the hexagonal frame. Then. 50 mm by 0.2 p.m 

sterile air filters were connected to both ends of the reassembled tubular section. The 

tubular section was then autoclaved for 30 minutes at 123 °C and 20 psig. 

Prior to inoculation of the tubular photobioreactor. 3.5 L of GP2 base medium, 

one pair of forceps, one 500 ml blending unit, one biomass filtration unit. and one 500 ml 

graduated cylinder were autoclaved for 30 minutes at 123 °C and 20 psig. All autoclaved 

materials were allowed to cool to room temperature, and the GP2 base medium was 

placed in a 4 "C refrigerator in the dark overnight. Then, 20 ml of 200X GP2 nutrient 

stock and 10 ml of 68 g/L NaHCO-; were added to each 1000 ml of autoclaved GP2 base 

medium. 

Inoculum for tubular photobioreactor inoculation was then prepared. Four 250 ml 

flasks each containing 100 ml of 28 day old L. saccharina female gametophytes cultures 

were selected. Selected cultures had a deep brown color and were free of microscopic 

contamination. The flasks were then poured into the sterilized 500 ml blending unit and 

the 400 ml of pooled culture was blended for seven seconds on an Osterizer blender at 

"grind" speed. The blended culture was poured into the biomass filtration unit, and the 

filaments were retained on the 51 mm diameter x 60 p.m nylon mesh filter. The filaments 

were immediately resuspended in 300 ml of GP2 medium and filtered again with the 
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biomass filtration unit, and finally resuspended in 300 ml of GP2 medium. The culture 

inoculum and GP2 medium were added directly into ihe aeration tank in the laminar flow 

hood with the headplate removed and the culture olet line clamped shut. The aeration 

tank was placed inside the incubator and the air line was immediately connected to the 

aeration tank inlet. The air pump was turned on, and the air flow rate was set. The 

magnetic stirrer was turned on, and the type T thermocouple was inserted into the 

thermocouple well. The tubular section was then inserted into the incubator so that it fit 

around the light stage. The air filter on the bottom entrance of the tubular section was 

removed and the Pharmed tubing for the peristaltic pump section was reconnected to the 

tubular section entrance. The air filter on the top exit of the tubular section was removed, 

and the tubing was connected to the tubular section return port on the aeration tank 

headplate. The air inlet line for the air lift system was connected to the 50 mm diameter 

by 0.2 p.m sterile air filter and the plastic tee. The intervelometer was set to 90 minutes 

closed and 90 seconds open. Finally, the Pharmed tubing connecting the aeration tank to 

the entrance of the tubular section was draped over the peristaltic pump rollers, and the 

pump turned on to a setting of 4 (105 ml/min) to recirculate culture between the aeration 

tank and the tubular section. 

Sampling 

Culture in the aeration tank was sampled every 2 to 5 days. Before sampling the 

tubular photobioreactor, the air lift system was turned on to displace liquid culture in the 

tubular section to the aeration tank and to ensure that biomass attached to tubing walls 

was removed. Thirty seconds after the air lift system was turned off, a 50 ml sample of 

the culture inside the aeration tank was withdrawn through the sample line. The pH of 

the sample was taken with a Corning General Purpose pH electrode connected to a 

Corning Ion Analyzer (Model 250) pH meter. The dry biomass concentration of two 20 

ml samples was determined as described by Qi and Rorrer (1995). 



Planar photobioreactor equipment design 

A schematic of the planar photobioreactor is presented in Figure 4 and a 

photograph of the planar photobioreactor is presented in Figure 5. The planar 

photobioreactor vessel was constructed of 0.094 inch (0.24 cm) thick clear Plexiglas 

sheet. The Plexiglas sheets were welded together by Pro weld Plexiglas welding solvent 

into a 37 cm long by 29 cm high by 5 cm wide vessel. The total interior volume of the 

planar photobioreactor was 5.4 L. The liquid volume at inoculation was 3 L and the gas 

headspace volume was 2.4 L. The planar photobioreactor headplate was also constructed 

of clear Plexiglas sheet with dimensions of 37 cm long by 6 cm high by 5 cm thick. In 

order to aerate and sample the culture medium in the planar photobioreactor, three 0.7 cm 

diameter holes and one 2.2 cm diameter hole were drilled through the planar 

photobioreactor headplate. The three 0.7 cm diameter holes were equipped with stainless 

steel 1/4 in (0.64 cm) ID Swagelok bulkhead fittings with Viton o-rings on the top and 

bottom side of the headplate. From left to right on Figure 4 the ports were the following: 

the aeration port, the air outlet port, the sampling port, and the bulk medium addition 

port. The aeration port consisted of a 0.25 inch (0.64 cm) OD, 0.18 inch (0.46 cm) ID by 

21 cm long stainless steel tube connected to a 0.31 inch (0.79 cm) OD, 0.19 inch (0.48 

cm) ID by 4 cm long VWR Scientific Series 63013 Tygon tubing. The tubing was 

connected to a 0.25 inch (0.64 cm) OD. 0.13 inch (0.32 cm) ID 34 cm long Spot Brand 

commercial aquarium sparger. The tip of the aquarium sparger was weighted down with 

a 0.16 cm ID stainless steel soft tubing ferrule adapter which was inserted into the end of 

the sparger. The sparger tip was then capped. Air was supplied to the sparger by a house 

air line, metered by a Cole Parmer flowmeter (S/N 136965), humidified in a 250 ml 

bubbler flask, and then sterilized through a 50 mm diameter by 0.2 pm sterile air filter. 

The air outlet port was connected to a 50 mm diameter by 0.2 l_trn sterile air filter. The 

sampling port had a 0.25 inch (0.64 cm) OD, 0.18 inch (0.46 cm) ID 21 cm long stainless 

steel tube which was connected to a 50 ml plastic syringe. The bulk medium addition 

port was sealed with a foam plug. In order to fasten the headplate to the planar vessel, 
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A schematic of the planar photobioreactor is presented in Figure 4 and a 

photograph of the planar photobioreactor is presented in Figure 5. The planar 

photobioreactor vessel was constructed of 0.094 inch (0.24 cm) thick clear Plexiglas 

sheet. The Plexiglas sheets were welded together by Pro weld Plexiglas welding solvent 

into a 37 cm long by 29 cm high by 5 cm wide vessel. The total interior volume of the 

planar photobioreactor was 5.4 L. The liquid volume at inoculation was 3 L and the gas 

headspace volume was 2.4 L. The planar photobioreactor headplate was also constructed 

of clear Plexiglas sheet with dimensions of 37 cm long by 6 cm high by 5 cm thick. In 

order to aerate and sample the culture medium in the planar photobioreactor. three 0.7 cm 

diameter holes and one 2.2 cm diameter hole were drilled through the planar 

photobioreactor headplate. The three 0.7 cm diameter holes were equipped with stainless 

steel 1/4 in (0.64 cm) ID Swage lok bulkhead fittings with Viton 0-rings on the top and 

bottom side of the headplate. From left to right on Figure 4 the ports were the following: 

the aeration port. the air outlet port, the sampling port, and the bulk medium addition 

port. The aeration port consisted of a 0.25 inch (0.64 cm) OD, 0.18 inch (0.46 cm) ID by 

21 cm long stainless steel tube connected to a 0.31 inch (0.79 cm) OD, 0.19 inch (0.48 

cm) ID by 4 cm long VWR Scientific Series 63013 Tygon tubing. The tubing was 

connected to a 0.25 inch (0.64 cm) OD, 0.13 inch (0.32 cm) ID 34 cm long Spot Brand 

commercial aquarium sparger. The tip of the aquarium sparger was weighted down with 

a 0.16 cm ID stainless steel soft tubing ferrule adapter which was inserted into the end of 

the sparger. The sparger tip was then capped. Air was supplied to the sparger by a house 

air line, metered by a Cole Parmer flowmeter (S/N 136965), humidified in a 250 ml 

bubbler flask, and then sterilized through a 50 mm diameter by 0.2 I.tm sterile air filter. 

The air outlet port was connected to a 50 mm diameter by 0.2 pm sterile air filter. The 

sampling port had a 0.25 inch (0.64 cm) OD, 0.18 inch (0.46 cm) ID 21 cm long stainless 

steel tube which was connected to a 50 ml plastic syringe. The bulk medium addition 

port was sealed with a foam plug. In order to fasten the headplate to the planar vessel, 

holes were drilled and tapped near the top of the vessel to accommodate 3-32 machine 

thread screws. 



Planar Photobioreactor Schematic 
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Figure 4: Schematic of planar photobioreactor 
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Figure 5: Photograph of planar photobioreactor 
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Planar photobioreactor operation 

Cleaning 

After a given cultivation experiment was completed. the planar photobioreactor 

vessel and headplate was cleaned and residual biomass was washed from all wetted parts. 

The planar photobioreactor fittings were dismantled and removed from the headplate. 

The planar vessel. headplate. and associated fittings were scrubbed with liquinox 

phosphate free soap using a test tube brush, and rinsed several times with tap water and 

twice with ddH2O. 

Assembly 

The planar photobioreactor was assembled by mounting the headplate fittings 

onto the planar photobioreactor headplate and then mounting the headplate onto the 

vessel. Bulkhead fittings and o-rings on both the top and bottom of the headplate for the 

air outlet and sampling ports were inserted into the 0.7 cm diameter holes in the 

headplate. The aeration sparger was assembled. The 4 cm long section of Tygon tubing 

was attached to the other end of the air sparging tube. This Tygon tubing was then 

attached to the air in port by the 21 cm long stainless steel tube. 

The planar vessel and associated fittings were then sterilized. Within the laminar 

flow hood, the planar vessel was chemically sterilized by filling it with 50 ml of 

commercial bleach and 5 L of ddH2O water. The planar vessel was shaken periodically to 

assure that all parts of the vessel were wetted with the bleach/water solution. Cotton 

swabs saturated with 70 % ethanol in ddH2O were inserted into the bulkhead fittings. 

The vessel was allowed to sit for 12 hours. The planar vessel and headplate was then 

rinsed with 7 one liter portions of sterilized ddH2O. The sterilized ddH2O was shaken 

around the planar vessel to assure that all parts of the vessel were wetted with ddH2O. A 



50 mm diameter by 0.2 11111 sterile air filter, a 21 cm stainless steel sampling tube. and a 

foam rubber plug were autoclaved for the air outlet line, sampling line, and hulk medium 

addition line. respectively. 

After rinsing, the planar photobioreactor was assembled. The cotton swabs in the 

bulkhead fittings were removed and the autoclaved fittings for the air outlet and sampling 

ports were connected to the bulkhead fittings. An autoclaved foam rubber plug was put 

into the bulk media addition port. The planar headplate was fastened to the planar 

vessel by screwing in bolts connecting the planar vessel to the planar headplate. Finally, 

the seam between the planar headplate and the planar vessel was covered with Parafilm. 

Startup and inoculation 

The procedure for the preparation of inoculum and medium for the planar 

photobioreactor is identical to that presented in the tubular photobioreactor section. 

Inoculation of the planar photobioreactor was conducted by adding culture inoculum and 

medium into the planar vessel through the bulk medium addition port. Next, the planar 

photobioreactor was placed inside the incubator set at 12 °C. The air line was 

immediately connected and the flow meter and set to a setting of 27 (999 ml/min) to 

begin aeration and mixing of the culture. 

Sampling 

Prior to sampling, biomass that had become trapped under the sparger and 

attached to the planar photobioreactor components was dispersed and resuspended. To 

accomplish the biomass dispersion, the air flow rate into the planar vessel was increased 

to 8 L/min. Air was allowed to bubble at this rate for 20 seconds until biomass attached to 

the sparger or along the sides of the planar vessel had detached back into the bulk culture. 

A 50 ml sample of the culture inside the aeration tank was taken through the sampling 

port. The pH of the sample was taken with a Corning General Purpose pH electrode 



connected to a Corning Ion Analyzer Model 250) pH meter. The methodology for 

chlorophyll a measurements is provided in Appendix C. Dry biomass concentration 

measurements are described by Rorrer et. al. 

Stirred tank photobioreactor design 

A stirred tank bioreactor described by Qi and Rorrer (1995) was used for all 

control cultivation experiments and is presented in Figure 6. A 1 L Bellco spinner flask 

(model 1965-00500) with a working volume of 950 ml and inner diameter of 10 cm 

served as the cultivation vessel. In all cultivation experiments the culture was mixed with 

a magnetically driven, twin blade paddle impeller (2.5 cm height by 5.3 cm total width) at 

200 rpm and aerated with a pipe sparger (5 holes of 1.5 mm diameter) at air flow rates of 

1.0 L/min for stirred tank runs 1 and 2. The culture was illuminated by two Dulux lamps 

positioned on opposite sides of the vessel. The incident light intensity on the left and 

right side of the reactor was 20 and 26 pE/m2-sec for stirred tank photobioreactor run 1 

(16 hours ON:8 hours OFF photoperiod). The incident light intensity on the left and right 

side of the reactor was 24 and 21 pE/m2-sec for stirred tank photobioreactor run 2 (16 

hours ON:8 hours OFF photoperiod). The temperature inside the incubator was 12 °C 

and the temperature of the stirred tank photobioreactor was 13 °C. Samples were taken at 

4 to 6 day intervals with inoculation and sampling procedures described by Qi and Rorrer 

(1995). 



Stirred tank photohioreactor schematic 
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Figure 6: Schematic of stirred-tank photobiorcactor 



LIGHT ATTENUATION MEASUREMENTS 

Silicone tubing and Plexiglas sheet 

Light delivered to the culture in the planar and tubular photobioreactors was 

attenuated by the photobioreactor wail. A section of silicone tubing used in the tubular 

section of the tubular photobioreactor was prepared so that the light attenuation due to the 

tubing material could be determined. A 5 cm long portion of Masterflex 96410-18 tubing 

was cut axially with a razor blade in order to get a 5 x 2.5 cm section of tubing. This 

tubing section was flattened by laying a lead weight over it. Similarly, a section of 5 cm 

long by 5 cm wide by 0.24 cm thick clear Plexiglas sheet was obtained to determine the 

light attenuation constant of the Plexiglas sheet. The section of Plexiglas sheet was 

identical in composition and thickness as that used to construct the planar photobioreactor 

vessel. 

The experimental apparatus for determining the light attenuation through the 

tubing was then set up. A Li-Cor LI- 1 89 photometer with a Li-Cor Quantum sensor (S/N 

Q20148) was used for all irradiance measurements and an Osram Delux 9 W cool white 

lamp was the light source. The distance between the light source and the quantum sensor 

was fixed at 30 cm by clamping the photometer sensor to a ring stand. The incident light 

intensity (1e) was measured. Then, the section of flattened silicone tubing was directly 

placed over the sensor and the light intensity (It) was measured. The incident light 

intensity of the lamp was decreased by placing layers of PVC neutral mesh screen over 

the lamps. Both L, and L were recorded for each new incident light intensity. The same 

procedure was used for determining the light attenuation through the Plexiglas sheet. 

L. saccharina female gametophyte suspension culture 

Light delivered to the culture in the planar and tubular photobioreactors was also 

attenuated by the L. saccharina gametophyte suspension. The light attenuation from the 
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L. saccharine gametophvte suspension was taken by measuring light intensity at locations 

listed on Figure 4 both at the front and hack 01 the planar photobioreactor during a 

cultivation experiment. The incubator door was closed and the light sensor was 

positioned on the front or back sides of the planar photobioreactor with a sensor 

alignment assembly. This assembly was made of Plexiglas with dimensions of 13.5 cm 

high x 6.2 cm wide with 2.6 cm diameter holes (drilled to fit the diameter of the sensor) 

positioned at 3.9 cm, 7.4 cm, and 11 cm from the base of the planar photobioreactor. 

LIGHT MICROSCOPY 

Culture samples were analyzed by light microscopy on an AO/Spencer 

microscope to determine clump size and viability. Pictures of the filaments were made by 

a Ricoh KR-5 Super camera. Cells were treated with 0.25 weight % Evan's Blue viability 

stain in dd1-120. Culture viability was assessed semi quantitatively by observing if stain 

was taken up by the cells as indicator of cell death. Clump sizes of filaments were 

determined from photomicrographs and, for larger size clumps, by directly measuring the 

clump size with the aid of a Olympus stereomicroscope (S/N 264953). Pictures of a 

micrometer slide with 0.01 mm divisions and a full scale of 1 mm (la) were taken at 

magnifications of 35 and 100x to serve as a calibration standard. These slide photos were 

projected on a screen and the image length of the projection of the full scale was 

measured (1i). A sheet of printer paper was cut out with dimensions of I; long by I; wide. 

This sheet was weighed (WO with a precision of +/- 0.1 mg. The sample slides were then 

projected and an outline of the clumps was drawn on another piece of printer paper. Each 

clump outline was then cut out and the weight (Wa) of the cut out was measured with a 

precision of +/- 0.1 mg. The equivalent diameter (do) of the filamentous clump was then 

estimated by 

\
(Wade = 2 

1 

(1)
rcW 



MASS TRANSFER MEASUREMENTS
 

The mass transfer coefficient for oxygen, (k.a)02, in the aeration tank was 

estimated from dissolved oxygen (D.O. ) versus time measurements. Experiments were 

conducted at 22 °C for liquid vessel volumes of 1200, 1600. and 2000 ml. The aeration 

tank was filled with GP2 medium and aerated with 1004 ml/min ambient air for at least 

15 minutes at each volume to assure that the concentration of 0, was equal to saturation 

(Co, = Co,*). Then, the medium was then sparged with N, gas at 1004 ml/min to 

deaerate the medium. During both aeration and deaeration phases the medium was stirred 

with a 3.8 cm long by 0.9 cm diameter magnetic stir bar at 208 rpm. The dissolved 

oxygen concentration was measured with a steam sterilizable galvanic 0, electrode (15.9 

mm x 22 cm, VirTis #2444418) connected to a Virtis 100 dissolved oxygen meter. The 

dissolved oxygen meter was interfaced to a Data Translation DT2801 interface board and 

data was captured on Lab Tech Notebook Software version 6.2.0, where 1 mV output 

equaled 0.1% of D.O. concentration with respect to saturation in air. Dissolved oxygen 

concentration (C01) versus time data were analyzed by the N2 gassing out method 

described by Van't Riet (Van't Riet 1979), where (1(0)0, was estimated from the least 

squares slope of In (CO2 /CO2 ) versus time. 

The kia)0, in the stirred tank photobioreactor was also estimated at 22°C from 

dissolved oxygen concentration versus time measurements. The stirred tank was filled 

with 950 ml of GP2 medium and air was sparged into the vessel for at least 15 minutes to 

make sure the medium was saturated with oxygen, and then sparged with N2 gas at 1004 

ml/min. The medium was stirred with a magnetically driven. twin blade impeller (2.5 cm 

height by 5.3 cm total width) at 200 rpm. Dissolved oxygen concentration measurements 

were collected by a YSI model 5750 dissolved oxygen (DO) electrode connected to a YSI 

model 58 DO dissolved oxygen meter. The dissolved oxygen meter was interfaced to a 

Data Translation DT2801 interface board and data was captured on LabTech Notebook 

Software version 6.2.0, where 2.5 mV for 0.1% of D.O. concentration with respect to 
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saturation in air for the YSI model 58 DO dissolved oxygen meter. Dissolved oxygen 

concentration (C(>,) versus time data were analyzed by the N, ,gassing out method 

described by Vari't Riet (Van't Riet 1979), where (IN:Laio, was estimated from the least 

squares slope of In (CO2/CO2) versus time 



RESULTS
 

TUBULAR PHOTOBIOREACTOR CULTIVATION 

Biomass growth kinetics 

Female gametophyte suspension cultures of the hrown alga L. saccharina were 

successfully cultivated in a 3 L tubular photobioreactor. A total of seven cultivation 

experiments were conducted to establish the technical feasibility of cultivation of L. 

saccharina in a tubular photobioreactor. The process conditions for Runs 10-15 and 17 

are given in Table 2. Growth parameters for tubular photobioreactor Runs 10-15 and 17 

are presented in Table 3. Figure 7 a-g shows the biomass concentration and culture pH 

versus time for Runs 10-15 and Run 17. The onset of exponential phase ranged between 

day 5 (Run 10) and day 10 (Run 12) after inoculation. Specific growth rates ranged from 

0.056 +/- 0.0072 day-1 (1s. n=5) for Run 14 to 0.11 +/- 0.0092 day- ( I s, n=4) for Run 11. 

The growth rate averaged over all seven cultivation experiments was 0.0749 +/- 0.0217 

clay-' (1 s, n=7). Only four of the cultivation experiments (Run 12, 13, 15, and 17) 

achieved the stationary phase of growth. The time required to achieve stationary phase 

ranged from day 29 (Run 12) to day 51 (Run 15) The final biomass concentrations 

achieved during these cultivation experiments ranged from 1080 mg DCW/L for Run 12 

to 2340 mg DCW/L for Run 15. 

Because it was thought that the stirrer might be grinding cells against the bottom 

of the aeration tank, Runs 10 and 11 were conducted using a "floating" stir bar positioned 

1.5 cm above the bottom of the aeration tank. However, it was observed by phase light 

microscopy combined with Evan's blue viability staining that this setup did not reduce 

damage to the cells in the bioreactor. Subsequent tubular photobioreactor cultivation 

experiments (Runs 12-15.17) were conducted using a stir bar positioned on the bottom of 

the aeration tank. Other operating conditions, including light intensity (17 µE /m' -sec to 

31 g/m2-sec), tubular section photoperiod (16 hours light: 8 hours dark to 21.5 hours 

http:12-15.17


Table 2: Process conditions for tubular photobioreactor runs 10-15,17 

Process Conditions Run Number 

Aeration Tank Process 10 I I 12 13 14 1:1 17 

Conditions 
Initial culture volume, 800 650 750 950 950 950 1100 

V, (mL) 
Air flowrate, v 990 1120 1040 1190 990 940 9-10 

(mL /min) 
Air flowrate per unit 1.24 I.72 1.39 1.23 1.04 0.99 0.86 

culture volume (vvm) 
Impeller speed (rpm) 

Impeller tip speed 
208 
54 

255 
67 

255 
67 

208 
54 

208 
54 

208 
54 

208 
.5.1 

(cm/sec) 
Tubular Section 

Process Conditions 
Culture recirculation 105 105 105 105 105 105 lot) 

flowrate, Fi, (mUmin) 
Lamp tinier program, E 16:8 16:8 21.5:2.5 21.5:2.5 21.5:2.5 21.5:2.5 21 5:2.5 

(hr ON:hr OFF) 
Incident illumination 17 17 17 31 31 26 26 

intensity, I,, (pE/m2-sec) 

Airlift injector flowrate 2001) 2000 2000 200t) 2000 2000 2000 

(ml/min) 
Culture Preparation 

Age of inoculum (days) 
Blending time (sec) 

GP2 medium volume 

27 
7 

2700 

34 

5 

2400 

38 

8 

2400 

40 
7 

2640 

56 
7 

178 
6 

2730 

58 
6 

2850 

(mL) 
Total culture volume, V 2700 2580 2580 2850 2850 2910 3000 

(mL) 
GP2 Macronutrient 4x 4x 4x 4x 4x 4x 4x 

GP2 NatIC.03 2x 2x 2x 2x 2x 2x 2x 
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Table 3: Growth parameters for photobioreactor runs 

Planar run number STR run numberTubular run numberGrowth Parameter 
1 215 17 210 11 12 13 14 I 

9.27 5.83 4.73 5.38 4.25 5.83 
Onset of exponential 4.88 8.06 9.64 7.83 9.00
 

phase, t, (days)
 
na* 28.7 33.9 na* 51.0 36.3 69.7 70.3 40.0 36.3


Onset of stationary na*
 

phase, tf (days)
 
0.0423 0.0450 0.0375 0.0631)0.115 0.0908 0.0701 0.0558 0.0563 0.0770Growth rate. 1.t (day l) 0.0595 

149 155 88 129 206 oo 
Initial biomass 277 230 237 140 146
 

concentration, X0
 
(mg DCW/L)
 

1960 1540 1430 1,120796 2340 2 1 10925 1080 1540Final biomass 1270
 

concentration, Xi
 
(mg DCW/L)
 

3..55 6,88
4.59 4.02 4.57 11.0 5.44 15.7 13.6 22.3 19.8 

Xr/X0 

* nit- stationary phase not achieved during this cultivation experiment 
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Biomass conc. vs cultivation time for 
tubular photobioreactor Run 10
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Figure 7a-b: Biomass conc. and pH versus time for tubular photobioreactor runs 10 and 11 
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Biomass conc. vs cultivation time for 
tubular photobioreactor Run 12 
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Figure 7c-d: Biomass concentration and pH versus time for tubular photobioreactor runs 12 and 13 
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Figure 7e-f: Biomass concentration and pH versus time for tubular photobioreactor runs 14 and 15 
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Biomass conc. vs cultivation time for tubular photobioreactor Run 17 
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Figure 7g: Biomass concentration and pH versus time for tubular photobioreactor run 17 



light: 2.5 hours dark), and aeration rate X 940 mihnin to 1190 ml /mini varied over a 

narrow range between runs. 

Airlift injection system 

Two modes of operation were used to move culture medium from the aeration 

tank to the tubular section. First. the liquid culture was continuously recirculated by a 

peristaltic pump at a rate of 105 ml/min, corresponding to a linear velocity of 3.54 cm/sec 

and a Reynolds number of 281. Second, liquid culture in the tubular section was 

periodically evacuated by air injected into the tubular section by the air lift system. Air 

was injected into the tubular section which rapidly pushed liquid culture through the 

tubular section. For example, at an air injection rate of 2 L/min, the volumetric flowrate 

(Fa) of the liquid culture was 2000 ml/min (Figure 3), the velocity was 67.4 cm/sec, and 

the Reynolds number was 5350. Therefore, when the peristaltic pump was on the culture 

flowrate through the tubular section was in laminar flow, versus turbulent flow when the 

air lift system was in operation. 

Direct air injection freed up biomass that had become attached to the inside 

surface of the tubular coil. Figures 8a and 8b show pictures of the same section of tubular 

coil before and after evacuation of the tubular coil with the air lift system for 90 seconds. 

These figures show that the air lift system was effective at removing attached biomass 

from the tubular section. 

Because the air lift system evacuated the contents of the tubular section of the 

photobioreactor into the aeration tank, the volume of culture in the aeration tank and the 

tubular section changed during the air lift system cycle time. The cycle time was 

equivalent to the amount of time that the air lift system was on (ton) plus the amount of 

time that the air lift system was off (t,ff). Typically, ton was 90 seconds and toff was 90 

minutes. Thus, the total cycle time for the cultivation experiments was 91.5 minutes. 

The predicted aeration tank volume ( Vt(t) ) and tubular section volume ( Vo(t) ) versus 
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Figure 8a,b: Photographs of tubular section before and after air lift activation 
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time within a given cycle of the air lift system is presented in Figure 9. The parameters 

used by the model to generate Figure 9 are given in Table 4. Figure 9 shows that the 

volume in the aeration tank and tubular section of the tubular photobioreactor went 

through four regimes: I ) the tubular section was at its minimum volume ( VAt I) ) and the 

aeration tank was at its maximum volume ( Vt(ti) ), 2) the tubular section volume ( Vc(t,,) 

) was being refilled by the peristaltic pump and the aeration tank volume ( Vt(t,) ) was 

being evacuated by the peristaltic pump. 3) the tubular section was at its filled volume 

( V,;(t3) ) and the aeration tank was at its minimum volume ( Vt(t3) ), and 4) the tubular 

section volume ( Vc(t4) ) was being evacuated by the air lift system and the aeration tank 

volume ( Vt(t4) ) was being filled by the air lift system. Derivation of equations for 

estimation of Vjti) and Vt(t, ) presented in Appendix E were used to determine Vc(t2), 

Vt(t2), Vc(t3), Vt(t3), Vjt ), and Vt(t4), 

The average volume in the aeration tank was estimated from the sum of the 

integrals of volumes in the tubular section with respect to time for each of the regimes 

4 111 

(t,)dt, 
nil 

(2)V = 
ton + toff. 

where V, is the average volume in the aeration tank (ml). t, -t,_, is the time that the tank 

section stayed in regime (min); and Vt(t,) are the volumes of the aeration tank in 

each regime (ml). Equations for V,(t,n) are presented in Appendix E. The average 

volume in the tubular coil is 

= V V, (3) 

where V is the total volume in the tubular photobioreactor. Calculations for V, and vc 

are presented in Appendix E. Representative profiles of Vt. Ve, V,. and V, as a function 

of cycle time are shown in Figure 9. The values of V, and V, for one complete cycle are 

1139 and 1711 ml, respectively. Evacuation of the tubular section by the air lift system 

increased the average volume in the aeration tank and decreased the average volume in 

the tubular section. The volume of the tubular section where the air lift system was never 
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Figure 9: Predicted aeration tank volume and tubular section volume versus time
 



Table 4: Parameters used to generate Figure 9 

Parameter Value 
Medium recirculation rate, F. 105 

Medium air-lift evacuation rate. F 2000 
Time that air-lift system is on, ts..,, 90 

Time that air-lift system is off, t,ty 90 

Volume of culture medium in tubular coil, V, 1900 

Volume of culture medium in aeration tank. V, 950 

Flow rate of air into the culture in the aeration tank, v,, 1000 

Timer photoperiod. E 0.90 

Units
 
ml /min
 

ml/min
 
seconds
 
minutes
 

ml
 

ml
 

ml/min
 

hrs onl(hrs on+hrs off)
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used (Vu) was 9.9 % greater than V and the volume of the aeration tank where the air 

lift system was never used NO was 20 (7c: less than V, 

Operation of the air lift system increased the average volume in the aeration tank 

(Figure 9). Consequently, the time that the culture spent exposed to direct light 

decreased, and the aeration rate per unit culture volume in the aeration tank decreased. 

The time the culture spent exposed to direct light ( E ) per day in the tubular 

photobioreactor is 

EV. 
(4) 

V 

where E is the timer photoperiod in the tubular section (hours light: hours dark). The 

value for the average aeration rate per unit culture volume in the aeration tank is 

_ v 
v = (5) 

V, 

where v is the average aeration rate per unit culture volume in the aeration tank, and vo is 

the flow rate of air into the culture in the aeration tank (ml/min). Values for E and v for 

each cultivation experiment are shown in Table 5. Operation of the air lift system 

lowered the amount of time that the culture was exposed to direct light in the tubular 

section and reduced the growth rate since essentially no growth occurred in the aeration 

tank due to the absence of light. Using the parameters outlined in Table 4, E was 40% 

less than E and using V instead of V decreased E by 9.9%. The evacuation of the 

tubular photobioreactor by the air lift system also decreased the average aeration rate per 

unit culture volume in the aeration tank (using V, instead of V, in Equation 5) by 17 %. 



Table 5: Total photoperiod (E -1 and aeration rate per unit volume I v) for tubular
 
photohioreactor Runs 10- I 5,1 7
 

Cultivation tin # 

10
 

11
 

12
 

13
 

14
 

15
 

17
 

_ 

0.42 
0.45 
0.58 
0.54 
0.54 
0.54 
0.51 

Aeration rate per unit
 
volume, V ( vvm )
 

1.00
 

1.33
 

1.11
 

1.05
 

0.87 
0.83 
0.73 
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Estimation of mean light intensity 

The incident light intensity to the tubular section was attenuated by the liquid 

suspension culture inside the tubing and by the tubing wall. The average light intensity 

( it ) is defined as the integral of the light distribution function of the suspension culture 

along the diameter of the tube divided by the inner diameter of the tubing 

(1

I ,1 

I(r)dr (6) 

where It.0 is the light intensity incident to the culture inside the tubing (µE /m' -sec), dt is 

the inner diameter of the tubing (cm), I(r) is the light intensity distribution function 

through the culture (4/m2-sec), and r is the radial position (cm). 

The tubing wall attenuated incident light to the culture in the tubular section. The 

light intensity incident to the culture inside the tubing was estimated by 

ILO = (7) 

where 10 is the incident light intensity (tE/m2-see), kt is the light attenuation constant of 

the tubing (cm-1) and xt is the thickness of the tubing (cm). The measured light intensity 

exiting the silicone tubing (Ito) versus incident light intensity (Io) is presented in Figure 

10. The least squares value of the slope term (e-L' ) is 0.90 +/- 0.013 (1s, n=8). The
 

thickness of the tubing was 0.16 cm. From this data and Equation 7 the value for kt is
 

0.67 cm* 

The light attenuation through the culture was assumed to follow Beer's Law 

I(r) = e-kr (8) 

where k' is the light attenuation of the gametophyte suspension culture (cm' /mg DCW). 

The specific light attenuation constant (ke) of the L. saccharina suspension culture was 

estimated from the slope of the culture light attenuation parameter (k') versus biomass 

concentration data presented in Figure 11. The least squares value of the slope (ke) is 
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Figure 10: Measured light intensity through silicone tubing versus incident light intensity
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0.106 +/- 0.0049 cm /mcz, DCW ( I s. n=14). Values for k' were estimated from planar 

photobioreactor light intensity measurements described in the Planar Photobioreactor 

Cultivation section. 

Combination of Equations 7 and 8 with Equation 6 followed by analytical 

integration yields the following expression for the average light intensity in the tubular 

section 

I = e-k' (9)
kcXd, 

where X is the biomass concentration in the tubular photobioreactor (mg DCW/L). As an 

example of the relatively low amount of attenuation of light in the tubular section, Figure 

12 shows how the average light intensity in the tubular section predicted by Equation 9 

decreases from 27.7 to 26.1 IiE/m2-sec with increasing cultivation time. During this time, 

the biomass concentration increased from 140 mg DCW/L (day 0) to 1540 mg DCW/L 

(day 34) during tubular photobioreactor Run 13. 

Values of the average light intensity in the tubular section at inoculation and at the 

end of the cultivation experiments are presented in Table 6. The decrease in the mean 

light intensity in the tubular section from inoculation to the end of a cultivation 

experiment ranged from 1.9% (Run 11) to 8.3% (Run 17) and averaged 4.8%. The 

reduction in the mean light intensity including that which was caused by the tubing from 

incident light intensity in the tubular section was only 17% at a biomass concentration of 

2000 mg DCW/L. 

pH versus time 

The pH versus cultivation time data in the aeration tank for Runs 10-15 and 17 is 

presented in Figures 7 a-f. In all cultivation experiments, the pH generally ranged from 8 

to 9. In the aeration tank, ambient CO7 in air dissolved into the liquid culture and 
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Table 6: Average light intensity ( ) in tubular section 

Tubular Average light intensity Average light intensity 
photobioreactor run # at inoculation at end of experiment 

It, (µE /m' -sec) it f (4/m2-sec) 

10 15.1 14.5 0.959 
I I 15.1 14.8 0.981 

12 15.2 14.7 0.970 
13 27.7 26.2 0.944 
14 27.7 26.9 0.973 
15 23.2 21.3 0.919 
17 23.3 21.4 0.917 



subsequently speciated to bicarbonate i HCO3-). Between pH S and 9. the chemical 

equilibrium that governed pH in the culture is 

CO,(g) - CO2(aq) (10) 

CO,(aq)+14.20 = HCO3-!aq)+1-1'(aq) 

As the culture consumed dissolved CO, for growth, the chemical equilibrium shifted to 

the left. This shift in equilibrium produced higher pH values during exponential phase 

relative to those pH values found either at inoculation or at stationary phase. Generally 

pH values rose from around 8.5 at day 8 to 8.9 between days 15 to 20. After day 20 pH 

values dropped back to 8.3 as the culture CO, consumption dropped with the onset of 

stationary phase and the chemical equilibrium shifted back toward the right. 

Estimation of CO2 mass transfer coefficient 

The mass transfer coefficient for CO, was estimated by finding the mass transfer 

coefficient for 02 ( (kLa)02) and then using Film Penetration theory to relate (kLa)02 to the 

mass transfer coefficient for CO, (kLa). Estimates for (kLa)02 in the aeration tank at 

liquid volumes of 1200, 1600 and 2000 ml are presented in Table 7 and Figure 13 for a 

fixed aeration rate of 1000 ml/min and temperature of 22°C. The solid line is a power 

law fit of kLa = a'Vtb, where a'=16400 and b=1.12 for kLa in units of hr-1 and Vt in units 

of ml. From this data a value of 7.50 hr -1 was estimated for (kLa)02 at an aeration tank 

volume of 950 ml. Since bicarbonate (HCO3-) is the predominant source of dissolved 

inorganic carbon in sea water medium between pH 8 and 9 (Raven, 1984), the Film 

Penetration theory of mass transfer was used and the relationship between kLa and (kLa)o, 

is
 

11/2
 

kLa = (k La)02
 
D02 ) 

where Dco, is the diffusivity of CO, in sea water (cm2/sec), and Da, is the diffusivity of 

02 in sea water (cm2/sec). The value of (Dco2/Do2) in sea water is 0.91 at 13 °C (Grima, 

1993). Equation 11 then yields a value of 7.15 hr-1 for kLa if (kLa)02 is 7.50 hr-1. 

http:CO,(aq)+14.20
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Table 7: Oxygen mass transfer coefficient ( tkLajo, ) versus aeration tank liquid volume 

Aeration tank volume Oxygen mass transfer 
Vt (ml) coefficient 

11{0)02 (hr-') 
200 6.00 

1600 3.83 

2000 3.42 
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Figure 13: Oxygen kLa values versus aeration tank volume. (k0)02=16364*Vt-1.1213
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Estimation of CO2 mass transfer limited biomass concentration 

The biomass concentration at which CO2 mass transfer limited growth occurred in 

the tubular photobioreactor was estimated by setting up mass balances for the aeration 

tank and the tubular section. Assuming pseudo steady state with constant biomass 

concentration, constant aeration tank volume, and a well mixed suspension culture, the 

material balance for CO, consumption and mass transfer in the aeration tank is 

FpCnz FpC,, + kLa(C; CAO )V = 0 (12) 

where Fp is the volumetric flow rate (ml/min), CAZ is the dissolved CO, concentration in 

the suspension culture entering the aeration tank from the tubular section (mmol CO2/L), 

CAO is the dissolved CO, concentration in the liquid suspension culture (mmol CO,/L) in 

the aeration tank, CA* is the dissolved CO, concentration of GP2 medium in equilibrium 

with the CO, partial pressure in air. According to Raven (1984) the value of CA* is 

0.0145 mmol/L at 13 °C. Assuming pseudo steady state, constant biomass concentration, 

and no axial mixing the material balance for CO, consumption and mass transfer in the 

tubular section of the tubular photobioreactor is 

1.1XV 
F,CAo F C (13)

p AZ 
YX/C01 

whereld is the specific growth rate (day- ), and Yx/c02 is the yield coefficient for L. 

saccharina (mg DCW produced/mmol CO, consumed). The value for Yx,co, of L. 

saccharina is 31.1 mg DCW/mmol CO2 (Atkinson, 1983). Combining Equations 12 and 

13 yields 

,uXV.
kLa(CA* CA0)Vt = (14) 

YX/CO2 

Solving for CAO in Equation 14 yields 

YX/CO, k 
I 
aC \ V

t 
/AV, 

(15)CAO = 
Yx/co,k aL Vt 

Substituting this expression in for CA0 in Equation 13 gives the mass balance in the 

tubular section gives 



tX11 (k, 
, F(.7 = (16)

Y,,, 

The biomass concentration (X,) at which CO, mass transfer limited growth occurred can 

be determined by solving for X when C Az is equal to O in Equation 16. Therefore, to 

avoid CO, mass transfer limited growth the criterion is 

Fr Y k aC V
X < (17)

Nil (V, k a + 

Values of Xc for the different cultivation experiments are presented in Table 8. Carbon 

dioxide mass transfer limited growth occurred at biomass concentrations ranging from 

181 mg DCW/L (Run 11) to 367 ma DCW/L (Run 14) with an average value of 292 mg 

DCW/L. According to Equation 17, the culture inside the tubular section was limited by 

CO, mass transfer early in the cultivation experiment ranging from day 0 for Runs 1 I and 

12 to day 19 for Run 15. 

Clump size and viability measurements 

Clumps of filaments from the tubular photobioreactor are shown in Figure 14. 

Similar photos taken at different cultivation times were used to determine clump size 

changes with cultivation time. The results of this analysis are presented in Figure 15. 

Figure 15 shows that the average equivalent diameter of the clumps did not exceed 500 

p.m over the entire cultivation experiment. Viability of cells within the tubular 

photobioreactor was also assessed during tubular photobioreactor Run 17. No significant 

loss of viability was observed during this run. 



Table 8: Biomass conceruration (X,:? Ior CC, mass transfer limitation in 
tubular phutobloreactor 

Tubular CO2 mass transfer limited 
photobioreactor run # biomass conc. X. (mg DCW/1.! 

10 347 

H 181 
.7,29 

! ' 
19113 

14 367 

15 362 

17 264 
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Figure 14: Photographs of clumps of cells from tubular photobioreactor 
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PLANAR PHOTOBIOREACTOR CULTIV.- N 

Biomass growth kinetics 

Female gametophyte suspension cultures of the brown alga L. saccharina were 

successfully cultivated in a 5 L planar photobioreactor. The process conditions for planar 

photobioreactor Runs I and 2 are given in Table 9. Figures 16a and 16b show the 

biomass concentration and pH in planar photobioreactor Runs 1 and 2. Growth 

parameters are summarized in Table 3. Biomass concentrations of 2000 and 2400 mg/L 

were achieved with specific growth rates of 0.0423 +/- 0.0040 day-i (1s, n=13) and 

0.0450 +/- 0.0046 dav-1 ( I s, n=14) for planar photobioreactor Runs 1 and 2. respectively. 

The cultivation time required to achieve exponential and stationary phase was 5 and 70 

days, respectively, for both planar photobioreactor runs. 

Determination of mean light intensity 

The incident light intensity to culture inside the planar photobioreactor was 

attenuated by the Plexiglas sheet, by air bubbles sparged into the culture medium from the 

sparger, and by the liquid suspension culture inside the Plexiglas vessel. The average 

light intensity ( In ) was defined as the integral of the light distribution function of the 

suspension culture and the air bubbles along the width of the planar vessel, and is given 

by 

Ip = f i(z )dz (18)
P P 

(P1`) 
(1 

where Ipm is the light intensity incident to the culture inside the planar vessel (1..tE/m2-sec), 

dp is the width of the planar vessel (cm), I(zp) is the light intensity distribution function 

for the culture inside the planar vessel (1E/m2-sec), and zp is the position inside the planar 

vessel (cm). 
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Table 9: Process conditions for planar bhotobioreactor runs 1 and 2 

Run Number 

Process Conditions
 
Initial culture ). olume, V 0n1.; 3000 3000
 

999
Air flowrate, v,, (InUrnin) 099
 

Air flowr,oc. ).' ( vvm) 9.33 0.33
 

Lamp timer program. E 16:8 16:8
 
( hr ON:hr OFF) 

--)-.,Incident illumination intensity, 26
 

I,, 9p,E/m2-sec)
 

Culture Preparation
 
Age ol- inoculum (days) 56 38
 

Blending time (sec) 7 6
 

GP2 Macronutrient 4x 4x
 
GP2 NaHCO: ilx 2x 
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Biomass Conc. and pH vs Cultivation Time for
 
Planar Photobioreactor Run #1
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Figure 16a,b: Biomass conc. and culture pH versus cultivation 
time for planar photobioreactor Runs 1 and 2 



The light intensity incident to she cuiiin-e inside the planar vessel was estimated by 

e (19) 

where kr, is the light attenuation constant of the Plexiglas sheet (cm and x is the 

thickness of the Plexiglas sheet. 

The measured light intensity exiting through the Plexiglas sheet (Ipo) versus 

incident light intensity (Ip) is presented in Figure 17. The least squares value of the slope 

term ( e ) is 0.99 +/- 0.0043 (Is, n=9). The thickness of the Plexiglas sheet was 0.24 

cm. From this data and Equation 19 the value of kp is 0.026 cm-I. The light intensity 

distribution function was affected by both the bubbles of air sparged into the culture and 

by the suspension culture. Both effects are assumed to follow Beer's Law and the light 

intensity distribution function found in Equation 18 is 

e-k, X kh z
I(Z) (20) 

where kh is the light attenuation constant of the planar photobioreactor when sparged and 

full of medium. Before inoculation of the reactor (X = 0) light readings were measured at 

the front and hack of the planar photobioreactor at locations specified in Figure 4. The 

light intensities measured at the front (10) and back (4) of the planar photobioreactor 

averaged 22.6 +/- 0.843 (Is. n=9) and 17.7 +/- 0.763 (1s, n=9), respectively. The relation 

between Ip and I when X=0 is 

1, 
= e P xp (21) 

The value for kt, is estimated from Equation 21 as 0.0462 ern-I. Combination of 

Equations 19 and 20 with Equation 18 followed by analytical integration yields the 

following expression for the average light intensity in the planar vessel 

Ie e-k` X dp-k, dp
Ip (22)

dp(kcX k h 

Figure 18 shows how the average light intensity in the planar vessel predicted by 

Equation 22 using 10= 23 tE /m2 -sec decreased from 22 to 12 .tE /m2 -sec with increasing 

cultivation time as the biomass concentration increased from 125 mg DCW/L (day 0) to 

2440 DCW/L (day 91) during planar photobioreactor Run 2. Values of the average light 
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Figure 17: Measured light intensity (Ip.o) through Plexiglas sheet 
versus incident light intensity (Io) 
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intensity in the planar vessel at inoculation and the end of the cultivation experiment are 

presented in Table 10. For comparis 1. measured light intensities at the front and back 

sides of the planar photobioreactor arc also presented in Figure 18. The decrease in mean 

light intensity in the planar vessel Born inoculation to the end of the cultivation 

experiment was 39% and 43% for planar photobioreactor Runs 1 and 2. respectively. The 

average percentage decrease in the light intensity was 41%. 

Estimation of light attenuation parameter 

The light attenuation parameter of the L. saccharina gametophyte suspension 

culture was estimated during the cultivation experiment. The light intensity at the back of 

the planar vessel is 

Ih -21:p dp-k, dp= e (23) 

with k' equal to IOC. Equation 23 is solved for k' so that 

In 
Ih 

+ 2k P.XP k d 
k = (24) 

The specific light attenuation constant (kJ of the L. saccharine suspension culture was 

found from the least squares slope of k' versus biomass concentration data presented in 

Figure 11. Values for k' increased from 0.021 to 0.30 cmi as the biomass concentration 

increased from 125 ma DCW/L to 2610 mg DCW/L. The least squares value of the 

slope was 0.106 cm2/mg DCW +/- 0.0049 (1 s. n=14). Figure 19 shows the value of k' 

versus chlorophyll a content. Values for k' increased from 0.021 to 0.30 cm-1 as the 

chlorophyll concentration in the reactor increased from 0.28 mg chlorophyll alL to 19 mg 

chlorophyll a/L. 



Table 10: AveraLle light intensity 1 in planar vessel) 

Planar Average light intensity Average light intensity 1 

photobioreactor run # at inoculation at end of experiment I 

_ 
I 

1i ip.E1m2-see) ,- inE/m2-sec) 
I 

ri 
I 

I 25.2 15.5 0.614 
1 11.7 i 12.5 j 0.575 
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Figure 19: Light attenuation parameter (k') versus chlorophyll a concentration 
for planar photobioreactor Run 2 



6.4 

CO, consumption and mass transfer considerations 

pH versus time 

The pH of the culture for planar photobioreactor Runs 1 and 2 is given in Figure 

16 a-b. Since the pH of the culture in the planar photobioreactor varied between 8 and 9 

the chemical equilibrium governing CO, consumption in the planar photobioreactor is 

described by Equation 10. Generally, pH values ranged between 8.3 and 8.8 for all planar 

photobioreactor experiments. 

Estimation of mass transfer coefficients 

Determination of the mass transfer coefficient for CO, (1(La) in the planar 

photobioreactor is identical to that described in the tubular photobioreactor section. The 

(4a)02 value at a gas flow rate of 999 ml/min and reactor volume of 3 L was 29.7 hr-I. 

Equation II yields a value of 28.4 for kLa if (kLa)0, is 29.7 hr-l. 

CO, limited growth in planar photobioreactor 

Assuming pseudo steady state with constant biomass concentration. constant 

volume, and a well mixed suspension culture the material balance for CO, in the planar 

vessel is 

kLa( CA) = (25) 
Yx/co2 

A value of 0.0145 mmol/L for CA at 13 ()C (Raven, 1984) was used for The 

biomass concentration at which CO, mass transfer limitation occurred in the planar 

photobioreactor was determined by solving for X when CA was equal to 0 in Equation 25. 

CO, mass transfer limited growth would have occurred at computed biomass 

concentrations (Xe) of 7260 and 6820 mg DCW/L for planar photobioreactor Runs 1 and 

2, respectively, Both of these values are far above the final biomass concentrations of 



2000 Intl, DCW /L and 2400 mg DCW/L achieved in ri an ar photobioreactor Runs 1 and 2. 

respectively. Therefore, according, to Equation :25 tl culture inside the planar 

photobioreactor was never limited by CO: mass transfer durina the entire cultivation 

experiment. 

Chlorophyll a measurements 

A graph of chlorophyll a concentration and specific chlorophyll a concentration 

versus cultivation time during planar photobioreactor Run 2 is presented in Figure 20. 

The chlorophyll a concentration in the planar photobioreactor increased from 2.3 mg/L 

(day 0) to 9.2 mg../L (day 77) as the biomass concentration increased from 125 to 2240 mg 

DCW/L, respectively. The specific chlorophyll a concentration was between 5 and 10 mg 

chlorophyll a/g DCW during the exponential phase of growth. 

Clump size and viability measurements 

Clumps of filaments from the planar photobioreactor are shown in Figure 21. 

Similar photos taken at different cultivation times were used to determine clump size 

changes with cultivation time. The diameters of the spherical clumps from the planar 

photobioreactor were also measured directly under a stereo microscope. The results of 

these analysis are presented in Figure 15. The majority of biomass in the planar 

photobioreactor coalesced into spherical clumps by day 20. The equivalent diameter of 

the clumps in the planar photobioreactor was 100 tm at inoculation. The equivalent 

diameter of the clumps grew during early exponential phase and leveled off to 1400 pm 

during mid exponential phase (day 50). Viability of cells within the planar 

photobioreactor was also assessed. No observed loss of cell viability within the planar 

photobioreactor was observed. 
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Figure 20: Chlorophyll a concentration and specific chlorophyll a concentration
 
versus cultivation time for planar photobioreactor Run 2
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Figure 21: Photograph of clumps of cells from planar photobioreactor 
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STIRRED TANK PHOTOBIOREACTOR CULTIVATION 

Biomass growth kinetics 

Female gametophyte suspension cultures of the brown alga L. saccharina 

cultivated in a l L stirred tank photobioreactor served as control experiments for the 

tubular and planar photobioreactor experiments. The process conditions for stirred tank 

photobioreactor Runs 1 and 2 are given in Table 11. Figures 22a and 22b show the 

biomass concentration and pH for stirred tank photobioreactor Runs 1 and 2. Biomass 

concentrations of 1430 and 1420 mg/L were achieved with specific growth rates of 0.038 

+/- 0.0050 (1s, n =33 and 0.063 +/- 0.0103 (1s, n=71 day-1 for stirred tank photobioreactor 

Runs 1 and 2. respectively. Exponential phase in the stirred tank started on day 4 for Run 

1 and day 6 for Run 2. Growth parameters are summarized in Table 3. 

Determination of mean light intensity 

The light intensity (Is) anywhere along the one dimensional illumination plane of
 

the stirred tank photobioreactor was found using Beer's Law. Since there are two light
 

sources the light intensity is the sum of the light reaching the culture from the left side
 

plus the light reaching the culture from the right side
 

e-k, X xi_ Ie-k, X xi,I =I 
L 

(26) 

where IL is the incident light intensity to the inner left side of the stirred tank (µE/m' -sec), 

IR is the incident light intensity to the inner right side of the stirred tank (µE/m` -sec), xL is 

the distance from the inner left side of the stirred tank (cm), and xR is the distance from 

the inner right side of the stirred tank (cm). For the 1 L Bellco stirred tank bioreactor the 

diameter (ds) is 10 cm. A simple schematic of the stirred tank is presented in Figure 6. 

From this figure, xR and xL are related by 

xR = ds x, (27) 
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Table 1 Process conditions r` o r tin-ea-tank runs 1 and 2 

Run Number 

Process Conditions 
Initial culture v( lume, ,)52 

V, t rriL) 

Air flowrate, v 1004 1004 

(n-IL/min) 

Air flowrate, 4 t vv in) 106 i 4)5 

Lamp timer program, E 16:8 16:8 

( hr ON:hr OFF) 
Left side incident 20 24 

illumination intensity, 
IL (ttE/m2-sec) 

Right side incident 26 21 

illumination intensity, 
IR (pE/m2-see ) 

Culture Preparation 
Age of inoculum (days) 178 

Blending time (sec) 6 

GP2 Macronutr cm 4x 4x 

GP2 NaHCal 2x 2x 
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Figure 22a,b Cell conc. and pH versus cultivation time 
for stirred-tank photobioreactor Runs 1 and 2 



Substitution of xR from Equation 27 to Equation 26 followed by analytical imearation 

yields the following equation for the average intensity I 1 in the stirred tank 
-

photobioreactor 

=-1 (28) 

Figure 23 shows how the average light intensity in the stirred tank predicted by 

Equation 28 decreased from 21 to 13 !_tE/m2-sec with increasing cultivation time as the 

biomass concentration increased from 125 ma DCW/L (day ) to 1140 mg DCW/L (day 

56) during stirred tank photobioreactor Run 2. Values of the average light intensity in the 

stirred tank at inoculation and the end of a cultivation experiment are presented in Table 

12. The decrease in average light intensity in the stirred tank from inoculation to the end 

of a cultivation experiment were 43% and 36% for stirred tank photobioreactor Runs 1 

and 2, respectively. The average percentage decrease in the light intensity was 39%. 

CO, consumption and mass transfer considerations 

pH versus time 

The pH of the culture for stirred tank photobioreactor Runs 1 and 2 is given in 

Figure 22 a-b. The chemical equilibrium governing CO, consumption in the stirred tank 

is described by Equation 10. Generally, pH values ranged between 8.3 and 8.7 for all 

stirred tank experiments. 

Estimation of mass transfer coefficients 

Determination of the mass transfer coefficient for CO, (kLa) in the stirred tank 

photobioreactor is identical to that described for the tubular photobioreactor aeration tank. 

The (kLa)02 value at a gas flow rate of 1004 ml/min and reactor volume of 950 ml was 

15.1 hr-I. Equation 11 yields a value of 14.4 for kLa if (kLa)o2 was 15.1 hr-I. 
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Figure 23: Computed average light intensity in stirred-tank versus cultivation time 
for stirred-tank photobioreactor Run 1 



ITable i2: Average lb:Tht intensity ( l in stirred-tank photohioreactor 

Stirred-tank Average light intensity at Average light intensity I, 
photobioreactor run # inoculation at end of experiment 

I. 4tEim-sec) I r I p.E/m--sec i 
I, i 

1 26.0 14.8 0.570 
1 15.8 16.6 0.641 



CO, limited growth in stirred tank photobioreactor 

Assuming pseudo steady state with constant biomass concentration, constant 

volume, and a well mixed suspension culture the determination of the biomass 

concentration at which mass transfer limited uowth occurs in the stirred tank is identical 

to that described in the planar photobioreactor section. CO, mass transfer limited growth 

would have occurred at computed biomass concentrations (X,) of 4170 and 2480 mg 

DCW/L for stirred tank photobioreactor Runs 1 and 2, respectively, Both of these values 

are far above the final biomass concentrations of 1300 mg DCW/L and 1140 mg DCW/L 

achieved in stirred tank photobioreactor Runs 1 and 2. respectively. Therefore, according 

to Equation 25 the culture inside the stirred tank photobioreactor was never limited by 

CO, mass transfer over the entire cultivation experiment. 

Clump size and viability measurements 

Clumps of filaments from the stirred tank photobioreactor are shown in Figure 24. 

Similar photos taken at different cultivation times were used to determine clump size 

changes with cultivation time. The results of this analysis are presented in Figure 15. 

Figure 15 shows that the average equivalent diameter of a clump of filaments within the 

stirred tank photobioreactor did not exceed 500 pm. Viability of cells within the stirred 

tank photobioreactor was also assessed during stirred tank photobioreactor Run 2. No 

observed loss of cell viability within the stirred tank photobioreactor was observed. 
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Figure 24: Photograph of clumps of cells from planar photobioreactor 
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DISCUSSION 

COMPARISON OF GROWTH PARAMETERS 

Growth parameters for cultivation of L. saccharine gametophyte suspension 

cultures in tubular, planar, and stirred tank photobioreactors are compared in Table 3. 

The maximum biomass concentrations for tubular photobioreactor runs 15 and 17 were 

comparable to the maximum biomass concentration achieved in planar photobioreactor 

runs 1. Both the tubular and planar photobioreactors achieved a final biomass 

approximately 50% higher than the maximum biomass concentrations achieved in stirred 

tank photobioreactor. The specific .,:rowth rates in the tubular photobioreactor ranging 

from 0.0558 day-' (Run 14) to 0.115 day -' (Run 11) were higher than average specific 

growth rate in both the planar photobioreactor (0.0437 day-I) and the stirred tank 

photobioreactor (0.0502 day-I). 

Several parameters affected the growth rate and final biomass concentration 

achieved in each photobioreactor. In this section the mean light intensity, CO, mass 

transfer rate, clump size, and uniformity of the biomass suspension are compared in each 

photobioreactor system to assess which system has the best combination of parameters to 

maximize uowth rates and final biomass concentration. 

Mean light intensity 

The mean light intensity at inoculation for all tubular photobioreactor runs (15-28 

[tE/m2-sec) was approximately the same as the planar photobioreactor (21-261.1.E/m2-sec) 

and the stirred tank photobioreactor (25-26 µE /m' -sec). The decrease in the mean light 

intensity in the tubular photobioreactor (Table 6) was only 5 % from the end of a 

cultivation experiment to inoculation compared to a 40% in the planar photobioreactor 

(Table 11) and 40% in the stirred tank photobioreactor (Table 12). The small reduction in 

the light intensity in the tubular photobioreactor is because of the small light path (0.79 



cm) in the tubular photobioreactor relative to the path of the planar photobioreactor 

(5 cm) and the stirred tank photobioreactor (10 cm). For the mean light intensity 

calculations presented in Table 6. 11, and 13 the values of the specific light attenuation 

coefficient ( kc) were estimated from the suspension culture grown in the planar 

photobioreactor. The suspension culture in the planar photobioreactor gives a low 

estimate for the specific light attenuation coefficients. especially for well dispersed 

cultures where the clump size is comparatively small. Figure 25 shows the specific light 

attenuation coefficient vs clump size for planar photobioreactor Run 2. The equivalent 

clump diameter for filaments before and after blending was measured upon completion of 

planar photobioreactor Run 2. The average equivalent diameters of clumps before and 

after blending were 1130 um and 800 p.m, respectively. The value of the specific light 

attenuation parameter for the blended gametophyte suspension culture was 0.171 cm2/mg 

DCW compared to a value of 0.102 cm-ling DCW for the unblended filaments. From 

this data and Figure 25 it is apparent that lc decreases with increasing clump size. Thus, 

for photobioreactors where the clump size is small (tubular and stirred tank 

photobioreactors) the light attenuation is higher, resulting in lower mean light intensities. 

CO2 consumption and mass transfer 

Carbon dioxide mass transfer limited growth did not occur in the planar or stirred 

tank photobioreactor. In contrast, the tubular photobioreactor was CO, mass transfer 

limited shortly after inoculation at biomass concentrations ranging from 181 mg DCW/L 

(Run 11) to 367 mg DCW/L (Run 14). Carbon dioxide mass transfer rate limitation 

limits the rate of biomass growth rate and final biomass concentration. However, the 

assumptions used to estimate X do not account for the presence of CO, buffering agents 

(HCO3 -) in the culture medium. More modeling and study is needed to determine if CO, 

delivery limits the growth rate in the tubular photobioreactor. 
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Figure 25: Specific light attenuation coefficient (1c,) vs clump size for 
planar photobioreactor Run 2 



Clump size 

Dissolved carbon dioxide and nutrients must diffuse through the filament clump 

where they are consumed by cells on the outside layers of the clump. This results in 

lower CO, and nutrient concentration in the interior of the clump. Also, the local light 

intensity within the interior of the clump is lower. As a result. cells within 

photobioreactors with small clump sizes may grow faster because nutrients, light and CO, 

are delivered to cells more efficiently. 

The equivalent diameter of clumps in the tubular and stirred tank photobioreactor 

remained largely constant during the entire cultivation experiment at 100 urn and 300 um 

respectively. The equivalent diameter of clumps in the planar photobioreactor was not 

constant because small clumps of filaments aggregated in the planar photobioreactor to 

form larger clumps. Clump size early in the cultivation experiment (days 0-10) consisted 

of smaller clumps with a dc of approximately 100 ttm. The equivalent diameter of 

clumps from day 20 until the end of the cultivation experiment was approximately 1200 

Thus, the growth of filaments in the planar photobioreactor may have been affected 

by large clump size after only 20 days of cultivation. 

Cell suspension uniformity 

The gametophyte suspension culture in the stirred tank was well mixed by the 

vessel impeller. The gametophyte suspensions in the planar and tubular photobioreactors, 

however, were not well mixed. Dense and compact clumps of filaments in the planar 

photobioreactor settled at the bottom of the planar vessel. Clumps of filaments also 

collected on the tubing walls in the tubular photobioreactor, although the clumps were not 

as dense and compact as those found in the planar photobioreactor. Light, CO2, and 

nutrients were probably not efficiently delivered to these clumps by the same reasoning as 

that presented in the Clump size section. Thus, the aggregation of filaments in the planar 

photobioreactor may have affected the growth rate of the suspension culture. 
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Overall considerations 

The mean light intensity was higher and the clump size smaller in the tubular 

photobioreactor relative to the planar and stirred tank photobioreactor. Thus, the tubular 

photobioreactor had higher growth rates and final biomass concentrations than the planar 

or stirred tank photobioreactors. Although CO2 mass transfer limited growth was 

predicted by Equation 17 the effect of this limitation on biomass growth kinetics was 

masked by the relatively high mean light intensities and small clump sizes in the tubular 

photobioreactor. Also. CO, mass transfer limitation may have been mitigated by the 

presence of bicarbonate that buffered the CO: concentration (Equation 10). The planar 

photobioreactor had the lowest specific growth rate of the photobioreactors, but final 

biomass concentrations comparable to that in the tubular photobioreactor. The large 

clump size in the planar photobioreactor probably resulted in localized nutrient 

concentration, CO, concentration, and light intensity gradients inside the filament 

clumps, and could account for the lower specific growth rates in the planar 

photobioreactor. and longer cultivation times to reach stationary phase inside the planar 

photobioreactor relative to the tubular or stirred tank photobioreactor. The stirred tank 

photobioreactor had growth rates in between those found in the tubular and planar 

photobioreactor and low final biomass concentrations compared to the tubular and planar 

photobioreactors. This is because of the long light path (10 cm) resulting in light limited 

growth of filaments at high biomass concentrations within the stirred tank 

photobioreactor. 

SCALE UP POTENTIAL 

The three types of photobioreactors studied in this thesis have some significant 

strengths and weaknesses regarding scale up. The effects of light intensity delivered to 

culture, CO, mass transfer, and clump size on scale up is discussed in the following 

sections. 
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Light intensity 

The light path of a photobioreactor is the most important design parameter to 

assure that growth of photosynthetic biomass is not light limited. The light path in the 

tubular photobioreactor is determined by the inner diameter of the tubing in the tubular 

photobioreactor and by the width (or diameter) of the vessel in the planar 

photobioreactor. In the tubular and planar photobioreactors maintaining a constant light 

path while increases reactor volume is easily accomplished. In the tubular 

photobioreactor increasing the tubing length while maintaining a constant tubing diameter 

increases the reactor volume, and in the planar photobioreactor increasing the height and 

length while maintaining a constant reactor width increases the reactor volume. The 

stirred tank photobioreactor cannot be scaled up, however, because the increased diameter 

of the vessel results in a correspondingly longer light path if the height to diameter ratio is 

preserved. 

To estimate the length of the light path needed to prevent light attenuated growth 

in a photobioreactor Beer's Law may be used 

1(z,) 
= e-k (29) 

1,, 

where I(zp) is the light intensity distribution in the photobioreactor (µE /m' -sec). In order 

to assure that culture growth is not limited by insufficient light intensity, I(zp) must be 

greater than the light intensity at which the specific growth rate is saturated (Isar) at the 

point in the reactor when the light intensity is at its minimum value (In). For an 

externally illuminated photobioreactor the location in the photobioreactor where the light 

intensity is at its minimum occurs at 

z = dm (30) 
P N 

where dn, is the longest light path of the photobioreactor without light limited growth and 

N=1 for a photobioreactor illuminated from one side and N=2 for a photobioreactor 



82 

illuminated from both sides. Setting hz,) equal to in Equation 29 and substituting 

Equation 30 into Equation 29 yields an expression for dm 

, 

d1 (31)
k X 

Lining conducted a study of the critical levels of light for L. saccharina female 

gametophyte colonies and found that the light saturated growth intensity was 

20 4/m2-sec. Using this value for ls, and conditions found at the end of planar 

photobioreactor run 1 (I=26 ttE/m2-sec, and X= 2540 mg DCW/L) the maximum light 

path for the photobioreactor was 0.98 cm, five times lower than the length of the light 

path in the photobioreactor used in the experiment. 

CO2 mass transfer 

The rate of CO, mass transfer and its implications on biomass growth kinetics is 

often overlooked in the design of photobioreactors and is not been well characterized 

(Borowitzka, 1996). The concentration of dissolved CO, in the culture can be raised by 

three methods. First, the concentration of CO, in the sparging gas can be raised to 

increase the driving force (CA -CA) for mass transfer. Second, the flow rate of the 

aeration gas can be raised to increase the mass transfer coefficient (kLa). Finally, the 

sparger can be modified to increase surface to volume ratio of the bubbles in order to 

increase the mass transfer coefficient (kLa) . In general, for well mixed cultures CO, 

mass transfer limitation can be avoided by ensuring that kLaCA'»p.X. 

Clump size 

Local gradients of nutrient, light, and CO, can occur in culture systems where 

cells aggregate to form large clumps. Therefore, higher biomass productivity can be 

realized by minimizing the clump size in the photobioreactor. Non lethal mechanical or 



hydrodynamic forces induced by pun) s and high speed impellers can he effectively used 

to break up filament clumps. 

Reactor design 

Although, tubular photohioreactors can efficiently transfer light to culture, scale 

up of tubular photobioreactors is problematic because of collection of biomass in tubing, 

maintenance of a high CO, concentration in the tubular section. and problems with high 

mechanical shear associated with the recirculation pump. Collection of biomass 

necessitates some means of freeing biomass that has collected in tubing. Usually this 

involves complicated equipment arrangements such as the air lift system used in this 

study. Maintenance of high CO2 concentration in the tubular section can be 

accomplished by directly aerating the culture inside the tubular section However, besides 

adding more complexity the photobioreactor, the direct aeration of the tubular section 

also displaces volume from the tubular section where the culture grows. The choice of a 

pump to recirculate the culture through the long tube is another concern. The pump must 

be able to recirculate the suspension culture at a sufficiently high flow rate but not kill the 

cells because of high mechanical shear. Shear tolerance varies from species to species. 

Thus, a pump that may work well with one organism may kill another organism. 

Therefore, tubular photobioreactors utilizing a pump to recirculate suspension cultures 

cannot be used for the cultivation of drastically different organisms having different 

levels of shear tolerance. On the other hand, the right choice of pumps can result in 

dispersal of clumps in the tubular photobioreactor resulting in improved culture 

suspension uniformity. 

Because the light path of the stirred tank increases with increasing volume the 

light intensity distribution is not high enough to support high growth rates. For this 

reason, the stirred tank photobioreactor should be ruled out for scale up of photosynthetic 

biomass. 
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In contrast to the tubular and stirred tank photobioreactor, the planar 

photobioreactor has relatively few scale up problems. The incident light intensity, 

specific light attenuation coefficient. and the light path of the photobioreactor determine 

the light intensity distribution in the photobioreactor. As long as the light intensity 

distribution is in the range that supports high growth rates, light limited growth in the 

planar photobioreactor does not occur. Since the entire culture volume in the planar 

photobioreactor is aerated, maintenance of high CO, concentration in the planar 

photobioreactor is less problematic than in the tubular photobioreactor. Collection of 

biomass at the bottom of the planar photobioreactor can be alleviated by eliminating dead 

mixing zones and/or by increasing the aeration rate. Because of its simplicity of design 

and ease of scale up the planar photobioreactor is recommended for large scale 

production of photosynthetic organisms. 
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APPENDICES
 



APPENDIX A
 

SPREADSHEETS
 



Culture PreparationRun Identification 

10	 
L. met-Minna gametophytesCulture:

Run #: 
Ls-31 -1,2,7,9,10,13 ( 12/10/96)

tubular phombioreactor	 Inoculum:Bioreactor description: 
27 daysAge ot inoculuni:11:59 PM Time started: 
50) iiiLInoculuin volume:1/6/97Date started: 
6 nilResuspended volume:2/9/97Date shut down: 
60 pin nylon mesh 

0 inl GP2 medium 
Inoculuni filtration: 

Inoculuin volume 

309 nil GP2 mediumInoculum washing: 

7 secBlending time: 

Blending speed: Grind on Osterizer blender 

GP2 medium volume:	 2790 inL 

2700 In.L.Total culture volume: 

GP2 Nutrient concentration: 4x 

GP2 NaHCO, concentration: 2x 

Tubular Section Process ParametersAeration Tank Process Parameters 
Peristaltic pump setting:	 4800 mLInitial culture volume: 

ml/minCulture recirculation flowrate:4 x I/16 inch (1.6 mini holesAir sparger design: 
2x)250 \V cool-white fluorescent lamps (1201112CW)centered under impeller	 Illuminator lamps:Air sparger location: 
center of coil

2 SCH I	 Lamp placement:
Air Clow setting: 

10 cm from lamp to tubing ,allnot listedAir flowmeter S/N: 
16 In ON / 8 hi OH'

992 inUmin	 Lamp tuner program:Air flowrate: 
1.24 vvin t initial) Incident illumination intensity: 17 pE/m- sec 

floating magnetic stir ham Airlift injector tlowrate setting: 2 SCHIharImpeller design: 
Airlift injector flowineter S/N:	 not listed 

Impeller length:	 5 cm 

2000 inL/minAirlift injector tlowrate0.9 cmImpeller diameter: 
90 sec OPEN / 90 mm CLOSEDAirlift injector tinier program:1.5 cm above vessel bottom Impeller position: 
Masterflex 96410-18 5/8 inch 0.1) 3/8 inch I.U.Tubing type:2.5 

Tubing length: 39 in 
Impeller speed setting: 

208 rpm 

54 cm/sec Tubing material silicone 
Impeller speed: 

Impeller tip speed: 



Temperature Profile 

Incubator setpoint: 

Aeration tank: 

Tubular section 

12 

14 

"C 

top: 

bottom: I3 

Sample 1.1). 

Date Run #

Sample 4

Trial 4 

Day:Hr:Mui Cultivation 

Time 

(day) 

(.- Mime Drov (6 

pH Sample 

Volume 

(nil 4 

Wt. Dried 

F1' 

(g) 

Wt. Dried 

FP I Cells 

Wt. Cell, 

(g) 

Dry Cell 

Density. X 

ung DC \Vil. 

Average 

X 

11 1-1CW/11 

X +/- 1, 

one DCW/14 

In X 

1/7/97 10/1/01 

10/1/02 

100:30 0.02 8.83 

8.83 

25 0 

20.0 

0.0997 

0.0982 

0.1122 

0.1116 

0.0050 

0.0066 

223.6 

329.7 

276.7 75 0 5 2 ', 

1 / 1 1 / 9 7 10/2/01 

10/2/02 

5 : 2 10 0 4.88 n/a 

n/a 

20.0 

21 

0.0713 

(1.0717 

0.0829 

0.0818 

0.0067 

010051 

332 0 

229 I 

2810 735 5 6 i 

1/15/97 10/3/01 

10/3/02 

9:01 10 8 06 8 56 

8.56 

10.0 

21.2 

41987 

0.21)23 

02145 

0 2208 

0 0077 

0.0102 

384 7 

483 3 

434 0 60 8 

1/18/97 10/4/01 

10/4/02 

121900 11.79 8 75 

8 -75 

20.0 

18.0 

0 0746 

0 0716 

0.0954 

0 092 

0.0156 

0 (0 22 

7815 

679.5 

730 5 72.2 6 594 

1/20/97 10/5/01 

10/5/112 

14:15:30 13,65 8 82 

8 82 

20.0 

20.0 

0.0745 

0.0751 

0.0929 

0.0946 

0.0132 

(10143 

661 9 

714.8 

688.3 17.4 65;-1 

1/23/97 10/6/01 

10/6/02 

17:0100 16.04 8.82 

8.82 

20.0 

18.9 

0.0747 

0.0747 

0.0975 

0 0939 

0 0176 

0.0140 

881 2 

742.0 

811.0 08.4 0 699 

1/25/97 10/7/01 

10/7/02 

19:04:00 18.17 8.75 

8.75 

20.0 

19.3 

0.0744 

0.0749 

0.0955 

0.0937 

0 0159 

0.0136 

797.2 

703.2 

751.2 65.1 6.622 



1/29/97 10/8/01 

10/8/02 

10/8/03 

10/8/04 

23:03:30 22.15 8 03 

8.63 

8.63 

8.63 

20.0 

19.5 

15.0 

15.0 

0.0740 

0.075 

0.081 

0.0806 

0.1 

0.0996 

0.1032 

0.1022 

0 0202 

0 0194 

0.0166 

0.0160 

1011.5 

995.0 

1105.8 

1067.6 

1045 0 51.1 

35 0 

0 952 

1/31/97 10/9/01 

10/9/02 

25:21:00 24.88 8.68 

865 

20.0 

20.0 

0.0809 

0.0822 

0.1072 

0.1109 

0.0207 

0.0230 

1034.7 

11.50.2 

1092.4 81.7 6 9% 

2/2/97 10/10/01 

10/10/02 

27:23:00 26.96 8.64 

8 64 

20.0 

19.5 

0.0808 

0 0803 

0 1108 

0.1115 

0.0244 

0.0250 

1220.0 

1118.0 

1269 0 00 3 7.116 

Tubular photobioreactor Medium Addition 

2ultivation time Addition Volume (ml) 

days 4x GP2 Nutrient 2x GP2 NaHCO3 GP2 dd1120 

4.875 1.6 0.8 77.6 

11.791 1.6 0.8 77.6 

13.646 2.4 1.2 116.4 

17.646 2.4 1.2 116.4 

27.146 

0 

0 

0 

200 

Description 

Initial time 

Final time 

Number of observations 

Regression coefficient 

Specific growth rate 

Regression analysis 

Variable 

t, 

t, 

n 

n 

+/-1.t (Is) 

In X 

Value Units 

4.88 day 

26.96 day 

9 

0.8898 

0.0595 day-1 

0.0079 day.I 

5.615 



Culture PreparationRun Identification 

accharina gainetophytesCulture:11Run #: 
Ds D-32-1,2,4,5,6.7.8,9,11,16,I7 tI/7/ 7)tubular photobioreactor Inoculum:Bioreactor description: 

(lays1:00 PM Age of inoculum:Time started: 
1100 niLFlask volume2/10/97Date started: 

nilResuspended VOID/11C:3/ 10/97Date shut down: 
60 illn nylon muesli 

179 ml GP2 medium 
Inoculum filtration: 

Inoculum volume: 
300 ml GP2 mediumInoculum washing: 

Blending time: 5 see 

(Mild on Ostcrizer blender 

niL 
Blending speed: 

GP2 medium volume: 2400
 

Total (mimic volume: 2576 ml.
 

GP2 Nutrient concentration:
 4x 

2xGP2 Nal1C0i, concentration: 

Tubular Section Process ParametersAeration Tank Process Parameters 
Peristaltic pump setting: 4650 niL
 

4 x 1/16 inch (1.6 nun) holes Culture recirculation ilowrate:
 
Initial culture volume: 

105 ml/min
Air sparger design: 

2\20 W cool-white fluorescent lamps 11'20centered under impeller Illuminator lamps:Air sparger location: 
center ofcoil2.25 SCFH Lamp placement:Air flow setting: 
it) cm from lamp to tubing wallnot listed 

Limp tinier program: 
Air flowmeter 

16 hr ON / 8 hr OFF1116Air flowrate: 
17 pElin2 see

1.72 vvm (initial) Incident illumination intensity: 

2.1 NCH- Ifloating magnetic stir bar Airlift injector flowrate setting:Impeller design: 
Airlift injector flow meter Sit's': not fisted 

Impeller length: 5 cm 
2000 ml Jinn)cm Airlift injector flowrate0.9Impeller diameter: 

Airlift injector timer program: 90 sec OPEN / 90 min CLOSLI)1.5 cm above vessel bottom Impeller position: 
Masterflex 96410-18 5/S inch 0.D., 3/8 inch 1 D

3 Tubing type:Impeller speed setting:
 
255 rpm Tubing length: 39 In
 

Impeller speed: 

67 cm/sec Tubing material silicone
Impeller tip speed: 

I 



Temperature Profile 

Incubator setpoint: 

Aeration tank: 

Tubular section 

top: 

bottom: 

12 

14 

12 

13 

'C 

Sample ED. 

Date Run #

Sample #

Trial # 

Day:Hr:Min Cultivation 

Time 

(day) 

Culture Growth 

pH Sample 

Volume 

( inl_.) 

Wt. Dried 

FP 

( g ) 

Wt. Dried 

FP 1- Cells 

Wt. Cells 

i g i 

Dry Cell 

Density, X 

mg DCW/1.1(ng 

Average 

X 

DCW/L) 

X +1- I s 

( nig DCW/1.1 

I In X 

2/10/97 

2/14/97 

2/18/97 

2/22/97 

2/27/97 

3/2/97 

3/7/97 

3/10/97 

11/1/01 

11/1/02 

11/2/01 

11/2/02 

11/3/01 

11/3/02 

11/4/01 

11/4/02 

11/5/01 

11/5/02 

11/6/01 

11/6/02 

11/7/01 

11/7/02 

11/8/01 

11/8/02 

0:13:00 

423:00 

8:17:45 

12:22:30 

17:05:30 

20:20:30 

25:02:30 

28:14:30 

0.00 

4.42 

8.06 

12.40 

16.69 

20.31 

24.56 

28.06 

8.48 

n/a 

8.53 

8.79 

8.88 

8.68 

8 39 

8.30 

20.0 

19 i 

20.0 

20.0 

20.0 

20 0 

20.0 

20.0 

20.0 

20.9 

20.0 

20.3 

15.0 

15.0 

20.0 

20.0 

0.0804 

0.0799 

010817 

((.0809 

0.0821 

0.0823 

0.0791 

0.0825 

0.0823 

0.0790 

0.0825 

0.0816 

0.0820 

0.0819 

0.0782 

0.0800 

0.0906 

0.0898 

0.0913 

0.0916 

0.0931 

0.0932 

0.0932 

0.0949 

0.1040 

0.1003 

0.1089 

0.1076 

0.1020 

0.1010 

0.0969 

0.0997 

0.0046 

0.0044 

0.0049 

0.0051 

0.0053 

0.0052 

0_0086 

0.0067 

0.0160 

0.0158 

0.0207 

0.0203 

0.0143 

0.0134 

0.0133 

0.0142 

2 11.4 

220.0 

246.9 

254 7 

265.5 

259.8 

-(309 

334.1 

799.8 

757 2 

1034.1 

1002.2 

954.5 

895.0 

664.0 

707.8 

230.2 

250 8 

262.7 

382.5 

778 5 

1018.2 

924.7 

685.9 

1.7 

5 

4.0 

68.4 

102 

22.6 

42 I 

30.9 

i. . 

5t,9 

5 583 

61)1,6 

6 081 

u911 

6 861 

6 498 

Regression analysis 



Description Variable Value Units 

Initial time t, 8.06 day 

Final time t, 20.31 day 

Number of observations n 

Regression coefficient 0.9873 

Specific growth rate /-1 
0.1149 day"' 

+/-11(1s) 0 0092 dayl 

In X 4.667 



Run Identification Culture Preparation 

Run #: 12 Culture: L. sari haritut gametophytes 

Bioreactor description: 

Time started: 

tubular photobtoreactor 

10:00 PM 

lnoculum: 

Age of inoculum: 

Ds-1)-33-1.4,6,8,10 (2/I8197) 

38 days 

Date started: 3/28/97 Flask volume 500 iriL 

Date shut down: 5/5/97 Resuspended volume: nil 

lnoculum filtration: 60 in nylon mesh 

lnoculum volume: 179 ml GP2 medium 

Inoculum washing: 300 nil 0P2 medium 

Blending time: 8 sec 

Blending speed: Grind on ()sterner blender 

GP2 medium volume: 2400 rid. 

Total culture volume: 2575 Ind, 

GP2 Nutrient concentration: 4x 

GP2 NaHCO, concentration: 2x 

Aeration Tank Process Parameters Tubular Section Process Parameters 

Initial culture volume: 750 niL Peristaltic pump setting: 4 

Air sparger design: 

Air sparger location: 

Air flow setting: 

Air flowmeter S/N: 

Air flowrate: 

4 x 1/16 inch (1.6 nun) holes 

centered under impeller 

2 1 SCFH 

not listed 

1042 ml /min 

Culture recirculation flowrate: 

Illuminator lamps: 

Lamp placement: 

lAllip timer program: 

105 ml /min 

2:x10 W cool-white fluorescent lamp, 

center of coil 

10 cm from lamp to tubing Wall 

21.5 hours ON:2.5 limns OFF 

F2(T1 2C 1k ) 

1.39 vvm (initial) Incident illumination intensity: 17 jtE/m2-sec 

Impeller design: 

Impeller length: 

Impeller diameter: 

Impeller position: 

Impeller speed setting: 

non-floating magnetic stir bar 

5 cm 

0.9 cm 

on vessel bottom 

3 

Airlift injector flowrate setting: 

Airlift injector flowmeter S/N: 

Airlift injector flowrate 

Airlift injector timer program: 

Tubing type: 

2.1 SCF41 

not listed 

2000 inL/Inin 

90 sec OPEN / 90 min CLOSED 

Masterflex 96411)-18 5/8 inch 0.1) 3/8 inch ID. silici 

Impeller speed: 255 rpm Tubing length: Masterflex 9( m 

Impeller tip speed: 67 cm/sec Tubing material silicone 



Temperature Profile 

Incubator setpoint: 12 "C 

Aeration tank: 14 "C 

"Cubular section 

top: 12 "C 

bottom: 13 

Culture Grog 111Sample I.D. 
Average X +/- Is In XWt. Dried Wt. Dried Wt. Cells Dry Cell

Date Run It- Day:lir:Min Cultivation pH	 Sample
 

Volume FP FP + Cells
 Density, X X (no IX1W/4)
Sample #- Time 

(g) i mg I WW/1.' (mg DCW/L)(mL)Trial # (day)	 (g) 

3/29/97 12/1/01 

12/1 /02 

1:00:45 0_12 20.0 

20 0 

0.0832 

0 0833 

0.0945 

0.0930 

0.0055 

0.0039 

276.7 

196 4 

236.5 56.8 5 466 

3/31/97 12/2/01 3:19:30 2.90 8.21 

4/3/97 

4/7/97 

4/12/97 

4/17/97 

4/22/97 

4/26/97 

12/2/02 

12/3/01 

12/3/02 

12/4/01 

12/4/02 

12/5/01 

12/5/02 

12/6/01 

12/6/02 

12/7/01 

12/7/02 

12/8/01 

6:12:45 

10:13:15 

15:20:00 

20:23:45 

25:19:00 

29:16:30 

3.62 

9.64 

14.92 

20.07 

24.88 

28.69 

8.50 

8.53 

8.63 

8.78 

8.76 

8.69 

20.0 

20.8 

19.3 

20.0 

20.0 

18.0 

20.0 

20.0 

20.0 

20.4 

20.0 

0.0835 

0.0838 

0.0832 

0.0836 

0.1991 

0.1947 

0.0780 

0.0832 

0.0834 

0.2015 

0.1998 

0.0939 

0.0948 

0.0895 

0.0924 

0.2136 

0.2073 

0.0950 

0.1003 

0.1024 

0.2191 

0.2262 

0.0046 

0.0052 

reject 

0.0030 

0.0089 

0.0071 

0.0116 

0.0113 

0.0132 

0.0119 

0.0208 

230.7 

249.6 

reject 

150.3 

444.3 

395.0 

579.7 

566.7 

661.0 

585.6 

1038.3 

240.2 

150.3 

419.6 

373.2 

623.3 

1081.7 

13 4 

reject 

34.9 

9.2 

533 

61.4 

5.481 

5.013 

6039 

6. 351 

6.415 

6.986 

4/30/97 

12/8/02 

12/9/01 

12/9/02 

33:16:00 32.67 8.60 

14.4 

20.0 

20.0 

0.1934 

0.1993 

0.1942 

0.2150 

0.2257 

0.2202 

0.0161 

0.0208 

0.0205 

1125.2 

1039.0 

10262 

1032.6 9.1 6.940 



5/5/97 12/10/01 

12/10/02 

38:14:30 37.60 8.65 20.0 

21.3 

0.1924 

0.2025 

0.2173 

0 2291 

0.0195 

0.0209 

973.7 

980.7 

977.2 5.0 6.885 

Regression analysis 

Description Variable Value Units 

Initial time t 9.64 day 

Final time t, 28.69 day 

Number of observations n 

Regression coefficient r2 0.8988 

Specific growth rate 1 0.0908 day' 

+/ p (1s) 0.0176 dayl 

In X 4.382 



Run Identification 

Run #:
 

Bioreactor description:
 

Time started:
 

Date started:
 

Date shut down: 

Aeration Tank Process Parameters 

Initial culture volume:
 

Air sparger design:
 

Air sparger location:
 

Air flow setting:
 

Air flowmeter S/N:
 

Air flowrate:
 

Impeller design:
 

Impeller length:
 

Impeller diameter:
 

Impeller position:
 

Impeller speed setting:
 

Impeller speed:
 

Impeller tip speed:
 

13 

tubular photohioreactor 

2:00 AM 

6/4/97 

7/27/97 

950 inL 

4 x 1/16 inch (I .6 tom) holes 

centered under impeller 

2.4 SCEH 

not listed 

1191 ml/min 

1.25 vvm (initial) 

non-floating magnetic stir bar 

5 cm 

0.9 cm 

on vessel bottom 

2.5 

208 rpm
 

54 cm/sec
 

Culture Preparation 

Culture:
 

Inoculum
 

Age of inoculum:
 

Flask volume
 

Resuspended volume:
 

Inoculum filtration:
 

Inoculum volume
 

Inoculum washing:
 

Blending time:
 

Blending speed:
 

GP2 medium volume:
 

Total culture volume:
 

GP2 Nutrient concentration:
 

GP2 NaHCO3 concentration: 

Tubular Section Process Parameters 

Peristaltic pump setting:
 

Culture recirculation tlowrate:
 

Illuminator lamps:
 

Lamp placement:
 

Lamp timer program:
 

Incident illumination intensity:
 

Airlift injector flowrate setting:
 

Airlift injector flowmeter S/N:
 

Airlift injector flowrate
 

Airlift injector timer program:
 

Tubing type:
 

Tubing length:
 

Tubing material
 

L. saccharine, gametophytes 

Ls-35-1,3,5,8,9 (4/25/97) 

40 days 

500 ml., 

in) 

61) fun nylon mesh 

207 nil GP2 medium 

300 ml 0P2 medium 

7 sec 

Grind on Osterizer blender 

2613 inl, 

2850 rnf, 

4x 

2x 

4 

105 ml/min 

2x20 W cool-white fluorescent lamps (1'20-112CW ) 

center of coil 

10 cm from lamp to tubing wall 

21.5 hours ON:2.5 hours OFF
 

3) jtE/m2-see
 

2.1 S(711-1
 

not listed
 

2000 mL/min
 

90 sec OPEN / 90 min CLOSED
 

Masted-lex 96410-18 5/8 inch 0.1) 3/8 inch 1.1)
 

Masterflex 9( m
 

silicone
 



Temperature Profile 

Incubator setpoint: 12 "C 

Aeration tank: 14 

Tubular section 

top: 12 "C 

bottom: 13 "C 

Culture GrowthSample 1.1). 
X +/- 1, In X 

Date Run 4- DaylirM in Cultivation pH Sample Wt. Dried Wt. Dried Wt. Cells Dry Cell Average 

Time Volume F1' FP + Cells Demity, X X iing D('W:1.)
Sample 4

(nil.) (g) (g) 1 mg DCW/1. (114; DCW/L4
Trial 4 (day) 

6/4/97 

6/8/97 

6/11/97 

13/1/01 

13/1/02 

13/2/01 

13/2/02 

13/3/01 

0:03:00 

4:17:00 

7:22:00 

0.04 

4.63 

7.83 

8.55 

8.56 

8.73 

20.0 

18.0 

20.0 

20.0 

20.0 

0.0792 

0.0792 

0.0787 

0.0793 

0.0792 

0.0875 

0.0872 

0.0892 

0.0891 

0.0893 

00028 

0.0025 

0.0050 

0.0043 

0.0046 

140.6 

139 5 

152.3 

2152 

230.6 

140.0 

233.8 

209.5 

0.7 

26.2 

29.8 

4 '4.'_ 

5 (54 

5 15 

6/15/97 

13/3/02 

13/4/01 11:23:00 11.88 8.90 

20.0 

20.0 

0.0798 

0.0797 

0.0891 

0.0957 

0.0038 

0.0105 

188.5 

523.8 532.4 12.1 0 /77 

13/4/02 20.0 0.0791 0.0954 0.0108 540.9 

6/19/97 13/5/01 15:01:30 14.98 8.92 20.0 0.0793 ((0949 0.0101 505.2 494.9 14.6 t 2.01 

6/24/97 

13/5/02 

13/6/01 20:21:00 20.79 8.83 

20.0 

20.0 

0.0795 

0.0810 

0 0947 

0.1058 

0.0097 

0.0192 

484.5 

959.3 926.7 46 2 6 8 i 2 

6/28/97 

13/6/02 

13/7/01 24:21:30 24.81 8.73 

20.0 

20.0 

0.0811 

0.0911 

0.1046 

0.1182 

0 0179 

0.0208 

894 0 

1039.3 1007.1 45.6 0 915 

13/7/02 19.5 0.0922 0.1176 0.0190 974.9 

7/2/97 

7/7/97 

13/8/01 

13/8/02 

13/9/01 

1 
28:14:00 

33:22:30 

28.50 

33,85 

8.62 

8.60 

20.0 

19.0 

20.0 

0.0810 

0.0811 

0.1984 

0.1123 

0.1129 

0.2355 

0.0257 

0.0262 

0 0315 

1284.3 

1377.9 

1575.3 

1331.1 

1536.2 

66.1 

55.2 

7 I00 -1 

7 (37 

7/14/97 

13/9/02 

13/10/01 40:17:30 40.65 8.35 

18.7 

20.0 

0.2013 

0.0816 

0.2349 

0.1143 

0.0279 

0.0270 

1497.2 

13.52.3 1253.5 139.6 7 134 



7/20/97 

7/27/97 

13/10/02 

13/11/01 

13/12/01 

13/12/02 

46:00:30 

53:21:00 

45.938 

53.792 

8.37 

8.52 

18.2 

32.0 

20.0 

20.0 

0.0820 

0.0818 

0.0849 

0.0823 

0.1087 

0.1279 

0 1182 

0.1212 

0.0210 

0.0404 

0 0274 

0.0332 

1154.8 

1263.5 

1370.8 

1059.8 

1263.5 

1515.3 

0.0 

204.4 

7.142 

7.323 

Regression analysis 

Description Variable Value Units 

Initial time I, 7.83 day 

Final time t, 33.85 day 

Number of observations n 7 

Regression coefficient r2 0.8961 

Specific growth rate 1 0.0701 dayi 

+/ p (Is) 0.0107 day' 

In X 5.158 



Run Identification 

Run U:
 

Bioreactor description:
 

Time started:
 

Date started:
 

Date shut down:
 

Aeration Tank Process Parameters 

Initial culture volume: 

Air sparger design: 

Air sparger location: 

Air flow setting: 

Air flowmeter S/N: 

Air flowrate: 

Impeller design: 

Impeller length: 

Impeller diameter: 

Impeller position: 

Impeller speed setting: 

Impeller speed: 

Impeller tip speed: 

14 

tubular photobioreactor 

2:00 AM 

10/7/97 

11/5/97 

950 inL 

4 x 1/16 inch (1.6 min) holes 

centered under impeller 

2 SCR! 

not listed 

992 nil /min 

1.04 vvin (initial) 

non-floating magnetic stir bar 

5 cm 

0.9 cm 

on vessel bottom 

2.5 

208 rpm 

54 cm/sec 

Culture Preparation 

Culture:
 

Inoculum:
 

Age of inoculum:
 

Flask volume
 

Resuspended volume:
 

Inoculum filtration:
 

Inoculum volume
 

lnoculum washing:
 

Blending time:
 

Blending speed:
 

0P2 medium volume:
 

Total culture volume:
 

GP2 Nutrient concentration:
 

GP2 NaHCO4 concentration:
 

Tubular Section Process Parameters
 

Peristaltic pump setting:
 

Culture recirculation flowrate:
 

Illuminator lamps:
 

Lamp placement:
 

Lamp timer program:
 

Incident illumination intensity:
 

Airlift injector flowrate setting:
 

Airlift injector flowmeter S/N:
 

Airlift injector flowrate
 

Airlift injector tinier program:
 

Tubing type:
 

Tubing length:
 

Tubing material
 

L. soccharina gametophytes 

Ds- D-38-1,3,4,8,9,I0 (8/12/97) 

56 days 

600 inl. 

ml 

60 pm nylon mesh 

not listed nil GP2 medium 

300 nil GP2 medium 

7 sec 

Grind on Osterizer blender 

not listed mL 

2850 mt. 

4x 

2x 

4 

m Umin 

2x)2SSO W cool-white fluorescent lamps (F20T12(W) 

center of coil 

10 CI n from lamp to tubing will 

21.5 hours ON:2 5 hours OFF 

31 pE/m2-sec 

2.1 SCFH 

not listed 

mL/min 

OPEN / 90 min CLOSED 

Masterliex 96410-18 5/8 inch 0.0., 3/8 inch 1.D. 

2-.)1())(s1),c 

39 in 

silicone 



Temperature Profile 

Incubator setpomt: 

Aeration tank: 

12 

"C 

Tubular section 

top: 12 

bottom: 13 

Sample I.D. 

Date Run #

Sample #

Trial # 

Day:lir:Min Cultivation 

Time 

(day) 

Culture Gross al 

pH Sample 

Volume 

(m1,) 

Wt. Dried 

FP 

(g) 

Wt. Dried 

FP + Cells 

Wt. Cells 

(g) 

Dry Cell 

Density, X 

( rug DCW/L) 

Average 

X 

Ong DCW /L) 

X +/- 1 s 

( mg DCW/1.) 

I In X 

10/7/97 

10/11/97 

10/16/97 

10/20/97 

10/24/97 

10/30/97 

11/4/97 

14/1/01 

14/1/02 

14/2/01 

14/2/02 

14/3/01 

14/3/02 

14/4/01 

14/4/02 

14/5/01 

14/5/02 

14/6/01 

14/6/02 

14/7/01 

14/7/02 

0:03:00 

4:19:30 

9:02:00 

13:16:30 

17:19:30 

23:12:30 

28:17:30 

0.04 

4.73 

9.00 

13.60 

17.73 

23.44 

28.65 

8.31 

8.26 

8.42 

8.61 

8.45 

8.34 

8.31 

20.0 

19.7 

20.0 

21.3 

20.0 

21.4 

20.0 

19.5 

20.0 

20.5 

20.0 

20.0 

20.0 

20 0 

0.0817 

0.0826 

0.0844 

0.0838 

0.0930 

0.0894 

0.0839 

0.0890 

0.0744 

0.0841 

0.0745 

0.0839 

0.0736 

0.0741 

0.0903 

0.0912 

0.0933 

0.0924 

0.1047 

0.1019 

0.0966 

0.1016 

0.0908 

0.1006 

0.0930 

0.1027 

0.0950 

0.0948 

0.0029 

0.0029 

0.0031 

0.0028 

0.0053 

0.0063 

0.0069 

0.0064 

0.0112 

0.0107 

0.0133 

0.0130 

0.0163 

0.0156 

146.9 

146.0 

152.6 

131.1 

262.8 

294.6 

344.3 

329.9 

562.2 

520.6 

666.9 

649.3 

815.0 

778.2 

146.4 

141.8 

278.7 

337.1 

541.4 

658.1 

796.6 

0.7 

15.2 

22.5 

10.2 

29.4 

12.4 

26 0 

4.987 

4.955 

5 t. i() 

5.820 

6.294 

0.489 

6 680 



Regression anal)/ is 

Description Variable Value Units 

Initial time 9 day 

Final time tt 28.65 day 

Number of observations n 5 

Regression coefficient r2 0.9526 

Specific growth rate 11 0.0558 day-' 

+1 s (Is) 0.0072 day-1 

In X 5.152 



Run Identification Culture Preparation 

Run #: 15 Culture: L. saccharina gametophytes 
Bioreactor description: tubular photobioreactor Inoculum: Ds-D-36-1,2,9,I1 (5/27/97) 
Time started: 1:30 PM Age of inoculum: 178 days 
Date started: 11/21/97 Flask volume 400 mL 
Date shut down: 1/20/98 Resuspended volume: ml 

Inoculum filtration: 60 ttm nylon mesh 

Inoculum volume 178 ml GP2 medium 

Inoculum washing: 300 ml GP2 medium 

Blending time: 6 sec 

Blending speed: Grind on Osterizer blender 

GP2 medium volume: 2727 mL 

Total culture volume: 2905 mL 

GP2 Nutrient concentration: 4x 

GP2 NaHCO3 concentration: 2x 

Aeration Tank Process Parameters Tubular Section Process Parameters 
Initial culture volume: 950 mL Peristaltic pump setting: 4 

Air sparger design: 4 x 1/16 inch (1.6 mm) holes Culture recirculation flowrate: 105 mUmin 

Air sparger location: centered under impeller Illuminator lamps: 2x20 W cool-white fluorescent lamps (F2OTI2CW) 
Air flow setting: 1.9 SCFH Lamp placement: center of coil 
Air flowmeter S/N: not listed 10 cm from lamp to tubing wall 
Air flowrate: 942 mUmin Lamp timer program: 21.5 hours ON:2.5 hours OFF 

0.99 vvm (initial) Incident illumination intensity: 26 µE /m2 -sec 

Impeller design: non-floating magnetic stir bar Airlift injector flowrate setting: 2.1 SCFH 
Impeller length: 5 cm Airlift injector flowmeter S/N: not listed 
Impeller diameter: 0.9 cm Airlift injector flowrate 2000 mlJmin 
Impeller position: on vessel bottom Airlift injector timer program: 90 sec OPEN / 90 min CLOSED 
Impeller speed setting: 2.5 Tubing type: Masterflex 96410-18 5/8 inch 0.D., 3/8 inch I.D. 
Impeller speed: 208 rpm Tubing length: 39 m 

Impeller tip speed: 54 cm/sec Tubing material silicone 



Temperature Profile 

Incubator setpoint: 

Aeration tank: 

Tubular section 

12 

14 

"C 

"C 

top: 12 "C 

bottom: 13 "C 

Sample I.D. Culture Growth 

Date Run #- Day:Hr:Min Cultivation pH Sample Wt. Dried Wt. Dried Wt. Cells Dry Cell Average I X +/- Is I In X 

Sample # Time Volume FP FP + Cells Density, X X (mg DCW/L) 
Trial # (day) (mL) (g) (g) (mg DCW/L) (mg DCW/L) 

11/21/97 15/1/01 0:16:30 0.13 8.33 20.0 0.0823 0.0915 0.0035 174.8 149.1 36.3 5.005 
15/1/02 20.0 0.0827 0.0909 0.0025 123.4 

11/25/97 15/2/01 4:19:30 4.25 8.31 20.0 0.0820 0.0914 0.0037 185.9 183.2 3.8 5.211 
15/2/02 20.0 0.0821 0.0914 0.0036 180.5 

11/30/97 15/3/01 9:20:00 9.27 8.45 20.0 0.0821 0.0923 0.0045 225.5 224.2 1.8 5.413 
15/3/02 19.8 0.0822 0.0923 0.0044 223.0 

12/5/97 15/4/01 14:15:30 14.08 8.62 10.0 0.0839 0.0960 0.0063 314.3 294.5 28.0 5.685 

15/4/02 21.3 0.0846 0.0963 0.0058 274.7 
12/10/97 15/5/01 19:17:30 19.17 8.85 20.0 0.0842 0.1004 0.0104 518.2 503.0 21.6 6.221 

15/5/02 20.0 0.0829 0.0984 0.0098 487.8 

12/15/97 15/6/01 24:17:30 24.17 9.03 20.0 0.0827 0.1023 0.0139 693.4 677.8 22.2 6.519 
15/6/02 20.0 0.0831 0.1021 0.0132 662.1 

12/21/97 15/7/01 30:15:30 30.08 8.75 15.0 0.0850 0.1080 0.0171 1140.6 1110.5 42.6 7.013 
15/7/02 15.0 0.0735 0.0948 0.0162 1080.4 

12/26/97 15/8/01 35:14:00 35.02 20.0 0.0845 0.1114 0.0210 1052.2 1139.5 123.5 7.038 

15/8/02 24.8 0.0862 0.1226 0.0304 1226.9 

12/31/97 15/9/01 40:12:30 39.96 8.64 15.0 0.0850 0.1314 0.0405 2700.6 2625.9 105.7 7.873 

15/9/02 15.0 0.0856 0.1298 0.0383 2551.2 

1/6/98 15/10/01 46:12:00 45.94 8.71 15.0 0.0850 0.1214 0.0305 2034.0 2018.2 22.3 7.610 



15/10/02 15.0 0.0846 0.1205 0.0300 2002.5 

1/11/98 15/11/01 51:14:00 51.02 8.53 15.0 0.0849 0.1257 0.0349 2327.8 2303.7 34.0 7.742 

15/11/02 15.0 0.0852 0.1253 0.0342 2279.7 

1/15/98 15/12/01 55:21:00 55.31 8.10 15.0 0.0849 0.1290 0.0382 2547.8 2341.1 292.3 7.758 

15/12/02 15.0 0.0849 0.1228 0.0320 2134.4 

1/19/98 15/13/01 59:22:00 59.35 8.19 15.0 0.0812 0.1186 0.0318 2118.2 2I81.5 89.6 7.688 

15/13/02 15.0 0.0812 0.1205 0.0337 2244.9 

Regression analy is 

Description Variable Value Units 

Initial time 9.27 day 

Final time tr 51.02 day 

Number of observations n 8 

Regression coefficient r2 0.9652 

Specific growth rate .t 0.0563 day"' 

+/- p. (Is) 0.0044 day"' 

In X'0 5.045 



Run Identification Culture Preparation 

Run #: 17 Culture: L. saccharina gametophytes 

Bioreactor description: tubular photobioreactor Inoculum: Ls-41-2,8,9,10 (12/21/97) 

Time started: 4:00 PM Age of inoculum: 58 days 

Date started: 2/17/98 Flask volume 400 mL 

Date shut down: 4/27/98 Resuspended volume: ml 

Inoculum filtration: 60 pm nylon mesh 

Inoculum volume 150 ml GP2 medium 

Inoculum washing: 300 ml GP2 medium 

Blending time: 6 sec 

Blending speed: Grind on Osterizer blender 

GP2 medium volume: 2850 mL 

Total culture volume: 3000 mL 

GP2 Nutrient concentration: 4x 

GP2 NaHCO3 concentration: 2x 

Aeration Tank Process Parameters Tubular Section Process Parameters 

Initial culture volume: 1100 mL Peristaltic pump setting: 4 

Air sparger design: 4 x 1/16 inch (1.6 mm) holes Culture recirculation flowrate: 105 ml/min 

Air sparger location: centered under impeller Illuminator lamps: 2x20 W cool-white fluorescent lamps (F2OT I2CW) 

Air flow setting: 1.9 SCFH Lamp placement: center of coil 

Air flowmeter S/N: not listed 10 cm from lamp to tubing wall 

Air flowrate: 943 mUmin Lamp timer program: 21.5 hours ON:2.5 hours OFF 

0.86 vvm (initial) Incident illumination intensity: 26.1 pE/m2-sec 

Impeller design: non-floating magnetic stir bar Airlift injector flowrate setting: 2.1 (initial) SCFH 

Impeller length: 5 cm Airlift injector flowmeter S/N: not listed 

Impeller diameter: 0.9 cm Airlift injector flowrate 2000 mUmin 

Impeller position: on vessel bottom Airlift injector timer program: 90 sec OPEN / 90 min CLOSED 

Impeller speed setting: 2.5 Tubing type: Masterflex 96410-18 5/8 inch 0.D., 3/8 inch I.D. 

Impeller speed: 208 rpm Tubing length: 39 

Impeller tip speed: 54 cm/sec Tubing material silicone 



Temperature Profile 

Incubator setpoint: 12 "C 

Aeration tank: 14 "C 

Tubular section 

top: 12 "C 

bottom: 13 

Sample I.D. Culture Growth 

Date Run #- Day:Hr:Min Cultivation pH Sample Wt. Dried Wt. Dried Wt. Cells Dry Cell Average X +/ I s I In X 

Sample # Time Volume FP FP + Cells Density, X X (mg DCW/L) 

Trial # (day) (mL) (g) (g) (mg DCW/L) (mg DCW/L) 

2/18/98 17/01/01 1:22:00 1.25 8.75 20.0 0.0797 0.0887 0.0035 173.8 154.9 26.8 5.043 
17/01/02 20.0 0.0791 0.0873 0.0027 135.9 

2/23/98 17/02/01 6:12:00 5.83 8.56 20.0 0.0836 0.0922 0.0028 140.3 144.6 6.1 4.974 
17/02/02 19.8 0.0830 0.0917 0.0029 148.9 

2/28/98 17/03/01 11:14:30 10.94 8.86 20.0 0.0794 0.0901 0.0052 259.9 262.9 4.3 5.572 
17/03/02 23.6 0.0797 0.0915 0.0063 266.0 

3/5/98 17/04/01 16:19:00 16.13 8.88 20.0 0.0809 0.0973 0.0108 539.7 548.7 12.8 6.308 
17/04/02 19.9 0.0808 0.0975 0.0111 557.8 

3/10/98 17/05/01 21:20:00 21.17 8.93 20.0 0.0809 0.0967 0.0102 509.7 501.3 11.9 6.217 
17/05/02 20.9 0.0808 0.0967 0.0103 492.8 

3/16/98 17/06/01 27:01:30 26.40 8.91 20.0 0.0808 0.1046 0.0182 910.0 864.2 64.8 6.762 
17/06/02 20.3 0.0806 0.1028 0.0166 818.4 

3/21/98 17/07/01 32:17:30 32.06 8.76 20.0 0.0808 0.1157 0.0293 1465.0 1394.2 100.2 7.240 
17/07/02 20.0 0.0755 0.1072 0.0265 1323.4 

3/25/98 17/08/01 36:23:00 36.29 8.78 20.0 0.0750 0.1096 0.0294 1470.1 1629.3 225.0 7.396 

17/08/02 20.0 0.0755 0.1165 0.0358 1788.4 

4/2/98 17/09/01 44:15:30 43.98 8.62 15.0 0.0741 0.1075 0.0283 1884.3 1845.4 55.0 7.520 

17/09/02 20.0 0.0746 0.1159 0.0361 1806.5 

4/7/98 17/10/01 49:15:00 48.96 8.51 20.0 0.0743 0.1212 0.0418 2087.6 2017.4 99.2 7.610 



17/10/02 20.0 0.0744 0.1185 0.0389 1947.2 

4/14/98 17/11/01 56:15:00 55.96 8.34 20.0 0.0745 0.1234 0.0437 2186.9 2152.9 80.1 7.675 

17/11/02 21.4 0.0744 0.1249 0.0453 2118.9 

4/21/98 17/12/01 63:01:30 62.40 8.34 20.0 0.0744 0.1201 0.0405 2027.2 2111.9 119.7 7.655 

17/12/02 20.0 0.0746 0.1237 0.0439 2196.5 

4/27/98 17/13/01 69:12:00 68.83 8.216 20.0 0.0757 0.1218 0.0409 2042.7 2252.5 296.7 7.720 
17/13/02 16.2 0.0752 0.1203 0.0399 2462.3 

Regression analysis 

Description Variable Value Units 

Initial time 5.83 day 

Final time h 36.29 day 

Number of observations n 7 

Regression coefficient r2 0.9580 

Specific growth rate II 0.0770 day-' 

+1- ti (Is) 0.0072 day-' 

In X 4.7167 



Run Identification 

Planar Photobioreactor Run # 

Bioreactor description: Planar photobioreactor 

Time started: 2:00 A.M. 

Date started: 10/7/97 

Date shut down: 1/11/98 

Planar Photobioreactor Process Parameters 

Initial culture volume:
 

Air sparger design:
 

Air sparger location:
 

Air flow setting:
 

Air flowmeter S/N:
 

Air flowrate:
 

Illuminator position: 

Illuminator design:
 

Lamp timer program:
 

Incident illumination intensity:
 

Front side: 

Back side: 

3000 mL 

Spot Brand aquarium sparger 

2 cm from vessel walls 

28 

136695 

999 mUmin 

0.33 vvtn (initial) 

on incubator door 

30 cm from front of planar reactor 

4x34 W cool-white fluorescent lamps (F34OCW) 

16 hours ON:8 hours OFF 

26 gE/m2-sec 

20 pE/m2-sec 

Temperature Profile 

Incubator setpoint: 

Vessel temperature 

Culture Prepartion 

Culture: 

Inoculum: 

Age of inoculum: 

Flask volume: 

Inoculum preparation: 

Inoculum filtering: 

Inoculum volume 

Blending time: 

Blending speed: 

GP2 medium volume: 

Total culture volume: 

GP2 nutrient concentration: 

GP2 NaHCO3 concentration: 

12 

13 

L. saccharina gametophytes 

Ds-D-38-1,3,4,8,9,10 (8/12/97) 

56 days 

600 mL 

Cells washed with GP2 medium 

60 gm mesh 

150 ml 

7 sec 

Grind 

2850 mL 

3000 mL 

4x 

2x 

Planar Photobioreactor Construction Details 

Light attenuation coefficient of Plexiglas shet 0.026 

Thickness of Plexiglas sheet 0.238 

Light attenuation coefficient of empty planar 0.046 

Inner diameter of planar vessel 5.08 



Sample 1.D Culture Growth 

Date Run #- Day:Hr:Min Cultivation pH Sample Wt. Dried Wt. Dried Wt. Cells Dry Cell Average Average In X 

Sample # Time Volume FP FP + Cells Density, X X X +/- is 

Trial # (day) (mL) (g) (g) (mg DCW/L) (mg DCW/L) (mg DCW/L) 

10/7/97 1/1/01 0:03:00 0.04 8.80 20.0 0.0786 0.0865 0.0025 122.7 87.8 49.3 4.47 

1/1/02 19.0 0.0894 0.0966 0.0010 52.9 

10/11/97 1/2/01 4:19:30 4.73 8.24 20.0 0.0838 0.0915 0.0019 94.6 111.8 24.3 4.72 

1/2/02 18.5 0.0839 0.0921 0.0024 129.0 

10/16/97 1/3/01 9:02:00 9.00 8.30 20.0 0.0930 0.1029 0.0035 172.8 171.4 2.0 5.14 

1/3/02 20.4 0.0885 0.0981 0.0035 169.9 

10/20/97 1/4/01 13:16:30 13.60 8.45 25.6 0.0928 0.1026 0.0034 131.6 174.6 60.8 5.16 

1/4/02 20.0 0.0887 0.0992 0.0044 217.7 

10/24/97 1/5/01 17:19:30 17.73 8.47 20.0 0.0837 0.0969 0.0074 370.0 332.6 52.9 5.81 

1/5/02 18.2 0.0740 0.0845 0.0054 295.2 

10/30/97 1/6/01 23:12:30 23.44 8.47 20.0 0.0841 0.1050 0.0151 753.6 586.2 236.8 6.37 

1/6/02 19.4 0.0747 0.0880 0.0081 418.7 

11/4/97 1/7/01 28:17:30 28.65 8.44 20.0 0.0735 0.0922 0.0136 680.3 641.3 55.2 6.46 

1/7/02 19.9 0.0738 0.0909 0.0120 602.3 

11/10/97 1/8/01 34:17:30 34.65 8.44 20.0 0.0878 0.1108 0.0169 845.8 756.2 126.7 6.63 

1/8/02 18.7 0.0842 0.1025 0.0125 666.6 

11/17/97 1/9/01 41:23:30 41.90 8.36 20.0 0.0841 0.1119 0.0220 1098.6 1039.9 83.1 6.95 

1/9/02 18.5 0.0743 0.0976 0.0182 981.1 

11/24/97 1/10/01 48:16:00 48.58 25.0 0.0818 0.1254 0.0379 1517.3 1292.9 317.2 7.16 

1/10/02 22.9 0.0820 0.1121 0.0244 1068.6 

11/30/97 1/11/01 54:20:00 54.75 8.34 20.0 0.0862 0.1293 0.0371 1856.3 1565.1 411.9 7.36 

1/11/02 21.9 0.0823 0.1159 0.0279 1273.8 

12/5/97 1/12/01 59:15:30 59.56 8.32 20.0 0.0843 0.1281 0.0380 1897.9 1718.1 254.3 7.45 

1/12/02 21.8 0.0843 0.1236 0.0335 1538.3 

12/10/97 1/13/01 64:17:30 64.65 8.40 20.0 0.0842 0.1173 0.0273 1363.2 1477.4 161.5 7.30 

1/13/02 18.4 0.0839 0.1190 0.0293 1591.6 

12/15/97 1/14/01 69:17:30 69.65 8.42 20.0 0.0828 0.1331 0.0446 2228.1 1962.3 375.9 7.58 

1/14/02 19.9 0.0826 0.1220 0.0337 1696.5 



12/21/97 1/15/01 75:15:30 75.56 8.32 20.0 

1/15/02 17.7 

12/26/97 1/16/01 80:14:00 80.50 20.0 

1/16/02 18.7 

12/31/97 1/17/01 85:12:30 85.44 8.41 20.0 

1/17/02 17.8 

1/6/98 1/18/01 91:12:00 91.42 8.44 20.0 

1/18/02 21.5 

Regression analy is 

Description Variable 

Initial time t 

Final time tf 

Number of observations n 

Regression coefficient r2 

Specific growth rate II 

+/- p. (Is) 

In X' 

0.0839 0.1666 0.0769 3844.3 3453.1 553.2 8.15 

0.0845 0.1444 0.0540 3062.0 

0.0844 0.1270 0.0368 1837.6 1947.4 155.4 7.57 

0.0841 0.1284 0.0385 2057.3 

0.0854 0.1300 0.0387 1934.1 1998.8 91.5 7.60 

0.0847 0.1273 0.0367 2063.5 

0.0853 2089.8 7.64 

0.0847 0.1355 0.0449 2089.8 

Value Units 

4.73 day 

69.65 day 

13 

0.9105 

0.0423 day.' 

0.0040 day -1 

4.9379 



Run Identification 

Planar Photobioreactor Run # 2 

Bioreactor description: Planar photobioreactor 

Time started: 7:30 AM 

Date started: 1/27/98 

Date shut down: 4/27/98 

Planar Photobioreactor Process Parameters 

Initial culture volume: 3000 mL 

Air sparger design: Spot Brand aquarium sparger 

Air sparger location: 2 cm from vessel walls 

Air flow setting: 28 

Air flowmeter S/N: 136695 

Air flowrate: 999 inUrnin 

0.33 vvm (initial) 

Illuminator position: on incubator door 

30 cm from front of planar reactor 

Illuminator design: 4x34 W cool-white fluorescent lamps (F34OCW) 

Lamp timer program: 16 hours ON:8 hours OFF 

Incident illumination intensity: 

Front side: 22.6 µE /m2 -sec 

Back side: 17.7 µE /m2 -sec 

Temperature Profile 

Incubator setpoint: 12 

13Vessel temperature 

Culture Prepartion 

Culture: L. saccharina gametophytes 

Inoculum: Ds-D-41-1,2,3,6,9 (12/21/97) 

Age of inoculum: 38 days 

Flask volume: 500 mL 

Inoculum preparation: Cells washed with GP2 medium 

Inoculum filtering: 60 gm mesh 

Inoculum volume 150 ml 

Blending time: 6 sec 

Blending speed: Grind 

GP2 medium volume: 2850 mL 

Total culture volume: 3000 mL 

GP2 nutrient concentration: 4x 

GP2 NaHCO3 concentration: 2x 

Planar Photobioreactor Construction Details 

Light attenuation coefficient of Plexiglas 0.026 

Thickness of Plexiglas sheet 0.238 

Light attenuation coeff. of empty planar 0.046 

Inner diameter of planar vessel 5.08 



Sample I.D. Culture Growth 

Date Run #- Day:Hr:Min Cultivation pH Sample Wt. Dried Wt. Dried Wt. Cells Dry Cell Average X +/- Is I In X 

Sample # Time Volume FP FP + Cells Density, X X (mg DCW/L) 

Trial # (day) (mL) (g) (g) (mg DCW/L; (mg DCW/L) 

1/27/98 2/1/01 0:21:30 0.58 8.53 20.0 0.0816 0.0893 0.0020 102.3 125.1 32.3 4.829 

2/1/02 18.7 0.0813 0.0897 0.0028 147.9 

2/1/98 2/2/01 5:16:30 5.38 8.56 20.0 0.0802 0.0884 0.0026 132.1 128.5 5.1 4.856 

2/2/02 20.0 0.0794 0.0874 0.0025 124.9 

2/4/98 2/3/01 8:14:00 8.27 8.61 20.0 0.0831 0.0922 0.0033 167.1 159.3 11.0 5.071 

2/3/02 19.6 0.0827 0.0914 0.0030 151.5 

2/9/98 2/4/01 13:17:30 13.42 8.64 20.0 0.0806 0.0911 0.0049 245.7 223.1 32.0 5.407 

2/4/02 18.5 0.0807 0.0900 0.0037 200.4 

2/15/98 2/5/01 19:00:00 18.69 8.62 20.0 0.0802 0.0954 0.0096 482.1 407.4 105.6 6.010 

2/5/02 20.0 0.0829 0.0953 0.0067 332.8 

2/18/98 2/6/01 22:15:00 22.31 8.63 20.0 0.0805 0.0998 0.0137 686.1 655.1 43.8 6.485 

2/6/02 24.3 0.0813 0.1021 0.0152 624.1 

2/23/98 2/7/01 27:12:00 27.19 8.67 20.0 0.0830 0.1040 0.0152 762.4 729.6 46.5 6.592 

2/7/02 20.0 0.0832 0.1029 0.0139 696.7 

2/28/98 2/8/01 32:14:30 32.29 8.83 20.0 0.0826 0.1047 0.0164 818.8 842.4 33.4 6.736 

2/8/02 17.6 0.0802 0.1010 0.0152 866.0 

3/5/98 2/9/01 37:19:00 37.48 8.82 20.0 0.0826 0.1220 0.0337 1683.8 1419.3 374.1 7.258 

2/9/02 19.9 0.0811 0.1097 0.0230 1154.8 

3/10/98 2/10/01 42:20:00 42.52 8.83 20.0 0.0816 0.1199 0.0326 1632.3 1828.6 277.7 7.511 

2/10/02 20.0 0.0808 0.1269 0.0405 2025.0 

3/16/98 2/11/01 48:16:30 48.38 8.58 20.0 0.0755 0.1085 0.0278 1388.4 1331.7 80.2 7.194 

2/12/02 27.9 0.0812 0.1224 0.0356 1275.0 

3/21/98 2/12/01 53:17:30 53.42 8.68 20.1 0.0803 0.1332 0.0473 2355.0 1866.7 463.1 7.532 

2/13/02 20.0 0.0804 0.1222 0.0362 1811.4 

2/13/03 15.9 0.0751 0.1031 0.0228 1433.7 

3/25/98 2/13/02 57:23:00 57.65 8.65 25.0 0.0801 0.1350 0.0493 1974.0 1816.0 223.5 7.504 

2/13/02 27.5 0.0809 0.1321 0.0456 1658.0 

4/2/98 2/14/01 65:15:30 65.33 8.58 26.0 0.0747 0.1403 0.0604 2324.0 2357.5 47.4 7.765 



2/14/02 27.2 0.0745 0.1447 0.0650 2391.1 

4/7/98 2/15/01 70:15:00 70.31 8.52 20.0 0.0750 0.1374 0.0572 2860.1 2543.3 448.0 7.841 

2/15/02 20.0 0.0746 0.1243 0.0445 2226.5 

4/14/98 2/16/01 77:15:00 77.31 8.51 25.0 0.0748 0.1329 0.0529 2116.7 2237.7 171.2 7.713 

2/16/02 31.6 0.0745 0.1542 0.0745 2358.8 

4/21/98 2/17/01 84:01:30 83.75 8.50 20.0 0.0752 0.1326 0.0522 2609.4 2612.7 4.7 7.868 

2/17/02 18.8 0.0753 0.1297 0.0492 2616.0 

4/27/98 2/18/01 90:12:00 90.19 8.44 20.0 0.0755 0.1270 0.0463 2313.4 2440.4 179.6 7.800 

2/18/02 20.0 0.0758 0.1324 0.0513 2567.4 

Sample I.D. Chlorophyll a and light attenuation measurements Light attenuation measurements 

Date Run #- Day:Hr:Min Cultivation Dry cell Sample Me0H mAU Average mg chl a/ 1:, TIT lc. 

Sample # Time density volume volume (661 nm) mg chl a/L g DCW gE/m2-sec p.E/m2-sec (cm2/mg DCW) 

Trial # (day) (mg DCW/Li (ml) (m1) (mg DCW/L) 

1/27/98 2/1/01 0:21:30 0.58 125.1 5.0 5.0 17 0.28 2.27 24.22 17.0 0.165 

2/1/02 5.0 5.0 32 

2/1/98 2/2/01 5:16:30 5.38 128.5 25.06 14.9 0.414 

2/2/02 

2/4/98 2/3/01 8:14:00 8.27 159.3 5.0 5.0 54 0.64 4.04 

2/3/02 5.0 5.0 57 

2/9/98 2/4/01 13:17:30 13.42 223.1 5.0 5.0 234 1.90 8.52 20.50 12.2 0.238 

2/4/02 5.0 5.0 141 

2/4/03 5.0 5.0 115 

2/4/04 5.0 5.0 165 

2/15/98 2/5/01 19:00:00 18.69 407.4 5.0 5.0 185 2.41 5.91 

2/5/02 5.0 5.0 230 

2/18/98 2/6/01 22:15:00 22.31 655.1 5.0 5.0 390 4.83 7.38 20.12 9.7 0.144 

2/6/02 5.0 5.0 443 

2/23/98 2/7/01 27:12:00 27.19 729.6 5.0 5.0 279 3.66 5.02 18.82 8.5 0.148 

2/7/02 5.0 5.0 352 

2/28/98 2/8/01 32:14:30 32.29 842.4 5.0 5.0 462 5.46 6.49 20.32 8.0 0.161 



2/8/02 10.0 5.0 960 

3/5/98 2/9/01 37:19:00 37.48 1419.3 5.0 5.0 1183 10.61 7.48 20.33 7.5 0.105 

2/9/02 5.0 5.0 647 

3/10/98 2/10/01 42:20:00 42.52 1828.6 5.0 10.0 428 10.64 5.82 

2/10/02 5.0 10.0 489 

3/16/98 2/11/01 48:16:30 48.38 1331.7 5.0 5.0 960 8.95 6.72 19.78 7.1 0.116 

2/12/02 5.0 5.0 583 

3/21/98 2/12/01 53:17:30 53.42 1866.7 

2/13/02 

3/25/98 2/13/02 57:23:00 57.65 1816.0 5.0 5.0 815 9.39 5.17 24.07 6.8 0.111 

2/13/02 5.0 5.0 804 

4/2/98 2/14/01 65:15:30 65.33 2357.5 5.0 10.0 573 18.58 7.88 20.78 6.2 0.081 

2/14/02 5.0 10.0 1029 

4/7/98 2/15/01 70:15:00 70.31 2543.3 23.66 5.4 0.095 

2/15/02 

4/14/98 2/16/01 77:15:00 77.31 2237.7 5.0 10.0 372 9.20 4.11 19.33 4.0 0.118 

2/16/02 5.0 10.0 421 

4/21/98 2/17/01 84:01:30 83.75 2612.7 5.0 10.0 558 12.53 4.79 21.53 3.7 0.115 

2/17/02 5.0 10.0 522 

4/27/98 2/18/01 90:12:00 90.19 2440.4 5.0 5.0 712 7.16 2.93 18.68 4.1 0.102 

2/18/02 5.0 5.0 522 

Regression analysis 

Description Variable Value Units 

Initial time t, 5.38 day 

Final time ti 70.31 day 

Number of observations n 14 

Regression coefficient r2 0.8865 

Specific growth rate 11 0.0450 day 

+/-p.(1s) 0.0046 day 

In X 5.0820 



Run Identification 

CSTR Run #
 

Bioreactor description:
 

Time started:
 

Date started:
 

Date shut down:
 

CSTR Process Parameters 

Initial culture volume:
 

Air sparger design:
 

Air sparger location:
 

Air flow setting:
 

Air flowmeter S/N:
 

Air flowrate:
 

Impeller design:
 

Mixer Setting
 

Impeller speed:
 

Impeller tip speed:
 

Illuminator position:
 

Illuminator design:
 

Photoperiod:
 

Incident illumination intensity:
 

Right side: 

Left side: 

16 

Bellco 1-L unjacketed 

1:30 PM 

11/21/97 

1/20/97 

951 mL 

4 x 1.5 mm holes 

centered under impeller 

27 

20379 

1004 mUmin 

1.06 vvm (initial) 

two-blade paddle, H=2.5 cm, W=5.3 cm 

6 

200 rpm 

56 cm/sec 

14 cm from vessel centerline 

8.5 cm from vessel surface 

1 x 9 watt cool white Dulux lamp, two sides 

16 hr ON / 8 hr OFF 

26 µE /m2 -sec 

20 µE /m2 -sec 

Temperature Profile 

Incubator setpoint: 

Gas temperature: 

Vessel temperature: 

Culture Prepartion 

Culture: 

Inoculum: 

Age of inoculum: 

Flask volume: 

Inoculum preparation: 

Inoculum filtering: 

Inoculum volume: 

Blending time: 

Blending speed: 

GP2 medium volume: 

Total culture volume: 

GP2 nutrient concentration: 

GP2 NaHCO3 concentration: 

12 °C 

12 °C 

13 °C 

L. saccharina gametophytes 

Ds-D-36-1,2,9,11 (5/27/97) 

178 days 

400 mL 

Cells washed with GP2 medium 

Through 60 jtm mesh 

58 ml 

6 sec 

Grind 

893 mL 

951 mL 

4x 

2x 



Sample I.D. Culture Growth 

Date Run #- Day:Hr:Min Cultivation pH Sample Wt. Dried Wt. Dried Wt. Cells Dry Cell Average X +/- Is In X 

Sample # Time Volume FP FP + Cells Density, X X (mg DCW/L) 

Trial # (day) (mL) (g) (g) (mg DCW/L) (mg DCW/L) 

11/21/97 16/01/01 0:16:30 0.13 8.24 20.0 0.0823 0.0913 0.0033 164.8 164.2 0.9 5.105 

16/01/02 20.7 0.0738 0.0823 0.0034 163.6 

11/25/97 16/02/01 4:19:30 4.25 8.32 20.0 0.0820 0.0921 0.0044 220.9 205.8 21.3 5.398 

16/02/02 19.9 0.0823 0.0918 0.0038 190.8 

11/30/97 16/03/01 9:20:00 9.27 8.49 20.0 0.0818 0.0926 0.0051 256.6 249.6 9.9 5.547 

16/03/02 20.6 0.0823 0.0930 0.0050 242.6 

12/5/97 16/04/01 14:15:30 14.08 8.42 20.0 0.0844 0.0967 0.0065 322.6 322.3 0.4 5.776 

16/04/02 19.5 0.0840 0.0961 0.0063 322.0 

12/10/97 16/05/01 19:17:30 19.17 8.53 20.0 0.0828 0.0969 0.0084 418.1 404.9 18.6 6.036 

16/05/02 19.9 0.0826 0.0961 0.0078 391.7 

12/15/97 16/06/01 24:17:30 24.17 8.56 20.0 0.0839 0.1019 0.0122 609.3 581.4 39.5 6.412 

16/06/02 20.0 0.0827 0.0995 0.0111 553.4 

12/21/97 16/07/01 30:15:30 30.08 8.61 20.0 0.0844 0.1059 0.0157 782.6 739.3 61.2 6.663 

16/07/02 19.0 0.0848 0.1039 0.0132 696.0 

12/26/97 16/08/01 35:14:00 35.02 20.0 0.0845 0.1029 0.0125 627.2 723.8 136.5 6.441 

16/08/02 17.6 0.0846 0.1049 0.0144 820.3 

12/31/97 16/09/01 40:12:30 39.96 8.62 20.0 0.0839 0.1050 0.0153 764.3 730.9 47.2 6.639 

16/09/02 17.8 0.0849 0.1032 0.0124 697.6 

1/6/98 16/10/01 46:12:00 45.94 8.64 20.0 0.0851 0.1132 0.0222 1110.1 1060.5 70.1 7.012 

16/10/02 16.0 0.0855 0.1076 0.0162 1010.9 

1/11/98 16/11/01 51:14:00 51.02 8.65 20.0 0.0839 0.1177 0.0280 1399.3 1302.6 136.7 7.244 

16/11/02 18.8 0.0841 0.1126 0.0227 1206.0 

1/15/98 16/12/01 55:21:00 55.31 8.54 20.0 0.0858 0.1176 0.0259 1292.7 1429.8 193.9 7.164 

16/12/02 18.7 0.0851 0.1203 0.0293 1567.0 

1/19/98 16/13/01 59:22:00 59.35 8.59 20.0 0.0816 0.1150 0.0277 1387.3 1387.4 0.2 7.235 

16/13/02 20.0 0.0815 0.1149 0.0278 1387.6 



Regression analy is 

Description Variable Value Units 

Initial time t, 4.25 day 

Final time t1 39.96 day 

Number of observations n 8 

Regression coefficient r2 0.9025 

Specific growth rate II 0.0375 dayI 

+1 ti. (Is) 0.0050 dayI 

In X 5.2895 



Run Identification 

CSTR Run #
 

Bioreactor description:
 

Time started:
 

Date started:
 

Date shut down:
 

CSTR Process Parameters 

Initial culture volume:
 

Air sparger design:
 

Air sparger location:
 

Air flow setting:
 

Air flowmeter S/N:
 

Air flowrate:
 

Impeller design:
 

Mixer Setting
 

Impeller speed:
 

Impeller tip speed:
 

Illuminator position:
 

Illuminator design:
 

Photoperiod:
 

Incident illumination intensity:
 

Right side: 

Left side: 

17 

Be !leo I-L unjacketed 

4:00 PM 

2/17/98 

4/27/98 

952 mL 

4 x 1.5 mm holes 

centered under impeller 

27 

20379 

1004 mllmin 

1.05 vvm (initial) 

two-blade paddle, H=2.5 cm, W=5.3 cm 

6 

200 rpm 

56 cm/sec 

14 cm from vessel centerline 

8.5 cm from vessel surface 

1 x 9 watt cool white Dulux lamp, two sides 

16 hr ON / 8 hr OFF 

21 pE/m2-sec 

24 pE/m2-sec 

Temperature Profile 

Incubator setpoint: 

Gas temperature: 

Vessel temperature: 

Culture Prepartion 

Culture:
 

Inoculum:
 

Age of inoculum:
 

Flask volume:
 

Inoculum preparation:
 

Inoculum filtering:
 

Inoculum volume:
 

Blending time:
 

Blending speed:
 

GP2 medium volume:
 

Total culture volume:
 

GP2 nutrient concentration:
 

GP2 NaHCO3 concentration:
 

12 °C 

12 °C 

13 ')C 

L. saccharina gametophytes 

Ls-4I-2,8,9,10 (12/21/97) 

58 days 

400 mL 

Cells washed with GP2 medium 

Through 60 pm mesh 

52 ml 

6 sec 

Grind 

900 mL 

952 mL 

4x 

2x 



Sample I.D. Culture Growth 

Date Run #- Day:Hr:Min Cultivation pH Sample Wt. Dried Wt. Dried Wt. Cells Dry Cell Average X +/- Is In X 

Sample # Time Volume FP FP + Cells Density, X X (mg DCW/L) 

Trial # (day) (mL) (g) (g) (mg DCW/L) (mg DCW/L) 

2/18/98 17/01/01 1:22:00 1.25 8.59 20.0 0.0832 0.0915 0.0025 126.7 124.8 2.7 4.827 

17/01/02 17.6 0.0828 0.0907 0.0022 122.8 

2/23/98 17/02/01 6:12:00 5.83 8.52 20.0 0.0836 0.0914 0.0020 100.3 98.8 2.2 4.593 

17/02/02 21.8 0.0834 0.0913 0.0021 97.3 

2/28/98 17/03/01 11:14:30 10.94 8.65 20.0 0.0832 0.0918 0.0028 141.7 126.2 22.0 4.838 

17/03/02 20.2 0.0832 0.0912 0.0022 110.6 

3/5/98 17/04/01 16:19:00 16.13 8.61 20.0 0.0813 0.0940 0.0071 353.3 363.7 14.7 5.896 

17/04/02 18.6 0.0814 0.0940 0.0070 374.1 

3/10/98 17/05/01 21:20:00 21.17 8.63 20.0 0.0810 0.0946 0.0080 399.3 354.6 63.2 5.871 

17/05/02 21.6 0.0809 0.0932 0.0067 309.9 

3/16/98 17/06/01 27:01:30 26.40 8.52 20.0 0.0814 0.0972 0.0102 507.9 483.1 35.2 6.180 

17/06/02 22.0 0.0811 0.0968 0.0101 458.2 

3/21/98 17/07/01 32:17:30 32.06 8.64 20.0 0.0813 0.0988 0.0119 593.3 562.5 43.6 6.332 

17/07/02 18.6 0.0752 0.0903 0.0099 531.6 

3/25/98 17/08/01 36:23:00 36.29 8.65 20.0 0.0805 0.1006 0.0145 726.1 680.2 64.8 6.522 

17/08/02 16.9 0.0805 0.0968 0.0107 634.4 

4/2/98 17/09/01 44:15:30 43.98 8.51 20.0 0.0746 0.0940 0.0142 711.5 653.5 82.0 6.482 

17/09/02 17.5 0.0805 0.0965 0.0104 595.5 

4/7/98 17/10/01 49:15:00 48.96 8.57 20.0 0.0746 0.0960 0.0162 811.5 769.2 59.9 6.645 

17/10/02 20.0 0.0745 0.0942 0.0145 726.9 

4/14/98 17/11/01 56:15:00 55.96 8.56 35.2 0.0742 0.1193 0.0400 1135.2 1135.2 7.035 

4/21/98 17/12/01 63:01:30 62.40 8.60 20.0 0.0745 0.1067 0.0270 1351.9 1420.8 97.5 7.259 

17/12/02 20.0 0.0751 0.1101 0.0298 1489.8 

4/27/98 17/13/01 69:12:00 . 68.83 8.56 20.0 0.0753 0.1019 0.0214 1069.1 1058.0 15.6 6.964 

17/13/02 19.5 0.0748 0.1004 0.0204 1047.0 



Regression analysis 

Description Variable Value Units 

Initial time t, 5.83 day 

Final time t, 36.29 day 

Number of observations n 7 

Regression coefficient r2 0.8824 

Specific growth rate ji 0.0630 day 

+/-1.1 (1s) 0.0103 day 

In X 4.4083 
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APPENDIX B
 

EXPERIMENTAL PROCEDURES
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Procedure for Decontaminating and Subculturing Laminaria saccharina 

gametophyte cultures-- 3/8/98 Ron Mullikin 

1.	 With liquinox (phosphate free soap) and a test tube brush clean one 2 L 

erlenmeyer, one 1 L erlenmeyer, ten 250 ml flasks, one 100 ml graduated 

cylinder, one blending cup unit, one pair of forceps, two 250 ml beakers, and one 

biomass filtration unit. After cleaning, rinse all glassware and instruments with 

several portions of tap water and two portions of ddH2O. 

2.	 Pour 1000 ml of GP2 base medium into the 2 L erlenmeyer. Label the erlenmeyer 

"GP2 base medium." 

3.	 Pour 500 ml of GP2 base medium into the 1 L erlenmeyer. Label the erlenmeyer 

"Laminaria washing solution." 

4.	 Let autoclaved glassware cool to room temperature. 

Select four 28 day old 250 ml flask cultures of Laminaria saccharina female 

gametophyte cell suspension cultures where the cell mass has a deep brown color 

and does not adhere to the flask walls. Check for microbial contamination (blue

green algae, xanthophytes, and protozoans) by microscopic analysis. Four flask 

can inoculate 16 new flasks at 25% v/v. 

Pipette 5.00 ml of 200x GP2 nutrient stock and 5.00 ml of 68 g/L NaHCO, 

solution to the 1,000 ml of "GP2 base" medium. 

Pipette 2.50 ml of 200 x GP2 nutrient stock and 2.50 ml of 68 g/L NaHCO, 

solution to 500 ml of "Laminaria washing solution." 

Performed in laminar flow hood using sterile technique.
 
Performed in laminar flow hood using sterile technique
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Pour flasks selected in step 2 into 500 ml bending cup and seal blending unit. 

9. Blend culture for five seconds on Osterizer blender at "grind" speed. 

10.* Pour 150 ml of "Laminaria washing solution" into a 250 ml beaker. 

11.* Connect the vacuum adapter of the biomass filtration unit to a vacuum source. 

Open the vacuum valve so that the buchner funnel is under vacuum. 

12.*	 Pour the contents of the blending cup unit through the biomass filtration unit. 

The biomass will be retained on the 100 lim nylon mesh filter. 

13.*	 Using forceps, immediately dip the contents of the 100 tm nylon mesh filter in 

the 250 ml beaker with the 150 ml of "Laminaria washing solution" (see step 7). 

The biomass retained on the 100 pm nylon mesh filter can be shaken loose by 

vigorously shaking the filter mesh in the "Laminaria washing solution." 

14.* Place the 100 .1m back in the buchner funnel. 

15.* Fill another 250 ml beaker with 200 ml of "Laminaria washing solution." 

16.* Pour contents of 150 ml of "Laminaria washing solution" in the 250 ml beaker 

(see step 10) through biomass filtration unit. 

17.* Using forceps, immediately dip the contents of the 100 pm nylon mesh filter into 

the 250 ml beaker with the 200 ml of "Laminaria washing solution" (see step 13). 

Performed in laminar flow hood using sterile technique 
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The biomass retained on the 60 [tm nylon mesh filter can be shaken loose by 

vigorously shaking the filter mesh in the "Laminaria washing solution." 

18.*	 Pour 80 ml of GP2 base medium into each of the 250 ml flasks prepared in step 1. 

19.*	 Pipette 20 ml of the culture into the sterile 250 ml flasks with the 80 ml of GP2 

base (see step 15). Keep the culture evenly suspended by swirling the contents. 

Use a sterile 10 ml wide mouth pipette for this procedure. Reseal the flask with 

a sterile foam plug. 

20.	 Immediately place inoculated flasks in incubator a 12 °C, 20 µE /m2 -sec incident 

irradiance, and 16:8 LD photoperiod. 

21.	 Record flask ID, date of inoculation, location of flasks, seed stock flask, inoculum 

volume, flask size, medium volume, culture volume, date of last subculture, and 

number of days since culturing in the "Marine Plant Subculture Logbook". 

22.	 Perform subculture procedure on a given culture cell line once every 4 weeks. 
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Procedure for Shut-down, Cleaning, and Inoculation of Planar Photobioreactor 

Ron Mullikin updated 3/23/98 

Cleaning 

1.	 Thoroughly scrub the inside of the planar photobioreactor. Use liquinox detergent 

followed by several rinsings of tap water. Finally, rinse twice with ddH2O. 

2.	 Dismantle stainless steel fittings, thoroughly scrub the interior and exterior of all 

fittings. 

3.	 Run high pressure tap water through the aeration line and sampling line to remove 

biomass that collected on the interior of the line. 

4.	 Rinse fittings at least three times with tap water. Rinse fittings twice with ddH2O. 

5. Set aside fittings and planar photobioreactor and let dry. 

Reassembly 

1.	 Secure bulkhead fittings to each port on the planar photobioreactor headplate. 

The bulkhead fittings should be fitted with rubber 0.7 cm ID o-rings on both sides 

of the bulkhead fitting. 

2.	 Put stainless steel aeration line through air in port on the planar photobioreactor 

headplate. The air in port is the left most port on the planar photobioreactor. 

Reassemble the aeration line by putting a soft tubing ferrule adapter into the end 

of the Spot Brand commercial sparging tube. Cap the sparger tube end with the 

blue polypropylene cap. Attach a 4 cm long section of clear tygon tubing to other 
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end of the blue aeration tube. Attach the other end of the tygon tubing to the 

stainless steel aeration line. 

3.	 Fully assemble all other fittings other than those associated with the air-in line or 

the bulkhead fittings, but do not put onto planar photobioreactor assembly. Cover 

the fittings with aluminum foil. 

4.	 Autoclave two 50 mm x 0.2 p.m HEPA filters, the fittings assembled in step 3, a 

threaded 1,000 ml bottle, and a foam plug wrapped in aluminum foil. 

5.	 Add 50 ml of commercial bleach to planar vessel. 

Fill planar vessel to its maximum volume of 5 L with ddH2O. 

7.* Insert swabs of cotton saturated with ethanol into bulk head fittings and air in 

line. 

8.* Let planar cell stand for three hours. 

9.* Place a 0.2 gm filter sterilizer onto the threaded 1,000 ml bottle autoclaved in step 

4. 

10.* Filter sterilize 1000 ml of ddH2O through 0.2 gm filter.. 

11.* Pour out contents of planar cell. 

12.* Pour into planar cell the filter sterilized ddH2O prepared in step 9. 

Performed in laminar flow hood using sterile technique 
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13.*	 Shake sterilized ddH2O around the planar cell. Make sure that water rinses all 

portions of the inner surfaces of the planar cell including the inside top of the 

planar cell headplate. 

14.* Repeat steps 10-13. six times.
 

15.* Mount all fittings autoclaved in step 4 onto the planar photobioreactor headplate.
 

16.* Slide assembled headplate onto planar vessel. Align screw holes and screw bolts
 

into the side of the planar vessel. 

17.* Insert foam plug into 3 cm hole on headplate top. 

18.* Cover seam between the headplate and planar cell with Parafilm. 

Startup and Inoculation 

1.	 Autoclave a blending cup, a biomass filtration unit, a 100 ml graduated cylinder, a 

500 ml graduated cylinder, 3.5 L of GP2 base medium, and forceps. 

2.	 Let autoclaved glassware prepared in step 1 cool. 

3.	 Add 20 ml/L of 200 x GP2 nutrient stock to GP2 base medium (70 ml total for 3.5 

L of base medium). 

Add 10 ml of 68 g/L NaHCO, to 1 L of GP2 base medium (35 ml total for 3.5 L of 

base medium). 

Performed in laminar flow hood using sterile technique 
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5.	 Obtain four 250 ml flasks of Laminaria saccharina female gametophytes cell 

suspension cultures. 

Pour culture flasks into the autoclaved blending unit. It may be necessary to 

concentrate the biomass suspension by decanting off liquid from the blending 

unit. 

7.* Blend the contents in the blending unit on an Osterizer blender at "grind" speed 

for seven seconds. 

8.*	 Filter the blended contents of the blending cup through the 100 lam nylon mesh 

filter on the biomass filtrator. 

Resuspend biomass in 300 ml of enriched, autoclaved GP2 medium. 

10.*	 Repeat steps 8 and 9. 

11.*	 With an autoclaved 500 ml graduated cylinder measure out the amount of GP2 

medium to be added to the planar cell. 

12.*	 Measure out the amount of inoculum prepared in steps 8 and 9 by a 100 ml 

graduated cylinder. Add the inoculum to the planar cell. 

13.	 Place the planar cell into incubator. Connect the planar cell to the air line at the 

end of the humidifier. 

14.	 Set air flow rate to approximately 1 LPM. 

Performed in laminar flow hood using sterile technique
 
Performed in laminar flow hood using sterile technique
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Sampling 

1.	 Increase flow rate of air by opening valve on the air flow meter so that air flow 

rate going into the planar vessel is around 5 L/min 

2.	 Wait 15 seconds so that biomass fully resuspends in the planar vessel. 

3.	 Decrease flow rate of air back to its setpoint. 

4. Take sample for analysis. 

Shut Down 

1.	 Remove planar photobioreactor from incubator. 

2.	 Unscrew bolts sealing the top of the photobioreactor. 

3.	 Remove the headplate. 

4.	 Pour approximately 20 ml of commercial bleach into the reactor. This will kill all 

the cells in the reactor. 

5.	 Wait one hour. 

6.	 Pour out contents of the planar photobioreactor. 
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Procedure for Shut-down, Cleaning, and Inoculation of Tubular Photobioreactor 

Ron Mullikin updated 3/23/98 

Cleaning 

1.	 Bring tubular coil over to sink. 

2.	 Acquire a hose fitting and connect hose coming from faucet to tubing (make sure 

water is off). 

3.	 Turn on tap water from faucet. Crack open the faucet valve so that the tap water 

flow rate is about 4 L/minute. 

4.	 Let water circulate through tubular coil tubing for at least 5 minutes to remove 

loose biomass. 

5.	 Turn off water and disconnect tubular coil tubing from faucet hose. 

6.	 Disassemble the tubular coil system. Unwrap tubing from frame. 

7.	 Disconnect all tubing sections from tubing connectors. Pull off clamps, and cut 

ties and wire clamps. Pull off all tubing connectors from tubing. 

8.	 Core a foam rubber plug with a 5/8" ID cork borer. Set the foam plug on a rubber 

stopper and, while pressing down hard, rotate the cork borer left and right. 

9.	 Insert the core of the foam rubber plug into one section of the tubing from the 

tubular coil. Push plug into tubing using forceps. 

10.	 Connect section of coil tubing to faucet hose using a tubing connector. 
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11.	 Turn on water. The plug should slowly move through the tubing, clearing away 

biomass attached to the tubing walls. The plug produces backpressure on the 

connection between the faucet hose and the tubing. Hold this connection together 

tightly by hand. It is not necessary to have a leak tight connection. 

12.	 Obtain another section of tubing from the tubular coil system. 

13.	 Repeat steps 9-12 for each section of tubing. 

14.	 Shake lose as much water from the sections of tubing as possible. 

15.	 Set aside tubing sections to dry in air at room temperature for at least one day. 

16.	 Remove head plate from aeration tank and wash with water from faucet. Set head 

plate aside. 

17.	 Scrape biomass attached to the side of the tank and put scrapings back into 

aeration tank culture. Take a sample for dry cell weight and pH analysis. 

18.	 Pour approximately 10 ml of commercial bleach solution (e.g. Clorox) into 

culture in aeration tank. 

19.	 Wait 3 hours until biomass is dead and is bleached white in color. 

20.	 Pour out contents of aeration tank. 

21.	 Rinse aeration tank with tap water from faucet. 
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22.	 Wash aeration tank several times using liquinox (phosphate free) soap. Scrub 

aeration tank with large test tube cleaner several times while washing with 

liquinox. 

23.	 Rinse aeration tank five times with tap water from faucet. 

24.	 Rinse aeration tank three more times with ddH2O. Flush the tubing connected at 

the bottom of the aeration tank with ddH2O. 

25.	 Set aeration tank aside. 

26.	 From aeration tank headplate, remove all tubing with attached syringes and air 

filters. Place this items in a clean and dry bucket. 

27.	 Disassemble entire headplate assembly, and completely disassemble all fittings. 

Remove stainless steel tubing from fittings. 

28.	 Put all fittings in a plastic pan. Rinse fittings with tap water. 

29.	 Connect house air line to faucet hose (in sink next to ddH2O container). The hose 

fits very well over the 1/4" swagelok nut. 

30.	 Turn on water in order to force biomass out of air inlet line into the aeration tank. 

31.	 Repeat steps 29-30 for sampling line. 

32.	 Scrub all fittings and SS tubing thoroughly with liquinox and water solution. Use 

small test-tube brush to clean the interiors of all fittings as well as exterior lines 

and fittings. 
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33. Rinse fittings four times with tap water in plastic pan. 

34. Rinse fittings an additional three times with ddH2O. 

35.	 Disconnect tubing from air filters and syringes (see step 25). 

36.	 Rinse tubing with ddH2O. 

37.	 Scrub humidifier with large test tube cleaner with liquinox and water solution. 

38.	 Rinse humidifier with four portions of tap water and three portions of ddH2O. 

Reassembly 

1.	 Reassemble head plate of aeration tank. The headplate has two air outlet ports, 

one medium addition port, one sampling port, one air inlet port at the center of the 

head plate, and a culture return/recycle port. The recycle port connection has two 

o-rings-- one at the connection between the headplate and the upper connector and 

the other between the stainless steel female NPT connection and the plastic male 

NPT to hose connector. 

2.	 Connect a 50 ml syringe to the sampling port, a 20 ml syringe to the medium 

addition port, and one 50 mm by 0.2 pm HEPA air filter to each air outlet and 

inlet silicone tubing lines each to the air out ports, and the air inlet port. Cover the 

recycle port with aluminum foil. 

3.	 Clamp the head plate back onto the aeration tank. 
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4. Connect plastic tee fitting onto end of Tygon tubing line coming from the bottom 

of the aeration tank. This line should be replaced after every two cultivation 

experiments. 

5.	 Reconnect humidifier with aeration tank. 

6.	 Cover open ends of plastic tee fitting with foil to prevent contamination after 

autoclaving. 

7.	 On non-sterile side of each air filter insert small sections of cotton into hose 

fitting. Cover all air filter connections with foil. 

8.	 Autoclave this entire assembly for 30 minutes with fast exhaust at 123 °C and a 

jacket pressure of 20 psig. 

9.	 Reassemble all tubing sections for the tubular coil. Clamp connections both with 

plastic clamps and wire clamps. 

10.	 Wrap assembled tubing sections around hexagonal frame in a clockwise fashion. 

11.	 To prevent contamination after autoclaving, place an air filter on both tubing of 

the tubular coil. 

12.	 Put cotton and aluminum foil around non-sterile side of air filter. 

13.	 Autoclave tubular coil system for 30 minutes with fast exhaust at 123 °C and a 

jacket pressure of 20 psig. 
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Inoculation 

1.	 Autoclave the following: 3.5 L of GP2 base medium, a glass funnel with a 5 mm' 

stem, forceps, a 500 ml blending unit, a biomass filtration unit, and a 500 ml 

graduated cylinder. 

2.	 Let all autoclaved medium and apparatus cool to room temperature. 

3.	 Add 20 ml of 200x GP2 nutrient stock per liter of GP2 base medium (70 ml total 

for 3.5 L of base medium). 

4.	 Add 10 ml of 68 g/L sodium bicarbonate per liter of GP2 base medium (35 ml 

total for 3.5 L of base medium). 

5.	 Obtain four 250 ml flasks of Laminaria saccharina gametophytes from incubator. 

6.	 Pour culture flasks into the autoclaved blending unit. It may be necessary to 

concentrate the biomass suspension by decanting off liquid from the blending 

unit. 

7.	 Blend the contents in the blending unit on grind speed for seven seconds. 

8.	 Filter the blended contents of the blending cup through the 100 pm nylon mesh 

filter. 

9.	 Resuspend biomass in 300 ml of fresh, enriched GP2 media. 

10.	 Repeat steps 8 and 9. 
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11.	 With an autoclaved 500 ml graduated cylinder measure out 2.5 L of GP2 prepared 

in step 4. Pour into aeration tank. 

12.	 Measure the volume of inoculum to be added to the aeration tank by a 100 ml 

graduated cylinder. 

13.	 Place aeration tank with culture inoculum into incubator set at 12 °C. Set aeration 

tank on stirrer. Connect aeration tank to air-line at end of humidifier. 

14.	 Set air flow to aeration tank sparger at 2.0 SCFH and turn on VWR magnetic 

stirrer at a speed of 200 rpm (stirrer setting of 2.5). 

15.	 Insert tubular coil in incubator so that it fits around light stage. 

16.	 Remove air filter on the entrance to the tubular coil and connect to plastic tee 

fitting on aeration tank. 

17.	 Remove air filter on the exit of the tubular coil and connect to recycle inlet on the 

aeration tank. 

18.	 Connect air-lift system to plastic tee fitting near the entrance to the tubular coil. 

19.	 Set intervelometer to 90 minutes closed and 90 seconds open. 

20.	 Drape tubing over peristaltic pump head and fasten peristaltic pump head clamps. 

Set pump rate to setting 4 (105 ml/min). 

21.	 Watch culture as it moves through tubular coil system and check for leaks. 
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22.	 Open valve to compressed air bottle. Set regulator outlet pressure to 10 psig 

corresponding to an air-lift system flowrate of 2.0 LPM. 

Shut Down 

1.	 Turn off incubator. 

2.	 Turn off peristaltic pump and air pump. 

3.	 Turn off magnetic stirrer on aeration tank. 

4.	 Close valve on air-tank. Also close all regulator valves. 

5.	 Turn off intervelometer. 

6.	 Clamp tubing on both sides of the plastic tee fitting at the aeration tank exit/ 

tubular coil entrance. 

7.	 Clamp tubing at aeration tank recycle line at the top of tubular coil section. 

8.	 Disconnect tubular coil tubing from aeration tank at both the bottom and the top 

of the tubular coil section. 

9.	 Disconnect air-lift system air line from plastic tee fitting at tubular coil entrance. 

10.	 Remove tubular coil section from incubator. Angle the bottom of the light stage 

out towards you, and then pull out the tubular coil section. 

11.	 Disconnect air line from aeration tank. The best place to remove the air-line is on 

the non-sterile side of the air filter. 
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12.	 Remove thermocouple from aeration tank headplate. 

13.	 Remove tubing from peristaltic pump, making sure that tubing is clamped at the 

end (see step 6). 

14.	 Remove the aeration tank and the humidifier from the incubator. 

15.	 Disconnect the humidifier from the incubator by removing the tubing connected 

to the aeration tank. 

Operation and Sampling 

1.	 To take a culture sample from the aeration tank of the tubular photobioreactor, 

press the START/RESET button on the GRA-LAB 451 intervelometer to inject 

air into the tubular coil. Turn air-lift system off when culture is completely 

evacuated from tubular coil. 

2.	 On the INTV section of the panel display press M2. 

3.	 Dial in the time that the air lift system will be off by turning the left and right 

knobs in the middle of the panel. The left knob controls the "tens" place and the 

right knob controls the "ones" place. Dial in the units (1/10 sec, sec, min) that the 

air-lift system will be off by depressing the appropriate key in the SECS section 

of the display. The default setting is 90 minutes off. 

4.	 On the INTV section of the panel display press Ml. 

5.	 Dial in the time that the air lift system will be on by turning the left and right 

knobs in the middle of the panel. The left knob controls the "tens" place and the 
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right knob controls the "ones" place. Dial in the units (1/10 sec, sec, min) that the 

air-lift system will be on by depressing the appropriate key in the SECS section of 

the display. The default setting is 90 seconds on. 

6.	 Depress the key in between the M1 and M2 keys 

7.	 Press the START/RESET key. 

8.	 Immediately remove 45 ml of liquid culture sample for dry cell weight and pH 

analysis from the aeration tank through the sampling port by suction with the 50 

ml syringe attached to the end of the sample line. 
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APPENDIX C
 

CHLOROPHYLL A MEASUREMENTS
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CHLOROPHYLL a MEASUREMENT 

Chla measurements were taken by vacuum filtering a 5 ml culture sample and 

adding this sample to methanol. This methanol solution was vortexed for 30 seconds and 

then allowed to sit in a dark incubator at 4 °C for at least 24 hours. The absorbance of the 

methanol solution was measured at 661 nm. A graph of chla content for spinach chla in 

methanol (Sigma C6144) versus absorbance at 661 nm is presented in Appendix C. The 

slope of this graph is 0.0116 +1- 0.000105 (1s, n=9), and the chla concentration in mg 

chla/L in the culture (Cchi) is obtained by 

A A VMeOH()JIM L., .661 (C1)C chl 
Vsample 

where A661 is the absorbance reading at 661 nm, Vmeon is the volume of methanol in the 

solution (ml), and Vmpie is the volume of culture sample (5 ml). The average value of 

duplicate sample measurements was reported. 
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Figure Cl: Chlorophyll a concentration versus absorbance 
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APPENDIX D
 

MASS TRANSFER COEPHCIENT ESTIMATION
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Figure Dl: Dissolved oxygen readings versus time for 1200 ml aeration tank volume. Trial 1 (kLa)o2 = 
5.718 +/- 0.300 hrl (1s, n=139), Trial 2 (kLa)02 = 6.276 +/- 0.018 hr-I (Is, n=91). 
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Figure D2: Dissolved oxygen readings versus time for 1600 ml aeration tank volume. Trial 
I (ki,a)o2 = 

3.854 +/- 0.027 hr.' (Is, n=91), Trial 2 (ki_al,-,2-= 3.810 +1- 0.036 hr'' (1s, n=90). 
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Figure D4: Dissolved oxygen readings versus time for 1 L stirred tank photobioreactor Trial 1 (kLa)o2= 
15.142 +/- 0.260 hr-' (1s, n=51), Trial 2 (0)02 14.701 +7- 0.093 hr-' (Is, n=51). 
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APPENDIX E
 

AVERAGE VOLUME ESTIMATION
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CALCULATIONS FOR ESTIMATION OF Vc(ti) AND Vt(t2) 

The tubular section volume ( Vc(ti) ) is equal to the minimum volume in the 

tubular section. The minimum volume inside the tubular section is equal to the amount 

of culture liquid pumped into the tubular section by the peristaltic pump in the time it 

takes the air-lift system to evacuate the tubular section 

V, (t ) = Ft, (E 1 ) 

where te is the time it takes the air-lift system to evacuate the tubular coil (sec). The time 

needed to evacuate the tubular section is 

t 
e 

Amount of liquid pumped out of tubular section
= 

Net flow rate during evacuation of tubular section 
(E2) 

The amount of liquid pumped out of the tubular section is 

V, V (t ) (E3) 

The net flow rate during evacuation of the tubular section is 

Fa Fp (E4) 

Combination of Equations E3 and E4 with Equation E2 yields an expression for te 

VC (t ) 
to (E5) 

Fa Fp 

Substitution of equation E5 into equation a and solving for Vc(ti) yields 

F V,
V (t, ) = P (E6) 

Fa 

The volume in the aeration tank is equal to the total volume in the tubular photobioreactor 

minus the volume in the tubular coil. At any time the total volume in the tubular 

photobioreactor is 

V, + V, (E7) 
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Thus, Vt(ti) is equal to 

Vt (t 1 ) = V, + Vt V, (t 1 ) (E8) 

Substitution of Vc(ti) in Equation E6 into Equation E8 gives the final expression for 

Vt(ti) 

( F 
Vt (t 1) = P V, + Vt (E9)1 

Fa 
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EQUATIONS FOR Vc(tm), Vt(tm) AND t, 

F 
V,(t1) = P 

,V 

(E10)
Fa 

F FaFp (t t1)
vc (t2) = PVc (Ell)

Fa 

V,(t3) = V,	 (E12) 

Vc(t4) = V, (Fa Fp)(t (t1 + t2 + t3))	 (E13) 

For all times Vt(trn)=Vc+Vt-Vc(t ). Thus the equations for Vt(tm) are 

F V,
Vt(ti ) = V, + Vt	 P (E14)

Fa 

F V, + FaFp(t )
Vt (t,) = V, + Vt P (E15)

Fa 

Vt (t3) = Vt	 (E16) 

Vt(t4) = Vt + (Fa Fp)(t (t1 + t2 + t3))	 (E17) 

The times for each of the volumetric regimes are 

Fat Von c (E18)
Fa 

(Fa Fp )V, 
t2 = (E19)

FpFa 

F Fatoff (Fa Fp)V,
t3 = P (E20)

Fp Fa 

V
t4 = c- ( E 2 1 ) 

Fa 
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CALCULATIONS FOR vc AND Vt 

The equation for NT, is 

4 to, 

Vo (t )dt 

= m=1 (E22) 
t + t off 

Expanding Equation E22 yields 

t t3 t4 

Vc(tOdt, + Vc(t2)dt2 + SV,(t3)dt3 + V,(t4)dt4 
t, 

(E23)
t + toff 

Using Equations E10-E13 and E18-E21 in Equation E23 the expression for V, is 

2FaFp2Vcton 2Fp2K2 Fa2V2 + 2Fa2FpKtoff + 3FaFpV,2 
(E24) 

2Fa2Fp (ton + toff ) 

The equation for Vt is 

4 t m 

IVt(tm )dtm 

V (E25)
ton + toff 

Expanding Equation E25 yields 

t4 

Vt = f V, (t, )dt, + f V,(t2)dt2 + f Vt(ti)dt, + f Vt(t4)dt4 
0 

(E26) 
ton + toff 

Using Equations E14-E17 and E18-E21 in Equation E26 the expression for V, is 

2Fa2Fp (V, + V, )ton 2FaFp2V,t + 2Fp2V,2 + Fa2K2
V, = (E27) 

2Fa 2Fp (ton + toff ) 

2Fa2Fp (V, + V, )toff 2Fa2FpV, toff 3FaFpVc2 

2Fa2Fp (ton + toff ) 



155 

APPENDIX F
 

TABULAR DATA
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Appendix Figure Fl: Medium recirculation rate in tubular section (Fp) versus pump speed 



Table Fl: Medium recirculation rate in tubular section vs pump setting 

Pump setting, P\ Fp (ml/min) 

Data Fit 

0 0.00 

I 0.00 Regression analysis parameters for Table F I 

2 18.50 14.55 Description Variable Value 

3 57.70 59.81 Number of observations n 

4 95.67 105.06 Regression coefficient r2 0.9981 

5 157.33 150.32 slope Fr 45.25 

6 197.00 195.57 Is error slope +/- Fp 0.7961 

7 240.67 240.82 y-intercept 75.96 

8 286.00 286.08 

9 330.67 331.33 

I0 338.79 



Table F2: Medium evacuation rate (Fa) vs air lift tlowmeter reading 

Air lift tlowmeter reading 

(SCFH) (rril/min) Data 

I 494 494 

466 466
 

1 488 488 Table of regression analysis parameters for Figure F2
 
1 

1.5 790 790 Description Variable Value 

732 Number of observations n 12 

2 972 972 Regression coefficient 0.9611 

2 1000 1000 Slope 508.8 

2 1096 1096 is error slope 13.25 

3 1436 1436 y-intercept 0 

3 1352 1352 

3 1468 1468 

4 2292 2292 

1.5 732 



Table F3: Measured light intensity (1,,o) through silicone tubing versus incident light intensity (la) 

1 li,o Table of regression analysis parameters for Table F3 

µE /m2 -sec IIE/m2 -sec Description Variable Value 

10.5 9 Number of observations n 8 

15 13 Regression coefficient r2 0.9969 

16 14 Slope lion° 0.8986 

19 17 ls error slope +/- 10/10 0.0125 

27 22 y-intercept 0.0000 

39.5 32.5 

47 44 

109 99 



Figure F4: Measured light intensity (1p,o) through Plexiglas versus incident light intensity (I) 

1 1,,,0 Table of regression analysis parameters for Table F3 

171.7 172.2 Description Variable Value 

104.5 102.7 Number of observations n 9 

62.8 61.4 Regression coefficient r2 0.9997 

41.8 40.6 Slope 14.0llo 0.9939 

28 26.9 Is error slope +/- it A, 0.0043 

17.3 16.8 y-intercept 0 

10.08 9.69 

7.02 6.65 

4.42 4.24 



Table F5: Light attenuation parameter (k') versus cell concentration for planar photobioreactor Run 2 

Cell conc. k' 

mg DCW/L cm 1 

125.1 0.021 

128.5 0.053 

223.1 0.053 

655.1 0.094 Table of regression analysis parameters for Table F5 

729.6 0.108 Description Variable Value 

842.4 0.135 Number of observations n 14 

1419.3 0.148 Regression coefficient r2 0.8774 

1331.7 0.154 Slope lc. 0.106 

1816.0 0.201 Is error slop +/-1c, (Is) 0.005 

2357.5 0.190 y-intercept 0 

2543.3 0.243 

2237.7 0.263 

2612.7 0.300 

2440.4 0.249 



Table F6: Light attenuation parameter (k') versus culture chla concentration for planar photobioreactor Run 2 

mg chla/L k' (cm's) 

0.28 0.021 

1.90 0.053 

4.83 0.094 Table of regression analysis parameters for Figure F6 

3.66 0.108 Description Variable Value 

5.46 0.135 Number of observations n 12 

10.61 0.149 Regression coefficient r2 0.2833 

8.95 0.154 Slope k' 0.0182 

9.39 0.201 Is error slope +/ k' (1s) 0.0023 

18.58 0.191 y-intercept 0 

9.20 0.263 

12.53 0.300 

7.16 0.250 



Table F7: Clump size versus cultivation time for planar photobioreactor Run 2 

Planar photobioreactor Run 2 Stirred tank photobioreactor Run 2 Tubular photobioreactor Run 17 

Cultivation time (lc +/- Is Cultivation time cl, +/- Is Cultivation time dc +/- Is 

(days) pm (days) pm (days) pm 

Olympus Stereoscope 

value +/- is n 

AO/Spencer microscope 

value +/- Is n 

AO/Spencer microscope 

value +/- is n 

AO/Spencer microscope 

value +/- Is n 

1.24 0.075 0.108 4 0.791 0.268 0.311 2 0.823 0.081 0.021 2 

13.538 0.344 0.17 5 11.042 0.125 0.125 11.063 0.091 0.045 2 

32.438 0.229 0.107 4 13.625 0.099 0 1 13.667 0.323 0.189 2 

32.438 1.161 0.798 18 16.291 0.37 0.064 3 16.291 0.16 0.091 3 

37.479 1.12 0.887 15 26.438 0.33 0.083 2 26.438 0.051 0.021 2 

48.375 1.444 0.722 12 36.896 0.29 0.392 7 36.917 0.182 0.117 3 

53.417 1.543 0.832 11 43.979 0.109 0.09 9 36.917 0.067 0.015 12 

57.646 1.513 0.584 19 48.958 0.098 0.14 50.958 0.057 0.01 12 

65.333 1.299 0.658 15 57.917 0.057 0.01 10 

70.313 1.555 0.709 15 

77.313 1.379 0.476 15 

90.188 1.129 0.732 15 




