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PREFACE 
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March 20 and 2 1, 1985. These reports present and discuss research advances achieved by 
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receives i ts funding through the Biomass Energy Technology Division of the Department 
of Energy (Beverly Berger, Director). 
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The worldwide energy shortage and Arab oil embargo of the early 1970s encouraged many 
nations to look for new sources of oil, electricity, and gas. Renewable resources such as 
biomass were often highlighted as a long-term solution to  the energy problem because of 
their nondepletable, renewable nature. While the first biomass sources considered were 
the readily available ones such as corn or wood, it was apparent that new biomass sources 
should also be developed, among them aquatic species. 

The purpose of the Aquatic Species Program is to  improve the productivity, conversion t o  
fuels, and cost efficiency of aquatic plant culture technologies. The emphasis of the 
program is on developing a mass culture technology for cultivating oil-yielding micro- 
algae in  the American Southwest. A technical and economic analysis indicated that such 
a concept would be feasible i f  ( I )  lipid yields from microalgae are improved, (2) there is 
sufficient sol ine water for large-scale development, and (3) microalgal lipids can be 
eonomicall y converted to conventional fuels. It was determined that fuels from micro- 
algal lipids presented better options than converting the microalgal biomass to either 
alcohols or methane. A l l  lipids can potentially be catalytically converted to  gasoline, or 
the fat ty acids can be converted to  substitute diesel fuels. The Southwest has the neces- 
sary low, flat, underutilized land, and carbon dioxide is available from either natural 
deposits or flue gas from industrial plants. The amount of saline water available will 
probably determine how much fuel can be produced from aquatic species, and this ques- 
tion should be answered during 1985. 

The largest constraint to this technology is the economical production of an oil-rich 
microalgal feedstock. In addressing this constraint, the Aquatic Species Program is con- 
centrating research on ( I )  initially selecting the best species, (2 )  developing the best cul- 
ture and management methodologies, and (3) improving the most promising species. An 
improved screening program has allowed for more efficient selection of species. A total 
of 46 new, fast-growing strains were added to the program this year for further charac- 
terization and future improvement. Outdoor studies resulted in a 40% improvement in  
biomass yields. Annualized yields of 70 tons/ac/yr were sustained for one month in 
Hawaii. This is a 35% improvement from the previous year. Major cost reductions 
resulted from recycling culture media and reducing inputs of costly trace elements. 

The 1985 annual research review of the Aquatic Species Program was held March 20-2 1 
at the Solar Energy Research Institute in  Golden, Colorado. In attendance were 65 par- 
ticipants, which included 16 principal investigators and 5 advisers. The advisory ponel 
included Drs. Jack Myers, Ian Morris, Richard Radmer, Michael Neushul, and Robert 
Krauss. 

The agenda for the review was divided into four sections: species selection and charac- 
terization, appl ied physiological studies, outdoor mass cultivation, and systems design 
and analysis. Papers from these present at ions are included in  these proceedings. 
Program advances were reported in the areas of species collection and selection, rnodu- 
lated light physiology, mass culture yields, harvesting of microalgae, mass culture facil- 
i t y  design and analysis, and assessments on fuel options from microalgae. 
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SELECTION OF DESERT SALINE 
MICROALGAE FOR HIGH YIELDS 
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A N D  LIGHT INTENSITIES A X D  IN 
SERI STANDARD ARTIFICIAL MEDIA 

W.H. Thomas, D .L.R. Seibert, M.  Alden, and P. Eldridge 

Phytoplankton R.esources Group 
Institute of Marine Resources 

Scripps Institution of Oceanography 
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ABSTRA CT 

This work continues and supplements that concerning cultural requirements, yields, and pho- 
tosynthetic efficiences of some desert saline microalgae reported in 1984. However, our  selec- 
tion process has become more rigorous in that high temperatures and light intensities have 
been used and the algae have been cultured in SERI standard artificial salts media that approxi- 
mate the composition of saline groundwaters in New Mexico. Forty-one new strains have been 
isolated under these more rigorous conditions. The enrichment selection procedure was shown 
to select a marine "weedf' strain, Platymonas in competition with natural marine microalgae. 
Forty-three strains (new isolates plus some previously isolated) were grown in SERI standard 
media at 24 " and 30 "C and 40% L a  Jolla sunlight. These preliminary experiments separated 33 
strains that were "goodtf o r  'Tntermediate" growers from 10 stains that grew poorly. Twelve 
good growers were tested in all five SERI media and the best medium was chosen for further 
studies of the temperature and salinity requirements of eight strains. Four strains were 
identified as being tolerant of high temperatures and salinities. One of these,  a Chlorelia from 
Salt Creek, California grew well even a t  40 "C. Two strains were grown in mass culture under 
the "best'" conditions found in the above studies to determine yields and efficiencies of light 
utilization ( P A R  only).  Yields ranged from 31.9-55.5 gm m-2day-1 and efficiencies ranged 
from 7.7-17.6%. We conclude that we have been able to isolate and identify high-yielding 
strains of desert saline microalgae that show promise for future outdoor culture, particularly 
with regard to their tolerance of wide ranges of temperatures and salinity. 

INTRODUCTION 

This report extends that presented at the last SERI Aquatic Species Program Review Meeting in 
April 1984 (Thomas e t  al, 1984). However, new procedures have been applied to the problem 
of selecting high-yielding strains of desert saline microalgae in that 1) the algae have been sub- 
jected to high temperatures and light intensities during the initial screening process; and 2) 
standard SERI artificial media have been used in preliminary searches for high-yielding strains; 
in studies of their temperature /salinity requirements; and in mass cultures se t  u p  to determine 
maximum yields. Through this new selection process we have obtained high-yielding desert 
microalgal strains that grow well at elevated temperatures, light intensities, and salinities in 
standard SERI media. 



MATERIALS AND METHODS 

Special Equipment 

We have designed and constructed two reciprocal shaker tables that shake water baths contain- 
ing 65-ml culture bottles with 50 ml of medium. The water baths have glass bottoms s o  that 
the cultures are illuminated from below with 2000-watt incandescent stage lamps that  provide 
the cultures w ~ t h  a light intensity of 40% of the PAR sunlight that is found maximally at L a  
Jolla. The  temperatures of the water baths were 25 ' and 30 "C. 65-ml bottle cultures were used 
fo r  initial enrichment experiments to grow u p  algae in their natural water, in preliminary tests 
of growth in SERl media, and in tests of growth in all five SERI standard media. 

The temperaturejsalinity gradient block described previously (Thomas,  e t  al, 1984) has contin- 
ued to be used with 65-ml bottle cultures and SERl  standard media. Growth in these cultures 
and in shaker table bottles has been assessed by non-invasive optical density measurements as 
described previously. 

We  have also set some lighted Percival incubators a t  30 "C and 15% sunlight (fluorescent lamps) 
for  additional enrichment experiments. Cultures in these incubators were contained in 125-ml 
flasks and were not shaken. 

Field TripEd -- Isolations a- 

Two short  field trips were carried out (May ,  1984 and July-August. 1984) to the deserts of 
eastern California and western Nevada The sit,es which were sampled were t2he same as those 
described in our  previous report (Thomas e t  al, 1984).  Water and soil samples were brought 
back to our  L a  Jolla laboratory, enriched with nutrients ( N H 4  + and urea used as N sources),  
and incubated on the shaker tables and in the Percival incubators. When growth was apparent, 
cells were isolated using micropipetting and agar plating. After 2-3 weeks of additional incuba- 
tion of isolates they were examined for  culture purity and transferred into artificial salts media 
(Thomas e t  all 1984) and into our  culture collection. The collection was incubated in fluores- 
cent light o r  in natural light (north window). 

Media 

The major salts for five SERI Standard Media (B. Barclay, SERI) are shown in Table 1. 
Ammonium (400 p mole liter-'), phosphate (40  p mole liter-'), and Chapman trace metals 
(Thomas e t  al, 1984) were added as nutrient enrichments in preliminary and media experi- 
ments.  The ammonium and phosphate levels were increased to 20 M mole liter-' and 2 M 
mole liter-', respe~t~ively ,  in mass culture experiments on yield. 

These media  were based on the composite chemical composition of saline ground waters in 
New Mexico and SERI specified that  we carry o u t  ou r  experiments with them.  Nevertheless, 
they are no t  ideal media in that precipitate was formed when they were made up. This precipi- 
tate probably consisted of insoluble salts of calcium and magnesium. I t  was removed when the 
media  were filter-sterilized and thus there is some  uncertainty regarding the exact chemical 
composition of t,hese media as used in the experiments. T o  use these media  with NH,' as an 
N source it was necessary to adjust their pH to pH 8. This did not  reduce the amount  of pre- 
cipitate in them. 

Preliminary E x p e r i m e n k  

Over 40 algal strains ( those isolated in the 1984 field trips and some isolated previously) were 
tested for growth in 65-ml bottle culture incubated on  the shaker tables a t  25 " a n d  30 "C and a t  
40% sunlight. Standard media were used that  m o s t  closely approximated the composition of the 
water from which each strain was isolated. Growth was assessed by daily non-invasive optical 
density measurements in the bottles and exponential rates of growth and maximum optical den- 
sities were determined.  These experiments identified 'tgoodtt, t'intermediate't, and "poort' grow- 
ing species. 

Media Experiments -- 

Good growing species were tested further in all five SERI  media  on the shaker tables at  the 
temperatures (25 " o r  30 ") at  which they did best in preliminary experiments. Again growth was 





assessed by daily non-invasive optical density measurements in the 65-ml bottles. Maximum 
experiential growth rates and optical densities were determined.  

Temperature/Salinity Requirement E x p e r i m e n ~  

Once a good medium was defined in the media experiments, it was used in experiments to test 
the response of good growing strains to varying temperatures (15-40 "C) and salinities (0-40 gm 
liter-') in the temperature gradient block. Daily optical density measurements were carried ou t  
until a cornistent response to temperature and salinit) was obt,ained. These final optical densi- 
ties (yields) were plotted as a function of t e m p e r a t u r ~  and salinity. In some instances the cul- 
ture bottles were placed on a chart of salinity and temperature and photographed with color 
Polaroid film to delineate further the response of the given algal strain. 

Mass Cultures 

Once the proper salinities and temperatures were known, good growing species were grown up  
in 12-liter carboys in their best SERl media using fluorescent light (5-10% sunlight) and a tem- 
perature of 25 "C. Once these cultures became dense (300-500 m g  dry weight liter-') they were 
poured into the 15-cm, 12-liter mass culture apparatus described previously (Thomas e t  all 
1984) and grown at a light intensity of 50% L a  Jolla sunlight provided by a 2000-watt tungsten- 
halide lamp. These cultures were mixed with I-2% C02-in-air. Measurements of dry weight 
liker-' and optical density (a t  750 p m  in 1 cm cells) were made daily and yields and photosyn- 
thetic efficiencies were determined as previously described. After several days of growth the 
light intensity was increased to 70% La Jolla sunlight. When each cultures reached 2000 mg 
dry weight liter-', half of it ( 6  liters) was harvested by centrifugation washed with isotonic 
ammonium formate,  and recentrifuged. The resulting paste was freeze-dried and sen t  to Dr.  
Tom Tornabene of Georgia Institute of Technology for  chemical analyses of the cells. The 
remaining culture was diluted back to 12 liters with fresh medium containing n o  added N and P 
and was allowed to grow for a further 10 days as a nutrient-deficient crop. The culture was 
then harvested and sent  to Dr .  Tornabene fo r  analyses of deficient cells. The disappearance of 
NH, + f rom the culture as nutrient  deficiency progressed was measured with an ammonium 
electrode. 

RESULTS A N D  DISCUSSION 

New Cultures 

Cultures that  were obtained from the 1984 field trips are listed in Table 2. Forty-one new 
strains were isolated and added to o u r  culture collection. We are carrying another 86 cultures 
isolated in 1982-83. A good many of these are strains of Dunaliella, Chaetoceros and Nitzschia 
that  SERI  has requested us to keep.  Most  are maintained on agar slants and therefore only 
have to be transferred every three months  rather than our  usual transferring of liquid cultures 
once a month .  

Tes t  of Selection- by- Enr ichment  Procedure 

Following enrichment,  while these new strains were growing up, we tested our  procedure to see 
if an alga known to be hardy would be selected. Varying concentrations of the Hawaiian strain 
of Platymonas, a !'weed species", was added to Scripps Pier seawater containing natural phyto- 
plankton. The dominant  algae in the initial sample were a cryptomonad sp. (41  cells ml-'); a 

dinoflagellate (22 cells ml-I);  and a 10 p m  naked flagellate (24 cells ml-'). Other  algae -- 
Anabaena, Nitzschia, Oscdlatoria, Mallomonas, Navicula and an unidentified centric diatom-- 
made u p  an  additional 17 cells ml-'. Platymonas was added at  10 ,  100, 1000, and 10000 cells 
rnl-' and the cultures were enriched with inorganic nutrients (NH,+,P04-3,  Si, and trace 
metals). The  cultures were incubated for  8 days at  40% L a  Jolla sunlight and a t  24 "C and 30 "C 
on  two shaker  tables. A t  the end  of the experiment all cultures were visibly green. Phyto- 
plankton were then counted in those cultures having an initial ratio of Platymonas: natural phy- 
toplankton of 0.1 and 1 .0  . In 24 "C cultures Platymonas counts were 3 . 7 ~ 1 0 ~  cells ml-' (initial 
ratio 1.0) and n o  other  algae were seen.  A t  the same temperature and at  an  initial ratio of 0.1, 
the final Platyrnonas concentration was 3 x l o 3  cells ml-' and the final concentration of a centric 
diatom as 3x10' cells ml-' ( n o  o the r  algae were seen) .  A t  30 "C and an initial ratio of 0.1, the 









Platymonas count was 9x10' cells ml-' and no other algae were seen. At an initial ratio of 1.0 
and 30 "C, the Platymonas count was lo6 cells ml-' and no other algae were seen. We conclude 
that Platynonas, a %veed species," outcompeted the naturally-occurring algae under the condi- 
tions that we used for selecting desert algae strains and particularly at 30 "C. 

F'reliminary Cultures in SERI Media 

Forty-two strains have been grown in SERI media most closely approximating the composition 
of the natural waters from which the algae were isolated. These cultures were grown at 24 "C 
and 30 "C on the shaker tables and at a light intensity of 40% La Jolla sunlight. Growth was 
monitored by daily optical density measurements from which exponential growth rates were cal- 
culated. We have attempted to set up criteria for l'good", 5ntermediate", and t'poor'' growing 
cultures, but this is rather arbitrary and subjective. Good growers have experimental growth 
rates > 0.5 and/or maximum optical density > 0.5; intermediate growers have rates of 0.3-0.5 
doublings day-' and/or maximum optical densities from 0.25 to 0.5; poor growers have rates < 
0.3 doublings day-' and/or maximum optical density < 0.25. Another, but subjective, way to 
establish these criteria is to rate the cultures visually. Good growers would be rated It+ + + + I' 
or  "+ + + ", intermediate ones "+ + ", and poor growers '4 ", %t lt', or tt-'! 

Figure 1 shows a growth curve for the 1984 Black Lake Chlorella ellipsoidea. It is a typical good 
grower. A growth curve for an intermediate grower is shown in Figure 2, and that for a poor 
grower is shown in Figure 3. 

Table 3 presents the growth data in preliminary culture for 33 strains that grew at ''good" or 
t'intermediate" levels. Some of these grew very well; for example, the BL-6 Chlorella ell+soidea 
strain from Black Lake had a growth rate of 2.48 doublings dayu' at 30 "C. An additional 10 
strains were tested, but grew "poorly" if at all and the growth data are not presented. Some of 
these "poor" growers grew well (visual observations) in SERI media at a lower light intensity 
supplied by fluorescent lamps. We repeated the experiment using the shaker tables and high 
light intensity with two of these "pooru cultures, and again the growth was l'poor" under these 
conditions. 

Growth of "Good" Cultures in All Five SERI Media 

We tested some of the fkood" or %~termediate" growers in all five SERI standard media so that 
we could choose the best medium for a particular alga. Figure 4 shows the results of one of 
these experiments with the Black Lake Chlorella ell+soidea, BL-6. This strain grew best in SERI 
standard medium I1 at a low or moderate salinity. 

Table 4 summarizes growth data in all five SRI standard media for 12 strains. For any given 
culture either type I or type 11 media was best and certain salinity patterns were also in evi- 
dence. For instance, the Chlorella we obtained from Joel Weismann grew best at moderate 
salinities in either medium type. The Salton Sea Nitzschnh (SS-1A) grew best at a high salinity 
in type I water or at a moderate salinity in type I1 water. This probably reflects the fact that the 
Salton Sea is a highly saline environment (TDS 39 gm liter-'). A similar pattern was also 
observed for the Mono Lake Nannochlords (MO-2A) and Mono Lake is also highly saline. 

Growth of Marine Species in SERI Media 

Four marine species were cultured on the shaker tables at 25 " o r  30 "C in d l  five standard SERI 
media and at  a light intensity of 40% sunlight. The results are shown in Table 5. Phaeodac- 
tylum grew well in all media; our strain of Chaetoceros gracdds grew well in four media; and Pl* 
tymonas grew well in two media. Zsochryeie did not grow under these conditions but grew in 
standard medium I, high salinity at 30 'C in fluorescent light. In the shaker table bottles, Zee 
chryais did not die since motile cells were seen at the end of the experiment, but it did not grow 
and probably the light intensity and/or the turbulence due to shaking were inhibitory on the 
shaker table. 

Responses to Temperature and Salinity 

Once the best medium was defined for a good growing strain, we could test the response of 
given algae to varying temperatures and salinities in our temperature/salinity gradient block 





















using that medium. Figure 5 shows the response of the Black Lake Chlorella ellipsoidea (BL-6) 
to temperature and salinity. KO growth occurred a t  1 5 "  o r  40 "C and the t e s t  growth occurred 
from 25-35 "C. The best salinities were 20-40 gm liter-' with reduced growth a t  10 gm liter-' 
and no growth a t  0 gm liter-'. Another strain showing a wide temperature response was the 
Salt Creek ChloreUa (SC-2) --see Figure 6. This alga was unusual in that it grew well a t  40 C. 
The best salinity range was 10-20 gm liter-'. Growth was reduced a t  0 and 30 gm liter-' and 
no growth occurred at. 40 gm liter-'. 

Table 6 summarizes all of the temperature/salinity requirement data from eight strains using 
SERI standard media. Half of these are truly high temperatmure strains wit,h best growth occur- 
ring up to 35 % and in one case to 40 "C. They vary greatly in their salinit,y responses and these 
generally reflect the salinity of the natural waters from which they were isolated. For instance, 
the Mono Lake Nannochloris (MO-2a) grows best at 30-40 gm liter-' and the marine species 
Platymonas grows best at 40 gm liter-'. Mono Lake and the Sea are both highly saline environ- 
ments.  

Measurements of Yields -- and -. Photosynthetic - Efficiencies in Dense Mass Cultures of Desert  
Algae 

We measured the growth of t,wo good growing strains in our 12 liter mass culture apparatus a t  
50-70% sunlight and at the best temperature range found for each strain. After dense growth 
was achieved, half the culture was harvested for cell analyses by Dr.  Tom Tornabene at Georgia 
Institute of Technology. The remaining culture was diluted with fresh medium containing trace 
metals, Fe ,  and vitamins but no N o r  P. The diluted culture then grew up again and depleted 
the NH4+-N to an undetectable amount.  After 10 further days of growth, cells were again har- 
vested for  analyses by Dr .  Tornabene. 

Figure 7 shows the growth curves for the Black Lake Chlorella ellipsoidea (BL-6) cultured under 
these conditions. (27-32 "C, 50-70% sunlight) .  The yield before dilution was 35.5 gm m-2day-1 
and the efficiency of light utilization was 11.3%. After dilution these values were 55.5 gm 
m-'day-' and 17.6% respectively. Figure 8 shows similar data for the Mono Lake Nannochloris 
(MO-2A) grown under the same conditions. The yield before dilution was 31.9 gm m-'day-' 
and the efficiency was 10.1%. After dilution the yield was reduced to 24.2 gm m-2day-' with a 
corresponding efficiency of 7.7%. 

These yields and efficiencies were similar to those found previously with Ankistrodesmus falcatus 
(Thomas e t  al, 1984) and are comparable to the best values found in outdoor cultures. 

CONCLUSIONS 

This work has been a step-wise selection process to find strains that  grow well in SERI media 
that simulate saline desert waters in New Mexico and also that grow well a t  high temperatures 
and light intensities. Many cultures have been isolated that grow up under  these extreme con- 
ditions and that grow well ("good growing cultures") in preliminary tests with the media. Some 
of these strains have been tested for growth in all five SERI standard media and their tempera- 
ture and salinity responses have been assessed. Two strains have been grown in mass culture 
and their yields and efficiencies have been determined. Both of these strains seem promising 
for fur ther  work on their yields and efficiencies in outdoor pond o r  raceway mass cultures. 
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SCREENING AND CHARACTERIZING OLEAGINOUS MICROALGAL SPECIES FROM THE 
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Biology Department 
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ABSTRACT 

The purpose  of t h i s  s t u d y  was t o  s e l e c t  and c h a r a c t e r i z e  p romis ing  a l g a l  
s p e c i e s  which t o l e r a t e  h i g h  l i g h t  i n t e n s i t i e s ,  t empera tu re  v a r i a t i o n s  
and accumulate  l i p i d s .  Samples have been c o l l e c t e d  from f r e s h w a t e r  
and s a l t w a t e r  l o c a t i o n s  i n  t h e  S t a t e  of Alabama and i n t e r t i d a l  r e g i o n s  
of the  Gulf of Mexico. Samples were  s c r e e n e d  through a  m u l t i - s t e p  
p r o c e s s .  S e l e c t e d  s p e c i e s :  C y c l o t e l l a ,  N i t z s c h i a ,  and Scenedesmus 
have been examined f o r  growth r e q u i r e m e n t s .  Approximate c e l l u l a r  - 

composi t ion o f  t h e s e  s p e c i e s  was de te rmined .  

INTRODUCTI ON 

I n  r e c e n t  y e a r s ,  i n t e r e s t  i n  m i c r o b i a l  l i p i d s  h a s  been renewed because  
of a n  u r g e n t  need f o r  u t i l i z a t i o n  o f  a l t e r n a t i v e  renewable r e s o u r c e s  a s  
carbon s o u r c e s  f o r  p r o d u c t i o n  of hydrocarbons  and l i p i d s .  S i n c e  1980, 
S E R I ~ D O E  h a s  been i n t e r e s t e d  i n  m i c r o a l g a l  l i q u i d  f u e l s  ( F c I n t o s h ,  1984) .  

Microa lga l  s p e c i e s  a r e  capab le  of p roduc ing  biomass y i e l d s  c o n t a i n i n g  
h i g h  p e r c e n t a g e s  of o i l s  (Aaronson, e t .  a l . ,  1980) .  Microa lga l  sys tems 
can use low v a l u e  n a t u r a l  r e s o u r c e s ,  such  a s  s a l i n e  w a t e r  and a r i d  l a n d s ,  
t h e r e f o r e  o f f e r i n g  t h e  p o t e n t i a l  f o r  l a r g e  biomass energy c o n t r i b u t i o n s  
w i t h o u t  c o m p e t i t i o n  f o r  prime a g r i c u l t u r a l  o r  f o r e s t  l a n d .  The growth 
of m i c r o a l g a l  biomass and l i p i d  h a r v e s t i n g  r e p r e s e n t  p o t e n t i a l  f o r  
h a r v e s t i n g  s o l a r  energy p r o d u c t s .  One of t h e  methods by which t h e  
energy s t o r a g e  c a p a c i t y  of p h o t o s y n t h e s i s  can be  maximized i s  by 
c o n t r o l l i n g  t h e  metabolism of t h e  organism. Tuning t h e  metabol ism o f  
a l g a e  can l e a d  t o  enhanced p r o d u c t i o n  of energy- r ich  compounds such  as 
f a t t y  aci .ds and g l y c e r o l .  A s i n g l e  a l g a l  s p e c i e s  may show remarkab le  
v a r i a t i o n  i n  i t s  metabol ism,  a c c o r d i n g  t o  t h e  c o n d i t i o n s  t o  which i t  
i s  exposed,  such a s  carbon d i o x i d e  s u p p l y ,  l i g h t  i n t e n s i t y ,  t e m p e r a t u r e ,  
n u t r i e n t  c o n c e n t r a t i o n s ,  and s a l i n i t y  (Holm-Hansen, e t .  a l . ,  1959) . 
Changes i n  t h e  s u p p l y  o r  consumption of m e t a b o l i t e s  may have cons ider -  
a b l e  e f f e c t s  on m e t a b o l i c  p a t t e r n s .  The accumula t ion  of energy s t o r a g e  
compounds i n  a l g a e ,  such  as f a t s  and o i l s ,  can b e  induced bv  m a n i p u l a t i n g  
t h e  env i ronmenta l  c o n d i t i o n s  under which t h e  a l g a e  a r e  grown ( S h i f r i n  
and Chisholm, 1981) .  N u t r i e n t  d e f i c i e n c i e s  g e n e r a l l y  l e a d  t o  a  d e c r e a s e  
l n  p r o t e l n  and p h o t o s y n t h e t i c  pigments and an  i n c r e a s e  i n  energy- r ich  
products  such a s  c a r b o h y d r a t e s  and l i p i d s  (Healey,  1973) .  



Nit rogen  s t a r v a t i o n  i n  p a r t i c u l a r  can l e a d  t o  remarkable  changes i n  a l g a l  
c e l l  composi t ion (Fogg, 1959) . Opute (1974) demonstra ted t h a t  l i p i d s  
accumulate i n  t h e  diatom N i t z s c h i a  p a l e a ,  under  N-def ic ien t  c o n d i t i o n s .  
C y c l o t e l l a  c r y p t i c a  produces high l i p i d s  i n  N-def i c i e n t  media (Werner, 
1966) .  Diatoms ( ~ a c i l l a r i o p h y c e a e ) ,  most ly  i n  t h e i r  s t a t i o n a r y  growth 
phase ,  accumulate f a t s .  C h l o r e l l a  pyrenoidosa  (Chlorophyceae),  produces 
h igh  c o n c e n t r a t i o n s  of l i p i d s ,  from 28% t o  70% d r y  weigh t  (Fogg, 1959)  
when grown i n  N-starved c u l t u r e s .  Even d u r i n g  s i l i c o n  s t a r v a t i o n ,  t h e  
marine diatom, Navicula p e l l i c u l o s a ,  accumulates  l i p i d s  (Coombs, e t .  a l . ,  
1967).  With ag ing ,  n u t r i e n t s  become exhaus t ed ;  t h i s  i s  then  r e f l e c t e d  
i n  l i p i d  con t en t  i n c r e a s e  and changes of f a t t y  a c i d  composi t ion e . g . ,  
Euglena g r a c i l i s ,  (Gomez, e t  . a l . ,  l 9 7 4 ) ,  and N i t z sch i a ,  (Opute, 1974; 
Badour and Tadros ,  1965). Fa t  p roduc t i on  i s  a l s o  s t i m u l a t e d  by l i g h t .  
Spoehr and Milner  (1948) ,  showed t h a t  N-def ic ien t  C h l o r e l l a  pyrenoidosa  
a t t a i n s  a g r e a t e r  l i p i d  con t en t  a t  h igh  l i g h t  i n t e n s i t y  t han  a t  low 
l i g h t  i n t e n s i t y .  The l eng th  of  l i g h t  p e r i o d  a s  w e l l  a f f e c t s  the  con t en t  
and composi t ion of f a t t y  a c i d s  of N i t z s c h i a  p a l e a  (Opute, 1974) and 
N i t z s c h i a  c l o s t e r i um (Orcu t t  and P a t t e r s o n ,  1974) .  Ochromnas dan i ca  
(Chlorophyceae) accumulated l i p i d s  up t o  53% d r y  weigh t  when c u l t u r e d  a t  
h igh  temperature  (Aaronson, 1973) .  The f a t t y  a c i d  composi t ion of t h e  
diatom Coscinodiscus  e c c e n t r i c u s  (Pugh, 1971) showed v a r i a t i o n s  i n  
d i f f e r e n t  s a l i n i t y  media.  I n  a b e t t e r  c h a r a c t e r i z e d  system, t h e  diatom 
Phaeodactylum t r i cornu tum growing i n  s e a  w a t e r  produced h igh  y i e l d s  of 
l i p i d s  (Raymond, 1981) . 
From prev ious  r e p o r t s  i t  is e v i d e n t  t h a t  hydrocarbon p roduc t i on  by a l g a e  i s  
occurring i n  n a t u r a l  systems and can be maximized by t h e  a p p l i c a t i o n  
of a  v a r i e t y  of environmental  c o n d i t i o n s  (Shif  r i n  and Chisholm, 1981) .  
In o rde r  t o  s e l e c t  promising a l g a l  s p e c i e s  a s  p o t e n t i a l  p roducers  of o i l s  
f o r  energy technology,  t he se  growth c o n d i t i o n s  need t o  be i d e n t i f i e d .  

The long-range goa l  of t h i s  p r o j e c t  i s  t o  e s t a b l i s h  an adequa te  b i o l o g i c a l  
r e sou rce  poo l  of o i l -p roduc ing  m i c r o a l g a l  s p e c i e s  from t h e  s o u t h e a s t e r n  
United S t a t e s .  The s p e c i f i c  o b j e c t i v e s  of t h e  research r e p o r t e d  h e r e i n  
were : 

To c o l l e c t  a l g a l  samples from f r e shwa te r  and s a l t w a t e r  sou rce s  i n  the  
S t a t e  of Alabama. 

To i s o l a t e  o leag inous  a l g a l  s p e c i e s  capab le  of growth under h igh  
tempera ture  and l i g h t  i n t e n s i t y .  

To c h a r a c t e r i z e  o leag inous  s p e c i e s ,  f o r  t h e i r  t empera ture ,  s a l i n i t y  
and l i g h t  t o l e r a n c e s .  

To determine t h e  n i t r o g e n  source  requ i rements  f o r  t he  s e l e c t e d  s p e c i e s .  
To q u a n t i f y  t he  l i p i d  accumulated by the s e l e c t e d  s t r a i n s ,  under 

n i t r o g e n  d e f i c i e n c y  and n i t r o g e n  s u f f i c i e n c y  . 
This paper  d e s c r i b e s  some of  t h e  r e s u l t s  accomplished i n  t h e  pe r i od  
February 1984 - January 1985. 







MATERIALS AND METHODS 

The methods have  b e e n  p r e v i o u s l y  d e s c r i b e d  i n  d e t a i l  ( T a d r o s ,  1 9 8 5 ) .  F i e l d  t r i p s  
h a v e  been  c o n d u c t e d  t o  Alabama w a t e r  r e s o u r c e s  ( F i g .  1 ) .  F r e s h  w a t e r  and marine 
a l g a l  samples  were c o l l e c t e d  from h a b i t a t s  u n d e r  s t r e s s .  Tempera ture ,  p H ,  and 
s a l i n i t y  were r e c o r d e d .  A m u l t i - s t e p  s c r e e n i n g  p r o c e s s  h a s  been d e s i e n e d  f o r  t h e  
s e l e c t i o n  of  o l e a g i n o u s  s p e c i e s  t o l e r a n t  of  h i g h  t e m p e r a t u r e  and l i g h t  i n t e n s i t -  
( F i g .  2 ) .  S c r e e n i n g  and  growth e x p e r i m e n t s  w e r e  c a r r i e d  i n  a  c u l t u r e  room 
p r o v i d e d  w i t h  s h e l v e s ,  which  have  been  i l l u m i n a t e d  w i t h  c o o l  w h i t e  l i g h t  
f l u o r e s c e n t  t u b e s .  L i g h t  i n t e n s i t y  v a r i e d  from 400 t o  500 f o o t  c a n d l e s  on t h e  
s h e l v e s .  I n t e r m i t t e n t  i l l u m i n a t i o n  was u s e d  f o r  c u l t u r i n g  (14 h  : 1 0  h  l i g h t  d a r k  
c y c l e ) .  Temperature r a n g e d  f r o m  29-30°C. Growth media  f o r  f r e s h w a t e r  and m a r i n e  
a l g a l  s p e c i e s  were  used  f o r  i s o l a t i o n .  Def ined  media  were  supplemented  w i t h  
a r t i f i c i a l  s e a  s a l t s ,  a t  d i f f e r e n t  s t r e n g t h s .  Among t h e  p r i n c i p a l  b a s i c  media  a r e  
Bold B a s a l  ( N i c h o l s  and B o l d ,  1 9 6 5 ) ;  Chu no 1 0  (Chu, 1942) a n d  " f / ? "  ( C u i l l a r d  and 
F y t h e r ,  1 9 6 2 ) .  The d i a t o m s  and u n i c e l l u l a r  g r e e n  s p e c i e s  were  c u l t u r e d  i n  " f / 2 "  
( t r i p l e  s t r e n g t h )  and BBL m e d i a .  A l g a l  s p e c i e s  were i s o l a t e d  bv s t r e a k i n g  e n r i c h e d  
a g a r  p l a t e s  o r  b y  m i c r o p i p e t t i n g  u n d e r  a  l i g h t  m i c r o s c o p e .  O i l  a c c u m u l a t i o n  was 
i d e n t i f i e d  by  m i c r o s c o p i c  e x a m i n a t i o n .  P r e l i m i n a r y  c u l t u r e s  were  p e r f o r m e d  i n  
shaked  t e s t  t u b e s  and a e r a t e d  s m a l l  c u l t u r e  b o t t l e s .  S t r a i n s  were s e l e c t e d  on t h e  
b a s i s  of r a p i d i t y  o f  g rowth  a n d  dominance .  S e l e c t e d  s t r a i n s  were c h a r a c t e r i z e d  
f o r  t e m p e r a t u r e ,  s a l i n i t y  and l i g h t  t o l e r a n c e ,  on  a  g r a d i e n t  p l a t e .  A l g a l  s n e c i e s  
were  c u l t u r e d  i n  s m a l l  c u l t u r e  b o t t l e s .  N i t r o g e n  r e q u i r e m e n t s  f o r  s e l e c t e d  s n e c i e s  
were  d e t e r m i n e d  b y  e n r i c h i n g  c u l t u r i n g  f l a s k s  w i t h  d i f f e r e n t  c o n c e n t r a t i o n s  o f  
N-source a s  n i t r a t e  o r  u r e a  and y i e l d s  were  measured  by c e l l  c o u n t i n g .  For 
p rox imate  a n a l y s i s ,  b a t c h  c u l t u r e s  (800  ml)  were  a e r a t e d  w i t h  a i r  mixed w i t h  
CO and grown i n  a  w a t e r  b a t h .  Ba tch  c u l t u r e s  w e r e  i l l u m i n a t e d  c o n t i n u o u s l v  bv 
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p l a c i n g  them i n  f r o n t  o f  a  bank  of  s i x  w h i t e  f l u o r e s c e n t  lamps (32 W.). C u l t u r e s  
w e r e  a n a l y z e d  f o r :  t o t a l  d r y  w e i g h t ,  t o t a l  c a r b o h y d r a t e s ,  t o t a l  p r o t e i n s  and 
t o t a l  l i p i d s  ( s e e  Methods:  T a d r o s ,  1 9 8 5 ) .  A l l  d e t e r m i n a t i o n s  were r u n  i n  
t r i p l i c a t e .  

RESULTS AND DISCUSSIONS 

Sample C o l l e c t i o n  and P r e l i m i n a r y  Growth Experiments 

Data from sample c o l l e c t i o n s ,  f i e l d  t r i p s ,  and p r o c e s s i n g  a c c o r d i n g  t o  t h e  
methods, a r e  summarized i n  Table 1. Fol lowing t h e  use  of t h e  schemat ic  
diagram (F ig .  2 )  f o r  s c r e e n i n g  t h e  samples f o r  o leag inous  a l g a l  s t r a i n s ,  
t h e  growth o f  t h e  i s o l a t e s  i n  p r e l i m i n a r y  exper iments  was e v a l u a t e d  
v i s u a l l y  and r e p r e s e n t e d  by s i g n s  (+) i n  Table  1. The p r e l i m i n a r y  
growth exper iments  were des igned  t o  t e s t  t h e  growth of t h e  i s o l a t e s  i n  
l i q u i d  media. S t r a i n s  were s e l e c t e d  f o r  c h a r a c t e r i z a t i o n  on t h e  b a s i s  of 
f a s t  growth r a t e  and microscop ic  i d e n t i f i c a t i o n  of o i l  accumula t ion  i n  t h e  
c e l l s  . 

Temperature,  L i g h t ,  S a l i n i t y  Requirements 

The growth paramete rs  f o r  t h e  s e l e c t e d  s p e c i e s  were examined under 
d i f f e r e n t  combinat ions  of l i g h t  i n t e n s i t y ,  t empera tu re  and s a l i n i t y ,  
i n  o r d e r  t o  d e f i n e  t h e  op t imal  growth c o n d i t i o n s  a s  w e l l  a s  h i g h  and low 
l i n i t s .  The g r a d i e n t  b l o c k  was used f o r  t h i s  exper iment .  The maximum 
d e n s i t i e s  reached  by each s p e c i e s  was de te rmined  by e v a l u a t i n g  c e l l  
coun ts  i n  t h e  s t a t i o n a r y  phase .  





C y c l o t e l l a  s p  . : (F ig .  3 ) 

An i n c r e a s e  i n  c e l l  number could no t  be de t ec t ed  a t  0.0 p p t .  s a l i n i t y ;  
however i n c r e a s i n g  the  s a l i n i t y  t o  15 p p t .  r e s u l t e d  i n  an  i n c r e a s e  i n  
f i n a l  c u l t u r e  dens i ty .  A t  32 p p t .  s a l i n i t y ,  t he  maximum y i e l d  of c e l l s  
dec l ined  and reached about 75% t h a t  a t  15 p p t .  s a l i n i t y .  A t  bo th  l i g h t  
i n t e n s i t i e s ,  400 ft-C and 800 f  t - C ,  t he  y i e l d  decreased i n  h ighe r  
s a l i n i t i e s .  High temperatures ,  30°C and 35°C under 400 ft-C and 800 f  t - C  
l i g h t  i n t e n s i t i e s ,  favored maximum y i e l d  of c e l l s .  On t h e  o t h e r  hand, 
a t  lower tempera tures  (15°C and 20°C) c e l l  d i v i s i o n  completely ceased.  
It is  c l e a r  from these  r e s u l t s  t h a t  Cyc lo t e l l a  sp .  DI-35 t o l e r a t e s  h igh  
temperatures  (30°C, 35°C) and s a l i n i t i e s  (32 pp t  .) a t  high l i g h t  
i n t e n s i t y  (800 f  t-C) . 
Nitzsch ia  s p .  TR-114: ( ~ i g . 3  ) 

The optimum y i e l d  of c e l l  d i v i s i o n  was ob ta ined  a t  15 p p t .  s a l i n i t y  and 
30°C and 400 ft-C. A t  25"C, no obvious e f f e c t  of l i g h t  i n t e n s i t y  was 
observed. Lower temperatures  (20°C and 15°C) a r r e s t e d  t h e  growth of t he  
diatom. 

Scenedesmus sp .  TR-84 : (Fig.  4 ) 

The f i n a l  c e l l  concen t r a t i on  was h i g h e s t  a t  400 ft-C l i g h t  i n t e n s i t y  and 
25°C. It decreased a s  t h e  temperature  i nc reased  t o  30°C and 35°C. 
Increas ing  sodium ch lo r ide  concen t r a t i on  i n  t he  growth medium produced 
an i n h i b i t o r y  e f f e c t  a t  both l i g h t  i n t e n s i t i e s .  

From the-  r e s u l t s  r epo r t ed  i n  t h i s  experiment ,  i t  i s  ev iden t  t h a t  e s t u a r i n e  
spec i e s  a s  C y c l o t e l l a  s p .  ; Ni tz sch i a  sp .  have the  a b i l i t y  t o  t o l e r a t e  wide 
s a l i n i t i e s  from 15 p p t .  t o  32 p p t .  and temperatures  from 20°C t o  35°C. On 
t he  o t h e r  hand, t h e  f reshwater  s p e c i e s  such a s  Scenedesmus sp . responds 
s i g n i f i c a n t l y  t o  sodium c h l o r i d e  concen t r a t i ons  and t h e  y i e l d  drops 
d r a s t i c a l l y .  

Nitrogen Source Requirements 

The s e l e c t e d  s t r a i n s  were t r e a t e d  w i t h  d i f f e r e n t  concen t r a t i ons  o f  u r e a  
and n i t r a t e  ( s ee  Methods). The growth response of the  s t r a i n s ,  was 
determined by c e l l  count ing.  

I n  t he  diatom (Cyc lo t e l l a  sp .  DI-35 (Fig.  6 ) ,  t he  c e l l  number i nc reased  
wi th  i n c r e a s i n g  the  urea  - N (1mM). As t he  u r e a  - N was i nc reased  t o  - 
5mM, t he  c e l l  number dropped. S imi l a r  r e s u l t s  were ob ta ined  wi th  n i t r a t e -  
N.  It enhanced the  c e l l  number a t  2 mM and i n h i b i t e d  i t  a t  5 mM 
concen t r a t i ons .  I n  the  case of N i t z sch i a  s p .  TR-114 (Fig.  6 ), c u l t u r e s  
conta in ing  0 .01  mM n i  trate-N reached g r e a t e r  c e l l  d e n s i t i e s  than those 
conta in ing  2 mM n i t r a t e -N .  Urea - N,  compared to  n i t r a t e -N ,  produced no 
s i g n i f i c a n t  e f f e c t  on t he  growth of N i t z sch i a  sp .  









For the Chlol-ijphyceae: Scenedesmus s p .  TR-84 (Fig. 5 ), i n c r e a s i n g  u r e a  
and n i t r a t e  concen t r a t ions  i n  the  medium r e s u l t e d  i n  h ighe r  c e l l  d e n s i t i e s .  
However, t he  f i n a l  y i e l d  of c e l l  number was s t i l l  l i m i t e d  by N concentra- 
t i o n  i n  t he  medium. Inc reas ing  the urea  and n i t r a t e  concent ra t ions  could 
produce h ighe r  c e l l  numbers. 

It can be concluded t h a t  N-source requirements  vary according t o  t h e  
spec i e s .  Diatoms u t i l i z e  n i t r a t e  r a t h e r  than  u rea ,  whi le  t he  growth of 
u n i c e l l u l a r  green s p e c i e s  enhanced more by urea.  This  i s  i n  agreement 
wi th  Reimann, e t .  a l .  (1963) who r epor t ed  t h a t  C y c l o t e l l a  c r y p t i c a  
s p e c i e s  were unable t o  grow on urea .  I n  a d d i t i o n ,  growth of diatoms was 
not  l i m i t e d  by N concent ra t ion .  By vary ing  N concen t r a t ions  i n  the  
n u t r i e n t  medium, t h e  green a l g a l  spec i e s  i n v e s t i g a t e d  could be manipulated 
wi th  r e s p e c t  t o  biomass product ion.  I n  o r d e r  t o  o b t a i n  h ighe r  y i e l d s ,  t h e  
green a l g a l  s p e c i e s  could presumably be  grown a t  s t i l l  g r e a t e r  N 
concent ra t ions .  

Approximate Analysis  f o r  t h e  Se lec ted  Spec ies  

In  t h i s  experiment ,  a l l  t h e  s e l e c t e d  spec i e s  were grown i n  d u p l i c a t e  ba t ch  
c u l t u r e s .  The c u l t u r e s  were maintained under s i m i l a r  tempera tures  and 
l i g h t  i n t e n s i t i e s .  One ba t ch  of each spec i e s  was analyzed i n  t h e  
exponent ia l  growth phase (5 days o l d ) ,  when the  c e l l s  were a c t i v e l y  
d iv id ing  and s u f f i c i e n t  n i t r o g e n  was a v a i l a b l e  i n  t he  medium. The second 
ba tch  was analyzed i n  t h e  s t a t i o n a r y  phase (14 days o l d ) ,  when t h e  c e l l s  
ceased d iv id ing  and t h e  medium had beoome N-depleted. Data f o r  approxi-  
mate c e l l u l a r  compositions were expressed on the  b a s i s  of o rgan ic  weight 
and represented  i n  Table 2. I n  Cyc lo t e l l a ,  N-deficient  c e l l s  contained 
42.1% t o t a l  l i p i d s .  N i t z sch ia ,  on the o t h e r  hand, under N-stress  
contained 28.1% l i p i d s .  C h l o r e l l a ,  whether i n  f reshwater  o r  s a l i n e  
medium, d i d  no t  show a c l e a r  d i f f e r e n c e  i n  composition. Never the less ,  
N-starved c e l l s  contained more l i p i d s  28.6% ( f r e shwa te r )  and 32.4% 
( s a l i n e )  than N-suf f  i c i e n t  c e l l s  which conta ined  15.3% and 26.5% 
re spec t ive ly .  P r o t e i n s  decreased on the  expense of carbohydrates  which 
increased  r e l a t i v e l y  n i t rogen  d e f i c i e n t  c e l l s  of Scenedesmus synthes ized  
almost 44.7% t o t a l  l i p i d s ,  almost double t h a t  of t h e  young c e l l s .  I n  
a d d i t i o n ,  N-exhausted c e l l s  developed an orange c o l o r  r e s u l t i n g  from t h e  
accumulation caro tenoid  pigments. I n  experiments  w i t h  the  Ankistrodesmus 
sp .  the t o t a l  l i p i d s  reached up t o  28.1% i n  N-depleted c u l t u r e s .  An 
i n t e r e s t i n g  diatom, i d e n t i f i e d  a s  Hantzschia  sp .  DI-160 by D r .  Barclay a t  
SERI, was c o l l e c t e d  from the  Dauphin I s l a n d .  Although the  c u l t u r e  was 
n o t  u n i a l g a l ,  i t  grew very w e l l  i n  enr iched  s a l t w a t e r  ( s a l i n i t y  45 ppt.),. 
Growth requirements  of  t h i s  s p e c i e s  have no t  y e t  been i d e n t i f i e d .  However, 
approximate a n a l y s i s  (Table 2) revea led  t h e  presence of h i g h  amounts of 
l i p i d s  (66%) . See Figure 7 f o r  o i l  eva lua t ion .  

It should be mentioned t h a t  i n  case of diatoms, t he  c e l l s  accumulate o i l  
d r o p l e t s  a s  a r e s u l t  of N-deficiency. S i l i c o n  e f f i c i e n c y  was s t u d i e d  
independent ly f o r  t hese  s t r a i n s  t o  a s s u r e  t h a t  o i l  formation was due t o  
N-deficiency and n o t  t o  s i l i c a t e  dep le t ion .  I n  case  of t he  green  a l g a l  
s t r a i n s ,  the c e l l s  changed i n  co lo r  t o  orange o r  yellow i n  the  s t a t i o n a r y  
phase, a s  a r e s u l t  of N-depletion. The most gene ra l  e f f e c t  of a n i t r o g e n  



d e f i c i e n c y  on t h e  composi t ion of t h e  s e l e c t e d  s t r a i n s  i s  a dec r ea se  i n  
p r o t e i n  and an i n c r e a s e  i n  the  s t o r a g e  p r o d u c t s ,  l i p i d s  and ca rbohydra tes .  
The r e s u l t s  a r e  i n  agreement w i t h  those  of Fogg, 1953 and Healy,  1973.  

FUTURE PLANS 

S p e c i f i c  r e s e a r c h  p l ans  f o r  FY 85 - FY 86 w i l l  f o l l ow  t h e  r e s e a r c h  
objec t ives  as exp l a ined  above i n  t h i s  r e p o r t ,  w i t h  spec ia l  emphasis : 

Sample c o l l e c t i o n s  from s a l i n e  h a b i t a t s  i n  t h e  Gulf of Mexico 
Screening of the samples under  h i g h e r  l i g h t  i n t e n s i t i e s  (20 - 50% of 

s u n l i g h t ) .  
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Table 2 .  Approximate Cel lular Composition of Selected Algal Species 

. . - - - - - - - 

Cell  Size  Growth Crowt h % Organic Wt. 
Species (un 3) Rate Conditions Protein Carbohydrate Lipid 

Cyclotel la  s p .  
DI- 35 

SW, NE 
1.37 SW, N D  

Nitzschia sp.  
TR- 1 14 10-15 0.84 SW, N E  

SW,ND 

0.92 W ,  NE 
FW, ND 
SW, N E  
SW, ND 

C l ~ l o r e l l a  sp. 2- 3 
MB- 31 

Scenedesmus s p .  5-6 
TR-84 

1.79 FW, N E  
FW, ND 

Ankistrodesmus sp ,  5-7 
TR-87 

1.11 FW, NE 
FW, ND 

Hantmchia s p .  -- 15-35 
Dl-60 

1.32 SW, NE 
SW, ND 

FW = Fresl~wntcr SW = Saltwater  N E  = Nitrogen Sufficient N D  = Nitrogen D e i i c i e n t  
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PRODUCTION OF HYDROCARBONS BY MICRO-ALGAE; ISOLATION AND 
CHARACTERIZATION OF NEW AND POTENTIALLY USEFUL ALGAL STRAINS 

Ralph A .  Lewin 
A-002, Sc r i pps  I n s t i t u t i o n  of Oceanography 

Un ive r s i t y  of C a l i f o r n i a ,  San Diego 
La J o l l a ,  CA 92093 

AB STRACT 

Spec ies  of t h e  l i t t l e -known genus Nannochloropsis ( sma l l ,  non-motile a l g a e  
common i n  marine p lank ton)  c o n t a i n  abundant l i p i d s  when grown under  s u i t -  
a b l e  c o n d i t i o n s .  N .  marina ha s  been s t u d i e d  by A .  Ben Amotz. A newly 
i s o l a t e d  s t r a i n  ("Eanno-Q") from China may c o n t a i n  up t o  50% by weight  of 
l i p i d ,  of which h a l f  may c o n s i s t  of hydrocarbons.  We have under taken t o  
s tudy  t h i s  s t r a i n  and t o  seek  o t h e r s  w i th  s i m i l a r  o r  improved phys io log i -  
c a l  and biochemical  f e a t u r e s .  

Recent a r t i c l e s  on t h e  s u b j e c t  (wi th  r e f e r e n c e s  t o  t h e  e a r l i e r  l i t e r a t u r e )  
a r e  given below. (Note: some "Nannochlorisl '  spp.  = Nannochloropsis spp . )  

RESULTS 

Pre l iminary  R e s u l t s  wi th  Nannochloropsis s p .  ("Nanno-Q") as r e p o r t e d  
16 J an  85 

Th i s  s t r a i n  grows i n  n u t r i e n t  media wi th  s a l i n i t i e s  rang ing  from those  of 
sea wate r  down t o  b r a c k i s h  wate r  only one- tenth  a s  s a l i n e .  I n  a d d i t i o n  t o  
~ a +  i t  seems t o  r e q u i r e  d i v a l e n t  c a t i o n s ,  e .  g .  ~ a *  i n  t h e  range 2-20 mM. 

It grows w e l l  i n  media w i th  n i t r a t e ,  a s  s o l e  N sou rce ,  i n  c o n c e n t r a t i o n s  
up t o  1 mM, b u t  when c u l t u r e d  w i th  s o  much a v a i l a b l e  N t h e  l i p i d  y i e l d  i s  
compara t ive ly  low. When t h e  N is reduced t o  0 .1  - 0 . 2  mM, l i p i d  produc- 
t i o n  i s  abundant,  and i n  o l d  c u l t u r e s  ( c a .  1 mo) t h e  c e l l s  f l o a t  a s  an 
orange scum. 

On aga r  media, c o l o n i e s  grow t o  r ecogn i zab l e  s i z e  and fo rm i n  7 days ,  so  
i t  should be  p o s s i b l e  t o  d i s t i n g u i s h  and i s o l a t e  mutants  w i th  d i s t i n c t  
c e l l - agg rega t i on  f e a t u r e s  a f t e r  growth f o r  2 weeks. I r r a d i a t i o n  w i th  u-v 
l i g h t  (10 cm from a " ~ t e r i l a m p " )  i s  l e t h a l  a t  doses  exceeding 1 5  s e c ,  so  
lower doses  w i l l  be  used f o r  mutagenesis .  

Growth of v a r i o u s  s t r a i n s  a t  v a r i o u s  t empera tures  

The r e s u l t s  of one experiment a r e  summarized i n  t h e  graphs appended. 







Legend f o r  F i g u r e s  

Yields  ( o p t i c a l  dens i ty  a t  660 nm) of Nannochloropsis spp. s t r a i n s  grown 
f o r  4  weeks with continuous i l l umina t ion  (ca.  2000 lux) a t  va r ious  tem- 
p e r a t u r e s .  Most s t r a i n s  from C .C .M.  P .  (Bigelow Laboratory) ,  provided by 
D r .  R .  Gu i l l a rd .  Sources of o r i g i n a l  c u l t u r e s :  

Great South Bay, L . I .  
Pam1 i c o  Sound, N . C . 
Milford Harbor, Conn. 
Cont inenta l  s h e l f ,  39 N ,  70 W .  
M i l l p o r t ,  Argyl l ,  Scot land 
S a y v i l l e ,  N . Y .  
S a y v i l l e ,  N . Y .  
Tunis,  North Afr ica  
Qingdao, China 

Lipid Contents 

Samples grown i n  var ious  cond i t i ons  have been s e n t  t o  D r .  T .  Tornabene f o r  
a n a l y s i s .  

Survey of Sub- t ropica l  Waters f o r  New, Thermo-tolerant Oil-producing 
S t r a i n s  of Algae February-March 1985 

Some 132 water samples were c o l l e c t e d  from inshore ,  lagoon, mangrove swamp 
and s a l i n e  pool s i t e s  on t h e  c o a s t s  of 13 Caribbean i s l a n d s  and from t h e  
North American mainland (F lo r ida ,  Yucatan, P a c i f i c  and A t l a n t i c  c o a s t s  of 
Panama). A l i s t  of s i t e s  i s  appended. Apart from 5 samples of almost 
f r e s h  water ,  s a l i n i t i e s  ranged from 26.4 t o  68.8 p a r t s  per  thousand: most 
were c l o s e  t o  normal sea water ,  ca .  35 p . p . t .  They were p r e - f i l t e r e d ,  t o  
e l imina te  1-arger organisms and d r o s s ,  and r e - f i l t e r e d  through 0.45 micro- 
meter Mi l l i po re  f i l t e r s  t o  r e t a i n  organisms i n  t h e  range of 1-3 micrometers. 
The Mi l l i po re  f i l t e r s ,  with 1 m l  of f i l t r a t e ,  were r e tu rned  t o  S.I.O. 
Here they  have been sub-cul tured  t o  mineral  sea-water medium (SWM) and 
i l luminated  cont inuously a t  c a .  2  klux a t  2S°C. So f a r  ( a f t e r  about 3  
weeks), l l O X  have y i e lded  v i a b l e  c u l t u r e s  of a lgae ,  of which 85 conta in  
o r  comprise only non-motile c e l l s  i n  t h e  d e s i r e d  s i z e  range (1-3 micro- 
meters ,  c f .  Nannochloropsis).  Subcul tures  have been s e t  up i n  a  medium 
with a  reduced N conten t  (10 mg/l Ca(N03)2.4H20) t o  encourage l i p i d  pro-  
duc t ion .  From among t h e  c e l l s  t h a t  ultimately f l o a t  we s h a l l  i s o l a t e ,  by - 
s t r e a k i n g  on n u t r i e n t  1% agar ,  p u t a t i v e  new Nannochloropsis s t r a i n s  f o r  
f u r t h e r  phys io logica l  and eventual  biochemical c h a r a c t e r i z a t i o n .  

"125 (18 Mar 85) 
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Table 1. SERI - Caribbean Samples 1985 

Not used 
02. I1 
03. I1 

n 
n 

04. I1 
11 

C a l i f o r n i a ,  D e l  Mar Lagoon 
n n n n 

S t .  Thomas, dock o f  College of V i rg in  I s l a n d s  
n 11 n n n n n 

Beach by dock, C V I  
n n n 

S t .  John, Lameshur Bay near dock 
n n n n 11 

n Lameshur Bay mangrove 
n n n n 
n n n n 

. Thomas, 
n 
n 
n 
11 

n 
n 

Vessup Bay Red Hook 
Compass Pt.  Marina, Avicennia pool 

n n n boat  dock 
Benner Bay, Nadir Rd. 
Coki Pt.  s e a g r a s s  bed 

sand beach 
Mandal Bay, open sea 

It lagoon 

S t .  Thomas, Hull  Bay 
n French Town boa t  lagoon 
11 Magens beach, landlocked mangrove 
tt 11 open water  

Tor t o l a ,  Road Town, mangrove i n l e t  
n n n n n 
n 11 Harbour 
n Brewes Bay, A t l a n t i c  s i d e  
11 Mangrove stream e s t u a r y  
n Cane Garden Bay, mangrove 
n 11 n open water  
n Carro t  Bay, rocky r ee f  
11 Frenchman's Cay, mangrove 

S t .  Croix,  Coakley Bay, open water  
n Tamarind Reef Club Marina, mangrove 
n Great S a l t  Pond, open water  
n 11 n " small mangrove pool 
n Great S a l t  Pond proper  
n Robin Bay open water  
n n mangrove pond 



SERI - Caribbean Samples 1985 

No. - Date L o c a l i t v  

S t .  Croix,  Grapeten Bay, open wate r  
II B o i l e r  Bay nearshore  wate r  
II S a l t  River,  mangrove lagoon 
I t  

11 Teague Bay, NIL P i e r  
n S a l t  River ,  Hydrolab p i e r  

Puer to  Rico, 
t 1 

I1 

I t  

11 

t l  

t l  

11 

If 

n 

l t  

I f  

n 
I t  

I t  

n 

tt 

I t  

11 

Loqu i l l o  Beach, nearshore  
11 " mangrove, b rack ish  

Loizo Ferry,  Rio Grande, b rack ish  
Pinones Beach 

I1 behind breakwater 
Boca de Congrejos harbor  
San Juan, Condado Lagoon 

11 Escambron rock  pool 
tt tt 11 outdoor  pool 

Aguadilla 
I t  

Mayaguez Harbor 
n 

Guana j i bo 
11 

Pt .  Arenas wet l a b  
I t  n I1 It  

Joyuda Lagoon 
n II 

Curapao, Spaansch Water, i nne r  lagoon 
11 Scbo t t ega t  (100 ml) 
II Pi scade ra  Bay, C A R M A B I  j e t t y  
II St .  Wil lebrodus (50 ml) (Hypersa l ine)  
11 Boca St .  Martha, mangrove pool 
n ~t 11 11 o p e n s e a  
n n II It i n n e r  bay 
tt Willemsted, Avi la  Beach Hotel 
II ~t "Coney I s l a n d ,  mangrove 

Panama, Naos, I n l e t  west of  causeway 
11 (Windward) e a s t  of causeway 
II " west of  causeway 
w STRI, raw seawater  pipe  
tt tt f i l t e r e d  seawater  p i p e  
re Top water  from 10 m tank 

(kep t  2 mo. i n  darkness )  



SERI - Caribbean Samples 1985 

No. - Date L o c a l i  t v  

Panama, Diablo H t s . ,  mangrove boat  ramp 
I t  

n 

11 

I1 

n 

I1 

11 

n 

11 

I1 

n 
I1 

n 
I t  

I t  

11 

11 

If 

If 

I t  

I t  

11 

I1 

11 

I1 

I1 

n 
I t  

Miami, 
n 
n 
11 

I1 

I1 

n 

Miami, 
I1 

n 
11 

n " mangrove c reek  (sewage?) 
n " mangrove channel (100 ml) 

Per ico  Is. , west s i d e  bay 
n " e a s t  s i d e  bay 

Mangrove under Thatcher Ferry Bridge 
Cocoli ,  s teep-s ided  d ike ,  mangrove 
Naos, STRI sea-snake t ank  
Gale ta ,  mangrove pool a t  pos t  13  

n bay near  STRI Lab., mangrove 
n open water ,  STRI Lab. 
n mangrove back water  
n open water  eddy 
n STRI P e n i c i l l u s  t ank  
n shal low Sargassum t ank  
n " indoor  aquarium 
11 exposed SW tank  
n foam s e a  s u r f a c e  
n 11 n n n 
n open reef 
w mangrove by roads ide  
n mangrove- l i n e d  channel 
n mangrove under br idge  

Limon Bay, I s l a  Margari ta  
Lagoon, e a s t  of I s l a  Margari ta  
French Canal d i v e r s i o n  Bridge 15-1 1 
Colon Cr i s toba l  Yacht Club P i e r  
Barro Colorado, boat  dock (FW) 
F r i j o l e s ,  boa t  dock (FW) 

Mashta Is. Causeway by boa t  harbour 
Mashta Pt. open ocean 

n enclosed pool 
n mangrove 

Cape F lo r ida ,  P ines  Canal 
Stagnant  water ,  n 
RSMAS P i e r  
mangrove d i t c h  (US I ) ,  F l o r i d a  Key 
mangrove a r e a  (b rack i sh )  
F l o r i d a  Key, boat ramp 
Mile 108, US 1 , shal low mangrove 



SERI - Caribbean samples 1985 

J m a l i  ty  

Miami, Key Largo, boat canal, G i lber t s  Hotel 
n R RoweltsMarina 
II n n n n , standing pool 

Plantation Key, standing water 
n n open water canal 

Key Largo Lagoon "Sea Castle Restaurantn (60 ml) 
1) tf enclosed lagoon near above 
w n boat lagoon, ocean side 

Lake Surprise  
Mile 1 10, US 1 , mangrove ditch 

Cancun, Mexico (per W.A.N.) 
n n n n 



COLLECTING AND SCREENING MICROALGAE FROM 
SHALLOW, INLAND SALINE EIABITATS 

B. B a r c l a y ,  N. N a g l e ,  K. T e r r y  and P. R o e s s l e r  
B i o t e c h n o l o g y  B r a n c h  

S o l a r  E n e r g y  R e s e a r c h  Institute 
G o l d e n ,  C o l o r a d o  80401 

I n t r o d u c t i o n  

Over t h e  p a s t  f o u r  decades ,  sys tems have been r e s e a r c h e d  and developed t o  
c u l t u r e  mic roa lgae  ou tdoors  as s o u r c e s  of food,  chemicals  and f u e l s  
(Goldman 1979). I n  most of t h e s e  c a s e s ,  "weed" s p e c i e s  of mic roa lgae  have 
been u t i l i z e d  as p r o d u c t i o n  organisms. I n  many of t h e  c u l t i v a t i o n  systems 
des igned  f o r  p r o t e i n  p r o d u c t i o n ,  t h e  o p e r a t o r s  have been c o n t e n t  t o  
c u l t i v a t e  t h o s e  s p e c i e s  from t h e  l o c a l  f l o r a  which invade  and become 
dominant (Yang e t  a l .  1980, C a s t i l l o  et a l .  1980). Very few a t t e m p t s  have 
been made t o  c o l l e c t  and s c r e e n  m i c r o a l g a l  s p e c i e s  from n a t u r e  f o r  s p e c i f i c  
p roduc t  c o n t e n t  o r  p h y s i o l o g i c a l  a t t r i b u t e s  which would i d e n t i f y  them as 
v a l u a b l e  and e a s i l y  c u l t i v a t i b l e  organisms. More e f f o r t  h a s  been devoted 
t o  c o l l e c t i n g  and s c r e e n i n g  macroa lga l  s p e c i e s  o r  s t r a i n s ,  f o r  example f o r  
improved p o l y s a c c h a r i d e  o r  h y d r o c o l l o i d  p r o d u c t i o n  p o t e n t i a l  (van d e r  Meer 
1983).  

The e f f o r t s  of t h e  SERI Aqua t ic  Spec ies  Program (ASP) t o  i d e n t i f y  s p e c i e s  
f o r  t h e  p r o d u c t i o n  of c e l l u l a r  l i p i d s  t h e r e f o r e  r e p r e s e n t s  one of t h e  f i r s t  
a t t e m p t s  a t  l a r g e  s c a l e  s c r e e n i n g  of microalgae.  The ASP has  i d e n t i f i e d  5  
d e s i r a b l e  c h a r a c t e r i s t i c s  of m i c r o a l g a l  s t r a i n s  f o r  biomass f u e l  
a p p l i c a t i o n s .  I n  o r d e r  of importance t h e y  a r e :  1 )  r a p i d  growth i n  dense  
c u l t u r e ;  2 )  growth i n  u n s t a b l e  c u l t u r e  environments  ( f l u c t u a t i n g  
t empera tu re  and s a l i n i t y ) ;  3 )  growth i n  s a l i n e  w a t e r s  (marine w a t e r s  and 
s a l i n e  groundwater) ;  4) growth a t  h i g h  l i g h t  i n t e n s i t i e s ;  and 5 )  t h e  
a b i l i t y  t o  accumulate  l a r g e  amounts of p roduc t  ( l i p i d s ) .  E a r l y  c o l l e c t i o n  
and s c r e e n i n g  a c t i v i t i e s  i n  t h e  ASP focused on s p e c i e s  from marine  
environments  and from l a r g e  s a l i n e  l a k e s  i n  C a l i f o r n i a  and Nevada (Thomas 
e t  a l .  1983 1984a,b).  Envfronmental  t o l e r a n c e s  and l i p i d  p r o d u c t i o n  
c a p a c i t y  were n o t  e v a l u a t e d  e a r l y  i n  t h e  s e l e c t i v e  p r o c e s s ,  and hence most 
of t h e  s p e c i e s  i d e n t i f i e d  were poor pe r fo rmers  i n  outdoor  c u l t i v a t i o n  
systems. Problems w i t h  t h e s e  s p e c i e s  i n c l u d e d  a  low range of t empera tu re  
t o l e r a n c e ,  i n h i b i t i o n  by h i g h  l i g h t  i n t e n s i t i e s ,  and low l i p i d  p r o d u c t i o n  
p o t e n t i a l .  

A major e f f o r t  i n  1984 was d i r e c t e d  toward t h e  development of improved 
c o l l e c t i o n  and s c r e e n i n g  p r o t o c o l s .  The g o a l  was t o  develop p r o t o c o l s  w i t h  
a  sound t h e o r e t i c a l  b a s i s ,  s o  t h a t  t h e  program would be  more s u c c e s s f u l  i n  
i d e n t i f y i n g  and developing s u p e r i o r  s t r a i n s  f o r  biomass f u e l  
a p p l i c a t i o n s .  Two hypotheses  were t e s t e d  d u r i n g  t h e  development and 
r e s t r u c t u r i n g  of t h e  c o l l e c t i o n  and s c r e e n i n g  p r o t o c o l .  The f i r s t  
h y p o t h e s i s  was t h a t  m i c r o a l g a l  s t r a i n s  e x h i b i t i n g  t h e  c h a r a c t e r i s t i c s  





o u t l i n e d  above would most l i k e l y  be found i n  sha l low,  u n s t a b l e  s a l i n e  
h a b i t a t s  such a s  temporary p o o l s ,  p l a y a s  and thermal  s p r i n g s .  The s m a l l  
s i z e  of t h e s e  h a b i t a t s  i m p l i e s  a  low b u f f e r i n g  c a p a c i t y  a g a i n s t  changes i n  
t empera tu re ,  l i g h t  and s a l i n i t y .  S p e c i e s  which grow w e l l  i n  t h e s e  h a b i t a t s  
a r e  l i k e l y  t o  be adap ted  t o  a wide range of env i ronmenta l  c o n d i t i o n s .  
A d d i t i o n a l l y ,  t h e  e c o l o g i c a l  l i t e r a t u r e  s u g g e s t s  t h a t  many of t h e  s p e c i e s  
i n  t h i s  c l a s s  of h a b i t a t s  shou ld  employ s t r a t e g i e s  of l i p i d  r a t h e r  t h a n  
ca rbohydra te  accumulat ion f o r  food s t o r a g e  p r o d u c t s ,  i n  p a r t  because  l i p i d s  
a r e  a  more m a s s - e f f i c i e n t  s t o r a g e  m a t e r i a l  and t h e y  may prov ide  some 
p r o t e c t i o n  from p h o t o o x i d a t i o n  and d e s i c c a t i o n  (Evans 1959, Davis 1972). 

The second h y p o t h e s i s  t e s t e d  was t h a t  a  s c r e e n i n g  p r o t o c o l  would be more 
s u c c e s s f u l  i n  i d e n t i f y i n g  s u p e r i o r  c a n d i d a t e s  i f  s p e c i e s  p o s s e s s i n g  t h e  
f i v e  d e s i r a b l e  p h y s i o l o g i c a l  c h a r a c t e r i s t i c s  were i d e n t i f i e d  as e a r l y  i n  
t h e  p r o t o c o l  a s  p o s s i b l e .  Th i s  would speed t h e  s c r e e n i n g  p r o c e s s  by 
e l i m i n a t i n g  u n d e s i r a b l e  s p e c i e s  e a r l i e r  and u l t i m a t e l y  a l l o w i n g  t h e  
e v a l u a t i o n  of more samples. 

The r e s e a r c h  d e s c r i b e d  h e r e  examines t h e  v a l i d i t y  of t h e s e  hypotheses .  
Some of t h e  r e s u l t s  from t h e  implementat ion of a  r e v i s e d  c o l l e c t i o n  and 
s c r e e n i n g  p r o t o c o l  i n  t h e  f i e l d  a r e  p resen ted .  

M a t e r i a l s  and Methods 

Screen ing  P r o t o c o l  Development. A f t e r  d i s c u s s i o n s  w i t h  s e v e r a l  
p h y c o l o g i s t s  and m i c r o b i o l o g i s t s ,  a  r o t a r y  s c r e e n i n g  a p p a r a t u s  was des igned  
t h a t  would a l l o w  f o r  t h e  s imul taneous  s c r e e n i n g  of numerous samples at  
e l e v a t e d  l i g h t  i n t e n s i t i e s  and t empera tu res .  The r o t a r y  s c r e e n i n g  
a p p a r a t u s  c o n s t r u c t e d  is  e s s e n t i a l l y  a  modif ied v e r s i o n  of t h e  common 
r o l l e r  drum d e v i c e s  u t i l i z e d  by m i c r o b i o l o g i s t s .  The m o d i f i c a t i o n s  
n e c e s s a r y  f o r  a d a p t i n g  t h i s  dev ice  f o r  mic roa lgae  were sugges ted  by D r .  Abe 
F l e x e r  of Synergen,  Inc .  The r o t a r y  s c r e e n i n g  a p p a r a t u s  is  a  c l e a r  
p l e x i g l a s s  wheel r o t a t e d  a t  20-40 rpm which h o l d s  up t o  160, 16 x  150 mrn 
c u l t u r e  tubes .  The r o t a r y  wheel can be  housed i n  a  t empera tu re  c o n t r o l l e d  
box and i l l u m i n a t e d  w i t h  a  h i g h  i n t e n s i t y  s t a g e  lamp c a p a b l e  of producing 
l i g h t  i n t e n s i t i e s  from 0-240 W m-2. The r o t a r y  a c t i o n  of t h e  wheel keeps  
t h e  c u l t u r e s  suspended w h i l e  they  a r e  exposed t o  t h e  e l e v a t e d  t empera tu res  
and l i g h t  i n t e n s i t i e s .  

A s  a  second improvement i n  t h e  s c r e e n i n g  p r o t o c o l ,  we determined t h e  i o n i c  
c h a r a c t e r i s t i c s  of t h e  major i n l a n d  s a l i n e  wa te r  t y p e s  t h a t  a r e  p o t e n t i a l l y  
a v a i l a b l e  f o r  u s e  i n  a l g a l  biomass p r o d u c t i o n  systems. Maps of t h e  
sou thwes te rn  U.S. d e p i c t i n g  o v e r a l l  s u i t a b i l i t y  of t h e  l and  f o r  a l g a l  
biomass p r o d u c t i o n  systems were o b t a i n e d  from t h e  SERI Resource Assessment 
Branch, and w a t e r  q u a l i t y  d a t a  were compiled from s t a t e  and f e d e r a l  r e p o r t s  
on s a l i n e  w e l l s  i n  t h o s e  a r e a s  deemed s u i t a b l e  f o r  biomass p r o d u c t i o n  
systems. Data were on ly  ana lyzed  f o r  w e l l s  w i t h  d e p t h s  of 200 f e e t  o r  less 
s i n c e  w a t e r s  from deeper  a q u i f e r s  may be u n a v a i l a b l e  due t o  h i g h  energy 
c o s t s  f o r  pumping. These d e f i n e d  s a l i n e  w a t e r s ,  r a t h e r  t h a n  media based on 



t h e  s a l i n i t y  and ionic compos i t ion  of t h e  c o l l e c t i o n  s i t e s ,  were used t o  
s c r e e n  c a n d i d a t e  s p e c i e s ,  i n  o r d e r  t o  i n c r e a s e  t h e  p r o b a b i l i t y  t h a t  t h e  
s p e c i e s  s e l e c t e d  w i l l  grow i n  t h e  s o u r c e s  of s a l i n e  w a t e r s  a v a i l a b l e  i n  t h e  
sou thwes t .  

A n a l y s i s  of t h e  d a t a  compiled from New Mexico has been completed.  The 
r e s u l t s  i n d i c a t e  t h a t  85% of t h e  a v a i l a b l e  s a l i n e  w a t e r  is  i n  t h e  3,000 t o  
10,000 ppm t o t a l  d i s s o l v e d  s o l i d s  (TDS) r a n g e ,  w i t h  an a v e r a g e  of 4116 
ppm. M u l t i v a r i a t e  s t a t i s t i c a l  a n a l y s e s  were performed on t h e  water quality 
d a t a  i n  o r d e r  t o  a n a l y z e  r e l a t i o n s h i p s  among t h e  v a r i o u s  i o n i c  
pa ramete r s .  C o r r e l a t i o n  a n a l y s i s  and R-mode factor a n a l y s i s  i n d i c a t e d  t h a t  
two major f a c t o r s  accoun ted  f o r  70% of t h e  v a r i a n c e  i n  t h e  s a l i n e  w a t e r  
i o n i c  compos i t ions :  1 )  sodium c h l o r i d e  c o n c e n t r a t i o n ,  and 2) ca lc ium p l u s  
magnesium c o n c e n t r a t i o n .  S c a t t e r  p l o t s  of t h e  f a c t o r  s c o r e s  f o r  each s i t e  
suggest t h a t  t h e r e  a r e  two major s a l i n e  w a t e r  t y p e s  a v a i l a b l e  f o r  use i n  
p roduc ing  m i c r o a l g a l  biomass.  These w a t e r s  were termed Type I and Type 
11. Each water t y p e  w a s  p r e p a r e d  a t  4000 Tns and a l lowed  t o  e v a p o r a t e  a t  
3 5 O ~  ( w i t h  s t i r r i n g )  . During e v a p o r a t i o n ,  samples  were p e r i o d i c a l l y  
removed and f i l t e r e d ,  and c o n d u c t i v i t y ,  pH, Na, C a ,  Mg, K ,  HC03, C03, S O 4 ,  
and C 1  were  determined.  C a t i o n s  were  de te rmined  by i n d u c t i v e l y  coupled 
plasma s p e c t r o m e t r y  ( I C P )  ( I n s t r u m e n t a t i o n  L a b o r a t o r y  Model l o o ) ,  a n i o n s  by 
h igh  p r e s s u r e  l i q u i d  chromatography (HPLC), and b i c a r b o n a t e  and c a r b o n a t e  
by t i t r a t i o n .  Ion  c o n c e n t r a t i o n s  were p l o t t e d  v e r s u s  c o n d u c t i v i t y ,  and 
r e c i p e s  were d e r i v e d  f o r  p r e p a r i n g  w a t e r s  a t  10,  25, 40, 55, and 70 mmho 
ern-' (Tab les  I and 2 ) .  These w a t e r s  form no p r e c i p i t a t e s  between 10 and 
35%. It is b e l i e v e d  t h a t  t h e s e  w a t e r s  g i v e  a good approx imat ion  of t h e  
c o n d i t i o n s  which algae i n  c u l t u r e  sys tems i n  the s o u t h w e s t  w i l l  e x p e r i e n c e ,  
where h i g h  s a l i n i t i e s  w i l l  be ach ieved  through e v a p o r a t i o n  of modera te ly  
s a l i n e  s o u r c e w a t e r s .  

Table 1. Formulas f o r  P r e p a r i n g  Type I I n l a n d  
S a l i n e  Water a t  Var ious  C o n d u c t i v i t i e s  (Eva o r a t i o n  S t a g e s ) .  -7 A l l  c o n c e n t r a t i o n s  a r e  mg L . 

S a l t  

C o n d u c t i v i t y  (mmho c d )  

10 25 40 5 5  70 



Table 2. Formulas f o r  P r e p a r i n g  Type I1 In land  S a l i n e  
Waters a t  Var ious  C o n d u c t i v i t i e s  (Evapora t ion  S t a g e s ) .  

1  A l l  C o n c e n t r a t i o n s  a r e  mg L- . 

S a l t  

C o n d u c t i v i t y  (mmho cm") 

10 2  5  4  0  5  5  70 

CaC12 2  8  2  8  28 28 2  8  

MgC12'6H20 1,953 3,026 3,920 4,362 4,230 

Na2S04 2,671 5,570 15,720 23,305 28,360 

KC 1 466 965 2,028 3,044 3,673 

NaHC03 1,208 2,315 2,855 3,234 3,245 

Na2C03 23 1 876 1,234 1,492 1,527 

NaCl 1,511 8,078 12,963 20,588 26,075 

The s c r e e n i n g  and c h a r a c t e r i z a t i o n  p r o t o c o l  t h a t  was developed employing 
t h e  r o t a r y  s c r e e n i n g  a p p a r a t u s  i n  c o n j u n c t i o n  w i t h  t h e  s t a n d a r d  i n l a n d  
s a l i n e  w a t e r s  is  o u t l i n e d  i n  F i g u r e  1. Th i s  p r o t o c o l  i s  d e s c r i b e d  i n  
g r e a t e r  d e t a i l  below. 

C o l l e c t i o n  A c t i v i t i e s .  M i c r o a l g a l  c o l l e c t i o n  a c t i v i t i e s  dur ing  t h e  1984 
season  c o n c e n t r a t e d  on s m a l l  s a l i n e  environments  i n c l u d i n g  temporary ponds, 
p l a y a s  and s p r i n g s  i n  t h e  a r i d  r e g i o n s  of Utah and Colorado. The l o c a t i o n s  
of t h e  sampl ing sites a r e  d e p i c t e d  i n  F i g u r e  2. Water and sediment  samples 
c o n t a i n i n g  a l g a e  were c o l l e c t e d  i n  p o l y e t h l y e n e  c o n t a i n e r s  and kep t  c o o l  
and darkened i n  i c e  c h e s t s  u n t i l  r e t u r n e d  t o  t h e  l a b o r a t o r y  ( u s u a l l y  1-3 
days  a f t e r  c o l l e c t i o n ) .  A t  each s i t e ,  t empera tu re ,  pH and redox p o t e n t i a l  
were measured w i t h  a Markson Model 76 TemplpHlnrv meter.  Conduc t iv i ty  was 
measured w i t h  a Markson Model 16 c o n d u c t i v i t y  mete r ,  and a l k a l i n i t y  was 
determined by p o t e n t i o m e t r i c  t i t r a t i o n .  Upon r e t u r n  t o  t h e  l a b o r a t o r y ,  
p o r t i o n s  of t h e  w a t e r  samples were f i l t e r e d  through 0.2 pm f i l t e r s  f o r  
d e t e r m i n a t i o n  of c a t i o n  and an ion  c o n c e n t r a t i o n s .  C a t i o n  c o n c e n t r a t i o n s  
were determined by ICP, s u l f a t e  and c h l o r i d e  by HPLC. 

Spec ies  Enrichment. S tep  I1 of t h e  s c r e e n i n g  p r o c e s s  invo lved  sample 
enr ichment  i n c u b a t i o n s  on a  r o t a r y  s c r e e n i n g  a p p a r a t u s  a t  e l e v a t e d  
t empera tu res  ( 2 5 ' ~  and 3 0 ' ~ )  and l i g h t  i n t e n s i t y  (80 t o  200 W L I - ~ ) .  
C o l l e c t e d  s i t e  w a t e r  c o n t a i n i n g  a l g a e  was p laced  i n  16 x 150 mrn c u l t u r e  
test t u b e s  and e n r i c h e d  w i t h  u rea  (300 p l l ) ,  ~ 0 ~ ~ -  (30 M , s i l i c a  (36 u M ) ,  
NaFeEDTA (3  uM), and 5 mL L-' P I 1  t r a c e  e lements  s t o c k  and v i t a m i n s .  The 



I. Collect algal and water samples from saline habitats 
(>3 mmho cm-I) 

II. Species enrichment on rotary screening apparatus 
(Temp = 25, 30°C; Light = 80-200 Wm-2) 

Ill. Best growing specieshtrains at 25 and 30" C 
isolated as unialgal cultures 

IV. Test for growth on three water types 
(Type I, Type II, Seawater) 

at 10 and 25 mmho cm-l 

V. Quantify growth performance over a range 
of temperatures and salinities 

(Temp: 10-35' C; Cond: 10-70 mmho cm-I) 

VI. Grow species/strains under stressed and non-stressed 
conditions for lipid production quantification 

and qualification 

Figure 1. Screening P r o t o c o l  



t u b e s  were t h e n  p l a c e d  i n  t h e  r o t a r y  s c r e e n i n g  a p p a r a t u s  and l i g h t  
i n t e n s i t i e s  were s lowly  i n c r e a s e d  over  a  5  day p e r i o d  from 80-200 W m-2* 
A t  t h e  end of t h i s  t ime,  t h e  t u b e s  were removed and examined f o r  a l g a e .  

Figure 2. C o l l e c t i o n  T r i p s  Made During t h e  1984-85 C o l l e c t i o n  Season. 
X = L o c a t i o n  of s a l i n e  h a b i t a t  where samples were c o l l e c t e d .  

S p e c i e s  I s o l a t i o n  and Growth Performance Q u a n t i f i c a t i o n .  The b e s t  growing 
s t r a i n s  were i s o l a t e d  a s  u n i a l g a l  c u l t u r e s  on a g a r  o r  i n  l i q u i d  c u l t u r e s  
(S tep  111) .  I n  S t e p  I V  of t h e  s c r e e n i n g  p r o t o c o l ,  t h e s e  s t r a i n s  were run 
through a  p r e l i m i n a r y  growth e v a l u a t i o n  on t h r e e  wa te r  t y p e s '  Type I, Type 
11, and a r t i f i c i a l  s e a w a t e r  a t  c o n d u c t i v i t i e s  of 10 mmho cm-i and 25 mmho 
cm-I i n  a  l i g h t  (30-40 W n 2 )  t e m p e r a t u r e - c o n t r o l l e d  (25 '~ )  i n c u b a t o r .  
A r t i f i c i a l  s e a w a t e r  was p r e p a r e d  w i t h  R i l a  Marine Mix ( R i l a  P r o d u c t s ,  
Teaneck, New J e r s e r y ) .  S p e c i e s  e x h i b i t i n g  good growth on a t  l e a s t  one of 
t h e s e  w a t e r  t y p e s  were s e l e c t e d  f o r  q u a n t i f i c a t i o n  of t h e i r  growth 
performance i n  a  t e m p e r a t u r e - s a l i n i t y  c r o s s  g r a d i e n t  (S tep  V). The 
t e m p e r a t u r e  g r a d i e n t  a p p a r a t u s  employed was modi f i ed  from t h e  d e s i g n  
d e s c r i b e d  by S i v e r  (1983). I l l u m i n a t i o n  from a  bank of twe lve  40 W 
f l u o r e s c e n t  lamps suspended o v e r  t h e  t a b l e  was a d j u s t e d  t o  40 W m-2. 

The growth r e s p o n s e s  of t h e  s e l e c t e d  s p e c i e s  t o  30 combinat ions  of 
t e m p e r a t u r e  and s a l i n i t y  were e v a l u a t e d  i n  each of t h e  t h r e e  w a t e r  t y p e s  
(Type I ,  Type 11, and s e a w a t e r ) .  D u p l i c a t e  25 m l  c u l t u r e s  were grown i n  50 
m l  Erlenmeyer f l a s k s  over  a  m a t r i x  of 5  s a l i n i t i e s  (10,  25, 40, 55 and 70 
mmho cm'l) by 6  t e m p e r a t u r e s  (10, 15, 20, 25, 30 and 3 5 ' ~ ) ~  f o r  a  t o t a l  of 
60 e x p e r i m e n t a l  c u l t u r e s  f o r  each w a t e r  type.  Each t r e a t m e n t  was e n r i c h e d  
t o  300 11M u r e a ,  30 phosphate ,  36 pM s i l i c a t e ,  and 3  pM i r o n ,  and a l s o  
r e c e i v e d  t r a c e  element and v i t a m i n  enr ichments  ( s e e  T a b l e  1 ) .  P r i o r  t o  t h e  
i n i t i a t i o n  of t h e  exper iments ,  s t o c k  c u l t u r e s  were p r e c o n d i t i o n e d  on t h e  
g r a d i e n t  t a b l e  a t  17 and 2 7 ' ~  i n  t h e  a p p r o p r i a t e  w a t e r  t y p e  a t  each of t h e  
5  e x p e r i m e n t a l  s a l i n i t i e s ,  and t h e s e  p o p u l a t i o n s  were used t o  i n o c u l a t e  t h e  
e x p e r i m e n t a l  c u l t u r e s .  The e x p e r i m e n t a l  c u l t u r e s  were grown i n  e i t h e r  
b a t c h  o r  semicon t inuous  mode. For b a t c h  c u l t u r e s ,  o p t i c a l  d e n s i t y  (0.D.) 



of t h e  c u l t u r e s  (750 nm) was determined twice d a i l y  f o r  f i v e  days. The 
exponent ia l  growth r a t e  was determined a s  t h e  s l ope  of a l og - l i nea r  p l o t  of 
O.D. v e r s u s  t ime dur ing  t h e  exponen t i a l  phase of growth. The 
semicontinuous c u l t u r e s  were i nocu l a t ed  a t  an i n i t i a l  O.D. of 0.03. O.D. 
was measured d a i l y  and t h e  c u l t u r e  d i l u t e d  t o  0.03 w i th  f r e s h  medium when 
an O.D. g r e a t e r  t han  0.06 was reached. Growth r a t e s  were c a l c u l a t e d  from 
t h e  0.D. a f t e r  d i l u t i o n  (where necessary)  and t h e  O.D. b e fo re  d i l u t i o n  t h e  
fo l lowing  day; t h e s e  v a l u e s  were averaged over  t h e  f i v e  day d u r a t i o n  of t h e  
experiments.  Th i s  t echnique  y i e l d s  improved r e s u l t s  by decreas ing  
v a r i a b i l i t y  between samples,  and prov ides  a more o b j e c t i v e  e s t ima te  of 
growth r a t e .  

L ip id  Product ion.  For l i p i d  produc t ion  q u a n t i f i c a t i o n  under s t r e s s e d  and 
nons t ressed  cond i t i ons  (Step V I )  t h e  a l g a e  were grown a t  t h e  op t imal  
cond i t i ons  determined i n  Step V i n  2 l i t e r  b o t t l e s  i n  a growth chamber a t  
40 W m-2 on a 18:6 1 igh t :da rk  cycle .  Two t r ea tmen t s  were employed, one 
wi th  600 DM urea  and 60 UM PO4 and t h e  o t h e r  wi th  300 PM urea  and 30 PM 
PO4. The o t h e r  n u t r i e n t s  w e r e  maintained a t  t he  concen t r a t i ons  descr ibed  
above i n  t h e  growth performance e v a l u a t i o n  experiments.  The c u l t u r e s  were 
i nocu l a t ed ,  and t h e  O.D. monitored d a i l y .  On t h e  second day a f t e r  t h e  300 
VM urea  c u l t u r e  reached s t a t i o n a r y  phase,  a l l  of t h e  600 pM c u l t u r e  and 
one-half of t h e  300 pM c u l t u r e  was ha rves t ed  and f r e e z e  d r i ed .  Seven days  
l a t e r  t h e  remaining volume i n  t h e  300 pM c u l t u r e  was harves ted  and f r e e z e  
dr ied .  This provided 3 samples f o r  l i p i d  de te rmina t ion :  1) n i t r o g e n  
s u f f i c i e n t ,  2 )  s t a r t  of n i t r o g e n  dep l e t i on ,  and 3)  n i t r o g e n  dep le ted  f o r  10 
days. 

C e l l u l a r  l i p i d s  were s o l u b i l i z e d  by repea ted  e x t r a c t i o n  w i th  methanol and 
methanol-chloroform (1:1),  then phase s epa ra t ed  a f t e r  adjustment  of t h e  
s o l v e n t  r a t i o s  t o  10:10:9 (methanol:chloroform: wate r ,  v /v )  (Tornabene 
1984). The chloroform phase was c o l l e c t e d ,  evaporated t o  dryness  under N p ,  
and t h e  weight of t h e  l i p i d s  determined. L i p i d  conten t  was c a l c u l a t e d  a s  
t h e  weight of t h e  l i p i d  e x t r a c t  d iv ided  by t h e  ash f r e e  dry weight of t h e  
o r i g i n a l  sample. 

Resu l t s  

C o l l e c t i o n  A c t i v i t i e s .  F ive  percen t  (15 ou t  of 300) of t h e  s a l i n e  wate r  
samples c o l l e c t e d  i n  Utah and Colorado produced p o t e n t i a l l y  promising 
microa lga l  spec i e s .  These promising s p e c i e s  from t h e  1984 c o l l e c t i n g  
season a r e  l i s t e d  i n  Table 3. A l l  of t h e s e  s t r a i n s  grow w e l l  a t  s a l i n i t i e s  
g r e a t e r  than 5 m h o  cm-I and temperatures  of a t  l e a s t  30 '~.  A sma l l e r  
number of p a r t i c u l a r l y  a t t r a c t i v e  s p e c i e s  w i l l  be s e l e c t e d  from t h i s  l ist 
based on t h e i r  performance through t h e  remainder of t h e  s c r een ing  process .  



Table 3. Promising s p e c i e s  from t h e  1984 c o l l e c t i n g  season. 

Genus 

Chryso/Fl 

Amphora 

Cymbella 

Number of s t r a i n s  c o l l e c t e d  

1 

Amphipleura 1 

Chaetoceros 

N i t z sch i a  

Hantzschia  

Diploneis  

C h l o r e l l a  

Scenedesmus 

Ankis trodesmus 

Chlorococcum 1 

Analysis  of t h e  phys i ca l  and chemical c h a r a c t e r i s t i c s  of both t h e  
product ive  and nonproductive 1984 c o l l e c t i o n  s i t e s  is i n  progress .  The 
goa l  of t h i s  a c t i v i t y  i s  t o  develop an environmental p r o f i l e  of c o l l e c t i o n  
sites most l i k e l y  t o  y i e l d  promising s t r a i n s .  Such a  p r o f i l e  would al low 
us t o  i d e n t i f y  and focus our c o l l e c t i o n  e f f o r t s  on t h e  types  of c o l l e c t i o n  
sites with t h e  g r e a t e s t  promise f o r  y i e l d i n g  spec i e s  of i n t e r e s t  t o  t h e  
ASP. Table  4  p re sen t s  a  p re l iminary  summary a n a l y s i s  of 33 of t h e  1984 
c o l l e c t i o n  sites. Of t h e  11 s i t e  c h a r a c t e r i s t i c s  q u a n t i f i e d ,  depth was t h e  
only v a r i a b l e  which was s i g n i f i c a n t l y  d i f f e r e n t  between sites y i e l d i n g  
promising s t r a i n s  and sites with less product ive  s t r a i n s .  S i t e s  y i e l d i n g  
h ighly  product ive  s t r a i n s  tended t o  be very  shallow, averaging 6.5 cm a s  
opposed t o  t h e  o t h e r  sites which averaged 27.6 cm. These d a t a  support  our 
hypothes i s  t h a t  s p e c i e s  wi th  phys io log i ca l  c h a r a c t e r i s t i c s  d e s i r a b l e  f o r  
outdoor biomass f u e l  product ion w i l l  be found i n  shal low s a l i n e  h a b i t a t s .  
Addi t iona l  m u l t i v a r i a t e  ana lyses  of t he se  da t a  a r e  i n  progress  and may 
i d e n t i f y  o t h e r  s i t e  parameters  which w i l l  be u s e f u l  i n  t h e  s e l e c t i o n  of 
c o l l e c t i o n  sites f o r  t h e  1985 season. 

Species  sc reen ing  and c h a r a c t e r i z a t i o n .  Determinations of t h e  temperature  
and s a l i n i t y  t o l e r a n c e  of two of t h e  s p e c i e s  i s o l a t e d  i n  1984 have been 
completed. The growth r a t e s  of t h e s e  s p e c i e s ,  Chryso/Fl and Ankistrodesmus 
sp., a r e  presen ted  i n  F igures  3 and 4. D r .  Rick Meyer of t h e  Univers i ty  of 
Arkansas has  t e n t a t i v e l y  i d e n t i f i e d  Chryso/Fl a s  a  f l a g e l l a t e d  chrysophyte 
of t h e  genus Boekelovia. Chryso/Fl exh ib i t ed  a  very  wide range of 







Table 4. Phys ica l  and chemical c h a r a c t e r i s t i c s  of 1984 c o l l e c t i o n  sites 
y i e l d i n g  s t r a i n s  wi th  good biomass product ion p o t e n t i a l  a s  compared t o  

those sites y i e l d i n g  slow growing s t r a i n s  o r  s t r a i n s  with narrow environ 
mental to le rances .  Number of s i t e s  wi th  product ive  s t r a i n s  = 6, 

number of s i t e s  without  h ighly  product ive s t r a i n s  = 27. X = mean, 
s a d .  = s tandard  dev ia t ion ,  t = t t e s t .  

- -- 

Col l ec t ion  S i t e s  Yie ld ing  Highly S i t e s  Not Yielding 
S i t e  Product ive S t r a i n s  Highly Product ive 

C h a r a c t e r i s t i c  S t  r a i n s  
- - 
X .f smd. X f smd. t s t a t i s t i c  

* Tota l  A l k a l i n i t y  
** S i g n i f i c a n t  a t  L @O5 l e v e l  

temperature and s a l i n i t y  to le rance .  It grows a t  r a t e s  of 1 doubling dayM' 
o r  more over a  s a l i n i t y  range of 10-70 mmho cm-' and temperatures  of 10- 
32'~. A t  i t s  optimum temperature and s a l i n i t y  i n  Type II water ,  t h i s  
spec i e s  grows a t  a  r a t e  of - 3.5 doublings per  day (2.3 dayo1). 

Chryso/F1 grew most r ap id ly  i n  Type I1 water ,  followed by seawater and Type 
I water  i n  t h  t order .  The maximum g r  wth r a t e  f o r  Chryso/Fl i n  seawater 
was 1.79 day-' and i n  Type I 1.19 day-'. Ankistrodesmus s p .  a l s o  p r e f e r r e d  
Type 11 i n l and  s a l i n e  water ,  but i t  exh ib i t ed  h igher  growth r a t e s  i n  Type I 
water  than i n  seawater.  Its growth r a t e  i n  seawater was p a r t i c u l a r l y  poor 
i n  t h a t  growth r a t e s  a t  all temperature and s a l i n i t y  combinations were l e s s  
than  1  doubling day-'. The Ankistrodesmus sp. exh ib i t ed  i ts  f a s t e s t  growth 



rate at a higher temperature than Chryso/Fl. The optimum temperature for 
Ankistrodesmus sp. in Type I1 was 30'~ (2.12 day"), while that for 
Chryso/Fl was 25'~ (2.17 day"). 

The growth performance of the two species is summarized in Table 5. The 
temperature/salinity ranges selected for the gradient experiments (10-70 
mmho cm-I and 10-35'~) represent estimates of the operational ranges of 
mass algal cultivation systems. As can be seen in Table 5, Chryso/Fl 
exhibits growth rates greater than 1 doubling/day over 82% of the range in 
Type 11 water and 63% of the range in seawater. Ankistrodesmus sp. also 
showed a wide range of tolerance in Type I1 water, exhibiting growth rates 
greater than 1 doubling/day over 51% of the temperaturelsalinity range. 

A hot springs diatom of the genus Amphora is now being evaluated for 
temperature and salinity tolerance. This species grows poorly in Type I1 
water, and appears tb prefer seawater and Type I water. Results with this 
species should provide an interesting comparison with the data for 
Chryso/Fl and Ankistrodesmus sp. 

Table 5. Summary of the  Growth Performance of Chryeo/Fl and Ankistrodeamue ep. 
i n  the  th ree  Standard Water Types. Reeulte a r e  presented as t h e  a rea  within 

each of t h r e e  growth r a t e  contours. Numbers i n  parenthesis  i n d i c a t e  t h e  
percentage of the  experimental range encloeed by t h e  contour. 

Contour Area ( d o  'OC) f o r  

Growth Rate (doublinne day") 

Species Water Type 1 1.44 2 
(.693 day") (1.0 day'') (1.386 day'') 

Chryso/F-1 Type I 651 (43) 186 (12) 0 

Type I1 > 1231 (82)2 >lo09 (67)2 722 (48) 

seawater1 > 760 (63)2 548 (46) 205 (17) 

Ankietrodesmue ep. Type I 474 (32) 226 (15) 6 (0.5) 

Type 11 770 (51) 556 (37) 320 (21) 

Seawater 0 0 0 

Reduced range (1200 d o  'OC vereue 1500 f o r  remaining erperimente).  
Open contauro a t  s a l i n i t y  maximum; t o l e r a t e s  higher  e a l i n i t i e e  than were tested.  

Lipid production quantification and qualification experiments have been 
carried out for the same three species. Only Chryso/Fl exhibited 
significant induction of lipid production under nitrogen limitation (Table 
6). Lipid content in this species increased from 26.6% AFDW in exponential 
phase to 58.5% AFDW in late stationary phase. Both Amphora and 
Ankistrodesmus exhibited maximum lipid contents below 30% AFDW under 
nitrogen limitation. Chryso/Fl is also unique in that lipid induction 
appears to occur relatively rapidly at the start of stationary phase. The 



l i p i d  conten t  of t h i s  s p e c i e s  had r i s e n  from 26.6 t o  42.4% a f t e r  t h e  a l g a e  
had been i n  t h e  s t a t i o n a r y  phase f o r  only 2 days. 

Table 6. L i p i d  conten t  a t  v a r i o u s  growth phases of t h r e e  
h igh ly  p roduc t ive  s p e c i e s  sc reened  i n  1984. A = n i t r o g e n  

s u f f i c i e n t  c e l l s .  B = 2nd day of s t a t i o n a r y  phase of growth. 
C = 10 days of s t a t i o n a r y  phase of growth. 

S t r a i n  

Growth Phase 

A 13 C 

Chryso/Fl sp. 

Amphora sp. 

Ankistrodesmus sp.  

Discussion 

Two of t h e  s p e c i e s ,  Chryso/Fl and Ankistrodesmus sp. ,  f o r  which t h e  
scr'eening process  ha s  been completed t h i s  year  e x h i b i t  e x c e l l e n t  biomass 
produc t ion  p o t e n t i a l .  Both s p e c i e s  e x h i b i t  maximum growth r a t e s  (3.5 
doubl ings  dayo1) equa l  t o  t h e  h i g h e s t  growth r a t e s  r epo r t ed  f o r  any marine 
spec i e s  of microalgae (Thomas, 1966). These s p e c i e s  a r e  a l s o  t h e  f a s t e s t  
growing microalgae i s o l a t e d  by t h e  ASP t o  da te .  Both Chryso/Fl and 
Ankistrodesmus sp. grow we l l  a t  h igh  d e n s i t i e s .  I n  greenhouse c u l t u r e s ,  we 
have been a b l e  t o  e a s i l y  ach ieve  c e l l  d e n s i t i e s  of 1.3 g L-' f o r  
Ankistrodesrnus s p  . and 1.2 g L-l f o r  Chryso/Fl. The p o t e n t i a l  and 
phys io log i ca l  c h a r a c t e r i s t i c s  of both s p e c i e s  sugges t  t h a t  t h e  r e s t r u c t u r e d  
sc reen ing  p ro toco l  has  t h e  p o t e n t i a l  f o r  i d e n t i f y i n g  s u p e r i o r  s t r a i n s  f o r  
biomass f u e l  a p p l i c a t i o n s .  Of t h e  two s p e c i e s ,  Chryso/Fl has  t h e  g r e a t e s t  
p o t e n t i a l  i n  biomass f u e l s  a p p l i c a t i o n s  because i t  produces l a r g e  amounts 
of l i p i d s ,  up t o  58% AFDW. This is ve ry  c l o s e  t o  t h e  ASP goa l  of ob t a in ing  
s t r a i n s  which produce l i p i d  con t en t s  of 60% AFDW ( H i l l  e t  a l . ,  1985). It 
is a l s o  a b l e  t o  grow a t  1 doubl ing daym1 over  82% of t h e  expected 
o p e r a t i o n a l  range of temperature  and s a l i n i t y  f o r  outdoor c u l t i v a t i o n  
systems . 
The concept of employing s t anda rd  i n l a n d  s a l i n e  wate r  types  i n  t h e  
sc reen ing  p r o t o c o l  appears  s u c c e s s f u l ,  and t h e  r e s u l t s  have important  
imp l i ca t i ons  f o r  mass a l g a l  c u l t i v a t i o n  technolog ies .  The d a t a  p resen ted  
he re  i n d i c a t e  t h a t  t h e r e  i s  cons ide rab l e  v a r i a b i l i t y  i n  growth responses  t o  
t h e  d i f f e r e n t  wate r  types  and t h a t  s p e c i e s  f o r  a g iven  system w i l l  probably 
need t o  be s e l e c t e d  based on t h e  chemistry  of t h e  sourcewater  a v a i l a b l e  a t  
t h a t  c u l t i v a t i o n  s i t e .  When more of t h e s e  s a l i n i t y / t e m p e r a t u r e  e v a l u a t i o n s  



have been completed f o r  o t h e r  spec i e s ,  we p l an  t o  s t a t i s t i c a l l y  analyze t h e  
da t a  using f a c t o r i a l  designs i n  order  t o  determine which ions  o r  i o n i c  
r a t i o s  a r e  causing t h e  v a r i a b i l i t y  i n  growth responses.  

Of the  c o l l e c t i o n  s i t e  c h a r a c t e r i s t i c s  we measured, depth appears  t o  be t h e  
most s i g n i f i c a n t  v a r i a b l e  of s a l i n e  h a b i t a t s  wi th  h ighly  product ive  
spec ies .  This w i l l  prove advantageous i n  s e l e c t i n g  t h e  1985 c o l l e c t i o n  
s i t e s ,  because depth i s  one of t h e  e a s i e s t  environmental parameters t o  
measure. Shallow s i t e s  can be e a s i l y  de t ec t ed  and focused on i n  t h e  
f i e l d .  Co l l ec t ions  can s t i l l  occur a t  l a r g e r  s a l i n e  h a b i t a t s ,  bu t  
c o l l e c t i o n  e f f o r t s  w i l l  focus on s a l i n e  microhabi ta t s  surrounding or  on t h e  
f r i n g e  of t h e s e  l a r g e r  water  bodies. Employing t h e s e  r e s u l t s ,  w e  p lan  t o  
e s t a b l i s h  a r t i f i c i a l  s a l i n e  microhabi ta t s  a t  some loca t ions ,  add n u t r i e n t s  
t o  them, and c o l l e c t  s t r a i n s  which invade t h e s e  systems. This  may provide 
an a d d i t i o n a l ,  and poss ib ly  s impler ,  method of ob ta in ing  s t r a i n s  which a r e  
adapted t o  shal low s a l i n e  environments. 
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Addendum 

The SERI Microalgal Culture Collection (B- Barclay, K. Terry, N. Hagle and 
S. Hock) 

The c u l t u r e  c o l l e c t i o n  a c t s  a s  a  r e p o s i t o r y  f o r  t h e  most promising s p e c i e s  
i d e n t i f i e d  by v a r i o u s  i n v e s t i g a t o r s  w i t h i n  t h e  Aquat ic  Spec ies  
subprogram. These s p e c i e s  a r e  made a v a i l a b l e  t o  i n v e s t i g a t o r s  w i t h i n  and 
o u t s i d e  of t h e  program i n  o rde r  t o  encourage r e sea rch  w i th  s p e c i e s  which 
a r e  of p a r t i c u l a r  i n t e r e s t  f o r  f u e l  product ion.  These s p e c i e s  a r e  s e l e c t e d  
from among organisms which a r e  c o l l e c t e d  by Aquat ic  Species  r e sea rche r s  o r  
which a r e  a v a i l a b l e  from c u l t u r e  c o l l e c t i o n s  and have demonstrated 
p o t e n t i a l  f o r  outdoor f u e l  product ion.  A s t e e r i n g  committee meets y e a r l y  
t o  a i d  i n  t h e  s e l e c t i o n  of a p p r o p r i a t e  s p e c i e s  f o r  i n c l u s i o n  i n  t h e  c u l t u r e  
c o l l e c t i o n .  The c u l t u r e  c o l l e c t i o n  p r e s e n t l y  i nc ludes  t h e  s t r a i n s  l i s t e d  
i n  Table  7. 

The organisms i n  t h e  c u l t u r e  c o l l e c t i o n  a r e  l i s t e d  i n  a c a t a l o g  which is 
i s s u e d  yea r ly  and d i s t r i b u t e d  t o  r e s e a r c h e r s  wi th  i n t e r e s t s  i n  b a s i c  and 
a p p l i e d  phycology. I n  a d d i t i o n  t o  l i s t i n g  t h e  s p e c i e s ,  t h i s  c a t a l o g  pro- 
v i d e s  p h y s i o l o g i c a l  in format ion  about  each s p e c i e s  and i n d i c a t e s  t h e  e x t e n t  
of a  l i t e r a t u r e  d a t a  base which is  a v a i l a b l e  upon r eques t  w i th  any c u l t u r e  
shipment. Phys io log i ca l  d a t a  which a r e  p resen ted  i n  t h e  c a t a l o g  i nc lude  
s i z e ,  growth form, maximum growth r a t e ,  c u l t u r a l  requirements ,  temperature  
and s a l i n i t y  t o l e r a n c e ,  l i g h t  cunre  of growth, chemical composition, l i p i d  
composition, l i f e  cyc l e ,  and outdoor c u l t u r e  h i s t o r y .  Not a l l  d a t a  are 
c u r r e n t l y  a v a i l a b l e  f o r  each s p e c i e s  l i s t e d ,  bu t  as t i m e  pe rmi t s ,  char- 
a c t e r i z a t i o n s  s i m i l a r  t o  t hose  employed f o r  newly i s o l a t e d  s p e c i e s  w i l l  be 



app l i ed  r e t r o a c t i v e l y  t o  s p e c i e s  i n  t h e  c u l t u r e  c o l l e c t i o n  f o r  which t h e  
necessary d a t a  have not  ye t  been co l l ec t ed .  

Table 7. The SERI Microalgae Cul ture  Co l l ec t ion  

Species Source C o l l e c t i o n  S i t e  

Ankistrodesmus f a l c a t u s  

Bot  ryococcus b r a u n i  i 

Chaetoceros g r a c i  1 i s  

C h l o r e l  l a  sp. (So l )  

I s o c h r y s i s  a f f .  ga l  bana 

Nannoch lorops is  s a l i n a  

N i t z s c h i a  sp. 

Oocys t i s  p u s i l l a  

Phaeodactylum t r i c o r n u t u m  

Phaeodactylum t r i c o r n u t u m  

P l  atymonas sp. 

W.H. Thomas 

U T E X ~  

R. York 

S. L i e n  

R. York 

W.H. Thomas 

W.H. Thomas 

W.H. Thomas 

E.A. Laws 

Pyramid Lake, Nevada 

Go1 den, Co lorado 

T a h i t i  

Great South Bay, NY 

Mono Lake, C a l i f .  

Walker Lake, C a l i f .  

Woods Hole, Mass. 

Honolulu.  Hawai i 

IUTEX: U n i v e r s i t y  o f  Texas C u l t u r e  C o l l e c t i o n  







ULTRASTRUCTURE EVALUATION OF LIPID ACCUMULATION IN MICROALGAE 
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ABSTRACT 

To increase our understanding of the cellular changes involved in lipid 
accumulation, the ultrastructure of three microalgal species is being 
evaluated. As a necessary first step, appropriate preparative techniques 
are being developed for electron microscopy. At least one of five 
different fixation and embedding techniques has been applied to each of 
the species, yielding quite different results. Fixation is adequate for 
Ankistrodesmus f alcatus, nearly adequate for ~sochrvsis aff. galbana 
and inadequate for Nannochloropsis salina. Once adequate preparation 
methodologies are available, ultrastructural changes in the species will 
be examined during logarithmic growth and at regular intervals after the 
initiation of nitrogen deficiency. In addition, the feasibility of using 
flow cytometry to separate an algal subpopulation with high lipid-producing 
capabilities will be investigated. 

OBJECTIVES 

Lipid accumulation in microalgae can be readily detected at the light 
microscopic level. Morphological changes observable at this level include 
variations in refractive properties of the cell, an increase in the size 
and/or number of visible inclusions, and changes in the color of the 
cells. This information, while useful as an indication of the metabolic 
state of the cells, reveals little about the exact inttacellular location 
of the lipids in relation to other cell organelles, or about changes 
occurring in those other organelles concomitant with lipid accumulation. 
Such information will be most useful in understanding and controlling the 
physiological changes involved in switching from the rapid cellular 
growth phase to that of rapid lipid accumulation. 

The primary objective of this study is to identify and evaluate the 
ultrastructural changes occurring in three species of oleaginous algae 
as they proceed from rapid, unstressed growth to the massive build-up 
of lipid reserves which often results from nitrogen deprivation. 
Specifically, morphological variation in chloroplasts, endoplasmic 
reticulum, mitochondria, membranes, lipid storage bodies, and microbodies 
are of interest. 

A secondary objective of this study is to explore the feasibility of 
using flow cytometry to separate, from cultures of known lipid-producing 
microalgae, subpopulations of cells having exceptionally high 



lipid-producing capabilities. Such a method of genetic selection could 
rapidly yield superstrains of oleaginous algae in a straightforward manner, 
and could well be applied to many of the strains already under development. 

APPROACH 

Task 1 

The ultrastructure of three species of microalgae known to be good lipid 
producers is being studied: Ankistrodesmus falcatus (S/ANKIS-I), 
Isochrysis aff. galbana Green (S/ISOCH-11, and Nannochloropsis salina 
Hibberd (S/NANNO-1). Ultrastructural information is obtained by 
transmission electron microscopy of thin sections of cells. In order 
to cut the necessary 100 nm thick sections, the cells must be fixed to 
preserve cellular structure and dehydrated to remove water prior to 
embedding in an epoxy resin. The resin is polymerized to a hard block 
which can be cut with a diamond knife on an ultramicrotome. Initial 
work thus involves the development of adequate fixation and embedding 
procedures. Once these have been established, cells in known stages of 
growth (logarithmic growth, and at regular intervals following the onset 
of nitrogen deprivation) will be prepared for electron microscopy and 
examined. The lipid, protein, and carbohydrate content of the cells will 
also be determined. Evaluation of cytological detail will concentrate on 
changes in cell components known to be involved in energy storage and 
conversion (e.g., chloroplasts, mitochondria, microbodies, lipid bodies, 
pyrenoids, and various other food storage bodies) as well as those 
possibly involved in enzymatic regulation of the process (e.g., ribosomes, 
endoplasmic reticulum, Golgi apparatus). 

Task 2 

Batch cultures of the three microalgal species used in Task 1 will be 
evaluated in the flow cytometer to determine, first, whether their 
morphologies are appropriate to this technology and, second, whether 
discrimination among subpopulations is possible based solely on 
natural autofluorescence. There are indications that, at least in 
Nannochloropsis, high chlorophyll content correlates with high lipid 
content (Ben Gurion 1985). If cells with high chlorophyll content can be 
separated from the rest of the population, they would also be expected to 
have a high lipid content. Flow cytometry, using the natural fluorescence 
from chlorophyll, might be used to effectively discriminate and separate a 
high lipid subpopulation of cells. To make this determination, cells 
from both ends of the chlorophyll-content spectrum will be separated using 
flow cytometry and will then be cultured, to obtain enough material for 
analysis of lipid, protein, and carbohydrate content. If the capacity for 
accumulating large amounts of lipid is genetically determined, and if the 
relationship between chlorophyll and lipids holds, it should thus be 
possible to evaluate whether such a separation has indeed been 
accomplished. 



An effort will also be made to identify and obtain a vital (non-toxic) 
lipid--specific fluorescent stain, which would allow cell separation 
directly on the basis of lipid content. Validation of the effectiveness 
of separations by means of this stain will be accomplished as outlined 
above. 

PROGRESS 

Establishment of Cultures 

Cultures of all three microalgal species from the Solar Energy Research 
Institute (SERI 1984) collection have been established and are now 
growing well. Ankistrodesmus is being maintained in a Pyramid Lake 
medium (SERI 1984) in an environmental growth chamber at 25*C under a 
16:8 1ight:dark regime. The light intensity has not been determined, but 
the species does best away from a direct light source. It is not being 
shaken, because of its tendency to clump when agitated. Nannochloropsis 
and Isochrysis are both being grown in an f/2 medium (SERI 19841, using 
pasteurized sea water obtained from the sea water tables at the Duke 
Marine Lab, Beaufort, North Carolina. They are being grown under the 
same environmental conditions as Ankistrodesmus, except that they are 
exposed to much higher light levels and are being agitated on an orbital 
shaker, approximating natural conditions more closely. 

Preparative Procedures 

Five different fixation and embedding procedures have been used (Table 1) 
with varying degrees of success, depending on the algal species. Thin 
sections (80 to 100 nm thick) were cut on a Sorval MT-2 ultramicrotome, 
using a Dupont diamond knife. Sections were poststained with either 
aqueous or methanolic uranyl acetate and lead citrate and were examined 
with a Zeiss EM 9s-2 (60 kV operating voltage), Hitachi H-600 (100 kV) 
or, in the majority of cases, a JEOL JEM lOOCX (100 kV) transmission 
electron microscope. 

Ankistrodesmus. Procedures 2 and 3 (Table 1) were used for this organism, 
with rather good results from procedure 2. The results of fixation 3 
(Table 1) have not yet been evaluated. Figures 1-4 show several views 
of Ankistrodesmus fixed using procedure 2. Lipid bodies are plentiful, 
although, judging from the lack of electron density, much of the lipid 
has been removed, probably during the dehydration procedures. The 
cytoplasm is rather uniform and dense and the chloroplast lamellae are 
orderly, although distended by starch granules (Fig. 4). Membranes 
surrounding these starch granules appear intact (Fig. 4). Overall, the 
preservation seems adequate, particularly if lipid retention can be 
increased. 







~sochrysis. Fixation protocols 1, 2 and 3 (Table 1) have been used 
for Isochrysis. Procedures 2 and 3, the simultaneous glutaraldehyde and 
osmium fixations, showed the best results (Figs. 5-11), with excellent 
preservation of pyrenoids, nucleus, mitochondria, Golgi apparatus, and 
membranes in general. The few lipid bodies found were also quite well 
defined in both procedures, but the cytoplasm was dense and uniEorm only 
with procedure 2. Considerable disorganization appears to be present in 
the chloroplasts (Figs. 5, 6, and 101, however, and in favorable sections, 
swelling of the plasmalemma is evident (Fig. 10). Procedure 1 yielded 
good preservation and spreading of the external layer of scales, but 
very poor preservation of cellular detail, particularly of the membranes 
(Fig. 12). 

This poor preservation obtained using procedure 1 isprobably due to the 
long duration of the fixation with lack of buffering. The occasional 
bulging of the plasmalemma and the disorganization of the chloroplast 
with the other two procedures could well be osmotic damage, because no 
attempt was made in the fixing procedures to duplicate the natural 
osmotic effect of the sea water in which they were cultured. 

Nannochloropsis. All five procedures (Table 1) have been utilized for 
Nannochloropsis, but none has yielded acceptable results (Figs. 13-16). 
Other workers have noted similar difficulties in fixing Nannochloro~sis, 
and indeed all of the Monodopsidaceae (Hibberd 1981, Lubian 1982). The 
most intractable problem at this point is the inadequacy of embedding. 
The cells seem to be very hard and were easily pulled from the epoxy 
resin. An occasional well-fixed cell (Fig. 16) was retained in the 
sections, but these were very few. 

Fixations 4 and 5 (Table 1) were sectioned twice, with very different 
results. When sectioned two days after the completion of embedding, 
intact sections were obtained rather easily and many cells were retained 
in the plastic. Upon repeated sectioning several weeks later, however, 
the resin shredded and became completely unusable. Sectioning as soon as 
possible after polymerization may solve some of these problems. 

Cells occasionally retained within the epoxy resin permitted some 
evaluation of the thoroughness of the fixation itself. Fixation 1 could 
not be evaluated because of the severe sectioning difficulty discussed 
above. The second procedure yielded exceedingly poor results, with 
sparse cytoplasm and few other organelles remaining within the cell. 
Procedures 3, 4 and 5 produced somewhat better results (Figs. 13-16). 
Lipid bodies can be seen packing the cells, although their limits are ill 
defined and much lipid has been extracted. In contrast to Isochrysis 
choloroplasts, however, the Nannochlorops& chloroplasts appear 
relatively well preserved, as do the mitochondria, but significant 
amounts of cytoplasm were lost in fixation 3. 

The majority of Nannochloropsis cells assumed an angular, presumably 
shrunken, shape (Figs. 13 and 15). This might indicate a problem in the 









dehydration series, during which water is removed from the cells and may 
not be replaced with solvent. Careful monitoring of the cells by light 
microscopy at each step of the fixation, dehydration, and embedding 
procedure might provide insight into the cause of this shrinkage. 

Other Pro~ress. I have identified several steps that can be taken to 
improve the retention of lipids. Inclusion of 0.05% CaC12 is mentioned 
by Hayat (1981) as being useful, and both Boshier et al. (1984) and 
Boyles (1984) found that adding p--phenylenediamine in the 70% ethanol 
step of dehydration was the most effective of several treatments. Since 
most lipid extraction occurs during dehydration, particularly in the final 
stages (Hayat 19811, the duration of these last dehydration steps can be 
shortened or some steps can be eliminated. Many of these refinements 
were included in fixations 4 and 5 (Table 11, but unfortunately the 
embedding was inadequate to permit a full evaluation of their impact. 
These remedies will be included as appropriate in future work. 

Interpretation of Ultrastructure 

Cytological interpretation of the micrographs obtained, particularly when 
the cells are distorted by inadequate preservation, is facilitated by 
comparison with ultrastructural studies already available in the open 
literature. I have surveyed the literature and find, unfortunately, 
that few cytological studies are available on any of these organisms. 
Pertinent publications of which I am aware include Antia et al. (1975), 
Lubian (1982) and Pickett-Heaps (1972). I am currently broadening my 
search to include closely related organisms. 

FUTURE RESEARCH 

Task 1 

Once adequate fixation procedures have been identified, work will begin 
on evaluating ultrastructural changes as lipid accumulation proceeds. 
This will be done in collaboration with the Georgia Institute of 
Technology (GIT), where chemostat culturing methods have been developed 
and can be used to trigger lipid accumulation in a dependable manner 
(T. G. Tornabene, Georgia Institute of Technology, personal communication 
to J. A. Solomon, Nov. 26, 1984). GIT personnel will perform the fixation 
and embedding of cells in known stages of lipid accumulation, and the 
polymerized blocks will be sent to Oak Ridge for sectioning, staining, 
and examination. At the time of sampling, additional samples should be 
taken for the determination of lipid, protein, and carbohydrate content, 
so that ultrastructure can be correlated accurately with metabolic state. 

Currently, fixation procedures are adequate for Ankistrodesmus, nearly 
adequate for Isochrvsis, and in much doubt for Nannochloro~sis. 



Task 2 

In cooperation with Dr. Reinhold Mann of the Biology Division, 
Oak Ridge National Laboratory, I will apply flow cytometry technology to 
nitrogen-deficient cultures of the three species of microalgae mentioned 
above. Due to its greatly elongated morphology, Ankistrodesxnus is the 
least promising of the three species ,  since the methodology is most 
appropriate for spherical particles. If any separation can be achieved 
based solely on chlorophyll autofluorescence, the resulting cells will be 
cultured and then sent to GIT for determination of lipid content. In 
addition, 1 will continue to seek an appropriate lipid-specific vital 
stain for use with this method. 
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ABSTRACT 

Both suspended  c u l t u r e  and immobi l i zed  c e l l  r e a c t o r s  were c o n s t r u c t e d  
d u r i n g  t h i s  p r o j e c t .  I n  t h e  suspended  c u l t u r e  r e a c t o r  a  b a t c h  g r o w t h  
e x p e r i m e n t  f o l l o w e d  c e l l u l a r  l i p i d ,  p r o t e i n  and  c a r b o h y d r a t e  accumula-  
t i o n  d u r i n g  n i t r o g e n  l i m i t a t i o n  o f  a n  Ank i s t rodesmus  c u l t u r e  a s  a  
f u n c t i o n  o f  l i g h t  i n t e n s i t y  and  CO t e n s i o n s  (0 .5%,  0.04% and  z e r o )  i n  

2 
t h e  g a s  phase .  H i g h e s t  l i p i d  c o n t e n t  (24%;  d r y  w e i g h t  b a s i s )  was 
o b s e r v e d  w i t h  t h e  z e r o  C02 c u l t u r e .  Low c a r b o h y d r a t e  c o n t e n t ,  low c e l l  
d e n s i t y  and  h i g h e r  p r o t e i n  c o n t e n t  o f  t h e  c u l t u r e  s u g g e s t s  t h a t  t h e  
i n c r e a s e d  l i p i d  c o n t e n t  was n o t  due  s i m p l y  t o  h i g h e r  l i p i d  p r o d u c t i v i t y .  

The p r i n c i p a l  l i p i d  o f  n i t r o g e n  s t a r v e d  I s o c h r y s i s  w. was i d e n t i f i e d  
as C35 - C39 a l k e n o n e s .  O t h e r  a l g a e  b e i n g  c u l t i v a t e d  f o r  s t u d i e s  of  
l i p i d  b i o s y n t h e s i s ,  and  p r o g r e s s  i n  a n a l y s e s  o f  c h e m i c a l  c o n t e n t s  o f  
s a m p l e s  s u b m i t t e d  by o t h e r  i n v e s t i g a t o r s  i n  t h e  A q u a t i c  S p e c i e s  Program 
are d e s c r i b e d .  

INTRODUCTION 

The p u r p o s e  o f  t h e  SERI/DOE program is  t o  i d e n t i f y  a l g a e  t h a t  have t h e  
h i g h e s t  lipid ( o i l )  p r o d u c t i o n  c a p a b i l i t i e s  and t o  e v a l u a t e  t h e  econom- 
i c s  o f  t h e  m i c r o a l g a l  p r o d u c t s  as a f u e l .  The r e s e a r c h  p r o j e c t  a t  t h e  
Georg i a  I n s t i t u t e  o f  Technology i n  t h e  SERI/DOE program i s  t o  p r o v i d e  
a n a l y t i c a l  s e r v i c e s  f o r  d e t e r m i n i n g  t h e  s p e c i f i c  c h e m i c a l  c o m p o s i t i o n s  
of  t h e  micro-  and  macro-a lgae  i d e n t i f i e d  by o t h e r  r e s e a r c h e r s  i n  t h i s  
program. The program a t  G e o r g i a  Tech is i n  i t s  t h i r d  y e a r .  R e s u l t s  o f  
t h e  r e s e a r c h  have  been p u b l i s h e d  i n  Enz.  Mic rob .  Techno l .  ( I ) ,  E u r .  J .  
Biochem. ( Z ) ,  J .  Phycology ( 3 ) ,  and  Mar ine  Ecology (4). I n  a d d i t i o n  t o  
p r o v i d i n g  a n a l y t i c a l  s e r v i c e s ,  t h e  r e s e a r c h  f o r  t h i s  y e a r  is  d i r e c t e d  
t o w a r d s  d e v e l o p i n g  c u l t i v a t i o n  s t r a t e g i e s  f o r  l i p i d  p r o d u c t i o n  and  f o r  
i n v e s t i g a t i n g  t h e  m e t a b o l i c  r e l a t i o n s h i p s  between t h e  p r o t e i n ,  c a rbohy-  
d r a t e  and  l i p i d  b i o s y n t h e s i s  d u r i n g  n i t r o g e n  o r  s i l i c o n  d e p r i v a t i o n .  

OBJECTIVES 

The s p e c i f i c  o b j e c t i v e s  a r e :  

I d e n t i f y  t h e  s t r u c t u r e  of  t h e  C-37 compound(s)  o f  I s o c h r y s i s .  

I d e n t i f y  t h e  m a j o r  l i p i d  f r a c t i o n s  o f  "Nanno QIf. 

Dete rmine  r e l a t i o n s h i p  between p r o t e i n - c a r b o h y d r a t e - l i p i d  b iosyn -  
t h e s i s  o f  m i c r o a l g a e .  



C u l t u r e  5-6 p romis ing  m i c r o a l g a e  and i d e n t i f y  l i p i d  compos i t ions .  

I d e n t i f y  and q u a n t i f y  t h e  chemical  compos i t ion  o f  micro-and 

macro-algae s u b m i t t e d  by o t h e r  members o f  Aqua t i c  S p e c i e s  Program. 

MATERIALS A N D  METHODS 

Organisms 

Alga l  s t r a i n s  and t h e i r  o r i g i n  a r e  summarized i n  Tab le  1 .  

C u l t i v a t i o n  

Ankis t rodesmus was c u l t i v a t e d  i n  t h e  growth medium g i v e n  i n  T a b l e  2 .  A l l  
o t h e r  o rgan i sms  were c u l t i v a t e d  i n  GPM medium a s  d e s c r i b e d  i n  SERI 
c u l t u r e  c o l l e c t i o n  c a t a l o g  supplemented w i t h  6mM NaHCO . S t o c k  c u l t u r e s  
were m a i n t a i n e d  i n  50 m l  o f  media i n  125 m l  o r  i n  1  l i z e r  q u a n t i t i e s  i n  
s h a l l o w  c u l t u r e  f l a s k  on a  s h a k e r  t a b l e  i n  a n  env i ronmenta l  room h e l d  a t  
25OC and c o n t i n u o u s  i l l u m i n a t i o n .  The s h a k e r  t a b l e  c u l t u r e s  were 
t r a n s f e r r e d  t o  Roux b o t t l e s  (800 m l  medium) k e p t  i n  t h e  d a r k  o v e r n i g h t  
and t h e n  s u b j  c t e d  t o  a  14 h r : l O  h r  1 i g h t : d a r k  c y c l e .  L i g  t i n t e n s i t i e s  5 9 
were 800vE/M s e c  f o r  a  h i g h  l i g h t  exper imen t  o r  300vE/M s e c  f o r  low 
l i g h t  e x p e r i m e n t s .  

C u l t u r e s  were mixed by magne t i c  s t i r r i n g  and a i r  e n r i c h e d  w i t h  1 %  CO 
2 ' Temperature i n  t h e  c u l t u r e s  c y c l e d  between 28-2g°C i n  t h e  l i g h t  p e r i o d  

and 24-25OC i n  t h e  d a r k  p e r i o d .  A l l  n i t r o g e n  d e f i c i e n t  c u l t u r e s  
i n i t i a l l y  c o n t a i n e d  0 . 5  mM NO u n l e s s  o t h e r w i s e  i n d i c a t e d  and were 
i n o c u l a t e d  w i t h  e x p o n e n t i a l  pAase c u l t u r e s  from Roux b o t t l e s .  

Tab le  1 .  S t o c k  C u l t u r e s  

D a t e  ---- S t o c k  ------ ----- S h a k e  
O r g a n i s m  R e c e i v e d  C u l t u r e  C u l t u r e  S o u r c e  

C h y r s o c h r o -  
m u l i n a  s t r o b i l u s  1 0 - 2 2 - 8 4  n o  n o  UTEX 
L B  9 8 1  1 1 - 2 - 8 4  n o  n o  UTEX 

P a v l o v a  l u t h e r i  1 0 - 2 2 - 8 4  n o  n o  UTEX 
L B 1 2 9 3  1 1 - 2 - 8 4  Yes Y e s  U T E X  

C h r o o m o n a s  s p .  1 0 - 2 2 - 8 4  n o  n o  U T E X  
LB 2 0 0 7  1 1 - 2 - 8 4  n o  n o  UTEX 

C h a t t o n e l l a  1 0 - 2 2 - 8 4  n o  n o  UTEX 
j a p o n i c a  L B 2 1 6 2  1 1 - 2 - 8 4  n o  n o  U T E X  





Table 1. cont'd. 

Date ---- Shake Stock ----- ------ 
Organism Received Culture Culture Source 

Dicratoria 
inornata 
LB 988 

10-22-84 no no UTEX 
1 1  -2-84 no no UTEX 

Pseudoiso- 
chrysis paradoxa 
LB 1988 Yes UTEX 

Yes UTEX 
Pymnesium 
parva LB 995 

Chlorosarcin- 
opsis halophila 
2078 UTEX 

Isochrysis 
galbana LB 987 UTEX 

Rhodomonas sp. 
2 I63 UTEX 

Tetraselmis 
seucica WTET SERI 

Thalassiosira 
pseudonana 3H SERI 

Dr. Lewin 
Dr. Lewin 
Dr. Lewin 
Dr. Lewin 

Chlorella 
pyrenoidosa 26 Micro. Prod. 

Scendesmus 
obliquus 1450 Micro. Prod. 

Tahitian- 
Isochrysis SERI 

Chaetoceros 
gracilis SERI 



T a b l e  1 .  c o n t ' d .  

D a t e  ---- ------ S h a k e  S t o c k  ----- 
organ is^ R e c e i v e d  C u l t u r e  C u l t u r e  S o u r c e  

C y c l o t e l l a  
D I - 3 5  2 - 1 - 8 5  Y e s  Y e s  D r .  T a d r o s  

H a n t z s c h i a  
D I -  1 6 0  2- 1 - 8 5  Y e s  Y e s  D r .  T a d r o s  - 

Table  2. Ankistrodesmus Medium 

C o m p o n e n t  C o n c e n t r a t i o n  

NaCl 

N a H C O  
C a C 1 2  3 
K C 1  
MgC12-6H20 

Na2S04 

F e S 0 4 - 7 H 2 0  

Na2EDTA 

K2HP04 

B i o t i n  

Vit. B I 2  

T h i a m i n e  

T r a c e  M e t a l s  M i x t u r e  (TMM) 

TMM ( c o n c e n t r a t i o n  i n  m e d i a ) :  

0 . 5 0  ppm 

0 . 1 0  ppm 

0 . 0 5  ppm 



T a b l e  2 .  ( c o n t l d )  

C o m p o n e n t  C o n c e n t r a t i o n  

Cu 0 . 0 2  ppm 

B 0 . 5 0  ppm 

V 0 . 0 1  ppm 

N i  0 . 0 1  ppm 

C r  0 . 0 1  ppm 

A n a l y t i c a l  

C e l l  s u s p e n s i o n s  were e x t r a c t e d  f o r  l i p i d s  by t h e  modi f i ed  method of 
B l igh  and Dyer ( 5 , 6 ) .  E x t r a c t e d  c e l l  d e b r i s  was s a p o n i f i e d  i n  NaOH-MeOH, 
and e x t r a c t e d  w i t h  pet roleum e t h e r .  The nonpo la r  and p o l a r  l i p i d s  were 
s e p a r a t e d  by s i l i c i c  a c i d  column chromatography ( 7 )  wi th  hexane,  
benzene,  ch lo ro form,  a c e t o n e  and methanol .  P o l y s a c c h a r i d e s  were ex- 
t r a c t e d  from d r i e d  c e l l s  by t h e  phenol-water method ( 8 )  and i s o l a t e d  by 
i s o p y c n i c  d e n s i t y  g r a d i e n t  u l t r a c e n t r i f u g a t i o n .  L i p i d  components were 
d e a c y l a t e d  by mi ld  a l k a l i n e  m e t h a n o l y s i s  ( 7 ) .  Samples were hydrolyzed 
w i t h  2 N HC1 a t  100°C f o r  2  h  f o r  n e u t r a l  s u g a r s ;  and 4  N HC1 f o r  6 h  a t  
100°C f o r  amino s u g a r s .  L i p i d s  were ana lyzed  by t h i n - l a y e r  chromato- 
g raphy  i n  d i e t h y l  e t h e r - b e n z e n e - e t h a n o l - a c e t i c  a c i d  (45:50:2:0.2) as  
f i r s t  s o l v e n t  and hexane-d ie thy l  e t h e r  (96 :4 )  a s  second s o l v e n t  o r  
ch lo ro form-ace tone-methano l -ace t i c  ac id -wa te r  (50 :20 :10 :10 :5 ) .  L i p i d s  
were d e t e c t e d  by exposure  I v a p o r ,  a c i d  c h a r r i n g ,  phosphate  s p r a y  ( l o ) ,  
n i n h y d r i n ,  a - n a p t h o l  f o r  g f y c o l i p i d s  ( 9 ) ,  Draggendorf f  s t a i n  f o r  
q u a r t e n a r y  amines ( 9 ) ,  o r  H SO - a c e t i c  a c i d  ( 1 : l )  f o r  s t e r o l s  ( 9 ) .  The 
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d e a c y l a t e d  w a t e r - s o l u b l e  p r o d u c t s  were s e p a r a t e d  on cel lu lose-TLC p l a t e s  
( 1 1 ) .  The samples  were v i s u a l i z e d  by t h e  o - t o l i d i n e  s t a i n i n g  method 
o v e r s t a i n e d  w i t h  a n  a c i d i c  ammonium molybdate s o l u t i o n  (71,  o r  by 
n i n h y d r i n .  T o t a l  c a r b o h y d r a t e s  were de te rmined  by t h e  pheno l - su lphur ic  
a c i d  method a f t e r  h y d r o l y s i s  i n  1 N H C I . .  Nuc le ic  a c i d s  were e s t i m a t e d  
s p e c t r o p h o t o m e t r i c a l l y  a f t e r  h y d r o l y s i s  w i t h  I N  NaOH. T o t a l  p r o t e i n  was 
determined a f t e r  h y d r o l y s i s  i n  I N  NaOH a t  100°C f o r  1 h  ( 1 2 ) .  
C h l o r o p h y l l  and c a r o t e n o i d s  were assayed  a s  d e s c r i b e d  by Jensen  ( 1 3 ) .  
F a t t y  a c i d s  were c o n v e r t e d  t o  t h e  methyl  e s t e r  form i n  a  2.5% anhydrous  
methanolic-HC1 ( 9 ) .  A l i q u o t s  o f  f a t t y  a c i d s  were hydrogenated w i t h  H 
and 10% Pd on a c t i v a t e d  c h a r c o a l .  F ree  s u g a r s  were c o n v e r t e d  t o  a l d i f o l  
a c e t a t e s  ( 1 4 ) .  D e r i v a t i z e d  components were a n a l y z e d  on a  Var ian  3700 
g a s - l i q u i d  chromatograph (GLC) equipped wi th  d u a l  f lame i o n i z a t i o n  
d e t e c t o r s  and a  Var ian  V i s t a  402 d a t a  sys tem.  The a n a l y s e s  were a s  
f o l l o w s :  30 m x  0 .252 mm f u s e d  q u a r t z  c a p i l l a r y  column w i t h  0 . 2 5  pm of  
OV 351 o r  0 . 2 5  pm o f  DB-5 a t  8 p s i  of  He and 4OC/min from 125OC t o  220°C 
and h e l d  i s o t h e r m a l l y ;  2  m x  0 .31 cm g l a s s  column packed w i t h  10% SP2330 
on 100/120 Gas chrom W AW a t  27  p s i  o f  He and 4OC/min from 1 10°C t o  
250°C and h e l d  i s o t h e r m a l l y .  



RESULTS 

C u l t u r e  A p p a r a t u s  and  E x p e r i m e n t a l  P r o t o c o l  

A c u l t u r e  a p p a r a t u s  was d e v e l o p e d  t o  c u l t u r e  s p e c i e s  e f f i c i e n t l y  and  f o r  
t h e  p u r p o s e  o f  d e t e r m i n i n g  t h e  r e l a t i o n s i p  o f  c a r b o h y d r a t e  a c c u m u l a t i o n  
and  s u b s e q u e n t  l i p i d  s y n t h e s i s  when c e l l s  a r e  p l a c e d  unde r  n i t r o g e n  
d e f i c i e n t  c o n d i t i o n s .  High p r o d u c t i v i t y  r e q u i r e s  l i g h t  l i m i t a t i o n  which 
p r e c l u d e s  n i t r o g e n  l i m i t a t i o n  ( o n l y  one  n u t r i e n t  can be l i m i t i n g  a t  one  
t i m e ) .  It i s  c l e a r  t h a t  i n  t h e  p a s t  many e x p e r i m e n t s  i n  which n i t r o g e n  
l i m i t a t i o n  was t o  be a c h i e v e d  f a i l e d ,  w i t h i n  t h e  time r e s t r a i n t s  imposed 
f o r  p r o d u c t i v e  c u l t u r e s ,  due  t o  t h e  f a c t  t h a t  d e n s e  ( l i g h t  l i m i t e d )  
c u l t u r e s  were u s e d .  Such c u l t u r e s  c o n t i n u e d  t o  grow ( a r i t h m e t i c a l l y )  and  
d e p l e t e d  media n i t r o g e n  and  r e d u c e d  c e l l u l a r  n i t r o g e n ,  however ,  n i t r o g e n  
l i m i t a t i o n  o n l y  s l o w l y  r e s u l t e d  i n  r e d u c i n g  p igmen t s  o r  i n  s t o r i n g  
c a r b o h y d r a t e s  a n d / o r  l i p i d s .  Thus ,  n i t r o g e n  l i m i t a t i o n  must  be i n d u c e d  
unde r  c o n d i t i o n s  of  r e l a t i v e l y  h i g h  l i g h t  which i m p l i e s  low d e n s i t y  a n d ,  
t h e r e f o r e ,  p r o d u c t i v i t y .  It is p o s s i b l e  t o  s e p a r a t e  t h e  g rowth  and  
i n d u c t i o n  ( n u t r i t i o n  l i m i t a t i o n )  p h a s e s  o f  t h e  e x p e r i m e n t s  by u s i n g  
d i f f e r e n t  l i g h t  i n t e n s i t i e s ,  d e n s i t i e s  a n d / o r  r e a c t o r  d e s i g n s  f o r  t h e s e  
p h a s e s .  Thus ,  p r o d u c t i v i t y  c a n  be maximized e v e n  w i t h  n u t r i e n t  d e f i c i e n t  
c u l t u r e s .  

It was c o n c l u d e d  t h a t  c o n t i n u o u s  c u l t u r e s  a r e  n o t  a p p r o p r i a t e  t o  
maximize i n d u c t i o n  o f  p r o d u c t s  i n  r e s p o n s e  t o  n u t r i e n t  l i m i t a t i o n s  
b e c a u s e  o f  t h e  r e q u i r e m e n t  o f  l o n g  d e t e n t i o n  t i m e s  t h a t  would be 
n e c e s s a r y  f o r  p r o d u c t  f o r m a t i o n  by n u t r i e n t  l i m i t a t i o n s .  S imp le  b a t c h  
c u l t u r e s  a r e  t h e  most  e f f e c t i v e  way t o  s t u d y  n u t r i e n t  l i m i t a t i o n s .  The 
e f fec t  o f  c o n t i n u o u s  c u l t u r e s  c a n  be e a s i l y  a c h i e v e d  i n  b a t c h  c u l t u r e s  
by u s i n g  a  r e l a t i v e l y  c o n c e n t r a t e d  n u t r i e n t  f e e d  - which  would n o t  
s i g n i f i c a n t l y  d i l u t e  t h e  c u l t u r e .  Thus ,  i n  t h i s  p r o j e c t ,  o n l y  b a t c h  
c u l t u r e s  a r e  u s e d .  

The a c t u a l  d e s i g n  o f  t h e  l a b o r a t o r y  r e a c t o r  f o r  g rowth  o f  s u s p e n d e d  
c u l t u r e s  r e q u i r e s  r e l a t i v e l y  l i t t l e  s o p h i s t i c a t i o n .  Roux b o t t l e s  a r e  a n  
e f f e c t i v e  way of  o p e r a t i n g  b a t c h  c u l t u r e s ;  t h e y  p r o v i d e  a  r e l a t i v e l y  
t h i n  c u l t u r e  v e s s e l  (e .g .  r e l a t i v e  h i g h  l i g h t  i n t e n s i t y )  and  a  s u f -  
f i c i e n t  volume t o  s u p p l y  a d e q u a t e  s a m p l e s  f o r  a n a l y s i s .  R e l a t i v e l y  h i g h  
l i g h t  i n t e n s i t i e s  c a n  be o b t a i n e d  by a n  a s s e m b l y  o f  f l u o r e s c e n t  l i g h t  
boxes  which p r o v i d e  t h e  e q u i v a l e n t  of a b o u t  35-40% o f  f u l l  s u n l i g h t  
R e s u l t s  o f  g rowth  e x p e r i m e n t s  w i t h  t h e s e  v e s s e l s  a r e  r e p o r t e d  i n  t h e  
n e x t  s e c t i o n .  

F o r  l a r g e r  c u l t u r e s ,  and  t o  a l l o w  b e t t e r  c o n t r o l  o v e r  m i x i n g ,  a 1.8 
l i t e r  c u l t u r e  a p p a r a t u s  was c o n s t r u c t e d  c o n t a i n i n g  a s t i r r i n g  r o d  w i t h  
two s e t s  of 4 glass p a d d l e s .  

Immobi l i zed  a l g a l  c u l t u r e s  was p roposed  as a n  a l t e r n a t i v e  t o  l i q u i d  
c u l t u r e s .  The i n i t i a l  d e s i g n  c a r r i e d  o u t  unde r  t h i s  c o n t r a c t  i n v o l v e d  a  
f l a t  p l a t e  s y s t e m  f i l l e d  w i t h  p o r o u s  p l a s t i c  (I1Porex1') s u b s t r a t u m .  
However, t h i s  d e s i g n  proved  t o  be v e r y  d i f f i c u l t y  t o  s e a l ,  w i t h  l e a k s  
d e v e l o p i n g  r e p e a t e d l y .  Thus ,  t h e  r e a c t o r  was r e d e s i g n e d .  It c o n s i s t e d  o f  
a n  a r r a y  of p a r a l l e l  t u b e s  l o a d e d  w i t h  a l t e r n a t i n g  h y d r o p h i l i c  and  



hydrophobic  t u b u l a r  s u b s t r a t u m  s e c t i o n s  ( approx .  10 cm i n  l e n g t h )  o f  
v a r i o u s  pore  s i z e s .  Ankistrodesmus was loaded  on t h e  r e a c t o r  and 
a t t a c h m e n t  was v i s u a l l y  obse rved .  Only a t  t h e  lower  s i d e  o f  t h e  
s u b s t r a t u m  (shaded a r e a )  d i d  a l g a e  c e l l s  accumula te .  N e i t h e r  pore  s i z e  
n o r  h y d r o p h o b i c / h y d r o p h i l i c  p r o p e r t i e s  had any pronounced e f f e c t .  Photo- 
i n h i b i t i o n  appeared  t o  be a  major  d e s i g n  c o n s t r a i n t  and w i l l  need t o  be 
i n v e s t i g a t e d .  A t  p r e s e n t  a  s i m p l i f i e d  v e r s i o n  c o n s i s t i n g  o f  two 103 cm x  
3  cm ( I . D .  ) g l a s s  t u b e s  w i t h  a  c e n t r a l  c o r e  ( approx  2.6 cm) o f  p l a s t i c  
s u b s t r a t u m  is  b e i n g  o p e r a t e d .  The s u p p o r t  c o n s i s t s  o f  a  hydrophobic  
p l a s t i c  m a t e r i a l  (Porex ,  Corp . )  w i t h  a v e r a g e  pore  d imens ions  o f  100 U m .  
It is c u r r e n t l y  b e i n g  t e s t e d  w i t h  Chae toce rus .  

The Roux b o t t l e  sys tem was s e l e c t e d  f o r  time c o u r s e  r e l a t i o n s h i p  s t u d y  
o f  chemica l  c l a s s  p r o d u c t i v i t y  (see below) .  The i n i t i a l  e x p e r i m e n t a l  
p r o t o c o l  was t o  s t u d y  Ankis t rodesmus,  because  o f  t h e  p r i o r  y e a r s  
r e p o r t e d  d a t a  ( s e e  las t  y e a r s  f i n a l  r e p o r t )  which showed up t o  40% l i p i d  
p r o d u c t i o n .  I n  t h e  i n i t i a l  e x p e r i m e n t s ,  t h e  p r o t e i n ,  c a r b o h y d r a t e  and 
l i p i d  c o n t e n t  was t o  be de te rmined  f o r  up t o  one week f o l l o w i n g  n i t r o g e n  
s t a r v a t i o n .  

R e l a t i o n s h i p  o f  growth s t a g e s  and chemica l  compos i t ion  

S t u d i e s  have begun t o  d e t e r m i n e  t h e  time c o u r s e  r e l a t i o n s h i p  between 
n i t r o g e n  d e f i c i e n c y ,  c a r b o h y d r a t e  a c c u m u l a t i o n ,  and subsequen t  l i p i - d  
s y n t h e s i s  i n  f o u r  r e p r e s e n t a t i v e  s t r a i n s  o f  m i c r o a l g a e .  The s p e c i f i c  
o b j e c t i v e  is  t o  p r o v i d e  an  u n d e r s t a n d i n g  o f  t h e  mechanism t h a t  l e a d s  t o  
t h e  t r i g g e r i n g  o f  l i p i d  s y n t h e s i s  i n  m i c r o a l g a e .  

The f i r s t  exper imen t  was w i t h  Ankis t rodesmus.  The a n a l y s e s  i n d i c a t e d  
t h a t  o n l y  10 t o  16% l i p i d s  on c e l l  d r y  weight  b a s i s  was produced and 
t h a t  t h e r e  was no a p p a r e n t  c o r r e l a t i o n  w i t h  n i t r o g e n  l i m i t a t i o n .  The 
r e l a t i v e l y  low l e v e l s  o f  l i p i d s  even a f t e r  n i t r o g e n  l i m i t a t i o n  were 
c o n t r a r y  t o  t h e  40% l i p i d  c o n t e n t  obse rved  i n  p r e v i o u s  work ( s e e  l a s t  
y e a r ' s  a n n u a l  r e p o r t )  wi th  Ankistrodesmus grown i n  s h a k e r  c u l t u r e s .  
Thus,  t h e  n e x t  exper imen t  was d e s i g n e d  t o  t e s t  some a l t e r n a t i v e  
pa ramete r s  t h a t  cou ld  accoun t  f o r  t h i s  d i f f e r e n c e .  L igh t  and ca rbon  
s u p p l y  were c o n s i d e r e d  p o s s i b l e  f a c t o r s  s i n c e  t h e y  were r e l a t i v e l y  
l i m i t i n g  i n  s h a k e r  c u l t u r e s .  C o n d i t i o n s  o f  low,  h i g h ,  and no ca rbon  
s u p p l y  and h i g h  and low l i g h t  were i n v e s t i g a t e d .  

T a b l e  3. Chemical Composit ion of Ankistrodesmus in Nitrogen Limited Media 

R e l a t i v e  p e r c e n t a g e  

T o t a l  

1  
D r y  W e i g h t  L i p i d  

Treatment  mg/ P r o t e i n  Carbohydra te  E x t r a c t  L i p i d  3  

H C ,  HL 7 5 0  1 0 . 8  26.0  2 6 . 0  1 1 . 2  
A C ,  H L  6 3 0  1 0 . 1  4 6 . 1  2 6 . 3  1 2 . 0  
A C ,  L L  5 8 0  1 1 . 4  41 - 4  2 9 . 8  1 6 . 0  
N C ,  H L  3  9  0  1 4 . 8  2 8 . 9  3 7 . 7  2 3 . 9  



1 .  H C = H i g h  C O  ( 1 %  i n  A i r ) ,  A C  = a i r  
N c = N e g l i g i g l e  C O  ( NaOg s c r u b b e d )  

2 H L = H i g h  l i g h t  ( ~ ~ O ~ E / M  s ) ,  L L  = Low l i g h t  (300pE/M s )  
2 .  F r a c t i o n  s o l u b l e  i n  C H C l  :MeOH:H20 
3 F r a c t i o n  s o l u b l e  i n  chlorofarrn  

The r e s u l t s  of t h i s  exper imen t  a r e  shown i n  F i g u r e  1 and T a b l e  3. 
While t h e r e  was v e r y  l i t t l e  change i n  p r o t e i n  l e v e l s ,  bo th  carbohy- 
d r a t e  and l i p i d  y i e l d s  were a l t e r e d .  C e l l s  grown on a i r  a t  bo th  h i g h  
and low l i g h t  i n t e n s i t i e s  had e l e v a t e d  c a r b o h y d r a t e  l e v e l s ;  w h i l e  one  
c u l t u r e  grown i n  t h e  absence  o f  C02 (NaOH sc rubbed  a i r ,  pH 10 )  had a 
c a r b o h y d r a t e  l e v e l  comparable  t o  a  1 %  C02 c a s e ,  bu t  y i e l d e d  a h i g h e r  
l i p i d  f r a c t i o n .  It i s  i m p o r t a n t ,  however, t o  c o n s i d e r  t h e s e  r e s u l t s  
i n  t e rms  o f  o v e r a l l  c u l t u r e  p r o d u c t i v i t y  o f  l i p i d  (Tab le  3 ) .  On t h i s  
b a s i s ,  t h e  t r e a t m e n t  e f f e c t s  a r e  n o t  t h a t  s i g n i f i c a n t .  T h i s  o f  c o u r s e  
b e i n g  due t o  t h e  n e t  r e d u c t i o n  o f  biomass ( p a r t i c u l a r l y  f o r  t h e  
C02 sc rubbed  c a s e  - s e e  F i g .  1 ) .  Thus,  t h e  a lmos t  50% d e c r e a s e  i n  
biomass i n  t h e  absence  of CO , as compared t o  t h e  1% C02 c a s e ,  o v e r  
t h e  one week a f t e r  n i t r o g e n  ? i m i t a t i o n  s e t s  i n ,  would a c c o u n t  f o r  t h e  
two f o l d  d i f f e r e n t i a l  i n  l i p i d  c o n t e n t  between t h e s e  c u l t u r e s ,  
w i thou t  r e q u i r i n g  a d d i t i o n a l  l i p i d  b i o s y n t h e s i s .  If i t  is assumed 
t h a t  l i p i d s  are n o t  s i g n i f i c a n t l y  o x i d i z e d  ( r e s p i r e d )  i n  t h i s  t ime  
f rame,  o r ,  a t  l e a s t ,  t h a t  no @ o x i d a t i o n  took  p l a c e .  P r e f e r e n t i a l  
r e s p i r a t i o n  o f  c a r b o h y d r a t e s ,  i n  absence  o f  CO wcould a c c o u n t  f o r  

2 t h e  r e l a t i v e l y  low v a l u e  a s  w e l l  a s  t h e  h i g h e r  p r o t e i n  c o n t e n t  and 
a s h  l e v e l  (11 .5% v s  5.5% f o r  t h e  o t h e r  c u l t u r e s ,  r e s p e c t i v e l y ) .  Thus,  
i n  c o n c l u s i o n ,  t h i s  exper iment  does  n o t  demons t ra t e  t h a t  l i p i d  b iosyn-  
t h e s i s  h a s  been " t r i g g e r e d "  under  t h e s e  c o n d i t i o n s .  

The n e x t  exper imen t  w i t h  Ankistrodesmus ( c u r r e n t l y  i n  p r o g r e s s )  
i n v o l v e s  t h e  s w i t c h i n g  o f  t h e  n i t r o g e n  l i m i t e d  c u l t u r e s  from low t o  
h i g h  l i g h t s  and t h e  s u p p l y  o f  low l e v e l s  o f  n i t r a t e  t o  n i t r o g e n  
l i m i t e d  c u l t u r e s .  The l a t t e r  exper imen t  is t o  d e t e r m i n e  whether  
b i o s y n t h e s i s  o f  l i p i d s  c o u l d  be r e s t r i c t e d  by enzyme b i o s y n t h e s i s .  
Smal l  amounts o f  n i t r a t e  w i l l  n o t  a l l o w  s i g n i f i c a n t  c e l l  g rowth ,  bu t  
cou ld  a l l o w  b i o s y n t h e s i s  o f  enzymes induced under  n i t r o g e n  l i m i t a -  
t i o n .  

F i n a l l y ,  I s o c h r y s i s ,  T a h i t i a n  s t r a i n ,  h a s  a l s o  been grown i n  Roux 
b o t t l e s  and s u b j e c t e d  t o  n i t r o g e n  l i m i t a t i o n .  The n i t r o g e n  l i m i t e d  
c u l t u r e s  produced l a r g e  amounts o f  e x t r a c e l l u l a r  m a t e r i a l  as w e l l  a s  
s o l u b l e  pigmented compounds. A n a l y s i s  are i n  p r o g r e s s .  

F u t u r e  work w i l l  c o n c e n t r a t e  on t h e  d ia toms  i s o l a t e d  by Dr. Tadros ,  
C y c l o t e l l a  and Han t sch ia .  





I d e n t i f i c a t i o n  o f  t h e  C37 Compounds o f  I s o c h r y s i s  

A s t u d y  on t h e  chemica l  compos i t ion  o f  r e p r e s e n t a t i v e  s p e c i e s  of  
f r e s h w a t e r ,  d e s e r t  and mar ine  u n i c e l l u l a r  e u k a r y o t i c  m i c r o a l g a e  grown 
under  c o n t r o l l e d  c o n d i t i o n s  was i n i t i a t e d  i n  August I982 under  t h e  
SERI c o n t r a c t .  The r e s e a r c h  p r o g r e s s  was f i r s t  r e p o r t e d  i n  t h e  March 
c o n t r a c t o r ' s  r e v i e w  mee t ing  (1983)  i n  San Diego. We r e p o r t e d  on t h e  
chemica l  compos i t ion  o f  s e v e n  m i c r o a l g a e  s p e c i e s  o f  t h e  g e n e r a  
Ankis t rodesmus,  D u n a l i e l l a ,  Nannoch lo r i s ,  I s o c h r y s i s ,  Botryococcus  
and  N i t z c h i a .  The f i n a l  r e s u l t s  o f  t h i s  s t u d y  was r e l a t i v e l y  complete  
w i t h  t h e  e x c e p t i o n  o f  t h e  e l u c i d a t i o n  o f  t h e  major  l i p i d  component o f  
I s o c h r y s i s .  The major  component i s o l a t e d  i n  t h e  benzene e l u a t e  
c o l l e c t e d  from a  U n i s i l  ( s i l i c i c  a c i d )  column r e p r e s e n t e d  4% o f  
o r g a n i c  c e l l  we igh t  and r e s u l t e d  i n  a s i n g l e  s p o t  on a t h i n - l a y e r  
chromatogram ( R f  0 .27 ,  w i t h  pe t ro leum e t h e r - d i e t h y l  e t h e r - a c e t i c  
a c i d ,  90:10:1) .  The p r e l i m i n a r y  r e p o r t  t o  t h e  March 1983 C o n t r a c t o r  
Review Meet ing t e n t a t i v e l y  i d e n t i f i e d  t h e  unknown as "an oxygenated  
c y c l i c  C-37 i s o p r e n o i d  compound t h e  e x a c t  i d e n t i t y  o f  which had n o t  
been f u l l y  e l l u c i d a t e d f r .  We can  now r e p o r t  t h a t  t h e  s t r u c t u r e  o f  t h e  
major  benzene e l u a t e  component h a s  been e l u c i d a t e d .  

I n  t h e  b e g i n n i n g  o f  t h e  a n a l y s e s ,  i t  was obse rved  t h a t  h i g h - r e s o l u -  
t i o n  c a p i l l a r y  g a s  chromatography was u n a b l e  t o  r e s o l v e  what appea red  
t o  be a  f a m i l y  o f  p o l y u n s a t u r a t e d  i s o m e r s .  Thus, t h e  sample was 
hydrogena ted  w i t h  hydrogen g a s  and pa l l ad ium on c h a r c o a l .  The reduced 
sample t h e n  c o n s i s t e d  o f  3 major  component t y p e s  w i t h  m o l e c u l a r  mass 
i o n s  o f  M-506, M-534, and M-562. Each component had s t r o n g  M-18 and 
m/e=59 i d e n t i f y i n g  t h e  components as  C35, C37, and C39 a l c o h o l s ,  e a c h  
w i t h  one  u n s a t u r a t e d  p o s i t i o n .  Because t h e  sample was hydrogenated  it 
appeared  t h a t  t h e  absence  o f  2  a t o m i c  mass u n i t s  was n o t  t h e  r e s u l t  
o f  i n c o m p l e t e  s a t u r a t i o n  but  a n  i n d i c a t i o n  o f  a r i n g  s t r u c t u r e .  

I n  a n  a t t e m p t  t o  f u r t h e r  r educe  t h e  samples ,  t h e  components were 
hydrogena ted  w i t h  H2 /P tO2 /HC1OY T h i s  c o n d i t i o n  s h o u l d  a s s u r e  t h e  
r e d u c t i o n  o f  t h e  u n s a t u r a t e  p o s i t i o n ,  i f  p r e s e n t ,  and deoxygenate  t h e  
compounds t o  hydroca rbons .  The f o l l o w i n g  majo r  compounds were ob- 
t a i n e d  : 

M=506--C35 a l c o h o l  w i t h  one  u n s a t u r a t i o n  
M=534--C37 a l c o h o l  w i t h  one u n s a t u r a t i o n  
M=508-435 a l c o h o l  
M=536--C37 a l c o h o l  
M=492--C35 hydroca rbon  
M=520-437 hydrocarbon 
(C39 compounds i n  t h e  p r e p a r a t i o n  were i n  r e l a t i v e l y  s m a l l  
q u a n t i t i e s  and were n o t  a n a l y s e d ) .  

The above m i x t u r e  o f  compounds were o b t a i n e d  because  t h e  r e d u c t i v e  
r e a c t i o n  was n o t  q u a n t i t a t i v e .  The C37 components were s t i l l  t h e  
major  compounds i n  t h e  sample .  H-NMR a n a l y s i s  o f  t h e  sample  i n d i c a t e d  
one  i s o p r o p y l  g roup ,  a h i g h  p r o p o r t i o n  o f  CH g r o u p s ,  and a low 
p r o p o r t i o n  o f  CH g r o u p s  i n d i c a t i v e  of  a  t e r $ i a r y - h y d r o x y l  g roup .  
Thus,  t h i s  p r e l i d i n a r y  d a t a  s u p p o r t e d  a  presumpt ion t h a t  t h e  p r i n c i -  



p a l  compounds were u n s a t u r a t e d  C35-C37 oxygenated c y c l i c  hydrocar-  
bons. D e f i n i t i v e  i d e n t i f i c a t i o n  was n o t  p o s s i b l e  u n t i l  t h e  v a r i o u s  
compounds i n  t h e  o r i g i n a l  sample were o b t a i n e d  i n  p u r i f i e d  forms and 
i n d e p e n d e n t l y  a n a l y z e d .  Th i s  was r e c e n t l y  accomplished w i t h  a n  e x p e r i -  
men ta l  s u p e r  c r i t i c a l  f l u i d  chromatography sys tem.  The a n a l y s e s  o f  
t h e  p u r i f i e d  component c l e a r l y  i n d i c a t e d  t h a t  t h e  p r i n c i p a l  compounds 
were n o t  c y c l i c  a l c o h o l s  bu t  i n s t e a d  a c y c l i c  u n s a t u r a t e d  k e t o n e s  o f  
t h e  f o l l o w i n g  3 t y p e s  f o r  each o f  t h e  C35, C37, and C39 s t r u c t u r e s .  

R e e v a l u a t i o n  o f  t h e  p r e v i o u s  mass s p e c t r a l  and NMR d a t a  o b t a i n e d  f o r  
u n p u r i f i e d  samples  suppor ted  t h e  s t r u c t u r e s  g i v e n  above e x c e p t  f o r  
t h e  i n t e r p r e t a t i o n  o f  t h e  d a t a  t h a t  i n d i c a t e d  t h e  p resence  o f  t h e  OH 
group and r i n g  s t r u c t u r e .  Ketones a r e  r e a s o n a b l y  s t a b l e  and shou ld  
n o t  be reduced by H / P t .  Recent t e s t s  w i t h  s t a n d a r d  k e t o n e s  and 
e s p e c i a l l y  u n s a t u r a g e l  ke tone  forms showed t h a t ,  i n  f a c t ,  k e t o n e s  a r e  
c o n v e r t e d  t o  hydroxy la ted  c y c l i c  and a c y l i c  u n s a t u r a t e d  hydrocarbons .  
Thus, o u r  i n i t i a l  r e d u c t i o n  exper iments  compl ica ted  our  s t u d y  by 
c r e a t i n g  a r t i f a c t s .  A f t e r  t h e  i d e n t i t y  o f  t h e  compounds were e s t a -  
b l i s h e d ,  a l i t e r a t u r e  s e a r c h  was conducted f o r  ev idence  o f  t h e i r  
n o v e l t y  i n  a l g a e  and /o r  sed iments .  

I n  1979, 1980, and 1981, Volkman, e t  a l .  (15-17) r e p o r t e d  t h e  r e s u l t s  
o f  t h e i r  s t u d y  on l i p i d  compos i t ion  of  r e p r e s e n t a t i v e s  o f  t h e  
Prymnesiophyceae (Haptophyceae) .  T h e i r  i n v e s t i g a t i o n  was d e s i g n e d  t o  
p rov ide  i n f o r m a t i o n  on t h e  food s o u r c e s  of  h i g h e r  mar ine  organisms 
and t h e  o r i g i n  o f  l i p i d s  i n  s e d i m e n t s .  They found l o n g  c h a i n  
a l k e n o n e s ,  e s t e r s  and s t e r o l s  i n  E m i l i a n i a  h u x l e y i  and l i p i d  d i s t r i -  
b u t i o n  d i f f e r e n c e  among t h e  genera  t h a t  d i s t i n g u i s h e d  t h e  taxonomic 
o r d e r s  i n  Prymnesiophyceae. The i d e n t i t y  o f  t h e  l o n g  c h a i n  a l k e n o n e s ,  
e s t e r s  and s t e r o l s  and t h e i r  d i s t r i b u t i o n  i n  t h e  taxonomic o r d e r s  
were p u b l i s h e d  i n  September 1984 i s s u e  o f  Br.  Phycol.  J. by Marlowe 
e t  a l .  ( 1 8 ) .  The a lkenones  and e s t e r s  o c c u F i n  ~ h r ~ s o t i l a  l a m e l l o s a ,  
t h r e e  s p e c i e s  o f  I s o c h r y s i s ,  and E m i l i a n i a  h u x l e y i .  They were a b s e n t  
from 5  o t h e r  members o f  t h e  o r d e r  I s o c h r y s i d a l e s ,  and t h e  o r d e r s  
Coccosphaera les ,  P rymnes ia les  and P a v l o v a l e s .  



I n  a d d i t i o n  t o  t h e  r e p o r t s  of  Marlowe e t  a l .  ( 1 8 )  t h a t  t h r e e  s p e c i e s  
o f  I s o c h r y s i s  c o n t a i n e d  C37 a n d  C39 a l k e n o n e s  as t h e  p r i n c i p a l  
l i p i d s ,  t h i s  s t u d y  i d e n t i f i e d  C35, C37 a n d  C39 a l k e n o n e s  i n  b o t h  I .  
~ a l b a n a  and  I. g a l b a n a  T a h i t i a n  s t r a i n  ( T i s o )  a s  t h e  p r i n c i p a l  l i p i d s  
i n  t o t a l  l i p i d  e x t r a c t s  from c e l l  c u l t i v a t e d  i n  l i m i t e d  n i t r o g e n  
med ia .  

E v a l u a t i o n  o f  Nanno Q as  a p o t e n t i a l  o i l  P r o d u c e r  

It was p u r p o r t e d  t h a t  i s o l a t e s  o f  Nanno Q were s e e m i n g l y  p r o l i f i c  o i l  
p r o d u c e r s  ( R .  Lewin,  p e r s o n a l  communica t ion ) .  The f o l l o w i n g  l i n e s  
d e s c r i b e  t h e  s t a t u s  o f  e v a l u a t i n g  t h e  f u e l  p o t e n t i a l  o f  t h i s  o r -  
gan i sm.  

C u l t i v a t i o n  o f  Nanno Q a t  G e o r g i a  Tech is  underway i n  b o t h  s h a k e  
c u l t u r e  f l a s k  a n d  Roux b o t t l e s  as d e s c r i b e d  ear l ie r  i n  t h i s  t e x t .  
None o f  t h e  s a m p l e s  p r e p a r e d  i n  o u r  l a b o r a t o r y  have  y e t  been 
a n a l y s e d .  The o n l y  a n a l y s e s  o f  l i p i d  c o m p o s i t i o n  o f  Nanno Q pe r fo rmed  
t h u s  P a r  have been on  ce l l s  o b t a i n e d  from n i t r o g e n  s u f f i c i e n t  medium 
t h a t  were c u l t i v a t e d  by  Ralph Lewin. Q u a n t i t a t i o n  on a c e l l  d r y  
w e i g h t  b a s i s  was o b t a i n e d  o n l y  f o r  t h e  n i t r o g e n  e f f i c i e n t  c u l t i v a t e d  
c e l l s .  Only t h e  r e l a t i v e  i n t e n s i t i e s  of  t h e  l i p i d  c l a s s e s  ( p o l a r / n o n -  
p o l a r )  was d e t e r m i n e d  f o r  t h e  n i t r o g e n  d e f i c i e n t  c u l t i v a t e d  c e l l .  
S u f f i c i e n t  s ample  s i z e  was p r o v i d e d  by W i l l i a m  B a r c l a y  and  q u a n t i -  
t a t i o n  was p o s s i b l e  whe reas  t h e  n i t r o g e n  d e f i c i e n t  c u l t i v a t e d  c e l l s  
were p r o v i d e d  as a  small q u a n t i t y  o f  d r i e d  c e l l s  i m p r e g n a t e d  on a 
c e l l u l o s e  a c e t a t e  f i l t e r .  The n i t r o g e n  s u f f i c i e n t  c u l t i v a t e d  c e l l s  
c o n t a i n e d  19-27% l i p i d s ,  on a c e l l  d r y  w e i g h t  b a s i s ,  f o r  t h r e e  
d i f f e r e n t  s ample  p r e p a r a t i o n s .  

The r e s u l t s  o f  p r e l i m i n a r y  l i p i d  a n a l y s e s  f o r  f a t t y  a c i d s  and  
g l y c e r i d e  l i p i d s  a r e  d e s c r i b e d  i n  T a b l e s  4-6. The hydroca rbon  compo- 
s i t i o n  c o n s i s t s  o f  b o t h  i s o p r e n o i d  and  n o n i s o p r e n o i d  h y d r o c a r b o n s .  
The r a t i o  o f  h y d r o c a r b o n s  t o  g l y c e r i d e  l i p i d  i n  n i t r o g e n  d e f i c i e n t  
c u l t i v a t e d  c e l l s  was e s t i m a t e d  t o  be 1 : 1 ,  a  r a t i o  comparab le  t o  
l a b o r a t o r y  c u l t i v a t e d  B o t r y o c o c c u s .  The d i f f e r e n c e  be tween t h e  two 
o r g a n i s m  i s  t h e  r e l a t i v e l y  much f a s t e r  g e n e r a t i o n  time o f  Nanno Q. 

F u r t h e r  d e t a i l e d  a n a l y s e s  o f  t h e  l i p i d s  h a s  been d e l a y e d  u n t i l  
c o n t r o l l e d  s ample  p r e p a r a t i o n s  ( r a d i o a c t i v e l y  l a b e l e d  w i t h  32-P,  35-S 
and  14-C) from t h e  i n -house  c u l t i v a t e d  c e l l s  become a v a i l a b l e .  

T a b l e  4 .  P e r c e n t a g e  F a t t y  A c i d s  o f  F r e e  L i p i d s  
o f  Nanno Q 

I d e n t i t y  N i t r o g e n  S u f f i c i e n t  N i t r o g e n  



Table  4 ( c o n t l d )  

I d e n t i t y  Ni t rogen S u f f i c i e n t  Ni t rogen 
D e f i c i e n t  

B r - 1 7  0 . 7 8  0 . 3  

Chemical c h a r a c t e r i z a t i o n  o f  f i v e  Microalgae  

To complete  t h e  taxonomic s u r v e y  o f  chemical  c h a r a c t e r i s t i c s  o f  s e l e c t e d  
m i c r o a l g a e ,  f i v e  p o t e n t i a l l y  promis ing a l g a e  w i l l  be s e l e c t e d ,  c u l t i -  
v a t e d ,  and c h e m i c a l l y  c h a r a c t e r i z e d  a t  t h e  Georgia  Tech l a b o r a t o r i e s .  

M i c r o a l g a l  c u l t u r e s  o b t a i n e d  t h u s  f a r  a r e  l i s t e d  i n  Tab le  1 .  Both t h e i r  
c u l t u r i n g  s t a t u s  and s o u r c e  a r e  d e s i g n a t e d .  Development and c u l t i v a t i o n  
pa ramete r s  a r e  be ing  t e s t e d .  A s  soon a s  l a r g e r  s c a l e  c u l t u r e s  a r e  i n  
hand,  t e s t  o f  more organisms w i l l  beg in .  

C u l t u r e  S c r e e n i n g  f o r  Members o f  Aqua t i c  S p e c i e s  Program 

Micro- and macro-algae w i l l  be ana lyzed  f o r  t h e  q u a n t i t y  and n a t u r e  o f  
t h e  chemical  c o n s t i t u e n t s  u s i n g  samples  submi t t ed  by o t h e r  i n v e s t i g a t o r s  
i n  t h e  Aquat ic  S p e c i e s  Program. 

The f o l l o w i n g  s u b c o n t r a c t o r s  a r e  t o  submit  samples  f o r  chemical  a n a l -  
y s e s :  

11 s t r a i n s  # samples  

Will iam Thomas ( S c r i p p s )  10 20 
William Barc lay  (SERI) 6 12 
John Ryther  ( F t .  P i e r c e )  6 macroalgae  12 
John Ryther  ( F t .  P i e r c e )  2  m i c r o a l g a e  2  
Ralph Lewin ( S c r i p p s )  3 6 

A s  of February  19, 1985, two m i c r o a l g a l  s t r a i n s  (4 samples )  and t e n  
macroa lga l  samples  were r e c e i v e d  from Wil l iam Thomas and John Ryther ,  
r e s p e c t i v e l y .  A small q u a n t i t y  o f  A N Z A Y  (Chamydomonas % . I ,  i s o l a t e d  
from d e s e r t  s o i l  was r e c e i v e d  from Ralph Lewin on February  4, 1985. He . . 

r e p o r t e d  t h a t  I f i t  p roduces  s p o r e s  f u l l -  o f  a n  orange yel low o i l . "  Because 



T a b l e  5 .  TLC o f  N e u t r a l  l i p i d  components  i n  L i p i d  
F r a c t i o n s  o f  Nanno Q-Ni t rogen  S u f f i c i e n t / D e f i c i e n t  

Hexane e l u a t e  Benzene  e l u a t e  - 
a c y c l i c  h y d r o c a r b o n s  (++++) C a r o t e n e s  +++ 

S t e r y l  e s t e r s  (++++) 
Ketones  ( ? )  (++) 
T r i g l y c e r i d e s  (+) 

Chloroform e l u a t e  Ace tone  e l u a t e  

S t e r y l  E s t e r  (+) 
Ketones  (++) 
1 , 3  D i g l y c e r i d e  (+)  
1 ,2  D i g l y c e r i d e  (++) 

T r i g l y c e r i d e  
18  r e s o l v e d  p igmen t s  

T a b l e  6 .  TLC o f  P o l a r  l i p i d  components  i n  L i p i d  
F r a c t i o n s  o f  Nanno Q-Ni t rogen  S u f f i c i e n t  / D e f i c i e n t  

C 

Hex - 
None 

Acetone  e l u a t e  

Benz. 

None 

5 r e s o l v e d  p igmen t s  
Monoga lac tosy l  d i g l y c e r i d e  (++++) 
D i p h o s p h a t i d y l  d i g l y c e r i d e  (++) 
P h o s p h a t i d y l  e t h a n o l a m i n e  (+)  
P h o s p h a t i d y l  g l y c e r o l  (+) 
S t e r o l  g l y c o s i d e  (++) 

3 

None 

Methanol  e l u a t e  

P h o s p h a t i d i c  Acid (+++) 
D i p h o s p h a t i d y l  g l y c e r o l  (++) 
P h o s p h a t i d y l  E thano lamine  (+++) 
P h o s p h a t i d y l  g l y c e r o l  (+++) 
P h o s p h a t i d y l  c h o l i n e  (+++) 
D i g a l a c t o s y l  d i g y c e r i d e  (+++) 
P h o s p h a t i d y l  I n o s i t o l  (++) 

A b b r e v :  ++++ m a j o r  c o m p o u n d  

+++ m o d e r a t e  

++ m i n o r  

+ t r a c e  



o f  l i m i t e d  sample s i z e ,  o n l y  a  chromatographic  s c a n  on a  t h i n  l a y e r  
chromatogram was o b t a i n e d .  A pigmented n e u t r a l  l i p i d  was t h e  p r i n c i p a l  
compound i n  t h e  l i p i d  e x t r a c t .  Another c e l l  p r e p a r a t i o n  w i l l  have t o  be 
p repared  b e f o r e  any f u r t h e r  a n a l y s e s  can be performed. Wil l iam Thomas1 
samples  o f  C h l o r e l l a  E l l i p s o i d e a  and Nannochlor is  9. a r r i v e d  on Feb- 
r u a r y  10, 1985. A l l  o f  t h e  - C .  e l l i p s o i d e a  and Nannochlor is  9. samples  
were g r e e n i s h / b l a c k  i n  appearance  when t h e y  were h a r v e s t e d  on December 
6 ,  1984 ( n i t r o g e n  s u f f i c i k n t )  and ~ e c e m b e r -  14,  1984 ( N i t r o g e n  d e f i c i e n t )  
f o r  C h l o r e l l a  and January  17,  1985 ( n i t r o g e n  s u f f i c i e n t )  and February  
1 ,  1985 ( n i t r o g e n  d e f i c i e n t )  f o r  Nannoch lo r i s  (Thomas, p e r s o n n e l  commu- 
n i c a t i o n ) .  Based p r i n c i p a l l y  on t h e  p igmenta t ion  o f  t h e  samples  i t  was 
presumed t h a t  t h e  n u t r i t i o n a l  s t r e s s  of  t h e  c e l l s  d i d  n o t  o c c u r  and t h a t  
no carbon s t o r a g e  response  was t r i g g e r e d .  These samples  were s u b j e c t e d  
t o  a n a l y s i s  t o  t e s t  t h i s  presumpt ive  c o n c l u s i o n .  No d i f f e r e n c e  i n  l i p i d  
c o n c e n t r a t i o n  on a  c e l l  d r y  weight bases  was observed (Tab le  7 )  The C. 
e l l i p s o i d e a  and Nannochlor is  3. c o n s i s t e d  o f  abou t  10% and 18% l i p i d s ,  
r e s p e c t i v e l y .  For n i t r o g e n  d e f i c i e n t  c u l t i v a t e d  c e l l s ;  t h e  p r o t e i n  
dropped s l i g h t l y  wi th  a  concommitment r i s e  i n  c a r b o h y d r a t e .  Even though 
n i t r o g e n  d e p l e t i o n  had been measured i n  t h e  c u l t u r e  medium by D r .  
Thomas, t h e  c u l t u r e s  were a p p a r e n t l y  n o t  y e t  i n  a  "metabo l i c  s t r e s s e d "  
( n i t r o g e n  l i m i t e d )  s t a t e .  

Tab le  7 .  Approximate Chemical Composition* 
- 

R e l a t i v e  Percen tage  

Samples P r o t e i n  C a r b o h y d r a t e  L i p i d  

C h l o r e l l a  ( N - s u f f )  3 4 . 2  2 0 . 5  1 0 . 9  

C h l o r e l l a  ( N - d e f )  2 6 .  1 2 6 . 3  8 . 9  

N a n n o c h l o r i s  ( N - s u f  f )  1 5 . 2  2 8 . 6  1 9 . 7  

N a n n o c h l o r i s  ( N - d e f )  9 . 8  3 8 .  1  1 6 . 9  

* %  o f  c e l l  d r y  w e i g h t  

John R y t h e r l s  t e n  samples  were r e c e i v e d  on February  18,  1985. The 
samples  a r e  G r a c i l a r i a  t i k v a h i a e  and Ulva l a c t u c a  (N-low), and Grac- 
i l a r i a ,  Ulva and Caulerpa  p r o l i f e r a  grown a t  t e m p e r a t u r e  o f  10 C 
(low-temp. 1, and c o m p a n i o n ~ s a m p l e s  (N-high, Normal t e m p e r a t u r e ) .  
L ip id  composi t ion s t u d i e s  o f  t h e  t h r e e  macroalgae  and d e t a i l e d  carbohy- 
d r a t e  a n a l y s e s  o f  two of  t h e  macroalgae  had p r e v i o u s l y  been performed. 
The samples  were c a r b o h y d r a t e  r i c h  and l i p i d  poor .  These s t u d i e s  w i l l  be 
r e p e a t e d  on t h e s e  r e c e n t l y  r e c e i v e d  samples  w i t h  emphasis on t h e  
c a r b o h y d r a t e  m o e i t i e s .  
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THE ENERGETICS OF BIOMASS AND LIPID PRODUCTION BY LIPOGENIC 
MICROBLGAE UNDER NITROGEN DEPRIVATION 
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Introduction 

A technical-economic analysis on the mass cultivation of microalgae for the 
production of liquid fuels has recently been completed (Hill et al. 
1985). The results of this analysis indicate that a photosynthetic 
efficiency of 18% (based on photosynthetically active radiation, PAR) must 
be attained with 60% of the resulting biomass in the form of lipids in 
order for such microalgal systems to be considered as a cost effective fuel 
supply option. Although the projected values for energy efficiency and 
lipid content are subject to revision as new technical parameters and 
economic data become available, the current projection serves to emphasize 
the importance of maintaining a high overall biomass production 
efficiency. It also demonstrates the desirability to be able to 
selectively enhance the production efficiency of the primary end product, 
in this case, the storage lipids of the algal cells. 

A maximum theoretical photosynthetic efficiency of 20-25% has been reported 
for microalgae (Goldman 1979) and actual production efficiencies of 8-12% 
have been reported for nutrient-sufficient dense cultures (Thomas et al. 
1983). Under a nutrient-sufficient, exponential stage of growth, most 
species of microalgae do not exhibit high lipid contents. However, during 
the nutrient-limited, early stationary phase of growth, large increases in 
lipid content have been demonstrated. In several cases, the lipid content 
of nutrient-limited algae exceeds 50% of the total algal dry mass (Piorreck 
and Pohl 1984, Lien and Spencer 1983, Shifrin and Chisholm 1980). 
Frequently, a reduction in algal productivity has been noted for stationary 
phase cultures. However, a detailed examination of the energetic aspects 
of biomass and lipid production attending the transition from nutrient- 
sufficient to nutrient-deficient stages of growth has not been documented. 

The objective of the research presented here was to determine the magnitude 
of change in the energy efficiency of microalgae as photosynthetically 
fixed energy was redirected from cell growth and reproduction to the 
synthesis of storage lipids in response to various lipogenic stresses. The 
energetic aspects of biomass and lipid production in three species of 
oleaginous microalgae, Chlorella sp. Sol, a fresh water strain of 
Anki~trodesmus sp. and a newly isolated chrysophyte designated Chryso/F-1 
were examined under laboratory conditions. Because of the profound impacts 
of the nitrogen supply on the physiological status and productivity of 
algal cells, the initial energetic analysis on the impacts of lipogenic 
stresses was concentrated on effects of nitrogen deprivation on these three 
oleaginous organisms. 



M a t e r i a l s  and Methods 

Organisms and Growth Condi t ions .  C h l o r e l l a  s p a  SO1 was grown i n  Bold's 
Basal  Medium (BBM) con t a in ing  5 mM NaNO? and 0.1 M NaC1. NaCl was added t o  
p revent  c e l l  clumping dur ing  logar i thmi;  c e l l  growth. Ankistrodesmus s p .  
was grown i n  BBM con t a in ing  5mM NaN03. Shaker c u l t u r e s  of t h e s e  two green 
a l g a e  were maintained a t  3 0 ' ~  under cont inuous l i g h t  and were used a s  
i nocu l a  for fe rmenter  experiments.  Chryso/P-1 was grown i n  Type 11 
a r t i f i c i a l  i n l a n d  s a l i n e  wate r ,  25 m h o  cm-I conduc t iv i t y ,  supplemented 
with 1.7 niM u r e a  as t h e  s o l e  n i t r o g e n  sou rce  under cont inuous i l l u m i n a t i o n  
a t  25'~.  

Batch c u l t u r e  n i t r ogen  d e p l e t i o n  experiments  were c a r r i e d  ou t  i n  a  15 L New 
Brunswick Microferm fe rmenter  equipped wi th  a  s p e c i a l l y  designed 
centrifugal-pump spray  appa ra tu s  t o  p revent  t h e  accumulation of c e l l s  on 
t h e  g l a s s  w a l l s *  I l l u m i n a t i o n  around 360' of the c y l i n d r i c a l  growth 
chamber was provided cont inuous ly  ( s e e  below f o r  d e t a i l s ) .  Cu l tu r e s  were 
sparged wi th  2 t o  5% Cog i n  a i r  a t  200 m l  min-I under cons t an t  and v igorous  

1 a g i t a t i o n  by a s t i r r i n g  impe l l e r  ope ra t i ng  at  360-400 r e v o l u t i o n s  min- . 
Determination of L igh t  Energy Input  t o  t h e  Cul ture .  The l i g h t  f o r  t h e  
growth of t h e  a l g a l  c u l t u r e s  used i n  t h e s e  fe rmenter  experiments was 
supp l i ed  by t u b u l a r  f l u o r e s c e n t  lamps (15 W ,  G.E. cool  whi te ) .  The 
s p e c t r a l  ou tpu t  of t h e s e  lamps c o n s i s t s  of 93.8% p h o t o s y n t h e t i c a l l y  a c t i v e  
r a d i a t i o n  (PAR, 400-700 nm) (F igure  1). The l i g h t  energy r ece ived  by t h e  
c u l t u r e  was measured from t h e  i n t e r i o r  s u r f a c e  of t h e  c u l t u r e  v e s s e l  wi th  a 
c a l i b r a t e d  Si-photodiode f i t t e d  w i th  a cos ine-cor rec t ion  dome* I n  t h e  ca se  
of t h e  fe rmenter  exper iments ,  t h e  complex geomet r ica l  r e l a t i o n s h i p  between 
t h e  l i g h t  sou rce  and t h e  c u l t u r e  volume r e q u i r e s  a  d e t a i l e d  mapping of t h e  
i r r a d i a n c e  f o r  t h e  e n t i r e  c u l t u r e  v e s s e l  ( s ee  F igu re  1 f o r  d e t a i l s ) .  
F igure  2A c o r r e l a t e s  i r r a d i a n c e  as a  f u n c t i o n  of c u l t u r e  volume. These 
d a t a  were used t o  c a l c u l a t e  t h e  t o t a l  photon f l u x  i n c i d e n t  on t h e  c u l t u r e  
volume (F igure  2B), which decreased from a maximum of 13.5 L t o  a much 
smaller volume due t o  t h e  withdraw1 of samples f o r  dry mass and l i p i d  
ana lyses .  A time-dependent decay of t h e  lamp outpu t  of t h e  experiment was 
a l s o  co r r ec t ed  f o r  us ing  a  p r ev ious ly  determined lamp decay func t ion .  In 
a d d i t i o n ,  throughout t h e  cou r se  of each experiment t h e  p e n e t r a t i o n  of l i g h t  
i n t o  t he  i n t e r i o r  of t h e  column was monitored with  a f i b e r  o p t i c  probe 
p laced  nea r  t h e  c e n t e r  of t h e  fe rmenter  v e s s e l .  

A n a l y t i c a l  Methods. Dry c e l l  mass was determined fo l lowing  f i l t r a t i o n  of 
c u l t u r e  samples (5-50 m l )  onto  2.5 c m  Whatman GF/C f i l t e r s  and dry ing  t o  
cons t an t  weight a t  60° C. Subsequently,  t h e  same samples were hea ted  a t  
500' C f o r  3-4 h t o  determine t h e  ash conten t  and t h e  ash- f ree  d ry  mass 
(AFD). C e l l  count ing was performed on a Coul te r  model ZM e l e c t r o n i c  
p a r t i c l e  counte r  . 
The ch lo rophy l l  and ca ro t eno id  conten t  of C h l o r e l l a  and Ankistrodesmus were 





determined after extraction into 95% ethanol. Spectra were obtained with a 
Hewlett-Packard 845011 or 845 1A spectrophotometer. For chlorophylls a and 
b the equations of Wintermans and DeMots (1965) were used. Pigments from -9 

Chryso/F-l were extracted with 90% acetone. Chlorophylls a and cl+c2 were 
estimated via the equation of Jeffrey (1972). For estimation of total 
carotenoids in the presence of ch~orophylls, a normalized absorption 
spectrum of chlorophylls was subtracted from the absorption spectrum of the 
total algal lipid extract (Spencer and Lien 1985) and the extinction 
coefficients reported by Jensen (1978) were used to calculate the amounts 
of the extracted pigments. 

Nitrate concentration was determined by ion chromatography of the culture 
filtrates. An anion exchange column (250 mm x 4.5 nun ID), was used in a 
Hewlett-Packard 1081 B liquid chromatograph with a Wescan conductivity 
detector. For nitrate determinations in the presence of high 
concentrations of NaC1, the sample was treated with AgS04 to precipitate 
chloride ions. Urea concentrations were determined calorimetrically with 
diacetyl monoxime according to the procedure of the Sigma Chemical Company 
(procedure 535). 

For the extraction and quantitation of lipids, whole cells (20-150 mg dry 
mass) were harvested and washed by successive 5 min 300 rpm 
centrifugations. Alternatively, the cells were harvested and washed on 
Whatman GF/C filters. The pellets and/or filters were stored at -20' C. 
The samples were allowed to thaw at room temperature immediately prior to 
extraction with organic solvents. The samples were extracted twice with 
methanol (30 rnin at 60' C), followed by two additional extractions with 
chlorof rom-methanol (1 : 1 v/v) . The crude lipid extracts were filtered 
through a silicic acid column or phase separated into the chloroform 
fraction from a chloroform-methanol-water mixture (1:l:O.g) and dried to 
constant weight for lipid mass determination. Neutral and polar lipids 
(including steroids) in the total algal lipid extracts were separated by 
chromatography on silicic acid columns with chloroform (Jensen 1978) for 
mass determination. 

To determine the cellular content of storage carbohydrates (polysaccha- 
rides), cells from a known volume of culture samples were collected by 
centrifugation or filtration on GF/C filters and subjected to a mild acid 
hydrolysis (0.05 M H2S04 at 60' C for 2 h). The mixtures were centrifuged 
for 10 min with a clinical centrifuge. Aliquots of clarified supernatant 
and of clarified culture medium from the same sample were treated with 
phenol-sulfuric acid to determine the amount of reducing sugar present 
using glucose as the calibration standard. 

The calorific values of total algal dry mass, total algal lipids, polar and 
neutral algal lipids were expressed as the heat of combustion determined 
with a Parr oxygen bomb calorimeter. The algal materials used for the 
oxygen bomb calorimetry were obtained from axenic cultures of Chlorella spe 
SO1 in both nitrogen-sufficient and nitrogen-deficient media. The 
procedures approved by the American Society for Testing and Materials were 
followed: ANSI/ASTM D2382-76 (reapproved 1980) for liquid samples 



( ex t r ac t ed  t o t a l  l i p i d s  and n e u t r a l  l i p i d s )  and ANSIIASTM D3286-77 f o r  
s o l i d  samples (d r i ed  a l g a l  c e l l  mass and non-l ipid a l g a l  m a t e r i a l s  obtained 
a f t e r  e x t r a c t i o n  of l i p i d s ) .  I n  both ca se s ,  known q u a n t i t i e s  of Na- 
benzoate were used t o  s t anda rd i ze  t h e  energy equ iva l en t  of the  ca lor imeter .  

Determination of t h e  Energy Eff ic iency .  I n  ba tch-cu l ture ,  n u t r i e n t -  
dep l e t i on  experiments,  t h e  c u l t u r e s  were suppl ied  wi th  a l i m i t i n g  q u a n t i t y  
of n i t r a t e  o r  u rea  a s  t h e  s o l e  source  of n i t rogen .  A f t e r  i n o c u l a t i n g  a 13 
l i t e r  BBM medium (conta in ing  5 mM of n i t r a t e )  wi th  a 500-600 m l  of log- 
phase c u l t u r e  of t h e  i n d i c a t e d  organism, a l i q u o t s  of 200-500 ml were 
sampled a t  t h e  i n d i c a t e d  t i m e .  The experiments were te rmina ted  when t h e  
t o t a l  mass dens i ty  of t h e  c u l t u r e  showed no i n c r e a s e  over a 48 hour 
per iod.  The n i t r a t e  concen t r a t i on  of t h e  media, c e l l  number, pigment 
concent ra t ion ,  t o t a l  dry mass, ash conten t  (and AFD), t o t a l  l i p i d s ,  and 
when ind i ca t ed ,  n e u t r a l  and po la r  l i p i d s  of t h e s e  samples were analyzed. 
I n  a d d i t i o n  t h e  amount of non l ipo ida l  m a t e r i a l s  des igna ted  a s  carbohydrate  
+ p r o t e i n s  (C+P) were es t imated  by s u b t r a c t i n g  t h e  t o t a l  l i p i d  mass from 
t h e  t o t a l  d ry  a l g a l  mass of each sample. The amount of s t o r a g e  
po lysacchar ides  a s  w e l l  a s  t he  reducing sugar  excre ted  i n t o  t h e  medium were 
a l s o  monitored calorimetrically. A p a r t i a l  l is t  of d a t a  is presen ted  i n  
Table 1 ( c o l l e c t e d  from t h e  fe rmenter  experiment wi th  & sp. S o l )  t o  
i l l u s t r a t e  t h e  experimental  p ro toco l s  used t o  determine t h e  p r o d u c t i v i t y  
and energy e f f i c i e n c y  of t he  c u l t u r e .  The d a t a  were used t o  c a l c u l a t e  t h e  
t o t a l  short- term product ion  r a t e s  and cumulat ive amount of a l g a l  mass, i n  
t e r m s  of ash  f r e e  dry mass (AFD), l i p i d s  and o the r  major c e l l u l a r  
components (i.e. carbohydrates  + p r o t e i n s )  of t h e  cu l tu re .  The energy 
conten t  of t h e  t o t a l  a l g a l  mass was computed by summing t h e  h e a t  of 
combustion of t h e  va r ious  c e l l u l a r  components us ing  t h e  va lues  g iven  i n  
Table  2. F i n a l l y  t h e  short- term energy e f f i c i e n c y  f o r  t h e  product ion of 
AFD and o t h e r  c e l l u l a r  components was c a l c u l a t e d  by d iv id ing  energy 
a s s o c i a t e d  wi th  t h e  ne t  ga in  of each component m a t e r i a l  (of t h e  e n t i r e  
c u l t u r e  co r r ec t ed  f o r  t h e  sampling l o s s )  dur ing  each sampling per iod  by t h e  
t o t a l  l i g h t  energy rece ived  by t h e  c u l t u r e  over t h e  same sampling i n t e r v a l .  

Resu l t s  and Discussion 

General  Cu l tu re  Parameters and Mass Yields .  The experimental  d a t a  used i n  
t h i s  r e p o r t  were der ived from t h r e e  s e p a r a t e  runs of fe rmenter  ba t ch  
c u l t u r e s  of t h e  oleaginous a lgae  mentioned e a r l i e r .  The t i m e  course  of d ry  
mass y i e l d  and l i p i d  y i e l d  of t h e  t h r e e  s p e c i e s  i s  depic ted  i n  F igure  3. 
For easy comparison, t h e  r e l evan t  c u l t u r e  parameters  a s  w e l l  a s  t h e  f i n a l  
c e l l  dens i t y ,  mass dens i ty ,  and t h e  l i p i d  con ten t s  of t h e s e  t h r e e  
experiments (des igna ted  a s  experiments I t o  111) a r e  presen ted  i n  Table  
3. A l l  t h r e e  organisms exh ib i t ed  a s u b s t a n t i a l  ga in  i n  both AFD and l i p i d s  
a f t e r  t h e  n i t rogen  supply i n  t h e  medium became completely exhausted. 
However, t h e  f i n a l  y i e l d  and post-N-exhaustion y i e l d  of AFD and l i p i d s  i n  
t h e  t h r e e  experiments were q u i t e  d i f f e r e n t .  I n  a l l  t h r e e  organisms, 2 t o  3 
f o l d  i n c r e a s e s  i n  t h e  l i p i d  conten t  were obtained 



Table 1. Mass and L ip id  Yie lds  of C. sp. SO1 i n  N-Limited Batch Cul ture  

Yields/Cul ture  (Corrected f o r  S a m p l i n ~  Loss) 
El. Cul t  N i t r a t e  T o t a l  Neutral  Polar  

Sample Time Vol. Conc. Chl E.flx(in) AFD Lip ids  L ip ids  L ip ids  C+P 
Hr . L mM mg/L Watts 8 g g 8 

Table 2. C a l o r i f i c  Values of Algal Mae8 Lipid8 

Sample Mater ia l8  Heat of Combustion 
C. sp. SO1 - cal/g 

Tr ig lycer ides  n tds  (ca l /g )  

To ta l  a l g a l  l i p i d s  (ca l /g )  
From N-starved c e l l s  
From N-replete c e l l s  

Neutral  a l g a l  l i p i d s  (ca l /g )  
From N-starved c e l l s  
From N-replete c e l l s  

Po la r  algal l i p i d s  (ca l /g )  
From N-stanred c e l l s  
From N-replete c e l l s  

Non-lipid a l g a l  mass (ca l /g )  





Table 3- Parameters of Three Fermenter Batch Experiments 

-- -- 

Experiment I Experiment I1 Experiment 1x1 

Organism: 

Growth Medium: 

Nitrogen Source: 

Temperature: 

Avg. Input PAR Flux: 
(rece ived  by t o t a l  
culture volume) 

Culture Duration: 

Mass Yie ld  
F i n a l  
at N-depletf on 
Final/N-deple t i o n  

Lipid Content 
Final 
AT N-depletion 
Final/N-depletion 

Maximum Cellular Storage 
Carbohydrates 

Maximum Excreted 
Carbohydrates 

Maximum Carotenoids/Chl 

Chlore l la  s p a  SO1 

BBM + 0.1 M NaCl 

5 mM Sodium Nitrate 

30 deg C 

14.21 watts  

25 days 

35.7% A F D  
14.9% AFD 

2.40 

Ankistrodesmus sp. 

BBM 

5.8 mM Sodium Nitrate 

30 deg C 

14.66 wat ts  

25 days 

39.2% AFD 
17.5% AYD 
2.24 

8.4% AFD 

c h r y s o / ~ - l *  

SERX Type II/25000 

1.75 rnM Urea 

25 deg C 

26.6 watts 

14 days 

47.6% AIFD 
29.1% AFD 

1.64 

12.4 AFD 



fo l lowing  an extended per iod  of N-deprivation. I n  c o n t r a s t ,  a s  shown i n  
F igure  4 f o r  Ankistrodesmus and Chryso/F-1, t h e  i n t r a c e l l u l a r  s t o r a g e  
po lysacchar ides  appeared t o  be r e l a t i v e l y  i n s e n s i t v e  t o  changes i n  n i t rogen  
supply of t h e  growth medium. The response of po lyscchar ide  product ion by 
Ch lo re l l a  sp. SO1 was no t  monitored. It should be po in ted  ou t  t h a t  c u r r e n t  
d a t a  on t h e  response of s t o r a g e  po lyscchar ide  product ion t o  N-deprivation 
i n  t h e s e  two oleaginous s p e c i e s  is q u i t e  d i f f e r e n t  from t h e  r e s u l t s  
obtained f o r  non-lipogenic spe i ce s  ( s ee  Thomas, e t  a l .  1983) Thomas e t  a l .  
(1983) r epo r t ed  t h a t  Te t rase lmis  and I s o c h r y s i s  responded t o  N-depletion 
wi th  an enhanced carbohydrate  conten t  whi le  t he  l i p i d  content  remained 
unchanged o r  was reduced. 

The Energy Ef f i c i ency  of Ni t rogen-suf f ic ien t  Cel l s .  The e f f e c t s  of N- 
d ep r iva t ion  on t h e  energy e f f i c i e n c y  of t o t a l  c e l l  mass and l i p i d  
product ion by eadh of t h e  t h r e e  s p e c i e s  of a l g a e  a r e  given F igures  5  t o  
7. During t h e  i n i t i a l  s t a g e  of exponent ia l  growth t h e  apparent  e f f i c i e n c y  
was low because of incomplete abso rp t ion  of t h e  l i g h t  energy by t h e  d i l u t e  
suspension of a l g a l  c e l l s .  A s  t h e  c u l t u r e  became denser  t h e  e f f i c i e n c y  
increased  wi th  i nc reas ing  c e l l  dens i ty .  For a l l  t h r e e  experiments r epo r t ed  
here ,  a  l i g h t  probe placed a t  the  c e n t e r  of t he  c u l t u r e  v e s s e l  i n d i c a t e d  
t h a t  near  complete abso rp t ion  of t h e  l i g h t  energy occurred when c e l l  mass 
dens i ty  of t h e  c u l t u r e  exceeded 200-250 mg/L. Thus under our experimental  
cond i t i ons ,  t h e  energy e f f i c i e n c y  f o r  t h e  product ion of t o t a l  a l g a l  m a s s  
(expressed a s  ash  f r e e  dry mass, AFD) should reach i t s  maximum a t  t h a t  mass 
dens i ty .  F igures  5-7, however show a  cont inuous i n c r e a s e  i n  t h e  e f f i c i e n c y  
u n t i l  t h e  n i t rogen  became t o t a l l y  exhausted. The t h e  maximal energy 
e f f i c i e n c y  was ob ta ined  j u s t  p r i o r  t o  ni t rogen-exhaust ion and ranged 
between 5  t o  9% of t h e  t o t a l  i n c i d e n t  l i g h t .  The e f f i c i e n c y  f o r  l i p i d  
product ion throughout t h e  n i t rogen - su f f i c i en t  phase of t h e  experiment was 
approximately 30 t o  60% of va lues  obtained f o r  AFD production. 

I n t e r e s t i n g l y ,  whi le  t h e  e f f i c i e n c i e s  of AFD and l i p i d  product ion  f o r  
Ch lo re l l a  sp. SO1 were s i m i l a r  t o  those  f o r  Ankistrodesmus sp., t h e  va lues  
ob ta ined  f o r  Chryso/P-1 i s  cons iderab ly  lower ( see  F igures  5-7). Although 
a v a i l a b l e  experimental  d a t a  does no t  a l low us t o  exclude t h e  p o s s i b i l i t y  
t h a t  t h e  observed lower e f f i c i e n c y  i n  ChrysoIF-1 is  i n t r i n s i c  t o  t h i s  
organism, i t  appears  r a t h e r  un l ike ly .  It i s  p o s s i b l e  t h a t  t h e  lower 
e f f i c i e n c y  f o r  Chryso/F-1 r e f l e c t s  a  h igher  mean l i g h t  i n t e n s i t y  
experienced by t h e  c e l l s  i n  experiment 111 a s  compared t o  t h a t  of 
experiments I and I1 a s  shown i n  F igure  3. The maximum ch lo rophy l l  conten t  
of ChrysoIF-1 was approximately one-third of t h a t  f o r  e i t h e r  Ch lo re l l a  o r  
Ankistrodesmus. I n  a d d i t i o n ,  t h e  t o t a l  mass dens i ty  of Chryso/F-1 i n  
experiment 111 was a l s o  lower. These d i f f e r e n c e s ,  t oge the r  wi th  t h e  h igher  
l i g h t  i n t e n s i t y  used i n  experiment 111, may be t h e  major f a c t o r s  which 
con t r ibu t ed  t o  t h e  lower e f f i c i e n c y  of Chryso/F-1. 

The Energy Ef f i c i ency  during t h e  Ear ly  S tage  of N-deprivation. Data on t h e  
e f f e c t  of n i t rogen  supply on t h e  energy e f f i c i e n c y  f o r  t h e  









product ion of s t o r a g e  ( n e u t r a l )  l i p i d s  and s t r u c t u r a l  (po la r )  l i p i d s  a r e  
presented i n  F igure  8. During t h e  f i r s t  s t a g e  of N-deprivation ( s t a r t i n g  
a t  t h e  onse t  of N-exhaustion of and l a s t i n g  f o r  2  t o  5 days a f te rwards  
depending on t h e  experimental cond i t i ons ) ,  a  s l i g h t  l o s s  i n  t he  e f f i c i e n c y  
f o r  AFD-production and a  much sha rpe r  l o s s  i n  t h e  e f f i c i e n c y  f o r  t h e  
product ion of non l ipo ida l  ma te r i a l s  (i.e. carbohydrates  and p r o t e i n s )  was 
observed. I n  c o n t r a s t ,  t h e  energy e f f i c i e n c y  of l i p i d  product ion during 
n i t rogen- su f f i c i en t  growth was e i t h e r  maintained o r  s i g n i f i c a n t l y  enhanced 
during t h e  e a r l y  s t a g e  of N-deprivation (designated a s  post-ND1 i n  F igures  
5-7). Typica l ly  a  va lue  of 2  t o  3% of t h e  t o t a l  i n c i d e n t  PAR energy w a s  
s t o r e d  a s  l i p i d s  by t h e  t h r e e  spec i e s  of t h e  a lgae  examined t o  date .  
I n t e r e s t i n g l y  t h e  r a t i o  of e f f i c i e n c y  of l i p i d  product ion t o  t h e  e f f i c i e n c y  
f o r  AFD product ion was h ighes t  i n  ChrysoIF-1 among t h e  t h r e e  organisms. 

The Energy Eff ic iency  under Prolonged N-deprivation. A s  expected, 
prolonged n i t rogen  s t a r v a t i o n  l ed  t o  a  dec l ine  i n  t h e  e f f i c i e n c y  of a l l  
a l g a l  p roduc t iv i ty  (Figures  5-7 under POST-ND2), a l though the  apparent  
e f f i c i e n c y  f o r  l i p i d  product ion appeared t o  l i n g e r  f o r  a  longer  du ra t ion  
when compared t o  t h a t  of t h e  AFD production. Whether t h e s e  d a t a  i n d i c a t e  a  
reconversion of non l ip ids  i n t o  l i p o i d a l  ma te r i a l s  during severe  N- 
dep r iva t ion  remains t o  be examined. 

N-resupply and t h e  Ef f i c i ency  of N-starved Culture.  Addit ion of a  l i m i t i n g  
amount of n i t rogen  (0.5 mM) t o  t he  c u l t u r e  of Ankistrodesmus during t h e  
l a t e  phase of N-deprivation (Fig. 6 )  l e d  t o  a  p a r t i a l ,  bu t  s i g n i f i c a n t ,  
r e s t o r a t i o n  of energy e f f i c i e n c y  f o r  l i p i d  and AFD product ion by 
Ankistrodesmus. (The response of t h e  o the r  two organisms t o  resupply t h e  
l i m i t i n g  n i t rogen  source has not  y e t  been tes ted . )  

Enhancement of t h e  Energy Ef f i c i ency  f o r  Neut ra l  L ip ids  by N-deprivation. 
When t h e  e f f e c t  of n i t rogen  dep r iva t ion  on t h e  composition of a l g a l  l i p i d s  
was monitored during t h e  t r a n s i t i o n  from pre-N-deprivation t o  post-N- 
dep r iva t ion  s t a g e  of growth, i t  revealed a  dramatic  and r ap id  i n h i b i t o r y  
a c t i o n  on t h e  s y n t h e s i s  of p o l a r ,  s t r u c t u r a l  l i p i d s .  This  observa t ion  is  
c o n s i s t e n t  with t h e  observed e f f e c t  of N-deprivation on the  c e l l  d i v i s i o n  
and s t r u c t u r a l  d i f f e r e n t i a t i o n .  I n  c o n t r a s t  t o  t h e  s i t u a t i o n  of po la r  
l i p i d s ,  t he  product ion of n e u t r a l  ( s torage)  l i p i d s  were s t rong ly  s t imu la t ed  
by n i t rogen  s t a r v a t i o n .  Data presented  i n  F igure  8 i n d i c a t e  t h a t  a  seven- 
f o l d  i n c r e a s e  i n  t h e  e f f i c i e n c y  of n e u t r a l  l i p i d s  product ion was a s soc i a t ed  
with t h e  t r a n s i t i o n  from pre-ND t o  post-ND1 per iod  of experiment I. 
S imi l a r ly  when t h e  c e l l s  of Ch lo re l l a  were removed from a n i t rogen-r ich  
medium and t r a n f e r r e d  t o  a n i t rogen-f ree  medium, a  s i m i l a r  enhancement of 
t h e  e f f i c i e n c y  of n e u t r a l  l i p i d  product ion occurred a t  t h e  expense of po la r  
l i p i d .  

Conclusions 

Energy e f f i c i e n c y  f o r  AFD product ion was opt imal  a s  ba tch  c u l t u r e s  of a l g a e  





approached N-exhaustion. In other words, the maximum energy efficiency for 
AFD production was attained when the pigment content of the cultures 
reached its maximal value and the mean light intensity experienced by the 
algal cells became minimal* 

In the early stage of N-deficiency, the efficiency of the production of 
nonlipoidal materials decreased but the efficiency of lipid production 
remained unchanged or became stimulated. Lipid production efficiency of 2- 
3.6% could be maintained for a limited duration. 

Extended N-deprivation led to a decline of all algal production efficiency, 
but the supply of nitrogen resulted in a partial restruction of production 
efficiency for AFD and lipids in Ankistrodesmus. 

Nitrogen deprivation caused a strong increase in the efficiency of neutral, 
storage lipid production and suppressed the efficiency of the production of 
polar, structural lipids. 

Continuing Research 

Although the experiments with three species of oleaginous algae provided 
the initial set of energetics data for cell mass and lipid production, due 
to a limited scope of completed research, a quantitative assessment of the 
overall energetics of algal lipid production could not be made at the 
present time. Additional experiments are planned to extend the current 
energetic analysis to cover more organisms (including "promising" species 
of diatoms, chrysophytes and green algae in the SERI culture collection). 

In order to extend the depth of our understanding on the energetics of N- 
deprivation, a series of experiments will be conducted to establish the 
relation between the concentration of initial nitrogen-supply and the 
efficiency and duration of post-N-exhaustion AFD and lipid production. 
Additional N-resupply experiments will be conducted to explore the 
possibility of enhancing the efficiency and extending the duration of lipid 
production by the oleaginous algae. 

Finally, for comparative purposes, the energy efficiency of AFD and lipid 
production in steady-state continuous cultures will also be studied. The 
experiments on steady-state cultures will be carried in collaboration with 
Dr. Ken Terry of our group. 
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Addendum 

E f f e c t s  of S i l i c o n  Deficiency on Lipid M e t a b o l i s m  i n  Diatoms (P. Roessler) 

Diatoms require substantial quantities of silicon in order to synthesize 
the protoplast-enclosing frustule which characterizes members of this 
group. Thus, cell wall synthesis is inhibited in silicon-deficient 
diatoms, preventing cell division. A wide variety of other metabolic 
processes, seemingly unrelated to cell wall synthesis, are also strongly 
affected in silicon-deficient diatoms. Silicon deficiency induces a 
decrease in the biosynthesis of most cellular constitutents, but certain 
diatom species have been reported to contain elevated lipid levels when 
grown under silicon-deficient conditions. Studies which have investigated 
changes in diatom cell metabolism due to silicon deficiency have been 



c a r r i e d  out  p r imar i ly  wi th  Navicula p e l l i c u l o s a ,  Cylindrotheca fus i fo rmis ,  
and Cyc lo t e l l a  c ryp t i ca .  

Net p r o t e i n  syn thes i s  is g r e a t l y  reduced i n  s i l i c o n  s t a rved  c u l t u r e s  of a l l  
t h r e e  of t h e  above spec i e s  (Werner 1966, Coombs e t  a l .  1967, Darley and 
Volcani 1969). I n  2. c r y p t i c a  and g. p e l l i c u l o s a ,  t h e r e  i s  a decrease  i n  
c e l l u l a r  l e v e l s  of glutamate,  a s p a r t a t e ,  and a-ke toglu tara te  a s soc i a t ed  
wi th  the  decrease  i n  p r o t e i n  syn thes i s  r a t e s  (Coombs and Volcani 1  68, 
Werner 1968). Using two-dimensional e l e c t r o p h o r e s i s  t o  s e p a r a t e  3'S- 
l abe l ed  polypept ides  synthes ized  by s i l i c o n - r e p l e t e  and s i l i c o n - d e f i c i e n t  
C. f u s i fo rmis  c e l l s ,  Okita and Volcani (1978) demonstrated a  r o l e  f o r  - 
s i l i c o n  i n  t h e  r egu la t ion  of gene express ion  i n  t h i s  spec i e s ,  s i n c e  t h e  
abundance of some polypept ides  increased  i n  response t o  s i l i c o n  de f i c i ency  
while  o the r  polypept ides  decreased. 

The n e t  syn thes i s  of s t o r a g e  carbohydrate (chrysolaminarin) ,  n u c l e i c  a c i d s ,  
and most pigments is  a l s o  g r e a t l y  diminished i n  s i l i c o n - d e f i c i e n t  diatoms 
(Werner 1966, Coombs e t  a l .  1967, Healey e t  a l .  1967, Coombs and Volcani 
1968, Darley and Volcani 1969). A reduct ion  i n  t h e  r a t e  of DNA s y n t h e s i s  
i n C .  fu s i fo rmis  is be l ieved  t o  be due t o  reduced DNA polymerase a c t i v i t y ,  
poss ib ly  a  r e s u l t  of p o s t - t r a n s c r i p t i o n a l  con t ro l  of t h e  syn thes i s  of t h e  
polymerase (Okita and Volcani 1978). 

I n  sharp  c o n t r a s t  t o  t h e  e f f e c t s  of s i l i c o n  s t a r v a t i o n  on t h e  s y n t h e s i s  of 
a l l  o ther  macromolecular components of diatoms, t h e  b iosyn thes i s  of l i p i d s  
is not i nh ib i t ed .  L ip ids  cont inue t o  i nc rease  a t  an exponent ia l  r a t e  i n  
log phase & p e l l i c u l o s a  c u l t u r e s  which have deple ted  t h e  medium of s i l i c o n  
(Coombs e t  a l .  1967). During a  14 hour s t a r v a t i o n  per iod ,  t h e  l i p i d  mass 
per  c e l l  increased  by approximately 60% i n  t h i s  spec i e s ,  during which time 
t h e  carbohydrate  mass per  c e l l  decreased by 8%. L ip id  syn thes i s  accounted 
f o r  72% of t h e  t o t a l  mass i nc rease  i n  t hese  c e l l s .  Net l i p i d  s y n t h e s i s  
ceased immediately fol lowing the  r e in t roduc t ion  of s i l i c o n  i n t o  these  
s t a rved  c u l t u r e s ,  bu t  t h i s  may be a t t r i b u t a b l e  t o  a  concomitant r ap id  
inc rease  i n  r e s p i r a t i o n .  I n  a  s e p a r a t e  s tudy ,  i t  was observed t h a t  t h e  
inco rpora t ion  of 14c02 i n t o  l i p i d s  increased  from 20 t o  45% of t he  t o t a l  
when c e l l s  were s t a rved  f o r  s i l i c o n  (Coombs and Volcani 1968). 

I n  s t u d i e s  involv ing  & c r y p t i c a ,  Werner (1966) observe'd t h a t  l i p i d s  
increased  from 16 t o  38% of t he  dry weight a f t e r  24 hours i n  s i l i c o n -  
d e f i c i e n t  condi t ions.  Calcu la t ions  ind ica t ed  t h a t  t he  r a t e  of l i p i d  
syn thes i s  approximately doubled during t h e  f i r s t  s i x  hours of s i l i c o n  
s t a r v a t i o n  i n  t h i s  spec ies .  S h i f r i n  and Chisholm (1981) a l s o  repor ted  
r ap id  inc reases  i n  t h e  l i p i d  content  of s i l i c o n  l imi t ed  2. c r y p t i c a  
c e l l s .  These i n v e s t i g a t o r s  repor ted  t h a t  w i th in  12 hours of s i l i c o n  
dep le t ion ,  t h e  l i p i d  mass per  c e l l  doubled, corresponding t o  about 67% of 
t he  t o t a l  c e l l  mass increase .  

The r ap id  switch from carbohydrate  t o  l i p i d  accumulation which occurs  i n  
s i l i c o n  s t a rved  diatoms may prove t o  be an e x c e l l e n t  model f o r  s tudying t h e  
r egu la t ion  of carbon metabolism i n  algae.  S i l i c o n ,  un l ike  n i t rogen ,  
phosphorous, and s u l f u r ,  is not  a  c o n s t i t u e n t  of any of t he  macromolecular 



components of diatoms, and therefore the control of carbon partitioning by 
silicon is not simply a manifestation of substrate concentration. Rather, 
the regulation is more likely to be the result of differential gene 
expression or allosteric modulation of the enzymes of carbon metabolism. 

We have initiated a study designed to investigate further the role of 
silicon in diatom lipid metabolism. We will examine the kinetics and 
extent of lipid accumulation in several diatom species grown under silicon- 
deficient conditions, and will also determine the energetic efficiency of 
lipid production in silicon-stressed applications. The information 
obtained can be compared to data collected with other microalgal species 
grown under different types of stress, allowing a comparative evaluation of 
silicon-deficiency as a mechanism for enhancing lipid yields. 

This study will also investigate the mechanisms by which silicon deficiency 
leads to lipid accumulation in diatoms. The activities of various key 
enzymes of carbon metabolism will be assayed in silicon-replete and 
silicon-deficient diatoms in order to identify the primary control points 
affected by silicon deficiency. This information may prove to have 
fundamental importance in future studies involving physiological and 
genetic manipulation of algal species aimed at increasing the yields of 
desired products. 
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In t roduc t ion  

Beginning wi th  some of t h e  e a r l i e s t  e f f o r t s  a t  microa lga l  mass c u l t u r e  
under n a t u r a l  l i g h t ,  i t  was recognized t h a t  microalgae use  high i n t e n s i t y  
l i g h t  a t  a low e f f i c i e n c y  and t h a t  t h i s  e f f i c i e n c y  can be r a i s e d  i f  l i g h t  
is suppl ied  on an  i n t e r m i t t e n t  r a t h e r  than on a continuous b a s i s  (Kok 1953, 
Davis e t  a l .  1953). I n  most cases ,  e f f o r t s  t o  c r e a t e  an  i n t e r m i t t e n t  l i g h t  
environment were based on mixing dense c u l t u r e s  of microalgae, t ak ing  
advantage of the shading of c e l l s  a t  depth by c e l l s  a t  t h e  sur face .  S ince  
the  1950's, a  number of c u l t u r e  devices  have been proposed which would t ake  
advantage of t h i s  e f f e c t  (Fredrickson e t  a l .  1961, P h i l l i p s  1961, Miller e t  
al. 1964, Howell e t  a l .  1966, Fredrickson and Tsuchiya 1969, S e t l i k  e t  al. 
1970, Lee and P i r t  1981, Laws e t  a l .  1983, Prokop and Fekr i  1984). Many of 
these  devices  at tempt  t o  c r e a t e  ordered v e r t i c a l  mixing (vor tex  mixing) 
r a t h e r  than pure ly  tu rbu len t  mixing, i n  order  t o  expose t h e  c e l l s  t o  
r egu la r  i n t e r v a l s  of l i g h t  and darkness.  It has been argued t h a t  t u rbu len t  
(random) mixing processes  a r e  inadequate  t o  provide f o r  photosynthe t ic  
enhancement (Powell e t  a l .  1965), and recent  experimental  evidence seems t o  
support t h i s  argument (Weissman & Goebel 1985). 

Recently,  Laws e t  a l .  (1983) introduced a  device employing wing-like f o i l s  
t o  genera te  v o r t e x  mixing i n  flowing cu l tu re s .  An i n c r e a s e  i n  p roduc t iv i ty  
by a f a c t o r  of about 2.2 was a t t r i b u t e d  t o  t hese  devices ,  a l though it is 
not  e n t i r e l y  c l e a r  t h a t  i n t e r m i t t e n t  l i g h t  e f f e c t s  were s o l e l y  r e spons ib l e  
f o r  t h e  p roduc t iv i ty  i n c r e a s e  which was observed. Laws et a l .  (1983) 
measured t h e  v o r t e x  r o t a t i o n  rate i n  t h e i r  flowing c u l t u r e s ,  and observed 
turnover  t imes of 1-2 seconds ( f requencies  of 0.5-1 Hz). 

There is a l a r g e  body of l i t e r a t u r e  on t h e  r a t e s  of photosynthes is  i n  
f l a s h i n g  l i g h t .  Most of t hese  s t u d i e s  have been d i r e c t e d  toward t h e  
sepa ra t ion  of t h e  r eac t ions  of photosynthesis ,  but  some e f f o r t  has  been 
d i r e c t e d  toward eva lua t ing  t h e  p o t e n t i a l  of i n t e r m i t t e n t  i l l umina t ion  t o  
enhance t h e  photosynthe t ic  e f f i c i e n c y  of a l g a l  c u l t u r e s  (Kok 1953, 1956, 
P h i l l i p s  and Myers 1954, Powell e t  a l .  1965). The most u s e f u l  da ta  on the  
s u b j e c t  were c o l l e c t e d  by P h i l l i p s  and Myers (1954), who examined t h e  
growth of Ch lo re l l a  pyrenoidosa under f l a s h i n g  l i g h t  regimes with total 
cycle  per iods  up t o  about 600 ms.  Reanalysis  of t h e s e  d a t a  showed t h a t  
f a c t o r i a l  enhancement of photosynthe t ic  e f f i c i e n c y  v a r i e d  a s  a  func t ion  of 
t h e  length  of t h e  f l a s h  per iod  and t h e  l eng th  of t h e  in t e rven ing  dark 
period (Terry 1984), but  da t a  were not  a v a i l a b l e  t o  cover t h e  longer cyc le  
t i m e s  which a r e  of i n t e r e s t  f o r  outdoor cu l tu re s .  



The most c o n s i s t e n t  i n t e r p r e t a t i o n  of t h e  pho tosyn the t i c  response t o  
i n t e r m i t t e n t  l i g h t  environments was proposed by Weller and Franck (1941; 
Kok 1956, Rabinowitch 1956), who argued t h a t  t h e  pho tosyn the t i c  r a t e  i n  
f l a s h i n g  l i g h t  should approach, with i nc reas ing  f l a s h  r a t e ,  t h e  r a t e  i n  
cons tan t  l i g h t  of t h e  same average i n t e n s i t y .  A l a t e r  r e a n a l y s i s  of much 
of t h e  publ ished d a t a  on t h e  s u b j e c t  (Sager and Geiger 1980) was s t r o n g l y  
suppor t i ve  of t h i s  i n t e r p r e t a t i o n .  

S tud i e s  of i n t e r m i t t e n t  l i g h t  have t y p i c a l l y  employed devices  where l i g h t  
was turned on and off  ab rup t ly ,  f r equen t ly  through t h e  u se  of a  s ec to red  
disk.  These devices  approximated a  square-wave modulation of l i g h t  over 
t i m e  (Figure l ) ,  bu t  many o the r  wave forms a r e  poss ib le .  C e l l s  which a r e  
mixed v e r t i c a l l y  i n  outdoor c u l t u r e s  experience a  smooth wave r a t h e r  t han  a  
square  wave modulation. Figure 1  shows the  l i g h t  environment experienced 
by c e l l s  fo l lowing  a  c i r c u l a r  pa th  i n  a  dense c u l t u r e  of microalgae where 
l i g h t  i n t e n s i t y  d e c l i n e s  exponen t i a l l y  wi th  depth. 

Time 

Figure 1. Ligh t  i n t e n s i t y  a s  a  f u n c t i o n  of t i m e  i n  square  wave 
(A) and smooth wave (8) modulations fqt;(g = ?.$.l)f4e smooth wave 

i n  
modulation was ca l cu l a t ed  a s  I = I e wi th  k  = 5 . 4 .  
The time s c a l e  i s  determined by theOcycle  frequency. 

The research  descr ibed  h e r e  was d i r e c t e d  toward a  q u a n t i f i c a t i o n  of t h e  
r e l a t i o n s h i p  between t h e  frequency of l i g h t  modulations s i m i l a r  t o  t hose  
experienced by c e l l s  i n  vo r t ex  mixed systems and t h e  r e s u l t a n t  enhancement 
of pho tosyn the t i c  e f f i c i ency .  The Weller and Franck hypothes i s  was 
examined experimental ly  and the  r e s u l t s  provide a  bases  f o r  t h e  d e s c r i p t i o n  
of a  f u n c t i o n a l  r e l a t i o n s h i p  between modulation frequency and 
photosynthe t ic  e f f i c i e n c y  enhancement. Addi t iona l ly ,  t h e  responses  t o  
cyc l e  frequency during smooth wave and square  wave modulation were 
compared. The r e s u l t i n g  d a t a  were used t o  develop a  p l o t  of pho tosyn the t i c  
enhancement a s  a f f e c t e d  by 1 ight :dark  cyc l e  t i m e s  i n  a range of i n t e r e s t  
f o r  outdoor c u l t u r e s .  The r e l a t i o n s h i p s  which were observed permit an 
assessment of t h e  p o t e n t i a l  c o n t r i b u t i o n  of modulated l i g h t  e f f e c t s  t o  
p r o d u c t i v i t y  i nc reases  such a s  those  observed by Laws e t  a l e  (1983). These 
d a t a  provide a  necessary i npu t  t o  t h e  des ign  requirements  of systems which 



may be proposed i n  the f u t u r e  t o  t ake  advantage of t hese  e f f e c t s .  

Theory. The advantage which i s  t o  be derived from l i g h t  i n t e n s i t y  
i n t e g r a t i o n  can be r e a d i l y  i n f e r r e d  from an examination of t h e  
photosynthesis  ve r sus  i r r a d i a n c e  curve, which approaches a s a t u r a t i n g  va lue  
a t  r e l a t i v e l y  low l i g h t  i n t e n s i t i e s  ( see ,  f o r  example, Figure 3 ) .  The 
photosynthesis  ve r sus  i r r a d i a n c e  r e l a t i o n s h i p  can be descr ibed by a  
nyperbol ic  func t ion  such a s  

where I i s  the  l i g h t  i n t e n s i t y ,  and PG', KI and rn a r e  cons tan ts  (Smith 
1936, Bannister  1979). I n  a  modulated l i g h t  environment, l i g h t  i n t e n s i t y  
v a r i e s  as a func t ion  I ( t )  of time. Where t h e r e  is  no l i g h t  i n t e n s i t y  
i n t e g r a t i o n ,  t h e  c e l l  responds a t  a l l  t i m e s  t o  t h e  ins tan taneous  l i g h t  
i n t e n s i t y ,  and the  mean gross  photosynthe t ic  r a t e  is  

while  with complete l i g h t  i n t e n s i t y  i n t e g r a t i o n  

For a  square wave modulation, t he  f l a s h  propor t ion  $ can be defined as 

where tL and tD are-the du ra t ions  of t h e  f l a s h  period and the  dark per iod ,  
r e spec t ive ly ,  and I is  t h e  time average of t h e  l i g h t  i n t e n s i t y ,  and 
equat ions 2 and 3 can be reduced t o  

and 

(Terry, 1985). Since t h e  P versus~ 1 curve is  convex upwards, f o r  a l l  
phys i ca l ly  meaningful va lues  of $ and I,, P* > PO ; t h a t  is ,  l i g h t  
i n t e n s i t y  i n t e g r a t i o n  l eads  t o  increased  r a f e s  of gross  photosynthesis .  

The da t a  a n a l y s i s  presented below is based on determinat ions of t he  
e f f i c a c y  of l i g h t  i n t e n s i t y  i n t e g r a t i o n  under var ious  modulated l i g h t  



regimes. Square wave l i g h t  modulations can be cha rac t e r i zed  by t h r e e  
parameters:  $, a s  def ined  above (d imens ionless ) ,  v, t h e  frequency of t h e  
f l a s h  (Hz)(= l / ( t L  + t D ) ) ,  and I,, t h e  i n t e n s i t y  of t h e  f l a s h  (W m-2). For 
smooth wave modulations,  t h e  same parameters  can be  employed i f  I. i s  
def ined  a s  t h e  peak i n t e n s i t y  and @I is  def ined  by equa t ion  5. 

For any combination of $, v,  and I. t h e  dimensionless  index of 
p ropor t i ona l  l i g h t  i n t e n s i t y  i n t e g r a t i o n ,  r ,  can be c a l c u l a t e d  a s  

where PG($, V,  10)  i s  t h e  observed r a t e  under t h e  experimental  cond i t i ons  
s p e c i f i e d .  The r e s u l t s  p resen ted  below desc r ibe  I' a s  a  func t ion  of v under 
a  v a r i e t y  of condi t ions .  

Ma te r i a l s  and Methods 

Precondi t ion ing  c u l t u r e s .  Popula t ions  of Phaeodactylum t r icornutum Bohlin 
and an u n i d e n t i f i e d  f l a g e l l a t e d  chrysophyte designated Chryso/F-1 ( s ee  
s e c t i o n  2 )  were precondi t ioned  i n  continuous c u l t u r e s  maintained a t  2 0 ~ ~ 0  
These c u l t u r e s  were i l l umina t ed  by a  bank of e i g h t  40 W f l u o r e s c e n t  lamps, 
which provided approximately 48 W m-2 of pho tosyn the t i ca l l y  a c t i v e  
r a d i a t i o n  (400-700 nm) a t  t h e  e x t e r n a l  s u r f a c e  of t h e  c u l t u r e  v e s s e l .  
Cu l tu re  d e n s i t i e s  were t u r b i d o s t a t i c a l l y  c o n t r o l l e d  based on t h e  ou tput  of 
a  LiCor quantum senso r  mounted on t h e  f a c e  of t h e  f l a t - s i d e d  growth chamber 
f a r t h e s t  from t h e  l i g h t  source  (10 cm pa th  l eng th ) .  The output  of t h i s  
s enso r  was monitored by computer ( s ee  Addendum f o r  d e t a i l s )  and t h e  
n u t r i e n t  supply pump turned on o r  off  a s  needed t o  c o n t r o l  c u l t u r e  
t u r b i d i t y .  Formulas f o r  t h e  media employed appear i n  Table 1. I n  a l l  
c a se s ,  t h e  popula t ions  employed were n u t r i e n t - s u f f i c i e n t  and were growing 
a t  t h e  r a t e  determined by t h e  a v a i l a b l e  l i g h t .  For some popula t ions ,  t h e  
t u r b i d i t y  was s u f f i c i e n t l y  h igh  t h a t  t h e  average i n t e n s i t y  i n  t h e  growth 
chamber was s i g n i f i c a n t l y  reduced due t o  self-shading.  Popula t ion  s i z e s  
and growth r a t e s  of t he  va r ious  precondi t ion ing  c u l t u r e s  a r e  presen ted  
a long  with r e s u l t s  i n  Table 4. 

L ight  Modulation. Square wave modulations w e r e  achieved wi th  s ec to red  
d i s k s ,  a d j u s t a b l e  from $=0 t o  $=0.5, r o t a t e d  by a  speed-control led DC 
gearmotor. Smooth wave f i l t e r s  were generated by computer wi th  
t ransparency  (T) decreas ing  exponen t i a l l y  from one edge, a r b i t r a r i l y  
des igna ted  t h e  top: 



where k is a cons tan t  and Z is  t h e  d i s t a n c e  from t h e  top i n  diameters  of 
t he  c i r c u  a r  f i l t e r .  F i l t e r s  were generated f o r  k=1.75, 5.4 and 34 t diameter- , al though only t h e  f i l t e r  wi th  k=5.4 received ex tens ive  use. 
The f i l t e r s  were reproduced photographica l ly  with a diameter of 25 cm, and 
t h e  photographic t r anspa renc ie s  r o t a t e d  i n  f r o n t  of a focused beam of l i g h t  
( see  below). The t r anspa renc ie s  were doubled t o  provide almost complete 
absorp t ion  of l i g h t  over t h e  range 200-800 nm where blackened. (A peak of 
2.5% transparency appeared a t  a wavelength of 320 nm, wi th  t h e  peak 
covering t h e  range 310-330 nm; t h e  f i l t e r  was e f f e c t i v e l y  opaque t o  a l l  
o the r  wavelengths. The t r anspa ren t  po r t ions  of t h e  f i l t e r  passed 70-80% of 
t h e  inc iden t  l i g h t  wi th  approximately n e u t r a l  dens i ty  over t h e  range 400- 
700 nm. However, t h e r e  was a sharp  cu tof f  at  310 nm, and s h o r t e r  
wavelengths were excluded.) F igure  2 shows l i g h t  i n t e n s i t y  as a func t ion  
of t i m e  f o r  t he  f i l t e r  with k=5.4. 

Table 1. Medium Composition 

Phaeodac t y  Lum tricornutum 

Artificial Seawater Medium 

ChryaojP-1 

Artificial Piceance 

Creek Medium 

Per liter dionized water 

30 g RIM ealte 

0.05 g NaHC03 

0.5 mL NH4Cl., LH 

0.5 d. KZHOP4, 0.1 M 

0.5 m l  Trace Metal Mixture 

(Brune, et al. 1981) 

Per liter deionized water 

0.35 g MgC12 ' 6H20 
1.20 g NaCl 

.20 mg NaF 

8 mg BaC12 ' 2H20 

45 mg CaCIZ 

19 mg KC1 

10.28 g NatiC03 

15 mg Na2S04 

36 mg Urea 

8 w m2P04 
5 ml PI1 metal mix (SERI 1984) 

1 m l  vitamin mix 

1 gjL thiamine 

2 mg/L biotin 

1 ms/L B12 

L m l  1 %  Na2Si03 ' 9H20 

1 ml FeEDTA eolution 

(26.1 g EDTA in 268 m l  INKOH 

-k 24.9 g FeS04 * 7H20 

up t o  I L) 

The frequency of modulation v was determined by p l ac ing  a photodiode i n  the 
modulated beam, and rou t ing  t h e  s i g n a l  from t h i s  s enso r  through a 
frequency-to-voltage conver te r  t o  t h e  da t a  a c q u i s i t i o n  system. This  method 
of determining modulation frequency was not  r e l i a b l e  below about 0.5 Hz; 
slower r a t e s  were determined by manual t iming of t h e  d i s k  r o t a t i o n  r a t e .  

Light  was provided e i t h e r  by a tungs ten  halogen lamp o r  by a xenon a r c  
lamp. I n  e i t h e r  case,  t h e  beam of l i g h t  was focused through a convex l e n s  
t o  a c i r c l e  of about 1 crn diameter  a t  t he  r o t a t i n g  d i sk ,  then recol l imated  
wi th  a s i m i l a r  l e n s  and d i r e c t e d  downward i n t o  the oxygen e l ec t rode  chamber 
(see below) by a mirror .  For t h e  experiments descr ibed  he re ,  a l l  o p t i c a l  
components were of common g l a s s ;  both t h e  l enses  and t h e  photographic 
t r anspa renc ie s  e f f e c t i v e l y  excluded u l t r a v i o l e t  r ad i a t ion .  

Light  Measurements. L ight  i n t e n s i t i e s  were determined wi th  a LiCor quantum 



sensor  placed i n  t h e  l i g h t  pa th  above t h e  oxygen e l e c t r o d e  chamber. The 
s i g n a l  was passed through an ope ra t iona l  ampl i f i e r  assembly which permit ted 
d i r e c t  reading of t h e  s i g n a l  o r  i n t e g r a t i o n  wi th  t ime cons t an t s  of 1/60 s 
o r  1 s and was recorded wi th  the  computerized da t a  a c q u i s i t i o n  and c o n t r o l  
system. The c o r r e l a t i o n  between t h e  l i g h t  i n t e n s i t y  measured above t h e  
chamber and t h a t  received by the  experimental  sample was determined by 
r ep lac ing  t h e  t e f l o n  membrane and t h e  plat inum e l e c t r o d e  a t  t h e  bottom of 
t h e  incubat ion  chamber with a second l i g h t  sensor ;  t h i s  c o r r e l a t i o n  was 
employed i n  t h e  computer conversion of v o l t a g e  t o  l i g h t  i n t e n s i t y .  

Light Intensity (Wm-') 

Figure 2. Light intensity as a function of 
time for modulations generated with a computer- 
constructed f i l t e r  with k = 5.4 (equation 9 ) .  Figure 3. Photosynthesis versus l i g h t  inten- 
While the time s c a l e  is arbitrari ly determined s i t y  for x. tricornutum, experiment 1 .  The curve 
by the f i l t e r  rotation rate, the readings shown represents equation 1 with the parameters given 
here were taken over 24 s a t  0.05 s intervals .  i n  Table 4 .  

Photosynthe t ic  Rate Determinations. Photosynthe t ic  r a t e s  were determined 
a s  oxygen evo lu t ion  r a t e s  i n  an oxygen e l e c t r o d e  chamber maintained a t  2 0 ' ~  
by water c i r c u l a t i n g  through the  ou te r  j acke t .  The chamber was 1.6 cm i n  
diameter and was f i l l e d  t o  a depth of 0.5 cm wi th  1 m l  of sample. The 
sample was i l l umina ted  from above through a c l e a r  g l a s s  plunger which 
prevented oxygen exchange wi th  t h e  atmosphere. The t ime course of oxygen 
evo lu t ion  was recorded by the  computerized da t a  a c q u i s i t i o n  system, and t h e  
r a t e  determined a s  a l i n e a r  r eg re s s ion  of oxygen concent ra t ion  on time. 

For each determinat ion,  a c u l t u r e  sample was placed i n  t h e  e l e c t r o d e  
chamber i n  t h e  dark f o r  approximately 5 min be fo re  t h e  experiment was 
s t a r t e d .  During t h i s  per iod ,  t he  l i g h t  i n t e n s i t y  and t h e  f l a s h i n g  r a t e  
were ad jus t ed  and measured. Oxygen concent ra t ions  were then  monitored f o r  
3 min with the  chamber i n  darkness  t o  determine the  r e s p i r a t i o n  r a t e ,  R. 
The l i g h t  s h i e l d  was then removed from t h e  chamber and t h e  n e t  
photosynthe t ic  r a t e  (PN) determined, a l s o  over a per iod  of 3 min, a f t e r  a 
de lay  of 15 s t o  a l low f o r  e l e c t r o d e  response. The g ros s  photosynthe t ic  
r a t e  w a s  c a l c u l a t e d  a s  PG = PN - R ( r e c a l l  t h a t  R is negat ive) .  



Experimental Design. I' was determined as a function of v under a variety 
of experimental conditions. For each experiment, it was necessary to 
determine photosynthetic rate as a function of light intensity in constant 
light in order to interpret the data obtained in modulated light. 

Tabla 2. Light  In tene i ty  I n t e g r a t i o n  by Phaeodacty lum r ricornutum i n  

Flashing Light.  Coef f ic ien t s  of h a a t  equareo f i t e  of equat ion 10 t o  

values of I' averaged over l i g h t  i n t e n r i t y  I, (A) or  f l a e h  proport ion 4 ( B ) .  

A. 0 Kv l'rn 
(He 

a03 . 10 

025 . so 
POOLED 

B I, (U mW2) 9 'm 

nominal a c t u a l  f 8.d.  (Hz) 

48 a 9  46.6 f 3.1 

97.8 90.0 f 2.7 

195.7 191.0 t 5.1 

342.5 351.5 f 9.2 

POOLED ------- 
- - - . - - - - --- - 

Nominal va lues  of v were 0.25, 0.50, 1.00, 3.00, 5.00, 7.50 Bz. 

Actual values  were 0.27 f 0.02, 0.51 f 0.02, 1.02 f 0.06, 3.00 f 0.05, 5.02 

f 0.06, 7.53 * 0.11 HZ (f 8.d.). 

h 30 Percen ts  of t o t a l  eampls var iance e ~ p l a i n ~ d  by (1) hypecbolae 

f i t  t o  each e e t  of 24 santplee, (2) a e i n g l e  hyperbola f i t  t o  a l l  96 

ssmplee, (3) a l i n e a r  dependence of I' on 1, and (4) a l i n e a r  dependence of 

r on 0 .  

Data eor ted  by 4 Data s o r t e d  by I 

+ s (1) (2) (3) I n (1) ( 2 )  (4) 

( ~ E i n s t  m-* 8'') 

0.03 24 49 48 25 

0.10 24 70 61 5 

0.25 24 79 69 0 

0.50 24 41 31 3 

TOTAL 96 62 56 9 

- nominal va luer  



The e f f e c t s  of square-wave f l a s h  frequency ( v ) ,  f l a s h  i n t e n s i t y  ( Io )  and 
f l a s h  propor t ion  (+) on t h e  photosynthe t ic  r a t e  of t r icornutum c e l l s  
precondit ioned i n  a h igh  dens i ty  c u l t u r e  were determined i n  a f u l l  three-  
way f a c t o r i a l  design of s i x  by fou r  by fou r  va lues .  The va lues  of t h e  
parameters which were employed a r e  shown i n  Table 2. The f a c t o r i a l  
comprised 96 measurements, and an  a d d i t i o n a l  23 measurements were requi red  
t o  determine t h e  PG ve r sus  I curve and confirm s t a b i l i t y  of t h e  
experimental  m a t e r i a l  over t h e  per iod  requi red  t o  complete a l l  
experiments. (Table 4., Experiment 1 )  

The frequency response of & t r icornutum t o  square wave modulations was 
determined a second time with a popula t ion  precondit ioned a t  a low 
populat ion dens i ty  i n  order  t o  explore  e f f e c t s  of changing precondi t ion ing  
environments on t h e  l i g h t  i n t e n s i t y  i n t e g r a t i o n  response. For t h e s e  
experiments,  + was 0.2 and I. 391 W m-2. A d i s k  which provided twelve 
cyc l e s  per  r o t a t i o n  was u t i l i z e d  i n  t h e s e  experiments t o  provide high 
frequency modulations (up t o  80 HZ). (Table 4, Experiment 2) 

The frequency response t o  smooth and square  wave modulations was determined 
f o r  Chryso/F-1 with +=0.2 and 10=365 and 403 W m-2 i n  two s e p a r a t e  s e t s  of 
experiments. The response of popula t ions  wi th  d i f f e r e n t  precondi t ion ing  
exper iences  t o  l i g h t  modulations were a l s o  compared. (Table 4, 
Experiments 3-8) 

Resu l t s  

Square Wave Modulations. The photosynthes is  ve r sus  l i g h t  i n t e n s i t y  
r e l a t i o n s h i p  f o r  t he  c e l l s  employed i n  a l l  experiments were w e l l  descr ibed  
by equat ion 1, with the  parameters given i n  Table 4 (e.g. Figure 3 ) .  For 
each experimental  determinat ion of photosynthe t ic  r a t e ,  I' was ca l cu la t ed  

0 
according t o  equat ion  10, wi th  PG and PG c a l c u l a t e d  according t o  
equat ions 6 and 7 f o r  square wave modulations. 

I n  a f a c t o r i a l  experiment,  both t h e  f i r s t - o r d e r  and h igher  order  e f f e c t s  of 
t he  v a r i a b l e s  need t o  be assessed  (Box e t  a l .  1978). F i r s t  o rde r  e f f e c t s  
of an independent v a r i a b l e  ( t h e  independent v a r i a b l e s  were v, +, and 1,) 
w i l l  a c t  t o  br ing  about changes of a p r e d i c t a b l e  magnitude i n  t he  dependent 
v a r i a b l e  r ega rd l e s s  of t he  values of t he  o t h e r  independent va r i ab l e s .  
Second order  e f f e c t s  occur when t h e  e f f e c t  of one independent v a r i a b l e  is 
modified based on t h e  va lue  of another .  Higher-order i n t e r a c t i o n s  a r e  a l s o  
poss ib l e ,  a l though o f t e n  d i f f i c u l t  t o  de t ec t .  

The f i r s t  o rder  e f f e c t  of v on I' was examined 
over a l l  va lues  of I,, and f o r  each I, with I' 
case ,  I' could be descr ibed a s  a func t ion  of v 

f o r  each + with  I' averaged 
averaged over  4. I n  each 
by t h e  equat ion 



where I'm and K,, a r e  constants .  The va lues  of rm and Kv , determined by 
nonl inear  l e a s t  squares ,  d id  not  depend s t rong ly  on $ or  I, (Table 2) .  
These hyperbolas remove 62% of t h e  va r i ance  of t h e  o r i g i n a l  va lues  (n=96) 
when t h e  parameters a r e  determined f o r  va lues  averaged over I,, and 64% f o r  
va lues  averaged over  $ (Table 3). Where t h e  parameters of t h e  hyperbola 
were determined f o r  a l l  d a t a  pooled (Tables 2, 3, F igure  4 ) ,  56% of t h e  
va r i ance  was explained (p<.001, F t e s t ) .  

Flash frequency (Hz) 

Figure 4. Propor t iona l  i n t e g r a t i o n  of 

I 

l i g h t  
i n t e n s i t y ,  I', a s  a func t ion  of f l a s h  frequency 
v f o r  t r icornutum experiment 1, wi th  I' aver- 
aged over both t$ and 1,. Each poin t  r ep re sen t s  
t he  mean of 16 determinat ions.  The curve repre-  
s e n t s  equat ion 10 Kv = 0.67 and I', = 0.972. 

The p o s s i b i l i t y  of f i r s t  o rder  con t r ibu t ions  by t h e  v a r i a b l e s  4 and I, was 
examined by removing t h e  con t r ibu t ions  of v t o  t he  observed va lues  of r 
according t o  equat ion  11 and examining t h e  dependence of t h e  r e s i d u a l s  on 4 
and 1,. The r e s i d u a l s  showed a weak l i n e a r  dependence on I ( r  = -0.305). 
bu t  no s i g n i f i c a n t  dependence on $. The i n c l u s i o n  of I i n  t h e  p r e d i c t i o n  
of r explained only an a d d i t i o n a l  9% of t h e  t o t a l  sample var iance ,  and i t s  
maximum con t r ibu t ion  t o  I' over t h e  range of i n t e r e s t  was fO.OZ. Second- 
order  e f f e c t s  of $ o r  I, on t h e  I' ve r sus  v r e l a t i o n s h i p  should be r e f l e c t e d  
i n  a dependence of t h e  cu rve - f i t t i ng  parameters I', and K v  on t h e  v a r i a b l e s  
$ and 1,. No such r e l a t i o n s h i p s  were observed. 

The r e s u l t s  of t hese  experiments a r e  presented  and discussed i n  more d e t a i l  
by Terry (1985). 

Smooth Wave Modulations. The c a l c u l a t i o n  of r f o r  experiments performed 
with smooth wave modulations r equ i r e s  t he  determinat ion of P: according 
t o  equat ion 2, r a t h e r  than with the  s i m p l i f i e d  form i n  equat ion  6 .  I n  
o rde r  t o  determine t h i s  va lue ,  t h e  modulated light regime c rea t ed  by the 
f i l t e r  r o t a t i n g  at  a low frequency (<0.2 Hz) was monitored by computer, 
wi th  da t a  acquired a t  50 ms i n t e r v a l s  (Figure 2 ) .  Photosynthe t ic  r a t e  





was c a l c u l a t e d  f o r  each d a t a  po in t  over  3 t o  4  cyc l e s  (n= 300 t o  450) from 
equa t ion  1 wi th  t h e  a p p r o p r i a t e  parameters  from Table  4 and averaged t o  
p rov ide  t h e  e s t i m a t e  of 

P: . 
For Chryso/F-1, t h e  dependence of r on v was de sc r ibed  by equa t ion  10 f o r  
smooth wave modulations a s  they  were f o r  square  wave modulations (F igure  
5). The parameters  of equa t i on  10 were s i m i l a r  i n  bo th  ca se s  (compare 
exper iments  4  and 5, 7 and 8 i n  Table  4 ) .  There was s u f f i c i e n t  s c a t t e r  i n  
t h e  d a t a  t o  p r ec lude  t h e  d e t e c t i o n  of smal l  d i f f e r e n c e s  i n  Kv between 
smooth and squa re  wave modulations,  bu t  t h e r e  d i d  not  appear  t o  be major 
d i f f e r e n c e s  i n  t h e s e  parameters.  

10 20 30 

Frequency (Hz) 

Figure 5 -  Pho tosyn the t i c  r a t e  as a  f u n c t i o n  of modulation f r e -  
quency f o r  Chryso/F-1 (experiment 8) .  Each p o i n t  r e p r e s e n t s  t h e  
mean of t h r e e  r e p l i c a t e  de te rmina t ions .  The curve  r e p r e s e n t s  t h e  
equa t i on  

employing t h e  parameters  l i s t e d  i n  Table  4. 

Precondi t ion ing  E f f ec t s .  A popula t ion  of Phaeodactylum t r icornutum which 
was precondi t ioned  a t  a  low popu la t i on  dens i t y ,  and hence a  r e l a t i v e l y  h igh  
average l i g h t  i n t e n s i t y  w i t h i n  t h e  c u l t u r e  (experiment 2 ) ,  showed a I' 
v e r s u s  v r e l a t i o n s h i p  which d i f f e r e d  s i g n i f i c a n t l y  from t h a t  observed f o r  a  
high dens i t y  popula t ion  (experiment 1, n o t e  t h a t  t h e  h igh  d e n s i t y  
popula t ion  was d i l u t e d  f o r  photosynthes i s  measurements). Much h ighe r  
f r equenc i e s  were necessary  f o r  popula t ions  grown a t  low d e n s i t y  t o  ach i eve  
s i g n i f i c a n t  l i g h t  i n t e n s i t y  i n t e g r a t i o n  than  were r equ i r ed  by h igh  d e n s i t y  
popula t ions ;  Kv was 6.82 f o r  t h e  former compared w i th  0.67 f o r  t h e  
l a t t e r .  For t h e  mu l t i s ec to r ed  d i sk  employed t o  gene ra t e  h igh  frequency 
modulations,  t h e  t i m e  r equ i r ed  f o r  passage of t h e  s e c t o r  edges a c r o s s  t h e  



l i g h t  beam occupied a s i g n i f i c a n t  f r a c t i o n  of t h e  t o t a l  cyc l e  per iod;  
0 

thus ,  PG was ca l cu la t ed  from computer acqui red  l i g h t  da t a ,  a s  f o r  t h e  
smooth wave experiments. (The same de termina t ions  wi th  t h e  s ingle-sec tored  - 
d i s k  l ed  t o  e s t ima te s  of P: which d i f f e r e d  only s l i g h t l y  from (PG(Io): 
Table 4). 

The va lues  of Kv determined f o r  ChrysoIF-1 were a l s o  widely v a r i a b l e  
(experiments 3-8, Table 4). Differences i n  Kv  between s e t s  of s i m i l a r l y  
precondit ioned c e l l s  (3-5, 7-8) were g r e a t e r  than  d i f f e r ences  w i t h i n  these  
s e t s .  I n  experiment 6 ,  f o r  which the  precondi t ion ing  parameters were no t  
measured, t h e  va lue  of Kv=48.2 was p a r t i c u l a r l y  high,  bu t  t h e  d a t a  appear 
t o  s t rong ly  support  a va lue  of t h i s  magnitude. r increased  i n  a nea r ly  
l i n e a r  f a sh ion  wi th  frequency, and a t  30 Hz, t h e  h ighes t  frequency 
a v a i l a b l e  from t h e  ex e r imenta l  appara tus  which was used, r w a s  about 
0.4. The va lue  of 

8 
PG was confirmed a t  t h e  conclusion of t h e  experiment 

by a d i r e c t  measurement i n  cons tan t  l i g h t  of i n t e n s i t y  I . 
Discussion 

Light  I n t e n s i t y  I n t e g r a t i o n *  Equation 10 provides a concise  empir ica l  
d e s c r i p t i o n  of t h e  l i g h t  i n t e n s i t y  i n t e g r a t i o n  response t o  l i g h t  
modulations of va r ious  f requencies .  This  equat ion  desc r ibes  t h e  frequency 
response t o  both square wave and smooth wave modulations. For c e l l s  with a 
given precondi t ion ing  h i s t o r y  t h e  parameters of t h e  equat ion  do not  appear 
t o  d i f f e r  apprec iab ly  between wave forms, a l though the  da t a  obtained show 
s u f f i c i e n t  s c a t t e r  t h a t  smal l  d i f f e r ences  would not  have been detected.  
The parameter rm should be equal  t o  1 i n  order  t o  be c o n s i s t e n t  with t h e  
hypothes is  of Weller and Franck (1941) t h a t  t h e  maximum e f f e c t  of l i g h t  
modulation is l i g h t  i n t e n s i t y  averaging. The d a t a  from experiment 1, which 
i s  t h e  most d e t a i l e d  de termina t ion  a v a i l a b l e ,  a r e  f u l l y  c o n s i s t e n t  w i th  
t h i s  hypothesis  (rm=0.972). I n  many of t h e  o the r  experiments,  i t  w a s  
necessary t o  s e t  rm t o  1 i n  order  t o  e s t ima te  Kv, due t o  l i m i t a t i o n s  of t h e  
experimental  device  which prevented t h e  use of f r eqenc ie s  high enough t o  
y i e l d  r va lues  i n  s i g n i f i c a n t  excess  of 0.5. When t h e s e  l i m i t a t i o n s  were 
remedied, t h e  a d d i t i o n a l  va lues  of r,which were determined were a l s o  near  
t o  1 (e.g. experiments 2 and 8). 

While t h e  va lue  of rm can reasonably be f i x e d  a t  1 (and hence e l imina ted  
from equat ion l o ) ,  t h e r e  appears  t o  be cons iderable  v a r i a b i l i t y  i n  t h e  
va lue  of Kv wi th  t h e  precondi t ion ing  h i s t o r y  of t h e  algae.  Populat ions 
precondit ioned a t  low l i g h t  i n t e n s i t i e s  (lowered by se l f - shading  of t h e  
c u l t u r e s )  exh ib i t ed  low va lues  of Kv. However, s i n c e  c e l l s  i n  heav i ly  
self-shaded c u l t u r e s  (e.g. experiment 1 )  experience l i g h t  modulations a s  
they a r e  mixed through t h e  c u l t u r e ,  i t  is not  p o s s i b l e  t o  determine from 
the  p re sen t  d a t a  whether t he  low Kv va lues  f o r  t hese  c e l l s  r e f l e c t  
adap ta t ion  t o  a low mean l i g h t  i n t e n s i t y  o r  t o  a modulated l i g h t  
environment. Addi t iona l  experimentat ion would be r equ i r ed  t o  r e so lve  these  
d i f f e r e n c e s  . 



Surprisingly, there was little variability in Kv with 4 and I, (experiment 
1). The generality of this result, however, cannot be assumed without 
similar factorial analyses with different species under different 
preconditioning regimes. 

Photosynthetic Efficiency Enhancement. While equation 10 provides a direct 
empirical description of light intensity integration data, applied interest 
in modulated light effects is based on a potential for productivity 
enhancement in outdoor algal cultures. The total amount of light available 
to outdoor cultures is fixed by geography and climate, and productivity in 
these cultures is determined by their photosynthetic efficiency. The 
relative gross photosynthetic efficiency of a culture which experiences a 
constant intensity I, is 

However, it is the net rather than the gross photosynthesis of algal 
cultures which is of interest. Net photosynthetic efficiency is 

In a flashing light regime with complete light intensity integration 

or for any proportional integration r (0 < I? < 1) 

The enhancement of photosynthetic efficiency due to light modulation is 

The enhancement of photosynthetic efficiency which is obtained with 
modulated light thus depends on $, I, and I'. E depends on v as well, since 
I' varies as a function of v (equation 10). 

Equation 15 can be used to generate a diagram similar to that shown by 
Terry (1984)  for the data of Phillips and Myers (1954) showing 
photosynthetic efficiency enhancement contours in the tt-tD plane, but with 



a g r e a t l y  extended range (Figure 6 ) .  The va lues  of t h e  parameters  of t h i s  
r e l a t i o n s h i p  (which a r e  KI, m, R and Kv;  normally,  rm=l)  w i l l  va ry  between 
spec i e s  and between c e l l s  wi th  d i f f e r e n t  p recondi t ion ing  experience.  

A f r equen t ly  app l i ed  r u l e  of thumb has been t h a t  t h e  optimum enhancement of 
pho tosyn the t i c  e f f i c i e n c y  can be achieved through t h e  u t i l i z a t i o n  of 
1ight :dark r a t i o s  of about 1:10 (Kok 1953, P h i l l i p s  and Myers 1954). 
Optimum combinations of l i g h t  and dark pe r iods  a r e  shown i n  F igure  7. 
Ca lcu la ted  optimum tL:tD r a t i o s  vary  wi th  t h e  length  of t h e  l i g h t  and dark 
pe r iods  and wi th  t h e  i n t e n s i t y  of t h e  l i g h t  source.  The v a l u e  of 1:10 
r e p r e s e n t s  a u s e f u l  r u l e  of thumb over  p a r t  of t h e  range, but  d e t a i l e d  
knowlege can l ead  t o  t h e  s e l e c t i o n  of r a t i o s  which d i f f e r  s i g n i f i c a n t l y  
from t h i s  v a l u e  under some condi t ions .  

0 500 1000 1500 2000 2500 
Dark period duration (ms) 

Dark period duration (ms) 

Figure 6. Values of the photosynthetic effi- Figure 7. Optimum flash period length as a 
ciency enhancement factor E, calculated from function of dark period length for x. tricorn- 
equation 15 with the parameters determined for 9, based on data such as that shown in 
P. tricornutum in experiment 1, plotted in the Figure 4. The three solid lines show op- - 
tL - tD plane. tima for light intensities of 100, 200, and 

350 W DI-~. The broken line represents a 
1ight:dark ratio of 1: 10. 

Growth i n  Modulated Light .  The d a t a  presen ted  above desc r ibe  t h e  modulated 
l i g h t  response i n  terms of photosynthes i s  r a t e s  of c e l l s  precondi t ioned i n  
v a r i o u s  environments, but  i n  no ca se  were t h e  c e l l s  p recondi t ioned  t o  t h e  
modulated l i g h t  environments i n  which t h e  r a t e s  w e r e  determined. Thus, 
t h e s e  r a t e s  do not  r ep re sen t  a f u l l y  adapted response. Adaptat ion t o  a 
s p e c i f i c  modulated l i g h t  environment would be expected t o  improve 
performance; thus ,  t h e  enhancement p r o f i l e  p resen ted  he re  should be 
regarded as a conserva t ive  e s t i m a t e  of t h e  enhancement p o t e n t i a l .  To 
examine t h i s  hypothes i s ,  va lues  of E c a l c u l a t e d  according t o  equa t ion  15 
wi th  t h e  parameters observed f o r  & t r i cornutum (experiment 1) were 
compared w i t h  observed growth e f f i c i e n c y  enhancements (Terry and H i r a t a ,  
unpublished d a t a )  (Table 5) .  I n  both cases ,  t h e  f u l l y  adapted response was 
g r e a t e r  than t h e  short- term response,  c o n s i s t e n t  wi th  t h e  above 



hypothesis .  Thus, t h e  va lues  given i n  Figure 6 should be regarded a s  
conserva t ive  e s t ima te s  of t h e  enhancement p o t e n t i a l .  

Table .5 .  Phaeodactylurn tricornutum Growth in Flashing L i g h t  

Equation 15, with the  parameters determined f o r  fi t r icornutum i n  
experiment 1, was used t o  c a l c u l a t e  t h e  enhancement of p roduc t iv i ty  which 
would be p red ic t ed  f o r  an outdoor c u l t u r e  over a  f u l l  d i e l  cyc le  ( inc luding  
dark r e s p i r a t o r y  lo s ses ) .  For each t i m e  i n t e r v a l  during t h e  d i e l  cyc l e ,  
t h e  a t t e n u t a t i o n  of t h e  inc iden t  l i g h t  i n t e n s i t g  wi th  depth was ca l cu la t ed ,  
and the  depth i n t e g r a t e d  photosynthe t ic  r a t e  (PG) and average l i g h t  
i n t e n s i t y  over depth (I)  were est imated.  Then, f o r  a s p e c i f i e d  turnover  
frequency v t h e  va lue  of r was ca l cu la t ed  from equat ion 10, and t h e  
enhancemest f a c t o r  E was ca l cu la t ed  from equat ion 15 ( r e c a l l  t h a t  

P (I) ). Photosynthe t ic  r a t e s  wi th  and without  mixing were 
i n  P f P  eg ra  f ed numerical ly  over t h e  d i e 1  cyc le  and enhancement ca l cu la t ed  a s  
t he  r a t e  with mixing divided by t h e  r a t e  without  mixing. For each turnover  
frequency, t h e  enhancement f a c t o r  was dependent on t h e  a r e a l  dens i ty  of t h e  
populat ion;  t he  response a t  optimum popula t ion  dens i ty  i s  presented he re  
(Figure 8). A d e t a i l e d  desc r ip t ion  of t h e  model employed is beyond t h e  
scope of t h i s  paper,  and w i l l  be presented elsewhere. 

Figure 8. F a c t o r i a l  enhancement of p roduc t iv i ty  a s  a func t ion  of t h e  
frequency of l i g h t  modulation, ca l cu la t ed  f o r  a  hypo the t i ca l  outdoor 
c u l t u r e  of P. tr icornutum us ing  t h e  parameters given i n  Table 4. See 
t e x t  f o r  d e t a i l s .  



Appl ica t ion  t o  Outdoor Cultures .  The outdoor c u l t u r e  environment d i f f e r s  
s i g n i f i c a n t l y  from the  labora tory  environment with r e spec t  t o  a  wide 
v a r i e t y  of f e a t u r e s ,  bu t  from t h e  po in t  of view of modulated l i g h t  e f f e c t s  
on photosynthe t ic  e f f i c i e n c y  t h e  most important of t h e s e  a r e  d i e l  
f l u c t u a t i o n s  i n  t h e  inc iden t  l i g h t  i n t e n s i t y  I. and a t t e n u a t i o n  of l i g h t  
i n t e n s i t y  with depth i n  t h e  cu l tu re .  These processes  c r e a t e  an environment 
i n  which some c e l l s  a t  some times r ece ive  low l i g h t  i n t e n s i t i e s  which are 
u t i l i z e d  wi th  good photosynthe t ic  e f f i c i ency .  Thus, t h e  p o t e n t i a l  of l i g h t  
i n t e n s i t y  i n t e g r a t i o n  t o  improve photosynthe t ic  e f f i c i e n c y  is  somewhat l e s s  
i n  outdoor c u l t u r e s  than i n  experimental  c u l t u r e s  r ece iv ing  cons tan t  high 
i n t e n s i t y  l i g h t .  

For cyc le  f requencies  of 0.5 t o  1.0 Hz, enhancement f a c t o r s  of 1.4 t o  1.7 
were p red ic t ed  based on the  da t a  obtained f o r  P. tr icornutum. These va lues  
a r e  somewhat lower than  t h e  enhancement f a c t o r  of 2.2 observed by Laws e t  
a l .  (1984). Adaptive responses of t h e  c e l l s  t o  t h e  modulated l i g h t  
environment were not  included i n  our  e s t ima te ,  and may exp la in  a t  l e a s t  a  
p a r t  of t h e  d i f f e r ence .  The improvement i n  p roduc t iv i ty  observed by Laws 
e t  a l .  (1983) wi th  t h e  in t roduc t ion  of t h e  mixing f o i l s  may not be e n t i r e l y  
explained by modulated l i g h t  e f f e c t s ,  bu t  t h e  present  d a t a  i n d i c a t e  t h a t  
t hese  e f f e c t s  may have been r e spons ib l e  f o r  a s i g n i f i c a n t  po r t ion  of t h e  
enhancement observed. 

Analysis  of enhancement over t h e  d i e l  cyc l e  a l s o  poin ted  out  t h a t  t h e  
major i ty  of t he  b e n e f i t  obtained from i n t e n s i v e  v e r t i c a l  mixing i n  outdoor 
c u l t u r e s  is obtained during t h e  few hours of t h e  day when t h e  s u n l i g h t  
i n t e n s i t y  is  h ighes t .  Systems f o r  mixing which a r e  only a c t i v e  during 
t h e s e  few hours of t h e  day could a t t a i n  most of t h e  b e n e f i t s  of l i g h t  
modulation with cons iderable  sav ings  i n  energy cos t s .  However, t h e s e  
systems must be designed i n  such a way t h a t  c u l t u r e  s t a b i l i t y  w i l l  be 
maintained during per iods  of reduced mixing i n t e n s i t y .  

Conclusions 

1. The e f f e c t s  of square wave o r  smooth wave l i g h t  i n t e n s i t y  modulations 
on gross  photosynthe t ic  r a t e  can be empi r i ca l ly  descr ibed  by a  hyperbol ic  
r e l a t i o n s h i p  between t h e  frequency of modulation and t h e  degree of l i g h t  
i n t e n s i t y  i n t e g r a t i o n  which is a t t a i n e d  (equat ion 10). 

2. Complete l i g h t  i n t e n s i t y  i n t e g r a t i o n  r ep re sen t s  t h e  l i m i t  of t h e  
modulated l i g h t  e f f e c t  ( rm=l ) ;  under a  f u l l y  e f f e c t i v e  modulation regime, 
c e l l s  photosynthesize a t  a  r a t e  determined by t h e  average i n t e n s i t y  which 
they rece ive ,  f u r t h e r  confirming t h e  hypothesis  o r i g i n a l l y  proposed by 
Weller and Franck (1941). 

3. The h a l f  i n t e g r a t i o n  cons tan t  (KY) of equat ion  10 v a r i e s  widely wi th  
t h e  precondi t ion ing  experience of t he  experimental  populat ion.  The common 
observa t ion  t h a t  h igh  f requencies  a r e  requi red  f o r  modulated l i g h t  e f f e c t s  
may r e f l e c t  t h e  precondi t ion ing  of t he  popula t ions  employed. 



4. Significant enhancements of photosynthetic efficiency are possible with 
modulation periods on the order of seconds, although somewhat less 
enhancement can be expected under natural lighting conditions than in 
laboratory apparatus. A significant portion of the productivity 
enhancement which was observed upon the introduction of vortex mixing 
devices in to an outdoor system (Laws et al. 1983) can be explained on the 
basis modulated light effects. 

Continuing Research 

Most of the objectives of this research have been accomplished, and efforts 
in this area are being phased down. Further parameterization of the 
observed relationships will be required for specifi.~ systems and specific 
organisms, but does not appear to be required at this time. Future work, 
at a low level of effort, will include investigations of preconditioning 
effects on the value of Kv and of the possible significance of light 
modulations in reducing photoinhibition. 
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Addendum 

Laboratory Systems Development (S. Hock, K. Terry, Sm Lien) 

The development of a d a t a  a c q u i s i t i o n  and c o n t r o l  system f o r  l a b o r a t o r y  
cont inuous c u l t u r e s  and o t h e r  l a b o r a t o r y  exper iments  has  s i g n i f i c a n t l y  

+ 
Ground 

Output 

T 
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Figure 9. A high  impedence (101312) o p e r a t i o n a l  a m p l i f i e r  c i r c u i t  
f o r  i o n - s e l e c t i v e  e l ec t rodes .  The m i l l i v o l t  s i g n a l  from t h e  e l e c t r o d e  
is  converted t o  a v o l t a g e  s u i t a b l e  f o r  u se  wi th  a low impedence A/D 
conver te r .  The c i r c u i t  a l s o  a p p l i e s  a ga in  of 20 t o  t h e  i n p u t  s i g n a l ,  
which h e l p s  t o  s i g n i f i c a n t l y  reduce t h e  r e l a t i v e  n o i s e  l eve l .  The 
c i r c u i t  is based on a Burr-Brown 352B u l t r a  low b i a s  c u r r e n t  FET 
o p e r a t i o n a l  a m p l i f i e r ,  chosen f o r  i t s  ope ra t i ng  f e a t u r e s ,  a v a i l a b i l i t y  
( d e l i v e r y  l e s s  than  two weeks),  and low c o s t  (about $25).  The power 
supply was a Burr-Brown Model 551 (f15 V, f50 mA); s i n c e  each ampli- 
f i e r  draws only about 1 ma,  a number of t h e s e  op amps can be d r iven  
by one supply.  The c o s t  of the power supply i s  $70, which can be 
spread over  s e v e r a l  a m p l i f i c a t i o n  c i r c u i t s  t o  reduce pe r  u n i t  c o s t s .  
S igna l  convers ion  t o  pH v a l u e s  a r e  accomplished d i g i t a l l y .  



broadened experimental  c a p a b i l i t i e s .  These systems have been developed 
p r imar i ly  f o r  use i n  our l a b o r a t o r i e s ,  bu t  information concerning systems 
and monitoring components is a l s o  a v a i l a b l e  t o  ASP subcont rac tors .  The 
a c q u i s i t i o n  and c o n t r o l  system employs a Kei thley System 500 mult iplexing 
u n i t  i n t e r f a c e d  wi th  an IBM personal  computer. Software was developed 
through the  use of t he  Keithley/DAS Sof t  500 command package. While system 
modif ica t ions  w i l l  cont inue,  t he  present  system provides t h e  necessary 
framework f o r  t he  c o n t r o l  of experimental  cu l tu re s .  An independent system 
f o r  da t a  a c q u i s i t i o n  employing an  HP85 has been developed f o r  use  wi th  
batch c u l t u r e  experiments. 

I n  some cases  i t  has been necessary o r  d e s i r a b l e  t o  develop sens ing  
components f o r  t he  d a t a  a c q u i s i t i o n  and c o n t r o l  systems. A pH ampl i f i e r  
which is p r e s e n t l y  being employed i n  our monitoring and c o n t r o l  system, a t  
cons iderable  cos t  savings over t h e  ded ica t ion  of commercially a v a i l a b l e  pH 
meters,  is shown i n  F igure  9. A flow-through t u r b i d i t y  s enso r  employing 
C02 gas f lu sh ing  t o  r e t a r d  fou l ing  i s  i n  t h e  prel iminary s t a g e s  of 
development. Such a s enso r  w i l l  be a necessary  improvement over our 
p re sen t  system of f u l l - c u l t u r e  turbidometry i f  high-density c u l t u r e s  a r e  t o  
be accu ra t e ly  monitored and cont ro l led .  
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ABSTRACT 

With a two s p e c i e s  ro ta t ion- -a  high tempera ture  C h l o r e l l a  sp.  i n  t h e  summer 
and a  Scenedesmus sp. i n  f a l l ,  w i n t e r ,  and spring--a y e a r l y  average  of 15 gm/ 
m2/day was ob ta ined  i n  s e q u e n t i a l  ba t ch ,  n i t r o g e n  s u f f i c i e n t  c u l t i v a t i o n .  A t  
a  l o c a t i o n  where maximum ambient t empera tures  a r e  above 25OC f o r  10 months, 
and minimum ambient t empera tures  above 10-15°C, 25-30 gm/m2/day could be 
achieved.  F u r t h e r  i n c r e a s e s  i n  p r o d u c t i v i t y  may r e s u l t  u s ing  s t r a i n s  pre- 
screened f o r  t o l e r a n c e  t o  high DO, low r e s p i r a t o r y  r a t e s  a t  h igh tempera ture ,  
t o l e r a n c e  t o  high i r r a d i a n c e ,  and broad tempera ture  optimum. 

P r o d u c t i v i t y  was independent of mixing speed,  f o r  mixing regimes c h a r a c t e r i z e d  
by random tu rbu l ence ,  a t  l e a s t  i n  t h e  range  from 1-30 cm/sec up t o  produc- 
t i v i t i e s  of a t  l e a s t  25-30 $m/m2/day. Mixing need only be s u f f i c i e n t  t o  keep 
c e l l s  i n  suspens ion  (15-20 cm/sec a t  most) .  Higher mixing speeds r e q u i r e  sub- 
s t a n t i a l l y  more power i n p u t  and i n c r e a s e  C 0 2  l o s s e s  due t o  ou tgass ing .  

Induc t ion  of  s t o r a g e  p roduc t s ,  under n i t rogen-deple ted  c o n d i t i o n s  has l i t t l e  
nega t i ve  impact on p r o d u c t i v i t y  if accomplished w i t h i n  one t o  t h r e e  days. 

cO2 was t h e  l a r g e s t  c o s t  f a c t o r .  Cu l tu r e  o p e r a t i o n  must be opt imized f o r  h igh  
p r o d u c t i v i t y  (which i n c r e a s e s  wi th  CO2 l e v e l )  and reduced C02 ou tgas s ing  
(which i n c r e a s e s  w i th  C02 l e v e l  and mixing speed) .  Sources  of C02 must be  
found which a r e  both p l e n t i f u l  and below p re sen t  market p r i c e s .  Media r e c y c l e  
is  a f e a s i b l e  method f o r  conserv ing  water.  

EXTENDED CULTIVATION RESULTS 

Three s p e c i e s  of  a l g a e  were c u l t i v a t e d  i n  100 m2 (and 200 m2) ponds f o r  a t  
l e a s t  one month. Two s p e c i e s  were wi ld  t y p e s  t h a t  invaded t h e  ponds du r ing  
c u l t i v a t i o n  of i nocu l a t ed  spec i e s .  One, a Scenedesmus quadricauda invaded 
d u r i n g  f r e shwa te r  c u l t i v a t i o n  of a l a b o r a t o r y  grown s t r a i n ,  2. obl iquus  
1450. The 2. quadricauda was c u l t i v a t e d  f o r  t h i r t e e n  months i n  f r e shwa te r  and 
f o r  t h r e e  months i n  b r ack i sh  wate r  ( 4  pp t  TDS) . I n  f r e shwa te r  i t  was grown 
both cont inuous ly  (cont inuous  d i l u t i o n  over  d a y l i g h t  hours )  and semi- 
cont inuous ly  ( s e q u e n t i a l  ba tches  d i l u t e d  every  t h r e e  t o  seven days) .  Another 
wi ld  s t r a i n ,  C h l o r e l l a  sp.  a r o s e  dur ing  a t t e m p t s  t o  grow Oocys t i s  (Walker Lake 
i s o l a t e )  i n  b r ack i sh  wate r  (4.5 pp t  TDS), du r ing  J u l y  1984. It was c u l t i v a t e d  
f o r  two months, Aug.-Sept. 1984, semicont inuously.  The S. quadricauda pro- 
vided both long-term p r o d u c t i v i t y  d a t a  and,  due t o  i ts p r o ~ o u n c e d  tendency t o  
form l a r g e  s e t t l e a b l e  clumps, d a t a  on water  r e c y c l i n g  and biomass removal. 
The C h l o r e l l a ,  on t h e  o t h e r  hand, grew a s  non - se t t l e ab l e  s i n g l e  c e l l s  which 
a f fo rded  t h e  oppo r tun i t y  t o  measure p r o d u c t i v i t y  a s  a  f u n c t i o n  of channel  m i x -  
i n g  v e l o c i t y  even a t  t h e  very  low end of t h e  s c a l e .  



Two s t r a i n s ,  provided by s p e c i e s  s c r een ing  e f f o r t s  of o t h e r  subcon t r ac to r s ,  
were a l s o  c u l t i v a t e d .  Ankistrodesmus f a l c a t u s  was grown f o r  two months a t  a 
time i n  t h e  F a l l  of 1983 and Spr ing  of  1984 i n  b rack i sh  water (4-8 pp t  TDS) . 
A f r e shwa te r  Scenedesmus s p ,  So2a was grown du r ing  October 1983 both cont in-  
uously and semi-continuously f o r  a s h o r t  per iod of  time. However, n e i t h e r  of  
t h e s e  s t r a i n s  could outcompete wi ld type  organisms i n  t h e  long run. Two o t h e r  
pre-screened s t r a i n s ,  an Oocys t i s  and C h l o r e l l a  SOla were introduced i n t o  t h e  
outdoor  environment but  could n o t  be grown long enough t o  i n o c u l a t e  t h e  l a rge -  

2 s c a l e  ( I l O O m  ) ponds. 

Ten months of p r o d u c t i v i t y  d a t a  obtained from semi-continuous c u l t i v a t i o n  of  
S. quadricauda i n  f reshwater  a r e  shown i n  F igu re  1. The sus t a ined  average  - 
p r o d u c t i v i t y  f o r  n ine  months (exc luding  Nov. 1983-February 1984 when produc- 
t i v i t y  was about  3-5 gm/m2/day) was 14 gm/m2/day. Exclusion of  one more 
month, J u l y  1984, dur ing  which time high tempera tures  even tua l ly  l e d  t o  t h e  
dea th  of t h e  c u l t u r e s ,  s u s t a i n e d  p r o d u c t i v i t y  averaged almost  16 gm/mi)/day. 
Photosynthe t ic  e f f i c i e n c i e s ,  based on t o t a l  i n s o l a t i o n  va r i ed  between 1.2 and 
2.2%. The lowest  e f f i c i e n c i e s  were recorded dur ing  t h e  warmest months. Mid 
t o  l a t e  s p r i n g  appeared t o  be opt imal  f o r  c u l t i v a t i n g  t h i s  organism. The pro- 
d u c t i v i t i e s  from t h r e e  months of  cont inuous c u l t i v a t i o n  a r e  compared t o  con- 
c u r r e n t  semi-continuous va lues  i n  Table  1. The d i f f e r e n c e  i n  p r o d u c t i v i t y  was 
g r e a t e r  du r ing  t h e  summer. Maximum pond tempera tures  were a l s o  lower du r ing  
cont inuous c u l t i v a t i o n  a s  expected due t o  t h e  s i g n i f i c a n t  d i l u t i o n  wi th  water  
a t  20-25OC. Another important  d i s t i n c t i o n  is  t h e  maximal d e n s i t y  ach i evab le  
a t  ha rves t  time. Here semi-continuous ( b a t c h )  c u l t i v a t i o n  is  advantageous 
s i n c e  d e n s i t i e s  were twice  a s  g r e a t  when p r o d u c t i v i t y  was reduced only 25%. 
I n  1984, t y p i c a l  ba tch  d e n s i t i e s  reached 700-800 ppm a t  t ime of  d i l u t i o n .  

During cont inuous c u l t i v a t i o n  s e v e r a l  c o l o n i e s  a s s o c i a t e d  forming clumps of 
20-100 p m  i n  t y p i c a l  dimension. However, dur ing  ba tch  growth, hundreds of 
c o l o n i e s  clumped i n t o  f l o c s  of  one hundred t o  s e v e r a l  thousand microns. 
Except dur ing  J u l y  1984 when growth of  t h e  s t r a i n  was t e n t a t i v e ,  t h e s e  clumps 
were dense i n  c e l l s  and s p a r s e  i n  c e l l  d e b r i s  and d e t r i t u s .  It was t y p i c a l  
t h a t  a s  temperature  exceeded t h e  optimum of  25-30°C, more and more of  t h e  bio- 
mass of a clump was composed of  c e l l u l a r  d e b r i s .  

Table 1. - S. quadricauda Continuous vs. Sequential Cultivation 

Typica l  Seq. Batch Typica l  Max. 
'Ont Densi ty  Product ion Batch Densi ty  P roduc t iv i t y  Mon t h/yr  
( gm/m2 /day) 

( ppm) ( gm/m2 /day) ( P P ~ )  
(% I n c r e a s e )  







The w i ld type  C h l o r e l l a  was t h e  n a t u r a l l y  dominant organism du r ing  t h e  summer 
i n  medium c o n t a i n i n g  4.5 pp t  TDS, 2.5 mM M ~ ~ +  and 3 rnM K+. Ankistrodesmus and 
Oocys t i s  were t h e  organisms o r i g i n a l l y  in tended  t o  be grown i n  t h i s  medium. 
However, t h e  C h l o r e l l a  was on ly  s u s t a i n a b l e  d u r i n g  t h e  warmest t ime  of  t h e  
year .  A s  t empera tures  dropped i n  October 1984 t o  below 1 5 O ~  minimum and 2 5 O ~  
maximum, t h e  organism d ied .  Table 2 shows average  weekly p r o d u c t i v i t i e s  mea- 
sured  w i th  t h e  C h l o r e l l a  sp. Sus t a ined  and maximum p r o d u c t i v i t i e s  were h ighe r  
w i th  C h l o r e l l a  du r ing  t h e  summer, t han  w i th  - S. quadricauda.  

Ankistrodesmus f a l c a t u s  was c u l t i v a t e d  dur ing  t h e  l a t e  summer and f a l l  of  1983 
and a g a i n  d u r i n g  t h e  s p r i n g  of 1984. Although t h e  o r i g i n a l  medium c a l l e d  f o r  
v i t amin  supplementa t ion ,  indoor  exper imenta l  r e s u l t s  i n d i c a t e d  t h a t  t h i s  was 
no t  necessa ry .  Average produc t ion  from t h i s  s t r a i n  was on ly  12 gm/m2/day. It 
was d i f f i c u l t  t o  p reven t  con tamina t ion  by S. quadr icauda du r ing  A p r i l  1984 and 
imposs ib le  d u r i n g  May 1984. I n c r e a s i n g  t h e  s a l i n i t y  from 4 t o  8.5 p p t  i n  
A p r i l  d i d  no t  l e a d  t o  faster growth, h ighe r  p r o d u c t i v i t y  or i nc r ea sed  compet- 
i t i v e n e s s .  During t h e  summer months of 1984, growth o f  C h l o r e l l a  prevented 
t h e  e s t ab l i shmen t  of  even a sma l l - s ca l e  outdoor  Ankistrodesmus c u l t u r e .  

None o f  t h e  s t r a i n s  t e s t e d  i n  t h e  outdoor  system produced l i p i d s  i n  l a r g e  
amounts, e i t h e r  when N- su f f i c i en t  o r  s t a rved .  Table  3 lists l i p i d  c o n t e n t  of  
t h e  s t r a i n s  used ou tdoors .  

Table 2, Chlorella Productivity Summary 

Average Maximum Typica l  Batch 
P r o d u c t i v i t y  Eff  . P r o d u c t i v i t y  T,OC Ending Dens i ty  

Mo/Wk gm/m2/day Lgly/d % Tot gm/m2/day Lgly/d Min/Max PPm 

8 / 1  23 

2 22 

3 18 

4 22 - 
Mo. ave.  2 1  

911  19 

2 2 1  

3 11 

4 11 - 

Mo. ave.  16 



Table 3. Lipid Content of Mass Cultures 
- - 

N-Suff ic ient  N-Starved 
Organism 

# t e s t s  % l i p i d  S.D. I tests % l i p i d  S.D. 

S . quadricauda - 8 20.2 2.4 2 13.8 0 . 1  

Ankistrodesmus 9 26.3 3 -2 

S. So2a - 2 18.7 0 -3  

PHYSIOLOGICAL FACTORS AFFECTING NET PHOTOSYNTHETIC YIELD 

Experiments were conducted t o  t r y  t o  a s c e r t a i n  t h e  reasons  f o r  low p r o d u c t i v i t y  
i n  s p e c i f i c  c a s e s ,  and t h e  appearance and disappearance of  p a r t i c u l a r  s t r a i n s  a t  
c e r t a i n  t imes  of t h e  year .  The S. quadricauda f a l t e r e d  dur ing  t h e  h o t t e s t  
months, bu t  dominated ponds a t  other-times. The r e s u l t s  i n d i c a t e d  t h a t  ( 1 )  t h i s  
s t r a i n  i s  r e s p i r a t o r y  a t  high tempera tures ,  ( 2 )  t h a t  i t  is  s u s c e p t i b l e  t o  g raz ing  
a t  high tempera tures ,  i . e . ,  when g raz ing  a c t i v i t y  i n c r e a s e s ,  and ( 3 )  i t  i s  
r e l a t i v e l y  t o l e r a n t  t o  very high l e v e l s  of  d i s so lved  oxygen. 

I n  s e v e r a l  i n s t a n c e s  p r o d u c t i v i t y  p r o f i l e s  were c a l c u l a t e d  i n  an a t tempt  t o  
determine how t h e  biomass i n c r e a s e  was d i s t r i b u t e d  over  t h e  daytime. Table  4  
summarizes t h e  s p l i t  day p r o f i l e s  from 2. quadricauda c u l t u r e s  (and one 
Ankistrodesmus c u l t u r e ) .  An a f t e rnoon  p r o d u c t i v i t y  depress ion  was observed on 
6/13 and 6/15. A d i s p r o p o r t i o n a t e  amount of t o t a l  y i e l d  was obtained p r i o r  t o  
1300 hours.  The e f f e c t  was g r e a t e r  i n  heated ponds, and appears  t o  c o r r e l a t e  
wi th  pond temperature ,  with a  g r e a t e r  decrease  i n  e f f i c i e n c y  occu r r ing  dur ing  
warmest a f te rnoons .  Thus r e s p i r a t i o n  is a p o s s i b l e  cause.  

Experiments were conducted i n  t h e  l a b o r a t o r y  i n  1-L Roux f l a s k s  t o  t e s t  growth i n  
terms of  c u l t u r e  cond i t i ons .  Both s t r a i n s  c u l t i v a t e d  outdoors  and s t r a i n s  of 
importance t o  t h e  ASP were used. The r e s u l t s  us ing  2. quadricauda a r e  presented 
i n  o rde r  of  descending p r o d u c t i v i t y  r e l a t i v e  t o  t h e  c o n t r o l  i n  F igure  2.  Only 
smal l  dec reases  i n  p r o d u c t i v i t y  were measured as s a l i n i t y  was i nc reased ,  and/or 
a s  DO was made very  h igh ,  and/or a s  temperature  was i nc reased  from 25 t o  30°C. 
The most r e l e v a n t  r e s u l t  ( no t  shown i n  t h e  f i g u r e )  is t h a t  t h e  s t r a i n  would no t  
grow a t  35OC i n  f reshwater ,  nor above 30°c i n  b rack i sh  water.  

F igu re  3 shows r e s u l t s  from Ch lo re l l a  c u l t u r e s .  The pH e f f e c t s  w i l l  be d i scussed  
l a t e r .  With t h i s  organism, DO had a  much g r e a t e r  e f f e c t ,  reducing p r o d u c t i v i t y  
50% dur ing  t h e  first ba tch ,  85% dur ing  growth of  t h e  c u l t u r e  a f t e r  d i l u t i o n ,  and 
( d a t a  no t  shown), k i l l i n g  t h e  c u l t u r e  t h e r e a f t e r .  However, swi tch ing  back from 
o2 t o  a i r ,  l ed  t o  swif t  and almost t o t a l  recovery. F igu re  4 shows t h e  same 
r e s u l t s  wi th  Ankistrodesmus. However, one important  d i f f e r e n c e  was t h e  f a i l u r e  
of  t h i s  s t r a i n  t o  recover  when switched back t o  a i r .  With both organisms, par-  
t i a l  b leaching  o f  pigmentat ion accompanied growth under pure oxygen. The 
Ankistrodesmus f a i l e d  t o  "regreen" when switched back t o  a i r ,  a s  t h e  Ch lo re l l a  
d id .  F igu re  5 shows a  s i m i l a r  experiment w i th  Oocyst is .  O2 i n h i b i t i o n  of y i e l d  
was f a s t e r .  This  organism grew a t  3 5 O ~  but  no t  a t  reduced pC02. 
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Figure 5 .  Oocystis: p02 - Productivity 

CLARIFIED EFFLUENTS 

2 Ankistrodesmus was grown i n  1.4-m ponds i ndoo r s  w i th  and wi thout  r e c y c l e  o f  t h e  
medium. The pH was kep t  a t  7.5 .L 0.3 and t h e  i l l u m i n a t i o n  was d i u r n a l  (12 :12) a t  
125 W m-*. The e f f l u e n t  was c l a r i f i e d  by c e n t r i f u g a t i o n  (Sharpies T1, 
20,000 rpm) . On ave rage  98% of  t h e  e f f l u e n t  was r e tu rned  t o  t h e  pond w i th  f r e s h  
medium used as make-up. The c u l t u r e  volume was a d j u s t e d  f o r  evapo ra t i on  w i th  
d i s t i l l e d  water p r i o r  t o  removal of t h e  e f f l u e n t .  The p r o d u c t i v i t y  from t h e  re- 
cyc led  pond and a c o n t r o l  pond, a s  a func t i on  of  s e q u e n t i a l  ba tch  ( c y c l e )  number, i s  
shown g r a p h i c a l l y  i n  F igu re  6 .  A s  w i t h  a l l  of t h e  Ankistrodesmus c u l t u r e s ,  produc- 
t i v i t y  from t h e  r e c y c l e  and c o n t r o l  ponds dec l i ned  s lowly  wi th  time. Pond char-  
a c t e r i s t i c s  a r e  shown i n  Tab le  5. Even a f t e r  e i g h t  c y c l e s  o f  r e c y c l i n g ,  l i t t l e  
o rgan i c  matter accumulated i n  t h e  medium. 

An e f f l u e n t  r e c y c l e  experiment was performed w i th  a mass c u l t u r e  o f  Scenedesmus f o r  
s i x  weeks du r i ng  June-July  1984. The exper iment  was t e rmina ted  when t h i s  s p e c i e s  
f a i l e d  t o  grow, i n  non-recycled ponds a s  w e l l ,  du r i ng  J u l y .  

I n  t h i s  exper iment ,  pond e f f l u e n t s  were c l a r i f i e d  v i a  sed imenta t ion  i n  2 m  deep s e t -  
t l i n g  ponds. Th i s  could be done because o f  t h e  l a r g e  s i z e  of  t h e  f l o c s  (1-2 mm) 
formed i n  t h e  growth ponds. S e t t l i n g  ponds were f i l l e d  by g r a v i t y  f low from t h e  
growth pond. Th i s  took about  2  h r s .  Sed imenta t ion  times v a r i e d  from 6 t o  12 h r s .  
C l a r i f i e d  s u p e r n a t e n t s  were pumped back t o  t h e  growth pond u s ing  a f l o a t i n g  
i n t a k e .  The s e t t l e d  biomass compacted we l l  enough t o  a l l ow  r e t u r n  o f  about  90% o f  
t h e  e f f l u e n t .  F resh  medium was used t o  make up t h e  d i f f e r ence .  I r r i g a t i o n  wa t e r ,  
wi thou t  m ine ra l  supplementa t ion ,  was used f o r  evapo ra t i ve  make up water .  Urea, 



Figure 6 .  Sustained Sequential Batch Growth of Ankistrodesmus 

phosphate ,  and i r o n  were added t o  r e p l e n i s h  n u t r i e n t s  t aken  up by a l g a l  biomass pro- 
duc t ion .  The o p e r a t i o n a l  d a t a ,  p r o d u c t i v i t y ,  ha rves t ed  weigh t ,  and e f f i c i e n c i e s  o f  
h a r v e s t  a r e  shown i n  Table  6.  

MIXING VELOCITY EXPERIMENTS 

Results of Hydraulic Measurements 

The power and flow measurements f o r  t h e  100 m2 pond a r e  summarized i n  F igu re  7. 
T o t a l  power measurements were made over  most o f  t h e  motor 's  speed range ,  

Table 5 .  Media Recycle Dissolved Species 

S t a r t  F i n i s h  
( 12-6-83) (1-13-8'4) Un i t s  

A l k a l i n i t y  20 

Hardness 400 

CHO 0  

P r o t e i n  0  

TO A - - 

23 mM 

200 ppm CaC03 

14 ppm g lucose  equiv.  

14 ppm Folin-Lowry BSA equiv.  

- - 





corresponding t o  channel  v e l o c i t i e s  of  3.8 - 33.1 cm/sec. The c o s t  of  mixing 
is  very low a t  low mixing speed,  bu t  i n c r e a s e s  qu ick ly .  A t  15 cm/sec, mixing 
power r equ i r ed  ( a t  100% e f f i c i e n c y )  was 0.026 W m-2. A t  24 hr/day mixing and 
20 gm/m2/day a l g a l  p r o d u c t i v i t y ,  t h i s  i s  equa l  t o  about  0.03 kw.hr/kg a l g a e  o r  
about  $0.003/kg a l g a e  produced. On an energy b a s i s  t h e  mixing power r equ i r ed  
r e p r e s e n t s  on ly  0.5% of  t h e  hea t  of  combustion of  t h e  a l g a e  ou tput .  A t  
30 cm/sec t h e s e  numbers changed t o  $0.02/kg a lgae  and 3.3%. 

Mixing - Productivity Experiments 

A c o n t r o l l e d  mixing experiment was conducted i n  August and September 1984 when 
t h e  Ch lo re l l a  was being c u l t i v a t e d .  Th i s  organism l e n t  i t se l f  we l l  t o  mixing 
experiments  s i n c e  its small  s i z e  ( 3 - 5 p )  precluded s e t t l i n g ,  even i n  prac- 
t i c a l l y  s t i l l  water .  Thus mixing speeds from <1 t o  60 cm/sec were t e s t e d .  
Also, t h e  l e v e l  of DO, which dec reases  a s  mixing speed is increased  i n  t h i s  
range,  was kep t  cons t an t .  The major r e s u l t ,  p r o d u c t i v i t y  vs. mixing speed is  
shown i n  F igure  8 .  It is c l e a r  t h a t  f o r  p r o d u c t i v i t y  up t o  25 gm/m2/day and 
mixing speeds from 0 t o  30 cm/sec t h e r e  is no dependence o f  p r o d u c t i v i t y  on 
mixing speed. Th i s  r e s u l t  r e a l l y  is no t  s u r p r i s i n g  f o r  slow unco r r e l a t ed  
movement of c e l l s  i n  t h e  water  column. Each c e l l  responds t o  t h e  s lowly 
changing i r r a d i a n c e  it is  r ece iv ing .  The turnover  of c e l l s  even a t  t h e  lowest  
mixing speed was appa ren t ly  s u f f i c i e n t  t o  prevent  c e l l  dea th  due e i t h e r  t o  
prolonged exposure t o  t h e  h ighes t  i r r a d i a n c e  o r  t o  t o t a l  r e s p i r a t o r y  decay i n  
t h e  d a r k e s t  zones a t  t h e  pond bottom. These c u l t u r e s  grew t o  maximal 
d e n s i t i e s  of  about  600 ppm. 

Mass Transfer Through the Surface 

The mass t r a n s f e r  c o e f f i c i e n t ,  K L ,  was measured a t  two mixing v e l o c i t i e s :  15 
and 30 cm/sec. The measurements were done by measuring t h e  r a t e  o f  decrease  
o f  t o t a l  carbon from a 100-m2 pond wi th  known a l k a l i n i t y .  The carbon l e v e l  
was c a l c u l a t e d  from t h e  carbonate  equ i l i b r ium equat ions  wi th  c o n s t a n t s  
ad jus t ed  f o r  temperature  and i o n i c  s t r eng th .  pH was measured using a 
Radiometer pH meter capable  of  a c c u r a t e l y  measuring . O l  pH u n i t s .  The pH 
measurements were monotonically decreas ing .  The range of  pH, 7.4 t o  7 .2 ,  was 
chosen t o  prec lude  e f f e c t s  from back p re s su re .  I n  t h e  g iven  system, t h e  
d r i v i n g  fo rce  of C02 i n  t h e  bulk l i q u i d  was about  0.61 mmolar. A i r  
e q u i l i b r a t e s  t o  about  0 .01 mmolar. The r e s i s t a n c e  c o e f f i c i e n t  was c a l c u l a t e d  
a s  : 

KL = t r a n s f e r  ra te / (610-10):  meters  p e r  hour 
f o r  30 cm/sec, KL = 0.1 m/hr. For 15 cm/sec, KL = 0.038 m/hr 

CARBONATION 

The o v e r a l l  C02 u t i l i z a t i o n  e f f i c i e n c y  was measured bq two methods. I t h e  
first method, t h e  biomass product ion from 2 x 100 m p l u s  1 x 200 m' was 
t o t a l l e d  over 42 days of  ope ra t i on  (5/8-6/20) and then d iv ided  by t h e  t o t a l  
C02 used,  a s  measured by t h e  d i f f e r e n c e  i n  t h e  C 0 2  meter read ings  on t h e  s i x  
ton "2 tank.  The r e s u l t ,  3.3 kg C02/kg AFDW corresponds t o  a 30% e f f i c i e n c y ,  





o r  54% of t h a t  t h e o r e t i c a l l y  ach ievable .  Th i s  i n c l u d e s  i n j e c t i o n  l o s s e s  and 
outgass ing  l o s s e s ,  bu t  does n o t  account f o r  urea-der ived C02 The l a t t e r  on ly  
c o n t r i b u t e s  5% of t h e  carbon i n p u t  and thus  could maximally reduce t h e  ef f i -  
c iency  t o  29% o v e r a l l  o r  52% of  t h e o r e t i c a l .  

I n  t h e  second method, CO2 meters and timers, which were i n s t a l l e d  on t h e  
100-m2 ponds i n  August 1984, were used t o  t a l l y  t h e  t o t a l  C02 i n p u t  t o  t h e  
ponds. The equ iva l en t  a l g a l  biomass t h a t  t h e  t o t a l  d a i l y  C02 i n p u t  could have 
supported (based on 1.8 kg C02/kg a l g a e )  was c a l c u l a t e d .  The a c t u a l  produc- 
t i v i t y  was d iv ided  by t h i s  number. The o v e r a l l  C02 u t i l i z a t i o n  e f f i c i e n c i e s  
c a l c u l a t e d  va r i ed  from 43-65%, depending on mixing speed. Not unexpectedly,  
o v e r a l l  e f f i c i e n c i e s  were g r e a t e s t  a t  lower mixing speeds where ou tgass ing  is  
reduced. Thus t h e  i n t e r p l a y  between a l g a l  p r o d u c t i v i t y ,  mixing v e l o c i t y ,  and 
d i s so lved  C02 concen t r a t i on  w i l l  determine t h e  economics of  C02 u t i l i z a t i o n .  

S ince  ou tgass ing  of  C02 is s o  dependent on d i s so lved  C02 l e v e l s ,  and t h u s  can 
be very h igh  o r  very low, experiments  were conducted t o  i n v e s t i g a t e  t h e  growth 
response  o f  t h e  C h l o r e l l a  a s  a func t ion  o f  d i s so lved  C02, pH, and 
a l k a l i n i t y .  I n  p r a c t i c e  a l k a l i n i t y  is  u s u a l l y  a given and t h e  pH o f  ope ra t i on  
w i l l  determine t h e  CO l e v e l .  But experiments  wi th  d i f f e r i n g  a l k a l i n i t i e s  
were r equ i r ed  t o  y i e l a  s p e c i f i c  C02 l e v e l s  independent of  pH. Fo r tuna t e ly  
t h i s  organism exh ib i t ed  a very broad range of  t o l e r a n c e  t o  a l k a l i n i t y .  The 
r e s u l t s  o f  over 30 experimental  runs  a r e  shown (averaged)  i n  F igu re s  9 and 
10. Reproduc ib i l i t y  was good. Nei ther  maximum s p e c i f i c  growth r a t e  nor  
average  product ion depended on a l k a l i n i t y .  Both were dependent on pC02 and 
pH. However, p roduct ion  was more s e n s i t i v e  than Urnax- 

Average product ion was more dependent on C02 l e v e l  than pH. A t  2% C02, pH 
ha rd ly  mattered between 7.0 and 9 .O. A t  0.5% C02 t h e r e  i s  some dropoff a t  
pH >9.0.  There is no s i g n i f i c a n t  d i f f e r e n c e  between p r o d u c t i v i t y  a t  0.5% and 
2%. The lowest  co2, 0.01% (one t h i r d  a i r  equ i l i b r ium)  r e s u l t e d  i n  t h e  lowest  
product ion a t  a l l  pH, b u t  s t i l l  showed ( a s  i n  t h e  c a s e  of 0.5% C02) a 25% 
decrease  a t  pH > 9  r e l a t i o n  t o  pH 7. An important  conc lus ion  is t h a t  pH can- 
n o t  be used as a v a r i a b l e  independent of pC02, u n l e s s  c a r e  is  taken t o  vary 
t h e  two independent ly .  This  i s  no t  u s u a l l y  done i n  "pH optimaw experiments.  
I n  t h i s  experiment t h e  e f f e c t  of pC02 on p r o d u c t i v i t y  is  seen t o  be more 
pronounced than t h a t  o f  pH. 

The same was found t o  be t r u e  of Umax, b u t  t o  an even g r e a t e r  ex t en t .  There 
was no c o r r e l a t i o n  between Um and pH, s o  a l l  of  t h e  d a t a  i s  grouped by pC02 
only. Even t h e  dependence on C02 l e v e l  is  l e s s  pronounced, with only a 25% 
reduc t ion  i n  Umay compared t o  a 40% reduc t ion  i n  p r o d u c t i v i t y  a s  pC02 i s  
decreased.  Maximum s p e c i f i c  growth r a t e  de t e rmina t ions  a r e  no t  good 
p r e d i c t o r s  o f  p roduc t iv i t y .  

Once t h e  response of an a l g a  t o  C02 l e v e l  and pH i s  known ( o r  b e t t e r  y e t  t o  
c y c l e s  o f  changing C02 and pH) t h e  s p e c i f i c  economics o f  t h e  use  of  t h a t  
s t r a i n  can be determined. Choice of  an organism w i l l  depend on t h e  t rade-of f  
between p r o d u c t i v i t y  a t  i nc reased  C02 l e v e l  and C02 l o s s  due t o  i nc reased  out- 
gass ing .  A s  an example, t h e  equ iva l en t  a l g a l  biomass product ion p o t e n t i a l  of  
outgassed Co2 is p l o t t e d  i n  F igu re s  11 and 12 a s  a func t ion  o f  pH and 
a l k a l i n i t y  ( t h a t  is ,  d i s so lved  C02 concen t r a t i on )  f o r  two d i f f e r e n t  types  of  
waters :  b r ack i sh  water and s a l i n e  water .  



I f  a given medium, a f t e r  evapo ra t i ve  concen t r a t i on  c o n t a i n s ,  f o r  example, 
20 mM a l k a l i n i t y  then  t h e  range of d i s so lved  C02 (pH) a t  which ou tgas s ing  is 
minimal is r e s t r i c t e d .  I f  p r o d u c t i v i t y  i n c r e a s e s  as  C02 l e v e l  i n c r e a s e s ,  t h e  
i n c r e a s e  must j u s t i f y  t h e  l a r g e r  C02 ou tgas s ing  l o s s .  A t  about  20 mM a l k a l i n -  
i t y  l o s s e s  a r e  no t  too  s eve re  i n  low TDS wa te r s  down t o  pH 8 o r  so ,  i n  high 
TDS wa te r s  down t o  pH -7.7. 

The corresponding d i s so lved  C02 concen t r a t i on  is  about  0.3 mM ( e q u i v a l e n t  t o  
equ i l i b r i um wi th  a 1% CO2 g a s  phase)  which does n o t  l i m i t  p r o d u c t i v i t y  of t h e  
C h l o r e l l a .  pH would rise i n  between carbona t ion  s t a t i o n s ,  lowering C02 t o  
0 -07 mM ( a t  pH 9.3 o r  8.7) which might impact p roduc t iv i t y .  However, oper- 
a t i n g  c l o s e r  t o  pH 7 becomes uneconomical u n l e s s  a l k a l i n i t y  is very low a s  i n  
a seawater  system wi thout  r ecyc l e .  Even s o ,  t h e  l a c k  of  a l k a l i n i t y  lowers  t h e  
carbon s t o r a g e  c a p a c i t y  so much t h a t  the d i s t r i b u t i o n  system f o r  C02 i n j e c t i o n  
would become p r o h i b i t i v e l y  expensive.  

The above d i s cus s ion  is based on a mixing speed of  15 c m h e c .  I f  t h i s  is 
inc rea sed  t o  30 c m h e c ,  t hen  o p e r a t i o n  below pH 8 becomes expensive,  s i n c e  
ou tgas s ing  i n c r e a s e s  2.5 f o l d .  I f  t h e  pond is opera ted  a t  10 cm i n s t e a d  o f  
20 cm, t h e  ou tgas s ing  is inc rea sed  ano the r  f a c t o r  of about  1.5. I n  a d d i t i o n ,  
any mechanism which i n c r e a s e s  t h e  e f f i c i e n c y  of v e r t i c a l  movement of water  
w i l l  f u r t h e r  i n c r e a s e  ou tgas s ing  l o s s e s .  
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Figure 9 .  Chlorella: Productivity vs. p%, pH 





Figure 12. GO2 Outgassing - 30 ppt TDS 

OPERATING COSTS 

During t h e  r e c y c l i n g  experiment de sc r ibed ,  t h e  i n p u t s  t o  t h e  system,  i.e., 
n u t r i e n t s ,  wate r ,  and power, were monitored f o r  a ou t  a month, du r ing  which S t ime harves ted  p r o d u c t i v i t y  a l s o  averaged 15 gm/m /day. Thus t h e  c o s t  pe r  
u n i t  biomass, of t h e s e  i n p u t s ,  can be c a l c u l a t e d .  Annualized c a p i t a l  c o s t s ,  
c o s t s  of l a b o r ,  and biomass process ing  a r e  no t  inc luded  i n  t h e  d i s cus s ion  
below. 

Table  7 summarizes t h e  c o s t s  o f  i n p u t s  dur ing  t h e  r e c y c l e  experiment t h a t  is 
be ing  taken as r e p r e s e n t a t i v e  o f  system performance. During t h i s  exper iment ,  
t h e  depth of  t h e  pond was 20 cm, t h e  mixing speed was 30 cm/sec, and t h e  loss 
of C02 a t  i n j e c t i o n  was about  34%. An o v e r a l l  i n p u t  c o s t  o f  $l.Og/kg, AFDW 
r e s u l t e d .  Most of t h i s  was due t o  t h e  high c o s t  of C02 and i ts  i n e f f i c i e n t  
use .  Nitrogen c o n t r i b u t e d  12% of t h e  t o t a l  c o s t ,  a t  a biomass N c o n t e n t  of 
12%. The o t h e r  n u t r i e n t  c o s t s  a r e  h ighe r  than would be expected i n  a l a rge -  
s c a l e  system s i n c e  (1) many of t h e s e  chemicals  would have t o  be a v a i l a b l e  i n  
t h e  wate r  r e sou rce  and ( 2 )  bulk purchas ing  would decrease  u n i t  c o s t s  of  
phosphate and i r o n .  Mixing power c o s t  is  based on a h i g h  channel  v e l o c i t y  

2 t h a t  is not  necessary  when l e s s  than 25 gm/m /day a r e  being produced. 

Table  8 ,  shows t h e  c o s t s  of t h e  same f a c t o r s ,  bu t  modified t o  t a k e  i n t o  
account  c o s t  r educ t i on  p o s s i b i l i t i e s .  C02 is  sti l l  t h e  l a r g e s t  c o s t  f a c t o r ,  
and is,  i n  f a c t ,  s t i l l  t oo  expensive even a t  t h e  p r i c e  o f  $.05/kg, a r ep re -  
s e n t a t i v e  commercial p r i c e  a v a i l a b l e  now. An inc rea sed  u t i l i z a t i o n  e f f i c i e n c y  
is us3d: on ly  5% l o s s  a t  i n j e c t i o n  and ou tgass ing  l o s s e s  equ iva l en t  t o  
5 gm/m /day a l g a l  product ion.  Both should be e a s i l y  achieved when a sump is 
used f o r  ca rbona t ion ,  when mixing speed is 5 20 cm/sec , and when t h e  pH range  



Table 7 .  I n i t i a l  Algal Biomass Production Costs 

Component Unit P r i c e  ,$ A m t .  Used Cost ,$ % T o t a l  Cost 

C02 0.275/kg 3 kg/kg a l g .  68.31 75 -9 

Urea 0.51/kg 0.26 kg/kg a l g .  10.78 12 .O 

Other Nutr. -- -- 6.71 7 - 4  

Pump power 0 .06 /kW h r  5.2 kW h r  0.31 0 - 3  

Mixing power 0.06/kW h r  0.42 w/m2 3 -38 3 -8 

Water 11.5/ac f t  9 1  m2/day 0.48 0.5 

TOTAL 89.97 99 .9 

5 
2 Notes: 28 days ,  S. guadr icauda ,  e f f l u e n t  r e c y c l e ,  f esh  water ,  200m . 

T o t a l  biomass harves ted :  82.8 kg (15.0 gm/m /day av )  . 
Cost: $1.09/kg AFDW = $0.49/lb. 

Table 8 .  Cost Reduction P o s s i b i l i t i e s  

Component Cost Reduction Pro jec ted  
Cost ,$  % T o t a l  c/kg a l g .  c/kg alg. 

Urea 0.26 kg/kg--0.13 kg/kg 5 -39 26.6 6.5 3 -3  

Other chemicals A l l  bu t  P ,  Fe a v a i l a b l e  
i n  water ,  bulk p r i c i n g  3 -30 16.3 4 .O 2 .O 

Pump Power - - 0.31 1.5 0 .37 0.4 

Mixing Power 0.42 Wm2--0. 1 4  W/m 2 

Ef f i c . :  50% 0.45 2.2 0.54 0 .5 

Water - - 
TOTAL 

is chosen t o  avoid exces s ive ly  high d isso lved  C02 l e v e l s .  Even s o ,  C02 
comprises 50% of  t h e  t o t a l  i n p u t  c o s t s ,  a t  $0 . l25/kg a l g a e  produced. S ince  
t h i s  is  about  a l l  t h a t  t h e  biomass f u e l  p r ecu r so r  is worth,  C02 c o s t  must be 
c u t  f u r t h e r ,  a t  l e a s t  50% more. Finding l a r g e  amounts of  low c o s t  CO i s  2 
probably t h e  g r e a t e s t  s i n g l e  o b s t a c l e  t o  lowest c o s t  a l g a l  biomass production. 



The o v e r a l l  o b j e c t i v e  of t h e  p r o j e c t  was t o  concep tua l l y  determine i f  simple 
open pond systems have a p p l i c a t i o n  f o r  t h e  produc t ion  of  f u e l s  from micro- 
a l g a e .  To demonstrate  t h i s  o b j e c t i v e ,  work concent ra ted  on showing t h e  
p o t e n t i a l  m ic roa lga l  y i e l d s  t h a t  a r e  p o s s i b l e  from an open pond system on a  
s u s t a i n e d  b a s i s .  Fur thermore,  problems (pond management, de s ign )  a s s o c i a t e d  
w i th  t h i s  exper imenta l  system were documented and r epo r t ed  s o  t h a t  f u t u r e  
endeavors s h a l l  b e n e f i t .  F i n a l l y ,  o p e r a t i o n a l  c o s t s  were documented t o  permit  
p r e l im ina ry  economic a n a l y s i s  o f  t h e  system. 

A l l  of t h e  t a s k s  o u t l i n e d  f o r  t h i s  p r o j e c t  were addressed dur ing  p r o j e c t  per-  
formance. O f  t h e  s t r a i n s  o f  microalgae provided by o t h e r  ASP s u b c o n t r a c t o r s ,  
none could outcompete invading  wi ld type  a lgae .  Nonetheless ,  two s t r a i n s ,  
Ankistrodesmus f a l c a t u s  and Scenedesmus S02a were grown outdoors  i n  mass 
c u l t u r e ,  one f o r  two months, t h e  o t h e r  f o r  one month. R e s u l t s  ob ta ined  us ing  
t h e s e  s t r a i n s  d i d  prov ide  in format ion  u s e f u l  t o  t h e  s c r een ing  program i n  t h e  
f u t u r e .  Two wi ld type  organisms, Scenedesmus quadricauda and C h l o r e l l a  sp.  
provided most of  t h e  outdoor  r e s u l t s .  The Scenedesmus was maintained f o r  
t h i r t e e n  months. averag ing  about  13 gm/m2/day. It was used t o  compare ba tch  
vs .  con t inuous  c u l t i v a t i o n ,  f o r  mixing speed experiments ,  f o r  media r e c y c l i n g ,  
f o r  s t o r a g e  product  i nduc t i on  t e s t s ,  and f o r  t h e  de te rmina t ion  of  o p e r a t i o n a l  
c o s t s .  The C h l o r e l l a  was grown f o r  two months a t  over  20 ,gm/m2/day, and was 
used t o  determine t h e  r e l a t i o n s h i p  between mixing v e l o c i t y  and p r o d u c t i v i t y .  

The maintenance of a  monoculture was no t  d i f f i c u l t  when c l i m a t i c  c o n d i t i o n s  
were r e l a t i v e l y  cons t an t .  Changes of s p e c i e s ,  from Scenedesmus t o  C h l o r e l l a ,  
occurred when pond tempera tures  r o s e  above 3s0C and r eve r sed  when t h e  temper- 
a t u r e s  dropped. Both w i ld types  t o l e r a t e d  a range of  TDS and minera l  
composition. Ankistrodesmus t o l e r a t e d  most medium composition v a r i a t i o n s ,  
excep t  low K+, b u t  was s e n s i t i v e  t o  h igh  i r r a d i a n c e  when i n  d i l u t e  
suspension.  None of t h e  organisms r equ i r ed  c h e l a t o r ,  t r a c e  supplementat ion 
(beyond t h a t  a v a i l a b l e  i n  t h e  water  u sed ) ,  o r  v i tamin  supplementat ion.  The 
r e s u l t s  i n d i c a t e  t h a t  a monoculture can be maintained if e i t h e r  t h e  s ea sona l  
t empera ture  v a r i a t i o n s  a r e  sma l l  o r  a  compet i t ive  s t r a i n  i s  used which has  a  
broad temperature  optimum. A compe t i t i ve  s t r a i n  is one which does  n o t  e x h i b i t  
s i g n i f i c a n t  p h o t o i n h i b i t i o n ,  oxygen i n h i b i t i o n  or r e s p i r a t o r y  l o s s e s .  Of 
cou r se ,  TDS w i l l  e x e r t  an  o v e r a l l  s e l e c t i o n  c r i t e r i o n .  

A s  mentioned above, t h e  p r o d u c t i v i t y  r e s u l t s  ob ta ined  wi th  t h e  "summerm 
C h l o r e l l a  and t h e  Scenedesmus dur ing  t h e  remainder of t h e  y e a r ,  i n d i c a t e  t h a t  
a  yea r  round average  o f  15-20 gn/m2/day is  a t t a i n a b l e  i n  t h i s  no r the rn  
C a l i f o r n i a  c l i m a t e  w i t h  t h e  s t r a i n s  used. A y e a r l y  average  o f  over  25- 
30 gm/m2/day could probably be ob ta ined  500 mi l e s  sou th ,  where ambient tem- 
p e r a t u r e s  a r e  h ighe r  du r ing  s p r i n g ,  f a l l  and w in t e r .  Continuous c u l t i v a t i o n  
i nc r ea sed  produc t ion  r e l a t i v e  t o  s e q u e n t i a l  ba t ch  ope ra t i on ,  by 30% dur ing  
summer. However, t h e  t y p i c a l  d e n s i t y  o f  t h e  c u l t u r e  a t  h a r v e s t  t ime  was much 
lower under con t inuous  c u l t i v a t i o n .  I n  a d d i t i o n ,  i nduc t i on  o f  s t o r a g e  
p roduc t s  r equ i r ed  one t o  t h r e e  days of ba t ch  growth a f t e r  a  con t inuous  o r  
ba tch  a c t i v e  growth s t a g e .  

Mixing v e l o c i t y  exper iments  revea led  f o u r  f a c t o r s  o f  importance i n  cons ide r ing  

optimum mixing speed: C02 ou tgas s ing  which i n c r e a s e s  q u i c k l y  w i th  mixing 



speed,  power i n p u t  which i n c r e a s e s  even more qu i ck ly ,  suspension of  c e l l s ,  and 
p r o d u c t i v i t y  response.  It was found t h a t  15-20 cm/sec mixing speed was suf- 
f i c i e n t  t o  keep even t h e  l a r g e s t  (1-2 mm) clumps o f  Scenedesmus suspended. It 
was a l s o  found t h a t ,  from 1 t o  60 cm/sec, mixing speed had no e f f e c t  on pro- 
duc t i v i t y  . 
Experimental r e s u l t s  i nd i ca t ed  t h a t  organisms respond very d i f f e r e n t l y  t o  pH 
and C02 concen t r a t i on ,  a s  we l l  a s  t o  d i s so lved  oxygen. The l a t t e r  may t u r n  
o u t  t o  be an important  s c r een ing  c r i t e r i o n ,  a s  high DO is endemic t o  l a r g e  
systems. The response t o  pH and C02 determines t h e  range o f  pH (g iven  water  
a l k a l i n i t y )  i n  which a system can be opera ted .  The pH should be a s  low a s  
p o s s i b l e  t o  o b t a i n  t h e  h i g h e s t  d i s so lved  C02 r equ i r ed  f o r  maximizing average  
product ion.  But t h i s  must be balanced a g a l n s t  ou tgass ing  l o s s  of C02 which 
i n c r e a s e s  w i th  concen t r a t i on .  Mixing speed a f f e c t s  t h e  s u r f a c e  mass t r a n s f e r  
c o e f f i c i e n t .  

The d a t a  ob ta ined  from one month o f  ope ra t i on  of  a Scenedesmus c u l t u r e  wi th  
e f f l u e n t  r e c y c l e  was used t o  eva lua t e  t h e  c o s t  o f  t h e  i n p u t s  t o  t h e  system. 
C e l l  h a r v e s t i n g  was inexpens ive ly  achieved due t o  t h e  very good sed imenta t ion  
p r o p e r t i e s  o f  t h i s  s t r a i n  which grew i n  l a r g e  clumps. The n u t r i e n t ,  C02, and 
power i n p u t s  were monitored. The harves ted  biomass ou tput  averaged 
15 gm/m2/day. I n i t i a l  i n p u t  c o s t s  were $l.Og/kg AFDW and were dominated by 
CO2 c o s t s  (75% of  t h e  t o t a l ) .  R e a l i s t i c  assumptions concerning p r i c e s  o f  C02 
and n u t r i e n t s ,  bought i n  bu lk ,  l e d  t o  a 75% reduc t ion  i n  p ro j ec t ed  c o s t .  
Another 50% reduc t ion  would be necessary  and would have t o  come from t h e  
assumption of a source  of co2 a t  below p re sen t  market p r i c e .  Increased  pro- 
d u c t i v i t y ,  a l though important  i n  terms o f  d i s t r i b u t i n g  annual ized  c a p i t a l  
c o s t s  and l a b o r  c o s t s ,  ha s  l i t t l e  impact on t h e  i n p u t s  cons idered  he re  s i n c e  
most are n u t r i e n t s  t h a t  a r e  p ropor t i ona l  t o  biomass ou tput .  

The major conc lus ions  of  t h i s  p r o j e c t  can be summarized as fol lows:  

(1)  Using two wi ld type  s p e c i e s  i n  no r the rn  C a l i f o r n i a  a y e a r l y  average 
p r o d u c t i v i t y  of  15 gm/m2/day, o r  24 t ons / ac re /y r  can be ob ta ined  i n  
water  wi th  TDS = 4-8 ppt .  

( 2 )  Th i s  can probably be increased  t o  25-30 gm/m2/day o r  40-50 tons / ac re /  
y r  i n  southern  C a l i f o r n i a .  

(3) P r o d u c t i v i t y  can probably be f u r t h e r  i nc reased  by us ing  compet i t ive  
s t r a i n s  screened f o r  

a)  low r e s p i r a t i o n  r a t e s  

b )  t o l e r a n c e s  t o  h igh  l e v e l s  o f  d i s so lved  oxygen 

c )  broad temperature  optima 

d)  r e s i s t a n c e  t o  pho to inh ib i t i on .  

( 4 )  I n  systems wi th  randomized, t u r b u l e n t  mixing, p r o d u c t i v i t y  is 
independent o f  channel  v e l o c i t y  a t  least f o r  p r o d u c t i v i t i e s  up t o  25- 
30 gm/m2/day and v e l o c i t i e s  from 1-30 cm/sec. 

( 5 )  S to rage  product  i nduc t ion  r e q u i r e s  one t o  t h r e e  days o f  growth i n  
ba tch  mode under N-depleted cond i t i ons .  



( 6 )  C r i t i c a l  c o s t  c e n t e r s  i n c l u d e  C02 i n p u t ,  h a r v e s t i n g  and system 
c a p i t a l  c o s t .  I nc r ea sed  mixing speed i n c r e a s e s  C02 l o s s e s ,  power 
i n p u t ,  and system c o s t s  and must be adequa t e ly  o f f s e t  by very l a r g e  
i n c r e a s e s  i n  p r o d u c t i v i t y .  

(7) Media r e c y c l i n g ,  nece s sa ry  f o r  water  conse rva t i on ,  h a s  no adve r se  
e f f e c t s ,  a t  least i n  t h e  s h o r t  term f o r  s t r a i n s  which do n o t  excrete 
o r g a n i c s ,  and when t h e  h a r v e s t i n g  method is a t  l e a s t  moderate ly  
e f f e c t i v e  f o r  a l l  algal forms which may be p r e s e n t .  



PRODUCTIVITY OPTIMIZATION OF 
SALINE MICROALGAE GROWN IN 

OUTDOOR MASS CULTURE 

D r .  Edward A. Laws 
Univers i t y  of Hawaii 

Honolulu, Hawaii 

PROJECT OBJEXTIVES 

Task I 

Evaluate the growth response of a t  least  three thermophilic marine microalgae 
in water types representative of saline waters found in the southwestern 
United States. 

Task I1 

Optimize yields of three species in  the outdoor raceways, a t  least  two of 
the species selected from microalgae that have been collected from the 
Southwestern r .xion of the United States. The third species shall be a 
marine themo~hi l i c  strain that has been shown to grow in Southwestern 
water types. 

Task I11 

Evaluate management strategiesthat w i l l  improve the culture efficiency 
(lower costs or inclease yields i n  the outdoor raceway systems. 

Task IV (Optional) 

Optimize the l ipid yield from one s t ra in  of o i l  producing microalgae in  the 
outdoor raceway. 

PROGRESS TOWARD OBJECTIVES 

Task I 

Growth ra te  studies have been completed on aolaboratory scale for four 
species a t  temperatures ranging from 25 - 32 C in  various water types 
characteristic of the Southwestern U.S. A t  the lower temperatures the best 
growth was achieved in  low sal ini ty type I water. A t  the higher temperatures 
the best growth was observed in higher sal ini ty type I water or in  type I1 
water. 



Task I1 

2 Production studies i n  9.2 m flumes have been completed with three species 
using Southwestern U.S. water and seawater of comparable sa l in i ty  as  a 
control. Under the experimental conditions ~ l a t G o n a s  grew best* in t m e  I 

# A 

water, and Chaetoceros-gracilis grew best in  type I1 warer. Optimum 
photosynthetic efficiencies for  these two species ranged from 8 - 10% 
based on visible l ight .  A green f lagellate horn the ~&thwestern U.S; grew 
best in type I1  water, but photosynthetic efficiencies for  th i s  species 
were less than 5%. 

Task III 

2 Optimization studies in the 48 m flume indicated that completely removing 
the f o i l  arrays reduced photosynthetic efficiencies by a factor of 1 .5 ,  
but removing half the f o i l  arrays (so that arrays were spaced eight feet  
apart) reduced phtosynthetic efficiency by a factor of only 1.04. Turning 
off the C02 supply altogether reduced photosynthetic efficiencies from 
8 - 10% to l ess  than 3%; turning on the C02 a t  a pH of 8.5 rather than 
7.5 reduced photosynthetic efficiency t o  6.2%. 

Task IV 

Si l icate starvation experiments with C. graciles showed that  th is  species 
can convert over 50% of i ts carbon t r l i p i d  within 2 - 3 days of the 
onset of s i l i ca te  limitation when provided with adequate l ight .  Whether 
similar conversions can be achieved in the light-limited outdoor flumes 
remains to  be seen. Studies of the physiology of Platynonas over the 
course of several three-day dilution cycles revealed a trend toward 
greater l ight  limitation as the culture become more dense, but a t  no time 
did the culture show any evidence of approaching significant growth rate 
limitation due to  a lack of l ight .  This result  may in  part explain the 
remarkably high production rates which have been achieved with ithis species 
when grown on a three-day dilution cycle. 

ACCOMPLISHMENTS AND ACTIVITIES 

Task I 

Laboratory-scale studies of the ab i l i ty  of four species to  grow in South- 
western U.S. water types have been completed a t  temperatures from 25 to 
32'~. The results  are shown in  Figures 1-4 .  A t  25 gnd 28'~,  the best 
growth was invariably obtained i n  type I water a t  12 /oo. A t  30 and 32'~ 
the best growth was obtained either i n  type I a t  25 loo or in  type I1 
water. The chemical composition of the four water types is given i n  Table 1. 
A l l  four species showed some tendency to go through a lag period prior to  
entering exponential growth a t  3z0c, and I suspect t h i s  observation reflects 
the fact  that 32'~ is  close t o  the lethal  limit for a l l  of them. In general 













growth ra te  tends to  peak a t  a temperature not much below the le tha l  
temperature, and t h i s  fac& probably explains why the g~owth rates  have held 
up rather well even a t  32 C. The s h i f t  of maximum growth r a t e  to  higher 
sa l in i ty  o r  type I1  water a t  the higher temperatures is so consistent that 
I f ee l  the observation is almost certainly not an experimental quirk,  but 
I do not know the physiological explanation. 

Table 1. Ionic Composition of So~thwestern 
U. S. Water Types ( p p )  

. . 

Ion 
Species 

Type I 
15O/oo 2s0/00 

Type I1 
8O/oo 15O/oo 

Task I1 

2 Production studies i n  the four 9.2 m flumes have been completed with three 
species. Two of the species, Platymonas sp. and Chaetoceros g rac i l i s ,  a re  
marine species which we have previously sEdied  in the outdoor flumes in 
seawater medium. The th i rd  species is an unidentified green f lagel la te  
which appeared i n  a culture sent t o  us by B i l l  Barclay a t  SERI. 

The resul t s  for  Platymonas are  shown i n  Figure 5. The culture was grown 
on a three-day di lut ion cyclf i n  a l l  cases and was diluted to  a c e l l  
concentration of 2 x 106 m l -  . In ~ t h e r ~ w o r d s ,  every th i rd  day the culture 
was diluted t o  a concentration of 2 x 10 c e l l s  ml-I. This management 
strategy had been found t o  be optimal for  Platymonas in  previous studies 
(Laws e t  a l .  1985). Several aspects of the resul t s  a re  noteworthy. F i r s t ,  
production efficiency was positively correlated with sa l in i ty  in  the range 
8 - 25*/00. The peak efficiency was a l i t t l e  over 10% based on v is ib le  
l igh t  irradiance. Second, Platymonas performed best in  type I water, and 
poorest in  type I1 water. We have previously achieved photosynthetic 
efficiencies of 8 - 11% with Platymonas whenever it has been grown on a 
three-day di lut ion cycle (Laws et  a l .  1985), and the resul t s  obtained here 
are  obviously consistent with those ea r l i e r  studies. 

C. g rac i l i s  was studied i n  the flumes only a t  15~/oo, and the resul t s  a re  
3own in Figure 6. C.  g rac i l i s  was grown on a two-day dilution cycle in  
a l l  cases, and was diluted so a s  t o  maintain a growth ra t e  of one doubling 







per day. This strategy had previously been found to yield the best 
production with C.  graci l i s  in  a seawater medium. In this case the best 
production was aaieved in type I1 water, and the worst in type I water. 
The optimum photosynthetic efficiency was 8%. A comparison of these results 
with the Platymonas results obviously suggests that the species of choice 
for  a given water type w i l l  probably vary from one water type to another. 
Platymonas seems to prefer type I water; Chaetoceros prefers type 11. 
However, perhaps the most important result of the study is that both of 
these marine species grow well in a t  leas t  one southwestern U.S. water 
type, and in  fact  appear to  grown even better in  a t  leas t  one of these 
water types than in seawater. 

Production results with the green f lagellate are shown in  Figure 7 .  We had 
no previous experience culturing th i s  species in  the outdoor flumes, and 
therefore had no very clear idea of how often to  di lute the culture or by 
how much. We decided to  t ry  a dilution scheme of 75% every three days, 
which was similar to the methods we employed with C .  graci l is  and Platymonas. 
This approach in  effect forces the culture to growat an avgrage rate of 
two doubl ings every three days. We ran a l l  the f lumes a t  1 5  /oo . In order 
to get some idea of the sensitivity of production to the dilution cycle, 
we ran two seawater controls, one diluted every three days by 87;% and the 
other by 75%. The other two flumes contained type I and type I1 water. 
Production was worst in the two seawater controls, and differed only 
slightly between the type I and type I1 flumes. However, the photosynthetic 
efficiencies were well below those achieved with Platymonas and C. graci l is .  
The change in  dilution cycyle i n  the seawater cultures produced very l i t t l e  
change in  photosynthetic efficiency. Thus there is no evidence a t  th is  
time to indicate that the green f lagellate is competitive w i t h  Platymonas 
or - C. graci l is  either in  seawater or i n  Southwestern U.S. water. 

Task I11 

A number of experiments were conducted w i t h  the large 48 mZ flume to  explore 
management strategies which might lower production costs. F i r s t ,  we 
investigated the effect of removing half or  a l l  of the fo i l  arrays. The 
results are shown in Table 2 ,  and are the averages of production and 
photosynthetic efficiency over two-week periods. A 1  though removing a l l  the 
f o i l  arrays greatly reduced photosynthetic efficiency, removing half the 
fo i l  arrays reduced photosynthetic efficiency from only 8.0 to 7.7%. Since 
the f o i l  arrays do exert a certain amount of drag, a reduction in  the number 
of fo i l  arrays could significantly reduce the energy inputs to  the system. 

Second, we investigated the effect of reducing the C02 inputs to the system. 
Standard procedure has been to hold the pH a t  7 .5  with additions of C02 
during the day. We explored two alternate strategies. In one case we 
turned off the C02 altogether for one week. In another case we held the 
pH a t  8.5 rather than 7.5. The results are shown in  Table 3. Clearly 
turning off the C02 greatly reduces production and photosynthetic efficiency. 
Allowing the pH to  r i se  to 8.5 reduced photosynthetic efficiencies from the 
range of 8 - 10% typically achieved with Platymonas to 6.2%. However, it 
is possible that th is  reduction i n  production w i l l  be cost effective, 



because the C02 supply is turned on for only about one hour per day in  order 
to  hold the pH a t  8.5. Thus the C02 ut i l iza t ion efficiency is much greater 
when the pH is .held a t  8.5 than a t  7.5. 

Table 2 .  Results of Growing Platymonas in 48 mL Flume to Determine 
Effect of Removing Foil Arrays. 

Product ion 
(g AFDW m-2 d-1) 

Photosynthetic Efficiency 
% (based on visible l ight)  

A l l  Arrays in  Place 18.8 8.0 
(4 feet  apart) 

Half Arrays Removed 17 .1  
(arrays 8 fee t  apart) 

A l l  Arrays Removed 14 .4  5.5 

Table 3. Results of Growing Platymonas in  48 m 2 

Flume a t  Reduced CO, Supply Rates 

Production 
(g AFDW m-2 d-1) 

Photosynthetic Efficiency 
% (based on visible light) 

no added C02 

turned on a t  
pH = 8.5 

turned on a t  
pH = 7.5 

Task IV  

Figure 8 sumnarizes the results of a s i l i c a t e  starvation experiment performed 
with C. gracilis on a laboratory scale. The culture was grown in  batch mode 
and was uniformly labeled w i t h  C-14 to  fac i l i t a te  studies of carbon 
partitioning. The percentage of l ip id  in the ce l l s  began to increase when 
the s i l i ca te  concentration dropped to  about 5 pM, and over a period of four 
days rose from about 13% to  over 50%. The average ra te  of l ip id  carbon 
production since day 1 peaked on day 8 and then slowly declined. These 
results clearly show that C. gracilis has the potential to store large 
amounts of l i p i d  when s i l i za te  starved. The results are very much in 
contrast to  those obtained previously with Platymonas, which stores carbo- 
hydrate rather than l ip id  h e n  nitrogen or phosphorus starved. However, 
production of carbon storage products obviously requires l ight ,  and in the 
outdoor flumes l ight  is the factor l imiting production. Therefore these 
laboratory-scale experiments can indicate only the potential for l i p i d  
production. How fa s t  and how much l ip id  can be produced in  the outdoor 
flumes w i l l  depend on the culture density and irradiance, and can only be 







determined by conducting an experiment in the outdoor flumes. 

2 We conducted a nine-day study in the 48 m flume with Platymonas in an effort  
to gain some insight as to why th i s  species grows so well when diluted every 
third day. We suspected that adaptation to  changing l ight  conditions might 
play a role in  the physiological response of the organism to the rapid 
changes in  ce l l  density and hence average irradiance. We measured l ight-  
saturated photosynthetic rates a t  noon over the course of three consecutive 
three-day dilution cycles, and the results  are shown in  Table 4. Although 
the light-saturated photosynthetic rate normalized to chlorophyll a ( = 
assimilation number) did decrease as the culture became more dense, the 
change was only about 10%. Furthermore, the assimilation numbers are not 
as low as one would expect for  a culture that was significantly light-limited 
(Laws and Bannister 1980). We suspect therefore that the key to obtaining 
high yields with Platymonas is to prevent the cel ls  from becoming severaly 
light-limited and yet periodically (i .e.  every third day) bring the culture 
to a high density so as to  maximize the areal production rate. 

Some question arose during the course of th is  research concerning the 
relationship between the cellular carbon content and ash-free dry weight 
(AFDW). We routinely measure particulate carbon concentrations in our 
flumes and convert these numbers to AFDW by multiplying by 1.9. Are 
production numbers calculated in th is  way really comparable to  produciton 
results obtained from measurements of AFDW or dry weight (DW). Figure 9 
shows the degree of correlation between particulate carbon (PC) and DW 
over the course of several weeks during our flume studies with C. graci l is .  
Obiviously the correlation is very good ( r  = 0.987), and the slEpe of- the 
regression l ine  implies that carbon accounts for  42.76% of the DW. If AFDW 
equals 1.9 times PC, then AFDW accounts for  81% of the DW, the remaining 19% 
being: ash. These f imres  are auite reasonable for  a diatom. We have obtained 
simiiar results withu~latymonas', and the conversion factor of 1.9 between 
PC and AFDW was obtained from a correlation analysis of PC vs. AFDW for 
Platymonas. 

FUTURE ANTICIPATED DIRECTIONS 

A number of promising candidateshave been sent to2us from the mainland U.S., 
and we are continuing to  screen them in  the 9.2 m flumes for  photosynthetic 
efficiency. Nutrient starvation studies w i l l  be performed on the most 
promising species to see whether significant l ipid production can be induced 
in  a reasonably short time period under conditions in the flume. 

2 We are continuing to use the large 48 m flume to examine possible methods 
of reducing produciton costs and/or increase l ip id  production. Experiments 
in  the immediate future cal l  fo r  reducing the flow rate in the system a t  
night by cutting back on the supply of a i r  to the a i r  l i f t .  The large flume 
may also be used to study the effectiveness of various pesticides in  
controlling predators. We also hope to be able to continue exploring the 
physiology of the species which give the best production to  t ry  to understand 
why certain dilution cycles are so effective in increasing yields. 





Table 4. Light-saturated photosynthetic rates 
of a ~latymhas culture grown on a three-day 

dilution cycle as a function of time. 

Days after dilution 
Light-saturated photosynthetic 
rate (g C g-l chl - a h-1) 
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I n t r o d u c t i o n  

S tud ies  conducted i n  recen t  years have shown t h a t  s a l i n e  waters  o f  
southwest (U.S.) d e s e r t  lakes  may be u t i l i z e d  as an a l t e r n a t i v e  medium t o  
seawater f o r  land-based p roduc t i on  o f  microa lgae (Thomas e t  a1 . , 1984). Such 
dese r t  lakes  may a l s o  be a  promis ing,  u n d e r - u t i l i z e d  resource f o r  macroalgae 
p roduc t ion ,  as they occur  i n  reg ions  o f  h i g h  s o l a r  r a d i a t i o n  i npu t s ,  and 
where land cos ts  a r e  low. Cu r ren t l y ,  t he  purchase o f  coas ta l  land represents  
up t o  30% o f  t he  t o t a l  f i x e d  c o s t  o f  a  land-based macroalgae biomass farm, 
depending on f a c t o r s  such as l o c a t i o n  and pond c o n s t r u c t i o n  methods (Ryther  
e t  a1 ., 1984). 

The d e s e r t  l akes  under cons ide ra t i on  f o r  a lgae p roduc t i on  e x h i b i t  a  wide 
s a l i n i t y  range and a  d i v e r s e  i o n i c  composi t ion (Thomas e t  al . ,  1984). One 
goal o f  t he  p resen t  s tudy i s  t o  determine whether waters  f rom these s a l i n e  
dese r t  1  akes p rov ide  a  s u i t a b l e  medium f o r  c u l t i v a t i o n  o f  marine macroal gae, 
i n  p a r t i c u l a r  G r a c i l a r i a  t i k v a h i a e  and Ulva lac tuca ,  two spec ies f o r  which 
h igh,  susta ined y i e l d s  have been a t t a i n e d  i n  seawater c u i t u r e .  

Macroalgae research conducted d u r i n g  t h e  pas t  seven years  a t  t he  Harbor 
Branch Foundat ion has emphasized t he  development o f  c u l t u r e  techniques which 
maximize o rgan i c  m a t t e r  y i e l d s  w h i l e  m in im iz i ng  t he  energy cos t s  assoc ia ted 
w i t h  c u l t i v a t i o n .  For  purposes o f  energy p roduc t ion ,  hcwever, i t  i s  t he  
concen t ra t i on  o f  s to rage  products  such as carbohydrates ( f o r  methane, 
a1 coho1 ) and 1  i p ids  ( f o r  hydrocarbons),  r a t h e r  than t o t a l  o rgan ic  mat te r  
content ,  wh ich  determines t h e  va lue o f  t he  a l g a l  biomass which i s  produced. 
For  example, Habig e t  a1 .(1984) found t h a t  methane y i e l d s  (per  g  v o l a t i l e  
s o l i d s )  f rom the  seaweed U lva  sp. increased 1.5- fo ld  i n  response t o  a  
doub l i ng  i n  t h a l  l u s  carbohydrate con ten t .  P r i o r  s t ud ies  w i t h  m ic ro  and 
macroalgae have shown t h a t  t he  syn thes i s  o f  c e r t a i n  s to rage  products  can be 
enhanced by s u b j e c t i n g  a1 gae t o  env i  ronmental s t resses.  N i t r ogen  d e p r i v a t i o n  
i s  one such s t r e s s  wh ich  commonly induces carbohydrate accumulat ion i n  
macroal gae (Cra i  g i e ,  1974). However, t h e  e f f e c t  o f  o t h e r  env i  ronmental 
c o n d i t i o n s  on t he  syn thes i s  o f  macroalgal  s to rage  products  i s  no t  w e l l  
known. The second task  addressed i n  t h e  p resen t  c o n t r a c t  i s  t o  determine how 
c e r t a i n  environmental  s t resses  (eg. n i t r ogen ,  s a l i n i t y ,  temperature)  a f f e c t  
t he  prox imate composi t ion o f  severa l  mar ine macroalgae. 





Task 1. Photosynthes is ,  growth and composi t ion o f  marine macroalgae i n  
sa l  i n e  dese r t  waters .  

Met hod s  

Most o f  the  a l g a l  photosynthes is  and growth s t u d ~ e s  f o r  t h i s  task we$e 
conducted on a 1 i g h t  t a b l e  loca ted  i n  a  temperature c o n t r o l l e d  room (22 - 2 
C) .This t a b l e  p rov ided  28 s t i r r e r  s t a t i o n s ,  each of wh ich  conta ined a 
recessed a l n i c o  magnet which was r o t a t e d  a t  60 rpm by b e l t  d r i v e n  p u l l e y s .  
L i g h t  was p rov ided  by s i x  96" cool  -whi t e  f l u o r e s c e n t  lamps p o s i t i o n e d  as 3 
banks of two lamps each. Thel~aximum i r r a g i e n ~ p  a t  t he  midpo in t  o f  each 
s t j r r e r  - s t a t i o n  was 2.7 X 10 quanta cm sec , o r  approx imate ly  120 w a t t s  
m .  

Measurements o f  growth and prox imate composi t ion o f  macroalgae i n  t h e  
s a l i n e  dese r t  wa te rs  were a l s o  conducted i n  13 L aquar ia  i n  t he  same 
constant  temperature room. Each aquarium was p rov ided  w i t h  g e n t l e  ae ra t i on ,  
wh ich  kep t  t h e  a lgae con t inuous ly  i n  suspension. L i g h t  was p rov ided  from .$wo 
f l uo rescen t  lamps, a t  a  r a d i a n t  f l u x  d e n s i t y  o f  approximafely 72 w a t t s  m- . 
Water temperature i n  each aquarium was mainta ined a t  22 - 2 C. D e t a i l e d  
methods o f  t h e  exper iments conducted f o r  t h i s  task  a re  as fo l lows.  

A. Photosynthes is  o f  macroalgae i n  s a l i n e  d e s e r t  wa te r  media 
Experiment A1 

Net oxygen p roduc t i on  o f  G r a c i l a r i a  t i k v a h i a e  and Ulva l a c t u c a  was 
measured i n  media s i m u l a t i n g  t he  wate rs  o f  B lack and Harper Lakes, two 
C a l i f o r n i a  dese r t  lakes  o f  w ide l y  d i f f e r e n t  i o n i c  composit ion. Black Lake i s  
cha rac te r i zed  by h i g h  pH (10.1), moderate s a l i n i t y  ( 2 1  p p t ) ,  low 
concen t ra t i ons  o f  Ca and Mg ( r e l a t i v e  t o  seawater), and very  h i g h  l e v e l s  o f  
i n o r g a n i c  carbon(Tab1e 1) .  I n  con t ras t ,  Harper Lake has a pH o f  8.6, 
s a l i n i t y  o f  14 ppt,  and low l e v e l s  o f  Mg, K and i no rgan i c  carbon (Table 1 ) .  
Analyses of t he  l a k e  waters  were p rov ided  by Dr. W. H. Thomas. 

For  t h i s  exper iment,  U lva and G r a c i l a r i a  t h a l l i  (100-300 mg wet w e i g h t )  
were incubated i n  300 m l  G s  b o t t l e s  c o n t a i n i n g  e i t h e r  ocean wate r  
( d i l u t e d  t o  25 pp t  w i t h  de ion ized  w a t e r ) ,  Black Lake, o r  Harper Lake media. 
T r i p l i c a t e  b o t t l e s  were es tab l i shed  f o r  each t reatment .  The ocean wate r  had 
a pH of 8.0, w h i l e  the  pH o f  the  Harper and Black Lake media were ad jus ted  
w i t h  CO t o  7.7 and 7.8, r e s p e c t i v e l y .  A1 though n u t r i e n t s  were n o t  added t o  
t h e  medfa, t h e  a lgae were we l l -nour ished  by a h i g h  e s t u a r i n e  wa te r  f low and 
a pu lse- feed ing  o f  n i t r o g e n  immediately p r i o r  t o  t h e i r  use i n  t h e  
exper iment.  Photosynthes is  incuba t ions  were conducted on t h e  l i g h t  t a b l e  f o r  
f o u r  hours, w i t h  i n i t i a l ( 0  hou r ) ,  2  hour, and 4 hour oxygen readings taken 
w i t h  a  YSI model 51 B oxygen meter. Seaweed samples were s t r a i n e d  from the  
b o t t l e s  a t  t h e  end o f  the  experiment, r i n s e d  i n  f r e s h  water ,  d r i e d  (70 C f o r  
48 h r ) ,  and weighed. 

Experiment A2 

S tud ies  d u r i n g  t h e  remainder o f  t he  c o n t r a c t  were conducted w i t h  t he  
t ype  I and I 1  media, s o l u t i o n s  which a r e  t y p i c a l  o f  s a l i n e  New Mexico l a k e  
waters .  Formulae (Table 2 )  f o r  these l a k e  types were p rov ided  by S E R I .  The 



T a b l e  I .  Ionic c o m p o s i t i o n  ( ~ n a ~ l o r  c a t i o n s  dlid ~ n i o n s )  o f  U l d c k  L a k e ,  H a r p e r  
L a k e  and s e a w a t e r  ( 3 5  p p t ) .  

S e a w a t e r  
1 2 Black  Lake  Harper Lake 2 

~ - - - - - ~ o n c e n ~ ~ t i ~  L I - - - - - -  

1 R i l e y  and C h e s t e r  (1971) 
2 Thomas, e t  a l .  (1984)  



Table  2 .  I o n i c  cornpos i t io r i  (ma jor  c a t i o n s  and a n i o n s )  o f  seawater  ( 1 5  p p t )  
and two s a l i n e  r w d i a  t y p i c a l  o f  New Mex ico  d e s e r t  l a k e s .  

Seawater  ( a t  15 p p t )  I M 
1 I 1  M 

1 
- -- 

- - - - - -  C o n c e n t r a t i o n  (Mg I - I ) - - - - - -  

1 I o n i c  c o m p o s i t i o n  p r o v i d e d  by S o l a r  Energy Research I n s t i t u t e .  



monovalent /d iva lent  c a t i o n  r a t i o s  o f  these media d i f f e r ,  a1 though bo th  are 
more a l k a l i n e  than seawater (Table 2 ) .  

I n  t h i s  experiment, ne t  photosynthes is  o f  f ou r  common macroal gae ( U l  va 
lac tuca ,  Entermor ha sp., Acanthophora sp., and Aga rdh ie l l a  sp.) was + examined i n  our media: ocean, a r t i f i c i a l  ocean, and I and I I M  s a l i n e  dese r t  
water  media. The a r t i f i c i a l  seawater was u t i l i z e d  i n  a d d i t i o n  t o  ocean water  
as a c o n t r o l  s ince  n u t r i e n t s  were no t  added t o  any o f  the  media d u r i n g  these 
sho r t  (2-4 h r )  incubat ions .  This  seawater medium was formulated w i t h  
de ion ized  water  and t h e  f o l l o w i n g  s a l t s ,  p r o v i d i n g  an j o n i c  composit ion 
equal t o  t h a t  o f  15 p p t  seawater (Table 2 ) :  ( i n  mg L- ) ;  K C l ,  327; CaC12. 
2H 0, 648; NaHCO 84; MgCl . 6H 0, 4658; Na SO 1711; and NaC1, 10185. 
~ h g  s a l i n i t y  o f  a i l  media (?nc lu8 ing  ocean w%teft j  was ad jus ted  t o  ca. 15 
ppt .  Sect ions o f  t h a l l  i ( d i s c s  f o r  U lva)  approximately 100-300 mg i n  wet 
weight  were stocked i n t o  d u p l i c a t e  300 m l  g lass  b o t t l e s  o f  each medium. 
I n i t i a l  oxygen l e v e l s  i n  t he  b o t t l e s  were lowered by bubb l ing  N gas p r i o r  
t o  t h e i r  placement on t he  l i g h t  t ab le .  The p l a n t s  were incubated f o r  4 
hours, w i t h  oxygen l e v e l s  and seaweed d r y  weights  determined as p rev ious l y  
descr ibed.  

A second photosynthes is  run  was conducted us ing  t h a l  1  i / d i  scs which were 
soaked i n  t he  f o u r  media f o r  1.5 days p r i o r  t o  the  incubat ion,  t o  determine 
t h e  e f f e c t  o f  " p recond i t i on ing "  on oxygen produc t ion  by these algae. 

B. Proximate composi t ion and shor t - te rm grcwth o f  macroalgae i n  s a l i n e  
dese r t  water  media 

Experiment 01 

Ulva and G r a c i l a r i a  t h a l  li were c u l t u r e d  i n  300 m l  gf ass b o t t l e s  - 
conta in ing  ocean, a r t i f i c i a l  ocean and I and I I M  s a l i n e  dese r t  waters.  The 
b o t t l e s  were p laced on the  1 i g h t  t ab le ,  which was adjusted t o  p rov ide  14/10 
h r  l i g h t  /dark photoper iod and i n t e r m i t t a n t  s t i r r i n g  (ca 1 hr /day) .  The 
s a l i n i t y  o f  a l l  media was ad jus ted  t o  15 ppt,  and a complete n u t r i e n t  
s o l u t i o n  (Table 3 )  was added t o  each b o t t l e .  S p e c i f i c  g r w t h  was c a l c u l a t e d  
from the  change i n  wet  we igh t  over one weeks t ime us ing  t h e  express ion JJ= 
log (w$/w; )3.32/t. 

Experiment B2 

G r a c i l a r i a  and U lva  t h a l l i  (170-360 mg) were c u l t u r e d  on t he  l i g h t  t a b l e  
i n  1 L b o t t l e s  c o n t a i n i n g  ocean, a r t i f i c i a l  ocean, and I M  waters .  S a l i n i t i e s  
o f  a l l  media were ad jus ted  t o  15 ppt,  and pH l e v e l s  t o  7.0-8.0. Each medium 
was a l s o  amended w i t h  a complete n u t r i e n t  s o l u t i o n  (Table 3). T r i p l i c a t e  
b o t t l e s  were u t i l i z e d  f o r  each t reatment .  U n l i k e  t he  preceding experiment, 
s p e c i f i c  g r w t h  i n  t h i s  study (doubl ings day- ) was ca l cu la ted  on a d r y  
we igh t  bas i s  ( f i n a l  d r y  we igh t  - i n i t i a l  d r y  we igh t ) .  Dry ma t te r  (70 C f o r  
48 h r )  and ash contents  (550 C f o r  4 h r )  o f  t he  f i n a l  samples were a l s o  
measured. 

Experiment €33 

Separate 13 L aquar ia  were f i l l e d  w i t h  ocean, a r t  
and IIM s a l i n e  dese r t  waters .  A complete n u t r i e n t  med 
s o l u t i o n ,  s a l i n i t i e s  were ad jus ted  t o  15 ppt ,  and pH 

i f i c i a l  ocean, and I 
ium was added t o  each 
1 eve1 s  were normal i zed. 



Table  3. N u t r i e n t  medium1 u t i l i z e d  f o r  task  I and 1 1  exper iments.  

Concen t r a  t i pn (Mg L -  l )  

NaNo3 

Na g lycerophosphate 2  

Fe C 1 3  

Na2EDTA 

Fe C13.6H20 

MnS04 .4H20 

Z ~ S O ~ .  7 ~ ~ 0  

CoS04 .7H20 

H3B03 

HC1 (3N) 

46.67 

6.67 

1.08 

5.53 

0.33 

1.09 

0.15 

0  .O3 

3.80 

0.81 (ml) 

200 .o 

1 M o d i f i e d  f rom P r o v a s o l i s '  e n r i c h e d  seawater. 



I r r a d i e n c e  w a s  p r o v i d e d  as p r e v i o u s l y  desc r ibed .  A f t e r  7 days t ime, g rcwth  
and p rox imate  compos i t i on  o f  t h e  seaweed i n  each t rea tment  were determined 
u s i n g  methods d e s c r i b e d  i n  Task 2. 

C. Long-term growth o f  macroalgae i n  s a l i n e  d e s e r t  -- media 

Exper iment C 1  

I n  o r d e r  t o  examine t h e  long- te rm growth o f  U lva  i n  t h e  s a l i n e  I M  
medium, smal l  d i s c s  o f  a lgae  were p laced  i n  350 ml s t o r a g e  d i s h e s  c o n t a i n i n g  
ocean, a r t i f i c i a l  ocean, and I M  wa te rs .  L i g h t  and s t i r r i n g  were p r o v i d e d  on 
a  14:10 hour o n : o f f  bas is .  P l a s t i c  screens were p laced j u s t  above t h e  bo t tom 
o f  each d i s h  t o  p r e v e n t  t h e  seaweed f rom snagging on t h e  magnet ic  s t i r r e r s .  
Wet w e i g h t  ga ins  i n  each t rea tment  were measured weekly,  and new d i s c s  were 
r e - c u t  f rom t h e  t h a l l i .  The media were changed and amended w i t h  n u t r i e n t s  
each week, and t h e  d i s c s  res tocked.  Seaweed wet  w e i g h t s  were conver ted  t o  
d r y  w e i g h t  va lues t s i n g  d r y  weight :wet  w e i g h t  r a t i o s  o b t a i n e d  f r o m  t h e  
p r e v i o u s  exper iment.  

Exper iment C 2  

T h i s  exper iment  was conducted t o  de te rm ine  whether smal l  increments  o f  
ocean w a t e r  ( d i l u t e d  t o  15 p p t ) ,  when added t o  t h e  I M  medium, would  h e l p  
suppor t  U lva  growth. U lva  d i s c s  were p laced  i n  350 m l  s t o r a g e  d i s h e s  
c o n t a i n i n g  t h e  f o l l m i n g  s o l u t i o n s :  ocean wa te r ,  I M  medium, and 1:9, 1:3 and 
1: 1 m i x t u r e s  o f  ocean w a t e r  and I M  wa te r .  G r w t h  measurements, media changes 
and n u t r i e n t  a d d i t i o n s  were conducted weekly.  



Resu l ts  and D iscuss ion  -- 

A. - Photosynthes is  o f  macroalgae i n  s a l i n e  d e s e r t  wa te rs  

Shor t - te rm oxygen p roduc t i on  by G r a c i l a r i a  and Ulva i n  Harper Lake wate r  
was equal t o  o r  s l i g h t l y  g r e a t e r  than t h a t  i n  ocean wa te r  ( F i g  1 ) .  I n  
c o n t r a s t ,  oxygen p r o d u c t i o n  by these two a lgae  i n  t he  B lack Lake wate r  was 
poor ( F i g  1). G r a c i l a r i a  i n  t h i s  l a t t e r  medium appeared t o  l o s e  i t s  
p h y c o e r y t h r i n  pigments d u r i n g  t h e  4 hour l o n g  i ncuba t i on .  

I t  i s  l i k e l y  t h a t  t h e  lcw d i v a l e n t  c a t i o n  l e v e l s  (p robab ly  Ca) were 
r espons ib l e  f o r  t h e  poor g r a v t h  o f  G r a c i l a r i a  i n  t h e  Black Lake wate r .  
However, an a t tempt  t o  s t i m u l a t e  oxygen p r o d u c t i o n  by Grac i  l a r i a  i n  t h i s  
medium by t h e  a d d i t i o n  o f  Ca and Mg was unsuccessfu l .  Net pho tosyn thes is  was 
n o t  s t imu la ted  by a t e n - f o l d  inc rease  o f  Mg i n  t he  medium. A d d i t i o n s  of Ca 
t o  t h e  B lack Lake medium r e s u l t e d  i n  t h e  f o rma t i on  of CaCO p r e c i p i t a t e .  
Hardness de te rm ina t i ons  on t he  supernatent  i n d i c a t e d  t h a t  Aone o f  t h e  added 
Ca remained i n  s o l u t i o n .  G r a c i l a r i a  pho tosyn thes is  i n  t h i s  "Ca-amended" 
medium was n o t  s i g n i f i c a n t l y  h i ghe r  than t h a t  i n  t h e  s tandard B lack Lake 
medium. 

F o l l o w i n g  t h i s  exper iment,  s t u d i e s  i n  t h i s  task  were conducted w i t h  
media f o r m u l a t i o n s  p rov i ded  by S E R I  (Tab le  2 )  wh ich  a re  t y p i c a l  of New 
Mexico s a l i n e  l a k e  wate rs  

Both t h e  t ype  I and I I M  media supported r a p i d  pho tosyn thes is  by t he  
macroalgae U lva  l ac tuca ,  Enteromorpha sp, Acanthophora sp, and A g a r d h i e l l a  
sp ( F i g  2) .  Net pho tosyn thes is  by these a lgae  i n  t h e  I M  medium was g e n e r a l l y  
equal t o  t h a t  i n  ocean wate r ,  w h i l e  ne t  pho tosyn thes is  i n  t h e  I I M  wa te rs  was 
s l i g h t l y  h igher ,  p robab ly  due t o  the  h i g h  b i ca rbona te  l e v e l s  (15 t imes t h a t  
of f u l l  s t r e n g t h  seawater)  i n  t h i s  wa te r  . 

S i m i l a r  t r ends  i n  ne t  pho tosyn thes is  were observed i n  these media even 
a f t e r  t h e  a l g a l  t h a l l i  were he ld ,  o r  " p recond i t i oned "  i n  t h e  wa te r s  f o r  1.5 
days. A s l i g h t  decrease i n  oxygen p r o d u c t i o n  by Enteromorpha and Ulva i n  t h e  
I I M  medium, r e l a t i v e  t o  t h a t  i n  ocean and I M  waters ,  was t h e  o n l y  obv ious 
e f f e c t  of t h i s  c o n d i t i o n i n g  pe r i od  ( F i g  3 ) .  

B. Prox imate composi t ion and sho r t - t e rm  g rcwth  o f  macroalgae i n  s a l i n e  - 
d e s e r t  wa te r s  

A l though t h e  pho tosyn thes is  exper iments  shwed  t h a t  b o t h  o f  t he  dese r t  
media supported r a p i d ,  sho r t - t e rm  oxygen e v o l u t i o n  by a  number o f  a lgae, our  
week-long g r w t h  exper iments w i t h  these s o l u t i o n s  i n d i c a t e  t h a t  t h e  I I M  
wa te r  i s  a  much poorer  g r w t h  medium than t he  I M  wa te r .  I n  a  comparison of 
G r a c i l a r i a  g r a v t h  i n  ocean, a r t i f i c i a l  ocean, I M  and I I M  wa te rs ,  the  maximum 
s p e c i f i c  growth (on a wet we igh t  b a s i s )  occur red  i n  the  two ocean wa te r  
s o l u t i o n s  ( F i g  4 ) .  Al though g r w t h  o f  t h i s  a lga  was no t  s u b s t a n t i a l l y  lower  
i n  t h e  I M  wa te r ,  t he  t h a l l i  became p a l e  and b r i t t l e  d u r i n g  t he  seven day 
i n c u b a t i o n  pe r i od .  I n  t h e  I I M  water ,  t h e  a lga  d i e d  d u r i n g  t h e  l a t t e r  p a r t  of 
t h e  seven day i ncuba t i on  pe r i od .  

I n  a  companion exper iment,  Ulva grew a t  a  s l i g h t l y  f a s t e r  r a t e  i n  the  
ocean wa te r  than i n  t he  a r t i f i c i a l  ocean wate r  ( F i g  4 ) .  However, t he  most 











r a p i d  growth f o r  t h i s  species occurred i n  t he  I M  water ,  w i t h  the  a l ga  
e x h i b i t i n g  a  doub l i ng  t ime o f  l ess  than one day. R e l a t i v e  t o  t he  seaweed i n  
t h e  ocean and a r t i f i c i a l  ocean wate r  media, however, t he  Ulva i n  t he  I M  and 
I I M  wa te rs  became p a l e  and s o f t  t ex tu red  d u r i n g  t he  i ncuba t i on  per iod .  Ulva 
growth i n  t he  l a t t e r  t reatment  ( I I M )  was r e l a t i v e l y  poor ( F i g  4 ) .  

Because s p e c i f i c  g r w t h  r a t e s  o f  Ulva and G r a c i l a r i a  i n  t h i s  exper iment 
were c a l c u l a t e d  based on changes i n  wet we igh t  biomass, a  f o l  lowup 
experiment was conducted t o  determine whether the  recorded g r w t h  r a t e s  
( p a r t i c u l a r l y  t h a t  o f  U lva  i n  t he  I M  medium) represented a  t r u e  inc rease  i n  
d r y  mat te r ,  o r  merely an inc rease  i n  t h a l l u s  water  ( o r  ash) content .  

On a d r y  we igh t  bas is ,  t he  s p e c i f i c  g r w t h  r a t e s  o f  G r a c i l a r i a  i n  the 
oceap and a r t i f i c i a l  ocean wate rs  was found t o  be equal, a t  0.1 doubl i ngs  
day- ( F i g  5 ) .  Al though a  ga in  i n  G r a c i l a r i a  wet we igh t  was observed i n  t h e  
I M  medium, t h e  t h a l l u s  d r y  mat te r  con ten t  dropped 50% ( i n i t i a l  % d r y  mat te r  
was 12.3), so ne t  s p e c i f i c  g r w t h  on a  d r y  we igh t  bas i s  was zero ( F i g  5 ) .  
There were no between-media d i f f e r e n c e s  i n  ash content ,  a l though i t  i s  
no tab le  t h a t  t h i s  parameter decreased sharp ly  ( i n i t i a l  % ash was 44.7) a f t e r  
G r a c i l a r i a  was t r a n s f e r r e d  f rom h igh  (32 p p t  i n  the  outdoor h o l d i n g  tanks)  
t o  l w  s a l i n i t i e s  ( 1 5  pp t  f o r  the  exper imenta l  media) ( F i g  5) .  

I n  c o n t r a s t  t o  G r a c i l a r i a ,  Ulva grew a t  a  s lower  r a t e  i n  t he  a r t i f i c i a l  
ocean medium than i n  t he  ocean wate r  ( F i g  5 ) .  The reason f o r  t h i s  reduced 
growth, which was a l s o  observed i n  t he  preceding exper iment ( F i g  4) ,  i s  
unknown. The we igh t  increase o f  Ulva i n  t he  I M  medium was 40% h ighe r  than  
t h a t  i n  ocean wate r  ( F i g  5) .  Hcwever, because o f  t he  h i g h  ash con ten t  o f  
U lva  i n  t h e  I M  medium ( F i g  5 ) ,  t h e  d i f f e r e n c e  between t h e  o rgan ic  ma t te r  
inc rease  i n  ocean wa te r  and t h a t  i n  t he  I M  medium on a  v o l a t i l e  s o l i d s  bas i s  
i s  n a r r w e r .  

Because U lva  grew more r a p i d l y  i n  t he  a r t i f i c i a l  dese r t  media than d i d  
Grac i  1  a r i a ,  t h e  former  species was se lec ted  f o r  an exper iment t o  determine 
t h e  e f f e c t  o f  t he  s a l i n e  dese r t  waters  on macroalgal  prox imate composit ion. 
Th is  s tudy  was conducted i n  13L aquar ia  w i t h  an a l g a l  s t ock ing  r a t e  o f  409, 
so t h a t  p l a n t  samples o f  an adequate s i z e  f o r  t i s s u e  analyses cou ld  be 
r e t r i e v e d  a t  t he  end o f  t h e  study. Dur ing  t h i s  one week i ncuba t i on ,  
p r o d u c t i v i t y  (on a v o l a t i l e  so l  i d s  b a s i s )  o f  Ulva decreased among t reatments  
i n  t h e  f o l l w i n g  order :  ocean, a r t i f i c i a l  ocean, 1M and I I M  ( F i g  6 ) .  The 
f o l l o w i n g  e f f e c t s  o f  wa te r  t ype  on composit ion were a l s o  observed ( F i g  6 ) :  

1) Ul va grown i n  t h e  I M  wa te r  had e leva ted  d r y  ma t te r  and ash contents  
( r e l a t i v e  t o  ocean wa te r ) .  

2 )  The carbohydrate composit ion o f  the slow g r w i n g  Ulva i n  t h e  I I M  water  
was l w .  

3)  The p r o t e i n  con ten t  o f  Ulva was equal among a l l  wa te r  types. 

These da ta  show t h a t  over  a  sho r t  p e r i o d  o f  c u l t i v a t i o n  (one week), t h e  I M  
medium suppor ts  moderate U l  va g r w t h ,  and t h e  seaweed produced i s  n o t  
a t y p i  ca l  i n  compos i t i  on. 

C. Long-term growth o f  macroalgae i n  s a l i n e  dese r t  media. 

A d d i t i o n a l  s t ud ies  were conducted t o  determine h w  l o n g  t h e  I M  and I I M  
media could suppor t  cont inuous Ulva growth. Ulva d i s c s  were c u l t u r e d  i n  the  
two dese r t  media and i n  c o n t r o l  s o l u t i o n s  o f  ocean and a r t i f i c i a l  ocean 







water .  As expected, qrowth i n  the  I IM medium was poor,  w i t h  the t h a l  1 i 
d e t e r i o r a t i n g  w i t h i n  the 
a r t i  f i c i a l  ocean wate rs ,  
t reatments  and over t ime 
Ulva growth was equal t o  - 
then dropped sha rp l y  d u r i n g  week t h ree  ( F i g  7 ) .  The !J& i n  t h i s  t reatment  
fragmented when new d i s c s  were c u t  a t  the  end of  week th ree ,  so the  
experiment was te rmina ted .  

f i r s t  week o f  the experi;nent. I n  the ocean and 
c~rw t h  was r e l a t i v e l y  cons tan t  bo th  betwoen 
( f r o m  weeks one through t h r e e ) .  I n  the  I M  medium, 
t h a t  i n  the ocean wate rs  i n  weeks one and two. bu t  

A l though our  exper iments  show t h a t  n e i t h e r  the  I nor  I I M  media w i l l  
suppor t  U lva - growth f o r  longer  than a  few weeks, the  reason f o r  the gradual  
dea th  o f  the  a lga  i n  these media i s  unknwn.  Seaweed dec l  i n e  may have 
r e s u l t e d  from the  l ack  o f  a  p a r t i c u l a r  i o n  o r  n u t r i e n t ,  o r  because of  a  
general  i o n i c  imbalance o f  the medium. R e l a t i v e  t o  seawater a t  a  s a l i n i t y  o f  
15 pp t ,  t h e  I I M  formula has an ex t reme ly  h i g h  b i ca rbona te  l e v e l ,  bu t  i s  low 
i n  c a t i o n s ,  p a r t i c u l a r l y  calc ium. The I M  formula i s  a l s o  h i g h  i n  b ica rbona te  
and l m  i n  Yg, bu t  u n l i k e  t h e  I I M  wa te r ,  i t  has a  h i g h  Ca concen t ra t i on .  
Hweve r ,  because of p r e c i p i t a t e  fo rmat ion ,  t he  t r u e  i o n i c  composi t ion of 
these media d u r i n g  t h i s  exper imenta l  work was unknown. The I M  medium 
p r e c i p i t a t e d  immediate ly  upon mix ing ,  whereas a - p r e c i p i t a t e  would no t  
general  l y  form i n  I I M  medium u n t i l  day 2 o r  3 o f  a  growth exper iment .  

The p r e c i p i t a t e  wh ich  formed immediate ly  i n  the  I M  wa te rs  was probably  
CaC03. Sur face seawater i s  r ough l y  100-300% ove rsa tu ra ted  w i t h  respec t  t o  

b o t h  cat+ and C O j  ( R i l e y  and Chester,  l 9 7 l ) ,  and t h e  I M  medium prov ides  f o r  

even h i ghe r  l e v e l s  of b o t h  m inera ls .  At tempts  were made d u r i n g  media 
f o rmu la t i on  t o  e l i m i n a t e  p r e c i p i t a t i o n  by a1 t e r i n g  b o t h  medium pH ( t o  
reduce C O j  l e v e l s )  and t h e  o rder  of s a l t  a d d i t i o n s  ( t o  e l i m i n a t e  

heterogeneous substances which cou ld  a c t  as n u c l e a t i o n  s i t e s  [Stumm and 
Morgan, 1 9 7 0 ) ) ~  bu t  none o f  these procedures were successfu l  . 

A f i n a l  exper iment was conducted t o  de te rmine  whether  va r i ous  m i x tu res  of 
ocean wa te r  and I M  medium would suppor t  l ong- te rm Ul va grcwth.  Maximum 

growth r a t e s  (doubl  i ngs day-') d u r i n g  t h e  two week s tudy occur red  i n  t he  1 : 1 
m i x t u r e  o f  ocean wa te r  and I M  medium ( F i g  8 ) .  G r w t h  r a t e s  dec l  ined among 
t h e  remain ing media i n  the  f o l l o w i n g  o rde r :  1 : 3 ;  ocean wa te r ;  1 : 9 ;  and 
f i n a l l y ,  I M .  The h i g h  g r w t h  i n  t h e  1: l  m i x t u r e  p robab l y  was a  r e s u l t  o f  t he  
h i g h  b i ca rbona te  l e v e l s  prov ided by t he  I M  medium. Du r i ng  week two, Ulva 
g r m t h  i n  t h e  I M  medium amended w i t h  25% ocean wate r  was s u b s t a n t i a l l y  
h i ghe r  than t h a t  i n  the  I M  medium a lone  ( F i g  8) .  The r e l a t i v e l y  l a r g e  
percentage o f  ocean wate r  r equ i r ed  t o  improve U l va  growth i n  t he  a r t i f i c i a l  
s o l u t i o n  suggests t h a t  the  I M  water  i s  an u n b a f i e d  medium f o r  macroalgae 
g r m t h .  







Task 2. E f f e c t  o f  environmental  cond i t i ons  on the  proximate composit ion o f  
marine macroal gae. 

Methods 

To date, t he  e f f e c t  o f  the environmental  parameters s a l i n i t y ,  n i t r o g e n  
a v a i l a b i l i t y ,  wa ter  temperature and i r r a d i a n c e  on seaweed composit ion have 
been examined. Three macroalgae species were u t i  1  i zed f o r  t h i s  study. 
G r a c i l a r i a  t i k v a h i a e  and Ulva l a c t u c a  g r w  r a p i d l y  year-round i n  c e n t r a l  
F l o r i d a ,  'and t y p i c a l l y  c o m n  moderate t o  h i g h  l e v e l s  o f  carbohydrates 
(Habig e t  al., 1984). These species were thus chosen as candidates f o r  
experiments on i nc reas ing  t he  y i e l d s  o f  carbohydrates and o the r  s torage 
products.  I n  c o n t r a s t  w i t h  t he  carbohydrate f r a c t i o n ,  l i p i d  l e v e l s  i n  
macroalgae are  g e n e r a l l y  q u i t e  low: t he  average l i p i d  composit ion o f  20 
seaweeds examined by Ryther e t  a l e  (1984) was o n l y  2-3%. One of t he  species 
found t o  con ta in  h ighes t  l i p i d  l e v e l s  (6%) was c a d e r p a  pro1 i f e r a ,  a green 
a lga  common t o  t h e  I n d i a n  River .  Th is  species was a l s o  u t i l i z e d  f o r  t he  
experiments i n  t h i s  task. 

These s tud ies  were conducted us inq  a bank o f  e ighteen 13 L aquar ia  he ld  
i n  a  tempera tu re-con t ro l led  room (23 - 2 C ) .  An a i r  wand was placed i n s i d e  
each tank a long the  back w a l l  t o  p rov ide  cont inuous mix ing  o f  t he  tank 
contents.  A styrofoam cover was placed over each aquarium t o  prevent  
evaporat ion. Graci  l a r i a  and U l  va were grown 1 oose i n  the aquaria, whereas 
Caulerpa was grown attached, o r  " rooted"  i n  washed quar tz  sand. The 
f o l l u w i n g  standard cond i t i ons  were es tab l i shed  and u t i l i z e d  as a c o n t r o l  
t reatment  i n  each expe@ent. 
-1r rad iance o f  6 X 10 quanta ~m-*sec-~(measured  i n  s i t u )  prov ided by t y o  

f l uo rescen t  lamps on a 14:tO hour 1 igh t : da rk  photoperiod (ca 72 w a t t s  m- ). 
-Water temperature o f  22 - 2 C .  
- A  tank medium c o n s i s t i n g  o f  o f f s h o r e  ocean water,  d i l u t e d  t o  a s a l i n i t y  o f  

29 pp t  w i t h  w e l l  water .  
-A n u t r i e n t  medium prov ided a t  the concent ra t ions  l i s t e d  i n  t a b l e  3. 

The - Ul va and G r a c i l a r i a  u t i l  ized f o r  t h i s  study were each s i n g l e  clones, 
mainta ined i n  outdoor tanks under a " f i x e d "  c u l t i v a t i o n  resime. C a u l e r ~ a  
p r o l i f e r a  was obta ined on f o u r  dates from a na tu ra l  popu la t i on  on ~ e r r i k  
I s l and ,  FL. The p l a n t  m a t e r i a l  was t r ansp lan ted  and he ld  i n  700 L outdoor 
tanks f o r  a t  l e a s t  one week p r i o r  t o  i t s -  use i n  t he  experiments. D e t a i l e d  
methods f o r  t he  experiments are as f o l l ows .  

Sal i n i  t v  

Based on da ta  from p r i o r  s tud ies  w i t h  G r a c i l a r i a  and Ulva (M.D. Hanisak, 
Harbor Branch Foundation, personal comm.), s a l i n i t i e s  o f  8 and 50 p p t  were 
se lec ted  t o  p rov ide  media which would s t ress ,  bu t  no t  k i l l  t he  t h ree  
macroalgae d u r i n g  t he  i ncuba t i on  per iod .  Graci  1 a r i a  and U1 va were stocked a t  
d e n s i t i e s  o f  50 and 40 g, r espec t i ve l y ,  i n t o  aquar ia  con ta in i ng  a seawater 
s o l u t i o n  a t  a  s a l i n i t y  o f  29 ppt .  T r i p l i c a t e  tanks ( f o r  each species)  w i t h  
waters of low s a l i n i t y  (8  p p t )  were obta ined by gradual d i l u t i o n  (over  3 
days t ime )  w i t h  w e l l  water .  A h i g h l y  s a l i n e  medium (50 p p t )  was es tab l i shed  
i n  another se t  o f  rep1 i c a t e  tanks by the  gradual a d d i t i o n  o f  a  balanced s a l t  
m ix tu re  s i m i l a r  t o  t h a t  descr ibed i n  experiment A2. An a d d i t i o n a l  group o f  



t h r e e  tanks f o r  each species was mainta ined a t  29 pp t  as a  c o n t r o l .  
N u t r i e n t s  (Table 3 )  were added t o  each tank a f t e r  f i n a l  s a l i n i t y  adjustments 
were made. 

On day 11 o f  t he  exper iment,  the  a lgae i n  the  h i gh  and moderate s a l i n i t y  
tanks were weighed, harvested back t o  i n i t i a l  s t ock ing  we igh t s  ( t o  p reven t  
overcrowding) ,  and restocked. N u t r i e n t s  i n  t he  media were rep len ished  a t  
t h i s  t ime w i t h  l e v e l s  0.6X those shown i n  t a b l e  3. Ulva and G r a c i l a r i a  i n  
t h e  l w  s a l i n i t y  t rea tment  were harvested on t h i s  date,  b u t  were no t  
restocked because o f  t he  poor appearance o f  t he  p l a n t s .  9n day 13, t he  
exper iment was te rmina ted  and t he  a lgae ( h i g h  and medium s a l i n i t i e s )  were 
r i n s e d  and weighed. Dry ma t te r  p roduc t i on  was c a l c u l a t e d  as t h e  d r y  we igh t  
biomass inc rease  f rom day 1 t o  day 13 ( o r  11) .  

I n  t he  s a l i n i t y  s tudy w i t h  Caulerpa, dup l i ca te ,  r a t h e r  than t r i p l i c a t e  
tanks  were u t i l i z e d  a t  each s a l i n i t y .  S a l i n i t y  adjustments ( t o  h i g h  and low 
l e v e l s )  were made over  a  p e r i o d  o f  4  days, and t h e  t o t a l  d u r a t i o n  of t h e  
s tudy was 14 days. P r o d u c t i v i t y  was n o t  measured because o f  t h e  p l a n t s  
a t tached h a b i t .  

N i t r ogen  

G r a c i l a r i a  and U lva  - were c u l t u r e d  i n  seawater c o n t a i n i n g  h igh,  moderate 
and l o w  l e v e l s  o f  n i t r ogen .  A medium c o n t a i n i n g  t h e  NaNO concen t ra t i ons  
s h w n  i n  t a b l e  3  was es tab l i shed  as t he  "moderate" n i t r a g e n  l e v e l .  H igh  
n i t r o g e n  l e v e l s  were es tab l i shed  i n  a  medium by e l e v a t i n g  t he  preceding 
NaN03 concen t ra t i on  e i g h t - f o l d .  N i t r ogen  was omi t ted  f rom the  s tandard 
medium t o  c r e a t e  a  s o l u t i o n  d e f i c i e n t  i n  n i t rogen .  I n i t i f l  n i t r o g e n  
concent ra t ions  i n  these t rea tments  were 0, 7 and 54 mg L- , o r  approx imate ly  
0, 19 and 130 mg N p e r  gram o f  d r y  seaweed stocked i n  t h e  tanks. 

Three aquar ia  were u t i l i z e d  f o r  each species under each N- loading 
t reatment .  G r a c i l a r i a  and Ulva were stocked a t  50 and 409 wet we igh t ,  
r e s p e c t i v e l y .  A f t e r  seven days t ime, t h e  a1 gae were harvested back t o  t h e i r  
o r i g i n a l  d e n s i t i e s  and restocked. The wa te r  i n  t he  tanks was then changed 
and t he  n u t r i e n t  media were rep len ished.  On day 14 o f  t h e  exper iment,  t h e  
a1 gae were harvested, weighed, and subsamples were c o l l e c t e d  f o r  t i s s u e  
analyses. Water samples were c o l l e c t e d  f rom one tank i n  each t reatment ,  
f i l t e r e d ,  and analyzed f o r  i no rgan i c  N and P. P r o d u c t i v i t y  o f  t h e  a lgae 
under t he  t h r e e  n i t r o g e n  l oad ing  regimes was c a l c u l a t e d  as t h e  biomass 
inc rease  between day 7 and day 14. 

A s i m i l a r  exper iment t o  determine the  e f f e c t  o f  n i t r o g e n  a v a i l a b i l i t y  on 
the  prox imate composi t ion o f  Caulerpa p r o l i f e r a  was conducted u s i n g  o n l y  
moderate and low n i t r o g e n  l e v e l s .  High n i t r o g e n  concen t ra t i ons  were 
n o t  at tempted i n  t he  Caulerpa aquar ia  because o f  pas t  exper ience under such 
c o n d i t i o n s  o f  severe ep iphy te  f o u l  ing .  Caulerpa was c u l t u r e d  under t h e  low 
and moderate n i t r o g e n  l e v e l s  f o r  10 days, w i t h  n u t r i e n t  media rep len ished  on 
day 5. 

Grac i  l a r i a ,  U l  va and Caulerpa were c u l t i v a t e d  under t h r e e  temperature 
regimes i n  t h e  13 L aquar ia .  High wate r  temperatures (31-34 C) were 



mainta ined i n  one group o f  aquar ia  w i t h  50 w a t t  heaters.  I n  another group o f  
aquaria,  1 w temperatures were mainta ined by passing ch i1  l e d  water  through 
heat exchangers p laced a long an i n s i d e  w a l l  o f  each tank. Cold water  was 
produced e i t h e r  i n  an i c e  bath o r  by us ing  a commercial c h i l l e r  (Aqua- 
c h i l l e r ) .  

~ x ~ e r i m e n t s  w i t h  G r a c i l a r i a ,  U l  va and Caulerpa were conducted 
separate ly .  G r a c i l a r i a  was s t o c k e d 7  g wet we igh t )  i n t o  9 aquar ia  
c o n t a i n i n g  water  a t  the  ambient room temperature (22 C) .  Temperatures were 
then s low ly  ad jus ted  t o  t he  f o l l c w i n g  l e v e l s :  h igh,  34-35 c;. moderate, 22-23 
C;  and low,  8.5-14 C. On day 6 o f  the experiment, t he  seaweed was harvested 
back t o  i t s  o r i g i n a l  dens i t y ,  t he  water  i n  each aquarium was changed, and 
the  n u t r i e n t  media were rep len ished.  The experiment was terminated on day 
10. 

Ulva was stocked a t  40 g i n t o  n ine  aquar ia  con ta in i ng  media a t  a 
temperature o f  22 C. Temperature l e v e l s  were changed over t he  course o f  2 
days t o  t he  f o l l o w i n g  ranges: High, 34 C; moderate, 23 C; and low, 10 C. The 
Ul va was harvested and the  experiment was terminated on day 7 due t o  t he  
poor appearance o f  t he  seaweed i n  the  h i g h  and low temperature treatments.  

Caulerpa was stocked a t  11 g i n t o  aquar ia  con ta in i ng  media a t  a 
temperature o f  22 C. Three temperature l e v e l s  were es tab l i shed  i n  t h e  tanks 
a f t e r  2  days: h igh,  31-32 C;  moderate, 23 C; and low, 10 C. On day 10, t he  
water  i n  each aquarium was changed and n u t r i e n t  l e v e l s  were rep len ished.  The 
experiment was terminated on day 14. 

L i g h t  

The e f f e c t s  o f  l i g h t  i n t e n s i t y  on t h e  prox imate composit ion o f  t he  t h ree  
macroalgae were s tud ied  i n  a g lass  greenhouse. Nine 13 L aquar ia  were 
p a r t i a l l y  submersed i n  small wa ter  baths which received a constant  f l ow  o f  
we1 1 water  (24  C). The r e s u l t i n g  d ie1  f l u c t u a t i o n s  i n  temperature w i t h i n  
each aquarium d u r i n g  t h e  study were s l  i g h t  (23-25.5 C). 

A1 1 aquar ia  were covered w i t h  a sheet o f  c l e a r  po lye thy lene  ( 4  m i l  ) t o  
prevent  evaporat ion. Layers o f  neu t ra l  d e n s i t y  screening were used t o  
e s t a b l i s h  t h ree  l i g h t  l e v e l s  among the  tanks.  To ta l  i n s o l a t i o n  was measured 
w i t h  an Epply pyrohel iometer ,  w h i l e  the  e x t i n c t i o n  o f  PAR w i t h i n  each tank 
was determined w i t h  a B i  ospher i  ca l  Inst ruments quantum sensor. Seaweed2 
cu l  t y r e d  a t  t he  h ighes t  i r r a d i a n c e  received approx imate ly  150 g c a l  cm- 
day- , w h i l e  those i n  t he  medium and low l i g h t  t reatments received 
approx imate ly  0.2 and 0.02 t imes t h i s  amount, r espec t i ve l y .  

Experiments on t he  t h r e e  macroalgae were conducted a t  separate t imes. 
~ r a c i l a r i a  was stocked a t  40 g per  tank. Supplemental f e r t i l i z a t i o n  was 
p rov ided  on days 4 and 8. Water i n  each aquarium was changed on day 12, a t  
which t ime n u t r i e n t  s o l u t i o n s  were a l s o  rep len ished.  On days 9 a n d  12, t he  
seaweed was harvested back t o  o r i g i n a l  d e n s i t i e s  and restocked. The 
experiment was te rmina ted  on day 15, w i t h  p r o d u c t i v i t y  c a l c u l a t e d  from 
biomass changes from days 1 through 15. 

Ulva was a l s o  stocked a t  40 g, and was harvested back and restocked on 
day 7. Supplemental f e r t i  1 i z a t i o n  was prov ided on days 4 and 7. The 
experiment was te rmina ted  on day 9, w i t h  p r o d u c t i v i t y  c a l c u l a t e d  as the  
biomass change from days 1-9. 



Caulerpa was stocked a t  a dens i t y  o f  13 g per tank. On day 7 ,  the water 
i n  each aquarium was changed and n u t r i e n t s  were replenished.  The experiment 
was terminated on day 13. 

Composition analyses 

Algae harvested from the tanks were r i nsed  i n  freshwater,  b l o t t e d  d r y  
and weighed. P r o d u c t i v i t y  ca l cu la t i ons  were based on d r y  weight  biomass 
changes o f  the seaweeds ( f i n a l  d ry  weight  - i n i t i a l  d ry  we igh t )  and t h a l l u s  
ash content.  Two subsamples o f  algae were c o l l e c t e d  from each tank a t  the  
te rminat ion  o f  a l l  experiments. The f i r s t  was l y o p h i l i z e d  and stored i n  a 
f reezer  f o r  1 i p i d  analyses. The second was placed on a ta red  square o f  f o i  1 , 
weighed, d r i e d  (70 C f o r  48 h r )  and then reweighed, thus p r o v i d i n g  a measure 
o f  % d r y  weight.  The sample was then ground and stored f o r  l a t e r  analyses. 

The ash content o f  the oven-dried samples was determined g r a v i m e t r i c a l l y  
f o l l ow ing  combustion i n  a mu f f l e  furnace (500 C f o r  4 hours).  The p r o t e i n  
content  o f  ca. 20 mg d r i e d  a lga l  samples was determined c o l o r i m e t r i c a l  l y  
us ing  a s l i g h t  mod i f i ca t ion  of t he  Lowry (Fol in-Phenol) method. Fo l lowing 
the  a d d i t i o n  o f  5 m l  o f  1 N NaOH t o  the  t e s t  tubes con ta in ing  the  samples, 
the  e x t r a c t i o n  was conducted i n  a water  ba th  a t  50 C f o r  12 hours, r a t h e r  
than a t  room temperature f o r  24 hours. 

The carbohydrate content o f  10 mg p o r t i o n s  o f  the d r i e d  samples was 
determined co lo rme t r i ca l  l y  by the  Duboi s Phenol-Sul fur ic  Acid method. L i p i d s  
were ex t rac ted  from 1-3 g o f  f reeze-dr ied a l g a l  samples by g r i n d i n g  ( V i r t i s  
t i s s u e  homogenizer) i n  100 m l  o f  e x t r a c t i o n  sol  vent (methanol :methyl ene 
chlor ide:water ,  10:5:4 by volume) (Tornabene e t  a1 , 1982). The methylene 
c h l o r i d e  f r a c t i o n  was seperated and evaporated j u s t  t o  dryness on a Buchler 
Evapomix. The remaining 1 i p i d  f r a c t i o n  was measured g rav ime t r i ca l  l y .  



R e s u l t s  and D iscuss ion  -- 

Sal i n i t v  

G r a c i l a r i a  and U l v a  e x h i b i t e d  d i f f e r e n t  t rends  i n  p r o d u c t i v i t y  i n  
response t o  s a l i n i t y  o f  t h e  c u l t u r e  medium ( F i g  9 ) .  U l  va grew we1 1  a t  b o t h  
low and moderate s a l i n i t i e s ,  b u t  growth a t  t h e  h i g h  s a l i n i t y  was poor.  I n  
c o n t r a s t ,  o r g a n i c  m a t t e r  p r o d u c t i o n  by G r a c i l a r i a  a t  t h e  1  ow s a l i n i t y  was 
s l i g h t ,  b u t  t h e n  inc reased  w i t h  i n c r e a s i n g  s a l i n i t y .  These d a t a  suggest t h a t  - - 
G r a c i l a r i a  i s  an ocean ic  species,  w h e r e a s - ~ l  va i s  more adapted t o  e s t u a r i n e  
c o n d i t i o n s .  

A l though  s a l i n i t y  o f  t h e  c u l t u r e  medium a f f e c t e d  t h e  d r y  m a t t e r  c o n t e n t  
( %  of wet, wt . )  o f  t h e  t h r e e  macroalgae, t h e  e f f e c t s  were n o t  c o n s i s t e n t  
between spec ies  ( F i g  9). The % d r y  w e i g h t  o f  G r a c i l a r i a  i nc reased  w i t h  
i n c r e a s i n g  s a l  i n i  ty, whereas t h a t  o f  Ul  va decreased. Maximum % d r y  w t .  o f  
Caulerpa occur red  a t  t h e  medium s a l i n i t y  l e v e l .  I n  c o n t r a s t ,  t h e  % ash 
c o n t e n t  o f  a l l  t h r e e  macroalgae inc reased  w i t h  i n c r e a s i n g  s a l i n i t y .  T h i s  
i n c r e a s e  was most pronounced i n  G r a c i l a r i a  between t h e  s a l i n i t i e s  o f  8  and 
29 p p t ,  where ash c o n t e n t  i nc reased  f rom 28 t o  48 X .  Such a  h i g h  t h a l l u s  
m i n e r a l  c o n t e n t  may be r e q u i r e d  a t  h i g h  s a l i n i t i e s  i n  o r d e r  t o - m a i n t a i n  t h e  
osmot ic  ba lance between t h e  c e l l s  and t h e  c u l t u r e  medium. 

L i t t l e  d i f f e r e n c e  was observed between s a l i n i t i e s  i n  t h e  compos i t i on  
o f  p r o t e i n ,  carbohydrate ,  and l i p i d  f o r  each spec ies  ( F i g  9 ) .  A very  gradual  
i n c r e a s e  i n  p r o t e i n  ( f r o m  12.2 t o  13.8%) i n  G r a c i l a r i a  was observed w i t h  
i n c r e a s i n g  s a l i n i t y .  The p r o t e i n  c o n t e n t  o f  U lva d i d  n o t  change w i t h  
s a l i n i t y ,  whereas t h e  maximum p r o t e i n  c o n t e n t  o f  Caulerpa (11.8%) occur red  
a t  t h e  l w e s t  s a l i n i t y .  

H ighes t  s o l u b l e  ca rbohydra te  l e v e l s  (60.0%) i n  Grac i  l a r i a  were found a t  
a  s a l i n i t y  o f  50 p p t .  E leva ted  s a l i n i t i e s  have a l s o  been found t o  s t i m u l a t e  
t h e  p r o d u c t i o n  o f  t h e  carbohydrates f l o r i d o s i d e  and i s o f  1  o r i d o s i d e  i n  t h e  
red  a l g a  Porphyra p e r f o r a t a  { ~ r a i g i e ,  1974). I n  c o n t r a s t ,  s a l i n i t y  o f  t h e  
c u l t u r e  medium had l i t t l e  e f f e c t  on carboh-ydrate  l e v e l s  i n  C a u l e r ~ a .  and 
ca rbohydra te  l e v e l s  i n  U l  va a c t u a l  l y  d e c l  i n e d  w i t h  i n c r e a s i n g  s a l  \ n i t y .  

A s l i g h t  i n c r e a s e  i n  t h e  l i p i d  compos i t i on  o f  G r a c i l a r i a  and Caulerpa 
was observed w i t h  i n c r e a s i n g  s a l i n i t y  o f  t h e  medium. The sharpes t  i n c r e a s e  
was observed i n  Caulerpa, t h e  spec ies  w i t h  t h e  h i g h e s t  l i p i d  con ten t ,  where 
l i p i d  l e v e l s  inc reased  f rom 6.3-8.2%. Prev ious  i n v e s t i g a t o r s  have r e p o r t e d  
an even g r e a t e r  s t i m u l a t i o n  o f  l i p i d  p r o d u c t i o n  i n  m i c r o a l g a e  a t  h i g h  
s a l  i n i  t i e s .  C r a i g i e  and McLachl an (1964)  found t h a t  a  hundred- fo ld  i n c r e a s e  
i n  c u l t u r e  medium NaCl c o n c e n t r a t i o n s  inc reased  g l y c e r o l  l e v e l s  i n  
D u n a l i e l l a  t e r t i o l e c t a  by 133X. 

The most prominent  e f f e c t  o f  sa l  i n i  t y  on r e l a t i v e  c o n c e n t r a t i o n s  o f  
p o t e n t i a l  l y  v a l u a b l e  s t o r a g e  p r o d u c t s  was found i n  Grac i  1 a r i a ,  where t h e  
ca rbohydra te  c o n t e n t  o f  t h a l l i  c u l t i v a t e d  a t  50 p p t  was 34% h i g h e r  than  t h a t  
o f  seaweed c u l t u r e d  a t  29 p p t .  H igh s a l i n i t y  a l s o  caused a s l i g h t  i n c r e a s e  
i n  l i p i d  s y n t h e s i s  i n  Caulerpa.  





Ni t rogen avai  l a b i l  i t y  i n  the medium markedly a f f ec ted  the p r o d u c t i v i t y  
and composit ion o f  the t h ree  macroal gae ( F i g  10). Produc t i  v i  t y  o f  bo th  U l  va 
and G r a c i l a r i a  increased w i t h  i nc reas ing  n i t r o g e n  l e v e l  i n  the  medium. ms 
s t i m u l a t i o n  i n  o rgan ic  mat te r  p roduc t i on  was g rea tes t  between l o w  and 
moderate n i t r o g e n  l e  
G r a c i l a r i a  and 10% 
n i t r o g e n  1 eve1 s. 

ve ls .  Only a s l i g h t  increase i n  p r o d u c t i v i t y  ( 4% f o r  
f o r  U lva)  was observed between moderate and h i g h  

The observed t rends  i n  d r y  we igh t ,  ash, p r o t e i n  and carbohydrate 
composit ion among n i t r o g e n  l e v e l s  were s i m i l a r  f o r  each o f  t he  t h r e e  
macroalgae. With decreasing n i t r o g e n  a v a i l a b i  1  i t y ,  % d r y  weights  increased, 
ash and p r o t e i n  contents  decreased, and carbohydrate l e v e l s  increased. 
Tissue n i t r o g e n  concent ra t ions  f o r  G r a c i l a r i a  were 1.0, 1.8 and 3.1% i n  t he  
l o w ,  moderate and h i g h  n i t r o g e n  media a t  t he  end o f  t he  experiment. The 
respec t i ve  t i s s u e  n i t r o g e n  concent ra t ions  f o r  Ulva were 0.7, 2.1 and 2.6% i n  
t he  t h ree  treatments.  Amino a c i d  synthes is ,  and hence, p r o t e i n  p roduc t ion ,  
i s  l i m i t e d  when l i t t l e  n i t r o g e n  i s  a v a i l a b l e  i n  t he  medium. Sugars produced 
i n  photosynthes is  under n - d e f i c i e n t  cond i t i ons  a re  u t i l  i zed  p r i m a r i l y  f o r  
t he  p roduc t ion  o f  s t r u c t u r a l  and non -s t ruc tu ra l  ( s o l u b l e )  carbohydrates 
( ~ i r d  -- e t  a1 . , 1982; Habig e t  a1 . , 1984). ~ n c r e a s e d  s t r u c t u r a l  carbohydrate 
l e v e l s  i n  t he  c e l l s  may in%= reduce the  water  content  o f  the  p l a n t  
(Russel 1, 1971). The h i g h  ash con ten t  observed i n  a lgae c u l t u r e d  a t  e leva ted  
s a l i n i t i e s  may be r e l a t e d  t o  an inc rease  i n  minera l  ( c a t i o n )  uptake which 
would accompany increased NOj  assimi 1  a t i o n .  

N i t rogen a v a i l a b i l i t y  i n  t he  medium had l i t t l e  e f f e c t  on t h e  l i p i d  
compostion o f  the  t h r e e  macroalgae. The l i p i d  composit ion o f  Caulerpa was 
equal a t  1 m  and moderate n i t r o g e n  l e v e l s ,  whereas t he  h igh  n i t r o g e n  medium 
produced h ighes t  l i p i d  l e v e l s  i n  G r a c i l a r i a ,  bu t  lowest  l i p i d  l e v e l s  i n  
Ulva. P r i o r  s tud ies  have shown t h a t  prolonged n - s t a r v a t i o n  can s t i m u l a t e  t he  
p roduc t ion  o f  1  i p i d s  i n  microalgae ( S h i f r i n  and Chisholm, 1981). 
Carbohydrate syn thes is  apparent ly  occurs d u r i n g  t he  i n i t i a l  stages o f  N- 
d e p r i v a t i o n  , whereas a f t e r  a  prolonged pe r i od  w i t h o u t  n i t r ogen ,  1  i p i d  
syn thes is  dominates. None o f  t he  macroalgae i n  the  present  study e x h i b i t e d  \ 

a subs tan t i a l  inc rease  i n  l i p i d  concent ra t ion  a f t e r  two weeks c u l t i v a t i o n  i n  
a N d e f i c i e n t  medium. ~ c w e v e r ,  a  month l ong  N d e p r i v a t i o n  study i s  now being 
conducted w i t h  Caulerpa i n  an attempt t o  increase l i p i d  syn thes is  by t h i s  
alga. 

Temperature 

Maximum g r w t h  o f  Ulva and G r a c i l a r i a  i n  t h i s  experiment occurred i n  t he  
media maintained a t  a  moderate (21-24 C) temperature l e v e l  ( F i g  11). 
Hwever ,  G r a c i l a r i a  was more t o l e r a n t  o f  the  h igh  and low tempejaturel 
extremes than was Ulva. G r w t h  o f  Ulva was l ess  than 1 gafdw m- day- i n  
bo th  t he  8 C and 3 4 t r e a t m e n t s  d f i g  the  one week study. 

The macroal gae c u l t i v a t e d  a t  8-12 C had the  h ighes t  % d r y  weight ,  w h i l e  
the  maximum ash content  f o r  a l l  species occurred a t  22 C ( F i g  11). I t  i s  
unknown what e f f e c t  temperature may have on d r y  mat ter  con ten t  o f  algae. The 
reduced ash content  o f  the p l a n t s  c u l t u r e d  a t  the temperature extremes may 







have r e s u l t e d  from lower  r a t e s  of  n u t r i e n t  a s s i m i l a t i o n  by the  r e l a t i v e l y  
slow-growing p l a n t s  i n  these t reatments .  

G r a c i l a r i a  and Caulerpa c u l t i v a t e d  a t  the  lowest temperature conta ined 
t he  lowest  l e v e l s  o f  p r o t e i n  ( F i g  11). Th is  suggests a  low temperature 
i n h i b i t i o n  o f  e i t h e r  NO3 uptake o r  p r o t e i n  synthes is ,  as the  growth of the  
a lgae i n  t h i s  t rea tment  was probably  n o t  s u f f i c i e n t l y  r a p i d  t o  d i l u t e  
p r o t e i n  reserves. I n  con t ras t ,  hmever ,  p r o t e i n  l e v e l s  o f  U l  va c u l t u r e d  i n  
t h e  low temperature ( 8  C) t reatment  were q u i t e  high. 

The carbohydrate con ten t  o f  the  t h r e e  macroal gae was g rea tes t  a t  t h e  
1 w e s t  c u l t i v a t i o n  temperatures ( F i g  11). For  Caul erpa, carbohydrate l e v e l  s  
a t  10 C were t w i c e  t h a t  i n  t h a l l i  c u l t u r e d  a t  22 C. The increased l e v e l s  of  
carbohydrate o f  these a lgae a t  10 C may be exp la ined  by t he  d i f f e r i n g  e f f e c t  
of temperature on pho tosyn thes is  and r e s p i r a t i o n  reac t ions .  Q values f o r  
t he  c o l l e c t i v e  r e a c t  ions  o f  photosynthes is ,  some o f  which are l ied ia ted 
photochemica l ly ,  range f rom 1.0 - 2.7. Because t he  Q values f o r  
r e s p i r a t i o n  a re  general  l y  h i ghe r  ( 2  .O-2.5), t he  c a t a l b q i  s  of sugars and 
carbohydrates f o r  energy may n o t  keep pace w i t h  t h e i r  syn thes is  under 
c o n d i t i o n s  of low temperature.  Hence, r e l a t i v e  q u a n t i t i e s  o f  s o l u b l e  
carbohydrates i n  t h e  a l g a l  c e l l s  may i nc rease  a t  low temperatures, 
p a r t i c u l a r l y  when o t h e r  environmental  f a c t o r s  ( i  e, 1  i ght  ) f a v o r  r a p i d  
photosynthes is .  

A l though between t reatment  d i f f e r e n c e s  i n  l i p i d  composi t ion of these 
a lgae were n o t  great ,  maximum 1 i p i d  concen t ra t i ons  f o r  a l l  species were 
found i n  t h a l l i  c u l t u r e d  a t  34 C. 

L i g h t  

I r r a d i a n c e  s t r o n g l y  a f f e c t e d  o rgan i c  m a t t e r  p roduc t i on  by G r a c i l a r i a  and 
U l va  ( F i g  12). P r o d u c t i v i t y  o f  bo th  spec ies was almost n e g l i g i b l e  a t  t he  - 
l w e s t  l i g h t  l e v e l ,  b u t  then increased sha rp l y  as c u l t u r e  tank i r r a d i a n c e  
was increased. G r a c i l a r i a  apeared s l i g h t l y  more t o l e r a n t  o f  1  ow 1 i g h t  l e v e l s  
than  Ulva. 

L i g h t  i n t e n s i t y  had l i t t l e  e f f e c t  on most composi t ional  parameters of 
t h e  t h r e e  macroalgae ( F i g  12). Dry we igh t ,  ash and carbohydrate con ten ts  
were e s s e n t i a l l y  equal among t h e  h igh,  medium and low l i g h t  l e v e l s .  However, 
t h e  p r o t e i n  composi t ion o f  Ulva and Caulerpa d i d  vary i n v e r s e l y  w i t h  
i r r ad iance .  I t  i s  l i k e l y  t h f i i t r o g e n  uptake by t he  " h i g h  l i g h t "  a lgae 
cou ld  no t  keep up w i t h  t i s s u e  syn thes is ,  o r  g r w t h ,  and thus i n t e r n a l  
n i t r o q e n  poo ls  were d i l u t e d .  L a ~ o i n t e  (1981) observed t h i s  phenomenon i n  a  
r a p i d i y  g r w i n g  c u l t u r e  o f  ~ r a c i  i a r i a  t i k v a h i a e ,  even though' t h e  t h a l l  i were 
ma in ta ined  i n  a  medium c o n t a i n i n g  h i g h  n i t r o g e n  l e v e l s .  

I r r a d i a n c e  had l i t t l e  e f f e c t  on t he  l i ~ i d  c o m ~ o s i t i o n  o f  Ulva and 
Grac i  l a r i a  ( F i g  12). The h ighes t  1  i p i d  co ipos t i on '  f o r  U l  va was found a t  the  
h i ghes t  l i g h t  l e v e l ,  whereas maximum l i p i d  concen t ra t ions  i n  G r a c i l a r i a  
occur red  a t  t he  lowest  l i g h t  i n t e n s i t y .  Caulerpa l i p i d  analyses f o r  t h i s  
exper iment have n o t  y e t  been completed. 





R e l a t i o n s h i p  between environmental  -- c o n d i t i o n s  and prox imate composi t ion.  - - -- - - - -- - -- - .- -- - -- - 

I n  f i g u r e s  13-17, t he  e f f e c t s  o f  t h e  f o u r  environmental  parameters 
s a l i n i t y ,  n i t r o g e n  a v a i l a b i l i t y ,  temperature and l i g h t  i n t e n s i t y  a re  
cons idered f o r  each i n d i v i d u a l  s to rage  p roduc t  ( i  e, d r y  we igh t ,  
carbohydrate ,  e tc . ) .  The r e l a t i v e  impor tance of each environmental  parameter 
t o  t h e  syn thes i s  o f  a  p a r t i c u l a r  s to rage  p roduc t  can thus be q u i c k l y  
determined. Note, however, t h a t  a l though  i d e n t i c a l  environmental  cond i t i ons  
were p rov i ded  i n  t he  c o n t r o l  (medium) t rea tment  of each exper iment,  t he  
compos i t i on  o f  t h e  a1 gae under these s tandard c o n d i t i o n s  va r i ed  among 
exper iments.  R e l a t i v e  f l u c t u a t i o n s  were g rea te r  f o r  some parameters (eg. 
1  i p i d ,  d r y  w e i g h t )  than f o r  o the rs  (eg. carbohydrate) .  The a lgae used i n  
these s t u d i e s  were ob ta ined  from outdoor  c u l t u r e s  which were exposed t o  
gradual  ( s o l a r  r a d i a t i o n  and temperature)  and sho r t - t e rm  ( s a l i n i t y )  
f l u c t u a t i o n s  i n  env i ronmenta l  c o n d i t i o n s .  Hence, i t  i s  l i k e l y  t h a t  t he  
composi t ion o f  t h e  i n i t i a l  p l a n t  s tock v a r i e d  a t  l e a s t  s l i g h t l y  among 
exper iments  . 

Tables 4-9 were adapted from f i g u r e s  13-17 i n  o rder  t o  "s tandard ize"  
p l  an t  composi t i  on va lues i n  t he  c o n t r o l  (medium) t reatment  among 
exper iments.  Data i n  these t a b l e s  represen t  t he  d i f f e r e n c e  between prox imate 
composi t ion ( o r  p r o d u c t i v i t y )  i n  t he  exper imenta l  t reatment  and t h a t  i n  t h e  
c o n t r o l  t rea tment .  The most prominent e f f e c t s  o f  environmental  c o n d i t i o n s  on 
p l a n t  composi t ion a re  descr ibed  b r i e f l y  i n  t he  f o l l w i n g  sec t ion .  

P r o d u c t i v i t y  o f  G r a c i l a r i a  and U lva  increased sharp ly  i n  response t o  h i g h  
l i g h t  c o n d i t i o n s  ( F i g  18, Table 4 ) .  I n  c o n t r a s t ,  t he  g r w t h  of these 
macroalgae was g r e a t l y  reduced a t  t h e  h i g h  and lcw temperature extremes, and 
under c o n d i t i o n s  o f  low n i t r o g e n  a v a i l a b i l i t y .  

N i t r o g e n  a v a i l a b i l i t y  was t h e  dominant f a c t o r  a f f e c t i n g  d r y  we igh ts  of 
G r a c i l a r i a ,  U lva  and Cauler  a, w i t h  h i g h e s t  % d r y  we igh t s  o c c u r r i n g  under 
l o w  n i t r o g e n  c o n d i t i o n s  -̂ P F i g  13, Table 5) .  L i g h t  i n t e n s i t y  had almost no 
e f f e c t  on t h e  % d r y  we igh t  of these a lgae,  w h i l e  t he  e f f e c t s  o f  temperature 
and s a l i n i t y  v a r i e d  w i t h  species.  

Wide f l u c t u a t i o n s  i n  ash con ten t ,  p a r t i c u l a r l y  t h a t  o f  G r a c i l a r i a ,  were 
observed d u r i n g  t h i s  study ( F i g  14, Table  6 ) .  S a l i n i t y  was t h e  environmental  
parameter which had t he  g r e a t e s t  e f f e c t  on ash content ,  whereas ash 
composi t ion remained r e l a t i v e l y  cons tan t  a t  d i f f e r e n t  l i g h t  i n t e n s i t i e s .  

The p r o t e i n  composi t ion o f  G r a c i l a r i a ,  U lva and Caulerpa was sharp ly  
i n f l u e n c e d  by n i t r o g e n  a v a i l a b i l i t y ,  and t o  a  l e s s e r  ex ten t ,  wa te r  
temperature ( F i g  15, Table 7 ) .  U lva c u l t u r e d  a t  h i g h  and l m  temperatures 
had a  h i g h  p r o t e i n  content .  I n  c o n t r a s t ,  l w  and h i g h  temperature 
c u l t i v a t i o n  e i t h e r  decreased, o r  had no e f f e c t  upon t h e  p r o t e i n  l e v e l s  of 
Caulerpa and G r a c i l a r i a .  

The carbohydrate  composi t ion o f  Grac i  l a r i a  was g r e a t l y  increased by 
c u l t i v a t i o n  under c o n d i t i o n s  o f  h i g h  s a l i n i t y ,  lcw n i t r o g e n  a v a i l a b i l i t y  and 
1 w  temperature ( F i g  16, Table 8 ) .  A l though carbohydrate  l e v e l s  o f  Ulva and 
Caulerpa d e c l i n e d  a t  h i gh  sa l  i n i  t y ,  carbohydrate  compostion was increased by 
low temperature and low N c u l t i v a t i o n .  



Table 4 .  E f f e c t  o f  env i ronmenta l  f a c t o r s  i n  the  p r o d u c t i v i t y  o f  G r a c i l a r i a  .- 

t i k v a h i a e  and - U l  va - I d c t u c a t  - - - - - Val es rep resen t  d i f f e r e n c e  i n  -'i 
p r o d u c ~ ~ i t y  ( a s  g AFDW m day ) between exper imen ta l  and 
c o n t r o l  c o n d i t i o n s .  See t e x t  f o r  d e s c r i p t i o n  o f  t rea tmen ts .  

Grac i  l a r i a  

Lm High  Low High 

S a l i n i t y  -2.8 +O .4 -0.7 -2 .2  

N i t r o g e n  -2 .7  + O  .2 -4.1 +0.8 
a v a i l a b i  1 i t y  

Temperature -4 .2  -3.8 -5.8 -6 .8 

L i g h t  i n t e n s i t y  -2.4 + 7  .O -2.1 +9 - 4  





T a b l e  5 .  E f f e c t  o f  e n v i r o n m e n t a l  f a c t o r s  on t h e  d r y  w e i g h t  o f  t h r e e  
m a c r o a l g a e .  V a l u e s  represent d i f f e r e n c e  i n  d r y  we igh t  ( a s  % o f  
w e t  w e i g h t )  between e x p e r i m e n t a l  and c o n t r o l  c o n d i t i o n s .  See t e x t  
f o r  d e s c r i p t i o n  o f  t r e a t m e n t s .  

-- - -- 

G r a c i l a r i a  - U l  va Cau 1 erpa 

L o w  H i g h  tor( H i  gh L W  H i  gh 

S a l i n i t y  -1 .7  + 3  .O +O. 7 -5.1 -3.8 -2.7 

N i t rogen t3.5 -0.1 t6.5 t1.7 t 7 . 6  - 
a v a i  l a b i ?  i t y  

T e m p e r a t u r e  t2.3 +O-6 +O .6 -2.2 +4.7 t1.5 

L i g h t  i n t e n s i t y  -0.6 t0.1 - 1  .O -1.4 -0-1 t0.2 





T a b l e  6.  E f f e c t  o f  e n v i r o n m e n t a l  f a c t o r s  on the ash c o n t e n t  o f  t h r e e  
macroalgae.  Va lues  r e p r e s e n t  d i f f e r e n c e  i n  ash c o n t e n t  (as  % o f  
dry w e i g h t )  between e x p e r i m e n t a l  and c o n t r o l  c o n d i t i o n s .  See t e x t  
f o r  d e s c r i p t i o n  o f  t r e a t m e n t s .  

Ul va, 

Lw H i g h  Lw H i  g,h L w,,. H i  qb 

S a l i n i t y  -19.7 + i .3  -3.8 t0.3 -6.5 -0.2 

~i t r o g e n  -11.5 t2.9 -8.3 +4 .8 -2.6 - 
a v a i l a b i l i t y  

Temperature -10.0 -3.9 -3.6 -7.5 -14.0 -5 .9 

L i g h t  i n t e n s i t y  - 0 - 4  +0.2 - 2  .O -0.2 -3,9 t2 .4  





Table  7. E f f e c t  o f  env i ronmenta l  f a c t o r s  on t h e  p r o t e i n  c o n t e n t  o f  t h r e e  
macroalgae.  Values r e p r e s e n t  d i f f e r e n c e  i n  p r o t e i n  c o n t e n t  ( a s  X 
of v o l a t i l e  s o l  i d s )  between exper imen ta l  and c o n t r o l  c o n d i t i o n s .  
See t e x t  f o r  d e s c r i p t i o n  o f  t rea tmen ts .  

Lcw H i  sh Lw H i  sh Low H i  ah 

S a l i n i t y  -0 -6 + 1  .O -0.5 -0.2 t 2 . 9  t1.9 

N i t rogen -7.2 t 2 . 3  -1.8 t 6 . 7  -6.8 - 
a v a i l a b i l i t y  

Temperature -2.1 -1.7 t 5 . 2  t 4 . 1  -5.6 t 0 . 4  

L i g h t  i n t e n s i t y  -0.4 +1,2 t 0 . 4  -2.8 + 1  .O -0.9 
e 





Tab le  8. E f f e c t  o f  env i ronmenta l  f a c t o r s  on t h e  ca rbohydra te  c o n t e n t  o f  
t h r e e  macroalgae.  Values r e p r e s e n t  d i f f e r e n c e  i n  ca rbohydra te  
c o n t e n t  ( a s  % o f  vol a t  i le  sol i d s )  between exper imen ta l  and c o n t r o l  
c o n d i t i o n s .  See t e x t  f o r  d e s c r i p t i o n  o f  t rea tmen ts .  

Grac i 1 a-r i a ~  U l  va - Cau 1 erpa 

Lw ,. ,. Hi gh , Lw High - , -  , . Lm High  

S a l i n i t y  - 2 . 1  +15.3 +2 - 4  -5.7 -6.2 -9 .4  

N i t rogen t 2 5 . 1  -0.6 t 8 . 1  -9.5 t28.4 - 
a v a i l a b i l i t y  

Temperature t15 .6  t 7 . 9  t4.7 -11.6 +29.3 +2.6 

L i g h t  i n t e n s i t y  - 5  .O - 1  .8 - 4  .2 -2.7 -1.7 -1.5 



L i p i d  l e v e l s  i n  G r a c i l a r i a  increased s l i g h t l y  i n  response t o  h i gh  
n i t r o g e n  and h i g h  tempera= c u l t i v a t i o n  ( F i g  17 ,  Table 9 ) .  Maximum 
l i p i d  s torage i n  U lva  occurred a t  h i gh  and low l i g h t  i n t e n s i t i e s ,  whereas 
l i p i d  l e v e l s  i n  Caulerpa were increased by c u l t i v a t i o n  a t  t he  h i gh  and low 
temperature extremes. 

Storage product  y i e l d s .  

For  each exper iment,  p r o t e i n ,  carbohydrate and l i p i d  concen t ra t ions  were 
m u l t i p l i e d  by the r a t e s  o f  o rgan ic  mat te r  p roduc t ion ,  thus p r o v i d i n g  a 
measure o f  the  d a i l y  p roduc t i on  o f  these c o n s t i t u e n t s  by ~ r a c i l a r i a - a n d  
Ulva. 

Maximum p r o t e i n  p roduc t i on  by these two a lgae occurred under c o n d i t i o n s  
of h i g h  l i g h t  i n t e n s i t y ,  and h igh  n i t r o g e n  a v a i l a b i l i t y  i n  t he  medium ( F i g  
19).  Al though maximum t h a l l u s  p r o t e i n  l e v e l s  were n o t  found a t  t he  h i ghes t  
l i g h t  i n t e n s i t y ,  t he  r a p i d  p r o d u c t i v i t y  o f  t5e  a lpae i n  t h i s  t rea tment  
r e s u l t e d  i n  h i g h  p r o t e i n  y i e l d s  (ca 1.4 g m- day- ). I n  t h e  N a v a i l a b i l i t y  
experiment, t h e  h i gh  n i t r o g e n  t reatment  r e s u l t e d  i n  h i ghes t  t h a l  l u s  p r o t e i n  
concen t ra t ions  as we1 1 as r a p i d  seaweed growth. Other c o n d i t i o n s  under wh ich  
p r o t e i n  p roduc t i on  by G r a c i l a r i a  was maximized were h i gh  sa l  i n i  t y ,  and 
medium temperature.  The maximum p r o t e i n  p roduc t i on  f o r  Ul  va a1 so occurred a t  
t h e  medium temperature,  b u t  a t  the  medium (29 p p t ) ,  r a t h e r  than  t h e  h i g h  
sa l  i n i  ty. 

Maximum carbohydrate p roduc t i on  by U l  va and Grac i  1  a r i a  occurred under 
h i g h  1 i g h t  c o n d i t i o n s  ( F i g  20),  p r i m a r i l y b e c a u s e  o f  t h e  r a p i d  p r o d u c t i v i t y  
of  t he  a lgae i n  t h i s  t reatment .  I n  c o n t r a s t  w i t h  p r o t e i n ,  however, maximum 
carbohydrate p roduc t i on  i n  t h e  N a v a i l a b i l  i t y  exper iment occurred a t  medium 
n i t r o g e n  l e v e l s .  Cond i t i ons  of medium s a l i n i t y  and temperature r e s u l t e d  i n  
maximum carbohydrate p roduc t i on  by Ul va, bu t  f o r  G r a c i l  a r i a ,  medium 
temperature and h i g h  s a l i n i t y  were t h e  environmental  c o n d i t i o n s  which 
favored carbohydrate p roduc t ion .  

Cond i t ions  o f  h i g h  1 i g h t  and medium temperature s t imu la ted  maximum 1 i p i d  
p roduc t i on  by these macroalgae ( F i g  21). For  G r a c i l  a r i a ,  h i g h  sa l  i n i  ty and 
h i g h  n i t r o g e n  c o n d i t i o n s  a1 so enhanced 1 i p i d  p roduc t ion ,  whereas f o r  U l  va, 
1 i p i d  p roduc t i on  was maximized a t  medium n i t r o g e n  and medium s a l i n i t y  
1  eve1 s. 





Table 9. E f f e c t  o f  env i ronmenta l  f a c t o r s  i n  t h e  l i p i d  c o n t e n t  o f  t h r e e  
rnacroalgae. Values r e p r e s e n t  d i f f e r e n c e  i n  l i p i d  con ten t  (as % o f  
v o l a t i l e  s o l  i d s )  between exper imen ta l  and c o n t r o l  c o n d i t i o n s .  See 
t e x t  f o r  d e s c r i p t i o n  o f  t rea tments .  

Grac i  l a r i a  U l  va - Cau 1 erpa 

L w  H igh  L w  High Lw Hiqh 

S a l i n i t y  +0.4 +0.9 t0.6 t0.7 -0.8 +1.1 

N i t r o g e n  -2.4 +1.2 
a v a i  1  a b i  1  i t y  

Temperature -2.3 +1.7 +0.3 t1.2 +3.6 t6.6 

L i g h t  i n t e n s i t y  +0.9 +0.4 t3.0 t4.8 - - 
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Ben-Gurion U n i v e r s i t y  o f  t h e  Negev 

Beer-Sheva , I s r a e l  

T h i s  p r o j e c t  i s  b e i n g  conduc ted  b y  t h r e e  main r e s e a r c h  g r o u p s  i n  I s r a e l :  
1 )  one  a t  t h e  I s r a e l  Oceanographic  and L imno log ica l  Resea rch ,  headed b y  D r .  A. 
Ben-Amotz, 2 )  one  g r o u p  a t  t h e  Desert Research  I n s t i t u t e  o f  Ben-Gurion 
U n i v e r s i t y ,  l e d  b y  P ro f .  A. Richmond, and 3 )  one  a t  t h e  Techn ion ,  headed b y  
P r o f .  G. S h e l e f .  

The g e n e r a l  o b j e c t i v e s  o f  t h i s  p r o j e c t  a r e  t o  select  l i p i d - p r o d u c i n g  
h a l o t o l e r a n t  m i c r o a l g a e ,  t o  c u l t i v a t e  them o u t d o o r s  on a  _ a r g e  s c a l e ,  t o  
o p t i m i z e  t h e i r  g rowth ,  and t o  compare v a r i o u s  methods  O r  h a r v e s t i n g .  S t a r t e d  
i n  June  1983, t h e  p r o j e c t  i s  now n e a r i n g  t h e  end o f  i ts  second y e a r .  The 
s p e c i f i c  o b j e c t i v e s  o f  t h e  p r e s e n t  s t a g e  o f  r e s e a r c h  a r e :  
1 )  comple t ion  o f  t h e  c h a r a c t e r i z a t i o n  o f  t h e  growth  o f  s e l e c t e d  I s r a e l i  

s p e c i e s  ; 
2) i d e n t i f i c a t i o n  o f  c u l t u r e  c o n d i t i o n s  ( e . g .  s t r e s s )  t h a t  l e a d  t o  an accu-  

m u l a t i o n  o f  l i p i d s ;  
3 )  o p t i m i z a t i o n  o f  growth  c o n d i t i o n s  f o r  t h e  o u t d o o r  c u l t u r e  o f  s e l e c t e d  spe -  

c i e s  ; 
4 )  economic e v a l u a t i o n  o f  s e l e c t e d  t e c h n i q u e s  f o r  s e p a r a t i o n  and h a r v e s t i n g .  

Based on t h e  l i t e r a t u r e  s u r v e y  p r e p a r e d  l a s t  y e a r  and p r e s e n t e d  t o  SERI, a l g a e  
b e l o n g i n g  t o  t h r e e  g e n e r a  were s e l e c t e d  f o r  f u r t h e r  i n v e s t i g a t i o n :  
I s o c h r y s i s ,  N a n o c h l o r o p s i s ,  and C h l o r e l l a .  They a r e  c o n s i d e r e d  t o  b e  
model o r g a n i s m s  f o r  t h e  p r e s e n t  s t u d i e s  and n o t  n e c e s s a r i l y  t h e  f i n a l  
o r g a n i s m s  o f  c h o i c e .  These  model o r g a n i s m s  have  been  used  f o r  
c h a r a c t e r i z a t i o n  o f  growth  and f o r  d e t e r m i n a t i o n  o f  p r o d u c t i v i t y  and l i p i d  
accumula t ion  u n d e r  c o n t r o l l e d  c o n d i t i o n s ,  where t h e  l i g h t  i n t e n s i t y ,  pH, and 
s a l i n i t y  were v a r i e d .  We s h o u l d  n o t e  h e r e  t h a t ,  a c c o r d i n g  t o  s e v e r a l  
p h y s o l o g i c a l  and c h e m i c a l  c h a r a c t e r i s t i c s ,  b o t h  I s o c h r y s i s  and 
N a n o c h l o r o p s i s  seem t o  meet  many o f  t h e  r e q u i r e m e n t s  o f  t h i s  p r o j e c t .  We 
found t h a t  t h e  l e v e l s  o f  l i p i d s  and h y d r o c a r b o n s  i n  b o t h  a l g a e  were  
s a t i s f a c t o r y ,  a s  compared w i t h  t h e  l e v e l s  i n  o t h e r  a l g a e .  

These model o r g a n i s m s  were a l s o  c u l t i v a t e d  o u t d o o r s  i n  1-sq.m and 2.5-sq.m 
ponds unde r  d e s e r t  c o n d i t i o n s .  Some a s p e c t s  o f  o u t d o o r  c u l t i v a t i o n  and 
problems e n c o u n t e r e d  unde r  t h e s e  c o n d i t i o n s  a r e  b e i n g  s t u d i e d .  Data on 
b iomass  p r o d u c t i o n  were accumula t ed  t h r o u g h o u t  t h e  y e a r .  The a l g a e  were  a l s o  
used f o r  h a r v e s t i n g  e x p e r i m e n t s ,  i n  which  t h e  m o t i l e  a l g a  I s o c h r y s i s  and t h e  
n o n m o t i l e  a l g a  C h l o r e l l a  were compared u s i n g  v a r i o u s  h a r v e s t i n g  t e c h n i q u e s .  

Al though t h e  model o r g a n i s m s  m i g h t  n o t  b e  t h e  o n e s  f i n a l l y  c h o s e n ,  t h e  
a d v a n t a g e  o f  t h e  p r e s e n t  s t u d y  is o u r  g a i n i n g  e x p e r i e n c e  i n  o p e r a t i n g  a  sys t em 
w i t h  s a l i n e  w a t e r  u n d e r  d e s e r t  c o n d i t i o n s  w i t h  a l l  i t s  s p e c i a l  c o n s t r a i n t s  
( e . g  . h i g h  t e m p e r a t u r e s  and s t r o n g  s o l a r  r a d i a t i o n ) .  C o n t i n u a t i o n  o f  t h e  s t u d y  



w i t h  t h e  same o r g a n i s m s  w i l l  a l l o w  u s  t o  e x t e n d  t h e  know-how a l r e a d y  
a c c u m u l a t e d  and h e l p  u s  s o l v e  many p r o b l e m s  t h a t  may a r i s e  i n  t h e  f u t u r e  i n  
t h e  c u l t i v a t i o n  o f  o t h e r  o r g a n i s m s  a s  w e l l .  The s t u d y  w i l l  t h u s  c o n t r i b u t e  t o  
t h e  d e v e l o p m e n t  o f  t h e  b i o t e c h n o l o g y  f o r  p r o d u c t i o n  o f  l i p i d s  f r o m  
h a l o t o l e r a n t  a l g a e .  

In  a d d i t i o n ,  e f f o r t s  a r e  b e i n g  made t o  i s o l a t e  s u i t a b l e  a l g a e  from t h e  
M e d i t e r r a n e a n  a n d  f r o m  s m a l l  s a l t  p o n d s  i n  I s r a e l .  T h e s e  a l g a e  s h o u l d  meet 
t h e  p r o j e c t  r e q u i r e m e n t s  fo r  o u t d o o r  p r o d u c t i o n ,  i . e .  a b i l i t y  t o  t h r i v e  u n d e r  
c o n d i t i o n s  of h i g h  s o l a r  i r r a d i a t i o n ,  h i g h  t e m p e r a t u r e ,  and  h i g h  s a l i n i t y .  

h r i n g  t h e  n e x t  p h a s e  we s h o u l d  c o n t i n u e  t h e  e f fo r t s  t o  se lect  s u i t a b l e  a l g a e  
p r o d u c i n g  l i p i d s ;  t o  s t u d y  i n - d e p t h  t h e i r  p h y s i o l o g i c a l  c h a r a c t e r i s t i c s  and 
d e t e r m i n e  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  model  o r g a n i s m s ,  u s i n g  a f a c t o r i a l  
d e s i g n  s y s t e m  f o r  u n d e r s t a n d i n g  t h e  s p e c i f i c  p h y s i o l o g i c a l  c o n d i t i o n s  f o r  t h e  
i n d u c t i o n  o f  l i p i d s ;  a n d  t o  c o n t i n u e  o u r  o u t d o o r  e x p e r i m e n t s  i n  2.5-sq.m ponds  
i n  w h i c h  t h e  p r o b l e m s  i n v o l v e d  i n  l a r g e - s c a l e  o p e n - a i r  p r o d u c t i o n  o f  
o i l - p r o d u c i n g  a l g a e  i n  s a l i n e  w a t e r  w i l l  be d e f i n e d  and s o l v e d .  I n  o r d e r  t o  
be a b l e  t o  recommend a  h a r v e s t i n g  t e c h n i q u e ,  t h e  r e s u l t s  o b t a i n e d  on a  s m a l l  
s c a l e  s h o u l d  be v e r i f i e d  on a  l a r g e  s c a l e ,  s e v e r a l  m e t h o d s  s h o u l d  b e  c o m p a r e d ,  
and  o n l y  t h e n  s h o u l d  t h e  r e s u l t s  be s u b j e c t e d  t o  t h o r o u g h  e c o n o m i c  a n a l y s i s .  

For t e s t i n g  o u r  r e s u l t s  u n d e r  r e a l  c o n d i t i o n s ,  we p r o p o s e  t o  p u t  i n t o  
o p e r a t i o n  a d e m o n s t r a t i o n  p l a n t  o f  100-sq.m pond i n  t h e  d e s e r t  a t  t h e  end  o f  
summer 1985 f o r  t h e  c u l t i v a t i o n  of a n  a l g z  t h a t  p r o d u c e s  h i g h  a m o u n t s  of 
l i p i d s  a n d  h y d r o c a r b o n s  ( I s o c h r y s i s  may b e  a good c a n d i d a t e ) .  The p l a n t  
will b e  o p e r a t e d  b y  t h e  t h r e e  I s r a e l i  g r o u p s  on  t h e  b a s i s  o f  t h e i r  r e s u l t s  
w i t h  r e s p e c t  t o  t h e  s u i t a b l e  medium, mode o f  m i x i n g ,  d i l u t i o n  r a t e ,  and  
h a r v e s t i n g  t e c h n i q u e .  S e v e r a l  m o n t h s  o f  s u c h  o p e r a t i o n  s h o u l d  s u p p l y  
i m p o r t a n t  d a t a  o n  t h e  p r o d u c t i v i t y  of l i p i d s  a n d  t h e i r  c o m p o s i t i o n  i n  a d e s e r t  
e n v i r o n m e n t .  
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ABSTRACT 

Species of unicellular algae from throughout Israel and other origins were 
screened and cultivated under laboratory controlled conditions to identify 
culture requirements, optimal growth rate and algal lipid profile. 
Nannochloropsis spp., Phaeodactylum tricornutum and Chaetoceros gracilis 
were selected for intensive study by bifactorial design experiments. 

The effect of nitrate and iron limitation and the response to light 
intensity, temperature, pH and salt concentration were tested with respect 
to algal production and cellular chemistry variation. 

The lipid profile of most screened microalgae was studied with emphasis on 
hydroc&bons eluted with hexane and benzene on silicic acid columns. 
Significantly low amounts of acyclic hydrocarbons were detected only in 
Botryococcus braunii and not in the other algae. Botryococcus braunii, 
Isochrysis sp., ochloropsis salina and Cylindrotheca fusiformis 
accumulated high amounts of cyclic and polyunsaturated components which 
were identified as alkenones and various isoprenoid derivatives. 

INTRODUCTION 

Utilization of the photosynthetic machinery for the production of energy, 
chemicals and food has a particular appeal because it is the abundant 
energy-storing and life-supporting process on earth. Starting with the 
basic photosynthetic reaction converting carbon dioxide and water into 
organic carbon and oxygen with solar irradiation as the energy source, 
photosynthetic plants and algae utilize intricate biochemical pathways to 
produce a variety of organic products. For many years, phycologists have 
had a special interest in the possibilities of mass culturing of 
microalgae. The early trials of algal biomass production were aimed at 
single cell protein production, but in recent years many other potential 
applications for large-scale algal cultures have been advanced (Shelef and 
Soeder, 1980). Recently, work on lipid accumulation by certain microalgae 
has raised the idea of using the light harvesting machinery of the algae 
to produce photosynthetically large amounts of combustible oil. The 
research has been directed in two ways: (a) identification and isolation 
of natural microalgae capable of producing large amounts of lipids, and 
(b) physiological and environmental attempts to enrich the lipid fraction 
in fast growing marine and halotolerant microalgae in order to achieve 
fast growing species comprising high amounts of energy-rich lipids. The 



research studies in Israel were aimed at identifying Israeli strains of 
oil yielding microalgae that are adapted to arid saline regions with high 
temperature and high light intensity, and in parallel at enhancing the 
accumulation of desirable lipid products by manipulation of environmental 
conditions of a few selected species. 

MATERIALS AND METHODS 

Algae 

Table 1 presents a list of the algae surveyed in our study in the last two 
years. 

Table 1. List of Algae Analyzed in Israel Oceanographic & 
Limnological Research, Haifa, Israel 

Cyanophyceae : 
Rhodophyceae : Porphyridium spa 
Cryptophyceae; 
Dinophyceae : Amphidinium sp. 
Hap t ophyc eae : Isochrysis galbana, Isochrysis sp. 
Chrysophyceae : Monochrysis sp. 
Xantophyceae : 
Eustigmatophyceae: Nannochloropsis oculata, Nannochloropsis salina 
Phaeophyceae : 
Prasinophyceae: Asteromonas gracilis, Platymonas sp. 
Bacillariophyceae: Asterionella sp., Chaetoceros gracilis, 

Cylindrotheca fusiformis, Navicula sp., 
Phaeodactylum sp., Skeletonema sp. 

Chlorophyceae : Botryococcus braunii, Chlamydomonas sp., Chlorella 
stigmatophora, Dunaliella bardawil, Dunaliella salina 

Euglenophyceae : 
Charophyceae : 

Growth Conditions 

All algae except Botryococcus braunii were grown in an enriched sea water 
medium containing 5 mM KNOB or as indicated, 0.4 mM KH2PO4, 1.5 vM FeC13, 
30 DM EDTA, 2 mM NaHC03 or as indicated, 0.1 mM NapSiOg, 0.1 mg/litre 
thiamine-HC1, 0.5 mg/litre biotin, 0.5 mg/litre B l q  and trace metal mix as 
reported by McLachlan (1973). Algae were grown in two different ways: 
(a) in batch cultures with 10 mM NaHC03, or (b) in glass chemostats 
equipped for pH control by supply of Cop on demand. The pH controlled 
unit included a battery of eight 0.5 litre each glass chemostats with 
independent temperature control by circulating water from constant 
temperature baths through a glass jacket on the outside of each culture 
unit, Radiant energy incident to the outer surface of all cultures was 





accomplished by a battery of ten Cool-White and Agro-Lite fluorescent 
lamps to provide different light intensities between 50 to 500 VE rnm2 
sec-1. Algae were grown semi-continuously. Botryococcus braunii was 
grown in a fresh medium as previously described  en-Amotz et al., 1985). 
Daily sampling for growth measurements was done on aliquots of the culture 
suspension and included cell counting with a Coulter Counter Model ZB; 
chlorophyll assay was determined following Jensen (1978); organic weight 
was determined by freeze-drying samples for 24 hrs and ashing at about 
6OO0C. 

Extraction and Fractionation of Li~ids 

Total lipids were assayed by repeated extraction with methanol-- 
chloroform-water (10:5:4, v/v) (~ligh and Dyer, 1959) modified as 
previously described (Kates, 1964) to complete visual extraction of 
chlorophyll and other pigments. The lipids were then phase separated by 
adjustment of the solvent ratios to 10:10:9 (methanol-chloroform-water, 
v/v). The chloroform phase was evaporated to dryness under a stream of 
N2, dried under vacuum, and then the weight determined gravimetrically. 

Total lipid extracts were then fractionated on heat activated silicic acid 
columns (Unisil, Clarkson Chemical Company, Williamsport, PA) with hexane, 
benzene, chloroform, acetone and methanol to improve the resolution of the 
lipid components by thin-layer and paper chromatography (~ornabene et al., 
1969; Morrison et al., 1971). The following types of components were 
eluted: acyclic hydrocarbons (hexane); cyclic hydrocarbons, 
polyunsaturated acyclic hydrocarbons, fatty acid methyl esters, sterols, 
isoprenoid derivatives and carotenoids (benzene); tri-, di- and 
mono-glycerides, free fatty acids, and carotenoids (chloroform); 
glycolipids, chlorophylls a and b and carotenoids (acetone); 
phospholipids, And c h l o r ~ ~ ~ ~ l l  c-(methanol) . The fractions were reduced 
in volume by flash evaporation and taken to dryness under a stream of N2, 
further dried under vacuum over KOH or P205, and weighed gravimetrically. 

Thin Layer Chromatography 

Column-fractionated lipids were studied by thin-layer chromatography on 20 
cm x 20 cm glass plates with precoated hard-layered commercial TLC silica 
gel plates (DESAGA, Inc.). Chromatography was carried out in lined jars 
by the ascending method using solvent mixtures: a) hexane-benzene (9:1, 
by vol.); b) petroleum ether-diethyl ether-acetic acid (90:10:1, by 
vol.); C) diethyl ether-benzene-ethanol-acetic acid (40:50:2:0.2, by 
vol.) as first solvent and hexane-diethyl ether (96:4, by vol. ) as second 
solvent for separating non-polar lipids; and d) chloroform-acetone-- 
methanol-acetic acid-water (50:20:10:10:5, by vol.) for separation of 
polar lipids. Spots were visualized by exposure to 12 vapors, acid 
charring, ninhydrin for amino acids, molybdate for phosphates, 
Draggendorff for quaternary amines, a-naptol solution for glycolipids, and 
sulfuric-acetic acid for sterols and sterol esters (Kates, 1972). 



Analytical Method 

Glycerol was determined by periodic oxidation followed by treatment with 
acetylacetone as previously described (Ben-Amotz and Avron, 1978). 
Protein was assayed as previously described by Lowery et al. (1951) or by 
Kochert (1978a) after hydrolysis in 1 N NaOH for 1 hr at 100°C. Total 
carbohydrates were analyzed by the phenol-sulfuric acid method following 
acid hydrolysis in 2 N HC1 for 1 hr at 100°C (Kochert, 1978b). Extended 
hydrolysis of up to 8 hrs did not produce a detectable increase in the 
carbohydrate concentration. 

RESULTS AND DISCUSSION 

Growth and Yield of Algae --- 
Growth and yield of the microalgae grown at the laboratories of Israel 
Oceanographic & Limnological Research in Israel are summarized in Table 2. 

Table 2. Growth and Yield of Species Investigated 

Species Origin Doub 1 ing Y i e l d  
time, ~ e l l s m i - T - ~ ~ o r ~ a n i c  

Amphidinium sp. 
. ~ 

Asterionella sp. 
Asteromonas gracilis 
Botryococcus braunii 
Chaetoceros gracilis 
Chlorella stigmatophora 
Cylindrotheca fusiformis 
Dunaliella salina 
Isochrysis sp. 
Monochrysis sp. 
Nannochloropsis oculata 
Nannochloropsis salina - - 
Navicula sp. 
Phaeodactylum tricornutum 
Platymonas sp. 
Porphyridium sp. 
Skeletonema sp. 

Israel 
Israel 
Israel 
USA 
USA 
Israel 
Israel 
Israel 
Israel 
Israel 
Israel 
Israel 
Israel 
Israel 
Israel 
Israel 
Israel 

Algae were rown in batch culture at 22OC under a light intensity of 100 
ME m-2 sec-g with gentle shaking. For further details see MATERIALS AND 
METHODS. 



The fast growing species were Chlorella stigmatophora and Phaeodactylum 
tricornutum. The slow growing species was clearly Botryococcus braunii. 
Determination of growth yield and productivity cannot be deduced 
accurately from batch growth; the major limiting variable is obviously 
the pH rise due to photosynthetic C02 uptake. In order to attain growth 
limitation by light intensity, the culture has to be maintained under 
constant controlled conditions of temperature, mixing, light intensity, 
pH, salt concentration, nutrients, etc. For that purpose, we have built a 
set of glass chemostats in which the microalgae were grown under strict 
control of pH, temperature and light intensity. The unit has a set of 10 
built-in pH controllers and 10 solenoids for flow of gas or liquid. The 
pH can be controlled within a small error of 0.1 pH units and thus avoid 
chemical modification in the culture medium due to pH rise. Most 
difficulties of algal flocculation by calcium phosphate and calcium 
carbonate precipitation, as well as by microelements' precipitation, at pH 
above 8.2 in marine cultures were thus eliminated on using the pH 
controlled chemostats. Examples included algae such as Dunaliella, 
Asterionella, Skeletonema and others, which exhibited fast initial growth 
rate but poor yield in uncontrolled batch culture, and high, light limited 
yield on growth in the pH controlled chemostats. The experiments 
described below on the culture conditions of the algae were initially 
conducted in batch cultures to assay growth characteristics and chemical 
composition and thereafter, selected species were grown in the chemostat, 
to determine growth yield and lipid productivity . 
Culture Requirements 

Nannochloropsis spp. The effect of nitrate versus iron on the growth and 
cellular composition of Nannochloropsis oculata and Nannochloropsis salina 
is illustrated in Figures 1-3. The optimal concentration of nitrate for 
growth is about 5 mM. The optimal amount of FeCI3 is above 30 pM, higher 
than the iron concentration usually employed in microalgae cultures. The 
protein-to-carbohydrate ratio increased with nitrate concentration but was 
not affected by the iron concentration. The lipid concentration in 
Nannochloropsis spp. was not affected by the variations in nitrate and 
iron concentrations and remained constant at about 20% irrespective of the 
growth conditions employed. The relatively low level of lipids in 
Nannochloropsis cultivated under pH controlled nitrogen deficiency clearly 
shows that the accumulation of lipids in Nannochloropsis salina (SERI, 
Microalgae Culture Collection Publ. 1984-5) is not related to nitrogen 
starvation per se but is probably due to microelement deficiency on pH 
rise in the medG. 

Phaeodactylum tricornutum (~srael). A series of experiments was cond~cted 
to determine the culture requirements and the optimal growth conditions of 
P. tricornutum. The effect of light intensity and temperature is - 
illustrated in Table 3. Maximal algal production was obtained at 15OC 
under 200 pE m-' set-l. The low temperature was favorable for cell 





division while the high temperature of 25°C was favorable for chlorophyll 
production. Pigment content per algal cell unit at 2 5 ' ~  increased to 
about twice its content at 15°C  able 4). 

Table 3. Phaeodactylum tricornutum: 
Average Daily Production in Semi-Continuous Cultures 

at Different Temperatures and Light Intensities 

Temp. Light intensity Cell number Chlorophyll a Carotenoids 
("a (VE E,-~ sec-l) (X 10 6/ml) ( ugh1 ( ~g/ml) 

- 

Table 4. Phaeodactylum tricornutum: ~igments/Cell 
Ratios at Different Temperatures and Light Intensities 

Temp. Light intensity Chlorophyll a Caro tenoids Chlorophyll a/ 
("C) (pE m-2 sec-l) (pg cell-1)- (pg cell'l) carotenoids- 

The effect of pH and light intensity on growth of P. tricornutum is 
illustrated in Figure 4. Optimum pH for cell prodztion was 8.0 at 200 pE 
mm2 sec-l, and pH 8.5 and 100 pE m-2 sec-l for chlorophyll production. 
Light intensity, but not pH, had a marked impact on the pigment content 
with maximal content of about 0.2 pg Chl/cell at 100 pE sec-l. 

The effect of KN03 concentration at 20°C and at pH 8.0 is illustrated in 
Figure 5. Maximal cell production was observed at 5 mM KNOB; 8 mM was 
slightly inhibitory, yet the cells accumulated more protein and 
chlorophyll. Under an optimal concentration of KN03, the cellular 
composition of - P. tricornutum comprised about 40% carbohydrate, 30% 





  rote in and 25% l i p i d .  Under ni trogen l imi ta t ion ,  the  carbohydrate 
increased t o  45%, pro te in  decreased t o  20%, and the  l i p i d  f r a c t i o n  
increased t o  35% of the  c e l l  organic weight. The e f f e c t  of NaCl 
concentrat ion a t  20°C, pH 8.0 and 5 mM KN03 i s  i l l u s t r a t e d  i n  Figure 6 .  - 
Maximal a l g a l  production of P. tricornutum as a function of s a l t  i s  
around 0.5 M NaCl. Higher concentrat ions were inh ib i to ry  and no growth 
was observed above 1.5 M NaC1. The e f f e c t  of s a l t  i n h i b i t i o n  on c e l l  
growth was associa ted  with the  accumulation of prote in  and carbohydrate 
( ~ i g u r e  7 ) ,  and with a change i n  the  c e l l  volume and morphology from the  
oval form t o  the  t r i r a d i a t e  form. No s i g n i f i c a n t  change has been observed 
i n  t h e  l i p i d  concentrat ion on growth a t  elevated s a l i n i t i e s .  Fawley 
(1984) recent ly  a t t r i b u t e d  the  c e l l  s i z e  changes of P. tricornutum t o  the  
vacuole-to-chloroplast r a t i o ,  the  s i z e  being l a rge r  when the  r a t i o  i s  
smaller.  Our observations confirm t h a t  assumption and complete it by 
ind ica t ing  a p a r a l l e l  increase i n  the  non-aqueous i n t r a c e l l u l a r  space 
(p ro te in  and carbohydrate space). 

Figures 6 & 7. E f fec t  of NaCl Concentration on the  
Average Daily Production  eft) and on Ce l lu la r  

Chemistry ( ~ i g h t )  of Phaeodactylum tricornutum 

Chaetoceros g r a c i l i s .  Preliminary experiments showed high s e n s i t i v i t y  of 
t h e  diatom Chaetoceros g r a c i l i s  t o  vigorous mixing and a i r  bubbling as  was 
expressed by clumping of the  algae t o  the  chemostat wal l ,  formation of 
aggregates and col lapse  of the cu l tu re .  We have replaced t h e  COP supply 
i n  the  chemostats with a supply of d i l u t e d  H C 1  on demand f o r  pH contro l  



and with NaHC03 in the medium for carbon supply. When the medium was 
mixed slowly, the culture grew well with no culture failure symptoms. 

The effect of NaCl concentration at 20°C and 25°C at pH 8.0 and at a low 
light intensity of 100 VE m-2 sec-l is illustrated in Figure 8. 

- ,  
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1.0- 

Figure 8. Effect of Temperature and NaCl 
Concentration on Chaetoceros gracilis 

Maximal growth was obtained at 25°C on a wide range of salinities between 
0.25 and 0.75 M NaC1. Above 0.75 M, growth was inhibited and at 1.5 M 
NaCl the algae survived but did not divide. The effect of NaCl on growth 
at 20°C was similar to that at 20°C with a lower cell productivity. The 
effect of salt inhibition on cell division was associated with the 
accumulation of protein. Since the carbohydrate level in C. gracilis was 
not affected by the salt concentration, the protein-to-carzhydrate ratio 
increased from about 1 to 3, being higher at 25°C (Figure 8). However, 
the cellular chemistry of C. gracilis was markedly influenced by the 
growth phase. Cells from the early logarithmic phase contained a low 
level of glucan, the amount of which increased in the stationary phase, 
yielding a low protein-to-carbohydrate ratio in late stationary phase 
cells. The lipid content in C. gracilis was usually higher (about 30%) 
in late logarithmic phase celG but was not affected by salt inhibition, 
remaining constant at about 20% of the algal organic weight. 



Lipid Contents 

Analysis of the microalgal lipids and their fractions as eluted on Unisil 
columns is illustrated in Table 5. 

Table 5. Lipid Concentration and Fractionation 
of Microalgae Grown Under Optimal Conditions 

Species 
- - 

Lipid 
% of Lipid fraction, % of total lipid 
organic 
weight Hex. Benz. Chlo. Acet. Meth. 

Amphidinium sp. 
Asterionella sp. 
Asteromonas gracilis 
Botryococcus braunii 
Chaetocexos nracilis 
~hl&~domckas spa 
Chlorella stigmatophora 
Cylindrotheca fusiformis 
Dunaliella salina 
Isochrysis sp. 
Monochrvsis SD. * 

~annochloropsis salina 
Navicula sp. 
Phaeodactylum tricornutum 
Porphyridium spa 
Skeletonema sp. 

Hex. = Hexane, Benz.= Benzene, Chlo. = Chloroform, Acet, = Acetone, 
Me th. = Methanol. 

Among the algae tested under optimal growth conditions, only Botryococcus 
braunii showed an outstanding photosynthetic capacity to accumulate large 
amounts of lipids. Other algae synthesized lipids to about 20% of the 
algal organic weight. ~ractionation of the lipids on Unisil columns 
showed significant amounts of hydrocarbons (hexane and benzene fractions) 
in Botryococcus braunii, Isochrysis sp., Nannochloropsis salina, and 
Cylindrotheca fusiformis, The benzene eluates contained the major 
fraction of hydrocarbons in these four species. Analysis of the benzene 
components by thin layer chromatography identified different neutral 
lipids in each alga, with a most probable identification as long-chain 
(~30-C40) alkenones or isoprenoids (wolf, 1983; Marlowe et al., 1984). 

The occurrence of significant amounts of long-chain hydrocarbons in the 
microalgae under optimal growth conditions raises the possibility of 
regulation in the biosynthesis of hydrocarbons by physiological and 



environmental manipulations. Previous SERI reports discussed ways to 
alter the algal chemistry by nitrogen deficiency as a means to increase 
the total amount of lipids at the expense of carbohydrate and/or protein. 
The present paper clearly shows that when algae are grown under careful pH 
control, nitrogen limitation does not induce the production and 
accumulation of lipids; the algae attain a low protein-to-carbohydrate 
ratio with no change in the lipid content. 

The most probable speculative explanation for the accumulation of lipids 
in algae grown under nitrogen deficient conditions is not the nitrogen 
limitation but rather the deficiency of microelement(s) which tend to 
precipitate at high pH. The precipitation of calcium phosphate and 
calcium carbonate at pH above 8.2 may facilitate the removal of 
microelements and thus increase a microelement specific deficiency. The 
purpose of our forthcoming studies is to seek and identify oil producing 
microalgae as well as the lipid regulatory nutrient(s) with the aid of 
bifactorial design growth experiments under control of pH, temperature, 
light intensity, salinity and medium chemistry. 
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ABSTRACT 

Separation of microalgae from sa l i ne  media involves the  concentration of 
algae from suspensions with 150-600 mg/L s o l i d s  i n to  s l u r r i e s  with 
100-200 gr/L so l i d s ,  or a concentrat ing fac to r  of 160-600 fold.  To 
achieve t h i s  concentration, sand f i l t r a t i o n ,  f i l t r a t i o n  on f i ne  weaves 
and dissolved a i r  f l o t a t i on ,  were tes ted  with o r  without f locculat ion.  
Sand f i l t r a t i o n  r e s u l t s  were discouraging. Only 40% removal was 
obtained on 0.55 mm sand pa r t i c l e s .  Removal ef f ic iency improved by the 
addition o f  f locculant ,  but f i l t r a t i o n  cycles were shor t  (30 m i n s ) .  A 
Discostrainer with a weave o f  50 was tes ted  with f resh  water Chlorella 
conditioned with alum. A 40-605 removal e f f i c iency  was obtained and a 
s l u r ry  with 3.6% so l i d s  was col lec ted.  Using a f ine r  weave, o f  21 nm, 
95% of  the  algae were removed but the  algae concentrate contained only 
2-3% sol ids .  

Flocculation followed by Dissolved Air Flota t ion (DAF) was t r i e d  on a 
continuous bas i s  i n  a p i l o t  plant .  While a high algae removal 
ef f ic iency (90%) and 5.6% so l i d s  i n  the concentrate were achieved when 
Chlorella was separated from freshwater, no consis tant  r e s u l t s  were 
accomplished when separating marine microalgae from sea water. These 
variable r e s u l t s  were re la ted  t o  the  d i f f i c u l t i e s  encountered i n  the 
f loccula t ion of microalgae in  sea water. Since f loccula t ion i s  an 
e s sen t i a l  s t ep  common t o  both, the  Discostrainer and DAF, e f f o r t s  were 
dedicated t o  a be t t e r  understanding o f  the f loccula t ion process in  
brackish and s a l i ne  waters and t o  improving it. Lower doses of 
f locculant  were required t o  achieve 90% removal from brackish water a s  
compared t o  the  dose required in  sea water. No s ign i f i can t  reduction of 
inorganic f locculant  dose was obtained by the combined use with 
polyectrol  ytes, but a  s i gn i f i c an t  reduction was achieved when Chi tosan 
was used together with the  inorganic f locculant .  A major breakthrough 
i n  the  f loccula t ion of microalgae i n  s a l i ne  and brackish waters was 
achieved i n  laboratory experiments by the  recycle of preformed f locs ,  
r e su l t i ng  i n  a  60-809 reduction of the  required dose of inorganic 
f locculant .  The breakeven cos t s  of f locculant  were found fo r  d i f f e r en t  
f locculants ,  a t  USA and I s r a e l  p r ices ,  compared t o  the allowable cos t  of 
f locculant  calculated fo r  d i f f e r en t  combinations of l i p i d s  i n  algae,  
algae concentration i n  the  cu l tu re ,  p r ice  o f  crude o i l ,  p r i ces  fo r  algae 
cu l tu res  produced on media with d i f f e r en t  s a l i n i t i e s .  Microalgae 
f loccula t ion in  brackish waters with s a l i n i t i e s  such a s  the Southwest 
USA lakes  and underground water of the  Arava, I s r a e l ,  i s  economically 
feas ib le  from cu l tu res  with 300 mg/l V.S.S. 30% o i l ,  and a t  a  crude o i l  
p r ice  o f  29 US $/bbl using the  Enforced f loccula t ion.  When conventional 
f loccula t ion is considered, t he  Algae by-product has t o  be taken i n to  
account t o  remove economically microalgae from medias with a s a l i n i t y  
below 25 g/l .  
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1 .  INTRODUCTION 

The p r o d u c t i o n  o f  m i c r o a l g a e  b iomass  h a s  been  s t u d i e d  f o r  a b o u t  f o u r  
d e c a d e s  i n  terms of g rowth  k i n e t i c s ,  c u l t u r e  r e l i a b i l i t y  and b i o m a s s  
p r o d u c t i o n  r a t e .  T h e r e  i s  an i n c r e a s i n g  s c i e n t i f i c  and commerc ia l  
i n t e r e s t  i n  b iomass  p r o d u c t i o n  o f  v a r i o u s  m i c r o a l g a e  s p e c i e s  a s  a s o u r c e  
o f  human food ,  an ima l  f e e d ,  b i o c h e m i c a l s  and e n e r g y  ( 1 ) .  Most p r e v i o u s  
work d e a l t  w i t h  f r e s h w a t e r  a l g a e  b u t  i n  recent y e a r s  i t  became e v i d e n t  
t h a t  t h e  most p r e f e r r e d  r e g i o n s  f o r  l a r g e  s c a l e  a l g a e  b iomass  schemes 
would b e  a r i d  r e g i o n s  whe re  l a n d  and s u n l i g h t  a r e  amply a v a i l a b l e ,  
m a r i n e  e n c l o s u r e s  o r  even  s e a  s u r f a c e ,  I n  a l l  t h e s e  r e g i o n s  f r e s h w a t e r  
i s  scarce w h i l e  o n l y  b r a c k i s h  or sea waters are a v a i l a b l e .  T h e r e f o r e  a 
s p e c i a l  e m p h a s i s  was g i v e n  i n  r e c e n t  y e a r s  i n  mass c u l t i v a t i o n  o f  a l g a e  
s p e c i e s  grown i n  v a r i o u s  s a l i n e  w a t e r s  r a n g i n g  from b r a c k i s h  water - 
S p i r u l i n a  sp .  ( 2 , 3 ) ,  t h r o u g h  m a r i n e  m i c r o a l g a e  - Phaeodacty lum s p ,  ( 4 )  
e n d i n g  w i t h  h a l o p h y t i c  s p e c i e s  D u n a l i e l l a  s p .  (5) grown i n  h y p e r s a l i n e  
c o n d i t i o n s .  F u r t h e r m o r e ,  SERI A q u a t i c  S p e c i e s  program is c u r r e n t l y  
aimed a t  d e v e l o p i n g  o i l  y e i l d i n g  m i c r o a l g a e  which  w i l l  grow i n  t h e  
s a l i n e  w a t e r s  o f  t h e  d e s e r t s  i n  t h e  American S o u t h w e s t ,  

I t  i s  e n v i s i o n e d  t h a t  f u r t h e r  improvement  i n  p r o d u c t i o n  r a t e s  and 
s p e c i e s  c o n t r o l  t o  p r o d u c e  d e s i r a b l e  p r o d u c t s ,  can b e  e x p e c t e d .  S t i l l ,  
i n  o r d e r  t o  b r i n g  a b o u t  t h e  r e c o g n i t i o n  o f  m i c r o a l g a e  p r o d u c t i o n  a s  a  
main stream b i o t e c h n o l o g i c a l  i n d u s t r y ,  t h e  economica l  f e a s i b i l i t y  of 
s e p a r a t i o n  t e c h n o l o g y ,  h a r v e s t i n g  and p r o c e s s i n g  o f  t h e  a l g a l  b i o m a s s  or 
i t s  p r o d u c t s  s h o u l d  b e  e s t a b l i s h e d .  

Most m i c r o a l g a e  s u s p e n s i o n s  i n  o u t d o o r  f a c i l i t i e s  have  a s o l i d s  
c o n c e n t r a t i o n  t h a t  r a n g e s  be tween 0.015 (150  m g / l )  and 0.06 p e r c e n t  ( 6 0 0  
mg/ l ) .  For  t h e  e x t r a c t i o n  o f  l i p i d s ,  a  h i g h e r  s o l i d s  c o n c e n t r a t i o n  i s  
r e q u i r e d .  Even for t h e  e x t r a c t i o n  f r o m  wet m a t e r i a l s ,  a s o l i d s  c o n t e n t  
of 10% - 20% i s  d e s i r a b l e .  

T a b l e  1 shows t h e  e f f e c t  o f  e a c h  s t a g e  o f  a  t r a i n  o f  p r o c e s s e s  on  t h e  
a l g a e  b i o m a s s  c o n c e n t r a t i o n  and o n  t h e  c o n c e n t r a t i o n  f a c t o r .  



T a b l e  1. S o l i d  C o n c e n t r a t i o n  & T o t a l  Bulk Weight  i n  
A C o n v e n t i o n a l  T r a i n  o f  A lgae  H a r v e s t i n g  P r o c e s s  

-- - -  

S t a g e  A l g a l  Biomass Metric Tons o f  Bulk C o n c e n t r a t i n g  
Conc. $ S o l i d s  Weight  p e r  Metric F a c t o r  

Ton o f  Dry Biomass 

Pond Suspens ion  0.015-0.03-0.05 6700 - 3300 - 2000 0 
A u t o f l o c c u l a t i o n  0.5 - 1 200 - 100 20 - 66 
F l o c c u l a t i o n -  
F l o t a t i o n  4 - 6 25 - 16.5 80 - 400 
P o s t  F l o t a t i o n  8 - 9  12.5. - 1 1  160 - 600 
Ther ma1 
T r e a t m e n t  13.5 7.4 270 - 900 
C e n t r i f u g a t i o n  & 
Pol  y e l e c t r o l  y t e s  25 4 500 - 1660 
P r e s s  F i l t r a t i o n  & 
P o l y e l e c t r o l  y t e s  33 3 660 - 2200 
Drying 
(Commercial)  8 8 1.14 1760 -5860 

The f i r s t  s t a g e  o f  c o n c e n t r a t i o n  i s  e s s e n t i a l  s i n c e  it removes f r e e  
w a t e r  a t  c o n c e n t r a t i o n  f a c t o r s  r a n g i n g  f rom 80 t o  400 f o l d  w i t h  lower  
c o s t s  t h a n  s u b s e q u e n t  s t a g e s .  

P r e v i o u s l y  we r e p o r t e d  (6) o n  o u r  a t t e m p t  t o  s e p a r a t e  m a r i n e  m i c r o a l g a e  
from t h e  c u l t u r e  medium by a u t o f l o c c u l a t i o n  a s  well a s  by  chemica l  
f l o c c u l a t i o n .  It  was shown t h a t  t h e  h i g h  s a l i n i t y  o f  m a r i n e  m i c r o a l g a e  
c u l t u r e s  r e q u i r e d  h i g h  d o s a g e s  o f  i n o r g a n i c  f l o c c u l a n t s  (alum o r  f e r r i c  
c h l o r i d e )  f o r  o p t i m a l  a l g a e  s e p a r a t i o n  and h a r v e s t i n g ,  a s  compared t o  
f r e s h  w a t e r  a l g a e  c u l t u r e s .  These  h i g h  d o s a g e s  were p a r t l y  e x p l a i n e d  by 
t h e  a l g a e  c e l l  p r o p e r t i e s  s u c h  a s  m o t i l i t y ,  and p a r t l y  by  t h e  h i g h  s a l t  
c o n c e n t r a t i o n s  which  r e d u c e d  t h e  f l o c c u l a n t  c h e m i c a l  a c t i v i t y  and masked 
i t s  a c t i v e  sites. P o l y m e r i c  f l o c c u l a t i o n  o f  m i c r o a l g a e  i n  a  m a r i n e  
sys t em was c o m p l e t e l y  i n h i b i t e d ,  e v i d e n t l y  due  t o  r e d u c t i o n  i n  polymer 
i o n i z a t i o n  d e g r e e  which  was c a u s e d  by t h e  medium h i g h  i o n i c  s t r e n g t h .  
C o n t r a r y  t o  s e a  w a t e r  medium, s u c h  i n h i b i t i o n  d i m i n i s h e d  i n  b r a c k i s h  
w a t e r s  as t o t a l  d i s s o l v e d  s o l i d s  were b e i n g  r educed  below 5 grams p e r  
l i t e r  ( i o n i c  s t r e n g t h  o f  a p p r o x i m a t e l y  0.1M and be low) .  I t  became clear 
t h a t  t h e  lower  t h e  i o n i c  s t r e n g t h ,  t h e  f l o c c u l a n t  d o s a g e  demand f o r  
o p t i m a l  a l g a e  r emova l  was l o w e r  and t h e  p r o c e s s  became more e c o n o m i c a l l y  
f e a s i b l e .  



I f  v a r i o u s  w a t e r  s o u r c e s  i n  I s r a e l  o r  i n  Sou thwes t  Un i t ed  S t a t e s  a r e  
e v a l u a t e d  f o r  m i c r o a l g a e  p r o d u c t i o n ,  w a t e r  s a l i n i t y  s h o u l d  be  t a k e n  i n  
a c c o u n t  n o t  o n l y  f rom t h e  a l g a e  p h y s i o l o g i c a l  s t a n d  p o i n t  b u t  a l s o  i n  
terms o f  f l o c c u l a t i o n  and s e p a r a t i o n  e f f i c i e n c y .  Table 2 summar izes  t h e  
s a l i n i t y  and i o n i c  s t r e n g t h  of v a r i o u s  wa te r  s o u r c e s  i n  I s r a e l  and i n  
s o u t h w e s t  d e s e r t s  o f  t h e  U.S. I t  i s  shown t h a t  huge  amounts  o f  w a t e r s  
wh ich  c a n n o t  b e  used  f o r  c o n v e n t i o n a l  a g r i c u l t u r e  a r e  a v a i l a b l e  f o r  
growing m i c r o a l g a e ,  and s t i l l  t h o s e  w a t e r s  are o f  s u c h  s a l i n i t y  which  d o  
n o t  g r e a t l y  e f f e c t  m i c r o a l g a e  s e p a r a t i o n  e f f i c i e n c y  ( i o n i c  s t r e n g t h  
O.15M) a s  compared t o  mar ine  env i ronmen t  ( i o n i c  s t r e n g t h  0.7M). 

T a b l e  2. S a l i n i t y  and I o n i c  S t r e n g t h  o f  V a r i o u s  Water  S o u r c e s  
i n  I s r a e l  and i n  t h e  S o u t h w e s t  Deserts, U.S.A. 

L o c a t i o n  C h l o r i d e  T o t a l  D i s s o l v e d  C o n d u c t i v i t y  I o n i c  
mg/L S o l i d s  TDS mmho/cm S t r e n g t h  

gram/L 

J e z r a e l  V a l l e y ,  wells & 
s p r i n g s  ( I s r a e l )  
Arava g round  w a t e r  
( I s rae l  ) 
Pyramid Lake 
(Nevada)  
W a l t e r  Lake 
( Ne vada ) 
Big Soda Lake 
( Nevada) 
Big A l k a l i  Lake 
( C a l i f o r n i a )  
S a l i n e  V a l l e y  
( C a l i f o r n i a )  
Sea Water 

( 1 )  Thomas T.H. SERI Review Meet ing  1984 
( 2 )  S tummand  Morgan. A q u a t i c c h e m i s t r y  

Two d i f f e r e n t  h a r v e s t i n g  t e c h n i q u e s  were t r i e d  on a c o n t i n u o u s  p i l o t  
p l a n t  o p e r a t i o n ,  f o l l o w i n g  t h e  f low-diagram seen i n  F i g  1. 

One p r o c e s s  which i s  based  on  t h e  d i s c o s t r a i n e r ,  i n c r e a s e d  t h e  c o n t e n t  
of solids o f  t h e  pond from 0.02-0.06 % t o  3.5% s o l i d s ,  p r o v i d e d  t h a t  
a l g a e  were  f l o c c u l a t e d  p r e v i o u s l y .  The second  p r o c e s s  which  is  based  on 
f l o c c u l a t i o n  - d i s s o l v e d  a i r  f l o t a t i o n  (DAF) i n c r e a s e d  t h e  s o l i d s  
c o n t e n t  from 0.02-0.06% t o  4-6%. A f t e r  a p o s t d e c a n t a t i o n  t h e  s a l i d s  
c o n t e n t  would r i s e  t o  9.10% and a wet e x t r a c t i o n  o f  l i p i d s  i s  t o  b e  
t r i e d .  A l t e r n a t i v e l y ,  t h e  s l u r r i e s  o f  t h e  d i s c o s t r a i n e r  or o f  t h e  DAF 
would b e  c o n c e n t r a t e d  t o  20-25s s o l i d s  i n  a c e n t r i f u g e .  A semi-wet 
e x t r a c t i o n  o f  l i p i d s  i s  t o  be t r i e d  on  t h e  c e n t r i f u g e  c a k e .  





Since flocculation is important for  both methods of harvesting, on the 
second year of the SERI Project ,  our e f f o r t s  were dedicated t o  
understanding be t te r  the  f locculation of microalgae in brackish and 
marine waters i n  order t o  reduce flocculant  demands and t o  improve the 
separation process. 

During t h i s  year no work was performed on the extraction of l i p i d s  and 
i t  i s  hoped t ha t  t h i s  task w i l l  be studied during next year. 

FLOCCULATION OF MARINE M I  CROALGAE 

The combination of a  very small s i z e  and a  marked surface e l e c t r i c  
charge o f  marine microalgae tend t o  keep the c e l l s  i n  a  s t ab l e  
suspension and questions the use of d i r e c t  physical separation 
techniques such a s  f i l t r a t i o n ,  sedimentation or f lo ta t ion .  Preliminary 
experiments show t h a t  des tab i l i za t ion  and flocculation of the marine 
motile chrysophyte Isochrysis ~ a l b a n a  and the  non motile green algae 
Chlorella stigmatophora i s  an important and essen t ia l  procedure i n  the 
separation and harvesting process. Previously ( 6 ) ,  the f loccula t ion 
process i n  a marine environment was found t o  be d i f f i c u l t ,  evidently due 
t o  high s a l t  content of the  cul ture  medium. Therefore, pa r t  of the 
research was dedicated t o  elucidate the e f f e c t s  of marine medium and 
algae c e l l s  mot i l i ty  on the f loccula t ion process and t o  find out 
improved combined procedures i n  order t o  reduce the  high inorganic 
f locculants demand. 

The r e s u l t s  o f  our invest igat ion on microalgae f locculation during the  
l a s t  year are  summarized in  three a r t i c l e s  which are current ly  processed 
t o  be submitted fo r  publication. 

1 .  Flocculation o f  Microalgae i n  Brackish and Sea Waters. 
2. Sa l t  concentration e f f ec t  on polymeric f locculation of microalgae. 
3.  Effect  o f  oxidants on microalgae f locculation.  

Since the forecast  vision of o i l  yielding microalgae production should 
include the  use of various marginal waters including brackish, sa l ine  
and sea waters, harvesting of microalgae from various s a l i n i t y  brackish 
waters was examined and evaluated, (Table 3). 

Table 3. Flocculant Dose Required t o  Achieve 90% Removal of 
Isochrysis from Media w i t h  Different  Sea S a l t  
Concentrations. 

Sa l t  Concentration 
( g / l )  

Alum Dose FeC13 
(mg/l) (mg/l) 



A s  it i s  e x p l a i n e d  l a t e r ,  a  n o v e l  t e c h n i q u e  h a s  been  deve loped  l a t e l y  a t  
t h e  Techn ion  which s u b s t a n t i a l l y  r e d u c e s  ( u p  t o  5 f o l d  and more) t h e  
above  f l o c c u l a n t  d o s a g e s .  From T a b l e  3 i t  i s  c l e a r  t h a t  growing a l g a e  
on b r a c k i s h  w a t e r s  o f  up t o  1 0 g r / l i t e r  s a l t  ( o v e r  10 f o l d  s a l i n i t y  a s  i n  
r e g u l a r  f r e s h  w a t e r  ) w i l l  s u b s t a n t i a l l y  r e d u c e  t h e  c o s t  o f  f l o c c u l a n t s ,  
h e n c e  t h e  c o s t  o f  t h e  o v e r a l l  s e p a r a t i o n  a s  compared t o  s e a w a t e r .  

Once t h e  p r a c t i c a l  i n e f f e c t i v e n e s s  o f  t h e  t r a d i t i o n a l  f r e s h  w a t e r  
i n o r g a n i c  f l o c c u l a n t  o r  p o l y e l e c t r o l y t e s  become e v i d e n t ,  a s  f a r  a s  
m a r i n e  medium is  c o n c e r n e d ,  two v e n u e s  which b o t h  s t i l l  i n v o l v e  
i n o r g a n i c  f l o c c u l a n t s  were s u g g e s t e d ,  namely: ( a )  c o m b i n a t i o n  o f  
p o l y e l e c t r o l y t e s  a s  " f l o c c u l a n t  a i d s "  and i n o r g a n i c  f l o c c u l a n t s ,  and 
(b) p r e t r e a t m e n t  w i t h  r e l a t i v e l y  low ozone  d o s a g e s  f o l l o w e d  by i n o r g a n i c  
f l o c c u l a n t s .  C o n t r a r y  t o  s e a  w a t e r  medium, b r a c k i s h  wa te r  e x h i b i t s  a  
l o w e r  demand f o r  i n o r g a n i c  f l o c c u l a n t s  and p o l y m e r i c  f l o c c u l a t i o n  
i n h i b i t i o n  i s  reduced .  d i m i n i s h i n g  ( b r a c k i s h  w a t e r s ) .  T h e r e f o r e  s i m p l e  
f l o c c u l a t i o n  p r o c e s s e s  w i t h  e i t h e r  low i n o r g a n i c  f l o c c u l a n t  d o s a g e s  o r  
p o l y e l e c t r o l y t e s  s h o u l d  b e  c o n s i d e r e d  f o r  s e p a r a t i o n  o f  s u c h  m i c r o a l g a l  
c u l t u r e s .  

The effect of t h e  combined u s e  o f  FeC13 and p o l y e l e c t r o l i t e  i s  shown i n  
F i g  2. When FeC13 was added f i r s t ,  t h e  p o l y e l e c t r o l ~ t e  d i d  n o t  have  any 
effect ,  w h i l e  it had some e f fec t  on  removal  when i t  was added b e f o r e  t h e  
FeC13. However, less t h a n  70% r emova l  was a c h i e v e d .  

-I 

I 
o +40 mg FeC13/L ADDED SECOND 
5 ,  

5 0  

4 

I \ t25 mg FeC1 3/L ADDED F IRST 

F I G .  2: EFFECT OF ZETAG 57 ON THE REMOVAL EFFICENCY OF FeC13 FOR 

FLOCCULATION OF A MARINE MICROALGAE 



The e f f e c t  o f  t h e  combined use of  C h i t o s a n  and F e C l 3  ( F i g  3) shows a 
marked p o s i t i v e  e f f e c t  o n  removal .  More t h a n  85% removal was a t t a i n e d  
w i t h  h a l f  t h e  d o s e  o f  FeC13 r e p l a c e d  by  2mg/l C h i t o s a n  added  f i r s t .  

d 4 
5 0 +50 rng FeC1 3/L ADDED FIRST 

B " w 

F I G .  3:  EFFECT OF CHITOSAN ON ISOCHRYSIS FLOCCULATION WITH F e C I 3  . 



The e f f e c t s  o f  m e d i a  s a l i n i t y  o n  m i c r o a l g a e  f l o c c u l a t i o n  b y  p o l y -  
e l e c t r o l y t e s  was  s t u d i e d  w i t h  t h e  non m o t i l e  m a r i n e  g r e e n  a l g a e  
C h l o r e l l a  s y g m a t o p h o r a  and  was  q u a l i t a t i v e l y  r e l a t e d  t o  b o t h  po lymer  
c o n f i g u r a t i o n  c h a n g e s  and m o l e c u l e  d e h y d r a t i o n  d u e  t o  d i f f e r e n t  i o n i c  
s t r e n g t h  c o n d i t i o n s .  F u r t h e r m o r e ,  t h e  r e s u l t s  i n d i c a t e  t h a t  p o l  yrners 
w h i c h  h a v e  h i g h e r  r i g i d  b a c k b o n e  a r e  less a f f e c t e d  by  t h e  s a l t  
c o n c e n t r a t i o n  and a r e  recommended a s  f l o c c u l a n t s  o f  m i c r o a l g a e  i n  
b r a c k i s h  w a t e r  ( 8 ) .  

P r e v i o u s l y ,  i m p r o v e m e n t  o f  m a r i n e  m i c r o a l g a e  f l o c c u l a t i o n  a f t e r  
t r e a t m e n t  w i t h  r e l a t i v e l y  l o w  o z o n e  d o s a g e s  was r e p o r t e d  ( 6 ) .  The 
e f f e c t  o f  t h r e e  d i f f e r e n t  o x i d a t i v e  a g e n t s  ( c h l o r i n e ,  o z o n e  and  c h l o r i n e  
d i o x i d e )  o n  t h e  f a t e  o f  a l g a l  c e l l s  a s  well a s  o n  f l o c c u l a t i o n  
e f f e c t i v e n e s s  was e l u c i d a t e d  w i t h  f r e s h  w a t e r  c u l t u r e s  o f  Scenedesmus  
s p .  Low d o s a g e s  o f  o z o n e  o r  c h l o r i n e  d i o x i d e  ( a b o u t  3 .0  m g / l )  were 
f o u n d  t o  b e  m o s t  e f f e c t i v e  a s  a f l o c c u l a n t  a i d  o f  i n o r g a n i c  
f l o c c u l a t i o n .  N e v e r t h e l e s s  p r e t r e a t m e n t  w i t h  o z o n e  seems t o  b e  more 
p r o m i s i n g  s i n c e  o z o n e  d o e s  n o t  c a u s e  s e v e r e  damage t o  t h e  a l g a l  c e l l s  a s  
c h l o r i n e  d i o x i d e  d o e s .  

Low t o  medium c h l o r i n e  d o s a g e s  d o  n o t  i m p r o v e  and  e v e n  d e t e r i o r a t e  t h e  
a l g a l  f l o c c u l a t i o n  e f f i c i e n c y ,  c a u s e  s e v e r e  damage t o  a l g a l  ce l l s  and 
r e d u c e  t h e i r  v i a b i l i t y  ( 9 ) .  T h e r e f o r e  t h i s  o x i d a n t  s h o u l d  b e  e x c l u d e d  
when o x i d a t i v e  p r e t r e a t m e n t  i s  c o n s i d e r e d  i n  a  f l o c c u l a t i o n  p r o c e s s .  

3. SEPARATION A N D  HARVESTING 

Two d i f f e r e n t  s o l i d  l i q u i d  s e p a r a t i o n  t e c h n i q u e s  w e r e  u s e d  t o  h a r v e s t  
m a r i n e  m i c r o a l g a e  i n  c o n j u c t i o n  w i t h  a  f l o c c u l a t i o n  p r o c e s s :  
a )  F i l t r a t i o n  and  b )  F l o t a t i o n .  P a r t s  o f  t h e  e x p e r i m e n t a l  work w h i c h  
r e q u i r e d  a  l a r g e  s u p p l y  o f  a l g a l  c u l t u r e s  was p e r f o r m e d  w i t h  h i g h  r a t e  
o x i d a t i o n  pond (HROP) e f f l u e n t s .  

3.1 F i l t r a t i o n  

3.1 . I  Sand F i l t r a t i o n  

Sand f i l t e r s  were c o n s t r u c t e d  and p r e l i m i n a r y  e x p e r i m e n t s  w e r e  c o n d u c t e d  
i n  o r d e r  t o  c h e c k  a l g a e  f i l t r a b i l i t y  w i t h  d i f f e r e n t  t y p e s  o f  s a n d s .  I t  
i s  shown i n  F i g u r e  4 t h a t  e v e n  b e d s  o f  s m a l l  s a n d  p a r t i c l e s  (0.55mm) 
removed  o n l y  a b o u t  40% o f  t h e  a l g a e  f r o m  t h e  c u l t u r e s .  
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FIG.4 : MARINE MICROALGAE REMOVAL BY A SAND BED 

FILTRATION PROCESS. 

Addition of f locculant  (FeC13 175 mg/L) improved s i g n i f i c a n t l y  the 
removal e f f i c i ency ,  however, algae f l o c s  were concentrated a t  the sand 
bed upper layer  and clogged the f i l t e r  r ap id ly  ( l e s s  than l5min). The 
add i t i o n  o f  f loccu lan t  improved a l so  the  algae removal e f f i c i ency  on 
beds of l a rge r  sand p a r t i c l e s  (C.7rnm). B u t  the  f i l t r a t i o n  cycle was not 
long enough (39min). These r e s u l t s  were discouraging and indicated t h a t  
f i l t r a t i o n  took place p r e f e r e n t i a l l y  a t  the sand f i l t e r  surface.  
Therefore surface  f i l t r a t i o n  on f i n e  weaves was examined. 

3.1.2 Microstraining 

Algae f i l t e r a b i l i t y  on d i f f e r e n t  f i n e  polyester  weaves was t e s t ed .  When 
no f loccu lan t  was added, algae removal e f f i c i e n c i e s  were zero (shown i n  
Fig 5 a s  e f f l u e n t  t o  in f luen t  o p t i c a l  d e n s i t y  r a t i o ) .  Addition of 
f loccu lan t s  t o  the algae cu l tu res  p r i o r  t o  the  f i l t r a t i o n  improved 
s i g n i f i c a n t l y  t h e  f i l t r a t i o n  e f f i c i ency  ( F i g  5 ) .  

This experimental s tage  was followed by the  construct ion of a 
microstrainer  apparatus. The micros t ra iner  u n i t  consisted of a f i n e  
weave on a  r o t a r y  drum (area  of 0.32111) which was fed with a lga l  cu l tu re  
a f t e r  f loccu la t i ion  with f e r r i c  chlor ide  i n  a f loccula t ion  vesse l .  Two 
kinds of micro-weaves were used: 2 1 V m  polyester  weave and 50pm 
s t a i n l e s s  s t e e l  weave. The drum r o t a t i o n  r a t e  was varied between 1.2 
and 5 rpm. The r e s u l t s  o f  various havesting runs with microstrainer  a r e  
given i n  Table 4 .  
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F I G .  5:  THE EFFECT OF ALGAE FLOCCULATION ON REMOVAL EFFICIENCY I N  

FILTRATION LEAF TEST EXPERIMENTS. 

Table 4 Marine microalgae removal by micros t ra iner  

Weave type Rotat ion Rate Algae Removal Ef f ic iency  
rpm % 

2 1pm 1.2 
Pol yes t e r  2.5 

5 .O 
5 0pm 1.2 

S t a i n l e s s  2.5 
5.0 

The r e s u l t s  i n d i c a t e  t h e  e f f e c t  of weave pore s i z e  and drum r o t a t i o n  
r a t e  on a l g a l  removal e f f i c i e n c y .  No reduct ion  i n  a lgae  concent ra t ion  
was obtained without  f l o c c u l a t i o n  process  p r io r  t o  the  f i l t r a t i o n .  

The micros t ra iner  was not equipped with back-wash system and a l g a l  
s l u r r y  was not c o l l e c t e d ,  t h e r e f o r e  no information on concent ra t ion  
f a c t o r  was ava i l ab l e .  



3.1 . I  D i s c o s t r a i n e r  

A p i l o t  D i s c o s t r a i n e r  (Hycor C o r p o r a t i o n  11) was s u p p l i e d  by a l o c a l  
e n g i n e e r i n g  company ( D a g i l i o  L td .  T e l  Aviv) .  T h i s  u n i t  was p r o v i d e d  
w i t h  two s t a i n l e s s  s tee l  weaves o f  50 p and i s  shown s c h e m a t i c a l l y  i n  
F i g u r e  6. 

FIG. 6: SCHEMATIC PRESENTATION OF DISCOSTRAINER (HYCOR, I L ) .  

;n o r d e r  t o  p r e v e n t  s o l i d  s e d i m e n t a t i o n  i n  t h e  i n f l u e n t  chamber ( I i n  
F i g . 6 )  and t o  s h o r t e n  t h e  weave p r e c o a t  f o r m a t i o n  time, t h e  c o n n e c t i o n  
be tween t h e  i n f l u e n t  chamber and t h e  f i l t r a t i o n  chamber was c l o s e d  and 
t h e  i n f l o w  was f e d  d i r e c t l y  i n t o  t h e  f i l t r a t i o n  chamber.  The 
D i s c o s t r a i n e r  was fed w i t h  HROP e f f l u e n t  c o n t a i n i n g  0.36g a l g a e /  l i t e r  
and domina ted  b y  C h l o r e l l a  s p .  The i n f l o w  was c o n d i t i o n e d  on  l i n e  w i t h  
Alum t o  a f i n a l  c o n c e n t r a t i o n  o f  200 mg/L. The f i l t r a t e  c o n t a i n e d  13CXng 
s o l i d / L  meaning a n  a l g a e  h a r v e s t a b i l i t y  o f  40 t o  60$, d e p e n d i n g  o n  
back-wash r a t e .  

The s o l i d s  c o n c e n t r a t i o n  o f  t h e  a l g a l  r e t e n t a t e  a s  a f u n c t i o n  of 
f i l t r a t i o n  time and f i l t r a t i o n  r a t e  is  g i v e n  i n  F i g u r e  7. 

As t h e  f e e d  volume i n c r e a s e d ,  t h e  s o l i d  c o n c e n t r a t i o n  o f  t h e  r e t a n t a t - e  
3 

i n c r e a s e d  up t o  a f i n a l  c o n c e n t r a t i o n  o f  3.6% t o t a l  s o l i d s  a f t e r  3.7m 
of HROP were f e d  t o  t h e  D i s c o s t r a i n e r  ( F i g . 7 ) .  
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F IG.  7: DISCOSTRAINER PERFORMANCE WITH HROP EFFLUENTS. 

When f i n e r  mesh weave (21 v m  p o l y e s t e r  weave) was used  i n  t h e  
d i s c o s t r a i n e r ,  95% a l g a e  r emova l  was o b t a i n e d .  However, t h e  c o l l e c t e d  
a l g a l  c o n c e n t r a t e  c o n t a i n e d  o n l y  2  t o  3% s o l i d s  a t  a  f e e d  r a t e  o f  160 t o  
100 l i t e r / h r  r e s p e c t i v e l y .  

3.2. D i s s o l v e d  Air F l o t a t i o n  - DAF 

The HR/SR- 1 (Kromline  Sonderson Eng. Corp. O n t a r i o ,  Canad a )  p i l o t  
d i s s o l v e d  a i r  f l o t a t i o n  i s  a  semi -au toma t i c  f l o t a t i o n  u n i t  i n  which t h e  
skimming must  b e  d o n e  manua l ly .  

The DAF u n i t  was f e d  w i t h  HROP e f f l u e n t s  a t  t h r e e  d i f f e r e n t  f e e d i n g  
ra tes  ( 150,  200  and 250 L/hr 1. 

The a l g a l  c u l t u r e s  f e d  t h e  DAF, were  p r e v i o u s l y  c o n d i t i o n e d  i n  l i n e  w i t h  
f e r r i c  c h l o r i d e  and a c i d .  The f l o w  r a t e  v e l o c i t y  ( 4  t o  8 cm/s) i n  t h e  
f e e d  l i n e  and t h e  1.5m p i p e  between t h e  chemica l  i n t r o d u c t i o n  p o i n t  and 
t h e  f l o t a t o r ,  p r o v i d e d  18 t o  38 s e c o n d s  mixing  time which was s u f f i c i e n t  
f o r  r a p i d  mixing  and f o r  f l o c c u l a t i o n  t o  o c c u r  i n  t h e  f e e d  l i n e .  



Table 5 summarizes the  r e s u l t s  of the  DAF wit operat ion fo r  microalgae 
harvest ing from HROP e f f l u e n t s  containing 0.280g sol ids/L.  F e r r i c  
ch lo r ide  was added t o  f i n a l  concentrat ion of 85 mg/L and acid 
(1.0 N H SO ) was added t o  f i n a l  pH 5.0 using a  pH c o n t r o l l e r .  

Table 5. Harvesting of Microalgae From HROP Eff luent  
By DAF U n i t .  

Feeding Rate Retention Time Algae Harves tab i l i t y*  Solid Concentration 
L h i n  m i n .  % of Algal F loa t  

TSSin-TSS 
*Algae h a r v e s t a b i l i t y  i s  defined a s  TSS. 

Out x 100 

Algae h a r v e s t a b i l i t y  was about the  same fo r  the  t h r e e  d i f f e r e n t  feeding 
r a t e s .  The a lga l  f l o a t  o f  10 min  r e t e n t i o n  time operat ion contained the  
h ighes t  so l id  concentrat ion.  However, these  r e s u l t s  a r e  misleading, 
s ince  the  a l g a l  f l o a t  skimming was done manually. Under a continuous 
f l o a t  skimming, an a lga l  f l o a t  of 4 t o  5 percent  s o l i d s  i s  expected. 

No s i g n i f i c a n t  d i f ference  i n  a lga l  h a r v e s t a b i l i t y  was found when the  
a i r / s o l i d  r a t i o  was changed between 0.015 t o  0.1. It means t h a t  once 
strong a l g a l  f l o c s  were formed, they were not a f fec ted  even by high 
a i r h o l i d  r a t i o .  On the  o ther  hand, i t  may i n d i c a t e  t h a t  the HROP 
e f f l u e n t s  were supersaturated with photosynthet ic  oxygen. Therefore low 
a i r / s o l i d  r a t i o  was s u f f i c i e n t  for  good s o l i d  l i q u i d  separa t ion .  

A t  this s tage  of the  experimental work t h e  HR/SR-1 p i l o t  DAF u n i t  was 
f e d  with marine microalgal c u l t u r e  a t  a r a t e  of 2.5 L/min  and a  
recycl ing  r a t e  which gave 0.05 a i r h o l i d s  r a t i o .  

The r e s u l t s  of  the continuous f loccu la t ion  f l o t a t i o n  process a r e  
compared with these  of a batch f loccu la t ion  sedimentaion process and a r e  
given i n  Table 6. 

I t  should be mentioned t h a t  the batch process included a f loccu la t ion  
vesse l ,  while i n  the continuous process the f loccu la t ion  took place i n  
the  feed pipe without any slow mixing chamber. I n  addi t ion  the formed 
a lga l  f l o c s  were t i n y  and consequently l e s s  s e n s i t i v e  t o  the  f l o t a t i o n  
process than l a rge  f locs .  

These two f a c t o r s  probably caused the poor r e s u l t s  of the  continuous 
f loccu la t ion  process (Table  6 ) .  Therefore,  a  simple f loccu la t ion  
chamber was designed and constructed and i s  c u r r e n t l y  u sed  i n  con juc t ion  
with the f l o t a t i o n  u n i t .  



T a b l e  5  summarizes t h e  r e s u l t s  o f  t h e  DAF u n i t  o p e r a t i o n  f o r  m i c r o a l g a e  
h a r v e s t i n g  from HROP e f f l u e n t s  c o n t a i n i n g  0.280g s o l i d s / L .  F e r r i c  
c h l o r i d e  was added t o  f i n a l  c o n c e n t r a t i o n  o f  85 mg/L and a c i d  
( 1.0 N H2SQ ) was added t o  f i n a l  pH 5 .0  u s i n g  a  pH c o n t r o l l e r .  

T a b l e  5.  H a r v e s t i n g  o f  M i c r o a l g a e  from HROP E f f l u e n t  
By DAF Uni t .  

Feed ing  R a t e  R e t e n t i o n  Time Algae  H a r v e s t a b i l i t y *  S o l i d  C o n c e n t r a t i o n  
L/min min. % o f  A l g a l  F l o a t  

*Algae h a r v e s t a b i l i t y  is  d e f i n e d  a s  

Algae h a r v e s t a b i l i t y  was a b o u t  t h e  same f o r  t h e  t h r e e  d i f f e r e n t  f e e d i n g  
r a t e s .  The a l g a l  f l o a t  o f  1 0  min r e t e n t i o n  time o p e r a t i o n  c o n t a i n e d  t h e  
h i g h e s t  s o l i d  c o n c e n t r a t i o n .  However, t h e s e  r e s u l t s  a r e  m i s l e a d i n g ,  
s i n c e  t h e  a l g a l  f l o a t  skimming was done  manual ly .  Under a  c o n t i n u o u s  
f l o a t  skimming, an a l g a l  f l o a t  of  4 t o  5  p e r c e n t  s o l i d s  i s  e x p e c t e d .  

No s i g n i f i c a n t  d i f f e r e n c e  i n  a l g a l  h a r v e s t a b i l i t y  was found when t h e  
a i r / s o l i d  r a t i o  was changed between 0.015 t o  0.1. I t  means t h a t  o n c e  
s t r o n g  a l g a l  f l o c s  were formed,  t h e y  were  n o t  a f f e c t e d  even  by h i g h  
a i r / s o l i d  r a t i o .  On t h e  o t h e r  hand,  i t  may i n d i c a t e  t h a t  t h e  HROP 
e f f l u e n t s  were  s u p e r s a t u r a t e d  w i t h  p h o t s y n t h e t i c  oxygen.  T h e r e f o r e  low 
a i r / s o l i d  r a t i o  was s u f f i c i e n t  f o r  good s o l i d  l i q u i d  s e p a r a t i o n .  

A t  t h i s  s t a g e  o f  t h e  e x p e r i m e n t a l  work t h e  HR/SR-1 p i l o t  DAF u n i t  was 
fed  w i t h  m a r i n e  m i c r o a l g a l  c u l t u r e  a t  a  r a t e  o f  2.5 L/min and a  
r e c y c l i n g  r a t e  which gave 0 .05  a i r / s o l i d s  r a t i o .  

The r e s u l t s  o f  t h e  c o n t i n u o u s  f l o c c u l a t i o n  f l o t a t i o n  p r o c e s s  a r e  
compared w i t h  t h e s e  o f  a  b a t c h  f l o c c u l a t i o n  s e d i m e n t a t i o n  p r o c e s s  and 
a r e  g i v e n  i n  T a b l e  6. 

It  s h o u l d  b e  ment ioned t h a t  t h e  b a t c h  p r o c e s s  i n c l u d e d  a  f l o c c u l a t i o n  
v e s s e l ,  w h i l e  i n  t h e  c o n t i n u o u s  p r o c e s s  t h e  f l o c c u l a t i o n  t o o k  p l a c e  i n  
t h e  f e e d  p i p e  w i t h o u t  any  s l o w  mixing chamber. I n  a d d i t i o n  t h e  formed 
a l g a l  f l o c s  were t i n y  and c o n s e q u e n t l y  l e s s  s e n s i t i v e  t o  t h e  f l o t a t i o n  
p r o c e s s  t h a n  l a r g e  f l o c s .  

These  two f a c t o r s  p r o b a b l y  caused  t h e  poor r e s u l t s  o f  t h e  c o n t i n u o u s  
f l o c c u l a t i o n  p r o c e s s  ( T a b l e  6 ) .  T h e r e f o r e ,  a  s i m p l e  f l o c c u l a t i o n  
chamber was d e s i g n e d  and c o n s t r u c t e d  and i s  c u r r e n t l y  used  i n  c o n j u c t i o n  
w i t h  t h e  f l o t a t i o n  u n i t .  



Table 6. Comparison of Marine Microalgae narvesting by a  
Batch Flocculation Sedimentation process, t o  a  
Continuous Flocculation Flota t ion Process. 

Batch Flocculation Continuous Flocculation 
Sedimentation Flotat ion 

. . -  . 

Flocculant dose 
FeCl mg/L 140 135 
PH 4.2 4 .5 
Algae Harves t a b i l  i t y 
% 97 48 
Volat i le  Solids 
i n  Algal Concentrate $ N.D 1.5 
Concentration Factor N.D 60 

The f loccula t ion chamber had a rapid mixing zone and a slaw mixing zone. 
When the  DAF separation was operated w i t h  t h i s  set-up, no removal was 
obtained. The pos s ib i l i t y  t h a t  f locs  preformed i n  the feed l i n e  would 
break i n  the  rapid m i x i n g  zone, led t o  i ts  elimination. 

The e f f ec t  of the slow mixing flocculation chamber following the in-l ine 
in ject ion of f locculant  was compared t o  the in-line in ject ion and d i r ec t  
flow to  the f l o t a t i on  un i t ,  under equal operational  conditions and a  
dose o f  120 mg/l FeCl . 

Table 7. Effect of Slow Mixing i n  Flocculation of  
Marine Microalgae 

-- 

H r .  V.S.S. % Harvestabil i ty 

In-line in ject ion + DAF 0 (POND) 155 
0.5 73 52.9 
1 .o -- 
1 - 5  178 23.9 

In-line in ject ion + Slow 0 (POND) 229 
Mixing + DAF 0.5 85 62.9 

1.0 65 71.6 
1.5 56 75 05 

Unlike what occurs i n  the  separation of freshwater microalgae, where in- 
l i n e  i n  ject ion is su f f i c i en t  t o  obtain adequate f l o c s  for f lo ta t ion ,  i n  
the separation of marine microalgae the slow mixing improves separation 
by DAF. However, the 70-75% harves tab i l i ty  from sea water could not be 
repeated consis tent ly  when using lower f locculant  doses, which were 
e f fec t ive  in jar - tes ts ,  This indicates  t ha t  further improvements i n  the 
p i l o t  p lant  u n i t  operation could be achieved. Apart, i t  i s  suspected 
t ha t  the physiological condition of the cul ture  may a f f e c t  f locculation 
and it would be convenient t o  have a  large pond t o  supply the same 
cul ture ,  for  d i f f e r en t  f l o t a t i on  r u n s .  



Another  c o n t i n u o u s  s e p a r a t i o n  e x p e r i m e n t  was d e s i g n e d  t o  e v a l u a t e  t h e  
e f f e c t  of s a l i n i t y  on  t h e  e f f i c i e n c y  o f  removal  o f  m i c r o a l g a e .  The pH 
was a d j u s t e d  t o  5.5 p r e v i o u s  t o  t h e  i n - l i n e  i n j e c t i o n  of FeClj  a t  a  d o s e  
o f  60 mg/l.  A f t e r  o n e  hour  o f  c o n t i n u o u s  o p e r a t i o n  o f  t h e  DAF s a m p l e s  
o f  t h e  o u t f l o w  were t a k e n  e v e r y  h a l f - h o u r  and compos i t ed .  I n i t i a l  and 
f i n a l  c o n c e n t r a t i o n s  o f  suspended s o l i d s  were d e t e r m i n e d  and t h e  p e r c e n t .  
removed was c a l c u l a t e d  f o r  e a c h  s a l i n i t y  (F ig .8 ) .  

1 0  25 35 
SALINITY OF MEDIA (g /L )  

F IG.  8: EFFECT OF SALINITY ON THE EFFICIENCY OF MICROALGAE REMOVAL BY 
CONTINUOUS FLOCCULATION-FLOTATION I N  A PILOT PLANT. ( ISOCHRYSIS) 

The d i f f e r e n t  removal  p e r c e n t a g e s  o b t a i n e d  i n  t h i s  series o f  r u n s  show 
t h a t  t hough  f loccu la t ion -DAF,  a c h i e v e d  above 90% r emova l  e f f i c i e n c y  f rom 
low s a l i n i t y  w a t e r ,  t h e  r emova l  e f f i c i e n c y  d e c r e a s e d  a t  i n c r e a s i n g  
s a l i n i t i e s .  T h i s  i s  i n  a c c o r d  w i t h  t h e  r e s u l t s  which showed t h e  
n e g a t i v e  e f f e c t  o f  i o n i c  s t r e n g t h  on f l o c c u l a t i o n .  S i n c e  no f l o t a t i o n  
w i l l  o c c u r  w i t h o u t  good f l o c c u l a t i o n ,  e f f o r t s  a r e  done  t o  improve 
f l o c c u l a t i o n  even  a t  h i g h  i o n i c  s t r e n g t h s .  

3 . 3  Enforced  F l o c c u l a t i o n .  

A marked r e d u c t i o n  i n  f l o c c u l a n t  d o s e  was a c h i v e d  by r e c y c l i n g  o f  t h e  
p r e c i p i t a n t  f o l l o w i n g  f l o c c u l a t i o n  back  i n t o  t h e  m i x i n g - f l o c c u l a t i o n  
chamber. 



F i g u r e s  9, 70 and  11 d e s c r i b e  t h e  a l g a l  r emova l  e f f i c i e n c y  a s  a  f u n c t i o n  
o f  f l o c c u l a n t  n e t  d o s a g e s  u n d e r  c o n d i t i o n s  of a l g a l  s u s p e n s i o n s  i n  t a p  
w a t e r ,  b r a c k i s h  w a t e r  ( 5 g / l  s e a  s a l t )  and s e a  w a t e r  r e s p e c t i v e l y ,  With 
e q u i l i b r i u m  m u l t i p l e  cycles r e d u c t i o n  i n  n e t  d o s a g e s  of 75 p e r c e n t  and 
more were a c h i e v e d .  With s e a  w a t e r  3 c y c l e s  e n f o r c e d  f l o c c u l a t i o n  n o t  
o n l y  caused  a marked r e d u c t i o n  of f l o c c u l a n t  d o s a g e  b u t  was v i t a l  f o r  
m a r i n e  a l g a e  r emova l  of 90 p e r c e n t .  I t  i s  assumed t h a t  t h e  e n f o r c e d  
f l o c c u l a t i o n  is  c a u s e d  b y  a c o m b i n a t i o n  of n u c l e a t i o n ,  e x t r a  a c t i v e  
c h a r g e s  and enmeshment. 

The e n f o r c e d  f l o c c u l a t i o n  (EDF) h a s  been  s u c c e s s f u l  unde r  l a b o r a t o r y  
c o n d i t i o n s  and s h o u l d  be o p t i m i z e d  f o r  o u t d o o r  p i l o t  p l a n t  c o n d i t i o n s ,  
I f  so i t  w i l l  r e v o l u t i o n i z e  t h e  t e c h n o l o g y  and economics  of a l g a e  
h a r v e s t i n g .  

F I G .  9 ENFORCED FLOCCULATION I N  TAP WATER,HARP ODo = 0.27 





4.  ECONOMICS OF MARINE MI CROALGAE FLOCCULATION 

Economic analysis  of  two proven microalgae harvesting methods from HROP 
e f f luen ts  centrifugation and alum flocculation followed by f l o t a t i on ,  
show tha t  centr i fugat ion was almost twice as  cos t ly  a s  f locculation 
f l o t a t i on  process (Moraine e t .  a1 1979) .  Both investment and operating 
(primarily power) costs  were higher for  centrifugation even though it  
d i d  not require using chemicals a s  d i d  alum f loccula t ion,  

The cost  of separation (excluding drying) was estimated t o  be 25% of the 
overal l  cost  of production and processing of freshwater algae (7).  

Microstraining and Dissolved Air Flotat ion are the two methods selected 
for  the separation of microalgae from marine and brackish water cul tures  
for  the f i r s t  and cruc ia l  150-250 fold concentration of the  th in  algae 
suspension of 0.02 t o  0.04 percent sol ids  t o  a 5 to  7 percent s lurry .  
Previous experience shows t ha t  des tab i l i za t ion  and flocculation i s  an 
essen t ia l  procedure for  harvesting microalgae by e i t he r  method. 

Flocculation was studied w i t h  two species of marine microalgae: 
I s c h r s i s  palbana and &lo re l l a  s t i amato~hora  as  model species of 
motile and non-motile algae. Flocculation of these algae in sea water 
reqiured high f locculant  dosage and t h i s  was a t t r ibu ted  mainly t o  the 
high ionic strength of the media, t o  the marked surface charge of marine 
microalgae, and i n  the case of I. aalbana, also t o  mot i l i ty .  Brackish 
water provided a bet ter  media a s  fa r  a s  f loccula t ion dosage i s  
concerned. 

The t o t a l  cost  of separation (C ) includes c a p i t a l  costs  (C$, and 
the recurrent  operational costs,(equaxion ( 1 ) )  

The operational cost  can be  broken down into: cost  of maintenance ( C m ) ,  
cos t  of  f loccula t ion ( C f ) ,  cos t  of acid (C,), cos t  of labour ( C i )  and 
cost  of energy We) . 

More than 60% of the operational cos t s  i s  the  pr ice  of chemicals, 
( f loccula t ion)  therefore  the economical estimation i s  focused on t he i r  
cost .  Experimental r e s u l t s  o f  f loccula t ion t e s t s  (Table 3) together 
w i t h  the pr ice  of chemicals i n  I s r a e l  and in  the USA, were used t o  
estimate the cos t  of f locculant  required t o  remove 90% of the algae from 
cul tures  w i t h  d i f f e r en t  concentrations of s a l t .  

Price o f  Chemical 

Prices of chemicals in  I s r a e l  were obtained from manufacturers and 
wholesaler s, Prices i n  USA were estimated using 1976 bulk p r ices  
adjusted t o  1984 with  the  Total Cost Index reported by Engineering News 
Record. (Table 81, 



Table 8. Cost of Chemicals Used fo r  Flocculation i n  I s r ae l*  
and i n  USA**. ( I n  U.S.$ per ton) .  

I s r a e l  USA 
Alum 7.7% A 1  ( so lu t ion)  193 
Alum, AVSO I3.l8H o 4 133 
S04H2 98%** 82 93 
Fer r ic  chlor ide  99% technical  (100kg 
bar re l s  )Fer r i c  chloride bulk 1042 185 
Zetag 57 5000 5000 
Chi to  san No commercial supply i n  bulk. Lab. supply 13,000 

# Prices Dec. 1984, include 15% VAT and cost  o f  containers r e f i l l .  
** Prices  Oct. 1984 ( E N R  index 4160) adjusted from pr ices  i n  1976 

(index 2475 ) . 
*** Produced i n  I s r ae l .  **** With increased use of chitosan,  i t s  pr ices  should be subs tan t ia l ly  

reduced. 

Data from Tables 3 and Table 8 was used t o  ca lcu la te  the cost  of 
inorganic f locculant  required t o  harvest a  Kg of algae from cul tures  
with d i f f e r en t  s a l t  concentrat ions (Table 9) .  Although the cu l tu res  
used experimental1 y contained r e l a t i ve ly  low concentrations of algae 
(75mg/l), s ince  the  algae requirement of f locculant  i s  negl ig ible  a s  
compared t o  the  chemical requirement o f  the solut ions ,  fo r  the  purpose 
of cos t  ca lcula t ion,  a  300 mg/l concentration of algae i s  assumed. 

Table 9. Calculated cos t  of f locculant  required t o  remove 
1 Kg of algae from cu l tu res  with d i f f e r en t  
s a l i n i t e s  by Conventional Flocculation. 

Sea S a l t  Cost of  Flocculant ( i n  US cents per Kg.) 
Concentration For Cultures with 300 mg/l VSS 

( g i l l  U.S.A ISRAEL 
A L U M  FeCl 3 A L U M  FeCl 3 

Flocculant cos t s  of non-motile algae as  Ch1 o r e l l a  st ygmatophora a r e  
reduced by 20-30 percent (6 )  s ince  inorganic f locculant  demand i s  
reduced . 

A novel and promising approach for f loccula t ion,  enforced f loccula t ion 
decreased the  dose of f locculant  by 60-808, i n  batch experiments, under 
laboratory conditions. Calculated cos t s  of f loccula t ion by t h i s  method 
are  shown i n  Table 10 and they s t r e s s  the e f f ec t  on improvement of the 
technology of separation may have as  compared t o  conventional 
f loccula t ion (Table 9) .  



Table 10. Calculated Cost o f  Flocculant Required t o  Remove 
1 Kg af Algae by "Enforced F l o c c u l a t i o n f ~  from 
Cultures With Different  Sa l in i t es .  

Sea S a l t  Cost o f  Flocculant ( i n  US cents per Kg Algae) For Cultures 
( g i l l  With 300 mg/l VSS 

U.S.A. ISRAEL 

Data on the cost  of inorganic f locculants required t o  separate 90 
percent of the  microalgae from cul tures  with d i f fe ren t  s a l t  
concentrations were compared t o  the calculated allowable cost  of 
f locculants i n  @ / K ~  algae, which take in to  account the cul ture  density,  
the l i p i d  content, the crude o i l  p r ice  and t h e  following assumptions, 
which were used t o  calcula te  the breakeven cost .  

The densi ty  of algae may v a r y  between 100 t o  600 mg/l V.S.S. 
dependent on cul ture  depth and growth conditions. Most 
calcula t ions  were done with a r e a l i s t i c  value of 300 mg/l. 

The a lga l  biomass could contain from 10% to  60% l i p i d s .  

The price of a lgal  l i p i d s  i s  equal t o  crude o i l  price. Actual 
p r ice  29 US$/bbl, future p r ice ,  50 US$/bbl with an upper pr ice  of 
80 US$/bbl. (7bbl/Ton). 

Algae a re  e i t he r  used sole ly  for energy or they are  used for  energy 
and the extracted cake is  given a value of 0.3 US$/@ (assumed 
pr ice  of proteinaceous feedstuff) .  

The cost  of separation represents  25% of the t o t a l  cost  of 
producing algae. 

The cost  of f locculant  represents 60% of the cost  of  separation up 
to  so l ids  concentrations which w i l l  allow wet extract ion of about 
9-10 percent so l ids  (See Fig. 1). 

The actual  cos t s  of d i f f e r en t  f locculants  (in US +/Kg algae) required t o  
separate microalgae a s  a function of s a l i n i t y ,  was calculated with data 
of Table 3 and experimental data  shown i n  Table 7, and a r e  represented 
graphically i n  Fig. 12. 





The upper group of  f u l l  l i n e  curves r e f e r s  t o  conventional f locculation 
while the lower group of curves shows cos t s  of Enforced Flocculation. 
I n  general ,  the re  i s  a fourfold reduction i n  the cost  of f locculant  
required for  the separation of microalgae from brackish or seawater by 
the use of Enforced Flocculation and i f  t h i s  reduction w i l l  be 
corroborated i n  the p i l o t  p lan t ,  it i s  a major breakthrough i n  
microalgae separation. 

The obvious e f f e c t  of an increase i n  the biomass of algae, on decreasing 
the cost  o f  f locculant  per Kg algae i s  shown i n  Fig. 12 by comparing the 
dotted curve which represents,  600 mg V.S.S./L, to  the curve of 300 mg 
V.S.S/L, both calculated fo r  FeC13 i n  USA. The dotted ver t i ca l  l i n e s  i n  
Fig. 12, a re  added a s  reference points, They show the s a l i n i t i e s  of 
brackish water from d i f f e r e n t  locat ions  i n  I s r ae l  and U S A  (From Table 2) 

Separation of microalgae i s  economically feas ible  for the points of the 
cost  curves below the breakeven point. The breakeven point  i s  indicated 
by the in tersect ion of the  cost  curves with the horizontal dotted l i ne s ,  
which represent the allowable cos t  of f locculant  (from Fig. 13). These 
f igures  of allowable cost  of f locculant  were calculated for  d i f f e r en t  
combinations of % l i p i d s  i n  algae,  o i l  p r ices  and by taking or  not 
taking i n to  account the cost  of the  algae by-product a f t e r  l i p i d s  
extraction.  

Two examples w i l l  i l l u s t r a t e  the e f f e c t  of these var iables  and w i l l  
highlight which research e f f o r t s  deserve p r i o r i t y  towards the 
achievement of reductions i n  the cost  of separation. 

I f  we take a cul ture  with 300 mg/l V.S.S, 60% l i p i d s  i n  algae, and 80 
US$/bbl (Fig.11) the  calculated allowable cost  of f locculant  i s  5.0 US 
$/Kg algae without taking i n to  account the cos t  of by product and 9.5 US 
$ / ~ g  taking i n to  account both the cost  of o i l  and the cost  of the by 
product. 

Marking these allowable cos t s  of f locculant  i n  Fig. 10 a s  dotted 
horizontal l i n e s  it can be seen t ha t  when the  by-product i s  a lso  
considered (300 mg/l ; 60% l i p i d s  i n  algae, 80 $/bbl, by product value 
0.3 $/Kg algae) a t  9.5 c allowable cost  of f locculants ,  i t  is feas ib le  
t o  separate algae by Enforced f l o t a t i on  and by conventional f l o t a t i on  
from cul tures  with a l l  s a l i n i t y  ranges (including sea water) with the  
exception of Alum-Israel which allows only for separation from cu l tu res  
with 29 gr/L/sal t .  When the  by product i s  not accounted fo r  a t  5.0 c/Kg 
algae allowable cost  for f locculant ,  separation can be performed 
economically only from cul tures  with 25% s a l t  (or lower),  by 
conventional f locculation with Alum and FeC13 a t  USA pr ices ,  and of 
course from cul tures  of a l l  s a l i n i t i e s  by Enforced Flocculation. 

This example shows t h a t  by taking into account the  value of the by 
product, the allowable cost  of f locculant  is higher, the  range of 
s a l i n i t i e s  t h a t  can be dea l t  i s  larger  and f loccula t ion i s  feas ible  even 
by conventional f locculation.  





Another  example.  Taking  i n  F i g .  1 3 ,  more c o n s e r v a t i v e  f i g u r e s :  3 00 
mg/l V.S.S, 30% l i p i d s  i n  a l g a e ,  29  US $ / b b l  we o b t a i n  0.9 C/Kg a l g a e  
and 5.4 Q / K ~  a l g a e  a l l o w a b l e  c o s t  f o r  f l o c c u l a n t  w i t h o u t  and w i t h  t h e  
v a l u e  of t h e  by-product ,  r e s p e c t i v e l y .  These  v a l u e s ,  a s  shown i n  F i g .  9 
would a l l o w  t h e  s e p a r a t i o n  w i t h  FeCl  ( U S A )  from c u l t u r e s  w i t h  
s a l i n i t i e s  be low 25 g/L and w i t h  Alum-Is rae l  f rom s a l i n i t i e s  below 
10g/L, by  Enforced  F l o c c u l a t i o n .  I t  s h o u l d  b e  n o t e d  h e r e ,  t h a t  w i t h  
e x c e p t i o n  o f  t h e  B i g  Soda  Lake ,  Nevada, a l l  t h e  o t h e r  l a k e s  o f  t h e  
s o u t h w e s t  USA and t h e  Arava g roundwa te r  and t h e  J e e z r a e l  V a l l e y  
( v e r t i c a l  d o t t e d  l i n e s ,  F i g , l 2 )  c o u l d  be h a r v e s t e d  e v e n  w i t h  t h e  
c o n s e r v a t i v e  f i g u r e s  o f  t h i s  example.  

I n  c o n c l u s i o n ,  it i s  d e s i r a b l e  t o  b r i n g  t o  t h e  s e p a r a t i o n  s t a g e  a l g a e  
c u l t u r e s  w i t h  t h e  h i g h e s t  c e l l  d e n s i t y  a s  e c o n o m i c a l l y  f e a s i b l e ,  b e c a u s e  
d o u b l i n g  ce l l  d e n s i t y ,  h a l v e s  t h e  c o s t  o f  f l o c c u l a n t .  S i m i l a r l y  an  
i n c r e a s e  i n  l i p i d s  c o n t e n t  f rom 30% t o  60% would d o u b l e  t h e  a l l o w a b l e  
cost o f  f l o c c u l a n t s  t h a t  c a n  be  u sed  f o r  s e p a r a t i o n .  I t  i s  a l s o  
i m p o r t a n t  t o  t a k e  i n t o  a c c o u n t  t h e  i n t r i n s i c  v a l u e  o f  t h e  by-product  
a f t e r  l i p i d  e x t r a c t i o n ,  s i n c e  i t  t r i p l e s  t h e  a l l o w a b l e  cost o f  
f l o c c u l a n t .  I t  i s  t h e r e f o r e  w o r t h  t o  have  an i n p u t  o f  e f f o r t s  for  t h e  
e x p e r i m e n t a l  e v a l u a t i o n  of t h e  by-product .  

En fo rced  f l o c c u l a t i o n  r e d u c e d  to  o n e  f o u r t h  t h e  c o s t  o f  f l o c c u l a n t s  i n  
l a b o r a t o r y  b a t c h  e x p e r i m e n t s ,  a s  compared t o  t h e  cost of f l o c c u l a n t s  
r e q u i r e d  by c o n v e n t i o n a l  f l o c c u l a t i o n .  T h e r e f o r e ,  ma jo r  e f f o r t s  s h o u l d  
b e  i n v e s t e d  i n  r e s e a r c h i n g  and s c a l i n g - u p  t h i s  b r e a k t h r o u g h ,  

F u t u r e  r e s e a r c h  s h o u l d  o p e r a t e  an e x i s t i n g  150m p r o d u c t i o n  pond 
f a c i l i t y  t o  p r o v i d e  enough m a t e r i a l  for s e v e r a l  r u n s  o f  con t inuu -2s  
o p e r a t i o n  o f  t h e  p i l o t  p l a n t  D i s s o l v e d  A i r  F l o t a t i o n  d u r i n g  t h e  same 
day.  T h i s  would a l l o w  t h e  e v a l u a t i o n  o f  m o d i f i c a t i o n s  i n  t h e  
f l o c c u l a t i o n  f l o t a t i o n  u n i t ,  i n  o r d e r  t o  a c h i e v e  h i g h  removal  
e f f i c i e n c i e s  from s e a  w a t e r  c u l t u r e s  o n  c o n t i n u o u s  b a s i  s. 

E x t r a c t i o n  o f  l i p i d s  f rom semi-wet and wet a l g a l  p r o d u c t s  h a s  t o  b e  
t r i e d  e x p e r i m e n t a l l y .  Economic e v a l u a t i o n s  o f  t h e  whole  p r o c e s s  s h o u l d  
be made i n c l u d i n g  c a p i t a l  and e n e r g y  c o s t s .  
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ABSTRACT 

Under optimal laboratory continuous conditions, the doubling time of 
Isochrysis and Nannochlotopsis cultclres were determined to be 9.6 and 23 hr, 
respectively. 

Ogtdoor Nannochloropsis cultures maintained at concentration of 5 rng 
1-1 - cQlorophyll produced a higher output rate than denser cultures (10-20 
mg 1-' chlorophyll). 

pH higher than the optimal (7.5) in Namochloropsis resulted in a 
decrease in the algal biomass output rate, while growth media changes 
(Artificial Sea Water vs. Enriched Sea Water) did not effect this rate. 

Nitrogen starvation caused an increase in the lipid content - from 20 to 
25% of dry weight in Nannochloropsis and from 25 to 46% in Isochrysis. 
However, the lipid production rate was significantly lower in the nitrogen 
starved cultures. 

A monoalgal culture of Nannochloropsis was maintained for more than six 
mon hs by maintaining an optimal biomass concentration, while in Isuchrysis, 

NH4 
4 and herbecides prevent the proliferation of some zooplankton. 

A prototype of a data acquisition system that monitors pH, dissolved 
oxygen, optical density, light intensity, water and air temperatures was set 
up and performed favourably, An on-1 ine estimation of photosynthetic activity 
is also possible. 



INTRODUCTION 

Our efforts in the second year of the project were directed towards the 
optimization of growth conditions for maximal production of biomass in two 
halotolerant microalgae, Nannochloropsis sp. and Isochrysis galbana which 
were cultivated outdoors. 

The production of algal biomass is directly affected by three main 
factors: nutrients, temperature and light. A prerequisite for obtaining 
maximal productivity !under outdoor conditions is to ensure that there is no 
nutritional limitation, and that culture growth is limited by light and 
temperature only. Ideally, liqht should be the sole factor limiting growth. 
Light utilization can be optimized by the proper selection of pond depth and 
cell concentration throughout the year. 

The effect of light on the biomass output rate was studied by varying 
the cell concentrations. 

The effect of nutrient concentration on growth and lipid production rate 
was also studied. N-starvation was specifically examined, since earlier 
reports (1) indicated a significant increase in total lipid cell content in 
response to this treatment. 

We also studied the prerequisites for maintenance of a monoalgal culture 
which, in our opinion, is a major challenge in large-scale production of 
microalgae. 

Finally, we present preliminary data on the development of a data 
aquisition system which can automatically monitor different growth parameters 
such as pH, temperature and light intensity. According to our experience, a 
reliable data aquisition system will significantly increase the knowledge 
about the algal pond system. It will aid in maintaining a constant maximal 
output rate and will recognize the warning signs of a potentially disastrous 
situation, which could result in the total loss of culture. 

R E S U L T S  A N D  D I S C U S S I O N  

DETERMINATION OF P!AXIMAL SPECIFIC GROWTH RATE (LIMAX) OF 
NANNOCHLOROPSIS AND ISOCHRYSIS UNDER LABORATORY CONDITIONS 

One of the major purposes of our work in the laboratory was to define 
conditions in which Amax could be acheived. As summarized in Table 1 ,,Amax 
for Isochrysis and ~annochloro~sis was found to be 0.072 and 0.031 h-l, 
corresponding to doubling times of 9.6 and 23 hr, respectively, which are in 
agreement with previous reports (2,3). By utilizing this parameter, the 
proper medium compsition is defined for optimization of outdoor production. 





Table 1 
The specific growth rate of Nannochloropsis and Isochrysis 

under laboratory conditions 

................................... 
I I G R O W T H  R A T E  I 
1 G R O W T H  1 I chr sis I 1  Nann chloropsis I -Y I CONDITIONS I (h ) I d.t(h) I I  (h-') I d.t(h) I - ----------------- 
I a 1 0.023 1 30.0 1 1  0.030 1 23.1 1 
I b 1 0.072 1 9.6 1 1  0.029 1 24.0 1 
I c 1 0.082 1 8.5 I 1  0.031 1 23.1 1 

specific growth rate; d.t - doubling time 

A batch culture of 250 ml £1 sks placed in a yrotory shaker under light 

- 8 intensity of 75 pEinstein m-' sec at 29 + 1 C (AS$/ or ESW 
med i urn) . 
A batch culture of 500 ml glass tubes bubbled with either air or 1.5% 
CO in a'r. The light intensity a& the surface was 185 ~Einstein - -t m 2  e c  , the temperature was 28 C. 
Values of urnax and d.t previously reported (2,3). 

EFFECT OF POPULATIW DENSITY ON BIOMASS OUTPUT RATE 

The population density is dependent upon the amount of light energy 
available for the individual cell in the cglture. Clearly, the lower the 
population density, the higher the specific growth rate which is expected in 
a primarily light-limited system. In the winter, the major environmental 
factor limiting the growth and output rate is the temperature, while light is 
the dominant limiting factor in the summer. It is therefore expected that the 
effect of population density on the output rate will be more pronounced in 
the summer in comparision to the winter. 

Table 2 
The effect of population density on the output rate in Nannochloropsis 

(December 1984-Mid-February 1985). 



Table 2 summarizes the effect of cell concentration on productivity and 
rate of lipid production in Nannochloropsis. Clearly, the decrease in cell 
concentration caused an increase in output rate up to 45% i cornparision to - f the output obtained in highest cell concentration (20 mg 1 ) .  
A pattern of the effect of cell concentration on the growth and harvest 
regime is presented in Fig. 1. 

DATE (January)  

Fig 1: Effect of chlorophyll concentration 
on the growth of Nannochlorops's. 

x-x 20=mg m l - l ;  A-A-10 mg ml- ; 0-0=5 mg ml -i 

Of interest was the effect of cell concentration on lipid content 
observed in Nannochloropsis sp. and Isochrysis - galbana under indoor 
conditions. Samples of both algae were taken during the growth period (Fig. 

T I M E  (Days)  

Fig. 2 
Growth curve of two halotolerant microalgae 

m-~Nannochloropsis culture bubbled with air; 
x-x =Isochrysis bubbled with 1.5% C02 



In Nannochloropsis, the data (Table 3) indicates t ha t  the increase in  
c e l l  concentration is accompanied with an increase in  l i p i d  content, while in  
Isochrysis l i p i d  content was not affected by c e l l  density. The same pattern 
was observed under outdoor conditions (Table 2, Table 4 ) .  

Table 3 
Changes in  l i p i d  content in  the course of growth 

N A N N O C H L O R O P S I S l l  I S O C H R Y S I S  

I Chloro@yll I Lipid content I I Chlorophyll I Lipid content I 
I (mg1 ) I (%OfAFDW) I I  ( m g l - )  I (%ofAFDW) I 

Table 4 
Changes in  l i p id  content in  the course of growth of Isochrysis 

cul t ivated outdoors 

................................. 
I Days I Cell No. I Lipid content I 
I I (Cell m l )  I % of (AFDW) 1 

We intend t o  continue t h i s  experiment in order t o  define the optimum 
c e l l  density for each season. This w i l l  indicate the maximal r a t e  of 
production of both biomass and l ip ids .  

The e f f ec t  of c e l l  concentration on the maintanence of monoalgal cul ture  
is discussed in Section VI .  

EFFECTS OF MEDIA COMPOSITION ON THE RATE OF' LIPID PRODUCTION 

In order t o  maximize o u t p ~ t  r a t e  of outdoor cul tures ,  i t  is imperative 
t ha t  a l l  nutr ients  should be in  concentrations tha t  do not l i m i t  growth. 
However, changes in  nutr ient  level  a r e  used t o  modify c e l l  composition. The 
increase in glycerol content in  response to  increasing the amount of s a l t  in 
the medium in Dunaliella is an excellent example (4) . 

Changes in temperature, l i g h t  intensi ty  and medium composition may 
a f f ec t  the l i p id  content of a lga l  ce l l s .  In par t icular ,  nitrogen s tarvat ion 
caused the most massive increase (1). The e f f ec t  of nitrogen s tarvat ion on 
the r a t e  of l i p id  production was studied, a s  well a s  the e f f ec t s  of medium 
composition and pH. 



A, Nitrogen s t a r v a t i o n  

1. Isochrysis:  When I sochrys i s  was grown i n  a l imi ted  
ceased a f t e r  f i v e  days (Fig. 3 ) .  An increase i n  l i p i d  
soon as n i t rogen was depleted (Fig. 4) . 

nitrogen medium, growth 
content  was observed 

0 5 10 15 
TlME (Days) 

Fiq .  3 - a 

Effect  o f  NO3 concentra ion on the  growth of  I sochrys ' s  i 1 f - f=Control-1,000 rng 1- ; 9-$=N-depr iva t ion  -200 mg 1- . 

TlME ( D a y s )  

Fig. 4 
Changes i n  1 ip id ,  prote in  and chlorophyll-a content  

in  the  course of  ni trogen s t a rva t ion .  
o-o=l b i d  content :  r-s-chlorophyf 1 ; x -x=o ro te i n  



By comparing l i p i d  production ra tes  of starved and control cul tures ,  it 
is obvious tha t  an increase i n  l i p i d  production cannot be obtained by 
nitrogen starvation.  When nitrogen s tarvat ion was introduced under outdoor 
conditions, no increase in  l i p i d  content was observed (Table 5 ) .  This 
phenomenon w i l l  be further studied. 

Table 5 
The e f f ec t  of N-deprivation on l i p i d  content 

in  Isochrysis cult ivated outdoors. 

I I Lipids (% AFDW) I 
I Days I N-deprivation I Control I 

2. Nannochloropsis: A s l i g h t  increase in  l i p i d  content of a nitrogen 
deprived Nannochloropsis cul ture  was observed both indoors (Table 6 )  and 
outdoors (Table 7 ) .  A s ign i f ican t  decrease i n  the overal l  biomass production 
r a t e s  was observed in  the outdoor experiment (Fig. 5, Table 7 ) .  

0 10 20 

TIME (Days) 

Fig. 5 
The e f f ec t  of nitroqen s tarvat ion on output r a t e  

and accanulat ive 1 ipid production in  Nann~chloropsis 
o-o=Control - biomass (g 1 ') 

.-.=Nitrogen starved - IS I# II 

u - a=Control - l i p i d  production 
n -a=~ i t rogen  starved - !I 

I1  



Table 6 
Effect  of N-deprivation on l i p i d  content i n  Nannochloropsis 

cu l t iva ted  indoors 

1 N-deprivation ( Lipid Content 1 
I (days) I (% of rn) I 

Table 7 
Effect of N-deprivation on l i p i d  production r a t e  

i n  Nannochloropsis 

I Outp t rat 1 Lipid content I r a t e  of I 
1 9 rnmY dayf I (% of AFCW) I l i p i d  yroducfion I 
I I I g m  day- I 

B. Effect  o f p H  on l i p i d  production i n  Nannochloropsis 

In  a long term outdoor experiment (50 days) pH changes had no 
s ign i f ican t  e f f e c t  on the r a t e  of production (Table 8 ) .  

Table 8 
If luence of pH on l i p i d  production r a t e  

C. Influence of growth media 

The influence of two growth media cornpsit ion on productivity and l ipid 
content were compared. No e f f e c t  was noted. 



Table 9 
Influence of growth media on the output r a t e  in  Nannochloropsis 

cult ivated under outdoor conditions. 

I Medium I Output r a t e  I Lipid content I Rate of I 
I I I l l i p id  p oduct'onl 
I -5 -i I gm-2 day-' I ( % o f  AFOW) I g m  day I I 

I ASW I 5.6 I 18 I 1.0 I 
I ESW I 5.8 I 19 I 1.1 I 

ASW - A r t i f i c i a l  sea water 
ESW - Enriched sea water 

SEASONAL EFFECTS ON LIPID CONTENT 

The l i p i d  content of Nannochloropsis sa l ina  cul tures  grown outdoors was 
followed. Although l i p i d  content varied, higher concentration was observed 
during the summer a s  compared to  the winter (Fig. 6) . 

Laboratory experiments were conducted t o  assess  the e f f ec t s  of 
temperature and l i g h t  intensi ty  on l i p i d  content. 

June July Aug. Sep. Oct. Nov. Oec. Jan. 

DATE 

Fig. 6 
Changes i n  1 ipid content in  Nannochloropsis (6/84-1/85) 

THE MAINTENANCE OF MONOALGAL CULTURE 

The cu l t iva t ion  of monoalgal cul ture  is frequently hampered by 
contamination with other algae and with zooplankton. I t  is therefore 
important t o  es tab l i sh  conditions which w i l l  se lec t ive ly  promote the growth 
of the alga of i n t e r e s t  and/or inh ib i t  the growth of other organisms. 
Different environmental fac tors  were suggested a s  se lec t ive  forces for a lga l  
species compositions and se l ec t iv i ty  (5) .  



The following factors were found to affect the maintenance of Isochrysis 
and Nannochloropsis monoalgal cultures cultivated outdoors: 

A. Effect of Ammonium ion 

There are advantages for usin 9 N H ~ +  as a nitrogen source 
mass production of Isochrysis. NH was found to prevent 
proliferation of some contaminant& 

Our suggested strategy for outdoor cultures is to supply 
N H ~ +  at concentration of ca. 2mM supplements with 5 mM N$ 

5 
B. The effect of herbicides 

for 

them with 

~iazinon - ~iazinon (5 ppn) was found to be exterminating the paramec ilm 
developed in Isochrysis culture outdoors. An immediate effect was observed 
(within 30-60 min) . 

C. Effect of population density 

Fig. 7 presents three photomicrographs of Nannochloropsis culture 
maintained at 3 different cell concentrations. 

Monoalgal culture was preserved by maintaining high cell concentration 
(20 mg/l). In the lower concentration pond (5 mg/l), contaminants accumulated 
ca. 10-15% of the total biomass. When growth is limited by temperature (as is 
the case in our local winter), w suggest to maintain the culture at a - f density between 10-20 mg chl. 1 , even at the cost of some productivity 
loss (Table 3 . 

Fig. 7 
Effect of pgulation density on the maintenance 

of monoalgal culture in N nnochloropsis 
a- 20 mg chl. 1- B 



MONITORING OF CULTURE PERFORMANCE 

A. Nannochloropsis - data collecting system 

1. On-line monitoring of algal ponds: The need for a reliable data aquisition 
system for monitorinq environmental parameters in alqal ponds has already 
been pointed out. ~hrou~h a cooperative work with prof. Ben-~aakov of the 
Department of Electrical Engineering, such a system is now in the process of 
being set-up. The design and developnent of the system are part of another 
research program, and our aim was to modify the system to meet the specific 
req~irements of marine microalgal culture. 

The project was divided into 3 phases: 
Phase I - Set-up of the system and culture monitoring under laboratory 

cond it ions. 
Phase I1 - Set-up of the system under outdoor conditions: checking the 

performance of the system's cornpatability to saline water. 
Phase I11 - Debugging and improvement of the system based on Phases 1 and 2. 
2. System design: The primary objective in the developnent of the 
microcomputer controlled system is to provide maximun flexibility in terms of 
electrode calibrations, sipl ing strategy and computational procedures. This 
was acheived by minimizing hardware and providing flexibility for computer 
control. Furthermore, an effort was made to design an all purpose sensor 
interface that can operate under a wide range of applications with 
practically any microcomputer. 

The parameters measured were: pH, dissolved oxygen (DO), optical density 
(OD), light intensity, water and air temperature. The electrode signals were 
interfaced to a microcomputer via a general purpose interface/controller. 

The interface also permits the control of outside devices, such as 
operation solutions feeding pumps and gas valves. Operation of 
interface/controller is software controlled and most monitoring and control 
programs are written in a high level language (BASIC). The application of a 
microcomputer with a BASIC interpreter simplifies and hence reduces the cost 
of programming, a subject that could prove to be a bottleneck if frequent 
program changes are required - as often is the case in the research 
laboratory. 

A complete description of the system is given elsewhere (6). 

3. System performance evaluation: The prototype has been operated 
continuously for three months and final conclusions are given for the 
construct ion of the system. 

Hardware: There were no problems with the computer system, the taperecorder 
or the monitor. The power supply system performed very well. Frequent power 
failures caused no damage to the system. 



Electrodes: 
Temperature and l i g h t  - Results  were sa t i s fac tory .  No ca l ib ra t ion  problems 

occured i n  three  months of operation. 
p~ - W e  found gel- f i l led  e lect rodes  t o  be most su i tab le ,  mainly because of 

t h e i r  res is tance t o  mechanical damage. I n  general ,  the  electrode has t o  
be cleaned once a day and cal ibra ted once a week. 

Oxygen - The homemade electrode was very re l i ab le .  D i f f i cu l t i e s  arose only 
when the  membrane was mechanically damaged. The electrode has t o  be 
cleaned once a day and recal ibra ted once a week. 

O.D. - The electrode we  designed performed favourably under laboratory 
conditions. However, its performance under outdoor condit ions is ye t  t o  
be improved. A new model is now being constructed for  fur ther  tes t ing.  

Software - The in te rac t ive  mode of operation and ca l ib ra t ion  was user 
friendly. A few modifications must be made a s  follows: 

I) Self  ca l ib ra t ion  of electrodes:  system ca l  ib ra t ion  f a i l u r e  w i l l  r e s u l t  
i n  a v i s w l  alarm tha t  w i l l  indicate  problems in  any a spec i f ic  
parameter. 

11) Data presentation: A t  present,  only the l a s t  set of measurements a r e  
displayed. Modification w i l l  be made t o  allow a graphic display of 
measurements from the  previous 48 hours. 
System debugging and rebuilding has now s ta r ted .  W e  plan t o  operate the  

system again in  the coming spring. Enclosed is the flow diagram of the 
computer program (Fig. 8) and some examples of the  information obtained from 
the prototype (Fig. 9)  . 

-10 17 24 31 38 45 52 59 GG- 73 80 

TIME (Hours) 

Fig. 8 
preliminary data obtained from a Nannochloropsis p n d  cu l tu re  outdoors. TA- 

A i r  Temperatye* - W Water Temperature; L- Light in tens i ty  ( ~ E i n s t e i n  
set mF2) ; M- Wind ve loc i ty  ( r e l a t i v e  units)  . 
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Fig. 9 
Flow diagram of computure programs for real time 

monitoring and control of an algal pond including 
sensor calibration interactive routines. 



SCREENING OF CHLORELLA STRAINS FOR HIGH LIPID PRODUCTION 

A. Selection of Chlorella s t r a i n s  

Screening of Chlorella s t r a i n s  from marine hab i ta t s  were carr ied out 
under three  d i f f e r en t  cu l tu re  conditions. A f u l l  list of code numbers and 
cu l t iva t ion  media is given in  the  following table.  

Table 10 
L i s t  of Chlorella s t r a i n s  obtained 

I C. stigmatophora I LB993 I It 

I C. SP. I El2070 I II 

I C. SP. I LB2069 I II 

I C. sp. 1 LB2068 1 n 

1 C. minutissma I LB2341 I I) 

I C. l u t eov i r i d i s  1 211-59 1 U. Gettigen** 
1 " II I 211-3 I t I  

oval is 
marina 
oval is 
spaorchi i 

I1 

s a l  ina 
----------- 

Soi l  sea water 
Enriched sea water 

II II II 

II II II 

A r t i f i c i a l  sea water 
I8 II I t  

II II II 1 
I II 

I II 

I M 1 4  medium 
I " 

II 

I " II 

I " II 

I " II 

I " II 

* University of Texas Culture Collection, USA 
** University of Gettigen, Germany 
*** Culture Center of Algae and Protozoa, -land 

A s  a f i r s t  approximation i n  identifying the  growth mediun i n  the  
screening procedure, the  received cu l t u r e s  were transfered t o  cu l tu re  tubes 
containing 5 ml of a r t i f i c i a l  sea water (ASW), o r  enriched sea water (ESW), 
and incubated on illuminated shelves for  5 days. The medium on which be t t e r  
growth was observed was used for fu r ther  studies.  

Optimal temperature: Culture tubes containing 3 ml of cu l tu re  were incubated 
i n  a temperature gradient  block illuminated from below with cool white 
f luorescent l i gh t s .  The increase i n  biomass i n  each tube were monitored by 
c e l l  counts and cholorophyll measunnents. The responses of three  d i f f e r en t  
Chlorella s t r a i n s  t o  the temperture gradient  a r e  shown in  Fig. 10. 



17 21 25 29  33 . 37 41 

TEMP. ( O C J  

Fis. 10 
The response of chlorelia strains to temperature 

Strain Code Optima& temp. 
Minue = t a  
2069 = A-A 
2170 = 0-0 

Growth: Cells were grown in 500 ml erlenmeier flasks containing 100 ml of 
culture with continuous illumination under controlled temperature. Growth was 
monitored by daily chlorophyll and turbidity measurements. The growth of 
three Chlorella strains is shown in Fig. 11. 

TIME (Days) 

Fiq. 11 
Growth of three different strains of Chlorella 

256 



Nitrogen s ta rva t ion  and l i p i d  content: Cultures grown a t  t he i r  optimal 
temperature were harvested and divided t o  two: I) Control cu l tu res  were 
resuspended in  f resh medium; 2) T e s t  cu l tu res  were resuspended i n  
nitrogen-free medium and illuminated for  seven days. Ce l l s  were then 
harvested for  l i p i d  determination. 

I n  Table 11, the  l i p i d  content of several  Chlorella s t r a i n s  a r e  given. 
I t  is evident t h a t  none of the s t r a i n s  has a very high leve l  of l i p id s .  
Nevertheless, i t  is our recommendation t h a t  du r ik j  the next year, one o r  two 
Chlorella s t r a i n s  with l i p i d  content higher than 25% w i l l  be ca re fu l ly  
studied under laboratory, a s  well a s  outdoor, conditions. 

Table 11 
The e f f e c t  of nitrogen s ta rva t ion  on 

l i p i d  content i n  Chlorella s t r a i n s  

I Chlorella S t r a in  I Lipid Content 1 
1 1 % o f  A m  I 
I I +N I -N I 

I C. marina 1 1 5 . 4  1 - 1 
I C. sa l ina  1 1 5 . 5  1 - I 
I C. SP. 1 1 6 . 0  1 - I 
I C. l u t eov i r i d i s  1 17.5 1 28.8 1 
I C. sp. 2068 1 18.2 1 27.6 1 
I C. stigmatophora I 16.2 1 14.9 1 
I C. minutissima 1 27.4 1 26.4 1 
1 C. capsulata I 11.7 1 11.4 1 
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FUEL PRODUCTION OPTIONS FROM AQUATIC SPECIES 
TECHNICAL AND ECONOMIC CONSIDERATIONS 
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INTRODUCTION 

Aquatic species (microalgae and macroalgae) offer significant opportunities for 
renewable fuel production. Among the qualities that make aquatic species valuable 
energy feedstocks are hig bio ass produ t i v ~  ies. For microalgae, long-term dry basis 
productivities of 25 T ac-' y f T  (60 t a-' r") have een achieved (Benemann et al. P I 1 Y84), and annual yields up to 46 T ac-' y f r  ( I  I0  t ha- yr- ) have been sustained aver a 
one-month period (L ws 984). Yields for m croa gae have been reported to be slightly 4 I lower: 10- I 5  T aco P yr- 04-36 DAFMT ha- yr- 1 on an ash-free basis (Bird, 1 985). 
Considering the degree of development of this technology, the probability exists that 
higher yields could be achieved. While macroalgae contain primarily carbohydrates, 
microalgae have the ability to accumulate large quantities of storage lipids. A lipid 
content over 60% of ash-free dry weight (AFDW) has been found in some species 
(Tornabene et al. 1984). Some aquatic species can survive and grow well in waters of 
moderate to high salinity (waters which usually have low or even negative economic 
value compared with fresh water). Although macroalgae have lower yields than 
microolgoe, they may also be cultivated with less intensive strategies in existing bodies 
of water such as lakes, oceans, and estuaries. 

Technical and economic evaluations of fuel production options from both microalgae and 
macroalgae have been performed at the Solar Energy Research lnstitute (SERI). These 
evaluations were based on the results of economic analyses of mass culture production of 
algal feedstocks suitable for conversion to fuel products. This report summarizes the 
methodology and results of the SERl studies. Feedstock characteristics such as chemical 
composit ion, product ion strategies and economics are presented first. Promising 
conversion processes and their economics are then discussed. The ultimate potential of 
the various feedstocks and fuel options can then be assessed based the results of the fuel 
product cost estimates. 

ALGAL FEEDSTOCKS CHEMISTRY AND PRODUCTION ECONOMICS 

In order to select the best algal feedstocks for energy production, as well as the best fuel 
options for a particular feedstock, an examination of proximate chemistry must first be 
made. A brief discussion of the strategies for cultivation of aquatic species on the scale 
required for fuel production is then presented. The Gas Research lnstitute (GRI) 
initiated the research and development of two nearshore concepts, while SERI/DOE 
continued investigations of concepts that cultivated benthic species of macroalgae. The 
discussion of algal chemistry and morphology provides a basis on which the most 
appropriate strategies for each algal species can be selected. In general, the variety of 
nearshore schemes, plus the land-based scheme, are the types which are felt to be 
applicable for cult ~ v o t  ion of macroalgae feedstocks; the other opt ion, offshore 



cultivation, was not considered, as it was determined not to be  economically favorable 
(Tompkins 1 980). Finally, the resulting feedstock product ion economics a r e  
summarized. Details of these a r e  discussed more fully elsewhere (Feinberg and Hock 
1985; Hill 1984; Hill, et al. 1984). 

Macroalgae 

Macroalgae belong to one of three classes: red, green, or brown. Of the  species listed in 
Table I ,  Macrocystis is a large brown algae which grows at tached off the coast of 
California; Sar assum, which grows floating in tropical waters, is brown; Gracilaria (red) 
and Ulva (green -37 0th grow unattached and in t he  bottoms of shallow embayments. Kelp 
(Macrocystis) was originally harvested in the  early 1900's for recovery of potash and 
iodine salts which a r e  major constituents of the ash; sodium, magnesium, and bromine a r e  
also present (Jain 1983). 

The carbohydrate fraction consists of a variety of components. A major one in the  brown 
algae is mannitol, an alcohol derived from mannose, a hexose (six-carbon) sugar similar 
t o  glucose. Another is algin, a copolymer derived from mannose and gulose (another 
hexose). A major cell wall structural component of t he  brown algae, algin is converted 
into various gums used in the  food, pharmaceutical, and textile industries. The red 
macroalgae have the  polygalactans (polymers of galactose) agar and carrageenan, which 
a r e  also recovered and used industrially. Other hexose-derived polysaccharides include 
f ucoidan (from f ucose), laminarin (from glucose), and cellulose (from glucose). Tompkins 
(1981) presents detailed analytical da t a  on carbohydrate content of various algae, while 
Jain (1983) discusses commercial uses for  some of the algal constituents. The fac t  tha t  
the  great  majority of carbohydrate is ultimately reducible t o  hexose will be of interest t o  
the  examination of ethanol production presented later. 

Kelp (Macrocystis) is a species of large brown algae tha t  is differentiated into blades, 
stipes and a holdfast. Extensive natural kelp beds a r e  present off the  Coast of 
California. In the  nearshore kelp production concept (Figure I), juvenile plants would be 
fastened t o  anchor lines from tugboat barges. The plants could be cropped several t imes 
per year by kelp harvesting boats; t he  boats might also be capable of shredding and 
pumping the  resulting kelp slurry t o  a transport barge, from which it would be 
transported t o  the fuel production (conversion) facility. Nearshore areas  less than 60 
f ee t  in depth, out of shipping lanes, and with suitable water currents, would be 
potentially suitable. Feedstock production costs from this concept would rang from a I -7 baseline value of $84/DAFMT (assuming current yields of 22 q A F y T  ha- yr ) t o  a n  
advanced value of $44/DAFMT (based on yields of 50 DAFMT ha' yr 1. 

In this concept, a floating species of macroalgae like Sar assum would be contained by 
K-- large booms in open areas  of the sea. A boom-winch arvestor system (Figure 2) would 

then be used t o  collect the biomass. If t he  a rea  is close enough t o  the shoreline for the  
harvestor t o  be land-based, the concept is referred t o  as adjacent. Coastal a reas  off 
Florida, t he  Gulf states,  California and Hawaii a r e  potentially suitable for this type of 
macroalgal production. I Feeidstock production costs range from $54/DAFMT (bpsed on 
yields of 22 DAFMT ha- yr- 1, t o  $27/DAFMT (based on yields of 34 DAFMT ha- yr-I 1. 







I west coast East coast I 

Production concepts are related 
to depth and the morphological 
form that can grow in the 
habitat. 

Area: 

A - Macrocystis, an attached 
form, requires moving water, 
and suitable substrates of 
less than 60 feet. 

B - The estuarine and adjacent 
concept, require protected, 
shallow areas of less than 10 
feet for cultivation of non- 
attached benthic types. 

C - The nonadjacent floating 
concept can occupy open, 
deep areas of the continental 
shelf. 

Figure I. Macroalgae Production Concepts 





If the production area i s  offshore where the harvestor would have to be located on a 
platform or barge, then the concept is known as nonadjacent. Such a facility would be 
larger than the adjacent type, but yields and other factors would remain constant. 
Because of the greater distances from shore, the capital and operating costs are 
considerably higher for the nonadjacent system: feedstock production costs vary from 
$80 to $40/DAFMT, based on identical yields as for the adjacent system. 

Bayfestuarine culture 

This type of culture would utilize protected ereas of water less than 10 feet in depth, 
similar to shrimp cultivation in Central and South America. Benthic macroalgae such as 
Gracilaria or Ulva would be cultivated. Seeding would be accomplished by fragmenting 
and then d i s t r m n g  the thallus into the bay. When the plant biomass reached harvest 
size, barges would harvest the biomass and return a portion of the thallvs as seed for the 
next production cycle. Potentially, areas in Florida, eastern coastal states, Gulf states 
and Hawaii would be applicable to this type of production. Production costs for either 
Gracilaria or Ulva ould range from a baseline value of $54/DAFMT (based on a yield of Y ha- yr- to an advanced value of $27/DAFMT (with yields of 
34 DAFMT ha- yr- 1. 

Land-based culture 

This concept would require intensive cultivation in a channel or raceway system, with 
mixing accomplished either mechanically or through addition of pressurized gas (emgo, 
carbon dioxide, which is also required as a major nutrient). Intensive algae cultivation 
thus requires both energy and nutrient inputs, so higher yields would be required for 
competitive economics. The land-based production concept is applicable to both coastal 
areas and desert areas with available saline waters. Harvesting can be accomplished by 
filtration and centrifugation, with efficiencies varying greatly among species. Because 
of the intensive nature of this cultiva ion technique, yields are higher than for the t nearshore strategies 64-78 DAFMT ha- yr-I). However, the land-based system would 
utilize a much smaller facility size (100 ha); capital costs must be spread over much less 
total biomass production. For this reason, feedstock production costs range from a 
baseline of $226/DAFMT to an advanced value of $13O/DAFMT, much higher than the 
less intensive cul tvre systems. 

Microalgae 

Rather than choosing representative microalgal species for examination, a slightly 
different approach is employed. Based on the compositional variation within a species, it 
becomes difficult to f ix representative compositions. Therefore, this analysis is based on 
three representative microalgae feedstocks: a current feedstock, and two reseach- 
improved feedstocks, one a high-lipid and the other a high-carbohydrate feedstock (Table 
3). The economics of feedstock production were then estimated for each representative 
composition. 

The algal culture facility is sized at 1000 ha (2500 ac), divided into forty-three 
20-ha modules, or ponds. Mixing i s  accomplished by paddlewheels located at the end of 
each channel. The harvesting system consists of two stages: a microstrainer followed by 
a centrifuge. Carbon, the major nutrient, is supplied in the form of gaseous carbon 
dioxide, which is obtained from power plant flue gas. The C02 i s  scrubbed, compresse '!3 and transported by pipeline to the culture facility. Delivered C02 cost is $O.l4/m 





($4.OO/ 1 o3 SCF) for a transport distance of 80 km. For the reference composition at 7% 
photosynthetic efficiency (based on PAR, the photosynthetically active radiation), CO 
represents over half of the total feedstock production cost of $~~O/DAFMT (Table 4f 
Increases in photosynthetic efficiency and/or carbohydrate content decrease the 
production costs, while increases in lipid content cause slight increases in production 
costs. 

Besides photosynhetic efficiency and lipid content, other parameters have some affect 
on feedstock production costs. Several of these other parameters could also be improved 
through ontinued esearch and development. Carbon dioxide cost could be reduced to 5: 5 $0.08/m ($2.30/10 SCF) by locating the algal facility closer to a coal-fired electric 
power plant. This could also reduce the cost of electric power from $0.05 to 
$O.O3/kWh. Other nutrient costs could be reduced by as much as 10% to reflect contract 
prices available to a large user. Higher source water salinity, wider salinity tolerances, 
and decreased outgassing losses are other parameters for which improved values could be 
chosen. The algal production costs could be reduced o $242/DAFMT using the high-lipid t feedstock (based on a yield of 120 DAFMT hao qr- ) or $189/DAFMI using the high- 
carbohydrate feedstock (based on 200 DAFMT ha- yr- '). These costs are substantially 
higher than even the most expensive macroalgae production options. It remains to be 
seen whether the potentially higher values of the l ipid-based fuel products can 
compensate for these high production costs. 

CONVERSION PROCESSES 

The objective of the fuel products portion of this analysis is to determine how best to 
exploit the chemical composition of macro- and microalgae to produce fuels. This sec- 
tion examines a series of options for conversion of aquatic feedstocks. The overall goal 
is to arrive at an integrated scheme which maximizes the conversion of aquatic biomass 
to fuel products while maintaining a favorable economic picture. 

The economic comparisons presented were developed from simple models and are subject 
to a good deal of uncertainty. One basic assumption is that the algal refinery is located 
near the algal culture facility and is sized to match its capacity. In addition, some cases 
are examined in which the refinery is sized to serve ten culture facilities, thereby 
realizing sign i f  i cant improvements in conversion costs. 

Production of Methane 
Through anaerobic digestion essentially all of the aquatic feedstock could be converted 
into a single fuel product. Methane, the primary constituent of natural gas, is widely 
used as both a fuel and as a chemical feedstock; natural gas boilers and combustion 
turbines are in wide use. Since methane is usually a gas and therefore bulky to handle, 
its use as a transportation fuel has been limited. However, liquefied natural gas (LNG), 
with increased density, has begun to be used as a transportation fuel. 

An anaerobic digester typically contains microbial populations to convert a variety of 
organic substrates to methane and carbon dioxide. Few problems are expected in the 
adaptat ion of macroalgae or microalgae feedstocks to anaerobic digest ion. The major 
technical concern is the continuing development of more efficient digesters. This 
analysis includes two reuctor designs: the plug- f low reactor and the upf low sol ids 
reactor (USR). The USR has been developed more recently and might offer better 
conversion efficiencies and shorter residence times than the plug-flow digester. 





The primary digester product, usually referred t o  as biogas, is not pure methane, but con- 
tains large amounts (typically 40%) of carbon dioxide, plus t race amounts of water and 
hydrogen sulfide. The water, sulfur, and nitrogen components must be removed prior t o  
use. Removal of t he  C02 is not required if the gas is t o  be burned on site, and direct use 
of this medium-Btu gas IS probably cheaper than C02 removal in small-scale applica- 
tions. However, when large volumes of gas a re  sold t o  a pipeline company or gas utility, 
C02 removal will be required. In addition, recycle of the C02 t o  land-based culture 
systems would be essential. 

The organic fractions of the algae (all components except ash) a r e  anaerobically 
digestible, s o  once the algae has been harvested, l i t t le if any pretreatment is required. 
For macroalgae, shredding or other size reduction may be required. The liquid effluent 
contains soluble nitrogen from the  original algal proteins, which can also be recovered 
and recycled t o  the  culture. 

Production of E t b l  

Ethanol is the highest-volume product produced commercially by biological fermenta- 
tion. Any carbohydrate source is suitable for conversion t o  sugars and subsequently t o  
ethanol. Both macroalgae and microalgae will be examined as possible ethanol feed- 
stocks, although macroalgae a re  probably less expensive. 

One advantage microalgae offer over macroalgae is that typically their polysaccharides 
a re  in the  form of starch, so  the  sugars a re  easily accessible for yeast fermentation. The 
fibrous and colloidal polysoccharides of macroalgae may not be s o  easily accessible. This 
analysis was based on the addition of a mild acid hydrolysis step, similar t o  one used for a 
lignocellulosic feedstock. First, a filtration or washing s tep  would separate the soluble 
from the  insoluble carbohydrates, a f te r  which the insolubles would be hydrolyzed. All 
sugars could then be treated as solubles and fermented together. Downstream processing 
would then be identical t o  the  microalgal-based ethanol facility. 

The major issues concerning ethanol production from aquatic species a r e  the maximum 
carbohydrate content that  can be achieved and the portion of the carbohydrate tha t  
could be fermented t o  ethanol. In the case of macroalgae, the carbohydrate content does 
not vary widely among species, but the  soluble fraction does (e.g., 20% in Sargassum t o  
almost 70% in some Gracilaria). The other parameter, the fermentable fraction of 
carbohydrate, can be estimated from the  rat io of six-carbon t o  five-carbon sugars. Very 
small amounts of f ive-carbon sugars have been identified in macroalgae--about 75% to 
90%. For microalgae, t he  C6/C5 rat io is about 2:1, yielding about 65% fermentable. 
Essentially all the carbohydrate is soluble and requires no additional hydrolysis. 

LipibBased Processes 

Pseudo Vegetable Oil (PVO). One way t o  use lipids, which represent the highest energy 
biochemical fraction available in aquatic species, is t o  extract them as pseudo vegetable 
oil (PVO). These refined oils consist of the glvcerol esters (triglycerides) of a va6ety  of 
f a t ty  acids. PVO (and conventional seed oils) typically have lower fuel values and higher 
boiling ranges than diesel fuel; thus they would require a fuel preheater or precombustion 
chamber for re1 iable performance in diesel engines. 

As microalgae allocate larger per centages of their cell mass t o  lipids, larger percentages 
in turn become storage lipids--those not associated with membranes. At 30% lipid con- 
tent, about 40% of the  total lipids will be in t h e  form of triglyceride (and possibly phos- 
pholipid); at 60% lipids, this proportion will be as high as 50%. A modified allocation of 
carbon might increase the  triglyceride fraction of total lipid t o  75%. 



No chemical reactions a r e  involved in the production of PVO from microalgae. The 
success of the conversion depends on identification of a suitable solvent t o  extract  a fuel 
from microalgae cellular lipids that  has the desired properties. The lipids not extracted 
plus t he  remaining portions of the algae (carbohydrates and protein) may be anaerobically 
digested t o  produce methane and carbon dioxide. 

Ester Fuel. Another option for utilization of algal lipids is the the conversion of 
triglycerides t o  methyl or ethyl f a t t y  esters (transesterification). The transesterification 
process and its product, called ester  fuel, have recently been the  subject of extensive 
investigation as a substitute for petroleum-derived diesel fuels (Freedman and Pryde 
1 982; Kusy 1 982; Clark et al. 1 984). 

Although the fuel value is about 10% lower than diesel fuel (5% lower than vegetable 
oils), es ter  fuel has a significant advantage over PVO in viscosity; i t  flows much more 
evenly, especially below 20°c. Ester fuels perform almost as  well as  No. 2-D in indirect- 
injection diesels, but not as  well in direct-injection engines (Ryan e t  al. 1984). The 
distillation curve (boiling range) is between those of diesel and PVO. 

The main drawbacks t o  the use of ester  fuel a r e  i ts  tendency toward injector fouling 
(especially in direct-injection engines) and its relatively high pour point (the point a t  
which it will no longer flow -- about OOc). Use of ester  fuel at or near this temperature 
would require some fuel or fuel system preheating, although a diesel-ester blend would 
minimize this problem. Solutions t o  the fouling problems, either through the  
development of additives or some modification t o  the  fuels themselves, a r e  also tech- 
nically feasible as  research and development continue. 

Conversion from triglyceride t o  ester fuel is routinely achieved a t  98%, and the  process 
is slightly more complex than the conversion t o  PVO. The esterification reaction is 
accomplished by adding excess alcohol (generally double the  stoichiometric minimum) 
plus an alkaline catalyst. One mole of glycerol is produced for each 3 moles of esters; 
the  glycerol can be recovered and then purified for substantially less than i ts  current 
market value of over 70kllb ($1 540/t), thus providing an additional source of revenue for  
the production facility. 

Catalytic Conversion . Mobil Research and Development Corporation has developed a 
t hermal-catal yt ic process that converts methanol t o  l iqht hydrocarbons in the  gasoline 
range (Voltz 'et ai. 1976). At a less advanced s t a g e  of development is the- use of 
feedstocks similar t o  microalgal lipids (e. g., corn oil). The process itself is basically a 
catalytic reduction; most of t he  initial oxygen is removed t o  produce hydrocarbons, 
which, unlike ester fuel, a r e  direct substitutes for petroleum-derived products. As in the  
other integrated facilities examined, lipid extraction precedes the  main process and 
anaerobic digestion follows it. The efficiencies of lipid utilization used here a r e  
preliminary and depend on process optimization reactor studies; they could include more 
lipids than just the triglyceride component. In any case, algal lipids appear t o  be good 
candidates for  catalytic conversion to high-value liquid fuels. 

Conversion Process Economics 

Cost goals were developed by the  Department of Energy t o  compare the values of fuel 
products. The cost goal is the amount equal t o  the cost of the  competing nonrenewable 
fuel product at a specified time. The cost goals for each fuel product a r e  based on a 
series of energy price projections developed by DOE'S Office of Policy, Planning and 
Analysis (1983) in support of the National Energy Policy Plan (NEPP). Based on the  state 
of development of the  technologies evaluated in this study, t he  t ime chosen for macro- 



algae-derived fuel products is the year 1 995, and for microalgae-derived products is the 
year 2000. The high- and low-range projections are presented in Table 5. The low-range 
projection represents essentially no net increase i n  crude oil price through 1995, while 
the high-range projection represents a doubling by 1995 and a net 170% increase by 2000. 

Normalized costs are used to  compare fuel production options. They are defined as 
estimated fuel production costs divided by the high cost goal (Table 5). Thus, an algae- 
derived fuel product with a cost goal below one is considered to  hove met its cost goal. 

Macroalgae Production Options 

The fuel production options for macroalgae are shown in  Table 6;  normalized co are 
plotted in  Figure 3). With the advanced strategy and kelp as a feedstock, 2.5 x I Of' Jlyr 
of methane could be produced at a cost of $7.00/GJ. With the achievement of a 
proximate chemistry optimized for ethanol production (60% solubles with 90% 
fermentables), the ethanol cost would be $2.00/gal in the baseline case and $1.30 in  the 
advanced case. 

The yield from Sargassum grown under the adjacent production strategy is similar to  the 
kelp baseline case, but the cost is substantially lower than for kelp. Lower methane 
coits are the result of the lower feedstock cost: the lower digestibility of 
Sar assum is compensated by the lower feed cost. In the advanced case, with a doubled 

methane cost decreases to  $4.80/GJ. The nonadjacent cultivation strateqy 
higher production facil ity sizes, resulting in higher system yields b6t 

Of the macroalgae that can by ~ u l t i v a t e d  using the estuarine techniques, Ulva can be 
used to  produce up to  x 10 J/yr of methane at a cost of $7.20/GJ fr-aseline 
strategy, while 1.9 x 1O"Jyr could be produced in  the most advanced case at $4.60/CJ 
(Table 6). These are the lowest estimated methane costs in this study, primarily because 
of the higher digestibility of this species. Ethanol costs are among the lowest, but higher 
hydrolysis costs are required because of the 25% solubles concentration. 

Methane production yields and costs are estimated to  be equal for Gracilaria and Ulva 
grown under the estuarine production strategy (Table 6). However, GraciTaria has much 
higher solubles content, so that, although total carbohydrate is lower, ethanol yield is 
higher. Coupling the highest feedstock production yield with the highest fermentables 
content gives an ethanol production of 15.8 million gal/yr with a cost of $1.30/gal. I f  
further improvement of Gracilaria's proximate chemistry could be achieved, the ethanol 
production potential would be further enhanced. The land-based option for Gracilaria 
was shown to  be the most expensive option for macroalgae cultivation; Table 5 shows 
that this option is not econo~ica l ly  feasible for fuel pr-oduction, even with the most 
advanced production strategy. 

Microalgae Praluction Options 

Table 7 presents the fuel product ion options for rnicroalgae, including the high-l ipid feed- 
stock and the high-carbohydrate feedstock. Normalized costs are shown in  Figure 4. 
Since the reference feedstock contained 30% lipid and 20% carbohydrate, it was 
marginally acceptable for all options but not outstanding for any of them. Shown on 
Table 7 i n  order of increasing photosynthetic efficiency, methane production ranges from 
$31 to  $17/GJ; the lipid-based diesel fuel substitutes are $6/gal ($50/GJ) at 18% 
photosynthetic efficiency. The gasol ine product has a sl ight ly higher cost ($6.30/gal), but 
on an energy basis it is slightly less expensive ($48/GJ). The lowest cost for ethanol from 
this feedstock would be $1 0.20/gal ($1 1 6/GJ). 











The situation improves considerably for the high-lipid feedstock (Table 7). Even at the 
lowest photosynthetic efficiency, lipid-based liquid fuels are less expensive than the 
highest-efficiency cases using the reference feedstock. The methane and ethanol options 
are presented primarily for comparison with the reference cases. Methane costs are 
slightly lower than for the reference case, but the difference between methane and the 
liquid fuels is now much smaller than before. That the ethanol costs are higher should 
not be surprising, since the high-lipid feedstock i s  also a low-carbohydrate feedstock. 
Even in the most advanced case 13.3 million gallyr of ethanol could be produced for 
$4.00/gal from high-carbohydrate feedstock. It is clear that microalgae will not be good 
feedstocks for ethanol production. 

One important caveat to the discussion of algae-derived ester fuel is the sustainabil i ty of 
the market for by-product glycerol. In the reference case, the glycerol production is 760 
t/yr, but in the advanced case i t  increases to 60,000 t/yr, which is 40%-50% of the 
current domestic market (International Trade Commission 1982). Clearly, a new 60,000-t 
glycerol facility would have a dramatic impact on the market price. The very first such 
glycerol-from-microalgae facility would be able to claim a credit of $I540/t by 
displacing the most expensive synthetic production, but it is doubtful that subsequent 
facilities could sustain a credit that large. The result is a negative effect on the 
economics of ester fuel from microalgae: each I Wllb ($220/t) decrease in the glycerol 
credit will further increase the ester fuel cost by $O.lO/gal. A credit of only $880/t 
($0.40/lb) thus increases the ester fuel cost $0.30 to $1.90/gal. Smaller facilities that 
produce 4000 t/yr or less should not suffer any adverse affects, at least for the first 10- 
20 facilities. 

The cases which are consistently the best for microalgae are those which exploit high- 
lipid content to produce liquid fuels. For macroalgae, any fuel production schemes which 
exploit the low cost of the macroalgae feedstock are suitable for further development. 

CONCLUSIONS 

Both microalgae and macroalgae are unique feedstocks that could be competitive sources 
of renewable liquid or gaseous fuels by the early 21st century. Their most important 
attributes to be exploited are their potentially high biomass productivities, plus the 
higher lipid yields of microalgae. 

Even at this preliminary stage of evaluation, two processes have been identified for each 
type of algae that offer potential for commercial development. Macroalgae could be 
anaerobically digested to produce methane, or their large store of carbohydrates could be 
aerobically fermented to produce ethyl alcohol. The two major fuel products which could 
be produced from microalgae are catalytically produced gasoline and ester fuel, an 
oxygenated diesel fuel substitute. Economic success of the transesterification process 
depends to a significant degree on the utilization of by-product glycerol, which could be 
produced in sufficiently large quantities to affect its market structure. There are no 
such problems with the other processes examined, since all major by-products are either 
fuels themselves (with no assumed upper market limit) or are returned directly to the 
algal culture facility. 

The most promising fuel production option overall is anaerobic digestion of macroalgae 
to methane. Although none of the baseline production cases meet the methane cost goal, 
all the advanced cases do meet this goal; the 50-100% yield improvements required for 
success are potentially achievable in the time frame considered. The liquid fuel option 
from macroalgae, ethanol production, is successful only when solubles content as well as 



yields are extremely favorable. The land-based option is clearly the least favorable of 
the macroalgae fuel options. 

Examination of the microalgae results showed that the requirements for competitive fuel 
production requires high-lipid feedstocks (60% of dry weight) plus substantial 
improvements in photosynthetic efficiency (to 18% of PAR). Neither microalgal mass 
culture technology nor the processes for conversion of microalgae to high energy liquid 
fuels are in  a mature stage of development. Both require substantial continued research 
efforts before commercialization can occur. 

The technology i mprovements required for commercial izat ion of macroalgal fuel 
production options are not as great as those required for commercialization of 
microalgae. In either case, achievement of cost-competitive renewable fuels from 
aquatic species requires research directed at species improvement and development of 
optimized, integrated conversion processes. 
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DESIGNl FABRICATIONl AND OPERATION OF 
INNOVATIVE MICROALGAE CULTURE EXPERIMENTS 

FOR THE PURPOSE OF PRODUCING FUELS 

Aquaculture Associates, Inc. 
1110 Richards St., Rm.207 
Honolulu, Hawaii 96813 

Abstract 

A conceptual design was developed for a 1000-acre (water 
surface) algae culture facility for the production of fuels. The 
system is modeled after the shallow raceway system with mixing 
foils that is now being operated at the University of Hawaii. 
The facility takes advantage of the high yield and high cell 
density achieved in the shallow raceway system, as well as the 
unusual settling behavior of the proposed alga, Platymonas. A 
computer economic model was created to calculate T x e  discounted 
breakeven price of algae or fuels produced by the culture 
facility. A sensitivity analysis was done to estimate the impact 
of changes in important biological, engineering, and financial 
parameters on product price. 

In the baseline case for a facility in Hawaii, the 
discounted breakeven algae price is $366/MT dry weight ($398/MT 
AFDW) in the form of a 10% solids slurry. A case using more 
optimistic, but probably achievable, parameters reduced the price 
to $229/MT dry weight. The discounted breakeven price of methane 
produced from the algal slurry is $36/MSCF for the baseline case 
and $ ~ ~ / M S C F  for the more optimistic case. These prices are 
probably too high for the facility to be viable on methane sales 
alone. A case in which credits are taken for shellfish grown on 
unharvestable algae in the facility's effluent demonstrated that 
byproduct sales can make a very substantial contribution to the 
economics of a large algae culture system. The discounted 
breakeven price for algae was $61/MT dry weight after credit was 
taken for shellfish sales. 

A similar conceptual facility near the Salton Sea in 
California was also modeled. Algae from the California facility 
was less expensive than from the Hawaii facility because of 
geological C02 available at the Salton Sea site. Methane 
produced at the California facility would have a price similar to 
that in Hawaii because of the additional heating requirements for 
a digester in California. 

A scaled experiment was proposed to test the concept of the 
large shal low-raceway culture facility. The experiment wou'ld 
have two stages: one to optimize raceway design, the second to 
test production, costs, labor, and maintenance requirements in 
raceways close to full production scale. Concurrent experiments 
at a New Mexico site would screen species to find ones 
appropriate for a U.S. Southwest version of the shallow raceway 
system. 



Introduction 

Beginning with the "oil crisisw of the 1970ns, microalgae 
have been under study as a source of renewable fuels. Microalgae 
in culture frequently have a higher efficiency of solar energy 
conversion than land plants. The ability of many microalgae fo 
store a substantial proportion of cell mass as lipids has sparked 
interest in algae culture to replace liquid fuels, which are 
expected to become scarcer and more expensive. 

In Hawaii, research on fuel production from algae began with 
Raymond (1970), who arrived at optimistic projections for oil 
production based on a small experimental system. Since 1980 
SERI has funded a University of Hawaii study using a single 48 m 2 
raceway and several smaller raceways to investigate the potential 
of a shallow raceway system. Distinctive features of this system 
besides the depth include high phytoplankton eel 1 densities (>lo7 
cells/ml), high water velocity (30 cm/sec), and mixing foil 
structures which create vortices in the flowing water. In dense 
cultures, the vortices expose algal cells to rapidly alternating 
light and dark periods, creating a "flashing light effect" that 
increases photosynthetic efficiency (Laws et al., 1983). The 
last year's research has increased production in the shallow 
raceway by the use of species adapted to the relatively high 
temperatures (30-35'~) in the Hawaiian raceway and the discovery 
that the dilution schedule has a strong effect on algal 
product ion. The shallow raceway now achieves yields 
substantially higher than those attained in other systems using 
inorganic nutrients (Laws, 1984). 

In 1983 SERI issued a Solicitation for Letter of Interest to 
design a large-scale algae culture system for fuel production, 
and to propose a scaled experiment to validate the proposed 
design. Aquaculture Associates, Inc. (AAI) responded with a 
proposal based on the University of Hawaii raceway system. In 
April 1984 AAI was awarded one of three competitive design 
contracts. This report is a summary of the work carried out 
under Phase I of that contract. 

Objectives 

The overall objective of the project, as stated by SERI, was 
to develop a cost-effective design for a saline-water microalgae 
culture facility producing lipid fuels in the U.S.  Southwest. 
Specific objectives of the subcontract were to: 

1. Develop a conceptualized design for a large-scale 
raceway system at a site in Hawaii. 

2. Develop a detailed design of an experimental system that 
would be appropriate for the Hawaiian site. 

3. Develop an operating plan for the experimental facility. 



4. Extrapolate the results of the Hawaiian facility to a 
site in the American Southwest. 

Shortly after the project contracts were awarded, the requirement 
that algal lipids be the fuel source was relaxed, and 
consideration of any fuel product was permitted. It was also 
agreed that each contractor would report the price to produce an 
algal slurry of 10% solids content in order to allow comparisons 
among systems that would produce different fuel products. 

Preliminary Analysis - and Species Selection 

Before a baseline algae farm design could be attempted, it 
was necessary to determine which components of the farm were the 
most important cost drivers. Engineering aspects of a shallow 
raceway system with foils were studied to discover potential 
limitations on raceway length, width, and depth and to model 
water circulation costs as a function of raceway design. Flume 
studies were done to estimate what foil spacing might be adequate 
to produce the desired turbulence at minimum cost. Choices had 
to be made among different algal species, harvesting methods, and 
processing options. 

Only four or five algal species have been cultured in the 
experimental shallow raceway system because it is a relatively 
new system. Of the algae that have been tried, two have been 
grown successfully at high production rates: -- Platymonas a, a 
motile green alga, and Chaetoceros gracilis, -- a diatom. Both 
species have exhibited sustained production rates exceeding 40 g 
A F D W / ~ ~  -day in the Hawaii experimental raceway (Laws, 1984; SERI 
Biomass Program Monthly Report, October 1984). Platymonas was 
chosen over Chaetoceros because it appeared to-Fave the best 
combination of desirable traits: 

Platymonas has exhibited slightly higher production -- 
rates in the experimental raceway. 

Platymonas is a dominant species, resistant to -- 
competitors and predators in the Hawaii shallow raceway 

Chaetoceros requires silicate and vitamin additions 
(Laws, 1984); Platymonas does not. 

Platymonas apparently can be harvested simply and -- 
with little energy expenditure because of its settling 
behavior (see b&iow)f Chaetoceros does not appear to 
settle rapidly and would require more expensive means of 
harvesting. 

Under o ~ t i m a l  culture conditions as defined so far in 
the experimental raceway, Platymonas requires less total 
water exchange than Chaetoceros (Laws, 1984; SERI 
Biomass Program Monthly Report, October 1984). 



The major disadvantage of Platymonas is that its storage 
product is carbohydrate rather TFan lipid. To date, the SERI 
fuels-from-microalgae program has focused strongly on lipid- 
derived fuels because of their relatively high value. However, 
when microalgae are growing rapidly (not nutrient-limited) they 
generally store little lipid (Goldman, 1980); both Platymonas and 
Chaetoceros in the shallow raceway system contain ahout 15-20% 
lipid. In order to induce microalgae to produce large amounts of 
storage lipids, it has been necessary to expose them to nutrient 
limitation for periods of several days. During this period, 
algal growth slows down; because of the growth slowdown, total 
energy production usually declines even though the energy content 
of the cells themselves rises (Lien and Spencer, 1984). It was 
decided to accept -- Platymonas because of its high rate of total 
energy fixation. 

Harvest Experiments 

Because of the small size of microalgal c e l  Is, harvesting 
has always been one of the major issues in algal mass culture 
technology (Mohn, 1980). A variety of harvest techniques has 
been tried over the past 30 to 40 years (e.g. Mohn, 1980; Shelef 
et al., 1984); most have proved inefficient or too expensive and 
energy-intensive for all but the most valuable algal products. 
Harvestability is therefore a major criterion for selection of an 
algal species for mass culture, although in practice species have 
usually been selected for their growth rate, production of 
valuable compounds, or resistance to competition and predators. 

One of the reasons Platymonas was selected as the species  to 
be cultured in the conceptual facility is its reported settling 
behavior in the experimental raceway in Hawaii. Technical 
personnel reported that Platyrnonas cells settle rapidly in 
flasks, and must be resuspeaed so that the cells can be counted. 
In addition, if a power failure occurs and raceway circulation 
stops for several hours, the cells settle to the bottom of the 
raceway (L. Pang, pers. comm.). Walne (1970) reported that 
species of ~etraselmis ( =  Platymonas) settled rapidlywhen placed 
in containers, but regained their swimming behavior in about 24 
hours. 

Settling experiments with Platymonas were conducted in 
Erlenmeyer flasks. Cell counts sFo%ed that 80-90% of Platymonas 
cells settled to the bottom within 24 hours. To confirm the 
harvestability of cultured Platymonas on a larger scale, a 5 5 -  
gallon drum with one end removed was used as a settling tank. 
The tank was filled with a suspension of Platymonas (approx.10~ 
cel ls/ml) harvested f rorn the experimenter raceway as a part of 
normal raceway operations. Approximately 24 hours later, 
samples were taken from the top, center, and near the bottom of 
the water column for cell counts. Then the water was  drained 
slowly from the drum. When as much water as possible had been 
drained, the drum was tilted slightly to allow remaining water to 



run off the viscous sludge at the bottom of the drum. A sample 
of the sludge was scraped from the bottom and weighed, then dried 
to determine solids content. 

Two settling drum experiments were done. In the first 
trial, approximately 82% of the cells originally present in the 
harvest water settled to the bottom. The solids content of the 
harvested sludge (after subtracting the presumed weight of the 
salt present) was a surprisingly high 13.5%. In the second 
trial, approximately 90% of the cells settled out and the sludge 
solids content was 7.1%. The supernatant water from this trial 
had a pH of 7.3 at the end of the 24-hour period, suggesting that 
high-pH induction of flocculation (Arad et al., 1980) is not 
critical to the settling process. 

Benemann et al. (1980) reported that under certain culture 
conditions, rapid bioflocculation occurs in Micractinium with 
similar settling time and removal efficiency to the settling 
exhibited by Platymonas in the recent experiment. However, the 
solids concentration of the settled Platymonas seems to be much 
higher than that of Micractinium. Electron micrographs indicated 
that Micractinium aggregates by means of extracellular filaments; 
micrographs of settled Platymonas might reveal whether or not its 
settling mechanism is similar. Koopman et al. (1980) suggest 
that bioflocculation is encouraged by high pH and low nitrogen 
levels, but these conditions are not normally present in the 
Hawaii experimental raceway. 

In summary, Platymonas exhibits rapid settling which, in a 
properly designed settling tank or pond, may allow harvesting at 
minimal energy cost. Harvest efficiencies of 80-90% and solids 
concentrations exceeding 7% may be achieved with a 24-hour 
settling period. These few experiments do not demonstrate that 
rapid settling of -- Platymonas occurs consistently under all 
culture conditions, or that settling occurs as rapidly and 
efficiently in a large settling pond as in smaller containers. 
Experiments to answer these questions were proposed for the 
scaled experiment. 

The Hawaii Conceptual ~acility - 
The site selected for the Hawaii-based conceptual design is 

located near the southwest corner of the island of Oahu, west of 
Pearl Harbor, on land owned by the Campbell Estate and leased by 
the Oahu Sugar Company. Figure 1 illustrates the overall layout 
of the commercial facility design on the Oahu Sugar site. 
Seawater wells are located as close as possible to the seashore, 
limited only by the State shoreline setback line which prohibits 
construction directly on the ocean front. The coral caprock 
which can be found 2 to 10 feet below the soil surface in this 
area is reported to have very good communication with the sea. 
The Honolulu-based we1 1 dr il ling company, Roscoe Moss, Inc., 
reported that there should be little difficulty in obtaining 35- 
40 million gallons per minute from seven or eight 100-foot deep 





by 20-inch diameter wells drilled in this area. Water is pumped 
from these wells through pipe corridors established between the 
production raceways. The facility harvesting system is also 
located as close as possible to the waterfront. This would 
enable a gravity feed, open channel flow system to transport the 
water with its suspended biomass froin the raceways to the 
harvesters. This network of open channels runs parallel to the 
feed water pipes in the pipe corridor shown. Following removal 
of the biomass from the water, the effluent is discharged through 
another open channel leading directly to the ocean. 

C 0 2  is supplied by a pipeline that originates at the 
Hawaiian Independent Refinery, Inc. (HIRI ) ,  a subsidiary of 
Pacific Resources, Inc. (PRI). The refinery is located at 
Campbell Industrial Park, just west of the Barbers Point Naval 
Air Station. The refinery produces C 0 2  as a byproduct of its oil 
refining and SNG production operations. Nearly pure ( > 9 8 & )  C 0 2  
would be purchased from HIRI and transported through a pipeline 
which traverses the Barbers Point Naval Air Station and then 
winds throughout the production facility, along the pipe 
corridors. 

A separate set of pipes supplies non-carbon nutrients to the 
raceways. Nutrient mixing takes place near the seaward side of 
the facility because of its proximity to the water supply wells 
and the main buildings. 

Harvesting is accomplished in four 286-m square settling 
ponds, taking advantage of the settling behavior of Platymonas. 
Each pond can hold one day's harvest water; three ponds can 
handle normal facility production but a fourth pond is provided 
as abackup. The algalcells are allowed to settle for 24 hours; 
the pond is drained in 6 hours. The algal slurry at the bottom 
is removed by suction into tank trucks which transport the 
biomass to the processing facility. 

The raceways themselves are laid out approximately para1 lel 
to the elevation contours, and obvious physical landmarks such as 
large holes and borrow pits are avoided. All the facility 
off ices, storehouses and employee space are located along Papipi 
Road just on the outskirts of Ewa Beach township. Major roadways 
such as Fort Weaver Road, Geiger Road and Puuloa Road would not 
be disturbed by the facility. 

The facility has 234 raceways with a total effective culture 
area of 409 ha. Roads take up another 130 ha. Because of the 
irregularity of the site boundaries and the presence of areas 
unsuitable for raceway construction, another 143 ha are left 
open. Some of this area can be used for processing facilities 
and effluent utilization. 

The basic characteristics of the raceway designed for the 
Hawaii commercial facility are shown in Figure 2 and listed 
below: 





The raceway channel width is 10 m and the depth is 12 
cm. 

Raceway length is variable from 650 to 1400 m depending 
on site topography and boundaries; 800 m is used for 
design purposes. 

The raceway slope is 0.08%. 

Raceway channels are constructed from earthen berms 
which are a minimum of 24 cm high over the first 900 
running meters of the raceway. Over the last 700 meters 
these berms gradually increase in height to provide a 
water catchment area at the sump end of tne raceway in 
the case of a pump failure or an electrical blackout. 

The raceways are lined with 4" of lime-stabilized soil. 
The earthen berms are covered with 2" of lime-stabilized 
soil. 

Mixing foils (10 cm square plates set at a 20' angle) 
are placed 20 cm on center with respect to the raceway 
width and 3 m on center with respect to the raceway 
length. 

Water circulation is accomplished by pumping with a 
720-rpm wet pit propeller pump located in a pumping sump 
at one end of the raceway. 

Raceway water supply, nutrient supply, and harvest 
drain are all located at the same end of the raceway as 
the pumping sump. 

C 0 2  distribution sumps are constructed every 124 m 
along the running length of the raceway. 

A 5 m wide graded earth roadway runs the full length of 
the raceway on either side. 

Economic Model Development 

A spreadsheet-based computer model was developed to test the 
feasibility of the conceptual facility. The model combines 
biological, engineering, environmental, and cost parameters to 
calculate capital and operating costs for the conceptual facility 
design. The financial section of the model takes these costs and 
calculates the discounted breakeven price of the algae (or fuel 
product) as described below. The model is designed to be 
flexible; the spreadsheet design accepts parametric changes 
easily. 

The financial model is designed to solve for a unit algae 
price ($/metric ton) that will be charged for all algae produced 
during the project lifetime. The calculated price affords just 



enough revenue so that the present value of the stream of revenue 
inflows exactly equals the present value of all cost outflows, 
including costs associated with borrowed and equity capital. 
~lternatively stated, the price is just sufficient to keep the 
present value of net cash flow at zero when the discount rate 
equals the weighted cost of equity capital. Costs, including 
opportunity costs of capital, are just covered by revenue inflows 
and zero excess profit is generated. Furthermore, at this price, 
the internal rate of return exactly equals the weighted cost of 
equity capital. This price is called the discounted breakeven 
price. 

Baseline Algae Cost 

The cost of algae grown in the baseline culture facility is 
estimated to be $366/MT dry weight ($398/~T AFDW) on a net 
yearly production of 58,939 MT dry weight (54,224 MT AFDW). 
These cost calculations assume that the algal raceway and harvest 
experiments can be scaled up successfully to production scale, 
but that few changes are made to the system. The cost of the 
raceways dominates the facility capital cost, with the settling 
ponds next in magnitude (Figure 3A). Total facility capital cost 
is $66 million including 15% contingency and 5% engineering fee. 
The largest single cost is the foils; the liner cost is next 
largest (Figure 3B). Cop purchase is the largest operating cost; 
non-carbon nutrients, interest and depreciation, labor, 
utilities, and maintenance are other important costs (~igure 4). 

Sensitivity A n a l y s i s  

Following the baseline cost calculation, individual 
parameters were varied to determine their impact on algae cost. 
Table 1 lists the parameters tried, the ranges tested for each 
parameter, and the algae cost range produced. Some parameters 
(for example, dilution rate) were not varied because they were 
assumed to be fixed by the requirements of the chosen species. 
Other parameters (for example, minor cost items) were not tested 
because their impacts on total algae costs would have been 
minimal. 

Several scenarios were modeled in addition to the baseline 
facility. One innovation included in the modeling studies was a 
mechanism under development by Makai Ocean Engineering for the 
extraction of Cop from atmospheric air. While the C02 content of 
air is low, the amount of C02 that would actually pass over a 
given area per day under normal wind conditions is large. A 
device that could extract the Cog efficiently could supply enough 
COP to support high production levels in an algal raceway. The 
C02 collectors could be substituted for the 
raceways. Operating costs (electricity 
collectors) were estimated at $ ~ / M T  C02 under 
TWO cases were run: an "ideal" case in which 
$2000 each and operating cost = $ ~ / M T  C 0 2 ,  

C02  sumps in the 
to run the C02 
ideal conditions. 
collector cost = 
and a much less 







PARAMETER 

Photosynthe t ic  e f f i c i e n c y  ( %  PAR) 
Harvest e f f i c i e n c y  ( % )  
F o i l  c o s t  ($/row) 
Carbon d ioxide  c o s t  ($/FIT) 
Distance between f o i l s  (m)  
Carbon d iox ide  uptake e f f i c i e n c y  ( % )  
Liner c o s t  ($/running meter) 
Carbon d ioxide  sump c o s t  ($ /uni t )  
Ammonia c o s t  ( $/MT) 
Contingency allowance (%)  
Harvest module c o s t  ($ /un i t )  
Laborers/supervisors  ( #  people) 
Capaci ty f a c t o r  (days/year) 
Raceway c u t  & f i l l  ($/running m) 
Dis tance  between CO sumps ( m )  
E l e c t r i c i t y  c o s t  ($?kwh) 
Water supply pumping head (m) 
Mixing v e l o c i t y  (cm/sec) 
Pump sump & supply  p ipe  c o s t  ($/rcwy) 
Land r e n t  ($/ha-yr) 
Raceway pump c o s t  ($ /un i t )  
Nitrogen conc. i n  e f f l u e n t  (mmole/l) 
Raceway l e v e l i n g  ($/running meter) 
Water supply pump e f f i c i e n c y  (%)  
F o i l  angle  (degrees)  
Engineering f e e  ( % )  
Raceway carbon d iox ide  d e l i v e r y  p ipe  
Ef f luen t  d i s p o s a l  c a p i t a l  c o s t  ( $ )  
Road grading c o s t  ($/sq m) 
Phosphate f e r t i l i z e r  c o s t  ($/MT) 
Raceway roughness c o e f f i c i e n t  
Raceway pump e f f i c i e n c y  ( % )  
Land p repara t ion  ($/ha) 
Evaporation r a t e  (cm/yr) 

RANGE TESTED ALGAE COST ($/MT) RANGE 
Low High Low High 

Table  1. P a r a m e t r i c  s e n s i t i v i t y  a n a l y s i s :  e f f e c t  o f  v a r y i n g  i n d i v i d u a l  
parameters  over  s p e c i f i e d  ranges. 



optimistic case in which collector cost = $4000 andC02 
production cost = $15/MT. The two cases gave algae prices of 
$298/~T and $ 3 4 9 / ~ ~ ,  respectively. 

Another case reexamined the benefits of foils as a mechanism 
for increasing production in light of the fact that they are the 
single largest capital cost in the baseline model. If the 
increase in photosynthetic efficiency does not outweigh the 
effects of foil cost and foil drag on the cost of algae produced 
in the raceways, then the foils are n o t  worth installing. The 
analysis showed that despite the high cost of the foils, they are 
cost-effective. 

An "optimistic" but reasonable case was modeled to give some 
idea of a minimum potential c o s t  for algae produced by the 
culture facility. The assumptions in this case were: 

1. Cog produced by MOE C 0 2  collectors; collector cost = 
$2000 each and C 0 2  production cost = $~/MT. 

2. Harvest efficiency = 90% rather than the baseline 80%. 

3 .  C 0 2  uptake efficiency = 80% rather than 70%. 

4. Foil cost = 1/2 baseline, foil lateral spacing = 1/2 
baseline. 

5. Capacity factor = 355 days/year instead of 345. 

6. Ammonia cost = $ 3 7 5 / ~ T  instead of $425 (assumes lower 
shipping costs to ~awaii). 

7. Labor requirements reduced: 70 laborers, 10 supervisors 
rather than 84 and 14. 

~ l l  other parameters were held at their baseline values. All of 
the parameters that were varied in this c a s e  are subject to 
testing, or at least refinement, in the proposed experimental 
facility, or are cost estimates that can be refined with further 
investigation. It may not he possible to investigate the effect 
of C 0 2  collectors in the scaled experiment, since the concept is 
still being developed, but their potential impact on systern costs 
should be better known. 

The algae cost predicted under the above assumptions is 
$229/MT. Yearly operating costs for this case were $13 million. 
A further, highly optimistic case was tested using the above 
assumptions, but with photosynthetic efficiency equal to 18%; the 
algae price for this case was $175/~T. This latter case assumes 
that additional breakthroughs in algae production are made; the 
former case requires no real breakthroughs, but does assume that 
small-scale experiments ( s u c h  as the harvest experiments and 
bench-scale C 0 2  collector experiments) can be scaled up very 
successfully. Barring major savings on facility construction 
costs, these estimates are probably close to the maximum 



potential of the raceway system without including nutrient 
recycle from a processing facility. 

Processinq Options 

Two processing options were considered: anaerobic digestion 
and combustion in a supercritical water reactor. If the algal 
biomass were used as feedstock for anaerobic digestion, the 
baseline system would produce 614,462 thousand standard cubic 
feet (MSCF) of methane, about 1/5 of present SNG consumption on 
Oahu (State of Hawaii Data Book, 1983). It would recycle 22,000 
MT of C02, about 12% of total facility requirements. The 
discounted breakeven price for methane produced by this system is 
$36.43. This price is well above the SERI projected price goal 
for methane in the year 2000 of $7.40/106 BTU (Hill et al., 1984; 
1 NSCF equals approximately lo6 BTU). The "optimistic" 
assumptions listed in Section reduce the rec~ired gas price to 
$22.57 on sales of 711,307 MSCF. Finally, in the highly 
optirrtistic case where photosynthetic efficiency = 1 8 % ,  the 
production is 1,049,469 MSCF and the breakeven price is $17.13. 
This price is still much higher than Year 2000 projections. Even 
in Hawaii, where the average retail price of SNG in 1982 was 
about $16.50/~SCF (State of Hawaii Data Book, 1983), it appears 
that methane sales alone (without byproduct credits) would not 
support the conceptual facility. 

Supercritical water combustion is a process recently 
developed by Modar Corporation of Natick, Mass. (Model 1, 1980). 
Supercritical water combustion involves the introduction of a 
slurry of organic material and a stream of air or oxygen into a 
reactor containing supercritical water at high temperature and 
pressure. The properties of supercritical water are different 
from those of ordinary liquid water; both the organic matter and 
the oxygen are highly soluble in supercritical water. The 
organic matter oxidizes rapidly and completely if enough oxygen 
is provided, releasing essentially all of its energy content to 
the surrounding water. In a well-insulated reactor, very little 
of the heat produced is wasted, as opposed to the inherent 
inefficiency of a boiler system. 

Because of the potential for improved energy conversion with 
a supercritical water processing system, a simple computer model 
of such a system was added to the algal production model. The 
system was assumed to use #6 residual fuel oil (the fuel 
presently used by Hawaiian Electric Company in its power plants) 
to bring the heating value of the 10% algal slurry up to 4.9 
MJ/kg water, which is required for most efficient net energy 
conversion of 40-45% (M. Modell, pers. comm.). A net energy 
production of 40% of algal energy content was assumed. In this 
type of system, the algae can be regarded as a fuel supplement, 
reducing the need for fossil fuel to produce a given amount of 
power. At 44.1 ~ ~ / k g ,  0.05 kg oil per kg water is required; 
approximately 45% of the total energy production is supplied by 
the oil and 55% by the algal biomass. 



The b a s e l i n e  b r e a k e v e n  p r i c e  o f  e l e c t r i c i t y  p r o d u c e d  b y  t h e  
s u p e r c r i t i c a l  w a t e r  r e a c t o r  was  $0.113/kwh a t  a  p r o d u c t i o n  l e v e l  
o f  a b o u t  2 8  M W .  A c r e d i t  o f  $ 1 0 5 , 0 0 U / y r  w a s  t a k e n  f o r  w a t e r  
p r o d u c t i o n .  T h e  " o p t i m i s t i c n  c a se  g a v e  a  p r i c e  o f  $0.080/kwhb 
T h e  p r e s e n t  " a v o i d e d  c o s t "  r a t e s  p a i d  by H a w a i i a n  E l e c t r i c  
Company  f o r  e l e c t r i c i t y  f r o m  a l t e r n a t i v e  e n e r g y  p r o j e c t s  a r e  
$ 0 . 0 5 9 / k w h  p e a k  a n d  $ 0 . 0 5 l / k w h  o f f - p e a k ;  t h e  p e a k  r a t e  may be 
l ower  t h a n  j u s t i f i e d  b y  p r e s e n t  e c o n o m i c  c o n d i t i o n s  ( R .  N e i l  1, 
H a w a i i  N a t u r a l  E n e r q y  I n s t i t u t e ,  p e r s .  comm.). C o n c e i v a b l y  a l g a e  
c u l t u r e  c o u l d  p l a y  a  r o l e  w h e r e  a d e q u a t e  s u p p l i e s  o f  f o s s i l  f u e l s  
a r e  d i f f i c u l t  t o  o b t a i n  a n d  o t h e r  b i o m a s s  s o u r c e s  a r e  l i m i t e d ,  
s u c h  as P a c i f i c  i s l a n d s .  I n  o t h e r  r e g i o n s ,  t h e  c o s t  o f  a l g a e  a s  
a f u e l  f o r  t h e  s u p e r c r i t i c a l  w a t e r  p r o c e s s  w o u l d  h a v e  t o  be  
c o n s i d e r e d  i n  r e l a t i o n  t o  t h e  c o s t  o f  o t h e r  a v a i l a b l e  f u e l  
m a t e r i a l s ,  

Byproduct Option: Shellfish Production 

The e c o n o m i c s  o f  a n  a l g a e  c u l t u r e  f a c i l i t y  c a n n o t  be j u d g e d  
by f u e l  s a l e s  a l o n e ,  e v e n  i f  m o s t  o f  t h e  a l g a l  p r o d u c t i o n  is  u s e d  
f o r  f u e l  p r o d u c t i o n .  B y p r o d u c t s  o f  t h e  a l g a e  f a c i l i t y  w i l l  
a f f e c t  t h e  o v e r a l l  r e v e n u e s  of t h e  f a c i l i t y ,  i m p r o v i n g  i t s  
e c o n o m i c  o u t l o o k  a n d  r e d u c i n g  t h e  p r i c e  t h a t  m u s t  be a s k e d  f o r  
t h e  f u e l  p r o d u c t  i n  o r d e r  t o  a c h i e v e  a s p e c i f i e d  r e t u r n  o n  
i n v e s t m e n t .  P o t e n t i a l  b y p r o d u c t s  o f  a n  a l g a e  c u l t u r e  s y s t e m  
i n c l u d e  h e r b i v o r o u s  m a r i n e  a n i m a l s  grown o n  u n h a r v e s t e d  a l g a e  i n  
t h e  f a c i l i t y ' s  e f f l u e n t .  I n  t h e  b a s e l i n e  c o n c e p t u a l  c u l t u r e  
s y s t e m ,  2 0 %  o f  t h e  a l g a l  b i o m a s s  ( a b o u t  1 4 0 , 0 0 0  MT w e t  w e i g h t )  i s  
l o s t  i n  t h e  e f f l u e n t  i f  n o t h i n g  i s  d o n e  t o  c a p t u r e  i t .  

I n  o r d e r . t o  e s t i m a t e  t h e  p o t e n t i a l  i m p a c t  o f  f o o d  p r o d u c t i o n  
o n  t h e  c o n c e p t u a l  f a c i l i t y ,  a s e c t i o n  was a d d e d  t o  t h e  b a s e l i n e  
m o d e l  t h a t  m o d e l e d  t h e  a d d i t i o n  o f  an i n t e n s i v e  s h e l l f i s h  c u l t u r e  
s y s t e m  t o  t h e  f a c i l i t y ' s  e f f l u e n t  s t r e a m .  T h e  s h e l l f i s h  was 
a s s u m e d  to be t h e  E a s t e r n  o y s t e r ,  C r a s s o s t r e a  v i r g i n i c a ,  b u t  
o t h e r  t y p e s  o f  f i s h  a n d  s h e 1  l f  i s h  c o u l d  a l s o  be g r o w n  o n  t h e  
u n h a r v e s t e d  a l g a e .  P l a t y m o n a s  ( a s  T e t r a s e l m i s )  s p e c i e s  h a v e  b e e n  
t e s t e d  s u c c e s s f u l l y  a s  f o o d  f o r  j u v e n i l e  b i v a l v e s ,  i n c l u d i n g  
o y s t e r s  ( W a l n e ,  1 9 7 0 ) .  

The  total c a p i t a l  c o s t  o f  t h e  h y p o t h e t i c a l  o y s t e r  f a c i l i t y  
was $23.6 m i l l i o n .  O p e r a t i n g  c o s t s  w e r e  $12.7 m i l  l i o n / y r .  Farm 
r e v e n u e s  were $.36.6 m i l l i o n  o n  a  p r o d u c t i o n  o f  1 2 , 2 0 0  MT m e a t  
w e i g h t .  S h e l l f i s h  p r o d u c t i o n  c o u l d  be a  m a j o r  r e v e n u e  p r o d u c e r  
f o r  t h e  c o n c e p t u a l  f a c i l i t y .  T a k i n g  c r e d i t  f o r  o y s t e r  
p r o d u c t i o n ,  t h e  r e s u l t i n g  b r e a k e v e n  a l g a e  p r i c e  is  $Gl/MT i n  t h e  
b a s e l i n e  case. I n  o t h e r  w o r d s ,  t h e  s h e l l f i s h  s u p p l y  most of t h e  
r e v e n u e s  r e q u i r e d  f o r  t h e  a n t i c i p a t e d  r a t e  of r e t u r n  o n  f a c i l i t y  
i n v e s t m e n t ,  and  t h e  h a r v e s t e d  a l g a e  c a n  be s o l d  a t  a  much l o w e r  
p r i c e  t h a n  w o u l d  be p o s s i b l e  w i t h o u t  b y p r o d u c t  c r e d i t s .  

T h e  n u m b e r  o f  o y s t e r s  s u c h  a f a r m  c o u l d  p r o d u c e  i s  q u i t e  
l a r g e .  T o t a l  U.S. p r o d u c t i o n  o f  o y s t e r s  i s  4 0 , 0 0 0 - 8 0 , 0 0 0  MT/yr 
meat w e i g h t  ( F a l l o n  e t  a l . ,  1 9 8 4 ;  L e e  a n d  Yamauchi ,  1 9 8 0 ) .  Most 



likely a farm as large as the one modeled here would raise more 
than one product so as not to exceed market demand for any one. 

U.S. Southwest Facility 

As part of this conceptual design study, it was requested 
that an estimate be made to transEer the Hawaii commercial 
facility conceptual design to a site in the American Southwest. 
Such an estimate was prepared by comparing important site 
characteristics and analyzing their impact on important facility 
cost parameters. 

The site selected in the American Southwest is located on the 
southeastern corner of the Salton Sea in the Imperial Valley of 
southern California. In Figure 5 the commercial facility has 
been plotted with respect to the Salton Sea and the towns of 
Niland and Calipatria, California. The microalgae production 
facility has been sited approximately 1-1/2 miles from the lake 
shore shown in this 1956 USGS map. The Salton Sea has continued 
to fill since 1956 and many of the C02 wells shown are now 
underwater (J. Kelly, Dept. of Planning, Imperial County, 
California). The siting of the facility as shown in Figure 5 is 
therefore a conservative prediction of where the facility might 
reasonably be located. 

The Salton Sea site was selected because the necessary 
resources are available for a large algae production facility. 
In particular, saline water is abundant and significant unused 
deposits of geological C02 are available. Water would be 
obtained from salt water wells located within one-half mile of 
the Salton Sea shoreline. Shallow water wells of 50 to 150 ft 
deep will have very good communication with the Salton Sea water 
if located within one-half mile of the sea shore (F. Welsh, H & 'v17 
Well Drilling Co., pers. comm.). Salton Sea water is salty (30- 
40 ppt), and well water in the area can be even more salty (up to 
50 ppt for shallow wells). It is estimated that 8 to 10 wells, 
each supplying approximately 5,000 gpm, would be required to 
supply the entire commercial facility. 

Effluent disposal is accomplished by direct discharge into 
the Salton Sea. ~ m p e r i a l  County officials in El Centro, 
California reported that a past aquaculture facility had received 
permission to discharge effluent directly into the lake. It is 
necessary, however, to conduct an environmental impact study and 
to obtain the required permits before effluent discharge would 
be allowed. It was assumed, for this conceptual design, that the 
environmental impact statement would he positive, and the 
required permits could be obtained to allow such discharge. 

There would be no difference between the raceway 
construction at the Hawaii site and the California site, with the 
exception that all the raceways in the California facility would 
be of equal size (1600 m running length), and 256 production 
raceways would be built. A separate soil analysis would be 





required to determine the exact lime requirements in order to 
stabilize the soil in this area. 

The winter climate near the Salton Sea appears mild enough 
to allow the facility to operate year-round. The average air 
temperature in January is 13'~; on average there are 12 frost 
days per year. Only one snowfall has ever been recorded (Layton 
and Er~nak, 1976). A system with flowing, saline water should be 
able to endure a small frost period without freezing over. The 
capacity factor for the California site is assumed to be 345 
days/year, the same as for the Hawaii site. The combination of 
low light levels and low temperature during the winter could 
cause revenues to fall below operating costs for some period, so 
the facility might shut down seasonally for economic reasons. 

Because of the less stable climatic conditions, the baseline 
California photosynthetic efficiency is assumed to be 11% of PAR 
(assuming PAR = 45% of total solar radiation) rather than the 
12.2% in Hawaii. 

For the purposes of this analysis, it was assumed that algae 
are found that grow well under conditions typical of the Salton 
Sea site and that can be harvested in a similar manner. 
Platymonas itself may succeed during summer in the Southwest, -- 
provided that salinity is not too high and that Platyrnonas will 
tolerate daily water temperature fluctuations. Platymonas has 
been grown in simulated Southwestern water types; simulated Type 
I water produced better growth than diluted seawater of the same 
salinity (SERI Biomass Program Monthly Report, January 1985). 
Also, other species of -- Platymonas may exhibit similar settling 
behavior (Walne, 1970). It is recommended as an adjunct to the 
scaled experime-nt that species screening t r i a l s b e  done in 
Hawaii-type shallow raceways at a Southwestern site. 

Given various assumptions about capital and operating costs 
in California vs. Hawaii, the discounted baseline price of algae 
produced by the Salton Sea facility is $284/MT ($309/MT AFDW). 
The capital cost of the facility is roughly the same as that of 
the Hawaiian facility; slightly lower construction costs are 
balanced by the cost of land purchase and a longer effluent 
trench. Operating costs of the California facility are much 
lower ($11 million vs. almost $18 million in Hawaii), mainly 
because of the free C02 presumed to be available at the 
California site but also because of lower costs for non-carbon 
nutrients, electricity, and labor and the absence of land rent. 
An "optimistic" case was run using the same assumptions as the 
Hawaiian optimistic case, except that C02 collectors were not 
necessary and nutrient costs were not changed from the baseline 
case. The optimistic case gave a breakeven price of $217/MT. 
The "highly optimistic" case of 18% photosynthetic efficiency 
gave aprice of $144/MT. This caseisprobablyless likelyfor a 
Mainland site than for a Hawaiian one. 

Breakeven costs were also calculated for methane produced by 
the California facility. Assumptions were the same as for the 



~awaii methane option, with the exception that 20% less methane 
production per unit algae was assumed because of the additional 
heating requirements for a digester sited in California. 
Maintaining the digester temperature at 30-35'~ may consume as 
much as 30% of total energy production if the incoming Mater 
temperature is 15'~ (Srivastava, 1984). 

The breakeven price for methane produced by the California 
facility is $ 3 4 . 9 3 / ~ S C ~  on production of 443,834 MSCF. The 
"optimistic" and 18% conversion efficiency cases gave prices of 
$ 2 6 . 0 1 / ~ ~ C ~  and $ 1 7 . 7 2 / ~ ~ ~ ~ ,  respectively. Although the 
discounted breakeven price of algae produced in the California 
facility is calculated to be lower than in Hawaii, methane 
produced by the California facility has little or no cost 
advantage over methane produced by the Hawaii facility because of 
the greater energy required to heat the California digesters. 
The California facility also benefits less from digester nutrient 
recycling than the Hawaii facility because of the lower nutrient 
costs in California. 

Scaled Experiment 

Task 11 of this study is to develop a facility design for a 
scaled experiment to validate the performance and the operating 
costs expected for a large commercial algae culture facility 
producing fuels. Emphasis is to be placed on the culture and 
harvest systems. 

Both the biology and the engineering development of the 
Hawaii-type shallow raceway are still at a rudimentary stage. 
Many of the engineering parameters have not been optimized (i.e. 
raceway slope, foil design and placement, Cop sump design, 
settling pond design). The system is intended to be applicable 
to the U.S. Southwest, but it has not been tested even on a small 
scale under conditions truly representative of that region; the 
algal species that might do best in a Southwestern shallow 
raceway system are unknown. Because of the uncertainty of many 
design parameters, it is not appropriate to construct large 
production raceways immediately, The scaled experiment has 
therefore been broken down into two stages: an initial stage 
(Stage 1) to test biological and design parameters in a flexible 
experimental system, and a second stage (Stage 2) in which larger 
production-scale raceways are built and operated based on the 
results of the first several Stage 1 experiments. Because the 
project duration is limited to two years, the two stages overlap. 

The design of the scaled experiment rests on the premise 
that, by the end of the experiment, costs and performance should 
be sufficiently well known to attract potential private investors 
to algae culture based on the proposed design. The Stage 2 
raceways should therefore be of sufficient scale to estimate 
realistic construction costs, to demonstrate that algae grows as 
well in a production-scale raceway as in small experimental ones, 
and to demonstrate that operation of the raceway system is 



realistic in terms of labor required for culture operations, 
harvesting, and maintenance. A true commercial pilot, in which 
at least several full-sized raceway modules would be constructed 
and operated and a fuel product would actually be produced in 
saleable quantities, would require more time (and presumably more 
funding) than has been allotted by SERI for the scaled 
experiment. A pilot system would probably be the next step after 
the scaled experiment and would presumably be privately funded. 

Nost of the Stage 1 experiments will be done in modular 
aboveground raceways constructed of plywood and lined with vinyl 
pond liner. The raceways will be built of sections (probably 8' 
x l o t t o  conform to readilyavailable lumber sizes and give a 3 m 
width, which is desirable to avoid significant effects of the 
raceway sides on head loss). The system offers great flexibility 
in use; raceway size, number and slope can be varied as desired 
for each experiment. Enough sections will be provided to build a 
raceway of 500 m running length in order to provide sufficient 
length to determine an optimal distance between C02 diffusers. 
This number of sections will be enough (with appropriate end 
pieces and sumps) to construct as many as 10 50-m running length 
raceways for experiments to determine the effects of design 
parameters and operating strategies on production and 
harvestability of algae. Total surface area of the modular 
raceways w i l l  be 1500 m2. It has been suggested that 
experimental algae culture ponds should be at least 100 m2 in 
area if the results are to be extrapolated to other systems 
(Benemann et al., 1983). The minimum size of the modular 
raceways during the scheduled experiments will be 150 m2. 

After the modular raceway experiments have determined design 
characteristics such as proper pump type, slope/water velocity, 
head losses, and o p t i ~ ~ ~ a l  distance between C02 sumps, two large 
(10 m wide x 400 m running length) soil cement raceways will be 
designed and constructed. The large raceways will be constructed 
in essentially the same manner as has been proposed for the 
conceptual production facility, as modified by the results of 
Phase 1 experiments. They will be operated as if they were 
modules of a real production system Their purpose is to: 

1. Test performance of full-width raceways relative to 
smaller exper irnental ones. 

2. Refine construction cost estimates for large shallow 
raceways. 

3. Determine maintenance requirements: labor, materials, 
costs. 

4. Test culture stability and amount of "downtime". 

The large raceways will be about 1/4 the length of the raceways 
proposed for the conceptual facility, based on the assumption 
that beyond a certain point, added length will not affect the 



performance of a raceway. 

One s e t t l i n g  pond w i l l  a l s o  be c o n s t r u c t e d  t o  t e s t  t h e  
mechanics  of s e t t l i n g ,  d r a i n i n g ,  and h a r v e s t i n g  t h e  a l g a e  on a 
l a r g e  s c a l e  a n d  t o  d e t e r m i n e  t h e  a c t u a l  h a r v e s t  e f f i c i e n c y  and 
s o l i d s  c o n t e n t  of h a r v e s t e d  m a t e r i a l  from t h e  l a r g e  raceways.  
The s e t t l i n g  pond w i l l  b e  l a r g e  enough t o  a c c e p t  t h e  h a r v e s t e d  
wa te r  from one l a r g e  raceway ( approx .  3 5 0  m3). The pond s h o u l d  
be l a r g e  enough t o  a l l o w  t e s t s  of a l t e r n a t i v e  methods f o r  
removing t h e  ha rves t ed  m a t e r i a l .  

S p e c i e s  s c r e e n i n g  e x p e r i m e n t s  i n  t h e  U.S. Southwes t  a r e  
proposed  f o r  t h e  Roswe l l  T e s t  F a c i l i t y  i n  R o s w e l l ,  N e w  Mgxico. 
E a s t e r n  New Mexico i s  a  c a n d i d a t e  regkon f o r  l a r g  seal-e a l g a e  
c u l t u r e  because of a r e l a t i v e l y  m i l d  c l i m a t e ,  wi='- a i l a b i l i t y  of 
s a l i n e  water,  and proximity t o  g e o l o g i c a l  C02 resources  (Maxwell 
et a l . ,  1984). The Roswe l l  T e s t  F a c i l i t y  h a s  t h e  n e c e s s a r y  
f a c i l i t i e s  ( i n c l u d i n g  s a l i n e  wa te r  a t  1 4  p p t )  and a n a l y t i c a l  
equipment a l r e a d y  on s i t e .  
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EVALUATION OF IMMOBILIZED CELL SYSTEMS FOR THE 
PRODUCTION OF FUELS FROM MICROALGAE 

Marilyn J. Ripin 
JAYCOR 

Alexandria, Virginia 

GENERAL FEATURES OF IMMOBILIZED CELL SYSTEMS 

Concept of Immobilized Cell Systems - 

A major development in the pharameutical and chemical processing indus- 
tries in the past decade has been the introduction of large scale immobi- 
lized enzyme and immobilized cell reactor systems. Industrial use of 
such immobilized cell bioreactors suggests the possibility that this 
approach also could have applications for biotechnical processes 
involving algae. This paper examines the potential for using immobilized 
cell technology for large scale production of fuels from microalgae. 

Immobilization techniques involve the physical confinement or locali- 
zation of cells (or enzymes) in a particular region of space with 
retention of catalytic activity (and viability in some cases) in order to 
permit repeated or continuous use. The idea is to convert the reaction 
from homogeneous (i.e., freely suspended cells or dissolved enzymes) to a 
heterogeneous condition. This is done by developing a catalytically 
active solid phase of macroscopic dimensions to be placed in contact with 
a catalyst-free solution of reactants. 

Two important characteristics of an immobilized biocatalyst are: (a) its 
level of catalytic activity, and (b) its stability in use and during 
storage. Stability generally is indicated in terms of half-life, the 
time for a 50% decrease in activity. Conditions for immobilizing cells 
with good retention of enzymatic function and viability have been 
devised, and in many cases, the stability of the immobilized cells is 
considerably greater than for free cells. Half-lives up to 12 months 
have been achieved. 

Various methods for immobilizing cells are available and the appropriate 
procedure to use for any particular cell and process must be determined 
empirically; what is found suitable in one case may be unsuitable for 
another. Immobilization methods include: 

(1) Physical entrapment of cells in a (porous) matrix, such as agarose, 
alginate, carageenan, polyacrylamide, polyurethane, etc. 

(2) Enclosure or separation of the cells from the reaction mixture by 
encapsulation or thin films (dialysis membranes, etc.). 

( 3 )  Adsorption onto the surface of an insoluble material. This may 



involve ionic or non-ionic interaction of cells with some substratum, 
such as synthetic ion exchange resins, dextran or porous glass beads, 
titanium oxide particles, wood chips, etc. 

( 4 )  Covalent bonding between the cell and a support surface, or direct 
covalent crosslinking of the cells without any carrier material. 

A common practice in preparing immobilized cells is to first grow the 
cells in a fermenter under suitable conditions, harvest the cells by cen- 
trifugation and then immobilize them at a very high cell density. By use 
of pre-grown cells suspended (entrapped) in epoxy resin, cell densities 
of 0.7-1.0 g wet cells/ml of matrix can be obtained. Alternatively, a 
Eew cells may be entrapped in a matrix and then allowed to grow after 
they are immobilized. Another procedure is to inoculate the culture into 
a vessel containing liquid growth medium and suitable support materials 
or "carriers" (e.g., porous glass beads, diatomaceous earth, etc.) and 
allow the cells to colonize the carriers during growth. Recently, there 
has been interest in immobilizing living cells in the hollow fibers of 
ultradialysis apparatus. 

Advantages of Immobilized Cell Reactors 

Immobilized cell reactors are used in two different types of situations. 
One of these is the use of immobilized cells instead of an immobilized 
purified enzyme to catalyze a single-step enzymatic reaction. In this 
case, the whole cell is simply a convenient and less expensive source of 
(crude) enzyme. The second type of process is the substitution of 
immobilized cells for a conventional fermentation process (batch or 
continuous flow) that uses Eree cells. 

Immobilized cells used as enzymes have the same advantages over Eree 
(soluble) enzymes as do immobilized purified enzymes. These include: 

(1) Enhanced stability of the enzyme; 

(2) Ability to rec~ver and re-use the enzyme in batch operations; 

( 3 )  Ability to use the enzyme for continuous flow operation; 

(4) Use of small simple reactor design; 

(5) Product can be obtained in high yield, which simplifies purification. 

Use of the whole cell instead of purified enzyme is particularly 
indicated when the enzyme involved is intracellular, or when the 
extracted enzyme is unstable during and after immobilization. Often 
enzymes retain better activity when present in the whole cell. Whole 
cells may be usable as an enzyme source provided the substrates and 
products are not high molecular weight compounds (cell wall and cell 
membrane are barriers to high molecular weight substances), and provided 
the cell does not have interfering enzyme reactions. 



When compared to conventional fermentation processes using free cells, 
the immob~lized cell systems have certain advantages. Among these are: 

(1) It is possible to obtain high cell density without high viscosity. 
This affords better mass transfer and easier mixing. 

(2) Immobilized cells often shown greater stability than free cells. 

(3) With immobilized cells biomass can be retained in continuous flow 
operation. In conventional continuous fermenters the cells are lost 
with the outflowing spent medium. 

( 4 )  Immobilized cells can be used in a continuous flow system under 
non-growth conditions. In a conventional continuous fermenter 
non-growing cultures are washed out. Fermentation of some products 
requires conditions different from those needed for growth, so 
non-growing cells are needed. Use of non-growth conditions 
simplifies the purification of products by eliminating growth 
substrates from the reaction mixture. 

Reactor Types - 

One advantage of cell immobilization is that it allows the selection of a 
number of different reactor configurations. These have different limi- 
tations and advantages for particular types of processes. The basic 
types of reactors used for immobilized cell processes include the 
following (see Figure 1): 

(1) Packed bed reactors; 

(2) Stirred tank reactors: batch and continuous; 

(3) Fluidized bed reactors; 

( 4 )  Miscellaneous reactors: hollow fiber reactors; tubular reactors; 
dialysis Eermenters; cell-based electrodes. 

The packed bed reactor has the advantage of simple operation and it is 
inexpensive to construct. In one simple form the immobilized cells (cast 
as beads or chips) are placed in a length of glass tubing and confined by 
a mesh screen at either end. The substrate solution is pumped through 
the bed, often in an upward flow to counteract compression by gravity. 
Such an arrangement allows high mass transfer rates under conditions that 
approach plug-flow. For reactions that are not substrate-inhibited the 
packed bed reactor gives high reaction rates, and it is particularly 
advantageous for product-inhibited reactions. Packed bed reactions are 
prone to clogging with particulates or growth-associated products of 
cells (slime, capsules) and to compression effects (especially with 
non-rigid gels and small particles). Problems include difficulties of 
providing adequate oxygen and nutrients to the densely packed biomass, 
and efficient C02 removal. 





In a stirred tank reactor the immobilized cells (in bead form, etc.) are 
agitated to obtain a well-mixed condition. It is easier to obtain 
adequate aeration and pH control in such well-mixed vessels, but the 
shear forces from the agitations tend to disintegrate the immobilized 
cell preparations. Batch-type stirred tank reactors are seldom used for 
immobilized cells, and the continuous flow stirred tank reactors (CFSTR) 
also have limited uses. In the CFSTR the level of substrate remains 
relatively low, so this type of reactor is advantageous for a 
substrate-inhibited reaction. Product levels in a CFSTR are relatively 
high, so it is less suitable for product-inhibited reactions than a 
packed bed reactor. 

A fluidized bed reactor uses an upward flow of liquid and air to keep the 
immobilized cells (beads, chips, etc.) from settling out, but the shear 
forces are less than with a stirred tank. A flared shape is employed to 
cause the particles to lose velocity as the rise to the top, thus pre- 
venting wash-out. This type of reactor is well suited for providing 
aeration and gas mixing for pH and temperature control, and for the use 
of high flow rates. Fluidized bed reactors are not particularly suscep- 
tible to plugging because of compression, use of viscous or particulate 
substrates or formation of capsular slimes. 

CONSTRAINTS ON APPLICATION 

Mechanical and Hydraulic Factors 

In packed bed reactors there is a problem of compression of the immobi- 
lized cells, even if a relatively rigid matrix is used. In a CFSTR the 
shearing by the impellar blades tends to disintegrate the immobilized 
cell preparation. Both these effects are minimized in a fluidized bed 
reactor but precise control of flow rates is needed to balance the 
density of the immobilized cells. Such control is complicated by 
possible density changes over time due to gas bubble formation, lipid 
accumulation or other alterations. 

Maintenance of Viability and/or Catalytic Activity 

Some immobilizing techniques tend to cause loss of viability. This is 
particularly true of methods involving covalent bonding of cells to a 
support or to other cells. Chemicals used for covalent attachment or for 
polymerizing a matrix often are strongly inhibitory. If viability or 
half-life are unsatisfactory, less harsh methods may be possible. For 
some purposes it is sufficient that a particular enzyme or enzyme system 
remain active, even if the cells are no longer viable. 

Gas Exchange 

Gas exchange is a general problem in all aqueous systems due to the 
limited solubility of oxygen in water. Immobilization of cells at high 



concentrations further complicates the problem by imposing additional 
diffusion barriers along with increased 0 2  demand. Packed bed reactors 
are particularly ill-suited for dealing with the need for gas exchange 
(providing 02 and removing C02 from respiring cells), When gas 
exchange is involved, the fluidized bed reactor is more appropriate, 

Nutrient Supply 

In a packed bed reactor nutrients may be used completely as the reaction 
mixture passes through the first part of the bed, leaving nothing for the 
rest. 

General Constraints 

Certain general problems are encountered with immobilized living cells 
that are not necessarily found with non-viable immobilized cells. These 
include pH changes, Eoaming, and problems with microbial contamination. 
Use of growth promoting nutrients in the reaction mixture requires use of 
sterile technique to avoid growth of contaminants. Live cells produce pH 
shifts due to fermation of acids (lactic, acetic, etc.) or ammonia, 
Aeration of live cultures in media containing proteins, peptone, or 
excreted biosurfactants leads to foaming whether the cells are free or 
immobilized. 

For various reasons it is probably advantageous to limit the size of 
immobilized cell reactors and use several smaller reactors instead of a 
single larger one. The use of several reactors arranged in parallel 
would allow the shut-down or replacement of one without aEfecting the 
others. 

Specific Constraints for Algae 

In addition to the general consideration already described, there are two 
specific requirements for immobilized algae: the light supply and the 
C02 supply. A fluidized bed reactor should permit adequate amounts of 
C02 to be supplied, but it is not clear how it would be possible to 
supply sufficient light to a dense algal biomass to allow high photosyn- 
thetic efficiency. It appears that those conducting laboratory experi- 
ments with immobilized algae have been content to demonstrate that photo- 
synthesis occurs, but there is no indication that it is occurring at a 
rate anywhere approaching maximum efficiency. 

PRELIMINARY ECONOMIC ANALYSIS 

Immobilizing photosynthetic algae and using them as a source of lipids 
for energy has many technical problems, most of which can be solved with 
research. However, even given that the technical problem of growing 
immobilized photosynthetic organisms can be mitigated or circumvented, 



the question remains as to whether the economics of using immobilized 
algae for energy production is favorable. We have taken a broad-brush 
look at the economics of immobilizing algae for energy production with 
the following important constraint. We used the feasibility case inputs 
to the SERI economic model described in Fuels from ~icroal~ai: ~ e c h n o i o ~ ~  
Status, Potential and Research Issues, -- Hill, Feinberg, McIntosh, Neeron, 
Terry, 1984, to evaluate our concepts. Any parameter not explicitly 
changed by introducing the immobilization process was used as entered in 
the SERI model. Parameters in our analysis that were affected by immobi- 
lization are noted. 

To conduct the economic assessment, several technical concepts were first 
considered. There are clearly more possible schemes which could be 
defined and analyzed. Some are technically feasible, while others are 
only possible with the development of new materials or procedures. We 
have chosen one s;lstem for our first analysis and eliminated others for 
reasons to be discussed. 

There are several generic advantages for using immobilization systems 
which apply to mass cultivation for energy. The most important is the 
ability to increase the yield of cells per unit of culture volume. 
Another advantage is the ability to easily harvest the larger immobilized 
particles and reduce the cost of harvesting. Introducing immobilization, 
coupled with reducing the size of process units, allows greater process 
control, an important but difficult concept to quantify economically. 

The first step in assessing the economics of immobilized algae for fuel 
production was to develop a reasonable conceptual scheme. Concept 
development proceeded from traditional schemes to novel adaptations of 
immobilization techniques. The first conceptual system examined and 
eliminated from consideration was the extraction and immobilization of 
enzymes from algal cells. In general, immobilized enzyme systems are 
most economic and effective when they are used to catalyze a single 
reaction. However, lipid production involves many enzymatic reactions 
for a multi-step synthesis and, therefore, is not well suited as an 
immobilization system for the production of the vast quantities of lipid 
being proposed as an energy product. 

The second system considered was eliminated on biological grounds. This 
system assumed that algae could be selected or genetically engineered to 
excrete lipids while still growing at 18 percent photosynthetic 
efficiency and storing 60 percent of the cell weight as lipids. This 
system assumes that such an organism can be obtained, that it can be 
grown vigorously in culture and that the excreted lipids are transported 
outside the cells and the immobilization matrix (if applicable). While 
it is not impossible that such a system could be developed, it will be 
dif ficult and is not technically feasible now. In this concept the leaky 
algae are immobilized by absorption on the surface of particles or by 
encapsulation in a translucent substance (i.e., carageenan or algin) and 
grown in a pond or in an above ground fluidi'zed bed reactor. Carbon 
dioxide and recycled culture medium provide the necessary fluidization 
with light introduced at the pond surface or through transparent walls 



and top oE the tank. By adjusting the fluidization rate, a stream oE 
older inactivated particles and culture medium could be continuously 
removed from the top of the reactor and fresh immobilized algae could be 
added. The major problem with this concept (as mentioned previously) is 
the limited likelihood that lipids would be excreted from a vigorously 
growing culture in the quantities necessary to justify the cost of 
immobilization. Also, from a physical property standpo~nt lipids are 
hydrophobic and prefer a non-aqueous environment and are, therefore, more 
likely to remain associated with the cell than with the culture medium. 

The next concept considered was the use of cell immobilization as a part 
of the biomass production/harvesting process rather than Eor catalysis. 
In this case, immobilization is used to increase the culture density, 
improve process control, and Eacilitate harvesting. Algae are known to 
attach to many substrates and one example of an inexpensive and available 
substrate is anthracite coal. After the algae are immobilized they can be 
grown in ponds or in an above ground fluidized bed reactor. To harvest, 
a stream oE lipid-rich algae particles are removed from the top by 
adjusting the rate of fluidization so that only the algae-rich particles 
reach the top due to the reduced density of the particle due to algal 
growth. Concentrated particles are centrifuged to shear the cells off 
and the anthracite particles are recycled. This approach provides an 
intensive continuous culture alternative to batch pond culture. 

The above concept was modified for closer analysis, The process examined 
is a two-step process where two above ground reactors are operated in 
series, separating the growth and lipid production stages, In this pro- 
cess we assumed the algae would be grown in hollow cylindrical vertical 
tanks with transparent walls. 

Above ground tanks were chosen over a pond system for two reasons. 
First, the culture depth for the SERI analysis ranges from .15 to . 3  
meters. Increasing the system's culture density without decreasing the 
amount of light reaching the system would result in a very shallow pond 
e ,  increasing culture density by a factor of three would reduce the 
depth of the culture to a range oE .05 - .1 meters). Second, above 
ground tanks reduce the surface area exposed to the atmosphere thus 
decreasing evaporation losses. The above ground tank system that was 
selected increased the culture density by a factor of three without a 
reduction in the sunlight reaching the system. This system also reduced 
evaporation losses by 99 percent. 

The role of immobilization in this system is to increase cell yield and 
facilitate harvesting. The advantage oE this system is several-fold. 
First growing algae in the tubes instead of ponds reduces the probability 
of mass infestation and predation. Contamination, when it does occur, 
should be easier to eliminate as only a portion oE the tanks will be 
affected at any given time and because cleaning the tanks will be simpler 
than cleaning ponds with a granular cover over a clay bed. A smaller 
surface area also reduces the amount of dust and debris getting into the 
tank. 



If the algae are immobilized on the surface of the substrate, the overall 
density of the algae-bound substrate will decrease as the algae grow and 
the older particles will rise to the top and can be'separated by con- 
trolling the fluidization rate and reactor configuration. In this con- 
cept, after sufficient algae growth on the surface of the immobilization 
material, the particles will flow out of the first reactor into the 
second. 

In the second reactor, a nitrogen-poor medium is used to promote lipid 
production. As lipid content increases, the particle density decreases 
further. With the same differential controls as those in the first 
reactor, the crop of lipid-rich algal particles can be selectively bled 
out of the second reactor and centrifuged to yield a lipid-rich product. 
This approach increases process control ability and allows a continuous 
step-wise process to be used as shown in Figure 2. The hollow cylin- 
drical vertical tanks with transparent walls were chosen as culture 
vessels in an attempt to decrease water volume while maintaining the 
surface area exposed to light. 

The outside diameter of the growth tubes is one foot with an inside 
diameter of a hollow column of 9 inches. Assuming that half of each tube 
is exposed to light, 5,242,000 tubes are needed for this system to obtain 
the same amount of light as the SERI ponds. However, the volume of water 
used by the above ground tanks is reduced by one-third which permits 
higher algal concentrations. The surface area exposed to the air is also 
reduced by 99 percent. The reduction in the system's water volume and 
evaporation losses result in lower salinity buildup and, thus, lowers 
energy and water costs. This system also eliminates the need for first 
stage harvestors as the immobilized system further concentrates 
lipid-rich algae. 

Total capital costs of the immobilization system (Table 1) is approxi- 
mately 8.5 times that of the SERI attainability case. The transparent 
cylindrical tanks represent the major cost increase over the SERI 
system. Based on current retail prices of these tanks (and assuming that 
the large quantities are available), less a 50 percent discount for a 
large order, each tank would run approximately $60 per tank. R&D on the 
use of low cost materials, however, could offer substantial cost 
reductions over time. The analysis assumed the same biological 
parameters as the SERI attainability case. 

Capital cost reductions come from the elimination of first stage 
harvestors, mixing and culture systems, as well as a reduction in site 
preparation e . ,  laser grading no longer required). The land area 
needed to site the tanks so they do not shade each other is approximately 
the same as that needed for the SERI system. 

The immobilized systems also realize operating savings (Table 2) from 
reduced water and pumping requirements as well as reduced carbon and 
nitrogen losses. The reduced carbon and nitrogen losses, however, would 
be somewhat lower as less nutrients are provided from reduced levels of 
make up water. 





Table 1: Comparison of Capital Costs 
SERI Attainability Case vs Immobilized Case 

CAPITAL COSTS SERI CASE IMMOBILIZED CASE 

Capital Cost of Lining/tanks 4,300,000 

Capital Cost of Mixing System 2,150,000 

Capital Cost of Culture System 2,308,431 

Capital Cost of Water/Nutrient System 987,847 

Capital Cost of C02 System 

Capital Cost of Buildings 

Capital Cost of Electrical System 1,488,011 

Cost of Immobilization Material ----- - 
Total Cost of Culture System 12,216,122 

Capital Cost of 1st Harvestor System 5,355,504 

Capital Cost of 2nd Harvestor System 4,591,121 

Total Depreciable Cost 22,162,747 

Cost of Site Preparation and Survey 8,452,000 3,010,000 

Engineering Fee 3,324,412 3,324,412 

Contingence 5,097,432 5,097,432 

Land cost 1,216,275 - 1,216,275 
Total Non-~epreciable Cost 18,909,119 12,648,119 

Total Capital Investment 40.252.866 335.311.333 



Table 2: Comparison of Operation Costs 
SERI Attainability Case vs Immobilized Case 

OPERATING COSTS ,..SERI ATTAINABILITY CASE IMMOBILIZED CAS! 

Direct Labor 

Overhead 

Utility Costs 

Carbon Dioxide Costs 

Nitrogen 

Potassium 

Phosphorous 

Total Nutrient Cost 

Total Water Costs 603,400 45,053 

Other Operating Costs 1,108,138 1,108,137 

Total Operating Costs 13,993,170 13,546,249 



The major problem with immobilizing algae is the fact that sunlight 
drives the system. One of the major benefits of immobilization in other 
areas has been the ability to substantially increase culture density. 
However, this is difficult to achieve with a photosynthetic process. 
Increasing culture density by an order of magnitude while obtaining the 
same amount of light becomes extremely expensive and introduces other 
problems such as temperature control. The use of the hollow cylindrical 
tanks results in a three-fold increase in the algal culture density. 

An advantage to above ground immobilized systems is that they can be 
scaled-down to smaller units and sited close to C02 sources. Used this 
way they mitigate adverse local environmental problems associated with a 
large scale pond system (i.e., reinjection of highly saline water). 

[At present, an immobilized algal system to mass produce lipids for use as 
a liquid fuel does not appear to be economically feasible. The major 
drawback is developing a low-cost system that obtains the same amount of 
solar energy as provided to a shallow 3 square mile pond while increasing 
the culture density by an order of magnitude. R&D to increase light 
availability and to develop low cost transparent tanks could increase the 
competitiveness of immobilized algal systems. 
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