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PREFACE 

This document contains an overview of the DOE/SERI Aquatic Species Pro- 
gram in FY 1986. This report presents and discusses significant research 
advances achieved by program participants during the preceding year. The 
SERI Biofuels Program receives its funding through the Biofuels and Muni- 
cipal Waste Technology Division of the Department of Energy. 
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SUMMARY 

The goal of the Aquatic Species Program is to  develop the  technology t o  produce gasoline 
and diesel fuels from microalgae grown in saline waters of the desert Southwest. Micro- 
algae are  known to  accumulate lipids in large quantities and can thrive in high salinity 
water, which currently has no other significant use. Three major task areas are  impor- 
tant t o  the economical development of this technology: biology, engineering, and 
analysis. 

Biological activities include screening, characterizing, and improving microalgae 
species. In 1982 we began extensive efforts t o  collect and screen microalgae strains that 
a re  salinity and temperature tolerant, highly productive, and that produce large amounts 
of lipids. More than 3000 microalgae strains have been collected t o  date. Species used 
by the program in 982 had temperature tolerances of 15°-200C and salinity tolerances 
of 20-40 mmho cm-\. With the intensive collection efforts, the program now has strains 
that can to1 ra te  wide environmental fluctuations, from 10' to  3 OC and 10 t o  f 70 mmho cm' . Rates of product' ity 'ncreased from 10-20 g dry wt m-' d-I in 1982 t o  
greater than 2 0  g dry wt m- P d-l under laboratory conditions and more than 
35 g dry wt m- d" in outdoor systems in 1986. Lipid content of the algal cells also in- 
creased significantly, from 20% in 1982 t o  66% indoors and 40% outdoors by 1986. A 
current problem is that  salinity- and temperature-tolerant species do not always have 
high productivity and produce large amounts of lipid. Therefore, basic research is under 
way in genetic engineering to  put all three characteristics into one or two strains. 

Engineering research focused on polymer harvesting of microalgae. All algae were har- 
vestable but required different polymers. Harvesting was accomplished for 0.5$- - 
1.5$ k c 1  dry mass, with removal efficiencies greater than 85%-95%. Cross-flow micro- 
filtration was tested and determined t o  be too costly. Another method of harvesting 
examined was flocculation. Recycling flocculants reduced costs by 100%-200%. 

W e  performed a technical and economic analysis of a microalgae fuel production system 
and published i t  in the  report entitled Fuels from Microalgae. The study defines per- 
formance requirements t o  produce gasoline and diesel fuels a t  prices that will be 
competitive with conventional fuels. Aggressive research is needed, but the improve- 
ments defined are  within the bounds of attainability. A major concern has been the 
availability of saline water resources in the desert Southwest. I t  has been recently 
demonstrated, however, that there is sufficient saline water in Arizona and New Mexico 
to  produce at least one quad of energy from microalgae. 

Future activities of the Aquatics Species Program include: completing collection activ- 
ities and focusing on characterizing species collected, consolidating all outdoor test 
facilities into one large (0.5-1.5 ha) system in a desert region, conducting research on 
harvesting and carbon dioxide supply, and converting microalgae lipids into liquid fuels. 
Research will continue on algal physiology, biochemistry, and genetic engineering. 
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1.0 INTRODUCTION 

In 1979, the Department of Energy (DOE) and the Solar Energy Research Institute (SERI) 
initiated a research program t o  pursue opportunities for producing liquid fuels from 
microalgae. Microalgae a r e  unique photosynthetic organisms in that they are known to  
accumulate storage lipids in great quantities and will thrive in highly saline water. The 
program is focused on the  production of lipids from microalgae because plant storage 
lipids are an attractive biomass feedstock for producing renewable, high-energy liquid 
fuels such as  gasoline and diesel fuel. The overall process for growing microalgae and 
converting the lipids they produce into gasoline and diesel fuel is shown in Figure 1-1. 
The DOE/SERI program emphasizes the  development of microalgae systems in the desert 
Southwest because this a rea  offers flat land, high incident solar radiation, few competing 
land uses, and large reservoirs of saline* water. Locating a mass culture facility in this 
region minimizes land costs, and using saline water, which is not suitable for agricultural, 
domestic, or industrial purposes, minimizes competition for the limited supplies of fresh 
water in the Southwest. 

Microalgae can be grown in large outdoor ponds in a desert region, using the resources of 
sunlight, saline water, nitrogen, phosphorus, and carbon dioxide. Algae can convert these 
raw materials into proteins, carbohydrates, and lipids and, in the process, double their 
biomass three t o  five times a day. After a rapid growth phase, the algae are transferred 
t o  induction ponds where nutrient limitation is allowed t o  occur. Under these conditions, 
many algae stop growth and division and use all their energy t o  make lipids as storage 
products to  survive. Once the cells have accumulated lipids, they are  harvested and the 
water is recycled back into the growth ponds. The harvested cells then a re  subjected t o  
an extraction process to remove the lipids. Algal lipids a re  primarily triglycerides with 
fractions of isoprenoids, phospholipids, glycolipids, and hydrocarbons. They contain more 
oxygen and a re  more viscous than crude petroleum. The two most promising fuel con- 
version options a re  transesterification t o  produce fuels similar t o  diesel fuels and cata- 
lytic conversion t o  produce gasoline. While microalgal lipids represent t he  premium 
energy product, the energy trapped in the other biomass constituents can also be used; 
e.g., the cell residue af te r  lipid extraction can be digested anaerobically t o  produce 
methane and carbon dioxide, which can be recycled for use in the algae production 
system. 
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Figure 1-1. Microalgae Growth and Conversion Process 
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2.0 GOAL AND OBJECTIVES 

The goal of the program is t o  provide the technology base for large-scale production of 
oil-rich microalgae and the conversion methods t o  convert the microalgae lipids into gas- 
oline and diesel fuels needed for industry and transportation. I t  is important for the 
United States to develop alternative renewable oil sources since currently 41% of the 
energy market in the United States is for liquid fuels, and one-half of these fuels are 
imported. 

To achieve this goal, the objectives of the program a re  to: 

Collect microalgae strains from many areas within the United States t o  provide a large 
number of different organisms for screening, characterization, and improvement; 

Screen microalgae t o  select for those species that  a re  temperature and salinity tol- 
erant, have high productivities, and are  good lipid producers; 

m Develop inexpensive, large-scale, outdoor mass culture technologies t o  grow 
microalgae; 

Improve the methods t o  harvest microalgae so the  process is inexpensive and efficient; 

a Evaluate the saline water resources available for raising microalgae in the desert 
Southwest of the  United States; 

Develop technologies for converting microalgae lipids into high-value liquid 
transportation fuels; and 

Transfer the technology to  the private sector for rapid commercialization by involving 
industry in the  research process at the earliest possible time. 



3.0 RESEARCH AND RCHNOLOGY DEVELOPMENT 

To develop the technology base t o  obtain liquid fuels from rnicroalgae, three research 
and technology development areas have been identified. These areas and the main 
research activities in each area are  as follows: 

a Biology 

- Species Collection and Screening 

- Productivity Improvement 
- Lipid Production, Physiology, and Biochemistry 

- Genetic Engineering 

a Engineering 

- Cultivation System Design 

- Harvesting Improvement 

Analysis 

- Technical and Economic Analysis 

- Saline Water Assessments 

Approximately half of the research is conducted in-house by SERI, and the  other half is 
subcontracted t o  universities and small businesses, Table 3-1 lists the FY 1986 budget of 
$1.68 million. Bioiogy received approximately 79% of the total budget, engineering was 
0% (some engineering research was done in the outdoor culture subcontract), and analysis 
was 6%. Management received the remaining 15%. In addition, there is an Historically 
Black College and University Program (HBCU), and these subcontracts were all in the 
a rea  of biology. A summary of the FY 1986 Aquatic Species Program active sub- 
contracts is given in Table 3-2. This includes projects funded in FY 1985 and FY 1986. 

The following sections describe each of these three main research areas and the major 
accomplishments of FY 1986. 

3.1 Biology 

The primary focus of the research t o  da te  has been in the area of biology. A decision 
was made tha t  unless i t  was feasible to obtain organisms that were environmentally 
tolerant, had high productivity, and produced large amounts of lipids, there was no reason 
to  do large-scale engineering research. Until recently, our major focus has been on col- 
lection and screening, and collecting will be completed in FY 1987. Major advances have 
been made in productivity, and the program is ready t o  scale up the size of the tes t  pro- 
duction facilities. Most of the major advances in the area of biology were made in lipid 
biochemistry and physiology, and work in genetic engineering is just beginning. 

3.1.1. Species Collection and Screening 

The overall objective of collecting and screening is to  identify and obtain naturally oc- 
curring microalgal strains most suitable for outdoor biomass fuel product ion. Specific 
objectives include collecting strains from diverse geographical locales and ecological 
niches, selecting strains with wide environmental tolerances and high production rates, 



Table 3-1. FY 1986 Procurement Plan 
Summary for Aquatic Species 
Program 

Funding 
( 1 OOO$) 

Biological 

Species Selection 

Improvement 

Outdoor Mass Culture 

Engineering 

Analysis 

HBCU 

Management 

Total 

developing rapid techniques for identifying high-lipid-producing strains, and char- 
acterizing natural phenotypic variability within microalgae species. 

More than 3,000 strains have been collected by the program t o  date (Figure 3-1). Most of 
the promising strains collected are  Bacillariophyceae (diatoms), Chlorophyceae (green 
algae), and Eustigmatophyceae (Eustigmatophytes). Collection efforts a re  concluding 
this year, and we will thoroughly screen and characterize the collected strains t o  obtain 
10-20 strains by 1990 for intensive species improvement research. 

Using innovative collection and screening processes, the program identified several 
strains that  a re  very tolerant t o  severe environmental fluctuations in temperature and 
salinity (Figure 3-2). Strains of microalgae used by the program in 1982 ex ~bi ted  tem- 
perature tolerances of 15O-25'C and salinity tolerances of 20-40 mmho cm-'. With the 
intensive collection efforts na ionwide, the program now has strains that  can tolerate f 10'-35°C and 10-70 mmho cm- . 
For each strain that exhibits high growth and lipid production, a temperature/salinity 
profile is done is three different types of saline water: Type I (high in divalent ions), 
Type I1 (high in monovalent ions), and artificial seawater. Each strain may have different 
growth rates in the different media, and in addition, there may be wide variability 
between different strains of the  same species. Figure 3-3 outlines the response of three 
strains of Chaetoceros muelleri t o  changes in temperature and salinity. The Utah and 



Table 3-2. Aquatic Species FY 1986 Active Subcontracts 
(FY 1985 and FY 1986 Funding) 

Date of 
Performance Contractor Title 

1. Optimization of outdoor 
culture 

University of Hawaii 5/86 - 2/87 

2. Production of liquid 
fuels and chemicals by 
m icr oalgae 

Microbial Products 3/86 - 2/87 

3. Adaptation of microalgal 
production technology 

Ben Gurion 
University 
(cost shared 50:50) 

4. Screening and charac- 
ter  izing oleagenous 
microalgae species from 
the Southeastern U.S. 

Alabama A&M 

Scripps 
Institution 

5. Characterization of hydro- 
carbon producing strains 
of microalgae 

6. Ultrastructure evaluation 
of lipid producing micro- 
algae 

Oak Ridge 

University of 
Hawaii 

7. Collection of high energy 
yielding strains of 
saline microalgae from 
the Hawaiian Islands 

City College of 
New York 
(cost shared 70:30) 

8. Genetic variation in 
high energy yielding 
microalgae 

9. Collection of high 
energy yielding strains 
of saline microalgae from 
southwestern states 

Arizona Sta te  
University 
(cost shared 75:25) 

10. The effects of f luctu- 
ating environments on the  
selection of high yielding 
microalgae 

Georgia Tech 
(cost-shared 20:80) 

1 1. Collection and selection 
of high energy 
thermophilic strains of 
m icr oalgae 

Montana Sta te  
University 



Table 3-2. Aquatic Species FY 1986 Active Subcontracts (Concluded) 

Title Contractor Date of 
Performance 

12. Collection of high energy 
yielding strains of saline 
microalgae from South 
Florida 

13. Characterization of photo- 
synthetic efficiency and 
growth of selected micro- 
algae in dense culture 

14. Nutritional requirements 
for maximal growth of 
oil-producing microalgae 

15. Evaluation of available 
saline resources in New 
Mexico for the production 
of microalgae 

16. Inventory of sources of 
available saline waters 
for microalgae mass 
culture within Arizona 

17. Chrysophrysean lipids: 
Effects of induction 
strategy in the quantity 
and types of lipids 

18. Biochemical elucidation 
of neutral lipid synthesis 
in microalgae 

19. Transformation and somatic 
cell genetics for the 
improvement of energy 
production in microalgae 

20. Biochemical elucidation 
of neutral lipid synthe- 
sis in microalgae 

21. Macroalgal genetics 

22. Cultivation and chemical 
analysis of microalgal species 

Harbor Branch 5/85 - 6/86 

Martek 9/85 - 2/87 

Jackson State 
University 

New Mexico 8/85 - 9/86 
State University 
(cost shared 50:50) 

University of 
Arizona 

Selma University 

Montana State 
University 

University of 
Nebraska 

University of 
Nebraska 

Neushul Mariculture, 2/86 - 1/87 
Inc. 
(cost shared - 20:80) 

Georgia Tech 1 1/84 - 2/86 
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Figure 3 1 .  Summary of the Strains of Microalgae Collected by the Aquatic Species 
Program and Future Screening Goals 
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Figure 3-2. Improvements in Temperature and Salinity Tolerances of Strains of Micro- 
algae Collected by the Aquatic Species Program. Each bar represents the 
maximum tolerance of a strain in the SERI culture collection. 
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Figure 3-3. Temperature Salinity Media Effects on Growth of Three Strains of 
Chaetoceros muelleri. The outer, horizontal, boundary is where growth 
is greater than 1.0 doublin s day-'. The highest growth rate, soli e, f area, is 3.5 doublings day' . Increments are  in 0.5 doublings day' . 
Type I water is high in divalent ions, and Type I1 is high in monovalent 
ions. 
ASW = artificial seawater; CA = California strain, UT = Utah strain, and 
NM = New Mexico strain. 

New Mexico strains a r e  very euryhaline and exhibit only small variations in growth 
response to  different media. In contrast, the California strain exhibits a strong 
stenohaline response and grows poorly. 

Developing a quick, inexpensive method t o  screen for high-lipid-producing misroalgae has 
been a major advance. A nile red staining technique was developed by researchers a t  the 
University of Montana, Oak Ridge National Laboratory, and SERI. Nile red stains the 
algae but does not kill them. The amount of fluorescence corresponds t o  the amount of 
lipid in the cells. Before this technique, a long, expensive (in labor) method of chemical 
determination was the  only way t o  determine lipid quantity in microalgae. This tech- 
nique will facilitate a more rapid screening process for microalgal strains. 

The SERI Microalgae Culture Collection, established in support of the U.S. Department 
of Energy's Biofuels and Municipal Waste Technology Division, provides a repository for 
strains identified or developed for biomass production and makes these strains readily 
available to  the research community. The strains in the collection were selected for 
their potential in biomass fuel applications, and many produce significant quantities of 
cellular storage lipids. The 1986-1987 Culture Collection Catalog lists 39 of the 
program's best strains of microalgae and includes the productivity and physiological data 
for each strain. 



3.1.2 Productivity Improvement 

The objective of this effort  is t o  increase the rates of productivity of microalgae to  
enhance yields of energy products. W e  a re  conducting research in both laboratory and 
outdoor cultures t o  identify species and develop culture management strategies that 
improve productivity rates. 

,4s a res it of this project area, rates of produ tiv'ty increased from 10-20 g 
dry wt rnWY d-I in 1982 to greater than 50 g dry t -' d-' under laboratory conditions 
(Figure 3-4). Sustainable rates  of 35 g dry wt  m-'d' in 0 t d  or systems were achieved 
in 1986, with short-term optimum reaching 50 g dry wt rn-'d-'. In general, research has 
suggested diatoms a re  more stable and have substantially higher productivity in outdoor 
culture than green algae. 

Diatoms and green algae also differ in their ability to grow well at low C02 levels. The 
diatoms required concentrations of almost 100 VM C02 and pH below 8.5 t o  attain max- 
imal, light-limited productivity. The green algae needed only 5 VM CO and pH of 9. 
However, the maximum productivity of the  green algae was oniy 60% that  of the 
diatoms. 

One-, two-, and three-day dilution intervals were evaluated in outdoor culture systems to 
optimize productivity. A two-day interval resulted in higher productivities than the one- 

Time (year 1 

Figure 3-4. Improvements in Productivity of Microalgae Cultures under Indoor and 
Outdoor Culture Conditions from 1982 to 1986. For outdoor culture pro- 
ductivity the top of the range is the highest productivities obtained by 
SERi subcontractors while the bottom of the range is the  productivities 
we can consistentjy gft and sustain for long periods of time. The target 
of 50 g dry wt  m- d- was defined by the microalgae technical and eco- 
nomic analysis. 



and three-day intervals. Growth rate were also significantly increased when initial cul- 
rure density was 5 t o  400 g AFDW m-%, and the growth rates decreased rapidly a t  higher 
initial culture densities. 

When mixing foils were tested in shallow raceway systems as a mechanis to  increase 
productivity, a significant enhancement was observed, from 20 t o  28 g m' d-l. How- 
ever, an independent economic analysis found that the energy cost associated with the 
foils and the capital cost of the foils exceeded the value of the increased production by a 
factor of 7.4 with the present system design. Thus, the cost effectiveness of using foils 
t o  increase productivity for microalgae does not look promising a t  present. 

3.1.3 Lipid Production, Physiology, and Biochemistry 

i t  is in the areas of lipid production, physiology, and biochemistry that  the greatest 
advances were made in 1986. Figure 3-5 shows the significant increases in lipid content 
of algal cells from 20% in 1982 t o  66% indoors and 40% outdoors by 1986. 

Researchers examined the effects of environmental and nutrient stress on lipid induction 
in microalgae. Nitrogen, silica, temperature, pH, inorganic carbon (C02 and bicar- 
bonate), light intensity, and salinity were all evaluated for their effects on lipid 
induction. Under silica limitation, diatoms exhibited increasing lipid yield (mg/L) with 
increasing bicarbonate co  en ration, and lipid production increased with increasing light Ys-f* intensity up t o  1000 p E  m' 

81 82 83 84 85 86 

Time ( yea r )  

Figure 3-5. Improvements in Lipid Content of Microalgae Cells Grown under Indoor 
and Outdoor Conditions from 1981 to 1986. The target of 50% of cell con- 
tent was defined by the  microalgae technical and economic analysis. 



Nile red, a fluorescent dye, was adapted with success t o  semiquantitatively measure the 
neutral lipid content in microalgae. The procedure was developed on a Turner 11 1 fluor- 
ometer and made available t o  all  researchers. The method involves adding nile red to  
algal cell  suspensions and measuring the resulting fluorescence. This method has a great 
advantage over the traditional Bligh-Dyer method in that  i t  requires only a small sample 
size and can be done in less than 5 min. Correlation between gravimetric lipid 
measurements and nile red fluorescence was high. 

Lipid accumulation in microalgae was investigated with flow cytometry (FCM) and 
transmission electron microscopy (TEM). Previous studies using batch cultures of algae 
led to the assumption tha t  lipid accumulation in microalgae is a gradual process requiring 
a t  least several days for completion. However, FCM revealed, through changes in the 
chlorophyll: lipid ratio, tha t  the time span required for individual cells t o  change meta- 
bolic state is short. Simultaneous FCM measurements of chlorophyll and nile red 
fluorescence in individual cells of nitrogen-deficient populations revealed a bimodal pop- 
ulation distribution as one stage in ihe  lipid accumulation process. The fac t  that two 
discrete populations exist, with few cells in an intermediate stage, suggests rapid 
response t o  a lipid trigger. Interpretations of light and electron microscopOic obser- 
vations a r e  consistent with this hypothesis. The time required for an entire population t o  
achieve maximum lipid content is considerably longer than tha t  required for a single cell, 
due t o  the variation in reponse time among cells. Cultures exhibiting enhanced lipid 
content could be obtained by using FCM t o  separate high lipid cells from the reaminder 
of the population. 

Improving lipid yields in microalgae requires an understanding of the physiological and 
biochemical basis for partitioning photosynthetically fixed CO into lipids. The ra te  of 
lipid synthesis and final lipid yield will depend on the availa f ility of carbon for lipid 
synthesis and the actual levels and activities of the enzymes used for lipid synthesis. 
Conditions such as nitrogen deficiency that  induce the accumulation of lipid by algae 
often drastically reduce the capacity for photosynthetic CO fixation. Low lipid yields 
could result either from an absence of carbon skeletons or I rorn low levels of enzymes. 
Improvements in lipid yield can be achieved only when the limiting factors have been 
determined. 

Research efforts are  continuing in order t o  determine the  pathways of lipid biosynthesis 
in algal cells, especially in the cytoplasm, chloroplast, and mitochondrion. Each pathway 
possesses potential lipid triggers. Once the trigger is determined, biochemical and 
genetic engineering techniques can be used t o  increase the lipid yield of promising algal 
strains. 

3.1.4 Genetic Engineering 

No single microalgae strain has been found that exhibits enivronmental tolerance, high 
productivity, and high lipid yield. All three characteristics a re  necessary in one organism 
to  meet program goals. For this reason, work began on developing genetic engineering 
methods so that  by the time the program reduces its strains to  the best 10 to 20, by 1990, 
the methods t o  genetically modify these organisms will be available. 

We a re  working in three areas of genetic engineering research: I )  classical genetic man- 
ipulat ion met hods, 2) intraspecif ic genet ic variability, and 3) vector and protoplast 
methodology. Each research area provides different parts of the total knowledge that we 
will need to  genetically engineer a better organism. 



The classical genetic manipulation methods include studying the heritability of morpho- 
logical, physiological, and biochemical traits and using higher plant mutagens t o  
reproduce a superior organism. Some of the  work to  date has focused on developing 
these methods for algae using gametes of the  macroalgae, Macrocystis. These tech- 
niques are now being extrapolated for use with microalgae. 

Genetic banding patterns have been identified for two species of green algae. These 
bands can be used as genetic markers. This preliminary genetic work, examining intra- 
specific variations within the  species, is important for future genetic manipulation. 
Using these results, we can perform selective breeding experiments t o  improve produc- 
tivity and lipid yield. These results are also the preliminary data needed to  find genetic 
markers, which can be used in genetic engineering for strain improvements. 

More than 50 algal viruses have been isolated as potential vectors for algal recombinant 
DNA work as  a mechanism t o  introduce DNA from one species into another (Figure 3-6) 
(27,28). To date, none of the  viruses isolated will replicate within algae used by the 
Aquatic Species Program. Protoplasts have been formed in one species of green algae, 
and further studies are  under way t o  characterize the enzyme preparations that degrade 
the cell wall. Fusion studies of the protoplasts will be conducted in 1987. In addition, a 
cloning project has been initiated that will, when i t  is finished, result in a restriction map 
of the chloroplast genome. This map is a major step t o  be completed before we can 
begin t o  genetically engineer the recombinant DNA material. 

Figure 3-6. Viral Vector Releasing its DNA into an Algal Cell 

12 



Engineering research has focused on harvesting microalgae. Technical feasibility and 
cost analyses were completed for polymer harvesting of saline microalgae. All 
microalgae tested were harvestable, but different algae required different polymers. 
The amount of polymer increases as the requirement for clarification is made more 
stringent, making i t  more cost-effective not t o  require greater than 85% removal. With 
the most suitable polymers and appropriate ap lication techniques, harvesting can be P accomplished for polymer costs of 0.59-1.51 kg- dry mass, with removal efficiencies of 
85%-95%. Polymers with higher rigid backbones a re  less affected by the salt con- 
centration and are thus recommended as flocculants of microalgae in saline water. A 
cross-flow microfiitration process was tested as a harvesting method and determined t o  
be too costly for use when considering energy production from microalgae. 

Another method of harvesting examined was chemical flocculation. Flocculant dose was 
reduced 75% by recycling the precipitant following flocculation back into the mixing- 
flocculation chamber. Three flocculation cycles not only reduced f locculant dosage but 
also were required for a 90% removal of the  microalgae from saline water. 

3.3 Analysis 

The two major subtasks in the analysis section are technical and economic analysis and 
saline water resource assessments. W e  have made significant progress in both areas. 

3.3.1 Technical and Economic Analysis 

A technology assessment was performed that  demonstrates that gasoline and diesel fuels 
could be produced from mass-cultured microalgae at prices that will be competitive with 
conventional fuels. Aggressive research is needed t o  fulfill the performance require- 
ments defined by the  analysis, but the required improvements a re  within the  bounds of 
attainability and have been closely approached under controlled conditions. Improve- 
ments needed a re  the  enhancement of productivity, lipid yield, and salinity and temper- 
ature tolerance of microalgae species. Engineering improvements a re  also needed in the 
cultivation system design and in harvesting. Two critical resource requirements a re  the 
abundance and availability of saline waters in the Southwest deserts and the low cost of 
carbon dioxide. Based on the achievement of these research goals, demonstrated per- 
f ormance, and availability of economic supplies of critical resources, liquid fuels that  a re  
potential direct substitutes for conventional hydrocarbon fuels could be produced from 
microalgae for $1.60-$2.00/gal by 2010. 

Analysis of a number of fuel conversion options for microalgal biomass has demonstrated 
that the promise of microalgae for fuel production is best realized through conversion 
processes based on cellular lipids, an energy-rich hydrocarbon. The ability t o  produce 
lipids that can constitute 60% or more of the total biomass is a distinguishing character- 
istic of microalgae and makes them uniquely at t ract ive candidates for conversion to  
liquid fuels. The two most promising fuel conversion options a re  transesterification to  
produce fuels similar t o  diesel fuels and catalytic conversion t o  produce gasoline. While 
microalgal lipids represent the premium energy product, the energy trapped in the other 
biomass constituents could also be used; e.g., the cell residue after lipid extraction could 
be anaerobically digested t o  produce methane and carbon dioxide. 

The availability of saline water will be an important factor in determining the ultimate 
scale of fuel production technology based on this resource. Because of high evaporation 
rates, water demands for uncovered cultures in this region will be extremely high. Saline 



aquifers are  found throughout the Southwest, but the total volume these aquifers can 
supply on a sustained basis has not been determined. Since very little information is 
available on the saline water resources of the desert Southwest, the  quantification of this 
resource is a high priority activity. 

Carbon dioxide supply is the largest single contributor t o  the cost of liquid fuels derived 
from microalgae. however, the acquisition of sufficient quantities of carbon dioxide 
should not impose constraints on the ultimate scale of the microalgal fuels technology. 
Existing and proposed coal-fired power plants will produce carbon dioxide in excess of 
the  quantity required for microalgal production. Competing demands from enhanced oil 
recovery are  not anticipated, since most oil fields in the area  are  expected t o  be 
depleted by the year 2010, the expected date of emergence of an extensive microalgal 
mass culture technology for liquid fuel production. If methods were developed for the 
recovery of carbon dioxide previously injected into oil wells, these large reservoirs could 
supply additional abundant quantities of low-cost carbon dioxide. 

The major issues t o  be resolved in mass culture technology are biological. For this tech- 
nology to  become cost competitive, the biological productivity of these systems must be 
improved. The production analysis indicates that photosynthetic efficiencies of 12%-16% 
must be attained, and that 50%-60% by weight of the biomass produced must be in the 
form of lipids. If higher lipid contents were achieved, lower photosynthetic efficiency 
would be acceptable, and vice versa. 

In addition t o  displaying improved productivity, species must demonstrate environmental 
tolerance characteristics that make them suitable for outdoor culture in arid regions. 
The productivity analysis has identified species salinity tolerance a s  a particularly signif- 
icant aspect of environmental tolerance since operation of cultures at high salinities is 
necessary t o  control water requirements through minimization of water consumption for 
blowdown. 

The basic engineering needs for microalgal culture have been identified and form the 
basis of a significant portion of the production analysis. Considerable additional engi- 
neering research and development will be required. Important engineering issues are  
efficient and inexpensive harvesting methods, mechanisms t o  reduce evaporation, pro- 
duction system design, brine disposal, and carbon dioxide input systems. 

The technolo y improvements mentioned above will reduce the  feedstock cost from 
$393/ton t o  !! 1921ton (Figure 3-7). Major technology improvements can be made t o  
reduce the costs associated with capital investments, water, labor, and operation. The 
major cost factor for the final feedstock will be carbon dioxide and nutrients. 

3.3.2 Saline Water Resource Assessment 

Saline water resourc sessments were completed for Arizona and New Mexico. 
A r i ~ o n a ~ j m s ~ 2 . 8  x LOg my (2.3 x lo5 acre-ft) of saline water and New Mexico has 
1.8 x 10 m (15 x lo9 acre-ft) of saline water. T e ater  nece sary t o  produce one 0 Y quad of energy from microalgal lipids is 4.7 x 10 m (3.8 x 10' acre-ft). Arizona 
identified eight areas within the state  as  suitable for a microalgal production system, and 
New Mexico identified six areas as potential sites. 

3.3.2.1 Arizona 

Saline Surface Water - Of the  34 sources of saline surface water identified, only 
8 were judged to have a sufficient volume of water for a project. The total amount of 



saline s rface water from these eight sources is estimated to be 4000 L d-I Y (1.1 x 10 gal d-l). 

Saline Ground Water - Nineteen saline ground-water plumes were identified in the 
six focal areas as being capable of providing greater than 1.5 x lo7 L dei 
(4.0 x lo6 gal d-I). The total water storage is 7.1 x 1 o1 rn3 (5.8 x 10' acre-ft). No 
information exists t o  date on the ra te  of renewal. 

Institutional Considerations - A microalgae production facility constructed in Arizona 
will require a permit from the Arizona Department of Environmental Quality (after 
7/1/87). Prior t o  the issuance of a permit, i t  must be demonstrated tha t  operation of a 
project will not adversely affect the quality of the underlying ground water. If the 
project is on federal land or federal funds a re  used, an environmental impact 
statement will be required. 

9 There is 1.8 x 1013 rn3 (15 x 10 acre-ft) of unutilized saline water in New Mexico. 

Six basins were identified as having the  potential for siting a microalgae production 
facility: Tularosa, Estancia, Crow Flats, Roswell East, San Juan, and Tucumcari. 
Estancia, Tufarosa, and Crow Flats basins were chosen as the best three sites. 

2 2 - Estancia Basin - An area of 274 k y  970 mi ) i well suited for a microalgae pro- 5 duction facility. There is 3.9 x 10 m (3.2 x 10 acre-ft) of saline water available 
at this site. 

- Tularosa Basin - An area of 185 km2 (115 mi2) s e second-best site for the 4 3' location of a microalgae facility. There is 7.4 x 10 rn (6.0 x lo6 acre-ft) of saline 
water available at the site. 

- Crow Flats Basin - An area of 58 km2 (36 mi2) is the third best s i te  in New Mexico 
for the location f a microalgae test facility. Well yields in the a rea  a re  greater -7 than 3785 L min (1000 gal min-'1. 

Reference Attainability 

I Capital costs tabor/overhead 

El Utilities Nutrients 
El Water ezf Operation/maintenance 

Figure 3-7. Major Cost Drivers to Produce Microalgae as a Feedstock 



4.0 FUTURE ACTIVITIES 

Rapid improvements have been made since the inception of the program in finding suit- 
able species t o  produce fuels from microalgae and in improving production technologies. 
The net result of this research t o  date has been t o  drastically reduce the price of gaso- 
line derived from microalgae (Figure 4-11. However, many more developments are 
needed in the technology in the  upcoming years to  reduce the price of gasoline from 
microalgae so it  will be competitive with fossil fuels. 

Research will begin to  examine extraction and conversion methods to  produce gasoline 
and diesel fuels from microalgae. Attention will be directed toward the identification of 
techniques by which these lipids can be extracted on a large scale, and a detailed 
description of the characteristics of these lipids as they relate t o  their suitability as  
feedstocks for fuel conversion processes. Ultimately, conversion processes specifically 
tailored t o  the  characteristics of microalgal lipid must be developed, either through the 
optimization of existing techniques or through the development of innovative conversion 
technologies. Such research activities require the  production of algal biomass samples on 
a scale suitable for extraction and fuels characterization and will be obtained from the 
outdoor test facility. Samples from a number of promising species should be included, 
since there a r e  strong indications that the characteristics of lipids vary widely between 
taxa. 

1990 2000 
Time (year 

Figure 4-1. Current and Projected Costs to Produce Gasoline from Microalgae. The 
first part of the curve (1982-1986) is the cost decrease obtained from 
improvements t o  date. The second part of the curve (1986-2010) shows 
the projected cost decreases as  the technology improves. 



In addition t o  these new activities, technology development will continue in the areas of 
species screening and characterizing lipid production, physiology, and biochemistry, pro- 
duct ivit y, and genetic engineering. The identification or  development of microalgal 
strains that  will meet the performance criteria of high productivity, high lipid content, 
and wide ranges of environmental tolerance is the single most critical research require- 
ment for the economic viability of a microalgal fuels technology. The ability t o  meet  
these requirements inust first be established in closely controlled experimental cultures, 
then confirmed under conditions that more closely approximate outdoor mass culture 
conditions. The ultimate success of the fuels-from-microalgae concept is critically 
dependent on the ra te  and degree of species improvement. 
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