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SUMMARY 
 
Microalgae can use solar energy for the biofixation of CO2 to produce renewable fuels (methane, 
ethanol, biodiesel, hydrogen) and for other fossil-fuel sparing processes and products, thus 
mitigating emissions of fossil CO2 and other greenhouse gases (GHGs).  Microalgae mass cultures 
are currently used commercially in the production of high-value nutritional products, in wastewater 
treatment and aquaculture.  One commercial microalgae production plant in Hawaii is already using 
flue-gas from a small power plant as an exogenous source of CO2 required to grow algal biomass.  
Although still a relatively small industry (total world production is only a few thousand tons per 
year), microalgae technologies have considerable potential for economies of scale-up, productivity 
improvements and the overall cost reductions required for GHG mitigation. 
 
This Workshop, attended by 38 participants from energy companies, microalgae industry, 
governmental organizations and universities, was organized to discuss the prospects of microalgae 
technologies in mitigating greenhouse gases.  The consensus of the Workshop participants was that 
microalgae offer a variety of approaches to this goal,  including the production of energy sparing 
products (such as fertilizers, bioplastics) and processes (wastewater treatment and aquaculture), as 
well as the potential for large-scale systems for power plant CO2 capture and renewable fuels 
production.  These processes require significant long-term R,D&D (research, development and 
demonstration) efforts to achieve the scientific and technical advances required in practical algal 
mass cultivation, including high productivities, culture stabilities, biosynthetic pathways, biomass 
harvesting, and processing.  Integrated processes, with wastewater treatment for example, were 
indicated as near-term applications and could be used for initial demonstration and implementation 
of this technology.   
 
Current production costs of food microalgae biomass produced in standard design, approximately 
0.4 hectare raceway paddle wheel mixed ponds, are estimated at some $5,000/t (metric ton, organic 
dry weight), with about 80 t CO2 fixed into biomass per hectare per year.  Large productivity 
increases, to over 400 t CO2 fixed per hectare per year and cost reductions to $250/t, are deemed 
possible through scale-up of such systems and optimized operations, in particular algal harvesting 
and strain improvements.  R&D goals are to develop microalgal strains that overcome the current 
limitations in photosynthesis, can be mass cultured and can be easily harvested.  These productivity 
and cost goals are expected to be achievable at favorable sites by means of long-term, focused 
R&D efforts.  Near-term applications of microalgae for greenhouse gas mitigation are in municipal, 
industrial and agricultural wastewater treatment processes, and intensive aquaculture systems, 
where scales and productivities can be lower and economics less limiting. 
 
Microalgae systems can directly use fossil CO2 from power plant and other flue-gases without 
requiring CO2 separation, or, alternatively, they can be supplied remotely with concentrated CO2 
derived from such fossil fuel or other sources.  Land use, climatic, hydrological, topographical and 
infrastructure factors will, however, limit the applications of microalgae systems as these require 
very favorable sites and climates to achieve the productivities and economics demanded in fuel 
production.  The global or national potentials of microalgae in GHG mitigation have not yet been 
estimated, however   NEEDS WORK considering the small footprints required, compared to other 
biomass systems, and the varied applications of this technology. 
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A formal proposal for establishment of an International Network for research coordination and 
collaboration, operating under the IEA GHG R&D Programme, is being developed as a follow-up 
to this Workshop.  This proposal will be presented to the IEA Executive Committee at its next 
scheduled meeting in Regina, Canada, at the end of March 2001.  The present concept is for an 
energy industry-led "International Network on Microalgae Biofixation of CO2 for Greenhouse Gas 
Abatement", focused on practical R,D&D of microalgae systems that utilize concentrated CO2, 
preferably flue gas from stationary fossil sources.  Such processes would produce renewable fuels 
that substitute for fossil fuels and could also mitigate significant amounts of GHG through other 
means (e.g. reduction in CH4 or N2O emissions and reduction in fossil fuel utilization).  
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1.   INTRODUCTION AND BACKGROUND 

 
In recent years, major organized R&D efforts related to microalgae biofixation of CO2 and 
production of renewable fuels were carried out in Japan and the U.S. Currently, however,  
relatively few projects are ongoing in this field.  The experience of the prior R&D efforts suggested 
both the potential of microalgae technologies as well as the need for international R&D 
coordination and collaborations to overcome current technological limitations.  Energy industry 
involvement and leadership would greatly favor the practical application of microalgae systems to 
greenhouse gas abatement by helping focus R&D efforts on the most promising approaches.   
 
The Greenhouse Gas R&D Programme was established ten years ago by the International Energy 
Agency to evaluate technologies for the abatement/mitigation of greenhouse gas emissions, to 
disseminate information, to promote actions and to develop targets for appropriate R,D&D.  Some 
16 countries and the EU participate in this Programme, which is also sponsored by half a dozen 
major energy companies.  At the last meeting of the IEA GHG R&D Programme Executive 
Committee in August 2000, in Australia, Dr. Perry Bergman of the U.S. Department of Energy and 
Dr. Pierpaolo Garibaldi of EniTecnologie, proposed the establishment of a new activity for 
coordinating and fomenting practical R&D in the area of microalgae technology for greenhouse gas 
mitigation.   
 
The present Workshop was called to follow-up on that proposal, to review the technological basis 
of this field, to determine and elicit interest, in particular from the energy industry, in establishing a 
new activity or project, a "network" of interested participants that could help steer and coordinate 
R&D efforts, foster collaborations and encourage practical R&D.  The Department of Energy 
helped support this Workshop and EniTecnologie hosted it at its research facility in Monterotondo, 
near Rome, Italy.  The Agenda of the Workshop is attached (Appendix 1).  Over half of the invited 
attendees (see Appendix 2 for list of participants) came from major energy companies, with the 
remainder representing microalgae companies, universities, government and private organizations.  
A background paper on microalgae biofixation of CO2 (Appendix 3) and the slides used during the 
presentations (Appendix 4) are also attached. 
 
The Workshop started on January 22 with introductory presentations by Dr. Renzo Boni from 
EniTecnologie, Dr. Paul Freund from the IEA Greenhouse Gas R&D Programme, and Dr. Heino 
Beckert from the U.S. Dept. of Energy (Section 2.1).  These were followed by over a dozen 
technical presentations covering various aspects of microalgae biotechnology and applications to 
greenhouse gas mitigation, putting into context the variety of approaches and R&D efforts in this 
area of applied research.  These presentations are briefly reviewed in Sections 2.2 and 2.3.  The 
technical presentations were followed by an initial plenary discussion and two break-out sessions 
on biological and engineering/process R&D issues.  A final plenary meeting the following day 
(January 23) reviewed the breakout session outputs and discussed the potential of microalgae 
systems for greenhouse gas reduction.  The prospect for the utilization of power plant flue gas CO2 
for the production of renewable fuels with microalgae systems in large-scale systems was assessed.  
These plenary discussions and breakout sessions are summarized in Section 3, while in Section 4 
conclusions and recommendations are reported.   
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2. WORKSHOP PRESENTATIONS 
 
2.1  Introductory Presentations 
 
Renzo Boni, EniTecnologie, “Welcome and Introductions, ENI Interest in Biofixation” 
    
Dr. Boni presented EniTecnologie, the Corporate Technology Company of the ENI Group, whose 
almost 400 employees in the Rome and Milan area laboratories work to generate value through 
industrial innovations.  The Environmental Technology Research Center, in particular, deals with 
treatment of wastes and effluents, environmental protection, monitoring and remediation of 
polluted sites. It also has charge of developing sustainable technologies, including clean and zero 
emission processes, renewable resources and CO2 capture and disposal.  ENI policy in the field of 
GHG reductions is based primarily on near-term fuel-switching to natural gas and efficiency 
optimization, to voluntarily help meet the Italian goal of a 6.5% (some 100 Mt CO2) reduction in 
fossil CO2 emissions within 2010.  Long-term development of more advanced technologies that 
may allow more drastic reductions in GHG emissions if required is another goal.  In GHG 
abatement, EniTecnologie has joined the IEA GHG Programme and is networking with other 
organizations and activities, including BP/Amoco and other oil companies.   
 
In the field of reduction of fossil CO2 emissions, EniTecnologie has initiated four specific activities 
including in-house feasibility studies, experimental activities, and a project on microalgae 
biofixation.  The first subject is a life cycle analysis comparing global environmental impacts of 
pre-combustion decarbonisation and post-combustion CO2 removal options for a 500 MWe natural 
gas-fired power plant.  The second subject is the identification, evaluation and development of 
technologies for CO2 separation from flue gas.  Thirdly, underground disposal options are being 
evaluated in depleted gas fields in Italy.  The fourth project is the development of a technology 
based on microalgae biofixation for the utilization of flue gas CO2 and the production of renewable 
biofuels from the biomass.   
 
EniTecnologie has a strategy to set up parallel investigations of different sequestration options in 
order to develop a portfolio of technologies applicable to different locations, among which direct 
biofixation with microalgae is one long-term solution.  The global impact of the GHG problem, the 
complexity of the approaches, the high technical risk and the long-term nature of any GHG 
technology development, all suggest that microalgae direct biofixation R,D&D should be carried 
out in a broader, international context.   
 
Paul Freund, IEA Greenhouse Gas R&D Programme, "Options for an International Agreement" 
 
Dr. Freund reviewed the IEA GHG Programme, its objectives, method of operation and practical 
R&D activities.  Started in 1991, 16 member countries and the EU are presently participating, with 
five major energy companies and the U.S. Electric Power Research Institute (EPRI) sponsoring 
activities.  The Programme evaluates GHG abatement technologies, publicizes the results, 
organizes technical meetings, develops targets for appropriate research and facilitates practical 
RD&D through organization of international cooperations.  It has published many detailed 
technical reports on all aspects of GHG mitigation technologies. The Programme does not fund 
R&D but helps establish consortia for such activities, providing a legal framework and logistical 
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support.  Examples of ongoing practical R&D projects underway include monitoring underground 
storage of CO2, recovery of coal bed methane, a collaborative network of CO2 capture test centers, 
coal combustion in O2/recycled CO2 and a carbon capture project.   
 
The options for collaborative research activities under the IEA GHG R&D Programme are either as 
an additional Project under the existing Implementing Agreement Annex 1, or as a separate new 
Research Program under a new Annex.  The choice depends on the resources available and scale of 
activity, with a decision made once the contemplated scale of the work is defined.  Thus far, all 
activities have been carried out under the present Annex 1.  The organizational option under Annex 
1 is to manage a new research project under the IEA GHG office or to establish a distinct Project 
Management.  Again, the choice depends on the specific work being proposed, resources available, 
administrative needs and participants’ wishes.   
 
Heino Beckert, U.S. Dept. of Energy, "The DOE Fossil Energy Carbon Sequestration Program" 
 
NETL, the National Energy Technology Laboratory, one of 15 DOE National Laboratories, has 
1,100 employees and is located in both Morgantown, West Virginia, and Pittsburgh, Pennsylvania, 
with a smaller facility in Tulsa, Oklahoma.  The very large reserves of fossil fuels, in particular coal 
and methane hydrates, the rapid growth in CO2 emissions, and the inadequacy of alternative low-
carbon energy sources, make CO2 outputs the principal environmental problem to be solved.  All 
plausible CO2 mitigation options are being investigated, from CO2 separation and capture, direct 
sequestration into unminable coal seams, depleted oil/gas wells, saline aquifers and deep oceans 
and indirect CO2 mitigation routes such as forestation.  Currently sponsored research on so-called 
advanced concepts includes microalgae biofixation for enhanced photosynthesis and nutrient 
fertilization of the oceans, among others.     
 
The major projects involve combined coal bed methane production and CO2 storage concepts, 
ocean sequestration, research and integration of fossil fuel production and use with terrestrial sinks.  
The latter involve improved agricultural and forestry processes, for examples, through the 
application of coal combustion by-products to marginal soils to increase productivity (CO2 sinks) 
and through energy company activities in terrestrial sequestration projects (e.g. forestry 
preservation and development).  Recently, a number of advanced concepts have been funded, 
including several on microalgae biofixation (see presentation by M. Olaizola, for an example).   
Funding for this Program has increased from only about $1 million in recent years to somewhat 
over $20 million in the current Fiscal Year (see www.fe.doe.gov for additional information).  
 
 
2.2  Plenary Technical Presentations 
 
Mario Tredici, University of Florence, "Microalgae Biotechnology and CO2 Biofixation" 
 
Prof. Tredici provided a brief introduction to microalgae culture, contrasting the current production 
of microalgae in conventional (raceway, paddle wheel mixed) open ponds and tubular reactors, 
with natural systems, such as those where microalgae are harvested from highly eutrophic lakes.  
He argued that while the current cost of commercial algal production was some $5,000 per ton, the 
allowable cost for biofixation and fuel production was only $250 per ton (see Weissman), a large 
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cost reduction being required.  Technical issues in large-scale algal mass culture include 
contamination and culture stability, productivity, high capital costs and the problem of harvesting.  
As practical examples of microalgae systems, he presented the case of Spirulina and other 
cyanobacteria (blue-green algae) which tolerate extreme conditions, can grow at high pH in 
alkaline environments, and the biomass can be used for multiple purposes: food, feed, energy, 
chemicals, biofertilizers and environmental remediation (heavy metal uptake).   
 
Spirulina (technically Arthrospira platensis), which is produced commercially in large ponds and 
can be cultivated in closed photobioreactors, also grows profusely in certain alkaline lakes in 
Africa.  There, this alga is harvested (by simply filtering through cloth) by local people and used as 
a food stuff.  At one small lake in Chad, Lake Kossorom, about 40 tons microalgae are being 
harvested, a production rate of over 6 tons per hectare.  Even natural systems have the potential for 
relatively high productivities, although not approaching those of algal mass cultures.  
 
Next, he addressed the potential of microalgae fixation of N2 into ammonia and organic fertilizer.  
Some cyanobacteria are known to carry out such a nitrogen fixation process, and have been 
extensively investigated in India and other countries as a source of nitrogen fertilizer in rice 
agriculture.  There the algae can be grown as an intercrop or a green crop after rice transplantation, 
before canopy closure.  He pointed out that even relatively low productivities could provide a large 
boost in nitrogen fertilizer, thus reducing or even avoiding the need for chemical fertilizers, which 
are produced at enormous cost in fossil fuels and CO2 emissions.  He suggested that low-cost 
closed photobioreactors could be used to produce the algal cultures required to inoculate such rice 
fields. 
 
This talk engendered some discussion regarding the status of this technology.  Despite considerable 
research, the practical applications of nitrogen-fixing cyanobacteria in rice field, or agriculture 
generally, have not been demonstrated or developed in practice.  Although nitrogen-fixing 
microalgae certainly grow profusely in rice paddies, and can contribute significantly to the nitrogen 
economy of rice production, the management and optimization of this phenomenon is not yet at 
hand.  This was considered by several participants an important and promising area of research, as 
reducing nitrogen fertilizers in agriculture would significantly reduce fossil CO2 emissions.   
 
John R. Benemann, Consultant, "The U.S. Experience in Microalgae Biofixation" 
 
Dr. Benemann presented an overview of microalgae technology development in the U.S., starting 
with the work of the Carnegie Institute of Washington 50 years ago (Burlew, Algal Culture from 
Laboratory to Pilot Plant, 1953).  He pointed out that essentially all the problems and issues of 
practical microalgae mass culture were already investigated at this early date, during the first 
international collaborative R&D effort in this field.  The central focus of that work, as of present 
research, was the potential for achieving very high productivities with microalgae systems, as 
compared to conventional agricultural plants.  Indeed, the first pilot-plan project, involving tubular 
rooftop photobioreactors, "suggested" annual yields of 40 metric tons dry weight per hectare per 
year (t/ha/y) for a biomass with a high protein (50%) content. 
 
The advantages of microalgae mass culture, already noted 50 years ago, include the fact that the 
algal density can always be maintained near the optimal density for light absorption and 
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productivity, avoiding the long-periods of plant establishment experienced in higher plant 
agriculture.  Also, microalgae do not have non-productive supporting structures (stems, roots, etc.) 
and microalgae cultivation can use lands unsuitable for conventional agriculture.  Indeed, even the 
use of microalgae for fuel production had been anticipated by these researchers, who although not 
able to estimate the growth area required or costs, pointed out that such a process can have a 
"positive energy balance" in the ratio of output to input energy.   
 
The two central R&D themes in this field of research had already emerged at that time: the 
efficiency of utilization of sunlight and the design of the mass culture process.  Efficiency is limited 
mostly by the so-called saturating light effect: microalgae can utilize only a fraction of the full 
sunlight to which they are exposed when at the surface of the cultivation vessel.  The four major 
approaches of how to overcome this limitation were also known at the time: use of microsecond 
pulses of light ("flashing light"), high turbulence, dilution of sunlight (such as with the optical fiber 
photobioreactors most recently investigated in Japan), and improved strains of microalgae, 
"mutants … that can utilize light of very much higher intensity".  Today, only the latter approach is 
considered practical, and recently some research was initiated in Japan and the U.S. on this subject, 
although much more R&D will be required to achieve the full potential of solar energy conversion 
with microalgae.  
 
A major advance since that early work has been the development of open pond, raceway, paddle 
wheel mixed photobioreactors, which have become the standard in the microalgae industry over the 
past quarter century.  They combine low cost with good hydraulic performance and operational 
flexibility.  Large production plants for Spirulina (California) and Dunaliella (Israel) were shown.  
The California Spirulina plant includes two large (> 3 ha) unlined raceway ponds, similar to those 
being proposed for algal biofixation of CO2.   
 
For a period of about 20 years, from 1975 to 1995, the U.S. Department of Energy carried out 
research on microalgae biofixation, initially to develop microalgae wastewater treatment processes, 
but then mostly focused on technology and engineering of large-scale microalgae production for 
fuels and CO2 biofixation (the Aquatic Species Program, ASP). This work culminated in the 
Roswell, New Mexico pilot plant project (see presentation by J. Weissman).  The ASP also 
confirmed that flue gas could be used to provide CO2 to microalgae cultures without deleterious 
effects.  The U.S. DOE program in biofixation also carried out extensive engineering and resource 
analyses.  These suggested that, at relatively large scales (several hundred hectares) and, assuming 
that high solar conversion efficiencies could be achieved, the overall economics of microalgae 
biofixation could plausibly allow for the production of renewable fuels and GHG mitigation.  Dr. 
Benemann concluded  that in the near-term microalgae wastewater treatment processes could be 
used to demonstrate microalgae CO2 biofixation and greenhouse gas mitigation technologies, while 
the longer-term high productivity and low-cost microalgae biofixation technologies are being 
developed. 
 
Yoshi Ikuta,  SeaAg Japan, Inc., “The Japanese Experience in Microalgae Biofixation” 
 
Mr. Ikuta, formerly with Mitsubishi Heavy Industries (MHI), managed several joint R&D projects 
with Japanese electric utilities on microalgae biofixation of CO2 and hydrogen production, carried 
out through  the mid 1990's.  With Tokyo Electric Power Co., MHI developed a photobioreactor to 
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produce liquid fuels and other products.  The photobioreactor consisted of optical fibers feeding 
light into the small volume, to result in higher efficiency of light utilization by distributing the light 
energy throughout the volume of the culture. 
 
In Osaka, Kansai Electric Power Co. operated a biohydrogen production project which involved 
two stages: a microalgae biofixation stage and a photosynthetic bacteria H2 production stage.  The 
algal stage, cultivating the green flagellate Chlamydomonas in about 2 m2 paddle wheel mixed 
raceway ponds, accumulated starch, which was fermented by the algae to produce substrates for H2 
evolution by the photosynthetic bacteria.  This project demonstrated the ability of coupling two 
such demanding processes.   
 
At Tohuku Electric Power Co., in Sendai, Japan, an outdoor algal cultivation using actual flue gas 
was carried out.  Two small ponds were established and operated for some 16 months.  During the 
five most productive months of the spring to autumn period, productivities averaged some 17 
g/m2/d (peak productivity some 22 g/m2/d).  The alga cultured was a Tetraselmis species which had 
appeared spontaneously and replaced the earlier inoculated strains (Nanno-P and Phaeo-2) obtained 
from the U.S. Aquatic Species Program.  This project demonstrated that it is possible to use actual 
power plant flue gas in a stable algal production process.   
 
For the past few years, Mr. Ikuta has been President of SeaAg Japan, Inc., a small company that 
grows diatoms in paddle wheel mixed ponds to feed clams in aquaculture processes.  Mr. Ikuta 
showed the algal biofixation and clam grow-out operations in Japan.  He noted the high efficiency 
with which CO2 was used in these systems (some 90%), and the conversion of algal biomass into 
clam meat.  He also discussed the potential of microalgae growing in rice fields for production of 
fertilizers and weed suppression.  He pointed out that rice field cyanobacterial cultivation could 
result in a large mitigation in greenhouse gases through substitution of fossil-fuel derived 
nitrogenous fertilizers.  
 
Paul Roessler, Dow Chemical,  "Microalgal Genomics and Molecular Biology"  
 

Dr. Roessler reviewed algal genetic engineering and the tools currently available for such work.  At 
present, a number of green algae, red algae, dinoflagellates, diatoms and cyanobacteria have been 
genetically transformed. Among the eucaryotic algae, Chlamydomonas has the been the most 
actively studied with respect to genetic manipulation.  Transformation systems for introduction of 
DNA include particle bombardment, agitation with glass beads and silicon carbide whiskers, 
microinjection, and protoplast fusion. A number of selectable markers are available for nuclear 
transformation of microalgae, mostly conferring antibiotic resistance but also some that overcome 
mutations in the host cells (e.g., mutations in amino acid synthesis, nitrate utilization, etc.), reduced 
sensitivity to inhibitors, etc. Selectable markers for chloroplast transformation are also available, as 
are reporter genes (such as those that encode proteins that fluoresce or those that catalyze the 
production of colored products).  Dr. Roessler also reviewed the various genetic elements required 
for genetic engineering, in particular the promoters available.  He pointed out that most successes 
have been with homologous promoters, that is those from the strain being engineered.  Microalgal 
genomics is also rapidly advancing.  For example, five cyanobacterial genomes have been fully 
sequenced and many Chlamydomonas cDNA clones have been sequenced as part of an EST 
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(“expressed sequence tag”) project.  In addition, for some dozen eucaryotic algal species, the 
chloroplast genome has been fully sequenced.  Dr. Roessler reviewed work ongoing on 
manipulation of chloroplast genes and on homologous recombination for nuclear genes (which is 
rare).  
 
In conclusion, the field of microalgal genetics is moving rapidly, but is still lagging relative to other 
organisms.  We currently have a greater understanding of the molecular biology of 
Chlamydomonas than for any other alga at this point, making it the organism  of choice for many 
types of studies, especially photosynthesis research.  However, transformation techniques for other 
eucaryotic algae are being developed that will open many avenues for research and product 
development.  Key research focus areas will be in enhanced photosynthetic efficiencies, improved 
nutrient utilization, reduced photorespiration and increased salinity tolerance.  Research concerning 
specialized product formation via metabolic engineering and heterologous gene expression will 
also be of great importance.  Better product yields are also required, which can be achieved by 
alterations in carbon partitioning. These research areas will be facilitated by the development of 
enhanced genetic tools and information, including transformation systems with higher efficiency, 
genomic information (including global gene expression analyses), the isolation of specific genes 
and promoters, and systems to achieve high-efficiency homologous recombination of nuclear 
genes. 
 
Dr. Roessler reviewed algal genetic engineering and the tools currently available for such work.  At 
present, a number of green algae, red algae, dinoflagellates, diatoms and cyanobacteria have been 
transformed.  Transformation systems for introduction of DNA range the gamut from glass beads 
and silicon carbide whiskers to microinjection and protoplast fusion.  Among the eucaryotic algae, 
Chlamydomonas has the best developed genetic systems.  A number of selectable markers are 
available for nuclear transformation of microalgae, mostly conferring antibiotic resistance but also 
curing amino acid requirements, allowing growth in the dark on glucose, increased sensitivity to 
inhibitors, etc. Selectable markers for chloroplast transformations are also available, as are reporter 
genes (for example making the cells fluoresce, which can be easily screened for).  Dr. Roessler also 
reviewed the actual genetic elements required for genetic engineering, in particular the promoters 
available.  He pointed out that most successes have been with homologous promoters, that is those 
from the strain being engineered.  Microalgal genomics is also rapidly advancing, with five 
cyanobacterial fully sequenced and Chlamydomonas DNA already extensively sequenced.  For 
some dozen eucaryotic algal species the chloroplast genome has been fully sequenced.  Dr. 
Roessler reviewed work ongoing on genetics in chloroplast genes and homologous recombination 
for nuclear genes (which is rare). The method of choice for genetic modifications is random 
insertional mutagenesis with selectable markers or transposons.  
 
In conclusion, the field of microalgal genetics is moving rapidly, but relative to other organisms is 
lagging.  The molecular biology of Chlaymodmonas is fairly well established at this point and is the 
organism of choice for such studies.  However, transformation techniques for other eucaryotic 
algae are being developed that will open many avenues for research and product development.  
Research focus areas must be in enhanced photosynthetic efficiencies, improved nutrient 
utilization, reduced photorespiration and increased salinity tolerance.  Better product yields are also 
required, which can be achieved by alterations in C partitioning. The basic genetic tools and 
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information must still be developed, from high efficiency transformation to genomics and from 
gene and promoter isolation to homologous recombinations. 
 
Norihide Kurano, Marine Biotechnology Institute, Japan, "Biological CO2 Fixation and 
Utilization Project"  
 
This presentation reviewed the research carried out for a decade (1990-2000) within the 
MITI/NEDO/RITE microalgae CO2 biofixation project.  This program involved 15 private 
companies and the Marine Biotechnology Institute, as well as collaborative work with several 
universities.  Microalgae were considered suitable for this purpose since their maximum growth 
rate is much faster than that of terrestrial plants.  The objectives of the research were to screen for 
microalgae strains and conditions that could result in fixation of 1 g CO2/l/d (10 hour light period) 
in the laboratory, and development of novel photobioreactors that result in fixation of 50 g 
CO2/m2/d outdoors.   
 
The project included a wide search for strains selected for high efficiency and useful substances, 
physiological characterization and genetic modification of the strains, and final use in bioreactors. 
Over 10,000 strains were isolated, pre-cultured on 96 well plates, screened for CO2, temperature, 
pH and salinity tolerance, and then screened for good growth, maximum cell densities, O2 
evolution, etc.  Selected algal strains, Chlorella sp.UK001, Synechocystis aquatilis SI-2 and 
Botryococcus braunii SI-30, were investigated for optimized growth and production in up to 200 l 
reactors.  Photobioreactors were developed using optical fibers, although these were considered 
problematic due to the large light losses in the connections.  Vertical flat plate (VFP) and helical 
tubular reactors, as well as hybrid types were also investigated.  In 1999, maximum rates with S. 
aquatilis were 64 g CO2/m2/d for a VFP reactor over a one week period in summer. A total system 
design for a 1,000 MW LNG Power plant, producing 1.7 MMt CO2/y, suggested that about 1% of 
this could be fixed in a 1 km2 system (assuming some 50 g CO2/m2/d average). The costs of 
biomass production were estimated to be ten times higher than that of conventional agricultural 
products.  It was pointed out during the discussion that the rates of CO2 fixation set as goals and 
achieved by this project were similar to other microalgae processes.  
 
Avigad Vonshak, Ben Gurion University, Jacob Blaustein Institute for Desert Research "Stress 
Physiology of Dense Outdoor Algal Cultures" 
 
Dr. Vonshak presented the results of outdoor cultivations of Spirulina subjected to diurnal 
variations in light, temperature and O2 (produced by photosynthesis and accumulating to several-
fold of air saturation levels).  The photochemical efficiency (e.g. productivity) of the outdoor 
cultures, can be assessed by means of fluorescence measurements, which directly measure the 
efficiency of photosynthesis (specifically photosystem II).  Efficiencies drop dramatically during 
the middle of the day, due to the inhibitory effects of high sunlight.  Increased mixing increases 
efficiencies (decreases inhibition), although the nature of this effect is still uncertain.  Shading the 
cultures, or growing them in greenhouses also reduces the inhibition seen during high light, and 
results in productivity increases (from about 20 g/m2/d in the unshaded culture to 26 g/m2/d in the 
greenhouse culture). This can be also seen with direct measurements of photosynthetic activity, 
where the unshaded culture had a significant decrease in mid-day productivity (O2 evolution) 
compared to a 25% shaded culture.   
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In another example, the effect of temperature on cultivation of Monodus subterraneus was 
investigated: in outdoor cultures at 24oC a significant inhibition of photosynthesis was noted 
starting from early morning, by fluorescence and electron transfer measurements compared to 
28oC. In a diurnal temperature regime (13.5 - 28oC), a strong inhibition in these photosynthetic 
parameters as well as biomass productivity was noted.  The diurnal temperature history of the 
culture has major effects on productivity.  
 
Dr. Vonshak recommended the use of such direct measures of photosynthesis for helping guide the 
research on microalgae productivity. Which is going to be a key issue in any attempt to develop a 
commercially viable system for using microalgae as a tool in biofixation of CO2. He also briefly 
described the research on tubular photobioreactors, stating that these could be as cost-effective as 
open pond systems.  
 
Miguel Olaizola, Aquasearch, "The Issue of Cost of Biological Sequestration of CO2: Closed 
Systems Offer a Solution" 
 
Open outdoor cultures (ponds and raceways) are limited to growing weed-like algae such as 
Chlorella or species that selectively grow in adverse growth conditions (Spirulina, Dunaliella), 
otherwise inoculated strains are easily outcompeted by contaminating organisms.  The solution is 
large (>10,000 liter) enclosed photobioreactors.  Though more capital intensive than open pond 
systems, they prevent contamination, allow better control over environmental conditions, achieve 
higher productivities, have lower operating costs and can grow more algal species and products 
than open ponds.  Dr. Olaizola gave the example of astaxanthin, a red pigment used in the 
aquaculture industry and also as a human nutraceutical worth, at the consumer level, as much as 
$200,000 per kg.  
 
Aquasearch Inc., in collaboration with Physical Science Inc. and the Hawaii Natural Energy 
Institute, has received a 3-year contract from the U.S. Dept. of Energy to investigate the use of such 
closed photobioreactors for the purposes of reducing CO2 emissions from power plants in 
combination with the production of high value co-products.  The goal is to offset CO2 mitigation 
costs down to $10/ton.  This project will isolate and screen strains, test them in laboratory and 
outdoor reactors, use power plant flue-gases and carry out related studies which would then be 
followed-up with engineering and economic analyses.  The question that this work will answer is 
whether microalgal sequestration of CO2 makes sense.  
 
Gerald Cysewski, Cyanotech Corp., “Carbon Dioxide Recovery in Open Pond Culture of 
Spirulina” 
 
Dr. Cysewski reviewed the Cyanotech installation, located on 36 hectares in Kona Hawaii, with 67 
algal production ponds in operation.  These are paddle wheel mixed, raceway, plastic lined, average 
2,900 m2 each.  Two algal species are grown there, Spirulina ("Pacifica") and Haematococcus 
pluvialis (a source of astaxanthin, used in salmon aquaculture and as a human nutritional product).  
The Kona site has ideal environmental conditions, with low rainfall, high solar radiation and warm 
year-round climate.  However, costs of production are high.  Land clearing is $150,000/ha, due to 
the lava beds on which this facility is located.  This also requires expensive reinforced plastic 
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liners, at some $76,000/ha.  Costs for paddle wheels and piping are some $86,000 per hectare and 
$52,000/ha respectively (this is per ha of growth pond surface).   
 
To these high capital costs must be added the high local price of CO2 ($310 per ton). This led to the 
search for a cheaper source of CO2.  The highly alkaline media (typically some 16 g/l of sodium 
bicarbonate) and high pH (above 10) in which Spirulina is cultivated makes it relatively easy to 
store CO2 in these ponds.  A decrease of pH 10.5 to 10 will absorb sufficient CO2 to produce 1.3 g/l 
of cells.  Even a very shallow pond stores sufficient CO2 so as not to require recharging this 
nutrient between harvests.  Cyanotech uses an annual average of some 366 kW of power, some 156 
kW for pond agitation and 210 kW for processing (harvesting, drying, etc.).  To meet the dual 
needs for power and CO2, Cyanotech installed a small power plant, with three generators (180 kW 
each operating capacity) two of which are used at any time.  The stack gas comes out at some 
485oC at 20 scm/min and contains 8% CO2, or 188 kg/hr of CO2.  This is transferred to the bottom 
of a CO2 absorption tower, 2.4 m diameter and with some 6.4 m high packing material. The spent 
culture medium (after harvesting the Spirulina) comes in at the top and is collected in the bottom.  
The countercurrent absorption system is 75% efficient, and provides some 67 t CO2/month, 
supporting 36 t/mo of Spirulina production.  With a stated productivity of 10 g/m2/d, this is enough 
to provide CO2 to 120,000 m2 (12 ha) of culture, or some 41 average size ponds.  Economics of this 
process are very favorable, generating an annual income (credit) of $250,000 for the CO2 recovered 
and $338,000 for power, vs. $119,000/y for fuel costs and $178,000 in capital and operating costs,  
yielding a net income of some $292,000. Operational problems were encountered, in particular with 
the computer controls but overall this has been a very successful process improvement.  The system 
was recently patented. 
 
F. Bailey Green, Oswald Green, LLC, and University of California, Berkeley, "Avoidance and 
Mitigation of Greenhouse Gas Emissions and Microalgal Biofixation of CO2 Using the AIWPS®  
Technology" 
 
Dr. Green reviewed microalgae applications in wastewater treatment with  emphasis on the 
multipond  Advanced Integrated Wastewater Pond Systems Technology (AIWSP®) developed at 
the University of California Berkeley by Professor W. J. Oswald and his team over the past half 
century.   This multi-stage technology combines primary treatment (settleable solids removal and 
anaerobic digestion) in Advanced Facultative Ponds (AFPs) with secondary treatment (further 
removal of biochemical oxygen demand) in High Rate Ponds (HRPs).  In the AFPs deep 
fermentation cells act as in-pond digesters, where organic solids settle and undergo methane  
fermentation.  In the HRPs (shallow, paddle-wheel mixed raceways ponds), the O2 produced by the 
intensive microalgae supports the bacterial oxidation of waste organics.  The HRPs are then 
followed by algal settling ponds for removal of most of the algal cells, thereby also removing  
nutrients.  Depending on conditions and degree of treatment required (e.g. tertiary treatment for 
removal of nitrogen and phosphorous nutrients), a dissolved air flotation system and/or maturation 
ponds would follow to remove remaining algal cells.  The effluent from these systems can be re-
used for agricultural or landscape irrigation or further polished to meet any re-use standards 
including indirect potable reuse. 
 
A number of AIWPS®  Facilities are operating in California and the Western United States, and 
about 25 countries around the world.  The efficiency of large-scale municipal AIWPS® Facilities 
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have been proven over the past thirty years of application.   The AIWPS® Technology has also 
been successfully applied for agricultural and industrial waste management.  These systems   
reduce greenhouse gas emissions by two major mechanisms.   In the primary AFPs, the methane 
rich (typically >85%) biogas produced can be collected using submerged gas collectors, thereby 
reducing the atmospheric emission of this potent greenhouse gas while recovering a renewable fuel.  
Sufficient biogas could be produced to generate the modest power requirements for operation of a 
secondary AIWPS® facility.  High Rate Ponds, typically paddle wheel mixed, have much lower 
electrical energy requirements than conventional treatment processes using mechanical aeration, 
thus reducing fossil CO2 emissions associated with electricity use in wastewater treatment.  
Finally, if the algal biomass is harvested from the ponds, it too can be converted to biogas and used 
to produced additional power, thus further reducing fossil fuel consumption. 
 
The algal cultures in the ponds are often C-limited, and supplemental CO2 would greatly enhance 
algal productivity in the HRPs.  The additional biomass thus produced could generate additional 
methane fuel  by anaerobic digestion.  Increased biomass production would also result in   
additional nutrient removal, improving the effectiveness of such systems in tertiary treatment.  The 
use of exogenous CO2 in algal waste water treatment is a major R&D need in this field, as it could 
increase the waste treatment effectiveness of such processes while abating greenhouse gas 
emissions. 
 
David Brune, Clemson University, “Greenhouse Gas Mitigation with a Sustainable Aquaculture 
Process"  
 
Dr. Brune presented the work at Clemson University on the Partitioned Aquaculture System (PAS), 
which uses paddle wheel mixed ponds and separates the pond fish culture into a series of separate 
physical/chemical/biological processes linked together hydraulically.  The paddle wheel mixing 
provides good hydraulic control, even mixing, and maximizes algal growth, outgasing and waste 
treatment functions, greatly reducing the environmental impacts of such systems.  Over 60,000 ha 
of catfish ponds are currently operating in the U.S. South, the immediate target for this technology.   
 
 
The algal biomass (approximate composition C108H152O55N16P, 50% C) generates some 2.67 g O2/g 
C assimilated.  In the PAS algal photosynthesis increases from typically 1-3 g C/m2/d to 10 – 12 g 
C/m2/d, allowing a reduction in the amount of mechanical aeration required by 75 to over 90%, 
saving considerable electricity, making up for most of the increased power required for mixing.  
Most importantly, these systems increase fish production (both for the main catfish product and 
also for algae-consuming Tilapia, stocked in the ponds to consume part of the algal blooms).  The 
economics of such systems are quite favorable. 
 
Dr. Brune reviewed U.S. GHG emissions, 27% of global, in the context of microalgae aquaculture 
and waste water treatment systems.  U.S. fossil CO2 emissions currently are about 1,400 million T 
C/y  (fossil CO2), with another 280 million T Ceq/y from anaerobic processes (CH4 and N2O, Ceq 
is the equivalent global warming compared to CO2).  Municipal waste waters are estimated to 
contribute only some 7.3 million T Ceq/y, of which some 40% is due to anaerobically produced 
GHGs, the remainder due to energy consumption during such processes.  Even with organic 
industrial waste waters, presently not well quantified, GHG emissions from waste waters would 
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likely not exceed 1% of US GHG emissions.  Agriculture, by contrast, contributes over 10% of 
U.S. GHG emissions, some 183 million T Ceq/y, of which somewhat under 50% is from fossil CO2 
emissions and the remainder from anaerobic emissions.  About one-third of agricultural emissions 
is due to manure management emissions of CH4 and N2O (about equal contributors).  Animal 
manures contain some 65 times more C and 32 times more N than domestic waste waters.  
Globally, agricultural manures contribute some 200 million T Ceq/y, some 3% of total global GHG 
emissions.  Of course, significant uncertainties are inherent in these estimates, but they suggest the 
magnitude of the animal waste resource. 
 
In calculating the GHG mitigation by the PAS, compared to conventional aquaculture, three 
different GHG emission sources can be considered: the feed used, the anaerobic emissions (CH4 
and N2O), and the use of electric power (fossil CO2).  Detailed calculations of these GHG 
emissions show an overall reduction of over 50%, from 2.0 kg Ceq/kg of product (fish flesh) for 
conventional systems to some 0.8 kg Ceq/kg of product for the current PAS system.  This 
difference is due, essentially, to the much lower CH4 emissions from the PAS compared to 
conventional aquaculture ponds.   
 
Dr. Brune also presented an estimate for an advanced PAS process, which would use waste waters 
as a source of nutrients and use CO2 fertilization to maximize algal production, with algal recovery 
and anaerobic digestion to provide methane fuel.  In a theoretical calculation, assuming some 10% 
of manures treated on 120,000 hectares by such a system, a greenhouse gas reduction potential of 
some 8.2 million T Ceq/y was estimated.  However,  two thirds of this mitigation would come from 
the GHG reductions due to substituting fish with beef, a somewhat problematic extrapolation, 
considering the relative markets for these products.  In conclusion, aquaculture systems, 
particularly in combination with animal waste treatment, have considerable potential for GHG 
reduction in the U.S. and globally. 
 
Joseph C. Weissman, SeaAg, Inc. "System and Process Design".   
 
Dr. Weissman reviewed issues in large scale microalgae culture and biofixation of CO2.  The key 
issues are scale-up, costs, efficient CO2 utilization and productivity.  Regarding scale-up he pointed 
out that in closed photobioreactors O2 accumulation becomes a limiting factor with increasing 
length of the tubes and decreasing diameter and fluid velocity.  Open ponds, due to the large 
surface area available for outgasing, will be self-limiting in oxygen accumulation.  In open ponds 
the transfer of CO2 is not a major issue, as CO2 can be transferred with high efficiency in sumps, 
operated either co- or, for flue-gases, counter-currently.  Also, outgasing from ponds can be limited 
to a small fraction of CO2 utilized by the algae by operating the ponds within a defined range of 
alkalinity, pH and mixing velocities that is compatible with large-scale, low-cost production.  He 
also pointed out the major problems with temperature control in closed photobioreactors, the 
impossibility of preventing contamination in closed systems and the small maximum scale for 
individual growth unit.  In brief, he concluded that closed reactors have significant limitations in 
low-cost processes such as required for biofixation of CO2. 
 
Dr. Weissman then reviewed some results from the Roswell, New Mexico pilot plant work (1988-
1989), where two 1,000 m2 paddle wheel mixed raceway ponds were operated for the purpose of 
determining the achievable algal productivity, CO2 utilization efficiency and to compare plastic 
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lined with unlined ponds.  CO2 transfer and overall utilization efficiencies were high, and a 
practical process should approach some 90%.  In small-scale ponds productivities with several 
diatoms averaged over 30 g/m2/d in experiments of up to several months.  Light conversion 
efficiency was high and stable, averaging over 7% of PAR (about 3.5% of total solar).  The larger 
ponds had lower productivity, maximally about 20 g/m2/d in summer and only about 10 g/m2/d 
year-round.  The unlined pond had about a 10% lower productivity than the lined pond.  However, 
these differences, between the larger ponds and with the smaller units were probably due to the less 
optimal hydraulic and other operational conditions achieved in these large-scale experiments than 
due to any inherent limitations.  More importantly, the Roswell site was climatically unfavorable 
(freezing over for several months each winter), accounting for the relatively low annual 
productivity.  Overall, these experiments demonstrated that it is possible to stably mass culture 
selected green algae and diatoms on a large scale and that unlined ponds do not pose significant 
limitations in algal cultivation. 
 
Dr. Weissman pointed out that the ultimately major limiting factor in algal productivity is the light 
saturation effect.  Essentially, as light intensity increases, quantum efficiency, and thus 
productivity, declines.  He noted that transient peaks in productivity are observed in outdoor 
systems, sometimes approaching 50 g/m2/d, an observation requiring further research.  He 
concluded that open pond systems could cultivate a much larger diversity of microalgae strains than 
currently used in commercial processes and would exhibit similar productivities as closed 
photobioreactors,  at a small fraction of their costs. 
 
 
2.3    Short Technical Presentations  
 
Sebastian Thomas, Parry Agro Industries, Ltd., India, "Microalgae Cultivation and Process 
Systems in India" 
 
Mr. Thomas presented the microalgae research and development work in Chennai (formerly 
Madras), India, by the Murugappa group.  This work started with village-level Spirulina production 
systems during the mid 1970's, involving low-cost technologies, such as mixing small ponds by 
human power, wind, low cost harvesting, solar drying, etc.  About ten years ago the Company 
decided to construct a world-class, state-of-the art facility for the production of Spirulina and 
Dunaliella (for beta-carotene).  Most recently Parry Agro has carried out pilot studies for the 
production of Haematococcus pluvialis using open pond systems for both the green and red stages.  
This is a major advance in the current state-of-the-art, in that up to now at least the green stage has 
only been cultivated in closed systems.  India has enormous potential for developing a microalgae 
industry due to the favorable climatic, human resource and economic conditions.   During the 
discussion, the potential of establishing microalgae waste treatment facilities in India that could 
also generate biofuels was pointed out.    
 
Mr. Thomas presented the microalgae research and development work in Chennai (formerly 
Madras), India, by the Murugappa group.  This work started with village-level Spirulina production 
systems during the MID 1970's. This work involved low-cost technologies, such as mixing small 
ponds by human power, wind, low cost harvesting, solar drying etc.  About ten years ago the 
company decided to construct a world-class, state-of-the art facility for the production of Spirulina 
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and Dunalliella salina (for beta-carotene).  Most recently Parry Agro has carried out pilot studies 
for the production of Haematococcus pluvialis using open pond systems for both the green and red 
stages.  This is a major advance in the current state-of-the-art, in that up to now at least the green 
stage has only been cultivated in closed systems.  India has enormous potential for developing a 
microalgae industry due to the favorable climatic, human resource and economic conditions.  
During the discussion, the potential of establishing microalgae waste treatment facilities in India 
that could also generate biofuels was pointed out.  
 
Rene Wijffels, Wageningen University, "Enclosed Photobioreactors: Light Regime, Photosynthetic 
Efficiency, Scale-up and Future Prospects" 
 
Dr. Wijffels started by showing the 250 ha, 1 million m3 pond system in Australia producing 100 
million $ US of beta-carotene.  However, these are very low productivity systems, with only 1 ton 
dry matter/ha/y produced (though containing 10% beta-carotene), at a culture density of some 0.4 
g/l.  By contrast, tubular photobioreactors, such as developed by Prof. Tredici in Florence, could 
produce the same amount of dry matter in only 3.1 ha, with a density of 3 g/l (using some 231 km 
of tubes).  This comparison demonstrates the great potential of closed tubular reactors in algal 
production.  
 
The bottlenecks in microalgae mass culture are light and gas supply, gradients in O2 concentration, 
variable conditions in outdoor cultivation and "exotic" bioreactors.  Solutions must be on lower 
cost, mixed cultures, low tech systems, and focus on high value products.  One photobioreactor 
suitable for such applications would be a cylindrical unit with airlift mixing and a light path of 3 
cm.  This could achieve 6 g/l cell density, with some 57 cylinders providing 510 m3 of liquid 
culture.  In conclusion, Dr. Wijffles suggested the possibility of using solar lenses and mirrors to 
control light and temperature in such photobioreactors.  Due to high costs, no large scale systems 
can be contemplated for  such designs and their application would be to produce high value 
compounds.  
 
Pieternel Claassen, ATO The Netherlands, "CO2 Abatement Related Research at ATO" 
 
Dr. Claassen presented some work related to renewable resources at ATO, focusing on acetone-
butanol and H2 fermentations. ATO is also participating in national and EU projects on 
autotrophic, heterotrophic and mixotrophic microalgae production, with a total budget 7 million 
Euros.  ATO's tasks in these projects are the cultivation of heterotrophic microalgae, harvesting 
(centrifugation, membrane filtration), analysis of biomass and components, cell disruption, 
downstream processing and study of metabolic fluxes (fatty acids, polysaccharides and proteins).  
This work is still at an initial stage.   
 
Yasuyuki Ogushi, Mitsubishi Heavy Industries, "Utilization of Marine Microalgae as an Ethanol 
Source and Fermenter” 
 
This project was a collaboration between Mitsubishi Heavy Industries, Ltd. and Tokyo Electric 
Power Co., with the objective of evaluating the potential for ethanol production by a green alga, 
Chlamydomonas sp.  The concept was to grow the alga in the light to accumulate starch, and then 
use the endogenous enzyme system in the dark to fermentatively produce ethanol.  The alga was 
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selected based on a strain survey that assessed this strain superior overall in productivity (30 
g/m2/d), starch content (30%) and conversion of starch to ethanol (50%).  In a 438 ml fermentation 
of an 18% dry weight slurry of algal biomass, a 2% ethanol and 1.8 % 2,3-butanediol yield was 
obtained.  A conceptual process was outlined, claimed to be simpler and less energy intensive than 
other processes.  
 
 

3.  PLENARY DISCUSSIONS AND BREAKOUT SESSIONS 
 
3.1  Workshop Organization And Objectives  
 
John Davison, IEA GHG R&D Programme, “Workshop Aim and Activities” 
 
Mr. Davison presented a brief overview of the aims and activities planned for the Workshop.  The 
technical presentations had provided a thorough review of the status of development of biofixation 
of CO2 with microalgae.  The aim for the remainder of the Workshop would be to identify R&D 
needs for applications of this technology to GHG abatement.  The objective was for the participants 
to agree on necessary R&D activities, discuss options for collaborations and identify potential 
sponsors for this activity.   
 
This Workshop was structured similar to prior ones held by the Programme, with plenary and 
breakout sessions, to allow maximum participation.  The topics for the breakout sessions would be 
decided by the participants.  The information developed at this Workshop would be published as a 
report by the IEA GHG R&D Programme.  The outcome of this Workshop will be reported on and 
discussed at the next Executive Committee meeting in Canada at the end of March 2001. 
 
 
Paola Pedroni, EniTecnologie, “Proposal on Biofixation of CO2 and Greenhouse Abatement with 
Microalgae" 
 
The basic rationale for developing microalgae biofixation technologies by an oil company is that no 
single CO2 sequestration technology is applicable to all locations and a portfolio of different 
options must be investigated and developed.  The major targets for microalgae biofixation are fossil 
fuel power plants and other stationary sources, including industrial and agricultural processes and 
wastes.  By being able to use flue gas directly, microalgae systems can avoid the CO2 separation 
and disposal steps, recycling this waste product into environmentally friendly, renewable fuels, 
such as methane, biodiesel, ethanol, hydrogen, and chemicals, such as fertilizers and bioplastics.  
Microalgae mass culture technology is applicable world-wide in sunny climates, is modular, easy to 
scale up and the basic designs for large-scale production are well established.  
 
EniTecnologie has initiated a project to develop microalgae biofixation technology to convert solar 
energy and power plant CO2 into renewable fuels.  The R&D topics required for practical 
development and applications include:   
• Selection and improvement of the biological component, including "auto-selection" of strains      

under natural conditions (versus culture collection strains) 
• Maximization of algal productivity under operating (sunlight) conditions 
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• Maximization of algal biomass C-storage products 
• Development of large-scale, low costs system for the selected algal species 
• Management of algal species control to allow sustained monoculture production 
• Development of low cost, universally applicable, harvesting technologies  
• Improvements in the processes for converting algal biomass into fuels 
• Practical demonstrations in wastewater treatment and high value co-products  
• Engineering and economic feasibility analyses to help focus R&D priorities 
 
Dr. Pedroni emphasized the objective of the Workshop, which is to lead to the formation of a 
collaborative agreement for R&D on microalgae biofixation of CO2 as a GHG mitigation option.  
An International Network operating under the IEA GHG R&D Programme is envisioned for 
coordination and collaboration in the development of this technology.  The specific objectives of 
the proposed International Network would be to: 
• Promote world-wide collaboration in this field 
• Encourage practical development of this technology 
• Set-up a joint research project in common R&D objectives identified as most promising in the 

short- and long-terms. 
 
 
3.2  Initial Plenary Discussion 
 
After the above presentations, a short plenary discussion on the subjects to be discussed during 
breakout sessions was held and the targets for CO2 mitigation by microalgae biofixation were 
reviewed.  
 
Fossil CO2 inputs would be flue gas-derived CO2 sources and the main output products would be 
biofuels, to replace fossil fuels.  Very high solar conversion efficiencies, approaching 10% total 
solar energy, will be required for algal processes whose principal purpose is to reduce greenhouse 
gas emissions by producing renewable fuels.  This would amount to some 60 g/m2/d productivity or 
even higher (depending on C-content and biomass composition).  Cost of biomass production 
should be no higher than $250/t. Capital costs would need to be some $10/m2 ($100,000/ha) for the 
entire process, including infrastructure, harvesting, and processing.  Operating costs should not be 
much higher than $10,000/ha/y.  These productivity and production costs guidelines are based on 
the relative value of solar energy compared to fossil fuels.  A cost-goal for CO2 mitigation was 
stated, which is generally given as some $10/t CO2.  This makes the renewable fuels produced the 
main economic factor in any microalgae biofixation process.  These were the issues and challenges 
to be addressed in the breakout sessions which focused particularly on how to increase productivity 
of algal mass cultures and how to reduce costs of algal biomass production. 
 
 
3.3   Breakout Session On Productivity 
 
The discussions of this breakout session focused on the limiting factors in photosynthetic solar 
energy conversion and algal mass culture productivity and how to overcome these limitations 
through applied and fundamental research.  Current productivity of algal mass cultures are highly 
dependent on algal strains, climatic conditions, culture operations (most importantly dilution rate) 
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and many other factors, including CO2 supply and pH, zooplankton and other grazers, temperature, 
water quality, etc.  Under optimal conditions of insolation and temperature, the two  major and 
essentially uncontrolled variables, and assuming predation control and algal culture stability, 
average algal biomass productivities in open ponds are projected to be as high as 30 g/m2/day using 
current or near-term technology.  It should be noted that commercial production rates for Spirulina 
are less than half this, being given as 10 g/m2/day production in a commercial operation, even in 
the rather ideal climate of Hawaii.  One reason for this low productivity is that the cultures are 
operated not to maximize productivity, but rather cell density, for lower cost harvesting.  Also 
Spirulina cultures, as other cyanobacteria, are not highly productive, compared to green algae and 
diatoms, as they grow best at rather high pH and alkalinity, exhibit high respiration and are easily 
photoinhibited.  Work with green algae and diatoms at the DOE Roswell pilot plant (see Weissman 
presentation) and other data (for example, Ikuta presentation) resulted, during favorable growing 
periods, in productivities that could be extrapolated to an annual average of about 30 g/m2/d if 
operated in a similar environment as Hawaii.  The Roswell pilot pond studies also suggested that 
relatively high productivity is achievable with unlined (e.g. dirt bottom) ponds and that CO2 
fertilization is not a limiting factor in algal mass culture, with both high transfer efficiencies and 
relatively little outgasing from the ponds achievable.   
 
The discussion focused on two main areas of opportunity for increasing the productivity of algal 
mass cultures through R&D: light saturation and respiration (both night-time dark respiration and 
day-time photorespiration).  Both factors can be important, with light saturation reducing overall 
culture productivity under full sunlight conditions typically by some 70 to 80%, from what would 
be expected by extrapolating light conversion efficiencies measured at low light intensities.  The 
participants in this breakout session agreed that light saturation is perhaps the largest single factor 
limiting the productivity of algal mass cultures, and that genetic improvement of algal strains to 
result in smaller antenna sizes (fewer chlorophylls per photosynthetic unit) was the most plausible 
approach to overcoming this limitation. 
 
However, although a necessary condition, overcoming, or at least minimizing the light saturation 
effect was not a considered sufficient to achieve the very high productivity projected and required 
for stand-alone systems for algal biofixation of CO2 and fuel production.  Respiratory losses, both 
during daytime hours and at night can result in severe losses of primary production.  One major 
factor is high night-time temperatures.  Also photo-oxidation, due to degradation of photosystem II 
at high light intensities (together with high O2, low CO2 conditions) is considered a major problem 
in mass cultures, in particular with cyanobacteria.  Measurements of in situ fluorescence (see 
Vonshank presentation) were recognized as important tools in this research.  The participants 
concluded that both light saturation and respiration (including photo-damage) should be given high 
priorities in future applied R&D in this field.   
 
Maximizing efficiencies was considered the highest R&D priority in this field.  Other factors likely 
to limit productivity were not discussed in detail.  However, the ability to stably cultivate and 
maintain highly productive strains in algal mass cultures (pond management) was a major issue 
highlighted by the participants as a primary requirement in any process development effort.  The 
use of self-selected algal strains was mentioned.  In this regard, the question of open versus closed 
photobioreactors was discussed, and it was pointed out (Weissman and others) that closed 
photobioreactors cannot prevent, and at most delay, contamination with competing microalgae and 
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other biological invasions.  Also, it was argued by some that there was no significant difference in 
productivity between the two systems, if operated under similar conditions.  However, no such 
side-by-side comparison appears to have been made.  However, closed photobioreactors would be 
useful in the building up of inoculum cultures from the laboratory to the large-scale outdoor system 
and as R&D tools.  The issue of closed versus open systems was discussed further in the plenary 
session.   
 
Overall, the participants in this breakout session agreed that there was great potential for R&D to 
substantially increase the productivity of microalgae mass cultures.  Research will need to extend 
from laboratory experiments in algal strain selection and improvements to small outdoor studies 
and, eventually, pilot-scale projects to determine the actual achievable  productivity in algal mass 
culture.   
 
 
3.4  Breakout Session On Cost Reductions 
 
This breakout session on cost and economics of microalgae production addressed the prospects for 
reducing the very high cost of microalgae production in current commercial systems.  In brief, the 
problem can be summarized by stating that the current costs of microalgae biomass production (for 
Spirulina) is some twenty-fold higher than the maximum that would be allowable for biofixation 
and fuel production – some $5,000/t, compared to at most $250/t for energy/GHG mitigation 
applications.  Indeed, compared to lignocellullosic biomass, which can be produced for some $50/t 
(all biomass weights on a bone dry ash-free basis), this is still a very high cost, allowable only for 
relatively high value fuels that could be derived from the algal biomass, such as vehicular fuels 
(biodiesel, ethanol, hydrocarbons).  This large cost reduction would need to be accomplished 
through major increases in productivity, process improvements and economies of scale.   
 
One issue discussed was the potential of microalgae for GHG reductions-, in relation to the global 
magnitude of the problem, which is rapidly approaching 10 Gt of Ceq (equivalent to CO2-C). ca A 
point made during this session is that waste water treatment systems can reduce anaerobically 
generated GHGs, which are more potent than CO2.  This is an important area of application for this 
technology, in particular as the methane gas recovered from waste treatment processes can be used 
for fuel.  The possibility of algae producing ethanol was addressed.  This option is plausible, 
although in general ethanol fermentations are more expensive, larger scale, and more energy 
intensive than methane fermentation processes. The relative effectiveness of the various microalgae 
biomass conversion processes in reducing of CO2.  One GHG still needs to be determined.  
 
The breakout group also discussed the potential of high value co-products defraying part, or much 
of the cost of a microalgal process for biofixation.  The problem was how to actually achieve any 
greenhouse gas mitigation in such processes.  Also, high value byproducts would have very small 
markets, making any effect on GHG reductions negligible.  More fundamentally, there is no 
apparent reason for higher value products to subsidize GHG mitigation.  In the case of waste 
treatment, were fuels are an inherent byproduct of the process, this would not be an issue.  Indeed, 
in waste water treatment, the use of CO2 for increasing microalgae biomass  production would 
greatly increase the amounts of algal biomass produced and fuel generated from such processes.  . 
Increasing the amount of algal biomass produced per unit waste input would also proportionally 
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increase the amount of nutrients removed, improving the overall treatment effectiveness.  Recovery 
and recycling of nutrients could provide additional GHG reduction benefits. Thus, GHG reductions 
can be maximized in wastewater treatment processes along with the other environmental benefits  
by using CO2 fertilization.   For economic feasibility such wastewater treatment processes would 
also not require either the scales or achieving the productivities projected for stand-alone CO2 
utilization and fuel producing processes.  
 
Although the contributions of such waste treatment processes to global GHG reductions would 
likely be modest, they would still be important and also would allow for the future development of 
stand-alone microalgae biofixation processes.  The participants in this breakout session agreed that 
the need was for demonstration projects, preferably involving waste treatment processes, which 
could serve to highlight both the potential of these processes as well as serve to determine inherent 
limitations, and how to overcome these.   
 
 
3.5   Final Plenary Discussion 
 
The plenary discussion on Tuesday morning started with a general assessment and discussion of the 
potential of microalgae biofixation of CO2.  Essentially, the issue posed to the Participants was 
whether microalgae systems could reasonably be expected to achieve the very high productivity 
and very low capital and operating costs required for production of fuels to mitigate fossil fuel CO2 
from flue gas and similar sources, independent of any applications to waste treatment or ancillary 
functions or high value products.  These were the two issues dealt with by the breakout groups:  
biomass productivity and costs.   
 
On the issue of productivity, the consensus of the experts was that there was potential for 
productivity improvements and that the saturating light effect should be a central focus of attention.  
However this is not the only factor limiting productivity respiration and photoinhibition also being 
important, as are other possible limitations.  It was not clear how high a productivity could in 
practice be reached with microalgal cultures, but this was estimated to be well above the 110 t/ha/y 
dry weight biomass projected to be feasible with current technology (corresponding to an annual 
average 30 g/m2/d, equivalent to 200 t CO2 fixed/ha/y, based on a 50% C content).  Indeed, if the 
limitations of the light saturation phenomenon could be overcome, and other effects (respiration, 
etc.) minimized, then twice this productivity, equivalent to 400 t CO2 fixed/ha/y, should be 
achievable under favorable climatic conditions.  It was recognized that actually achieving this goal 
would require relatively long-term research and development.  Also noted was that the actual 
greenhouse gas mitigation achieved is only a fraction of the CO2 biofixed by the growth ponds, as 
the biomass must first be converted to a useable fuel and, also, the net energy inputs into the 
production process must be accounted for.  Depending on details, this would reduce the actual 
GHG reductions by about half of the CO2 actually biofixed.  
 
The problem of economics was considered to be equally, if not more, challenging than that of 
productivity.  The major issue here is the capital cost of such systems.  Essentially, the question 
posed was whether large-scale paddle wheel ponds could be constructed, along with all other 
required systems (e.g. carbonation, piping, harvesting, processing, infrastructure, etc.) for a cost of 
roughly $100,000/ha.  For the case of approximately 1 ha paddle wheel mixed raceway aquaculture 
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ponds, Dr. Brune stated that projected costs were some $50,000, including infrastructures, in line 
with the cost-projections for large-scale stand-alone systems.  The experience and high costs in 
Hawaii would not apply generally.  To achieve the goal of $100,000/ha would require relatively 
long-term development and, most importantly, would require favorable sites, e.g. minimal site 
preparation costs, infrastructure development, etc.  Several participants wanted more substantial 
work performed and data produced to more realistically estimate the economics of large scale 
systems operated as they would be by industry.  It was proposed that a group on economic 
modeling should be set up to collect and analyze data from within the R&D network. 
 
A number of issues, were, however, not readily resolved or agreed upon.  For example, the use of 
closed photobioreactors was advocated by some participants as a viable alternative to the open 
ponds, on grounds of better process control leading to higher productivity and lack of 
contamination (by invading algae "weeds", grazers, etc.).  Projected costs were stated to be no 
higher than for current open pond technology.  However, it was also pointed out that such a 
comparison would need to be carried out with projected large-scale open pond technologies, not 
current smaller-scale, plastic lined systems and that higher productivity and lower contamination 
potential were controversial claims.  Closed photobioreactors were considered important for 
production and scale-up of the required inoculum cultures and for R&D purposes.  The issue of the 
costs and role foreclosed photobioreactors in microalgae biofixation  is one that requires further 
discussion and resolution.   
 
Another issue was that of higher value products and by-products from such operations.  Here the 
issue was how these would or could be integrated with greenhouse gas mitigation.  In this context, 
it was agreed that waste water treatment systems provide the opportunity to initiate the 
development and applications of this technology, without the constraints of requiring the very high 
productivity and low capital costs of stand-alone systems.  Of course, such systems would have a 
more limited ultimate potential for greenhouse gas reductions than stand-alone fuel production 
processes, but would provide a route for early applications and demonstrations of this technology. 
One questions raised was if extremophilic microalgae tolerating high temperatures, salinities, pH, 
etc., would be suitable for the present approaches.  One problem is that such algae are generally not 
very productive.  It was pointed out during these discussions that the greatest potential for such 
microalgae biofixation processes was in developing countries. One point made during the 
discussions was that the developing countries should articulate their own needs and proposed 
solutions.  If the network is to help develop projects with developing countries, representatives 
from developing countries will be needed as participants in the network.   
 
Another subject of discussion was the need for practical, small-scale pilot plant work, from which 
larger-scale system could be extrapolated and research issues identified and addressed.  It was 
suggested that this could be a subject for collaborative R&D, e.g., a common activity under the 
proposed Network, by various participants.  Such a pilot plant would preferably be established at an 
actual microalgae waste treatment facility where such a project could rapidly develop into a 
demonstration project.  The technology could be applied in the near-term, even without achieving 
high productivity or low costs.   
 
The issue of potential for overall greenhouse gas reductions by microalgae biofixation was not 
specifically addressed during the Workshop, except for the calculations of Prof. Brune relating to 
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aquaculture and waste treatment.  At present, the major limitations are technological and economic, 
rather than resource limitations (e.g. land, CO2, water, favorable sites, wastes, etc.).  However, 
resources may limit the ultimate potential, and also microalgae biofixation processes is unlikely to 
be viable in temperate countries.  Overall, the potential of microalgae systems lies in their high 
productivity, giving them a small footprint compared to other biological systems, their ability to use 
otherwise unsuitable water resources, their integration with waste treatment and their production of 
liquid and gaseous fuels not readily obtained from other biomass sources.   
 
At the end of this plenary discussion, Ezio D'Addario of EniTecnologie, presented the engineering 
concept being developed by this company (Figure 1 below).  In this schematic, an algal pond 
system utilizes flue gas CO2 from a natural gas-fired combined cycle power plant, harvests the algal 
biomass through sedimentation and thickening, and converts the algal biomass to biogas which is 
used as supplemental power plant.  The residual sludges (containing most of the N, P and other  
nutrients) are fed back to the ponds.  This is the most direct process for microalgae biofixation and, 
indeed, was the system first developed in a conceptual study by Oswald and Golueke at the 
 
FIGURE 1.    PROCESS SCHEME DEVELOPED BY ENITECNOLOGIE   
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University of California Berkeley in 1960.  This process concept avoids some of the more 
expensive steps in other such processes, such as  the use of centrifuges for secondary concentration 
of algal biomass and its conversion to  biodiesel.  The algal biomass would be anaerobically 
digested in covered ponds, which are of very low costs and require minimal management.  Mr. 
D'Addario presented the preliminary flow-sheets and mass balance calculations for the peak 
production period, to which such a system must be designed.  From these, a 700 ha system was 
projected to be able to mitigate some 10% of the annual CO2 emissions from a 500 MWe NGCC 
power plant.  Development of such a system is the long-term goal of EniTecnologie in microalgae 
biofixation. 
 
In conclusion to the Workshop, Pierpaolo Garibaldi of EniTecnologie, briefly reviewed the 
current state of GHG emissions and likely scenarios for the future, as well as current concepts in 
GHG mitigation, to put the present Workshop into context.  He thanked the participants for their 
attendance and contributions and called for their joining in the development of the proposed 
Network on Microalgae Biofixation.  
 
 
4.  CONCLUSIONS AND RECOMMENDATIONS 
 
This Workshop addressed the fundamental problems and issues in microalgae biofixation of CO2 
for greenhouse gas mitigation and production of renewable fuels: (1) productivity, that is the 
potential and practical limits of solar energy conversion efficiencies; and (2) economics, the costs 
and energy consumption of large-scale microalgae production.  The Participants concurred that 
there was significant potential for increasing productivity and reducing costs.  The Participants also 
agreed that there was significant potential for utilizing microalgae biofixation processes in 
wastewater treatment and aquaculture, providing fuels and additional greenhouse gas mitigation 
credits as by-products of such operations.  
 
There was less agreement about the potential of high value products or the use of closed 
photobioreactors in greenhouse gas mitigation.  In the case of high value products, it is not clear 
how they would mitigate or reduce greenhouse gases, and, in any event, their markets are too small 
for making any significant impacts on GHG reductions.  In the case of closed photobioreactors the 
major issue was the costs of such processes.  Some higher value products, such as bioplastics and 
fertilizers, could be considered in microalgae biofixation  but require further analysis.  Likewise, 
closed photobioreactors would have applications in the scale-up of cultures, as well as tools in 
R&D, though their applications to large-scale low-cost production processes were considered 
problematic.  Further engineering, economic and greenhouse gas mitigation analyses are required 
for such applications. 
 
The Workshop did not consider some important issues in microalgae biofixation, such as the 
potential impact of biofixation processes on global GHG mitigation efforts, in particular the 
potential of such processes in the developing countries.  In that regards, the Workshop concluded 
that any projects and activities related to such developing countries should be based on their needs, 
initiatives, and priorities rather than those of the developed countries.   
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The major recommendation arrived at during this Workshop was to proceed with the preparation of 
a formal proposal to the IEA Greenhouse Gas Programme for establishing a Network on 
Microalgae Biofixation, with EniTecnologie taking the lead in this endeavor.  For this purpose, 
EniTecnologie and the IEA GHG R&D Programme will seek follow-up responses, inputs and 
expression of interests from the Workshop participants, and possibly others, on the Network 
Proposal.  The objective is to have this Network established during the current year, comprising 
interested energy companies and other organizations potentially able to carry out and/or sponsor 
R&D activities in this area.  The emphasis will be on participation and leadership by energy 
industries in the development of the to-be-established Network, which would serve as a vehicle for 
both R&D coordination and collaborations as well as for information exchange and supporting 
studies.  One of the activities of the network will be to facilitate the development of multi-sponsor 
R&D proposals and projects,  including laboratory and pilot plant studies.    
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APPENDIX 1. 

 
AGENDA 

 
Workshop on Formation of an International Network on 

Biofixation of CO2 and Greenhouse Gas Abatement with Microalgae   
 

EniTecnologie, Monterotondo, Rome, Italy  
22nd–23rd January 2001 

 
Day 1: Monday, 22nd January 2001 

 
08:00 Collection by bus from hotels 
08:45 - 09:15 Registration and coffee 
09:15 - 09:55 Welcome address and introductory presentations 

Dr. Renzo Boni, EniTecnologie 
Welcome and introductions  
ENI interest in biofixation 
Dr. Paul Freund, IEA Greenhouse Gas Programme  
Options for an international agreement 

 

Dr. Heino Beckert, US Department of Energy 
US DOE activities in GHG mitigation technologies and 
microalgae biofixation 

09:55 - 10:00 Personal introductions by all participants 
 PLENARY TECHNICAL PRESENTATIONS (with Q&A) 
10:00 - 10:20 Dr. Mario Tredici, University of Florence, Italy 

Introduction to microalgae biotechnology 
10:20 - 10:40 Dr. John Benemann, Consultant 

The US experience in microalgae biofixation 
10:40 – 11:00 Ing. Yoshi Ikuta, SeaAg Japan Inc. 

The Japanese experience in microalgae biofixation 
11:00 - 11:20 Refreshment Break  
11:20 - 13:20 PLENARY TECHNICAL PRESENTATIONS (cont.)  

(15 min each with Q&A) 
Dr. Paul Roessler, Dow Chemicals: Microalgae Genomics 
Dr. Norihide Kurano, Marine Biotech Institute: Microalgae Strains 
Dr. Avigad Vonshak, Ben-Gurion University: Microalgae               
                                                                           Physiology 
Dr. Miguel Olaizola, Aquasearch  Inc.: Closed Systems 
Dr. Gerry Cysewski, Cyanotech Corp.: Open Systems 
Dr. Bailey Green, Oswald Green Ass.: Wastewater Systems  
Dr. David Brune, Clemson University: Aquaculture Systems 
Dr. Joseph Weissman, SeaAg, Inc., System and Process Designs  
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13:20 - 14:40 LUNCH 
 
14:40 – 16:00 PLENARY DISCUSSION  
 Discussion Leaders: Dr. Davison (IEA Greenhouse Gas R&D 

Programme) and Dr. Pedroni (EniTecnologie)  
A. Introductory remarks on workshop objectives and expected         

outcomes 
B. Presentation of the proposal on biofixation of CO2 with                 

microalgae and its development within the IEA GHG R&D   
     Programme 
C. General comments/questions and additional short (5 min each) 

presentations by participants 
 
 
 
 

Dr. Sebastian Thomas, Parry Agro Industries Ltd. 
Dr. Rene Wijffels, Wageningen University 
Dr. Pieternel Claassen, ATO 
Mr. Yasuyuki Ogushi, Mitsubishi Heavy Industries Ltd.  

D. Discussion to agree on specific themes for breakout  
sessions for identification of practical R&D needs in  

      microalgae biofixation 
16:00 – 16:20 Refreshment Break 
16:20 – 17:30 BREAK-OUT SESSIONS 1 and 2: suggested topics for 

discussion on technical issues and R&D needs for microalgae 
GHG mitigation 
1.   Biological R&D Issues:  

Photosynthetic efficiencies and productivities 
      Genetics and strain selection  
      Physiology and products 
      Mass culture issues: competition, invasions and harvesting 
      Other biological R&D issues 
2.  Engineering and Process Designs R&D Issues:  
     Open and closed systems 
     CO2 supply, mass transfer and utilization 
     Process designs 
     Harvesting, media recycling, processing, system integration      
     and waste treatment 
     Other engineering R&D issues 

18:00 Transportation by bus to hotels 
20:30 WORKSHOP DINNER  - Sponsored by EniTecnologie 

at the restaurant ”Girarrosto Toscano” Via Campania, Rome  
 

Day 2: Tuesday, 23rd January 2001 
 
08:00 Collection by bus from hotels 
09:00 – 10:30 PLENARY DISCUSSIONS 
 A. Presentations summarizing initial breakout discussions of 
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R&D  needs  
B.  Develop initial consensus on recommend specific R&D needs  
C.  Discuss and agree on number and topics for  second breakout 
groups 

10:30 – 10:50 Refreshment Break 
10:50 – 12:20 BREAK-OUT SESSIONS: Topics and numbers of sessions to 

be decided during morning Plenary Session  
Suggested additional breakout session discussion topics include 
the potentials for microalgae GHG reductions by different 
processes, resource limitations and applications to developing 
countries, as well as systems designs and economics 

12:20 – 13:00 PLENARY DISCUSSIONS 
 A.  Presentations summarizing group discussions  
B. Consensus development on scope of R&D activities based on  
       technical discussions 

13:00 – 14:20 LUNCH 
14:20 - 15:20 FINAL PLENARY DISCUSSIONS (cont.) 

A. Finalize consensus on R&D needs and activities  
B. Agree on key principles of the collaborative agreement 
C. Final comments and expressions of interests by participants 
D. Outline of proposal preparation for IEA ExCom in March 

15:20 – 15:30 Dr. Pierpaolo Garibaldi, EniTecnologie 
Concluding remarks and next steps 

16:00 Transportation by bus to Fiumicino airport or to Rome downtown 
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John R. Benemann 
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For Presentation to the  

Workshop on Formation of an International Network on Biofixation of CO2  
and Greenhouse Gas Abatement with Microalgae   

 
EniTecnologie, Monterotondo, Rome, Italy  

22nd–23rd January 2001 
 
SUMMARY 
 
There is growing evidence that global warming could become a major environmental problem 
during the 21st century.  The precautionary principle commands preventive action, at both national 
and international levels, to minimize this potential threat. Many near-term, relatively inexpensive, 
mitigation options are available.  In addition, long-term research is required to evaluate and develop 
advanced countermeasures, in the eventuality that they may be required. The utilization of power 
plant CO2 and its recycling into renewable fuels by microalgae cultures provides both near- and 
longer-term R&D opportunities to develop novel greenhouse gas mitigation technologies.  
 
Microalgae production is an expanding industry worldwide, with two major commercial systems in 
the U.S., producing Spirulina biomass in large ponds, and several dozen microalgae operations 
around the world, some of which produce Dunaliella salina and Chlorella, all used as food 
supplements. Commercial Spirulina biomass production costs are high, over $5,000/ton of dry algal 
biomass, well over an order of magnitude higher than acceptable for renewable fuels production 
and greenhouse gas mitigation.  Microalgae are also used in the U.S. and other countries in 
wastewater treatment, though in such systems the algal biomass is usually not harvested.  This 
paper briefly reviews the current state-of-the-art and the R&D needs required to achieve the low 
biomass production costs required for microalgae fuel production and greenhouse gas mitigation.  
 
The concept of CO2 utilization and fuel production by microalgae cultures (“biofixation”) was first 
proposed over four decades ago and has been the subject of several engineering-feasibility studies 
over the years.  These analyses were based on the same type of cultivation system used by most 
commercial operations: open raceway ponds mixed with paddle wheels. For low cost biomass 
production very large growth ponds, up to 10 ha, would be required, vs. the typically less than 0.5 
ha ponds presently used in most commercial systems.  Also, biomass production ponds would not 
be lined with plastic liners, due to excessive costs.  It should be noted that at least one U.S. 
producer operates large (>2 ha) unlined ponds, and similar ponds are used in wastewater treatment.  
Thus the basic process design on which large-scale microalgae biomass production technology 
could be based is already established.    

mailto:jbenemann@aol.com
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This paper briefly update the prior cost analyses of such a process, specifically for the mitigation of 
CO2 emissions from power plants by producing microalgae fuels (vegetable oil for biodiesel and 
byproduct methane gas).  Both direct flue-gas utilization near the power plant and remote use of 
CO2 captured from flue gas and piped to the algal ponds were analyzed.  In the case of remote 
applications, the purification and delivery of the CO2 is a major process cost.  With direct flue-gas 
utilization, the flue gas piping from the power plant to the ponds and the gas transfer system into 
the ponds become major cost issues.  Overall these alternative CO2 sources result in comparable 
costs, though the flue-gas utilization system is limited to about 30% of the total plant CO2 outputs 
because flue gas can not be stored and the algal ponds use less CO2 in winter and none at night.  
With biomass productivities thought to be achievable in the near-term with current technology, a 
cost of $50/t CO2 mitigated was projected, while a doubling of productivities (to near maximum 
theoretically achievable) reduces costs to $20/MT CO2.  CO2 mitigation costs are very sensitive to 
the value of the algal oil and methane fuels produced from the biomass.  Land requirements depend 
on the type of power plant, with a conventional coal power plant requiring 6 ha per MW capacity 
for the highest productivity case.   
 
The engineering analyses on which these costs analyses were based did not identify any major 
apparent engineering limitation to pond scales and designs.  However, the major performance 
objectives in large-scale microalgae production remain to be demonstrated: algal species control, 
low-cost biomass harvesting (by settling), production of biomass with a high content of fermentable 
substrates or oils, and, most fundamentally, the achievement of very high productivities. Such 
stand-alone microalgae CO2 biofixation and fuel production systems require long-term R&D.  
Near-term R&D priorities are to develop and demonstrate CO2 utilization and greenhouse gas 
reductions with microalgal wastewater treatment systems.  Such systems have the additional benefit 
of reducing other greenhouse gases, methane and nitrous oxide. The inherent appeal of CO2 
utilization, rather than disposal, the synergisms with wastewater treatment, the possibility of co-
production of higher value products and the potential for world-wide applications, all argue for an 
expanded R&D effort and the need for international collaboration in this area.  
 
1. INTRODUCTION TO MICROALGAE CULTIVATION 
 
Microalgae are microscopic plants that typically grow suspended in a liquid medium (planktonic 
growth), although attached growth is also common. The planktonic microalgae are the focus of 
mass culture work.  These range from unicells to colonies and filaments of up to a few hundred 
cells.  Microalgae include the prokaryotic cyanobacteria (like Spirulina) and eucaryotic green algae 
(e.g. Chlorella), diatoms, red algae, and others.  There are thousands of species, only a fraction 
having been studied in any detail, and less than a handful cultured successfully in mass cultures.  
 
Microalgae mass cultures have been studied for almost 50 years, starting in the late 40's as a 
potential source of low-cost human food protein, a major concern at the time (Burlew, 1953). 
Concerns about water pollution starting in the 1950's focused interest in the use of microalgae in 
wastewater treatment (Oswald and Golueke, 1960). Many small to medium sized wastewater 
treatment plants now use algal ponds, although in only a few cases is the algal biomass produced 
actually harvested.  During the 1960’s microalgae were investigated for atmosphere regeneration in 
space vehicles. The perception during the 1970's that fossil fuels would soon run out, made 
microalgae culture of interest in renewable fuels production R&D. Commercial interest in high 
value nutritional products, led, during the 1980's, to the commercial development of a microalgae 
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industry in the U.S., in California and Hawaii, as well as around the world.  Starting in the early 
1990's the threat of global warming focused attention on microalgae as a method for CO2 utilization 
(Benemann, 1993).  Here the concept is to use microalgae to convert solar energy and fossil CO2 to 
a renewable fuel that replaces fossil fuels, thereby reducing fossil CO2 emissions into the 
atmosphere.  
 
The interest in microalgae is essentially two-fold: 
1. They are thought to have very high productivities, compared to higher plants.  
2. Their cultivation requires an enriched CO2 source, such as power plant flue gas. 
However, arguments for microalgae culture in CO2 utilization must be based on the relative costs of 
such processes, rather than on maximum productivity arguments or the utilization of power plant 
CO2, per se.  Growing higher plant biomass on atmospheric CO2 for use as fuel, is just as valid an 
approach to greenhouse gas mitigation as direct utilization of power plant CO2 with microalgae. 
   
2. HISTORY OF MICROALGAE MASS CULTURE 
 
The first efforts to mass culture microalgae were initiated in the U.S. almost fifty years ago 
(Burlew, 1953), mainly because of the perception that microalgae were very fast growing plants. 
However, high growth rates are not synonymous with high productivity (still a commonly held, 
though mistaken, belief).  And microalgae cultivation proved to be difficult and expensive, from 
the maintenance of cultures and high cost of the closed cultivation vessels  ("photobioreactors"), to 
the harvesting and processing of these single celled organisms.  However, this initial work, to 
which many of the early pioneers in this field contributed  - Myers, Kok, Tamiya, Krauss, and 
others - outlined most of the problems still being addressed today: CO2 supply, harvesting, species 
control, reactor design, the effect of turbulence on productivity, etc.  Most of this early work 
concentrated on the unicellular green alga Chlorella, which had been a favorite for laboratory 
studies of photosynthesis since the 1920's.  
 
It was in Japan that the first commercial production systems for microalgae were developed: 
During the 1960's several Chlorella cultivation facilities were established, using circular ponds, to 
produce a dried algal powder, sold as a "health food". Currently Chlorella is produced by some ten 
plants in Japan and Taiwan, with a 300 t/y Japanese-owned plant established in Indonesia in 1995 
and a large closed tubular photobioreactor plant recently started-up in Germany.  Chlorella 
cultivation is difficult, mainly due to contamination problems and the need for expensive 
centrifuges to harvest these cells.  
 
The next commercial algal production system was for Spirulina, a filamentous blue-green alga that 
has been a traditional food source both in Mexico and Africa. Production was initiated in the 1970's 
near Mexico City, at a carbonate evaporation pond (these algae favor high concentrations of 
carbonate), and during the 1980's in the U.S., with one plant each operating in California and 
Hawaii.  Spirulina is used primarily as food supplement (nutriceutical), with some applications as a 
specialty aquaculture feed and food coloring. In 1993 the Mexican plant closed, but the slack in 
supply was soon more than made up with expansion of the U.S. operations and the entry of many 
smaller facilities in China, India and elsewhere. Current world production is estimated at some 
1,500 – 2,000 tons per annum, with somewhat over 50 hectares of total production area. Most 
systems use paddle wheel mixed, raceway type ponds, typically some 0.2-0.5 hectares, though the 
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plant in S. California operates several larger ponds.  U.S. plant-gate production costs for Spirulina 
can be estimated at about $5,000/mt. 
  
Most recently commercialized was the production of green alga Dunaliella salina. Some strains of 
Dunaliella salina, growing at high salinities, produce high levels of beta-carotene, used as a food 
colorant and vitamin/antioxidant food supplement. Two plants are operating in Australia, based on 
extensive (up to 100 ha each) ponds, with one plant of about 10 ha using raceway ponds in Israel, 
and a smaller system in India.  Other microalgal products of commercial interest include 
pharmaceuticals, animal and aquaculture feeds, in particular astaxanthin from Haematococcus 
pluvialis, fine chemicals, soil conditioners, and fertilizers, among others. However, these products 
are currently produced either only small scales or are still at a R&D stage, and would not have a 
significant impact in greenhouse gas mitigation. Microalgae ponds are also used by many 
municipalities and industries for wastewater treatment.  However, in such ponds no effort is made 
to control the algal species or productivity, and, with few exceptions (e.g. Sunnyvale, California), 
the algal biomass is generally not harvested. 
 
Microalgae can be grown not only in light and with CO2 (autotrophic growth), but also in dark 
fermenters using sugars for both energy and C sources (heterotrophic growth). Recently, two U.S. 
companies have developed commercial products for the human and animal nutrition markets based 
on heterotrophic microalgae production. However, for CO2 utilization this technology is not 
applicable, and, thus, here only the autotrophic, sunlight, cultivation is considered.  
 
For the past two decades the U.S. Department of Energy (DOE), has supported microalgae R&D 
for the production of liquid (vegetable oils, biodiesel) and gaseous (methane and hydrogen) fuels 
and, more recently, also for CO2 mitigation (Sheehan et al., 1998, Benemann, 2000). In Japan, a 
major program (estimated budget 1990 - 2000 about $250 million) was initiated a decade ago to 
develop microalgae biotechnology for CO2 mitigation, but ended recently.  Below, an overview of 
the issues in microalgae CO2 utilization and greenhouse gas mitigation is presented, starting with a 
brief introduction to the basics of microalgae culture.  
 
3. MICROALGAE CULTURE FUNDAMENTALS 
 
The growth requirements of microalgae are similar to those of higher plants - light, water, carbon 
dioxide, and inorganic nutrients. Unlike higher plant cultivation, in microalgae cultures nutrients 
(including CO2) and water can be relatively easily maintained at or near optimal levels, so that 
productivity is limited only by the amount of sunlight available and the genetic and biochemical 
capabilities of the algae. Environmental factors, such as pH, salinity and temperature, among 
others, can, within limits, be more readily managed in algal than in higher plant culture. The 
hydraulic nature of microalgae cultivation permits near continuous production, allowing microalgae 
cultures, in principle, to approach the limits of photosynthetic solar energy conversion efficiencies.  
 
A central issue in microalgae cultivation are the "photobioreactors", the vessels in which the algae 
are cultivated. These can range from simple, unmixed (except by wind and hydraulic dilution), 
earthen ponds, to highly complex enclosed reactors. The diffuse nature of sunlight, requires that 
any photobioreactor must cover large surface areas. A major design parameter of photobioreactors 
is depth, which should be as shallow as possible. Productivity will be maximized, for given 
environmental conditions, at some optimal algal concentration per unit area (not volume).  Thus, by 
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minimizing depth, volume is reduced, and cell concentration maximized.  This reduces overall 
liquid handling, and, perhaps most important, harvesting effort, whose cost primarily depends on 
the volume, not biomass, processed.   
 
Different algal reactors use different operating depths: raceway ponds 10 - 30 cm; tubular reactors 
1 - 5 cm; thin flat plate reactors 2 - 5 cm; and shallow cascade systems < 1 cm, for examples. 
However, very shallow reactors exhibit severe engineering limitations, from the outgassing of CO2, 
to large temperature fluctuations, to, in particular, inability to scale-up such systems beyond very 
small unit sizes (typically <100 m2) because of hydraulic slope limitations.  Other considerations in 
choosing a photobioreactor design include species control, O2 build-up, and most important, overall 
capital and operating costs.  
 
The most commonly used, and potentially lowest overall cost, cultivation systems are the raceway, 
paddle wheel mixed ponds (Oswald, 1988). These optimize, to the extent possible, performance 
and costs. However, most microalgae strains cannot be easily maintained in open ponds - they are 
overrun by other algae or are eliminated by grazers.  Indeed, as stated above, currently only a few 
algal species are grown in open pond cultures, Spirulina and Dunaliella, which require a highly 
selective chemical environment (high bicarbonate or high salinity, respectively), and Chlorella, 
which is subject to frequent contamination and requires production of massive (and expensive) 
starter cultures (inoculum).  The problem of contamination and grazing is a central one in 
microalgae culture, as or even more important than productivity and harvesting. 
 
4.  ALTERNATIVE MICROALGAE  MASS CULTURE SYSTEMS 
 
The relative advantages, applications and costs of various types of open and closed 
photobioreactors designs are a matter of active research and debate.  As mentioned, closed 
photobioreactors, have inherent problems of gas exchange (Weissman et al., 1988), in addition to 
high capital and operating costs.  They find applications in specialty (high value) chemicals 
production and, in the context of large-scale algal cultures, for the production of inoculum.  For the 
purposes of CO2 utilization and fuel production, only open pond reactors are plausible.   
 
Four basic open pond designs are currently used in microalgae production: 
1.  Deeper (30 to 100 cm), unmixed (except by wind circulation), ponds; 
2.  Shallow (1- 2 cm) "cascade" type systems; 
3.  Circular ponds, mechanically mixed from a central pivot; and 
4.  Paddle wheel mixed, shallow (10 - 30 cm deep) raceway pond designs. 
The deeper, unmixed ponds are used in wastewater treatment and were used in Mexico for 
Spirulina production. Productivities in such unmixed ponds are very low and CO2 fertilization is 
not practical. Cascade systems, developed in Czechoslovakia (a 1 ha production unit was operating 
in Bulgaria), are very expensive, and exhibit large temperature fluctuation and high CO2 
outgassing. Circular ponds, used in Chlorella production in the Far East, exhibit poor hydraulics 
and their maximum unit size is limited to about 2,000 m2. They are also expensive, in part due to 
the complexity of the central pivot mixing system.  Thus, only the raceway, paddle wheel mixed 
ponds, which can be easily scaled-up are plausible candidates for consideration in low-cost algal 
biomass production.  
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As mentioned above, current commercial microalgae production is very expensive, at least 
$5,000/mt, with worldwide production being only about 3,000 – 4,000 tons/year for all three 
commercially produced microalgae species. Greenhouse gas mitigation ultimately requires millions 
of tons per year of biomass production, and production cost reductions of well over one order of 
magnitude. Economics of scale, larger growth ponds and systems will result in major, but by 
themselves not sufficient, cost reductions. The fundamental issue, addressed below, is whether, 
through improved process designs and algal strain development, cheaper, more stable and much 
higher productivity cultivation processes can be achieved.  These, along with the development of 
lower cost harvesting and processing technologies and favorable siting may allow sufficient cost 
reductions to consider such systems for fuel production and greenhouse gas mitigation.   
 
5. PRIOR FEASIBILITY ANALYSES AND COST ESTIMATES 
 
Several prior engineering feasibility and cost analysis (Benemann et al., 1982, Weissman and 
Goebel, 1987, for examples only) suggested that it may be feasible to consider large-scale 
microalgae cultures for energy production.  That is, that it may be possible to achieve both low 
costs and high productivities for large-scale optimized systems. Table 1 presents a composite 
summary (updated to 1995 $) of the economics developed in the prior studies, Table 2 the land area 
needs for CO2 utilization and Table 3 presents a more detailed cost breakdown.  The analysis was 
for a conceptual almost thousand hectare system directly utilizing flue gas from a large coal-fired 
power plant, for production of an algal biomass with a high vegetable oil-content, for conversion to 
biodiesel fuels (though the conversion to biodiesel process is not included in the cost estimates) 
 
Note that in the mitigation costs are very sensitive to the projected prices of oil and methane.  This 
analysis suggests that with reasonable assumptions about the price of the oil, or value of CO2 
mitigation, such a process would be economically feasible.  However, this is only true for the 
higher productivity assumption, which is considered a theoretical maximum, not likely to be fully 
achieved in practice. These tables demonstrate the sensitivity of such a process to productivity, 
suggesting a strong but not linear effect, as may be expected.   
 
This analysis is a composite of the prior studies.  Thus, Weissman and Goebel (1987) estimated 
substantially higher capital and operating costs in some categories than Benemann et al., 1982, and 
vice-versa. For example, the construction of the ponds (leveling, earthworks, walls and berms) was 
seven-fold more expensive in the 1987 than in the 1982 study.  The rather expensive rock pond 
liner and concrete block construction for the walls and berms in the 1987 study, vs. simple 
earthworks in the 1982 report, account for these differences.  By contrast CO2 supply and transfer 
systems were four times more expensive in the 1982 vs. the 1987 analysis, explained by the high 
costs of transportation and use of flue gas in the 1982, vs. pure CO2 in the 1987, study. In the 
present cost estimate the rock liner was dispensed with and simple earthworks used for the berms, 
with some costs added for embankment protection. A 1.5 km large diameter pipe delivered flue gas 
from the power plant to the ponds. Other costs were interpolated between the studies. It should be 
noted that the cost of flue gas delivery to the ponds and gas transfer into the culture is rather 
comparable to the cost of CO2 capture from the power plant and delivery to the algal ponds, though 
in this case the ponds can be sited remotely. Another difference between the two cases is that flue 
gas can not be stored at night, and thus a flue gas system would be able to use only about 30% of 
total CO2 outputs from the power plant, compared to close to 60% for the concentrated CO2 case.   
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TABLE  1.   SUMMARY  OF  MICROALGAE.  CAPITAL  AND  OPERATING  COSTS 
(Based on  Benemann et al., 1982;  Weissman and Goebel, 1987, see also Benemann, 1993). 
 
PRODUCTIVITY ASSUMED:                      Currently      Maximum 
(ash-free dry weight)                      Projected    Theoretical 
Average Daily g/m2/day                          30          60 
Annual mt/ha/yr                                109         218 
Barrels of oil/ha-year                         380         760 
CO2 Fixed into Biomass mt/ha-yr                240         480 
 
CAPITAL  COSTS  ($/ha): 
Ponds (earthworks, CO  sumps, mixing)         23,800      32,600 2

Harvesting (settling ponds, centrifuges)      12,500      17,000 
System-wide Costs (water, CO2 supply, etc.)   26,700      38,000 
Processing (oil extraction, digestion)        10,000      20,000 
Engineering, Contingencies (25% of above)     18,000      26,900 
TOTAL CAPITAL COSTS ($/ha)                    91,000     134,500 
 
OPERATING COSTS  ($/ha/yr): 
Operating Costs (Power, nutrients, labor, etc.) 9,850     15,300 
Annualized Capital Costs (0.2x Total Capital)  18,200     26,900 
Credit for methane ($3/MJ + CO2 credit)       - 2,800    - 5,600 
Credit for oil produced (@$35/barrel)         -13,300    -26,600 
Net Operating Costs   $/ha/yr                  11,950     10,000 
CO2 Mitigation Costs ($/mtCO2fixed into oil)       50         21 
 
 
 
TABLE 2.  LAND REQUIREMENTS FOR ALGAE CO2 UTILIZATION 
 
Assumptions: 30% CO2 average annual CO2 utilization 
       1,000 MW power plant, 0.88 kgCO /kWh (coal fired). 2

       Composition: 50% lipid, 25% carbohydrate, 25% protein. 
       Heat of Combustion: 7.5 Kcal/g (60% C in biomass). 
       Avg. Annual Solar Insolation: 500 Langleys, 45% visible. 
       Production: 1.05 x 106 mt/yr biomass; 3.7 x 106/yr barrels oil. 
 
Annual Productivity   mt/ha/yr               109        219 
Lipid fuels barrels/ha/yr                    380        760 
Solar Conversion Efficiency (appx.)            5         10 
Fixation C  mt/ha/yr                          66        131 
LAND  AREA  REQUIREMENTS: 
,000 Ha required growth ponds area            9.6       4.8 
,
 
000 Ha total area (ponds x 1.25)              12         6 
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 TABLE  3.  DETAILED  SYSTEM  CAPITAL  AND  OPERATING  COSTS 
 Benemann, 1993, based on Benemann et al., 1982 and Weissman and Goebel, 1987 
 
                                           PRODUCTIVITY ASSUMPTION 
 CAPITAL COSTS ($/ha)                       30 g/m2/d   60 g/m2/d 
 Growth Ponds: 
 1.  Grading, earth works                    5,000          5,000 
 2.  Walls (perimeter, central, etc.)        4,500          4,500 
 3.  CO  Sumps @ $2,400/ea, require 2/4      4,800          9,600 2

 4.  Mixing System (Paddle Wheels)           5,000          5,000 
 5.  Carbonation System (@$2,000/sump)       4,000          8,000 
 6.  Instrumentation  (Miscellaneous)          500            500 
 7.  Primary Harvesting(Settling Ponds)      8,000          8,000 
 8.  Secondary Harvesting(centrifuges)       4,500          9,000 
                           Subtotal         36,300         49,600 
 System-wide Costs 
 9.  Water Storage and Distribution          4,600          4,600 
 10. CO2 Delivery Pipe to Module            13,300         21,600 
 11. CO2 Distribution System to Ponds        4,000          6,500 
 12. Nutrient Supply System                    800            800 
 13. Buildings, Roads, Drainage, etc.        1,500          1,500 
 14. Electrical, Machinery                   2,500          3,000 
 15. Extraction Process Equipment            6,000         12,000 
 16. Anaerobic Digestion System              4,000          8,000 
                           Subtotal         36,700         58,000 
 Other Capital Cost Factors 
 17. Engineering (10% of total above)        7,300         10,750 
 18. Contingencies (15% of 1-18)            10,700         16,150 
                            Subtotal        18,000         26,900 
 
 
CAPITAL COSTS TOTAL ($/ha)                 91,000        134,500 

 19. Biomass Production t/ha/yr               109           218 
 
 21. Barrels of Oil/y (@ 3.5 bar./t)          380           760 
20. Capital Costs $/t-yr                     834           620 

 22. CAPITAL COSTS $/Barrel/y                 240           180 
 
 OPERATING COSTS  ($/ha/yr) 
 23. Power (mixing, harvest., misc.)         1,500          2,000 
 24. CO  (flue gas) blower power             1,600          3,200 2

 25. Nutrients (N, P, Fe - 50% recycle)      1,250          2,500 
 26. Maintenance (3% of total Capital)       2,730          4,100 
 27. Labor                                   2,600          3,500 
 28. Operating Costs Subtotal                9,680         15,300 
 29. Credit for methane (+ CO2 credits)    - 2,800        - 5,600 
 30. NET OPERATING COSTS $/ha/yr             6,880         10,700 
 
 COSTS $/BARREL OF ALGAE OIL: 
 33. Net Operating Costs                        18             14 
 34. CO2 Mitigation Credits ($16/tCO2)         -10            -10 
 35. Annualized Capital Costs (0.2 x Capital)   51             35 
 36.       TOTAL COSTS $/BARREL                 59             39 
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The major difference with the earlier studies are the productivity assumptions.  The 1987 report 
already assumed over a 50% higher the productivity (on a C basis) (30 g/m2/d, and lipid content of 
50%) than the 1982 report.  This was in part due to the results of the intervening research with 
small and large outdoor ponds, providing a better measure of the achievable production (Weissman 
and Tillett, 1989, 1992).  This estimate is used as the  "Currently Projected" case in Tables 1 and 2, 
with twice this productivity, the "Maximum Theoretical", also cost-estimated to assess the effect of 
productivity on costs, though such an extremely high productivity could be reasonably expected to 
be only approached, not fully reached,  with long-term R&D.   
 
Even with high productivity projections and very favorable design and cost assumptions, the costs 
for CO2 mitigation and fuels production with microalgae cultures still will likely approach $100/t 
C-CO2.  Although perhaps not more so than some other CO2 mitigation options, such as CO2 
recovery and ocean disposal, these are still very high costs, suggesting the need for further process 
improvements, if possible, and alternative approaches. 

 
6. MICROALGAE  CO2  MITIGATION  R&D ISSUES 
 
Many aspects of large-scale microalgae production are uncertain and speculative, and require 
further analysis and, most importantly, R&D, to achieve the highly productive and low cost 
systems that could make significant contributions to greenhouse gas reductions. Major subjects 
requiring R&D include:               

Application of commercial designs to low cost algal mass cultures. 
Wastewater treatment systems potential for CO2 utilization. 
Fundamental aspects of microalgal productivity. 
Algal species control and culture stability  
Microalgae harvesting technologies for low cost production. 
Production of algal fuel. 
Large-scale culture systems engineering designs and operations. 
Resource potential and greenhouse gas mitigation impacts. 

 
Here a brief discussion of these R&D issues is presented. 
 
Commercial Microalgae Mass Culture Systems.  The commercial raceway pond systems currently 
operating in the U.S. provide a foundation for the vision of large-scale, low cost, microalgae 
systems. The fact that such systems already exist, albeit at a smaller scale and with much higher 
costs then required for fuel production and CO2 utilization, allows for some optimism about the 
long-term goals.  An important issue is to verify the present engineering designs and cost estimates 
for large-scale systems and determine if further cost reductions are possible. Closed 
photobioreactors are too expensive (both capital and operating) to be directly useful in such 
applications, though small units will likely be used for inoculum production purposes. 
 
Microalgae Waste Water Treatment Systems. Several municipal wastewater treatment facilities in 
the U.S. use the Advanced Integrated Ponding System developed at the University of California 
Berkeley uses similar paddle wheel mixed raceway ponds used in commercial microalgae 
production (Green et al., 1994).  Similarly, the Partitioned Aquaculture System developed at 
Clemson University uses such ponds in aquaculture waste treatment (Brune et al., 2000). 
Microalgae wastewater treatment - municipal industrial, agricultural and aquacultural - represents 



 40

the most likely and plausible pathway to developing and implementing low-cost microalgae CO2 
utilization / fuel production technologies in the near-term.  In such systems costs are mainly 
covered by waste treatment credits, allowing operation at much smaller scales and lower 
productivities.  The supplementation of CO2 to the algal cultures would greatly increase biomass 
outputs and allow additional fuel production.  Waste treatment systems also reduce fossil energy 
inputs compared to conventional treatment alternatives and reduce secondary greenhouse gas 
emissions (methane, nitrous oxide).  Indeed, these factors are often more important in the overall 
greenhouse gas mitigation balance than the additional CO2 utilization and biomass fuel production.  
Waste treatment processes are a high priority for future R&D in this field.   
 
Fundamental Aspects of Microalgal Productivity. Productivities achieved with outdoor microalgae 
cultivation systems have been, at best, about 3 – 4 % of total solar energy converted into biomass 
(higher heating value), with commercial or waste treatment systems considerably lower.  A 5% 
efficiency is extrapolated as being achievable with current technology, based on reasonable (though 
still favorable) assumptions. Such efficiencies are well below the 10% projected from theoretical 
models for photosynthesis and observed in laboratory cultures under low light intensities. A major 
factor that limits productivities in pond cultures is light saturation: more photons are captured by 
the photosynthetic apparatus under full sunlight than it can use. Light saturation could be overcome 
by reducing the light harvesting pigment content in algal cells, in principle doubling, or more, 
overall productivities (Benemann, 1990; Melis et al., 1999).  Initial work in Japan has demonstrated 
an almost 50%  productivity increase in continuous high-light laboratory cultures with a reduced 
pigment mutant (Nakajima et al., 2000).  A high priority in future R&D is the demonstration of the 
feasibility of this approach to productivity maximization in actual outdoor cultures. Indeed, the 
feasibility analysis and economic projections in Tables 1 – 3 are based on the assumption that it 
will, indeed, be possible to overcome most of the light saturation effect and achieve much higher 
productivities.  
 
Species Control and Culture Stability.  Most algal strains, are difficult to maintain in large-scale 
cultures, becoming easily contaminated with invading species, subject to grazing and other 
biological upsets.  Indeed, genetically improving strains for high productivity will result in the 
invasion and contamination problems becoming even more difficult.  Production of large amounts 
of inoculum will be too expensive and not sufficient by itself to deal with this problem.  There are, 
however, techniques that may allow maintenance of stable cultures for sufficient periods, such as 
management of nutrients and selective environments. Eventually, of course, starter cultures 
(inoculum) will need to be produced.  Culture maintenance and stability is a central R&D issue in 
this field. 
 
Harvesting. The microscopic nature and dilute culture of microalgae, makes harvesting a major 
technical and cost issue.  Microalgae harvesting has been the subject of a large number of studies.  
Potentially the lowest-cost process is bioflocculation, in which the algae spontaneously flocculate 
and settle, allowing simple gravity sedimentation to concentrate the biomass. Bioflocculation is 
often observed in nature, and has been demonstrated experimentally in waste treatment processes 
(Benemann et al., 1980). One important observation is that nitrogen limited algal cultures exhibit 
bioflocculation. However, such processes are presently mainly observational, lacking theoretical 
foundation.  
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Fuels from Microalgae. The objective of microalgae culture for CO2 mitigation is to convert the 
microalgal biomass to fossil fuel substitutes. Due to their relatively higher value, liquid fuels, such 
as ethanol or biodiesel, are generally preferred over gaseous or solid fuels (biogas or dried algal 
biomass). Production of ethanol or biodiesel requires that algal biomass high in fermentable 
carbohydrates or vegetable oils, respectively.  Another alternative is the alga Botryococcus braunii, 
which produces large amounts (often some 50% of total biomass) of pure hydrocarbons, suitable 
for direct use as fuels (Wake and Hillel, 1980).  How to produce algal biomass high in such 
constituents, without contamination or sacrificing overall productivity is a central research goals in 
this field.  Considerable work has also been carried out in microalgal hydrogen production, but that 
field has not advanced significantly from an applied perspective, and faces even greater basic and 
applied R&D challenges than microalgae renewable fuel production and CO2 utilization 
(Benemann, 2000).  One possible approach is anaerobic dark hydrogen fermentations of algal 
biomass, either using their endogenous hydrogenase enzyme system or by exogenous bacterial 
fermentations.  In this case little CO2 would be required, as it could be recycled in the process. 
     
Resource Potentials.  Some prior resource assessments of the potential of microalgae for CO2 
mitigation in the U.S. Southwest suggested that as much as 10% of U.S. fossil fuel supplies could 
be produced by microalgae (see review in Sheehan et al., 1998).  However, these only considered 
single factors, such as land or brackish water availability, neglecting other limitations such as 
climate or CO2 sources. Thus, these were much too optimistic.  A resource assessment based on a 
limited penetration of domestic wastewater treatment markets would conclude that microalgae 
systems have a very minor potential for greenhouse gas mitigation in the U.S., less than 0.1% of 
emissions.  However, by including industrial, agricultural and aquacultural applications, as well as 
other greenhouse gases, more significant impacts can be projected. Also, microalgae systems for 
CO2 mitigation may find applications in solving environmental problems in large-scale nutrient 
removal and brackish water management.  And, of course, the global potential for microalgae 
technologies in would be much larger than in the U.S., or most developed countries.  Assessments 
of the regional and global potential of microalgae technologies for environmental protection and  
greenhouse gas mitigation are required. 
      
  
 7. CONCLUSIONS 
 
Justifications for R&D of microalgae CO2 utilization and greenhouse gas mitigation include: the 
relatively modest R&D efforts required, the existing research base for this technology, the 
relatively rapid progress that can be projected with these fast-growing organisms, and the benefit of 
this R&D environmental protection generally.  Near-term R&D priorities include the development 
and demonstration of microalgae wastewater treatment processes that utilize CO2 and produce 
fuels.  Longer-term R&D will be required on increasing microalgae productivities, culture 
stabilities and low-cost harvesting.  Demonstration of achievable productivities in year-round 
operations at favorable sites would be a goal of these efforts.  
 
In conclusion, the use of microalgae in wastewater treatment would be a likely initial application 
for CO2 utilization and greenhouse gas mitigation by microalgae technologies. The major 
advantage of such a scheme is that most of the costs of biomass production and energy recovery 
would be covered by the wastewater treatment function, allowing cost-effective systems at a 
relatively small scale. Also, such applications would reduce other greenhouse gases, such as 
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methane and nitrous oxide, compared to conventional technologies used presently. Such an 
approach would also provide a starting point for commercial applications and a basis for the long-
term development of larger-scale microalgae systems devoted primarily to energy production and 
greenhouse gas mitigation.  The cost-estimates presented above demonstrate both the potential and 
the challenges of the latter approach: the need for very low cost and very high productivity systems. 
Considerable applied and even basic R&D will be required to achieve practical applications for 
microalgae greenhouse gas mitigation, suggesting the need for an international cooperative R&D 
network.  
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