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recirculation and mixing, was developed in the 1950s by the Kohlenbiologische
Forschungsstation in Dortmund, Germany, and has changed little since (Becker
1978; Goldman 1979). More than 20 years later, it was declared that “Mixed systems
of horizontal channels with a single loop paddlewheel are the most successful for
large scale industrial production” (Laing and Ayala 1990). The optimal depth of such
ponds is generally agreed to be approximately 10–20 cm (Dugan 1980; El-Fouly et
al. 1984; Jassby 1988); the critical parameter here is light penetration, which clearly
is dependent on cell concentration. Engineering studies suggest that maximum fea-
sible dimensions are about 3000 m in length and 60 m in width (Oswald and Golueke
1960), about 35 times larger than the largest ponds ever constructed (Jassby 1988).
The suggested limits to parameters that emerged from several decades of study –
shape, method of circulation, depth, length and width – are crucial to determining
the economics of open pond culture systems.

3.2. BIOFUELS FROM PHOTOSYNTHETIC MICROBES: THE AQUATIC SPECIES PROGRAM

AND RELATED RESEARCH AND DEVELOPMENT

From 1978 to 1996, the US Department of Energy invested more than $25 million
in a program to develop renewable transportation fuels from microalgae (Sheehan
et al. 1998). The Aquatic Species Program (ASP) focused on two apparently con-
vergent approaches – first, to collect and identify photosynthetic microbes that
produce high concentrations of oil and then to determine the cultivation condi-
tions under which they do so; and, second, to design and demonstrate the operation
of large-scale cultivation systems for the production of biofuel feedstock, using
species that had been developed in the laboratory. The ASP did not achieve its
main goal, concluding in its final report that “even with aggressive assumptions
about biological productivity, we project costs for biodiesel which are two times
higher than current petroleum diesel fuel costs” (Sheehan et al. 1998, p. ii). It
is understandable, therefore, that the IPCC has focused on the potential for bio-
fuel production from other sources of biomass where the economics appear more
favorable.

The ASP made significant scientific progress in its laboratory studies. The large-
scale cultivation program, however, did not deliver the productivities estimated by
the extrapolation of laboratory results. Here, we summarize some of the principal
findings of the program.

The ASP built on many basic findings and concepts that already had been made or
proposed. Photosynthetic microbes are a major contributor to geological formations
of hydrocarbons that are now the source of fossil fuels (Dyni 2003). Microalgae
had long been recognized to be more than one order of magnitude more productive
per unit area than terrestrial plants (Warburg 1919). It was also well known that oil
content was a function of the culture conditions, and in particular that oil production
was stimulated by nutrient deprivation (Spoehr and Milner 1949). Scientists at the
University of Göttingen had begun experimenting in 1939 with the possibility of
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TABLE IV

Productivity models and economic analysis for biofuels production from microalgae,
based on two scenarios from each of the two models

Variable A B C D

Algae production (g m−2 d−1) 18.5 18.5 30.0 60.0

Algae production (MT ha−1 yr−1) 67.5 67.5 109.5 219.0

Oil content (%) 40 40 40 40

Oil production (T ha−1 yr−1)a 27.0 27.0 43.8 87.6

Oil production (bbl ha−1 yr−1) 160 160 380 760

Annual operating cost ($/ha)b $20,385 $9,830 $26,293 $29,370

Production cost ($/bbl) $127 $61 $69 $39

Scenarios A and B assume only differences in costs (Benemann et al. 1982); scenarios C
and D assume differences in both productivity and costs: (Benemann and Oswald 1996).
Algae production is expressed in units of dry weight. All values are as originally reported
by the authors; no corrections were made for inflation.
aScenarios A and B assume 168.8 kg per bbl; scenarios C and D assume 115 kg per bbl.
bIncludes depreciated capital costs.

The models in Table IV would require oil production rates in the range of 7.4
to 24 g m−2 d−1; however, oil production rates in cultures grown under nutrient
deficiency are generally < 5 g m−2 d−1 (Thomas et al. 1984a,b).

The major conclusion of the ASP with regard to their economic models was
that “microalgae production for fuels is currently not limited by engineering de-
signs, but by the many microalgae cultivation issues, from species control in large
outdoor systems to harvesting and lipid [oil] accumulation to overall productivity”
(Sheehan et al. 1998, p. 247). The ASP also concluded that “. . . [photobioreac-
tors] are not likely to be an essential or crucial component of large-scale, low-
cost microalgae culture processes for energy production” (Sheehan et al. 1998,
p. 262).

Japan committed about US$117 million (Masutani and Nakamura 1998) to
conduct research on microalgal CO2 utilization in the 1990s in a program enti-
tled Research Institute of Innovative Technology for the Earth (RITE), funded by
the Ministry of International Trade and Industry (MITI) through the New Energy
Development Organization (NEDO). Like the ASP, the program focused on both
species collection and characterization (e.g. Nishikawa et al. 1992; Murakami and
Ikenouchi 1997) and development of cultivation technology. Unlike the ASP, RITE
chose to pursue the development of photobioreactors rather than open ponds. How-
ever, none of the photobioreactors developed in the laboratory (Matsunaga et al.
1991; Burgess et al. 1993; Usui and Ikenouchi 1997) appear to have been attempted
at industrial scale. RITE discontinued its research on biological fixation of CO2 in
1999, and has since turned its attention entirely to geological sequestration (RITE
2004).
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Figure 2. Haematococcus pluvialis: Oil production rates (g m−2 d−1) in the coupled cultivation
system for the period Sep. 2000 to Sep. 2001. Each data point represents the actual production from
open ponds; production rates are scaled to the surface are of the pond.

density of 44.2 GJ/toe and, assuming 100% extraction efficiency, the corresponding
yields of H. pluvialis oil are in the range of 422 to 1014 GJ ha−1 yr−1.

The average annual rate of dry weight biomass production from H. pluvialis in
the ponds was 15.1 g (dry weight) m−2 d−1 (Table V). Once again correcting for
the area occupied by photobioreactors, the production becomes 10.5 g (dry weight)
m−2 d−1 or, on an annual basis, 38.1 tonnes (dry weight) ha−1 yr−1. Similarly, the
maximum rate we achieved corresponds to production of 91.8 tonnes (dry weight)
ha−1 yr−1. Allowing for a dry biomass energy content of 20 GJ tonne−1 (IPCC
2001b), the total energy production of H. pluvialis was on average 763 GJ ha−1 yr−1,
with a maximum value corresponding to 1836 GJ ha−1 yr−1.

The annual rate of energy production we achieved from photosynthetic microbes
at sustained industrial scale exceeds by almost double the most optimistic model
projections for terrestrial sources of biofuels (Table III). Even the annual rate of
oil production alone, 422 GJ ha−1 yr−1, exceeds all but one of these same model
projections. Extrapolating from our results to global scale, oil production from
photosynthetic microbes could supplant all the non-electrical generation fossil fuel
energy requirements of 300 EJ yr−1 on as little as 0.30 Gha, or 23% of the Earth’s
available cropland (Table III). By contrast, all but one of the models of terrestrial
plant energy production (Lazarus et al. 1993) would require more than all the
cropland on Earth to achieve the same result.

4. Discussion

4.1. THE COUPLED PHOTOBIOREACTOR-OPEN POND CULTIVATION SYSTEM

The cultivation system described in this article represents a breakthrough in cul-
tivation technology for photosynthetic microbes. In the half century leading up




