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Preface 
 
The major results of this project are published in the peer-reviewed, open literature. This Final 
Report is designed to summarize those results and direct the reader to the original publications.  
 
For each subtask of the project, we state the original goals, briefly summarize the results, and 
comment on their relevance and significance to the DOE Bioenergy Technologies Office 
(BETO) program and/or to the field at large. The results from each subtask are provided in the 
following format: 
 

1. Peer-reviewed publications  
2. Technical Reports 
3. Presentations, and 
4. Abstracts of peer-reviewed publications 

 
Peer-reviewed publications are available in the open literature or, if in preparation, upon request 
from the lead author. Technical Reports and Presentations, if not marked confidential, are 
available upon request from the lead author. Abstracts of peer-reviewed publications are 
provided for the reader’s convenience.  
 
Consortium publications include 

• 35 peer-reviewed papers  
• 45 Technical Reports 
• 8 Standard Operating Procedures 

 
The results of this project are highly pertinent to the substance – and the future success - of the 
COP21 meeting in Paris, concluded just days ago. Signatories to the Paris agreement have 
targeted a goal of zero net emissions by 2050 – with no clear technology roadmap.  
 
Here we offer a technology – demonstrated at large scale - that could enable zero net emissions 
when implemented at global scale. Just what is needed. At the very least, policy-makers 
worldwide may be well-advised to further explore the realistic potential for implementation.  
 
Motivated by compassionate interest, this Consortium offers its results to everyone with a 
sincere interest in providing the human population with sustainable fuel and food – and at the 
same time reversing the trends in climate change and ocean acidification.  
 
This Final Report summarizes all current information. For updates, stay tuned to 
www.algaeconsortium.com. 
 
 
 
Mark Huntley 
Contact Principal Investigator 
Kailua Kona, Hawaii 
 
Dec 18, 2015 
 

  

http://www.algaeconsortium.com/
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Executive Summary 
 
Background  The members of this Consortium have worked together since 2007 as a 
consortium to demonstrate the potential for marine algae to produce commercially viable, 
sustainable biofuels and useful co-products. The project received very substantial support from 
Royal Dutch Shell, which created Cellana, and was then supplemented in 2009 with support 
from DOE and USDA.  
 
Platform Technology  Our end-to-end integrated process for targeted product development 
consists of (i) strain development to meet targeted product specifications; (ii) mass culture using 
an innovative “hybrid system” of photobioreactors (PBRs) and open ponds, (iii) recovery & 
conversion of algal feedstock to biofuels and animal feed ingredients; (iv) product demonstration 
to assess product efficacy; and (v) a commercialization analysis based on demonstrated results. 
The process employs seawater rather than freshwater for reasons of sustainability. 
 
Results  Our combined R&D effort - comprehensively described in a series of recent papers on 
large-scale mass culture1, animal feed trials2,3, and comparative TEA/LCA results for 20 end-to-
end cases4 - is summarized by the following relevant achievements: 
 
Strain development – selected and developed new strains to meet product specifications 

• Built a collection of >1000 novel strains, screened and characterized at laboratory scale 
for 17 performance variables, esp. specifications for high lipid, high protein productivity 

• Screened the top 24 strains to match product specifications at process development 
scale 

• Demonstrated up to 40% improvement in productivity at bench scale by substituting 
ammonium for nitrate in the nutrient medium (24 strains) 

Mass culture – developed and demonstrated a novel, large-scale feedstock production system 

• Designed, built and operated for five years a low-cost, commercial-scale (300 m3) PBR 
system that delivers large-volume, high-quality inoculum with consistent biochemistry 

• Developed and operated the “hybrid system” of continuous PBR cultures and 2-day 
batch pond cultures, which avoids crashes common in conventional open pond culture 
systems 

• Exceeded oil production targets: sustained production of >3,800 gal acre-1 yr-1 algal oil 
from 2 strains, 6 months each, exceeded the DOE target for 2018 by >30% 

• Produced tonne quantities of two strains for large scale processing and product trials 

                                                 
1 Huntley, M, ZI Johnson, SL Brown, DL Sills, L Gerber, I Archibald, SC Machesky, J Granados, CM Beal & CH Greene 
(2015) Demonstrated large-scale production of marine microalgae for fuels and feed, Algal Res, 10:249-265. 
2 Gatrell, S., Lum, K. K., Kim, J. G., & Lei, X. (2014). Potential of defatted microalgae from the biofuel industry as an 
ingredient to replace corn and soybean meal in swine and poultry diets. Journal of Animal Science. 92:1306-1314. 
3 Kiron, V, W Phromkunthong, M Huntley, I Archibald, G DeScheemaker (2012) Marine microalgae from biorefinery 
as a potential feed protein source for Atlantic salmon, common carp and whiteleg shrimp, Aquac Nutr, 18 :21-531. 
4 Beal, CM, L Gerber, DL Sills, ME Huntley, S Machesky, JW Tester, I Archibald, J Granados & CH Greene (2015) Algal 
biofuel production for fuels and feed in a 100-ha Facility: a comprehensive Techno-Economic Analysis and Life 
Cycle Assessment., Algal Research, 10: 266-279. 
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Recovery & conversion – separation of co-products and conversion to end products 

• Successfully extracted the oil fraction from dry feedstock (hexane) and wet feedstock 
(Valicor) for conversion to drop-in fuels (Shell) 

• Successfully used the unrefined co-product, defatted algae meal, as a feed ingredient 
substitute for fishmeal, soy, and corn products to manufacture formulated animal feeds 

Product demonstration – efficacy trials and product valuation 

• Biofuels: Met specifications for diesel, gasoline, kerosene at gallon scale (Shell) 

• Aquafeeds: Pre-commercial feed trials on farmed salmon, carp, and shrimp in Europe 
and Asia (University of Nordland [UiN]) - validated equivalency to fishmeal 

• Animal feeds: Pre-commercial feed trials on swine and poultry using thousands of 
animals (Cornell) - validated equivalency to high-grade soy and corn ingredients 

Commercialization analysis – techno-economics, life-cycle assessment, and strategic markets 

• Applied TEA/LCA as a design tool to compare 20 different production and process 
pathways based on actual production and process data at large-scale 

• Demonstrated economic feasibility of delivering a fuel price of $2.76 to $8.96 per gallon 
gasoline equivalent (gge) with an energy return on investment (EROI) of 1.45 for a fuel 
that meets the Renewable Fuel Standard (RFS) for advanced biofuels 

In summary, this Consortium has demonstrated a fully integrated process for the production of 
biofuels and high-value nutritional bioproducts at pre-commercial scale. We have achieved 
unprecedented yields of algal oil, and converted the oil to viable fuels. We have demonstrated 
the potential value of the residual product as a viable feed ingredient for many important 
animals in the global food supply. 
 
  

                                                 
5 Beal, CM, L Gerber, DL Sills, ME Huntley, S Machesky, JW Tester, I Archibald, J Granados & CH Greene (2015) Algal 
biofuel production for fuels and feed in a 100-ha Facility: a comprehensive Techno-Economic Analysis and Life 
Cycle Assessment., Algal Research, 10: 266-279. 
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Task A: Feedstock Supply 
Subtask A.1: Strain Improvement  
 
PI: Zackary Johnson 
Recipient Organization:  Duke University (a subcontractor of Cornell University) 
Project Location:  Beaufort, NC 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  November 13, 2015 
Written by:  Zackary Johnson, Assistant Professor, zij@duke.edu 
 
Goals & Objectives: Use husbandry on 2 strains per year to improve lipid, growth, ash and 
halotolerance. 
 
Results Summary: 
 
Here we sought to improve the C046 wild type strain using two distinct approaches: first by 
exploiting each culture’s natural variability, and second, by attempting to induce DNA mutation 
by exposing cells to UV radiation. Our focus was primarily on halotolerance, with additional work 
focusing on lipid improvements. 
 
Natural variability (NV): In order to best observe and identify any naturally occurring ‘improved’ 
cell lines, we streaked 20µL of culture onto agar/media plates of various salinities and monitored 
growth and colony size. Larger colonies were assumed to be growing faster and were then 
‘picked’ with a sterile toothpick and used to inoculate 2mL deep-well plate cultures. Growth of 
these cultures could then be easily monitored with the spectrophotometric method and screened 
for improved growth (versus a wild type control). Any cultures observed to grow faster than the 
control (>0.6 µ) were cryopreserved following SOPs for later analysis. Additionally, cells stained 
with nile red for lipid content were characterized using a flow cytometer and cells with high-lipid 
content were sorted for subsequent growth and characterization. Multiple rounds of selection 
were used to isolate high lipid content cell-lines. 
 
Mutation:  Ultraviolet radiation is known to kill phytoplankton cells at certain levels of exposure 
by, among other effects, radically altering and eventually destroying their DNA. It is assumed 
then, that levels just under the lethal limit will kill many but not all cells, leaving some alive but 
with altered DNA. Statistically speaking, some of these changed cells might be affected in a way 
that results in a higher growth rate in high salinity media. After an initial trial run to determine the 
lethal limit this strain, strains were mutated using sublethal UV exposure and colonies selected.  
These strains were monitored for improved growth using the same spectrophotometric method 
as in the NV experiment. Any cell lines exhibiting faster growth than the control (C046 wild type) 
were cryopreserved for later analysis. Cryopreservation and subsequent recovery were 
performed using SOPs. Upon recovery, each new cell line was screened again in at least one 
salinity and compared to a wild-type control in order to identify the best candidates for the next 
phase of characterization. 
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Summary Results:  
 

 
 
Figure 1: Growth Rate for individual strains showing an improvement in growth for select strains 
grown under salinity stress (green line is Wild Type). 
 

 
Figure 2: Improvements in growth rate (upper left) and lipid accumulation for selected strains 
(M68 and M69) relative to wildtype (WT) for Desmodesmus sp. (C046) as a function of salinity. 
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Relevance/Significance: Combined, these results show that there is potential to increase the 
salinity tolerance of strains (relative to wild type) using both natural variability (i.e. traditional 
husbandry techniques) and untargeted/random mutagenesis approaches.  Further, these 
improvements in salinity tolerance do not appear to negatively affect lipid production; in some 
cases they even increase it.  Demonstration of these types of approaches opens the door to 
future improvements in tolerating ‘extreme’ conditions that otherwise might retard growth. 
Alternatively, increased salinity tolerance could be used as a crop-protection strategy whereby 
strains were developed that could grow in conditions that dramatically reduced the chance of 
predators or other contaminants. 
 
Peer-Reviewed Publications:  
 

1. Techniques for Quantifying Phytoplankton Biodiversity. Annual Review of Marine 
Science 7. DOI: 10.1146/annurev-marine-010814-015902 (2015) [Johnson, ZI and AC 
Martiny] 
 

2. Carbon allocation under light and nitrogen resource gradients in two model marine 
phytoplankton. Journal of Phycology DOI 10.1111/jpy.12060 (2013) [Bittar, TB, Y Lin, 
LR Sassano, BJ Wheeler, SL Brown, WP Cochlan and ZI Johnson] 
 

3. Smartphones: Powerful Tools for Geoscience Education.  EOS, Transactions 
American Geophysical Union 94: 433-434. (2013) [Johnson ZI and DW Johnston] 

 
Technical Reports:  
 

1. Halotolerance of Model Algal Strains (2015) [Blinebry S and Johnson Z] 50 pp 
 
Presentations:  
 

1. “The effects of salinity on algae biomass production,” Presentation Algae Biomass 
Organization (ABO 2014) [Johnson, ZI and S Blinebry] – October 2014 
 

2. “From Test Tubes to Tonnes: Scaling up Lab Trials to Commercial Scale 
Relevance” Presentation Algae Biomass Organization (ABO 2015) [Johnson ZI] – 
October 2015 

 
3. “The Potential (and Progress) of Marine Algae for Feed and Fuel" Stewards of Future 

Keynote Address – June 2015 
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Peer-Reviewed Publication Abstracts: 
 

1. Techniques for Quantifying Phytoplankton Biodiversity. Annual Review of Marine 
Science 7. DOI: 10.1146/annurev-marine-010814-015902 (2015) [Johnson, ZI and AC 
Martiny]  
The biodiversity of phytoplankton is a core measurement of the state and activity of 
marine ecosystems. In the context of historical approaches, we review recent major 
advances in the technologies that have enabled deeper characterization of the 
biodiversity of phytoplankton. In particular, high-throughput sequencing of single 
loci/genes, genomes, and communities (metagenomics) has revealed exceptional 
phylogenetic and genomic diversity whose breadth is not fully constrained. Other 
molecular tools—such as fingerprinting, quantitative polymerase chain reaction, and 
fluorescence in situ hybridization—have provided additional insight into the dynamics of 
this diversity in the context of environmental variability. Techniques for characterizing the 
functional diversity of community structure through targeted or untargeted approaches 
based on RNA or protein have also greatly advanced. A wide range of techniques is now 
available for characterizing phytoplankton communities, and these tools will continue to 
advance through ongoing improvements in both technology and data interpretation. 
 

2. Carbon allocation under light and nitrogen resource gradients in two model marine 
phytoplankton. Journal of Phycology DOI 10.1111/jpy.12060 (2013) [Bittar, TB, Y Lin, 
LR Sassano, BJ Wheeler, SL Brown, WP Cochlan and ZI Johnson]  
Marine phytoplankton have conserved elemental stoichiometry, but there can be 
significant deviations from this Redfield ratio. Moreover, phytoplankton allocate reduced 
carbon (C) to different biochemical pools based on nutritional status and light availability, 
adding complexity to this relationship. This allocation influences physiology, ecology, 
and biogeochemistry. Here, we present results on the physiological and biochemical 
properties of two evolutionarily distinct model marine phytoplankton, a diatom (cf. 
Staurosira sp. Ehrenberg) and a chlorophyte (Chlorella sp. M. Beijerinck) grown under 
light and nitrogen resource gradients to characterize how carbon is allocated under 
different energy and substrate conditions. We found that nitrogen (N)-replete growth rate 
increased monotonically with light until it reached a threshold intensity (~200 μmol 
photons m−2 s−1). For Chlorella sp., the nitrogen quota (pg μm−3) was greatest below this 
threshold, beyond which it was reduced by the effect of N-stress, while for Staurosira sp. 
there was no trend. Both species maintained constant maximum quantum yield of 
photosynthesis (mol C mol photons−1) over the range of light and N-gradients studied 
(although each species used different photophysiological strategies). In both species, 
C:chl a (g g−1) increased as a function of light and N-stress, while C:N (mol mol−1) and 
relative neutral lipid:C (rel. lipid g−1) were most strongly influenced by N-stress above the 
threshold light intensity. These results demonstrated that the interaction of substrate (N-
availability) and energy gradients influenced C-allocation, and that general patterns of 
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biochemical responses may be conserved among phytoplankton; they provided a 
framework for predicting phytoplankton biochemical composition in ecological, 
biogeochemical, or biotechnological applications. 

 
3. Smartphones: Powerful Tools for Geoscience Education.  EOS, Transactions 

American Geophysical Union 94: 433-434. (2013) [Johnson ZI and DW Johnston]  
Observation, formation of explanatory hypotheses, and testing of ideas together form the 
basic pillars of much science. Consequently, science education has often focused on the 
presentation of facts and theories to teach concepts. To a great degree, libraries and 
universities have been the historical repositories of scientific information, often restricting 
access to a small segment of society and severely limiting broad-scale geoscience 
education. 
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Subtask A.2: Biochemical Characterization 
 
PI:  Robert R. Bidigare 
Recipient Organization:  University of Hawaii (a subcontractor of Cornell University) 
Project Location:  Analysis of Biochemical Constituents (ABC) Laboratory, University of Hawaii 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  23 July 2015 
Written by:  Robert R. Bidigare, Professor, bidigare@hawaii.edu 
 
Goals & Objectives: Develop and apply standard operating procedures (SOPs) for 
harmonization and deployment throughout consortium laboratories to measure a range of key 
biochemical metrics of performance, up to the level of molecular characterization. 
 
Results Summary: We developed eight ISO 17025 compliant SOPs for the determination of 
the biochemical composition of marine phytoplankton (Table I). These SOPs were used for 
analyzing the biochemical composition of samples generated during the execution of Subtasks 
A.3, B.2, B.4, and D.2 (Tables II and III).  
 
Table I. List of SOPs developed by the Analysis of Biochemical Constituents (ABC, University of 
Hawaii) during the DoE research project entitled Large-scale Production of Fuels and Feed from 
Marine Microalgae.  

 
 
Table II. List of Subtasks that generated samples for the analysis of biochemical composition by 
the ABC Laboratory of the University of Hawaii.  
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Table III. Description of the biochemical analyses performed by the ABC Laboratory of the 
University of Hawaii.  

 
 
Relevance/Significance: This task aided in the identification of wild type microalgae strains 
that are optimal for specific production locations. The use of the protein fraction for animal feed 
preparation dictates high essential amino acid content. Microalgae protein quality was assessed 
by performing state-of-the-art amino acid analyses. This subtask was essential for documenting 
strain improvement and performing material mass balances. This research subtask facilitated 
significant improvements in product yield and quality, as well as reductions in the costs 
associated with the production of microalgae-derived bio-diesel and high-value co-products. 
 
Peer-Reviewed Publications: 
 

1. Quantification of neutral lipids from marine phytoplankton using Nile Red. [ZI 
Johnson, RR Bidigare, SK Blinebry, SL Brown, JJ Cullen, SE Loftus, DG Redalje, BAS 
Van Mooy] (In Review) 
 

2. Enigmatic relationship between chlorophyll a concentrations and primary 
production rates at Station ALOHA. Deep-Sea Res. I. (2015) [Laws, E. A., R. R. 
Bidigare and D. M. Karl] (In Revision) 
 

3. Effects of sequence and severity of macronutrient depletion on neutral lipid 
production in two strains of Chlorella 211-18. Journal of Applied Phycology [Cochlan, 
WP, J Herndon, CE Ikeda, F-R Buttler, and RR Bidigare] (In Preparation) 
 

4. Effects of nitrogen source on rates of cell growth and production of lipid and 
triacylglycerols by the marine chlorophyte Chlorella sp. SAG-211-18.  Journal of 
Applied Phycology [Cochlan, WP, J Herndon, CE Ikeda, F-R Buttler, and RR Bidigare] 
(In Preparation) 

 
Standard Operating Procedures: 
 

1. Preparation and storage of C323 reference material (2013) [Christensen, S. J.] 5 pp 
 

2. Determination of neutral lipid classes by high-performance liquid chromatography-
CAD (2013) [Bidigare, R. R.] 8 pp 
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3. Filtered lipid sample preparation (2013) [Elsey, D.] 5 pp 

 
4. Determination of photosynthetic pigment distributions (2013) [Christensen, S. J.] 32 

pp 
 

5. Microscale total lipid extraction via an accelerated solvent extractor: The Dionex 
method (2013) [Elsey, D.] 9 pp 
 

6. High throughput analysis of TAGs by high-performance liquid chromatography 
(Varian 385-LC Evaporative Light Scattering Detector) (2013) [Bidigare, R. R.] 15 
pp 
 

7. Determination of amino acid distributions (2013) [Christensen, S. J.] 14 pp 
 

8. GC-MS determination of fatty acid profile of algal lipid extract (2013) [Elsey, D.] 11 
pp 

 
Technical Reports: 
 

1. ISO 17025 Compliance: Kona Demonstration Facility Laboratory (2011) [Lopez, M., 
Eric de la Rosa, R. R. Bidigare and J. Obbard] 28 pp 
 

2. Harmonization and External Validation of Biochemical Measurements (2010) 
[Bidigare, R. R.] 9 pp 
 

3. Biochemical Measurements (2009) [Bidigare, R. R., and W. P. Cochlan] 4 pp 
 

Presentations: 
 

1. “Effects of sequence and severity of macronutrient depletion on neutral lipid 
production in two strains of Chlorella 211-18,” Ocean Sciences Meeting, Honolulu 
[Buttler, F. R.] – February 2014 
 

2. “Effects of sequence and severity of macronutrient depletion on neutral lipid 
production in two strains of Chlorella vulgaris,” The First International Conference on 
Algal Biomass, Biofuels and Bioproducts, St. Louis [Cochlan, W. P.] – July 2011 
 

3. “Correlated morphological and molecular data establish the phylogeny the 
polyphyly of nanodiatoms previously assigned to Nanofrustulum shiloi,” 
Phycological Society of America annual meeting, Seattle [O’Kelly, C. J.] – July 2011 

 
  



   

14 

Peer-Reviewed Publication Abstracts: 
 

1. Quantification of neutral lipids from marine phytoplankton using Nile Red. [ZI 
Johnson, RR Bidigare, SK Blinebry, SL Brown, JJ Cullen, SE Loftus, DG Redalje, BAS 
Van Mooy] (In Review) 
The fluorescent stain Nile Red has been used extensively for the quantification of lipids 
in phytoplankton, including microalgae, because it preferentially stains neutral lipids and 
is economical and sensitive to use for screening purposes.  Although its basic 
application has not changed for several decades, recent improvements have been made 
to improve its utility across uses. Here we describe additional refinements in its 
application and interpretation as a high-throughput method for the rapid quantification of 
neutral lipids in liquid cultures of marine phytoplankton.  Specifically we address (1) 
inter-species comparisons, (2) fluorescence excitation and emission wavelengths and 
(3) the time-course of the Nile Red signal in the context of using bulk or cell-specific 
fluorescence to quantify neutral lipids of live or preserved cells.  We show that with 
proper caution in its interpretation across species and physiological states that the 
quantity of lipid in hundreds of small volume samples can be reliably assessed daily 
using a refined Nile Red protocol. 
 

2. Enigmatic relationship between chlorophyll a concentrations and primary 
production rates at Station ALOHA. Deep-Sea Res. I. (2015) [Laws, E. A., R. R. 
Bidigare and D. M. Karl] (In Revision) 
An ordinary least squares (OLS) analysis of the relationship between chlorophyll a (Chl 
a) concentrations and primary production rates at depths of 5 and 25 m at Station 
ALOHA produced a slope that was only 28% of the mean ratio of primary production to 
Chl a at those depths and an intercept at zero Chl a that equaled 70% of the mean 
primary production rate. OLS regression lines are known to produce a slope and 
intercept that are biased estimates of the true slope and intercept when the independent 
variable is uncontrolled and subject to error, but in this case the measurement errors and 
natural variability of the Chl a concentrations were much too small to explain the 
apparent bias in the OLS regression. The bias was traceable to the natural variability of 
the slope of the regression line itself, a source of variability that has been overlooked in 
textbooks and scientific papers on the subject of OLS bias. Part of the variability of the 
slope was closely correlated with variations of surface irradiance. Modeling the primary 
production rates as a function of the product of Chl a and surface irradiance produced a 
much more accurate and realistic description of the data, but the OLS continued to be 
biased, presumably because the primary production rates were functions of factors in 
addition to Chl a and surface irradiance (e.g., macronutrients, trace metals and 
vitamins). Modeling the results with a geometric mean regression line produced more 
realistic results than the OLS line but at some sacrifice in accuracy. The results 
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underscore the importance of taking into consideration the contribution of variability of 
the regression line slope to the natural variability that causes bias in OLS regression. 

 
3. Effects of sequence and severity of macronutrient depletion on neutral lipid 

production in two strains of Chlorella 211-18. Journal of Applied Phycology [Cochlan, 
WP, J Herndon, CE Ikeda, F-R Buttler, and RR Bidigare] (In Preparation) 
Two strains of the Chlorophyte species, Chlorella 211-218 isolated from coastal 
Hawaiian waters were cultured under controlled laboratory conditions to quantify neutral 
lipid (NL) production as a function of macronutrient sufficiency. Although up-regulation of 
NL is a well-known process triggered by macronutrient (nitrogen, phosphorus, and 
silicon for diatoms) limitation, there has been little study on the interactive effects 
between macronutrient depletion and uncoupled photosynthetic growth, and NL 
production as a function of strain variability.  The relative TAG content of lipids increased 
from <10 to >50% as a function of increased nutrient deficiency, and daily TAG 
productivity averaged >40 mg TAG L-1 d-1 during the stationary growth phase for both 
strains. After 4 days of such nutrient-depleted growth, concentrations of total lipids and 
triacylglycerols exceeded values of 260 and 145 mg L-1, respectively. Given the need for 
all macronutrients to be utilized prior to discharge into the natural environment, it is 
essential that potential inhibitory influences of inter-nutritional limitation (i.e., nitrate 
limitation of orthophosphate uptake) be quantified to minimize both cultivation operating 
expenses and effluent discharge concentrations, particularly when scaled to commercial 
applications. 
 

4. Effects of nitrogen source on rates of cell growth and production of lipid and 
triacylglycerols by the marine chlorophyte Chlorella sp. SAG-211-18.  Journal of 
Applied Phycology [Cochlan, WP, J Herndon, CE Ikeda, F-R Buttler, and RR Bidigare] (In 
Preparation) 
Many phytoplankton are capable of rapid growth and the production of cellular lipids that 
can be used for the production of biofuels, particularly transportation fuels such as 
biodiesel.  However, rapid growth rates occur under macronutrient-replete conditions, 
whereas rates of neutral lipid production, in particular triacylglycerols (TAGs), are 
optimized under macronutrient-depleted conditions. In this laboratory study, rates of 
exponential growth and lipid production were examined as a function of the nitrogen 
source for an oleaginous, subtropical strain (C596) of the marine chlorophyte Chlorella 
sp. “SAG-211-18" under controlled conditions.  Experiments conducted under the 
environmental conditions expected in the Hawaiian Islands, USA and at saturating (800-
820 µmol photons·m-2·s-1) photosynthetic photon flux densities (PPFD), demonstrate that 
this Hawaiian strain of Chlorella sp. grows well on all three N substrates tested (nitrate, 
ammonium and urea), but that specific growth rates obtained with ammonium were 1.8-
fold and 1.3-fold greater than the average rates obtained using urea and nitrate, 
respectively. The volumetric production rate of lipids and TAGs during the N-depleted, 



   

16 

lipid accumulation phase of growth were approximately 15% lower for cultures grown 
previously on nitrate than those grown with either ammonium or urea, which were 
statistically identical. Additionally the percentage production of TAG relative to the total 
lipid also varied as a function of N source; urea-, ammonium- and nitrate-grown cells 
produced 47, 44 and 42%, respectively. The resultant effects of N source are clearly 
demonstrated in the TAG production rates normalized to cellular (particulate) carbon; 
rates obtained from ammonium- and urea-grown cultures were are 1.4 and 1.3 fold 
greater than the normalized TAG productivity of nitrate-grown cultures of Chlorella. 
These results demonstrate that the differential effects of N source on exponential growth 
and lipid productivity need to be considered when mass culturing marine phytoplankton 
for the efficient and cost effective production of commercial biofuels. 

 
Standard Operating Procedure Abstracts:  
 

1. Preparation and storage of C323 reference material (2013) [Christensen, S. J.] 5 pp 
A dried algae standard reference material (SRM) is required to facilitate method 
development, and inter-method and inter-laboratory harmonization exercises between 
Cellana and university laboratories.  The marine microalga C323 is grown in bulk, 
harvested, and spray-dried at the Cellana Kona Demonstration Facility (Kona). The dried 
algae is then shipped to High-Purity Standards (HPS, Charleston) for packaging. This 
SOP describes how dried algae should be sent to HPS for packaging, and how the 
resulting SRMs should be stored at Cellana for distribution. 
 

2. Determination of neutral lipid classes by high-performance liquid 
chromatography-CAD (2013) [Bidigare, R. R.] 8 pp 
Lipids can be classified as neutral or polar, depending on their degree of solubility in 
organic solvent. Neutral lipids include free fatty acids (FFA), hydrocarbons (HC), ketones 
(KET), long-chain alcohols (ALC), sterols (ST), sterol esters (SE), wax esters (WE), 
monoacylglycerols (MAG), diacylglycerols (DAG), and triacylglycerols (TAG), while the 
polar lipids include phospholipids (PL) and sphingomyelins (SM). This SOP describes 
how to detect and quantify neutral lipid classes using a modified version of the normal-
phase HPLC methods of Graeve & Janssen (2009) coupled with Charged Aerosol 
Detection (CAD, Plante et al., 2010). Knowledge of total neutral lipid concentration 
allows the estimation of polar lipid concentration by difference (i.e. Polar lipid 
concentration = Total lipid concentration minus Neutral lipid concentration). The intended 
use of data generated from this SOP is for quantification of lipid class concentrations in 
microalgae, and the overall required site precision (CV) is 5%. 
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3. Filtered lipid sample preparation (2013) [Elsey, D.] 5 pp 
This protocol describes the procedure for the proper handling and storage of algal 
samples in preparation for lipid analysis.  This procedure will ensure minimal 
contamination and decomposition of sample for accurate analysis. Blanks for lipid 
samples will be prepared by filtering filtered seawater followed by ammonium formate 
wash on combusted filters. 
 

4. Determination of photosynthetic pigment distributions (2013) [Christensen, S. J.] 32 
pp 
Phytoplankton use chlorophyll a as their major light harvesting pigment for 
photosynthesis.  Accessory pigment compounds, such as carotenoids, also play a 
significant role either in photosynthesis, by extending the organism’s optical collection 
window, or in photoprotection, by preventing cellular damage at high growth irradiances.  
High-performance liquid chromatography (HPLC) has made it possible to simultaneously 
determine the concentrations of a wide range of carotenoids and chlorophylls and their 
degradation products.  This SOP describes how to detect and quantify phytoplankton 
pigments using a modified version of the reverse-phase C18 HPLC method of Wright et 
al. (1991) as described by Bidigare et al. (2005).  The intended use of data generated 
from this SOP is for quantification purposes and the required site precision (CV) is 5%. 

 
5. Microscale total lipid extraction via an accelerated solvent extractor: The Dionex 

method (2013) [Elsey, D.] 9 pp 
This method is based on that of Bligh, E.G. and W.J. Dyer. 1959. “A rapid method for 
total lipid extraction and purification.” Can. J. Biochem. Physiol. 37:911-917.  This 
method was transferred to the DIONEX system and optimized.  The micro-scale 
extraction method allows for a high-throughput solvent extraction of microalgae in the 
biomass range of 5-25 mg particulate organic carbon (POC, approximately equivalent to 
10-50 mg dry weight).  Blanks for lipid samples are prepared by filtering filtered seawater 
(FSW) followed by ammonium formate wash on combusted filters (cf. SC-NI-001.06).  A 
liquid-liquid phase separation to clean up the Dionex extract cannot be performed due to 
the small amount of lipids in the extract, therefore this method only provides an estimate 
of total lipid concentration.  Harmonization between KPF and UH was not conducted 
because this method is used for screening purposes only. The Coefficient of Variation 
for this method (10 - 50 mg dry weight) is 8% 
 

6. High throughput analysis of TAGs by high-performance liquid chromatography 
(Varian 385-LC Evaporative Light Scattering Detector) (2013) [Bidigare, R. R.] 15 pp 
Lipids can be classified as neutral or polar, depending on their degree of solubility in 
organic solvent.  Neutral lipids include free fatty acids (FFAs), sterols (STs), 
monoacylglycerols (MAGs), diacylglycerols (DAGs), and triacylglycerols (TAGs), while 
the polar lipids include phospholipids (PLs) and glycolipids (GLs).  This SOP describes 
how to detect and quantify TAGs using a modified version of the normal-phase 
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HPLC/ELSD method of Silversand & Haux (1997).  This procedure was adapted from 
SC-NI-007.03, High Throughput Analysis of TAGs by High-Performance Liquid 
Chromatography (Agilent Technologies 1200 Evaporative Light Scattering Detector). 
The intended use of data generated from this SOP is for screening purposes and the 
required site precision (CV) is 5%. 
 

7. Determination of amino acid distributions (2013) [Christensen, S. J.] 14 pp 
Amino acids are the basic constituents of proteins.  Quantitative and qualitative analysis 
of the amino acids in algae provides critical information about nutritional value.  This 
SOP describes a reverse-phase liquid chromatography method developed by Waters 
Corporation (Grumbach et al., 2006) which uses pre-column derivatization (AccQTag, 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate) to make the amino acids in a 
hydrolyzed sample easily separable and readily detectable by both UV absorbance and 
fluorescence. The intended use of data generated from this SOP is for quantification 
purposes and the overall required site precision (CV) is 5%. 

 
8. GC-MS determination of fatty acid profile of algal lipid extract (2013) [Elsey, D.] 11 

pp 
Distributions of fatty acid methyl esters (FAMEs) are determined via direct 
transesterification and separation and quantification by GC/MS. Transesterification is 
performed on lipid extracts or whole cells (Rodriguez-Ruiz et al. 1998). The 
transesterification chemistry follows that described in Christie (2008). FAMEs are 
separated on an Agilent 6890/5973 GC/MS system equipped with a DB-23 FAME 
column (David et al. 2005). The intended use of data generated from this SOP is for 
screening the quality of microalgae FAME profiles, and the overall required site precision 
(CV) is <10%. 
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Subtask A.3: Metabolic Pathways 
 
PI:  Beth Ahner, Ruth Richardson 
Project Location:  Cornell University, Ithaca, New York, USA 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  November 15, 2015 
Written by:  Beth Ahner, Professor, baa7@cornell.edu 
 
Goals & Objectives: Develop rapid diagnostic assays that track key protein biomarkers of lipid 
biosynthesis and auto-flocculation. Apply these tools to manage pilot-scale cultivation. 
 
Results Summary:  
 

Our work was necessarily focused exclusively on one algae strain (C596), obtained from the 
University of Hawaii and selected from among hundreds of isolates as a promising candidate by 
our DOE consortium.  While we were framing the original scope of work, the diatom C323 was 
one of the top contenders with respect to which organism we would select for work on this 
subtask. This organism aggregated and settled well. After the start of the project, the consortium 
changed focus to the green algae C596 for this subtask rather than C323.  Reasons for this 
change included the fact that C323 required silica which added to production costs and 
increased ash content of the biomass, while C596 did not. C596 was also a strong oil producer 
and prior work on it was presented and published. However, because C596 does not appear to 
auto-flocculate, the genetic origins of that phenotype were not pursued.   

Furthermore, the original proposal included proteomics as a high-throughput method for 
characterizing novel biomarkers of lipid biosynthesis; we later determined that sequencing of 
transcriptomes would be the wiser choice.  Proteomics requires a sequenced genome a priori, 
while transcriptomes could be assembled de novo without need for a genome sequence. We 
worked toward completing a closed genome in parallel with our transcriptomic strategy so that 
future work in this area could be enabled.    

 
For genome sequencing, we extracted high-quality genomic DNA from strain C596 grown 

under standard conditions in synthetic seawater harvested at mid-exponential growth. The 
genomic DNA was submitted for MiSeq Illumina sequencing at the Cornell University facility 
following two separate preparation methods: TruSeq and Nextera. We used the Velvet software 
pipeline to perform de novo assembly of the MiSeq DNA data.  Using BLAST searches, we 
identified many sequences with homology to known genes, including many associated with lipid 
biosynthesis. We implemented MAKER for annotation; however the genome assembly was not 
of high enough quality for a successful annotation of the genome. In a final attempt to improve 
our data set, we extracted a new C596 genomic DNA sample and subjected it to Illumina MiSeq 
sequencing, only this time the genomic DNA sample was prepared using a PCR-free method 
(Swift Biosciences). The approach allowed us to generate longer and more complete DNA 
sequences in the final assembly of the genome (n50 = 199, l50 = 24728 bp, total bases in 
contigs = 22.1 Mbp), but was still not complete enough for the MAKER annotation pipeline. 

 
We used BLAST to align our chloroplast and mitochondrial genomes to other sequenced 

Chlorella genomes. We conducted BLAST analyses on the C596 chloroplast genome sequence 
to identify the highly conserved chloroplast protein and to screen for the unlikely existence of 
genes specific to strain C596. We generated a chloroplast genome graphic map using the 



   

20 

MAUVE program to analyze the highly conserved and the inverted repeat regions relative to 
closely related species. 

 
To begin our transcriptome studies, we developed protocols for extracting total RNA and 

depleting the rRNA, which is known to interfere with the RNA sequencing. We extracted RNA 
from three C596 cultures grown under standard condition and harvested at mid exponential 
growth phase. We sequenced the mRNA using MiSeq Illumina sequencing, compiled the 
sequences via Trinity software pipeline and we mapped the available transcriptomes to the 
KEGG database using the Blast2Go program to determine whether we had obtained a 
reasonably complete set of transcripts. 

 
We collaborated with consortium member Dr. Bill Cochlan (San Francisco State) and 

provided protocol and chemicals for extracting RNA from C596 samples grown in batch cultures 
with various nitrogen sources: nitrate, urea and ammonia. We extracted the RNA of the nitrate 
samples collected at three time points during the N&P drawdown in nutrient experiments. We 
subjected the mRNA samples to MiSeq Illumina sequencing and compiled the sequences via 
Trinity software pipeline. We developed cDNA libraries using the sequencing data obtained from 
the RNA MiSeq Illumina sequencing to help us with the selection of target genes for reverse 
transcription quantitative PCR (RT-qPCR). We designed primers for RT-qPCR for two standard 
house-keeping genes, actin and cyclophillin, and two lipid biosysnthesis genes, diacylglyceride 
acyltransferase (DGAT) and galactoglycerolipid lipase. We tested all primers for gene specificity 
via PCR conducted with genomic DNA and cDNA as templates. All amplicons were later 
subjected to DNA sequencing for further verification. We quantified the level of gene expression 
of DGAT and galactoglycerolipid lipase using RT-qPCR in the mid- and late-log samples 
obtained from the Cochlan lab for cultures gown with nitrate. Our RT-qPCR data were 
consistent with the transcriptomic analysis obtained from the same samples, where the 
expression level of DGAT and lipase increased substantially as the cells entered the late-log 
phase. These results are all included in the Mansfeldt et al. paper.  [Use of de novo 
transcriptome libraries to characterize a novel oleaginous marine Chlorella species during the 
accumulation of triacylglycerols. (2015) Mansfeldt CB, LV Richter, BA Ahner, WP Cochlan, and 
RE Richardson] (PlosOne, in review) 

 
We implemented the Nile Red method for the relative quantification of TAG accumulation in 

the intact cells and used fluorescent microscopy to visualize the lipid droplet in late-log and 
p-limited cells.  Images are all included in the Mansfeldt et al. paper (PlosOne, in review). 

 
We extracted and sequenced a subset of the mRNA of the Mid-Scale Screening (MSS1) 

samples collected by Cellana collaborators and assembled the mRNA transcripts. Additionally, 
we quantified the expression of these transcripts over the course of the single day, allowing for 
the identification of up-and down- regulated genes. 

 
We cultured the C596 strain under stress inducing conditions that we considered most 

relevant to the pond conditions including: high light, low Fe, high copper, high temperature, dark 
incubation and high salt.  We extracted RNA of high quality from the stress cultures harvested at 
mid-log, and prepared the RNA samples for sequencing by depleting the rRNA. We subjected 
the mRNA of two biological replicates per stress to 2*250 paired end MiSeq Illumina 
sequencing. MiSeq data revealed distinct mRNA abundance patterns between the stress RNA 
compared to exponentially grown mid-log non-stress control samples. We conducted principle 
component analyses in conjunction with EdgeR tests and generated heatmaps to identify 
differentially expressed genes under the stress culturing conditions indicated above. This data 
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will be incorporated into a manuscript along with the MSS data if interesting conclusions can be 
drawn. 

 
We investigated the metabolic versatility of C596 strain by growing the culture 

heterotrophically using a set of five carbon substrates. C596 was able to utilize all tested carbon 
substrates heterotrophically with growth rates that rival that of photoautotrophic growth.  We 
determined that C596 has the ability to tolerate low salt concentrations (17, 8.8 and 4.4 ppt), 
albeit with lower growth rates in comparison to the optimum salinity of 35 ppt.  These results are 
all included in the Mansfeldt et al. (PlosOne; in review) 

 
We extracted the total soluble protein from C596 cultures because future work on 

bioindicators using RNA must be benchmarked against protein measurements either through 
proteomic analyses or immunodetection. We ran protein gels and evaluated the level of 
extracted Rubisco protein using immunodetection blots conducted with Anti-Rubisco antibody. 
Reactivity of the commercially available Anti-Rubisco primary antibody was low, revealing that 
future immunodetection strategies would need to rely on antibodies developed specifically for 
C596 proteins. 

 
Through a series of plating experiments, we isolated a slower growing C596 strain that 

exhibited a reduced microbial background and we designated this strain as S1.  We extracted 
the RNA from the S1 strain and sequenced the rRNA-depleted sample using MiSeq Illumina 
sequencing. The transcriptomic data analysis revealed a shift in the bacterial abundance 
associated with S1 in comparison to the original C596. We identified and compared 16S rRNA 
sequences of putative bacterial origin in our transcriptomes. We found several bacterial 
representatives are common across samples from our laboratory cultures and the Cochlan 
samples we sequenced.  This data will be included in our second paper [Altering the Bacterial 
Consortium Leads to Significant Phenotypic and Transcriptomic Differences in a Lipid Producing 
Chlorophyta. Richter LV., CB. Mansfeldt, M. Kuan, S. Menefee A. Cesare, RE Richardson, and 
BA Ahner] (In preparation for submission to Applied and Environmental Microbiology) 

 
Initial experimental efforts resulted in one bacterial isolate from the C596 on Aquil-Agar 

plates, and we identified the bacterial origin via 16S rRNA sequencing. We introduced the 
bacteria back into the C596 slow growing strain S1 to test for possible growth rate recovery. 
However, the slow growth rate did not increase after several generations of algae-bacteria 
acclimation. In subsequent efforts, we isolated >40 colonies from Aquil/Agar plates 
supplemented with three different carbon sources (acetate, sucrose or glycerol). The rationale 
behind the approach was the microscopic observation of enhanced differences in microbial 
consortium when C596 cultures were grown heterotrophically in Aquil with various carbon 
substrates. We screened all colonies via a Restriction Fragment Length Polymorphism (RFLP) 
technique and analyzed the digested results using DNA electrophoresis gels. We sequenced 
over 20 colonies that showed different migration patterns on DNA gels using primers targeting 
the highly variable regions of the 16S rRNA gene. All the sequenced amplicons aligned to the 
16S rRNA gene of one marine bacterial isolate, the same one we had previously isolated. 
Therefore, we explored the effect of adding the entire bacterial consortia recovered from the fast 
growing C596 by filtration, into the slow growing strain S1. Preliminary data indicated a partial 
growth rate recovery.  All of these results will be included in Richter et al. (In preparation for 
submission to Applied and Environmental Microbiology). 
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Relevance/Significance:  
 

Creating a set specific biomarkers for lipid biosynthesis and other physiological conditions 
(such as stress or advantageous physical states) gives us an entirely new set of metrics on 
which to judge system performance and quantitative information to make positive and 
meaningful changes to improve the productivity of algal production systems. Using biomarkers 
such as those developed here for lipid production, operators of algal biofuel ponds determine 
when conditions will be optimal for lipid accumulation or why algae are not growing to full 
potential.  Auto-flocculation was not an attribute of the algae selected for our sequencing 
studies.   

 
For the larger algae community, we have generated an important data set that will enable 

progress in the development and use of lipid-accumulating Chlorella strains for biofuel 
production.  We were unable to test our biomarkers at the pilot scale because of shifting 
priorities within the consortium that were outside of our control.  Efforts were instead directed 
toward an examination of microbial interactions, which has a large effect on cell growth and is 
important to understanding how best to optimize pond production.  
 
 
Peer-Reviewed Publications:  
 

1. Use of de novo transcriptome libraries to characterize a novel oleaginous marine 
Chlorella species during the accumulation of triacylglycerols. (2015) [Mansfeldt CB, 
LV Richter, BA Ahner, WP Cochlan, and RE Richardson] (PlosOne. In review) 
 

2. Altering the Bacterial Consortium Leads to Significant Phenotypic and 
Transcriptomic Differences in a Lipid Producing Chlorophyta. [Richter LV., CB. 
Mansfeldt, M. Kuan, S. Menefee, A. Cesare, RE. Richardson, and BA. Ahner] (In 
preparation for submission to Applied and Environmental Microbiology) 

 
 
Peer-Reviewed Publication Abstracts:  
 

1. Use of de novo transcriptome libraries to characterize a novel oleaginous marine 
Chlorella species during the accumulation of triacylglycerols. PlosOne (2015) 
[Mansfeldt CB, LV Richter, WP Cochlan, BA Ahner, and RE Richardson]. (In review)  
Marine chlorophytes of the genus Chlorella are unicellular algae capable of 
accumulating a high proportion of cellular lipids that can be used for biodiesel 
production. In this study, we examined the broad physiological capabilities of a 
subtropical strain (C596) of Chlorella sp. “SAG-211-19” such as its heterotrophic growth 
and tolerance to low salt. We found that the alga grows more slowly at diluted salt 
concentrations and can grow on a wide range of carbon substrates in the dark. We then 
sequenced the RNA of Chlorella strain C596 to elucidate key metabolic genes and 
investigate the transcriptomic response of the organism when transitioning from a 
nutrient-replete to a nutrient-deficient condition when the production of neutral lipids 
becomes enhanced. Specific transcripts encoding for enzymes involved in both starch 
and lipid biosynthesis, among others, were up-regulated as the cultures transitioned into 
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a lipid-accumulating state whereas photosynthesis-related genes were down-regulated. 
Transcripts encoding for two of the up-regulated enzymes - a galactoglycerolipid lipase 
and a diacylglyceride acyltransferase - were also monitored by reverse transcription 
quantitative polymerase chain reaction assays and displayed results similar to the 
transcriptome-sequencing study. Transcriptomic studies such as this one can assist in 
the understanding, application, and design of Chlorella-based biofuel production 
systems. 

 
2. Altering the Bacterial Consortium Leads to Significant Phenotypic and 

Transcriptomic Differences in a Lipid Producing Chlorophyta. Applied and 
Environmental Microbiology [Richter LV., CB. Mansfeldt, M. Kuan, S. Menefee, A. 
Cesare, RE. Richardson, and BA. Ahner] (In preparation)  
Chlorella species offer promising opportunities in biodiesel industry due to their fast 
growth rates and triacylglycerol (TAG) and lipid production. Cellana C596 is a marine 
Chlorophyte that was co-isolated with a bacterial consortium which is living in 
conjunction with the algae. To explore the relationship between C596 and its bacterial 
companions, bacteria-reduced colonies of C596 were isolated from agar plates and 
designated as S1. S1 cultures exhibited significant decrease in both growth rate and 
maximum cell density. MiSeq Illumina sequencing was utilized to quantify 16S rRNA 
sequences and mRNA from one out of four similarly slow growing S1 subcultures and 
the original C596. Metagenome data analysis revealed a change in the bacterial 
communities, i.e. reduced abundance of microorganisms belonging to 
Alphaproteobacteria and Bacteroides, and an increased abundance of members of the 
Firmicutes phylum in the S1 culture relative to the C596. Transcriptomics and KEGG 
pathway analysis showed upregulation of algal genes associated with lipid and fatty acid 
biosynthesis whereas genes involved in aromatic amino acid metabolism were 
substantially down-regulated in S1. In addition, several transport genes and in particular 
metal transporters were up-regulated in the S1. To further elucidate the mechanism by 
which the bacteria influence the algal growth, bacteria were separated from the fast-
growing C596 culture and were reintroduced to the S1 culture. In parallel, the cell-free 
medium filtered from exponentially grown C596 culture was used to re-suspend the S1 
cells. Partial growth rate recovery in each of the two approaches indicate algal-bacterial 
symbiosis via a combination of cell-cell interaction and production of growth promoting 
factors. In summary our data reveal physiological changes caused by different microbial 
backgrounds, enabling us to confirm previously hypothesized mechanisms of symbiotic 
algae-bacteria relationship. 
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Subtask A.4: Comprehensive HTS 
 
PI: Zackary Johnson 
Recipient Organization:  Duke University (a subcontractor of Cornell University) 
Project Location:  Beaufort, NC 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  November 13, 2015 
Written by:  Zackary Johnson, Assistant Professor, zij@duke.edu 
 
Goals & Objectives: Screen novel strains; screen improved strains. 
 
Results Summary:  
 

Here, we describe a strategy to identify strains that may be optimal for large scale 
production of biofuel from microalgae feedstock.  The strategy is based on isolation of hundreds 
of strains from a wide range of environments to maximize the biodiversity surveyed and hence 
the potential range of physiologies and biochemistries.  After isolation, these strains are passed 
through successive rounds of screening, each at increasing volume scale and environmental 
complexity.  From small scale (milliliter / microgram) screening under simple conditions to large 
scale (~100,000 L / ton) growth under natural environments expected for commercial 
production, strains are assayed using increasingly thorough metrics specific for targeted 
commercial production.   
 

Additional screening activities were conducted through Tasks A.1 and B.3. Results from 
those screening efforts are summarized in those sections’ reports.  
 
Relevance/Significance:  
 

There is vast genetic diversity among marine microalgae and this translates into substantial 
differences in the biochemistry, physiology and other key performance characteristics of 
different strains.  While this natural biodiversity originates from their different niches (ecology) 
and evolutionary histories, this diversity can be leveraged for biotechnological applications.   

 
Because of high fidelity between small scale (and less expensive) screening and large scale 

production, this approach could be used to reduce the time (and cost) from 
identification/isolation of strain to large scale production or optimized for other feedstock, 
operational, life cycle or economic criteria. 
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Peer-Reviewed Publications:  
 

1. Quantification of neutral lipids from marine phytoplankton using Nile Red. [ZI 
Johnson, RR Bidigare, SK Blinebry, SL Brown, JJ Cullen, SE Loftus, DG Redalje, BAS 
Van Mooy] (In Review) 
 

2. Bioprospecting for oil producing marine microalgae: evaluation of oil and biomass 
production of >1000 novel strains from milligrams to tons. [Johnson, ZI, RR Bidigare, 
SL Brown, WP Cochlan, JJ Cullen, S Loftus, DG Redalje, ME Huntley] (In Preparation)  
 

3. A suite of microplate reader-based colorimetric methods to quantify ammonium, 
nitrate, orthophosphate and silicate concentrations for nutrient monitoring. Journal 
of Environmental Monitoring 13: 370-376 (2012) [Ringuet, S, L Sassano and ZI Johnson] 
 

4. Carbon allocation under light and nitrogen resource gradients in two model marine 
phytoplankton. J. Phycol. 49(3):523–535. [Bittar TB, Sassano LR, Wheeler BJ Brown , 
SL, Cochlan WP, Johnson ZI (2013)] 
 

5. Smartphones: Powerful Tools for Geoscience Education.  EOS, Transactions 
American Geophysical Union 94: 433-434. (2013) [Johnson ZI and DW Johnston]  

 
Technical Reports:  
 

1. Phase 2 Diel Experiments, High-Throughput Screening (HTS). (2010) [Johnson, Z & 
S Ringuet] 44 pp. 
 

2. High-Throughput Screening Manual No 2. (2009) [Johnson, Z] 72 pp. 
 

3. 18S sequencing results for top isolates. (2009) [Johnson, Z] 30 pp. 
 
Presentations:  
 

1. “Isolation and characterization of marine phytoplankton as a next generation 
biofuel,” Joint Meeting of the American Society of Plant Biologists and Phycological 
Society of America, Honolulu [Johnson, Z, R Bidigare, S Brown, F Bruyant, W Cochlan, 
J Cullen, M Huntley, D Redalje, and G de Scheemaker] – July 2009 
 

2. “From Test Tubes to Tonnes: Scaling up Lab Trials to Commercial Scale 
Relevance” Presentation Algae Biomass Organization (ABO 2015) [Johnson ZI] – 
October 2015 

 
3. “The Potential (and Progress) of Marine Algae for Feed and Fuel" Stewards of Future 

Keynote Address [ABO 2015] – June 2015 
 
  



   

26 

Peer-Reviewed Publication Abstracts:  
 

1. Quantification of neutral lipids from marine phytoplankton using Nile Red. [ZI 
Johnson, RR Bidigare, SK Blinebry, SL Brown, JJ Cullen, SE Loftus, DG Redalje, BAS 
Van Mooy] (In Review) 
The fluorescent stain Nile Red has been used extensively for the quantification of lipids 
in phytoplankton, including microalgae, because it preferentially stains neutral lipids and 
is economical and sensitive to use for screening purposes.  Although its basic 
application has not changed for several decades, recent improvements have been made 
to improve its utility across uses. Here we describe additional refinements in its 
application and interpretation as a high-throughput method for the rapid quantification of 
neutral lipids in liquid cultures of marine phytoplankton.  Specifically we address (1) 
inter-species comparisons, (2) fluorescence excitation and emission wavelengths and 
(3) the time-course of the Nile Red signal in the context of using bulk or cell-specific 
fluorescence to quantify neutral lipids of live or preserved cells.  We show that with 
proper caution in its interpretation across species and physiological states that the 
quantity of lipid in hundreds of small volume samples can be reliably assessed daily 
using a refined Nile Red protocol. 
 

2. Bioprospecting for oil producing marine microalgae: evaluation of oil and biomass 
production of >1000 novel strains from milligrams to tons. [Johnson, ZI, RR Bidigare, 
SL Brown, WP Cochlan, JJ Cullen, S Loftus, DG Redalje, ME Huntley] (In Preparation)  
There is vast genetic diversity among marine microalgae and this translates into 
substantial differences in the biochemistry, physiology and other key performance 
characteristics of different strains.  While this natural biodiversity originates from their 
different niches (ecology) and evolutionary histories, this diversity can be leveraged for 
biotechnological applications.  Here, we describe a strategy to identify strains that may 
be optimal for large scale production of biofuel from microalgae feedstock.  The strategy 
is based on isolation of hundreds of strains from a wide range of environments to 
maximize the biodiversity surveyed and hence the potential range of physiologies and 
biochemistries.  After isolation, these strains are passed through successive rounds of 
screening, each at increasing volume scale and environmental complexity.  From small 
scale (milliliter / microgram) screening under simple conditions to large scale (~100,000 
L / ton) growth under natural environments expected for commercial production, strains 
are assayed using increasingly thorough metrics specific for targeted commercial 
production.  Because of high fidelity between small scale (and less expensive) screening 
and large scale production, this approach could be used to reduce the time (and cost) 
from identification/isolation of strain to large scale production or optimized for other 
feedstock, operational, life cycle or economic criteria. 
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3. A suite of microplate reader-based colorimetric methods to quantify ammonium, 
nitrate, orthophosphate and silicate concentrations for nutrient monitoring. Journal 
of Environmental Monitoring 13: 370-376 (2012) [Ringuet, S, L Sassano and ZI Johnson]  
A sensitive, accurate and rapid analysis of major nutrients in aquatic systems is 
essential for monitoring and maintaining healthy aquatic environments. In particular, 
monitoring ammonium (NH(4)(+)) concentrations is necessary for maintenance of many 
fish stocks, while accurate monitoring and regulation of ammonium, orthophosphate 
(PO(4)(3-)), silicate (Si(OH)(4)) and nitrate (NO(3)(-)) concentrations are required for 
regulating algae production. Monitoring of wastewater streams is also required for many 
aquaculture, municipal and industrial wastewater facilities to comply with local, state or 
federal water quality effluent regulations. Traditional methods for quantifying these 
nutrient concentrations often require laborious techniques or expensive specialized 
equipment making these analyses difficult. Here we present four alternative 
microcolorimetric assays that are based on a standard 96-well microplate format and 
microplate reader that simplify the quantification of each of these nutrients. Each method 
uses small sample volumes (200 µL), has a detection limit ≤ 1 µM in freshwater and ≤ 2 
µM in saltwater, precision of at least 8% and compares favorably with standard analytical 
procedures. Routine use of these techniques in the laboratory and at an aquaculture 
facility to monitor nutrient concentrations associated with microalgae growth 
demonstrates that they are rapid, accurate and highly reproducible among different 
users. These techniques offer an alternative to standard nutrient analyses and because 
they are based on the standard 96-well format, they significantly decrease the cost and 
time of processing while maintaining high precision and sensitivity.  
 

4. Carbon allocation under light and nitrogen resource gradients in two model marine 
phytoplankton. Journal of Phycology DOI 10.1111/jpy.12060 (2013) [Bittar, TB, Y Lin, 
LR Sassano, BJ Wheeler, SL Brown, WP Cochlan and ZI Johnson]  
Marine phytoplankton have conserved elemental stoichiometry, but there can be 
significant deviations from this Redfield ratio. Moreover, phytoplankton allocate reduced 
carbon (C) to different biochemical pools based on nutritional status and light availability, 
adding complexity to this relationship. This allocation influences physiology, ecology, 
and biogeochemistry. Here, we present results on the physiological and biochemical 
properties of two evolutionarily distinct model marine phytoplankton, a diatom (cf. 
Staurosira sp. Ehrenberg) and a chlorophyte (Chlorella sp. M. Beijerinck) grown under 
light and nitrogen resource gradients to characterize how carbon is allocated under 
different energy and substrate conditions. We found that nitrogen (N)-replete growth rate 
increased monotonically with light until it reached a threshold intensity (~200 μmol 
photons m−2 s−1). For Chlorella sp., the nitrogen quota (pg μm−3) was greatest below this 
threshold, beyond which it was reduced by the effect of N-stress, while for Staurosira sp. 
there was no trend. Both species maintained constant maximum quantum yield of 
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photosynthesis (mol C mol photons−1) over the range of light and N-gradients studied 
(although each species used different photophysiological strategies). In both species, 
C:chl a (g g−1) increased as a function of light and N-stress, while C:N (mol mol−1) and 
relative neutral lipid:C (rel. lipid g−1) were most strongly influenced by N-stress above the 
threshold light intensity. These results demonstrated that the interaction of substrate (N-
availability) and energy gradients influenced C-allocation, and that general patterns of 
biochemical responses may be conserved among phytoplankton; they provided a 
framework for predicting phytoplankton biochemical composition in ecological, 
biogeochemical, or biotechnological applications 
 

5. Smartphones: Powerful Tools for Geoscience Education.  EOS, Transactions 
American Geophysical Union 94: 433-434. (2013) [Johnson ZI and DW Johnston]  
Observation, formation of explanatory hypotheses, and testing of ideas together form the 
basic pillars of much science. Consequently, science education has often focused on the 
presentation of facts and theories to teach concepts. To a great degree, libraries and 
universities have been the historical repositories of scientific information, often restricting 
access to a small segment of society and severely limiting broad-scale geoscience 
education. 
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Task B: Feedstock cultivation 
Subtask B.1: Flashing light/turbulence/pond depth – field trials 
 
PIs: Dave Anton, Valerie Harmon, Xuemei Bai, Jeff Obbard 
Recipient Organization:  Cellana, LLC (a subcontractor of Cornell University) 
Project Location:  Cellana Kona Demonstration Facility 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  September 30, 2015 
Written by:  Dave Anton, Chief Operations Officer david.anton@cellana.com and Selena Ellis-

Vizcarra, Sr. Director, Corporate Development selena@cellana.com 
 
Goals & Objectives: Increase photosynthetic rate (yield) by matching strain performance and 
hydrodynamics 
 
Results Summary:  
 

Pond Depth: Relationships between mean pond depth, velocity, dynamic head, 
paddlewheel speed, and power consumption were determined for the Kona 
Demonstration Facility using its open raceway ponds (Table 1). The effect of a change in 
depth around the raceway pond was determined by both modeling and observations. It 
was found that there is no significant effect on lipid or biomass production of the diatom 
C323 due to pond depth, for the examined depths 15-30cm. For this reason, shallower 
15 cm ponds are considered as optimal for research purposes as they are the most cost 
effective. Due to hydrodynamics of the commercial-scale ponds (10,000 m-2) the 
minimum pond depth could be 20 cm.   
 
Desmodesmus isolate C046 is the second species of algae to be grown at large scale 
(60,000L, 423 m2) at KDF in 2011. Pond depth trials were performed at mid-scale (200 
L, 1.67 m-2) for depths 10 cm, 15 cm and 20 cm. During day time measurements the 
deeper ponds had lower oxygen levels, temperature remained 1 - 2°C lower, flocculation 
was reduced and thus settling rate were lower the deeper the ponds became. 
Evaporation rates were similar between all depths with around 1 cm evaporation each 
day, this meant the shallower the pond the higher the salinity at the end of each day. 
Ponds were refilled each day with fresh water to help negate salinity from affecting 
productivity.  
 
Fluctuating Light: Placing hydrofoil arrays in the water column of race-way ponds were 
not found to produce vortices causing flashing light effect resulting in increased 
photosynthetic efficiency, thus no increased productivity (g m-2 day-1). 

 
Sub-hypothesis:  Turbulent mixing caused by rotational rates of vortices was 
not found to promote gas exchange in water column and thus did not increase 
productivity. 
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Relevance/Significance: The barriers to entry for the algal biofuels platform (as identified by 
the DOE) are centered on the development of technically viable, sustainable and cost effective 
algae production for the production of biofuels. The data gathered, biomass generated, and the 
analysis performed during this task all contributed to the overall knowledge base for the algae 
industry, and more specifically the algae feedstock platform for biofuels for BETO. This 
knowledge will directly benefit the algae industry and allow it to continue to strive toward 
BETO’s MYPP technical goals for the establishment of a biofuels industry.  
 
Peer-Reviewed Publications:  
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 10 (2015) 249-265  [Huntley, M, ZI Johnson, SL Brown, DL Sills, L 
Gerber, I Archibald, SC Machesky, J Granados, CM Beal, CH Greene] 
DOI:10.1016/j.algal.2015.04.016 

 
Technical Reports: 
 

1. PBR wall flow meter calibration check (2011) [Thomas-Hall, S. & G Rose] 5 pp. 
 

2. Pond calibration study (2011) [Thomas-Hall, S], 5 pp. 
 

3. Impact of solar radiation and evaporation on in-pond productivities: (2011) 
[Dorland, R & J Granados] 10 pp. 

 
4. Algae Production Process Analysis (2011) [CFD Research Corporation] 17 pp. 

 
5. Effect of paddlewheel speed, sampling location and sample volume on optical 

density estimates in ponds (2010) [Thomas-Hall, S, R Dorland, T Stone, M Lopez & R 
Bidigare] 4 pp. 

 
Presentations:  
 

1. “Algae for a sustainable future,” International Symposium of Biotechnology Innovation 
and Development, Chongqing, China [J Obbard  & X. Bai] – April 2011 
 

2. “Respiration in large-scale cultures of microalgae,” Keystone Symposium on Biofuels, 
Singapore [H Forehead, B Paul, L Griswold, J Johnson and A Morrow] – March 2011 
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Peer-Reviewed Publication Abstracts:  
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 10 (2015) 249-265  [Huntley, M, ZI Johnson, SL Brown, DL Sills, L 
Gerber, I Archibald, SC Machesky, J Granados, CM Beal, CH Greene] 
DOI:10.1016/j.algal.2015.04.016 
We present the results from sustained tonne-quantity production of two novel strains of 
marine microalgae, the diatom Staurosira and the chlorophyte Desmodesmus, cultivated 
in a hybrid system of 25-m3 photobioreactors and 400-m2 open ponds at a large-scale 
demonstration facility, and then apply those results to evaluate the performance of a 
100-ha Base Case commercial facility assuming it were built today. Nitrogen fertilization 
of 2-d batch cultures in open ponds led to the greatest yields – from both species – of 
~75 MT ha−1 yr−1 biomass, and ~30 MT ha−1 yr−1 lipid, which are unprecedented in large 
scale open pond systems. The process described here uses only seawater, discharges 
no nitrogen or phosphorus in any form, and consumes CO 2 at 78% efficiency. We 
estimate the capital cost of a 111-ha Base Case facility at $67 million in Hawaii, where 
actual production was performed, and $59 million on the Gulf Coast of Texas. We find 
that large-diameter, large-volume PBRs are an economical means to maintain a 
continuous supply of consistent inoculum for very short-period batch cultures in open 
ponds, and thus avoid biological system crashes that otherwise arise in longer-term 
pond cultures. We recommend certain improvements in cultivation methods that could 
realistically lead to yields of 100 MT ha−1 yr−1 biomass and N 50,000 L ha−1 yr−1  algal oil. 
Comprehensive techno-economics and life cycle assessment of 20 end-to-end 
production lineups, based on the cultivation results in this paper, are presented in a 
companion paper by Beal et al. [2]. 
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Subtask B.1: Flashing light/turbulence/pond depth – lab trials 
 
PI: Donald Redalje 
Recipient Organization:  The University of Southern Mississippi (a subcontractor of Cornell 
University) 
Project Location:  The University of Southern Mississippi Department of Marine Science 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  October 21, 2015 
Written by:  Donald G. Redalje, Professor, Donald.Redalje@usm.edu 
 
Goals & Objectives: Increase photosynthetic rate (yield) by matching strain performance and 
hydrodynamics 
 
Results Summary: In this task, we grew two strains of marine microalgae, Staurosira sp. 
(strain C323) and Oocystis sp. (strain S002) under semi-continuous growth with 50% daily 
dilutions (equivalent to a specific growth rate of 0.7 d-1 or 1 cell division/day) in paired PSI Model 
FMT-150 flat plate photobioreactors, with one photobioreactor designated to provide fluctuating 
light and the other static light.  The nutrient medium used was modified from the standard f/2 
medium as follows: NO3 – 882 μM, PO4 – 80 μM, Si(OH)4 – 882 μM (for the diatom culture only), 
f/20 trace metals and f/2 vitamin mix, with the medium augmented with both bicarbonate and 
carbonate so that the cultures would not become C limited.  The cultures were grown under a 
12h:12h light-dark cycle with incident irradiance set at either fluctuating irradiance or static 
irradiance to provide the same daily photon flux for both static and fluctuating light conditions.  
Light was provided by a bank of red and blue LEDs set to provide the proscribed daily light 
dose.  For fluctuating irradiance, the frequency of light fluctuation, the length of the fluctuation 
cycle and the time for light on and for light off could all be set for each experiment.  The 
conditions for the strain C323 experiments were for the Static Light treatment – 105 μmol m-2 
s-1 (112 blue and 77 red) and for the Fluctuating Light treatment – fluctuation frequency = 0.67 
Hz with 150ms (light):1350ms (dark) and 100 μmol m-2 s-1 (428 blue and 336 red).  For the 
strain S002 experiments the light conditions were for the Static Light treatment – 512 μmol m-2 
s-1 (300 blue and 196 red) and for the Fluctuating Light treatment – fluctuation frequency = 1.0 
Hz with 500ms (light):500ms (dark) and 506 μmol m-2 s-1 (495 blue and 372 red).  The cultures 
were photo-acclimated under each light condition and the 50% daily dilution conditions until the 
pre-dilution cell abundance determine by optical density was the same for three consecutive 
days.  At that time, the cultures were sampled for cell enumeration (Beckman-Coulter Z2 and 
FMT-150 OD), HPLC pigments (Water 600 system), and Spectral absorption of cell 
suspensions (Cary 300 Bio dual beam spectrophotometer with an integrating sphere attachment 
using a 1 cm cell.  Subsamples from each culture were taken to determine photosynthetic 
properties using a set of photosynthetrons.  Photosynthetic parameters (α and Pmax) were 
calculated from the photosynthetron incubations.  Calculated parameters included Φmax (the 
maximum quantum yield of photosynthesis), average absorption cross section, αB and PB

max, 
Chl-a cell-1 and for strains S002, and the ratio of Zeaxanthin:Violaxanthin. 
 
The results of these experiments indicated that microalgae grown under fluctuating light 
conditions had greater values of both αB and PB

max, similar average absorption cross section that 
suggested that both light treatments resulted in low light acclimated cultures, elevated 
concentrations of photoprotective xanthophyll pigments and about 2X greater values of Φmax 
relative to those values for cultures grown under static light conditions with the same daily light 
dose. 
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Relevance/Significance: The results from this set of experiments are critical for the success of 
all programs that employ marine or freshwater microalgae in mass culture for the production of 
biofuels or other high value products.  Dense cultures of microalgae become highly acclimated 
to low light conditions.  If efforts are not made to induce turbulence into the growth system, then 
the culture will be self-shaded and respond as the experiments conducted here under static light 
conditions.  If the cultures are grown under turbulent conditions in the growth system that results 
in vertical turnover of the culture fluid medium and suspended cells, then those cells will 
become photo-acclimated to fluctuating light.  The frequency of fluctuation and the period of 
light versus dark within the fluctuation cycle can be tuned to where there is a very strong benefit 
to photosynthetic performance of the cultures.  As shown by the results of our fluctuating light 
experiments, cultures that were grown under fluctuating light were more efficient in 
photosynthesis and produced up to more than twice the amount of algal carbon biomass as 
those grown under static light conditions.  This carbon production and photosynthesis benefit 
can increase system production by up to and perhaps even more than a factor of two.  This 
reduces the cost of biomass production by a factor of up to or perhaps even more that a factor 
of two.  Taking advantage of this production benefit can help to make algal-based biofuel 
production much more cost effective than it would be through using old-fashioned standard 
open pond growth techniques. 
 
Not all microalgae will respond to growth in a turbulent, fluctuating light environment as has 
been demonstrated by these two algal species.  It is, thus, very important to conduct screening 
experiments to determine which algal strains show enhanced photosynthetic production and 
efficiency under fluctuating light conditions.  The choice of algal species will determine how 
successful an algal biofuel production facility will be and how much biofuel or other high value 
products will be produced. 
 
Additionally, the experiments conducted here utilized semi-continuous growth methods where 
50% of the culture was diluted on a daily basis.  That forces the cells to grow at a specific 
growth rate of 0.7 d-1 that is equivalent to 1 cell division per day.  Growth systems that employ 
this semi-continuous growth mode with sufficiently turbulent flow conditions will be able to 
produce biomass with consistent daily yields that are of much greater quality than has been 
achieved in any of the DOE funded algal biofuel efforts to date. 
 
Peer-Reviewed Publications:  
 

1. Enhanced quantum yield of photosynthesis for marine microalgae grown under 
fluctuating light conditions: Recommendations for growth of dense cultures in 
shallow pond systems. [Redalje, DG and ML Stone] (In Preparation) 
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Presentations:  
 

1. “Quantum yield for two species of marine phytoplankton grown in semi-continuous 
culture under fluctuating and static irradiance,” 2013 ASLO Aquatic Sciences 
Meeting, New Orleans [Redalje, DG, M Stone, and X Chen] – February 2013 
 

2. “Pumping algae!  An alternative energy future,” Algae & Energy in the Northeast: 
Advancing knowledge, research and innovation, University of Vermont, Burlington [DG 
Redalje, JJ Cullen, ZI Johnson, M Huntley, and G de Scheemaker] - March 2010 

 
Peer-Reviewed Publication Abstracts: 
 

1. Enhanced quantum yield of photosynthesis for marine microalgae grown under 
fluctuating light conditions: Recommendations for growth of dense cultures in 
shallow pond systems. [Redalje, DG and ML Stone] (In Preparation)  
A single strain of Chaetoceros muelleri was subjected to a variety of light treatments in 
order to identify if there was any change in quantum yield as a function of fluctuating 
light relative to static light with equal total daily light doses. The fluctuating light 
conditions were similar to those found in natural systems, with frequencies ranging 
between 0.10 Hz and 2.00 Hz. Quantum yield was determined using two methods: the 
standard method using 14C uptake to determine instantaneous quantum yield, and a 
second method using particulate organic carbon uptake relative to light absorbed over a 
24-hour period. The various light treatments resulted in similar trends of quantum yield 
from the culture, regardless of the method used. Cultures subjected to fluctuating light 
treatments of 0.5 Hz, 0.67 Hz, and 1.00 Hz yielded higher values than did those 
subjected to light fluctuating at 0.10 Hz and 2.00 Hz. There also appeared to be some 
enhancement of the photosynthetic apparatus in this species when exposed to 
fluctuating light, relative to static light with the same total daily light dose. 
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Subtask B.2 Nutrient Stress – field trials 

 
PIs: Dave Anton, Jeff Obbard, Mark Huntley 
Recipient Organization:  Cellana, LLC (a subcontractor of Cornell University) 
Project Location:  Cellana Kona Demonstration Facility 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  August 31, 2015 
Written by:  Dave Anton, Chief Operations Officer david.anton@cellana.com and Selena Ellis-

Vizcarra, Sr. Director, Corporate Development selena@cellana.com 
 
Goals & Objectives: Increase lipid productivity and TAG content. Ensure dissolved nutrient 
depletion at harvest. 
 
Results Summary: In a series of approximately 150 production runs of Staurosira and 
Desmodesmus, beginning in April 2010 and ending in August 2011, we tested the effects of 
nitrogen fertilization on 400-m2 open pond batch cultures, inoculating open pond cultures with a 
range of total nitrogen concentrations from 0.8 to 4.2 g/m2, and a ratio of dissolved:particulate 
nitrogen (DN:PN) ranging from zero to 4.  

 
The results of these two years of trials demonstrated that 

(1) Lipid yield is increased by adding nitrogen 
(2) Two-day batch cultures are more productive than three-day batch ponds, and 
(3) Under controlled conditions of total nitrogen, and a DN:PN ratio of 2.0,  

• lipid yields in two-day ponds routinely exceeded 3,800 gal/acre/yr total lipid 
• biomass yields were sustained at 23 g/m2/d 

Large scale production runs were guided by extensive “mid-scale” field trials, results of which 
are described in a series of technical reports. Large-scale results are published in Huntley et al 
(2015). 
 
Relevance/Significance: The results of this task met or exceeded two explicit algae platform 
goals of the DOE Bioernergy Technology Office (BETO) Multi-Year Program Plan, namely: 

• Productivity of >3,800 gal/acre/year – achieved in 2011 - exceeded targets of: 
(1) 1,500 gal/acre/yr algal oil (Q4 2014), and 
(2) 2,500 gal/acre/yr algal oil (Q4 2018) 

The sustained yields achieved here are more than double what has ever been reported from 
any large scale (>10m2) open pond system. Methods of operating large scale pond systems 
should be re-evaluated. 
 
Peer-Reviewed Publications:  
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 10 (2015) 249-265  [Huntley, M, ZI Johnson, SL Brown, DL Sills, L 
Gerber, I Archibald, SC Machesky, J Granados, CM Beal, CH Greene] 
DOI:10.1016/j.algal.2015.04.016 

 
Technical Reports:  
 

1. Cellana Technical Report: KPF. Summary of Mid-Scale Screening 2010A - Round 3 
(2010) [Pickell, LD, X Bai, HI Forehead and SR Thomas-Hall], 12 p. 
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2. Cellana Technical Report: KPF. Summary of Mid-Scale Screening 2010A – Round 2 

(2010) [Pickell, LD, X Bai, HI Forehead & SR Thomas-Hall] 35 pp 
 

3. Cellana Technical Report: KPF. Summary of Mid-Scale Screening 2010A – Round 1 
(2010) [Pickell, LD, X Bai, HI Forehead & SR Thomas-Hall] 32 pp 
 

4. Cellana Technical Report: KPF. Summary of Mid-Scale Screening – V (MSS-V). 
(2009) [Cochlan, WP, X Bai, HI Forehead, LD Pickell and SR Thomas-Hall] 22 pp. 
 

5. Cellana Technical Report: KPF. Summary of Mid-Scale Screening – IV (MSS-IV). 
(2009) [Cochlan, WP, X Bai, HI Forehead, LD Pickell and SR Thomas-Hall] 22 pp. 
 

6. Cellana Technical Report: KPF. Summary of Mid-Scale Screening – III (MSS-III). 
(2009) [Cochlan, WP, X Bai, HI Forehead, LD Pickell and SR Thomas-Hall] 22 pp. 
 

7. Cellana Technical Report: KPF. Summary of Mid-Scale Screening – II (MSS-II). 
(2009) [Cochlan, WP, X Bai, HI Forehead, LD Pickell and SR Thomas-Hall] 22 pp 
 

8. Cellana Technical Report: KPF. Summary of Large-Scale Production Shakedown. 
(2009) [Cochlan, WP, HI Forehead, LD Pickell, X Bai, and S Thomas-Hall], 17 pp. 
 

9. Cellana Technical Report: KPF, Comparative Analysis of Growth Rate Calculation 
Interval during Mid-Scale Screening MSS‐1. [Pickell, L., and W.P. Cochlan], 10 p. 
 

10. Cellana Technical Report: KPF. Silica Dissolution in Seawater. (2009) [Cochlan, WP, 
LC Pickell, and R Foreman] 21 pp. 
 

11. Cellana Pre-Screening Technical Report. (2008) [O'Higgins, L, M Huntley, Z Johnson, 
D Redalje, C O'Kelly, R Bidigare, J Cullen, W Cochlan, M Lopez, and S Brown] 107 pp. 
 

12. ISO 17025 Compliance: Kona Demonstration Facility Laboratory [Lopez, M., Eric de la 
Rosa, R. R. Bidigare and J. Obbard] 28 pp 

 
Presentations:  
 

1. “Algal autotrophic and heterotrophic Lipid synthesis for biofuel production,” 
IABBB Meeting. St Louis USA [X Bai, E Knurek, M. Workman, C Hertz, S Hamilton & 
J Obbard] – June 2011 

 
2. “Algal biofuel production via autotrophic and mixotrophic growth,” BIT’s 1st 

Annual World Congress of Marine Biotechnology, Dalian, China [X Bai, E Knurek, M 
Workman, C Hertz, S Hamilton & J Obbard] – April 2011 

 
3. “Lipid enhancement through autotrophic and heterotrophic growth,” Keystone 

Symposium on Biofuels, Singapore [X Bai, E Knurek, M Workman, S Hamilton, C 
Hertz, B Bernhardt, N Goes, M Rangelova, T Stone and J Obbard] – March 2011 
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Peer-Reviewed Publication Abstracts:  
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 10 (2015) 249-265  [Huntley, M, ZI Johnson, SL Brown, DL Sills, L 
Gerber, I Archibald, SC Machesky, J Granados, CM Beal, CH Greene] 
DOI:10.1016/j.algal.2015.04.016 
We present the results from sustained tonne-quantity production of two novel strains of 
marine microalgae, the diatom Staurosira and the chlorophyte Desmodesmus, cultivated 
in a hybrid system of 25-m3 photobioreactors and 400-m2 open ponds at a large-scale 
demonstration facility, and then apply those results to evaluate the performance of a 
100-ha Base Case commercial facility assuming it were built today. Nitrogen fertilization 
of 2-d batch cultures in open ponds led to the greatest yields – from both species – of 
~75 MT ha−1 yr−1 biomass, and ~30 MT ha−1 yr−1  lipid, which are unprecedented in large 
scale open pond systems. The process described here uses only seawater, discharges 
no nitrogen or phosphorus in any form, and consumes CO 2 at 78% efficiency. We 
estimate the capital cost of a 111-ha Base Case facility at $67 million in Hawaii, where 
actual production was performed, and $59 million on the Gulf Coast of Texas. We find 
that large-diameter, large-volume PBRs are an economical means to maintain a 
continuous supply of consistent inoculum for very short-period batch cultures in open 
ponds, and thus avoid biological system crashes that otherwise arise in longer-term 
pond cultures. We recommend certain improvements in cultivation methods that could 
realistically lead to yields of 100 MT ha−1 yr−1 biomass and N 50,000 L ha−1 yr−1  algal oil. 
Comprehensive techno-economics and life cycle assessment of 20 end-to-end 
production lineups, based on the cultivation results in this paper, are presented in a 
companion paper by Beal et al. [2]. 
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Subtask B.2 Nutrient Stress – lab trials 
 
 
PI:  William Cochlan 
Recipient:  San Francisco State University 
Project Location:  Romberg Tiburon Center for Environmental Studies, San Francisco State 

University, 3152 Paradise Drive, Tiburon, CA, 94920 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  December 10, 2015 
Written by:  William P. Cochlan, Senior Research Scientist, cochlan@sfsu.edu 
 
Goals & Objectives: Increase lipid productivity and TAG content. Ensure dissolved nutrient 
depletion at harvest. 
 
Results Summary: Our work was designed to determine the sequence and severity of 
macronutrient (nitrogen, phosphorus, and silicon) depletion as the initiating environmental 
factors responsible for the enhancement of lipid accumulation by oleaginous marine 
phytoplankton species selected by the Cornell Consortium as candidates for outdoor cultivation 
trials at relevant production scales. To accomplish our prime objectives of: 1) enhancing rates of 
lipid and triacylglycerol (TAG) production, and 2) ensuring minimal to zero discharge of spent 
production media, a series of candidate species were examined under controlled laboratory 
conditions of light, temperature, salinity and pH conditions in carbon-replete, seawater-based 
medium to simulate the environmental conditions expected at Cellana’s Kona Demonstration 
Facility (KDF). Using a range of algal species, we determined their maximal specific growth 
rates (during their nutrient-replete exponential growth phase), optimized their lipid and TAG 
production rates (during nutrient-depleted stationary phase of growth), estimated the expected 
daytime and nighttime uptake rates of macronutrients over natural diel cycles, quantified inter-
nutritional effects (such as inhibition) on macronutrient utilization and phytoplankton growth, and 
determined the effects of nitrogen concentration (loading), speciation (oxidized vs. reduced 
nitrogen substrates) and duration of N starvation on the production of lipids and TAGs. The 
publications from this project concentrate on the results obtained using two strains of the 
oleaginous marine Chlorella. sp. SAG-211-18 isolated from hypo-saline and normal oceanic 
saline environments of the Hawaiian Islands.  
 
Our results demonstrate that both Chlorella strains (C599 and C596) can obtain relative high 
and equivalent volumetric concentrations of lipid (>260-293 mg L-1) and TAG (>120-153 mg L-1) 
after 3-4 days of nutrient depletion. TAG as a percentage of total lipids reaches very high 
proportions (40-60%), and despite macronutrient depletion these chlorophytes still accumulate 
biomass at 3.5-4.4 mM C per day (~84-106 mg dry weight L-1 d-1) from continued photosynthetic 
activity. In addition, enhancement of lipid production is similar under either nitrogen or 
phosphorus limitation for C599, but greater under phosphorus limitation for C596. However the 
relative percentage of TAGs in the lipid and TAG productivity is greater for both strains under P-
limitation. Of considerable importance for discharge water quality management efforts, nitrogen 
limitation during stationary growth prevents complete utilization of dissolved phosphorus in the 
culture medium due to apparent inhibition of phosphorus uptake, whereas P limitation results in 
undetectable concentrations of dissolved phosphate and nitrate in the spent production medium 
of both isolates.  

 
Given the relatively high expenditures involved in the sourcing of nitrogen for phytoplankton 
growth, lab experiments were also conducted to quantify the differential effects of nitrogen 
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concentration (f: 1760 μM vs. f/2:880 μM) and speciation on the rates of exponential growth, 
and lipid and TAG productivity for the oleaginous marine Chlorella strain C596.  Our results 
clearly demonstrate that nitrate concentrations above classical kinetic saturation limits have no 
positive effect on the maximum specific growth rates achieved during N-replete conditions nor 
do they increase the volumetric rates and C normalized (POC) production rates of total lipids 
and TAG during stationary growth, but rather a negative effect due to insufficient light availability 
due to the self-shading caused by the high biomass achieved with increased nitrate 
concentrations. Although Chlorella grows well on all three N substrates tested (nitrate, 
ammonium and urea), specific growth rates obtained with ammonium were 1.8-fold and 1.3-fold 
greater than the average rates obtained using urea and nitrate, respectively. The volumetric 
production rate of lipids and TAGs during the N-depleted, lipid accumulation phase of growth 
were approximately 15% lower for cultures grown previously on nitrate than those grown with 
either ammonium or urea, which were statistically identical. The resultant effects of N source are 
clearly demonstrated in the TAG production rates normalized to cellular (particulate) carbon; 
rates obtained from ammonium- and urea-grown cultures were are 1.4 and 1.3 fold greater than 
the normalized TAG productivity of nitrate-grown cultures of Chlorella 
 
Relevance/Significance:  Given the fiscal obstacles that have impeded the commercial 
production of biofuels, it is essential to assess the differential nutritional and cultivation 
conditions to ensure cost effective and sustainable biofuel production using mass cultivation of 
phytoplankton. The results obtained from these lab-scale experiments, besides being very cost 
and resource effective, can be utilized during KDF outdoor cultivation trials at relevant 
production scales to optimize the production of lipids and TAGs by candidate species of marine 
phytoplankton. The formulation of the various seawater media (i.e., the ratio of nutrients most 
effective at stimulating neutral lipid production) for cultivation of a variety of top lipogenic marine 
algae (recommended by the Consortium) are based on environmentally relevant diel draw-down 
rates of macronutrients achieved under conditions expected at KDF (and other sub-tropical 
regions). These species-specific seawater media can be used to carefully guide large-scale 
cultivation efforts to ensure that N, P (and Si for diatoms) are used completely during algal 
growth, and thus eliminate the possibility of eutrophication of surrounding coastal waters.  
Although many phytoplankton are capable of rapid growth and the production of neutral lipids, 
including triacylglycerols for use in biodiesel production, our studies clearly demonstrate the 
need to differentiate the effects of cell growth during nutrient-replete conditions from nutrient 
deficiency-induced effects on lipid metabolism. Our results quantify the differential effects of 
nitrogen concentration and speciation on the exponential growth rates achievable by lipogenic 
marine algae under macronutrient-replete conditions, and their effects on the resultant rates of 
neutral lipid and TAG production achievable during a range of nutrient-depleted growth 
conditions.  Operational factors that need to be considered when mass culturing marine 
phytoplankton for the efficient and cost effective production of commercial biofuels. 
 
 
Peer-Reviewed Publications:  
 

1. Use of de novo transcriptome libraries to characterize a novel oleaginous marine 
Chlorella species during the accumulation of triacylglycerols. PLUS ONE  
[Mansfeldt CB, LV Richter, BA Ahner, WP Cochlan, and RE Richardson] (In Review) 
 

2. Effects of sequence and severity of macronutrient depletion on neutral lipid 
production in two strains of Chlorella 211-18. Journal of Applied Phycology [Cochlan, 
WP, J Herndon, CE Ikeda, F-R Buttler, and RR Bidigare] (In Preparation) 
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3. Effects of nitrogen source on rates of cell growth and production of lipid and 

triacylglycerols by the marine chlorophyte Chlorella sp. SAG-211-18.  Journal of 
Applied Phycology [Cochlan, WP, J Herndon, CE Ikeda, F-R Buttler, and RR Bidigare] 
(In Preparation) 
 

4. Bioprospecting for oil producing marine microalgae: evaluation of oil and biomass 
production of >1000 novel strains from milligrams to tons. [Johnson, ZI, RR Bidigare, 
SL Brown, WP Cochlan, JJ Cullen, S Loftus, DG Redalje, ME Huntley] (In Preparation) 
 

5. Carbon allocation under light and nitrogen resource gradients in two model marine 
phytoplankton. Journal of Phycology DOI 10.1111/jpy.12060 (2013) [Bittar, TB, Y Lin, 
LR Sassano, BJ Wheeler, SL Brown, WP Cochlan and ZI Johnson]  

 
 
Technical Reports:  
 

1. Cellana Technical Report: KPF. Silica Dissolution in Seawater. (2009) [Cochlan, WP, 
LC Pickell, and R Foreman] 21 pp. 
 

2. Cellana Technical Report: KPF, Comparative Analysis of Growth Rate Calculation 
Interval during Mid-Scale Screening MSS‐1. [Pickell, L., and W.P. Cochlan], 10 p. 
 

3. Cellana Technical Report: KPF. Summary of Large-Scale Production Shakedown. 
(2009) [Cochlan, WP, HI Forehead, LD Pickell, X Bai, and S Thomas-Hall], 17 pp. 

 
4. Cellana Technical Report: KPF. Summary of Mid-Scale Screening – II (MSS-II). 

(2009) [Cochlan, WP, X Bai, HI Forehead, LD Pickell and SR Thomas-Hall] 22 pp 
 

5. Cellana Technical Report: KPF. Summary of Mid-Scale Screening – III (MSS-III). 
(2009) [Cochlan, WP, X Bai, HI Forehead, LD Pickell and SR Thomas-Hall] 22 pp. 
 

6. Cellana Technical Report: KPF. Summary of Mid-Scale Screening – IV (MSS-IV). 
(2009) [Cochlan, WP, X Bai, HI Forehead, LD Pickell and SR Thomas-Hall] 22 pp. 
 

7. Cellana Technical Report: KPF. Summary of Mid-Scale Screening – V (MSS-V). 
(2009) [Cochlan, WP, X Bai, HI Forehead, LD Pickell and SR Thomas-Hall] 22 pp. 
 

 
Presentations:  
 

1. “Next-generation fuels and food from marine photosynthetic microbes,” SETAC 
North America 30th Annual Meeting, New Orleans, LA, [Bidigare, RR, SL Brown, ZI 
Johnson, C. O'Kelly, ME Huntley, R Dorland, I Archibald, J Cullen, D Redalje and WP 
Cochlan] – November 2009  
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2. “Isolation and characterization of marine phytoplankton as a next generation 
biofuel,” Joint Meeting of the American Society of Plant Biologists and Phycological 
Society of America, Honolulu, HI [Johnson, Z, R Bidigare, S Brown, F Bruyant, WP 
Cochlan, J Cullen, M Huntley, D Redalje, and G.de Scheemaker] –  July 2009. 
 

3. “Mid-scale screening of marine phytoplankton for large scale production of 
biofuels,” Joint Meeting of the American Society of Plant Biologists and Phycological 
Society of America, Honolulu, HI. [Pickell, L, M. Pollard, J Herndon, WP Cochlan, and 
M Huntley] –  July 2009. 
 

4. “Analysis of lipid accumulation in microalgae,” Joint Meeting of the American Society 
of Plant Biologists and Phycological Society of America, Honolulu, HI. [Thomas-Hall, 
SR., X Bai, B Paul, T Stone, S Brown, WP Cochlan, Z Johnson, R Bidigare, and M 
Huntley] –  July 2009. 
 

5. “Effects of sequence and severity of macronutrient depletion on neutral lipid 
production in two strains of Chlorella 211-18,” Ocean Sciences Meeting, Honolulu, HI 
[Cochlan, WP, F-R Buttler, J Herndon, C Ikeda and RR Bidigare] – February 2014. 
 

6. “Effects of sequence and severity of macronutrient depletion on neutral lipid 
production in two strains of Chlorella vulgaris,” First International Conference on 
Algal Biomass, Biofuels and Bioproducts, St Louis, MO, [Cochlan, WP, J Herndon, and 
RR Bidigare] – July 2011. 
 

7. “Phytoplankton: good or bad as a potential source of fuel,” Sea Lion Bowl National 
Competition, San Francisco, CA  [WP Cochlan] - February  2011. 

 
 
Peer-Reviewed Publication Abstracts: 
 

1. Use of de novo transcriptome libraries to characterize a novel oleaginous marine 
Chlorella species during the accumulation of triacylglycerols. PLUS ONE  
[Mansfeldt CB, LV Richter, BA Ahner, WP Cochlan, and RE Richardson] (In Review) 
Marine chlorophytes of the genus Chlorella are unicellular algae capable of 
accumulating a high proportion of cellular lipids that can be used for biodiesel 
production. In this study, we examined the broad physiological capabilities of a 
subtropical strain (C596) of Chlorella sp. “SAG-211-18" including its heterotrophic growth 
and tolerance to low salt. We found that the alga replicates more slowly at diluted salt 
concentrations and can grow on a wide range of carbon substrates in the dark. We then 
sequenced the RNA of Chlorella strain C596 to elucidate key metabolic genes and 
investigate the transcriptomic response of the organism when transitioning from a 
nutrient-replete to a nutrient-deficient condition when neutral lipids accumulate. Specific 
transcripts encoding for enzymes involved in both starch and lipid biosynthesis, among 
others, were up-regulated as the cultures transitioned into a lipid-accumulating state 
whereas photosynthesis-related genes were down-regulated. Transcripts encoding for 
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two of the up-regulated enzymes - a galactoglycerolipid lipase and a diacylglyceride 
acyltransferase - were also monitored by reverse transcription quantitative polymerase 
chain reaction assays. The results of these assays confirmed the transcriptome-
sequencing data. The present transcriptomic study will assist in the greater 
understanding, more effective application, and efficient design of Chlorella-based biofuel 
production systems. 
 

2. Effects of sequence and severity of macronutrient depletion on neutral lipid 
production in two strains of Chlorella 211-18. .  Journal of Applied Phycology 
[Cochlan, WP, J Herndon, CE Ikeda, F-R Buttler and RR Bidigare] (In Preparation)  
Two strains of the chlorophyte species, Chlorella 211-218 isolated from coastal 
Hawaiian waters were cultured under controlled laboratory conditions to quantify neutral 
lipid (NL) production as a function of macronutrient sufficiency. Although up-regulation of 
NL is a well-known process triggered by macronutrient (nitrogen, phosphorus, and 
silicon for diatoms) limitation, there has been little study on the interactive effects 
between macronutrient depletion and uncoupled photosynthetic growth, and NL 
production as a function of strain variability.  The relative TAG content of lipids increased 
from <10 to >50% as a function of increased nutrient deficiency, and daily TAG 
productivity averaged > 40 mg TAG/L/d during the stationary growth phase for both 
strains. After 4 days of such nutrient-depleted growth, concentrations of total lipids and 
triacylglycerols exceeded values of 260 and 145 mg/L, respectively. Given the need for 
all macronutrients to be utilized prior to discharge into the natural environment, it is 
essential that potential inhibitory influences of inter-nutritional limitation (i.e., nitrate 
limitation of orthophosphate uptake) be quantified to minimize both cultivation operating 
expenses and effluent discharge concentrations, particularly when scaled to commercial 
applications. 

 
3. Effects of nitrogen source on rates of cell growth and production of lipid and 

triacylglycerols by the marine chlorophyte Chlorella sp. SAG-211-18.  Journal of 
Applied Phycology [Cochlan, WP, J Herndon, CE Ikeda, F-R Buttler, and RR Bidigare] 
(In Preparation) 
Many phytoplankton are capable of rapid growth and the production of cellular lipids that 
can be used for the production of biofuels, particularly transportation fuels such as 
biodiesel.  However, rapid growth rates occur under macronutrient-replete conditions, 
whereas rates of neutral lipid production, in particular triacylglycerols (TAGs), are 
optimized under macronutrient-depleted conditions. In this laboratory study, rates of 
exponential growth and lipid production were examined as a function of the nitrogen 
source for an oleaginous, subtropical strain (C596) of the marine chlorophyte Chlorella 
sp. “SAG-211-18" under controlled conditions.  Experiments conducted under the 
environmental conditions expected in the Hawaiian Islands, USA and at saturating (800-
820 µmol photons·m-2·s-1) photosynthetic photon flux densities (PPFD), demonstrate that 
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this Hawaiian strain of Chlorella sp. grows well on all three N substrates tested (nitrate, 
ammonium and urea), but that specific growth rates obtained with ammonium were 1.8-
fold and 1.3-fold greater than the average rates obtained using urea and nitrate, 
respectively. The volumetric production rate of lipids and TAGs during the N-depleted, 
lipid accumulation phase of growth were approximately 15% lower for cultures grown 
previously on nitrate than those grown with either ammonium or urea, which were 
statistically identical. Additionally the percentage production of TAG relative to the total 
lipid also varied as a function of N source; urea-, ammonium- and nitrate-grown cells 
produced 47, 44 and 42%, respectively. The resultant effects of N source are clearly 
demonstrated in the TAG production rates normalized to cellular (particulate) carbon; 
rates obtained from ammonium- and urea-grown cultures were are 1.4 and 1.3 fold 
greater than the normalized TAG productivity of nitrate-grown cultures of Chlorella. 
These results demonstrate that the differential effects of N source on exponential growth 
and lipid productivity need to be considered when mass culturing marine phytoplankton 
for the efficient and cost effective production of commercial biofuels.  

 
4. Bioprospecting for oil producing marine microalgae: evaluation of oil and biomass 

production of >1000 novel strains from milligrams to tons. [Johnson, ZI, RR Bidigare, 
SL Brown, WP Cochlan, JJ Cullen, S Loftus, DG Redalje, ME Huntley] (In Preparation)  
There is vast genetic diversity among marine microalgae and this translates into 
substantial differences in the biochemistry, physiology and other key performance 
characteristics of different strains.  While this natural biodiversity originates from their 
different niches (ecology) and evolutionary histories, this diversity can be leveraged for 
biotechnological applications.  Here, we describe a strategy to identify strains that may 
be optimal for large scale production of biofuel from microalgae feedstock.  The strategy 
is based on isolation of hundreds of strains from a wide range of environments to 
maximize the biodiversity surveyed and hence the potential range of physiologies and 
biochemistries.  After isolation, these strains are passed through successive rounds of 
screening, each at increasing volume scale and environmental complexity.  From small 
scale (milliliter / microgram) screening under simple conditions to large scale (~100,000 
L / ton) growth under natural environments expected for commercial production, strains 
are assayed using increasingly thorough metrics specific for targeted commercial 
production.  Because of high fidelity between small scale (and less expensive) screening 
and large scale production, this approach could be used to reduce the time (and cost) 
from identification/isolation of strain to large scale production or optimized for other 
feedstock, operational, life cycle or economic criteria.  

  



   

44 

5. Carbon allocation under light and nitrogen resource gradients in two model marine 
phytoplankton. Journal of Phycology DOI 10.1111/jpy.12060 (2013) [Bittar, TB, Y Lin, 
LR Sassano, BJ Wheeler, SL Brown, WP Cochlan and ZI Johnson]  
Marine phytoplankton have conserved elemental stoichiometry, but there can be 
significant deviations from this Redfield ratio. Moreover, phytoplankton allocate reduced 
carbon (C) to different biochemical pools based on nutritional status and light availability, 
adding complexity to this relationship. This allocation influences physiology, ecology, 
and biogeochemistry. Here, we present results on the physiological and biochemical 
properties of two evolutionarily distinct model marine phytoplankton, a diatom (cf. 
Staurosira sp. Ehrenberg) and a chlorophyte (Chlorella sp. M. Beijerinck) grown under 
light and nitrogen resource gradients to characterize how carbon is allocated under 
different energy and substrate conditions. We found that nitrogen (N)-replete growth rate 
increased monotonically with light until it reached a threshold intensity (~200 μmol 
photons m−2 s−1). For Chlorella sp., the nitrogen quota (pg μm−3) was greatest below this 
threshold, beyond which it was reduced by the effect of N-stress, while for Staurosira sp. 
there was no trend. Both species maintained constant maximum quantum yield of 
photosynthesis (mol C mol photons−1) over the range of light and N-gradients studied 
(although each species used different photophysiological strategies). In both species, 
C:chl a (g g−1) increased as a function of light and N-stress, while C:N (mol mol−1) and 
relative neutral lipid:C (rel. lipid g−1) were most strongly influenced by N-stress above the 
threshold light intensity. These results demonstrated that the interaction of substrate (N-
availability) and energy gradients influenced C-allocation, and that general patterns of 
biochemical responses may be conserved among phytoplankton; they provided a 
framework for predicting phytoplankton biochemical composition in ecological, 
biogeochemical, or biotechnological applications. 
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Subtask B.3: Halotolerance - Lab 
 
PIs:  Susan Brown (UH) and Zackary Johnson (Duke) 
Recipient Organization:  University of Hawaii (UH) and Duke University (subcontractors of 
Cornell University) 
Project Location:  Honolulu, HI and  Beaufort, NC 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  November 13, 2015 
Written by:  Zackary Johnson, Assistant Professor, zij@duke.edu and Susan Brown, 
Researcher, sbrown@soest.hawaii.edu 
 
Goals & Objectives: Demonstrate sustained lipid productivity under an increase of salinity by 
up to 30% over 3 d. 
 
Results Summary: Compared to freshwater, saltwater use for commercial algae production is 
highly attractive because it removes requirements for a limiting resource in many target 
commercial locations.  However, combined evaporation and water re-use can lead to significant 
increases in salinity that may adversely affect biomass yields and ultimate commercial success.  
Here, we investigated (1) evaporation / salinity increases for a model commercial algae biomass 
location, (2) the effects of increased salinity on biomass yield and biochemical composition for 
key commercial strains, and (3) strategies to improve the salinity tolerance of these microalgae.  
We show that in all but the most extreme environments evaporation and associated increases in 
salinity are modest and permit the re-use of water, thereby reducing costs.  Further, we show 
that there are varied responses to salinity, which in some cases can be leveraged to increase 
the overall yield of commercially favorable biochemical components.  These results demonstrate 
that saltwater use and salinity management may be powerful tools to optimize algae biomass 
production at the commercial scale.   
 
This overall study was comprised of several different components, or phases including: 
 
Pre-screening: Pre-screening of strains for salinity tolerance candidates was conducted at UH.  
For initial experiments, media of eight different salinities was prepared: 15, 20, 25, 30, 35, 40, 
45, and 50 ppt.  Offshore seawater was used as the base for standard f/2 +/- Si media.  All 
media used in a given experiment was prepared from the same batch of seawater.  Lower 
salinities were prepared by adding distilled, de-ionized water to prepared media.  Higher 
salinities were achieved by evaporation of prepared media. Experiments were conducted in 10 
ml cultures with replicates at each salinity.  Daily measurements of in vivo fluorescence were 
then plotted against time, and growth rate (µ) at each salinity was calculated from the 
exponential portion of each growth curve (µ = ln (Ft/Fo)/time).  Calculated growth rates of these 
batch cultures were meant to be rough estimates, but were relative between salinities and 
strains under identical conditions.  Stickiness, clumping and sinking of the cultures were also 
noted, as differences in salinity resulted in differences in these properties.  Strains were 
incubated in a Percival environmental chamber with an Intellus control system.  Temperature 
ramped from 25ºC at 7:00 am to 28ºC at 12 noon and light intensity increased stepwise from 
dark to 300 µEin/m2/d at 12 noon at 80% relative humidity.  Temperature and light regimes were 
selected to represent in pond conditions at Cellana.  Thirty-two strains of interest for lipid 
production were initially screened for halotolerance, from which C323, C596 and C046 were 
determined to be good candidates for further work. Pre-screening of the remainder of the 
indigenous strain collection was abbreviated to four salinities: 25, 35, 40, and 45 ppt.  A total of 
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527 strains were pre-screened for salinity tolerance. In addition, the resulting dataset provided a 
valuable estimate of growth rate for each strain at ambient salinity (35ppt) for consideration in 
choosing candidates for future research. 
 
Phase I:  We began with a series of small scale experiments using 10 mL cultures. Cultures of 
model strains C323, C596 and C046 were inoculated in N-limited media (ASW + HTS2T) of 
seven different salinities ranging from ~30-~60ppt, with replicates for each salinity. Cultures 
were allowed to grow and acclimate for >10 generations, transferring regularly to maintain 
cultures in exponential growth phase, in an environmental growth chamber (incubator) with a 
constant temperature of 25°C and light levels of ~ 400 µEin/m²/s and a stepped-up 14/10 
light/dark cycle. In vivo chlorophyll fluorescence (Turner-AU) was monitored and used to 
approximate growth.  After growing for >10 generations, the cells were allowed to run out of 
nutrients (N) by ceasing all transfers.   Nitrogen was monitored and when it was determined that 
the cultures would be N-limited within 24 hours (final day of  nutrient replete growth), then they 
were considered Replete and we began testing the lipids using the simple and robust method of 
staining with Nile Red and measuring NR fluorescence spectrophotometrically. Lipids were 
measured on the Replete day and for the following 2 days--- a period referred to hereafter as ‘1 
Day Stressed’ and  ‘2 Days Stressed’. Here we were able to observe firsthand how rapidly lipids 
accumulate under N-stress, and we learned the importance of precisely timing culture 
inoculation in order to minimize differences due to the fact that some cultures were significantly 
(more than 2h but less than 24h) ‘ahead’ of others, respective to the time they actually ran out of 
nitrogen. This proved to be an important issue throughout all experiments. 
 
Results Summary: We observed that C046 and C596 seemed to be less affected by increasing 
the salt concentration than did C323, and it was for that reason that we decided to utilize those 
two strains moving forward. C046 and C596 both exhibited similar trends which indicated that 
lipid production increased at the salinity at which growth rate began to decrease, but only to a 
point. 
 
Phase II:  After reviewing results from the first round of experiments, we decided which salinities 
and strains to focus on, moving forward.  For C596 we used media of 30, 40, 50, and 60ppt, 
while we substituted 45ppt instead of 40ppt for strain C046. A slightly different media was used 
(HTS2TB; less SiOH, more NH4) to achieve higher biomass concentrations. Cultures were 
grown in 1.5 L of media with replicates for each salinity. They were constantly bubbled with 
filtered air and stirred on a magnetic stir plate in order to promote mixing and even growth, and 
to prevent carbon limitation. NH4 and in vivo chlorophyll fluorescence was monitored daily for 
about 4 days, until the final day that the cultures were replete, at which time we began the 
process of characterization. Measured daily from Replete day to 2 Days Stressed were: in vivo 
chlorophyll fluorescence, Nile red lipids, and primary production (BOD method). Samples were 
preserved for later analysis in order to quantify: carbon uptake, flow cytometry (cell count, red 
fluorescence, side scatter and forward scatter), carbohydrates, proteins, and extracted 
chlorophyll.  Samples were also collected and preserved daily for high-precision lipid class 
analysis performed by the Bidigare lab at the University of Hawai’i. Later, we characterized the 
two new SFP strains with this method as well, save a few differences: we did not measure 
primary production or C-14 uptake, and SFP Tetraselmis was cultured in HTS2TB media while 
SFP Diatom required HTS2TC. 
 
Phase III:  Here we sought to improve the C046 wild type strain using two distinct approaches: 
first by exploiting each culture’s natural variability, and second, by attempting to induce DNA 
mutation by exposing cells to UV radiation.  This component of the project is linked with Task 
A.1 (Strain Improvement) and is further described in that report. 
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Phase IV:  We repeated the small-scale experiment but extended the salinity range.  Cultures 
were grown in 10mL of media with salinities of 30, 40, 45, 50, 60, and 80ppt. We took samples 
for FCM and extracted chlorophyll as well as in vivo fluorescence and NR lipids as before. The 
goal of this phase was to more thoroughly characterize the C046 wild type (control) for more 
direct comparison with the improved cell lines (later during this phase) as well as to characterize 
two newly obtained and isolated strains that we had not yet investigated (SFP Tetraselmis; 
suspected Tetraselmis sp., and SFP Diatom; suspected Navicula sp.).  
 
Phase V:  Three strains (C046, SFP Diatom and SFP Tetraselmis) were cultured simultaneously 
in identical media with very high salinity (80ppt) over the span of one month and with no fresh 
media being added after the initial inoculation.  Daily samples were taken for in vivo chlorophyll 
fluorescence, flow cytometry and Nile red lipids. This was performed to facilitate a long-term 
comparison between strains while eliminating any differences between batches of media, Nile 
red, and most other variables such as minor discrepancies in incubator temperature, humidity or 
light levels. 
 
Phase VI:  The goal in this phase was to eliminate any variation in the time it took for cultures to 
become N-depleted. We grew one large culture each of C046, C596 and C323 in standard 
salinity media (30 ppt). Once maximum biomass was reached but the culture was still in 
exponential phase of growth, it was divided among a number of smaller tubes and the cells 
pelleted in a centrifuge. The supernatant was poured off and discarded and the cells were 
resuspended in fresh, nutrient-free media in a range of salinities. The cultures were monitored 
daily for in vivo chlorophyll fluorescence and Nile red lipids, and samples were taken for flow 
cytometry analysis.  
 
Phase VII:  During this final phase, we wanted to mimic as closely as possible the culture 
conditions that these cells might face at Cellana. Therefore, 200 mL cultures of C046, C596 and 
C323 were grown semi-continuously in a photosynthetic bioreactor (PBR) which was bubbled 
and stirred (with the exception of C323 which was not stirred) and diluted once per day at a rate 
of 50% of the total volume. The PBR was maintained until the cells were acclimated and the 
growth rate was stable for at least one week, after which we used it to inoculate culture tubes in 
a range of salinities at a rate of 1:2 culture to media, simulating grow-out ponds. The chlorophyll 
fluorescence and Nile red lipids in these tubes were monitored beginning immediately upon 
inoculation and for the following 3 days. Samples were also taken for flow cytometry analysis. 
 
 

Phase Goal Culture  
Vol (mL) Strains Salinity (ppt) Media 

Type 
Parameters 
Analyzed 

I Characterize 
(Preliminary) 10 C323, C596 

C046 
30,35,40,45, 

50,55,60 
ASW + 
HTS2T Chl fls, NR lipids 

II 
Characterize 

(“Large” 
scale) 

1500 

C596, 
C046, 

SFP Tet, 
SFP Diatom 

30,40,50,60 
35,45,50,60 

ASW + 
HTS2TB 

 or 
HTS2TC 

Chl fls (ext+ in 
vivo), NR lipids, 
Primary Prod., 
carbon uptake, 
FCM, protein, 

carbs, lipid classes 
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III Improve 
(Mutagenize) 2 C046 30,35,40,45, 

50,55,60,80 
ASW + 
HTS2T Chl fls 

IV Characterize 
(Small scale) 10 

C046, SFP 
Tet, SFP 
Diatom, 

C046 
(Improved) 

30,40,45,50, 
60,70*,80,90* 

ASW + 
HTS2T 

Chl fls (ext+ in 
vivo), NR lipids, 

FCM 

V Characterize 
(Long Term) 100 

SFP Diatom, 
SFP Tet, 

C046 
80 ASW + 

HTS2T 
Chl fls, NR lipids, 

FCM 

VI 
Characterize 

(Salinity 
Shock) 

10 C046, C596, 
C323 30,40,50,60 ASW + 

HTS2T 
Chl fls, NR lipids, 

FCM 

VII Characterize 
(PBR) 

200/ 
36 

C323, C596 
C046 35,40,45,50 ASW + 

HTS2T 
Chl fls, NR lipids, 

FCM 

 
Phase VIII:  This component of the project was a model study to investigate evaporation in Kona 
(Kona Demonstration Facility) as a model for evaporation at other potential commercial algae 
sites. Meteorological data and in situ temperature and salinity data.  These data were used to 
develop a model to determine how salinity would be affected by various meteorological 
conditions, which in turn can be used in conjunction with the growth and lipid production data 
above to model how lipid production would vary as a function of site location and salinity 
increases. 
 
Relevance/Significance: Combined these results show that salinity increases due to 
evaporation and water re-use can be significant. However, the range of expected increases in 
salinity will likely not dramatically affect production and in some cases could be used to enhance 
overall lipid production.  
 
Peer-Reviewed Publications:  
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 58 pp DOI:10.1016/j.algal.2015.04.016 (2015) [Huntley, M, ZI Johnson, 
SL Brown, DL Sills, L Gerber, I Archibald, SC Machesky, J Granados, CM Beal, and CH 
Greene] 
 

2. Quantification of neutral lipids from marine phytoplankton using Nile Red. [ZI 
Johnson, RR Bidigare, SK Blinebry, SL Brown, JJ Cullen, SE Loftus, DG Redalje, BAS 
Van Mooy] (In Review) 
 

3. Bioprospecting for oil producing marine microalgae: evaluation of oil and biomass 
production of >1000 novel strains from milligrams to tons. [Johnson, ZI, RR Bidigare, 
SL Brown, WP Cochlan, JJ Cullen, S Loftus, DG Redalje, ME Huntley] (In Preparation)  
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4. Carbon allocation under light and nitrogen resource gradients in two model marine 
phytoplankton. Journal of Phycology DOI 10.1111/jpy.12060 (2013) [Bittar, TB, Y Lin, 
LR Sassano, BJ Wheeler, SL Brown, WP Cochlan and ZI Johnson] 
 

5. Smartphones: Powerful Tools for Geoscience Education.  EOS, Transactions 
American Geophysical Union 94: 433-434. (2013) [Johnson ZI and DW Johnston] 
 

6. Air-water fluxes of N2O and CH4 during microalgae cultivation (Staurosira sp) in an 
open raceway pond. Environmental Science & Technology, 46(19): 10842-10848 (2012) 
[S Ferron, DT Ho, ZI Johnson and ME Huntley] 
 

7. A suite of microplate reader-based colorimetric methods to quantify ammonium, 
nitrate, orthophosphate and silicate concentrations for nutrient monitoring. Journal 
of Environmental Monitoring 13: 370-376 (2012) [Ringuet, S, L Sassano and ZI Johnson] 

 
Technical Reports:  
 

1. Halotolerance of Model Algal Strains (2015) (Blinebry S and Johnson Z) 50 pp. 
 

2. Pond Evaporation. (2010) [Johnson, Z] 30 pp. 
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Presentations:  
 

1. “The effects of salinity on algae biomass production,” Presentation Algae Biomass 
Organization (ABO 2014) [Johnson, ZI and S Blinebry] – October 2014 
 

2. “From Test Tubes to Tonnes: Scaling up Lab Trials to Commercial Scale 
Relevance” Presentation Algae Biomass Organization (ABO 2015) [Johnson ZI] – 
October 2015 

 
3. “The Potential (and Progress) of Marine Algae for Feed and Fuel" Stewards of Future 

Keynote Address [ABO 2015] – June 2015 
 
Peer-Reviewed Publication Abstracts: [Abstracts for publications listed above] 
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 58 pp DOI:10.1016/j.algal.2015.04.016 (2015) [Huntley, M, ZI Johnson, 
SL Brown, DL Sills, L Gerber, I Archibald, SC Machesky, J Granados, CM Beal, and CH 
Greene] 
We present the results from sustained tonne-quantity production of two novel strains of 
marine microalgae, the diatom Staurosira and the chlorophyte Desmodesmus, cultivated 
in a hybrid system of 25-m3 photobioreactors and 400-m2 open ponds at a large-scale 
demonstration facility, and then apply those results to evaluate the performance of a 
100-ha Base Case commercial facility assuming it were built today. Nitrogen fertilization 
of 2-d batch cultures in open ponds led to the greatest yields – from both species – of 
~75 MT ha−1 yr−1 biomass, and ~30 MT ha−1 yr−1 lipid, which are unprecedented in large 
scale open pond systems. The process described here uses only seawater, discharges 
no nitrogen or phosphorus in any form, and consumes CO 2 at 78% efficiency. We 
estimate the capital cost of a 111-ha Base Case facility at $67 million in Hawaii, where 
actual production was performed, and $59 million on the Gulf Coast of Texas. We find 
that large-diameter, large-volume PBRs are an economical means to maintain a 
continuous supply of consistent inoculum for very short-period batch cultures in open 
ponds, and thus avoid biological system crashes that otherwise arise in longer-term 
pond cultures. We recommend certain improvements in cultivation methods that could 
realistically lead to yields of 100 MT ha−1 yr−1 biomass and N 50,000 L ha−1 yr−1  algal oil. 
Comprehensive techno-economics and life cycle assessment of 20 end-to-end 
production lineups, based on the cultivation results in this paper, are presented in a 
companion paper by Beal et al. [2]. 

 
2. Quantification of neutral lipids from marine phytoplankton using Nile Red. [ZI 

Johnson, RR Bidigare, SK Blinebry, SL Brown, JJ Cullen, SE Loftus, DG Redalje, BAS 
Van Mooy]  (In Review)  
The fluorescent stain Nile Red has been used extensively for the quantification of lipids 
in phytoplankton, including microalgae, because it preferentially stains neutral lipids and 
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is economical and sensitive to use for screening purposes.  Although its basic 
application has not changed for several decades, recent improvements have been made 
to improve its utility across uses. Here we describe additional refinements in its 
application and interpretation as a high-throughput method for the rapid quantification of 
neutral lipids in liquid cultures of marine phytoplankton.  Specifically we address (1) 
inter-species comparisons, (2) fluorescence excitation and emission wavelengths and 
(3) the time-course of the Nile Red signal in the context of using bulk or cell-specific 
fluorescence to quantify neutral lipids of live or preserved cells.  We show that with 
proper caution in its interpretation across species and physiological states that the 
quantity of lipid in hundreds of small volume samples can be reliably assessed daily 
using a refined Nile Red protocol.   

 
3. Bioprospecting for oil producing marine microalgae: evaluation of oil and biomass 

production of >1000 novel strains from milligrams to tons. [Johnson, ZI, RR Bidigare, 
SL Brown, WP Cochlan, JJ Cullen, S Loftus, DG Redalje, ME Huntley] (In Preparation)  
There is vast genetic diversity among marine microalgae and this translates into 
substantial differences in the biochemistry, physiology and other key performance 
characteristics of different strains.  While this natural biodiversity originates from their 
different niches (ecology) and evolutionary histories, this diversity can be leveraged for 
biotechnological applications.  Here, we describe a strategy to identify strains that may 
be optimal for large scale production of biofuel from microalgae feedstock.  The strategy 
is based on isolation of hundreds of strains from a wide range of environments to 
maximize the biodiversity surveyed and hence the potential range of physiologies and 
biochemistries.  After isolation, these strains are passed through successive rounds of 
screening, each at increasing volume scale and environmental complexity.  From small 
scale (milliliter / microgram) screening under simple conditions to large scale (~100,000 
L / ton) growth under natural environments expected for commercial production, strains 
are assayed using increasingly thorough metrics specific for targeted commercial 
production.  Because of high fidelity between small scale (and less expensive) screening 
and large scale production, this approach could be used to reduce the time (and cost) 
from identification/isolation of strain to large scale production or optimized for other 
feedstock, operational, life cycle or economic criteria. 

 
4. Carbon allocation under light and nitrogen resource gradients in two model marine 

phytoplankton. Journal of Phycology DOI 10.1111/jpy.12060 (2013) [Bittar, TB, Y Lin, 
LR Sassano, BJ Wheeler, SL Brown, WP Cochlan and ZI Johnson]  
Marine phytoplankton have conserved elemental stoichiometry, but there can be 
significant deviations from this Redfield ratio. Moreover, phytoplankton allocate reduced 
carbon (C) to different biochemical pools based on nutritional status and light availability, 
adding complexity to this relationship. This allocation influences physiology, ecology, 
and biogeochemistry. Here, we present results on the physiological and biochemical 
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properties of two evolutionarily distinct model marine phytoplankton, a diatom (cf. 
Staurosira sp. Ehrenberg) and a chlorophyte (Chlorella sp. M. Beijerinck) grown under 
light and nitrogen resource gradients to characterize how carbon is allocated under 
different energy and substrate conditions. We found that nitrogen (N)-replete growth rate 
increased monotonically with light until it reached a threshold intensity (~200 μmol 
photons m−2 s−1). For Chlorella sp., the nitrogen quota (pg μm−3) was greatest below this 
threshold, beyond which it was reduced by the effect of N-stress, while for Staurosira sp. 
there was no trend. Both species maintained constant maximum quantum yield of 
photosynthesis (mol C mol photons−1) over the range of light and N-gradients studied 
(although each species used different photophysiological strategies). In both species, 
C:chl a (g g−1) increased as a function of light and N-stress, while C:N (mol mol−1) and 
relative neutral lipid:C (rel. lipid g−1) were most strongly influenced by N-stress above the 
threshold light intensity. These results demonstrated that the interaction of substrate (N-
availability) and energy gradients influenced C-allocation, and that general patterns of 
biochemical responses may be conserved among phytoplankton; they provided a 
framework for predicting phytoplankton biochemical composition in ecological, 
biogeochemical, or biotechnological applications. 

 
5. Smartphones: Powerful Tools for Geoscience Education.  EOS, Transactions 

American Geophysical Union 94: 433-434. (2013) [Johnson ZI and DW Johnston]  
Observation, formation of explanatory hypotheses, and testing of ideas together form the 
basic pillars of much science. Consequently, science education has often focused on the 
presentation of facts and theories to teach concepts. To a great degree, libraries and 
universities have been the historical repositories of scientific information, often restricting 
access to a small segment of society and severely limiting broad-scale geoscience 
education. 

 
6. Air-Water Fluxes of N2O and CH4 during Microalgae (Staurosira sp) Cultivation in 

an Open Raceway Pond. Environmental Science & Technology, 46(19): 10842-10848 
(2012) [S Ferron, DT Ho, ZI Johnson and ME Huntley]  
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The industrial-scale production of biofuels from cultivated microalgae has gained 
considerable interest in the last several decades. While the climate benefits of 
microalgae cultivation that result from the capture of atmospheric CO2 are known, the 
counteracting effect from the potential emission of other greenhouse gases has not been 
well quantified. Here, we report the results of a study conducted at an industrial pilot 
facility in Hawaii to determine the air–water fluxes of N2O and CH4 from open raceway 
ponds used to grow the marine diatom Staurosira sp. as a feedstock for biofuel. 
Dissolved O2, CH4, and N2O concentrations were measured over a 24 h cycle. During 
this time, four SF6 tracer release experiments were conducted to quantify gas transfer 
velocities in the ponds, and these were then used to calculate air–water fluxes. Our 
results show that pond waters were consistently supersaturated with CH4 (up to 725%) 
resulting in an average emission of 19.9 ± 5.6 μmol CH4 m–2 d–1. Upon NO3

– depletion, 
the pond shifted from being a source to being a sink of N2O, with an overall net uptake 
during the experimental period of 3.4 ± 3.5 μmol N2O m–2 d–1. The air–water fluxes of 
N2O and CH4 expressed as CO2 equivalents of global warming potential were 2 orders of 
magnitude smaller than the overall CO2 uptake by the microalgae. 

 
7. A suite of microplate reader-based colorimetric methods to quantify ammonium, 

nitrate, orthophosphate and silicate concentrations for nutrient monitoring. Journal 
of Environmental Monitoring 13: 370-376 (2012) [Ringuet, S, L Sassano and ZI Johnson]  
A sensitive, accurate and rapid analysis of major nutrients in aquatic systems is 
essential for monitoring and maintaining healthy aquatic environments. In particular, 
monitoring ammonium (NH(4)(+)) concentrations is necessary for maintenance of many 
fish stocks, while accurate monitoring and regulation of ammonium, orthophosphate 
(PO(4)(3-)), silicate (Si(OH)(4)) and nitrate (NO(3)(-)) concentrations are required for 
regulating algae production. Monitoring of wastewater streams is also required for many 
aquaculture, municipal and industrial wastewater facilities to comply with local, state or 
federal water quality effluent regulations. Traditional methods for quantifying these 
nutrient concentrations often require laborious techniques or expensive specialized 
equipment making these analyses difficult. Here we present four alternative 
microcolorimetric assays that are based on a standard 96-well microplate format and 
microplate reader that simplify the quantification of each of these nutrients. Each method 
uses small sample volumes (200 µL), has a detection limit ≤ 1 µM in freshwater and ≤ 2 
µM in saltwater, precision of at least 8% and compares favorably with standard analytical 
procedures. Routine use of these techniques in the laboratory and at an aquaculture 
facility to monitor nutrient concentrations associated with microalgae growth 
demonstrates that they are rapid, accurate and highly reproducible among different 
users. These techniques offer an alternative to standard nutrient analyses and because 
they are based on the standard 96-well format, they significantly decrease the cost and 
time of processing while maintaining high precision and sensitivity. 
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Task C: Feedstock Logistics: Harvesting & Dewatering 
SubTask C.1: Re-suspension after in-pond settling  
 
PIs:  Gabe Foreman, Mark Huntley 
Recipient Organization:  Cornell University (M Huntley, PI) 
Project Location:  Cellana 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  Nov 20, 2015 
Written by:  Mark Huntley, Visiting Scholar, meh333@cornell.edu 
 
Goals & Objectives: Demonstrate <5% resuspension of biomass concentrate settled in ponds. 
 
Results Summary: Field trials in Cellana open production ponds with Staurosira and 
Desmodesmus  demonstrated that the gravity settling method of harvesting in ponds could be 
routinely applied to harvest cultures with more than 95% efficiency (i.e <5% resuspension of 
biomass concentrate settled in ponds). The methodology is described in more detail in Huntley 
et al (2015). 
 
Relevance/Significance: An efficient in-pond gravity settling process is highly cost- and 
energy-effective.  
 
Peer-Reviewed Publications:  
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 10 (2015) 249-265  [Huntley, M, ZI Johnson, SL Brown, DL Sills, L 
Gerber, I Archibald, SC Machesky, J Granados, CM Beal, CH Greene] 
DOI:10.1016/j.algal.2015.04.016 

 
Technical Reports:  
 

1. Harvesting: Re-suspension study. (2010) [Foreman, G, S Thomas-Hall, A Kramer & S 
Brown] 9 pp. 
 

Peer-Reviewed Publication Abstracts:  
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 58 pp DOI:10.1016/j.algal.2015.04.016 (2015) [Huntley, M, ZI Johnson, 
SL Brown, DL Sills, L Gerber, I Archibald, SC Machesky, J Granados, CM Beal, and CH 
Greene] 
We present the results from sustained tonne-quantity production of two novel strains of 
marine microalgae, the diatom Staurosira and the chlorophyte Desmodesmus, cultivated 
in a hybrid system of 25-m3 photobioreactors and 400-m2 open ponds at a large-scale 
demonstration facility, and then apply those results to evaluate the performance of a 
100-ha Base Case commercial facility assuming it were built today. Nitrogen fertilization 
of 2-d batch cultures in open ponds led to the greatest yields – from both species – of 
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~75 MT ha−1 yr−1 biomass, and ~30 MT ha−1 yr−1 lipid, which are unprecedented in large 
scale open pond systems. The process described here uses only seawater, discharges 
no nitrogen or phosphorus in any form, and consumes CO 2 at 78% efficiency. We 
estimate the capital cost of a 111-ha Base Case facility at $67 million in Hawaii, where 
actual production was performed, and $59 million on the Gulf Coast of Texas. We find 
that large-diameter, large-volume PBRs are an economical means to maintain a 
continuous supply of consistent inoculum for very short-period batch cultures in open 
ponds, and thus avoid biological system crashes that otherwise arise in longer-term 
pond cultures. We recommend certain improvements in cultivation methods that could 
realistically lead to yields of 100 MT ha−1 yr−1 biomass and N 50,000 L ha−1 yr−1  algal oil. 
Comprehensive techno-economics and life cycle assessment of 20 end-to-end 
production lineups, based on the cultivation results in this paper, are presented in a 
companion paper by Beal et al. [2]. 
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SubTask C.2: Alternate processes  
 
PIs:  Mark Huntley, Gabe Foreman, Skye Thomas-Hall, Remi van Compernolle 
Recipient Organization:  Cornell University (M Huntley, PI) 
Project Location:  Cellana 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  Nov 20, 2015 
Written by:  Mark Huntley, Visiting Scholar, meh333@cornell.edu 
 
Goals & Objectives:  Engineer and pilot at least 3 process lineups, including separations by 
gravity, dissolved air flotation, and micro screen filtration. 
 
Results Summary:  We compared gravity, both native and flocculant assisted, dissolved air 
flotation, and Jameson cell technologies on Staurosira and selected other strains at pilot scale. 
We did not evaluate micro-screen filtration. The Cellana facility could have accommodated all 
technologies tested, but none proved more cost- or energy effective than unassisted gravity 
settling in ponds. The gravity settling method is described in Huntley et al (2015), and its cost- 
and energy- effectiveness is quantified in Beal et al (2015). 
 
Relevance/Significance:  Many standard methods are available to harvest microalgae, but 
most are cost- or energy-prohibitive. The method of gravity settling in ponds, while highly cost 
and energy-effective, is species-specific and depends on both physiological and environmental 
conditions. More effort should be dedicated toward understanding the mechanisms that induce 
settling. 
 
Peer-Reviewed Publications:  
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 10 (2015) 249-265  [Huntley, M, ZI Johnson, SL Brown, DL Sills, L 
Gerber, I Archibald, SC Machesky, J Granados, CM Beal, CH Greene] 
DOI:10.1016/j.algal.2015.04.016 

 
2. Algal Biofuel Production for Fuels and Feed in a 100-ha Facility: a Comprehensive 

Techno-Economic Analysis and Life Cycle Assessment. Algal Research, 10 (2015) 
266-279. [Beal, CM, L Gerber, DL Sills, ME Huntley, S Machesky, MJ Walsh, JW 
Tester, I Archibald, J Granados and CH Greene] DOI:10.1016/j.algal.2015.04.017 

 
Technical Reports:  
 

1. Out-of-Pond Harvesting Technology: Flocculant-assisted settling and flotation as 
algae thickening processes. (2010) [R van Compernolle, D Pickle & S Thomas-Hall] 9 
pp. 

 
2. Pond Sweeping and flocculation in species C323. (2010) [Thomas-Hall, S, H Forehead, 

X Bai, R Dorland, L Pickell, J Obbard] 12 pp. 
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Presentations:  
 

1. “Harvesting and processing of microalgae biomass,” First International Conference 
on Algal Biomass, Biofuels and Bioproducts, St Louis [Thomas-Hall, S, J Obbard, L  
Pickell, & R Dorland] – July 2011 
 

Peer-Reviewed Publication Abstracts: 
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 58 pp DOI:10.1016/j.algal.2015.04.016 (2015) [Huntley, M, ZI Johnson, 
SL Brown, DL Sills, L Gerber, I Archibald, SC Machesky, J Granados, CM Beal, and CH 
Greene] 
We present the results from sustained tonne-quantity production of two novel strains of 
marine microalgae, the diatom Staurosira and the chlorophyte Desmodesmus, cultivated 
in a hybrid system of 25-m3 photobioreactors and 400-m2 open ponds at a large-scale 
demonstration facility, and then apply those results to evaluate the performance of a 
100-ha Base Case commercial facility assuming it were built today. Nitrogen fertilization 
of 2-d batch cultures in open ponds led to the greatest yields – from both species – of 
~75 MT ha−1 yr−1 biomass, and ~30 MT ha−1 yr−1 lipid, which are unprecedented in large 
scale open pond systems. The process described here uses only seawater, discharges 
no nitrogen or phosphorus in any form, and consumes CO 2 at 78% efficiency. We 
estimate the capital cost of a 111-ha Base Case facility at $67 million in Hawaii, where 
actual production was performed, and $59 million on the Gulf Coast of Texas. We find 
that large-diameter, large-volume PBRs are an economical means to maintain a 
continuous supply of consistent inoculum for very short-period batch cultures in open 
ponds, and thus avoid biological system crashes that otherwise arise in longer-term 
pond cultures. We recommend certain improvements in cultivation methods that could 
realistically lead to yields of 100 MT ha−1 yr−1 biomass and N 50,000 L ha−1 yr−1  algal oil. 
Comprehensive techno-economics and life cycle assessment of 20 end-to-end 
production lineups, based on the cultivation results in this paper, are presented in a 
companion paper by Beal et al. [2]. 

 
2. Algal Biofuel Production for Fuels and Feed in a 100-ha Facility: a Comprehensive 

Techno-Economic Analysis and Life Cycle Assessment. Algal Research, 111 pp. 
DOI:10.1016/j.algal.2015.04.017 (2015) [Beal, CM, L Gerber, DL Sills, ME Huntley, S 
Machesky, MJ Walsh, JW Tester, I Archibald, J Granados and CH Greene] 
This techno-economic analysis/life-cycle assessment is based on actual production by 
the Cornell Marine Algal Biofuels Consortium with biomass productivity >23 g/m2-day. 
Ten distinct cases are presented for two locations, Texas and Hawaii, based on a 100-
ha production facility with end-to-end processing that yields fungible co-products 
including biocrude, animal feed, and ethanol. Several processing technologies were 
evaluated: centrifugation and solvent extraction (POS Biosciences), thermochemical 
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conversion (Valicor), hydrothermal liquefaction (PNNL), catalytic hydrothermal 
gasification (Genifuel), combined heat and power, wet extraction (OpenAlgae), and 
fermentation. The facility design was optimized by co-location with waste CO2, a 
terraced design for gravity flow, using renewable energy, and low cost materials. The 
case studies are used to determine the impact of design choices on the energy return on 
investment, minimum fuel and feed sale prices, discounted payback period, as well as 
water depletion potential, human health, ecosystem quality, non-renewable resources, 
and climate change environmental indicators. The most promising cases would be 
economically competitive at market prices around $2/L for crude oil, while also providing 
major environmental benefits and freshwater savings. As global demands for fuels and 
protein continue rising, these results are important steps towards economical and 
environmentally sustainable production at an industrial scale. 
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Task D: Extraction 
SubTask D.1: Toll Processing 
 
PI:  Mark Huntley 
Recipient:  Cornell University (M Huntley, PI) 
Project Location:  Cellana  
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  Nov 20, 2015 
Written by:  Mark Huntley, Visiting Scholar, meh333@cornell.edu 
 
Goals & Objectives: Produce up to 10 tonnes per year of defatted biomass to support 
aquafeed trials. 
 
Results Summary: Approximately 8 tonnes of Staurosira, Desmodesmus and Nannochloropsis  
were toll-processed by Protein-Oil-Separations (POS) of Saskatchewan, Canada. The rotary 
drum-dried algal meal (<5% moisture) was extracted with hexane. Results were less than ideal. 
The lipid extraction efficiency was typically 60% and the lipid fraction was contaminated with 
particulates, requiring much processing to further refine the biocrude. 
 
Small amounts of dried algae (5-10 kg) were also processed on a trial basis by Valicor, using 
their Alga-Frac technology, and produced much better separations. Most of the toll processing 
had been completed by the time we investigated Valicor’s technology. 
 
Relevance/Significance: The method of hexane extraction of dried algal meal is inefficient and 
prohibitively energy-intensive. This pathway is quantified as Case 1 in Beal et al (2015).  
 
Peer-Reviewed Publications:  
 

1. Algal Biofuel Production for Fuels and Feed in a 100-ha Facility: a Comprehensive 
Techno-Economic Analysis and Life Cycle Assessment. Algal Research, 10 (2015) 
266-279. [Beal, CM, L Gerber, DL Sills, ME Huntley, S Machesky, MJ Walsh, JW 
Tester, I Archibald, J Granados and CH Greene] DOI:10.1016/j.algal.2015.04.017 
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Subtask D.2: Low Ash 
 
PIs:  Donald Redalje (USM) and Susan Brown (UH) 
Recipient: The University of Southern Mississippi and University of Hawaii at Manoa 
(subcontractors of Cornell University) 
Project Location: The University of Southern Mississippi Department of Marine Science, 
Stennis Space Center, MS 39529 and University of Hawaii at Manoa 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  November 3, 2015 
Written by:  Donald G. Redalje, Professor, Donald.Redalje@usm.edu and 

Susan L. Brown, Researcher, sbrown@soest.hawaii.edu 
 
Goals & Objectives: Achieve total inorganic matter content of 10% of dry weight in harvested 
biomass. 
 
Results Summary: Two sets of experiments were conducted to address the objectives of this 
task.  Microalgal strains were isolated from coastal Hawaiian waters and pre-screened for lipid 
production capabilities.  One set of low ash experiments were conducted at the University of 
Hawaii at Manoa and the other set at The University of Southern Mississippi. 
 
Pre-screening experiments (60) were run at the University of Hawaii at Manoa (S. Brown 
laboratory).  The goal was to determine which diatom strains had the capability to grow when 
supplied with several levels of reduced Si in the nutrient medium and result in ash content of 
10% or less of the culture dry weight.  The best performers would be sent for further study at 
The University of Southern Mississippi (D. Redalje laboratory).  Algal strains were grown in 
batch culture at 25%, 50%, 75% and full f/2 + Si additions.  In vivo fluorescence, as a proxy for 
biomass, was used to monitor algal growth.  Some strains (e.g. C648 and C1004) resulted in 
greater fluorescence yield (biomass accumulation) with increased Si.  Other strains (e.g. C1018) 
had greater fluorescence yield (biomass accumulation) with reduced Si.  Algal strains like C968, 
showed no consistent difference between Si treatments.  Moving forward, sinking assays were 
recommended to account for changes in clumping and stickiness with varying Si concentrations.  
A second part of the University of Hawaii studies was to look at lipid content with reduced Si.  
Strains were grown in larger volumes. Both strains C971 and C608 showed increased lipid 
content (normalized to chlorophyll) with no Si added to the medium.  This suggests that some 
diatom strains can grow well with no Si addition to the medium and that Si stress can induce 
increased lipid synthesis. 
 
A total of 35 strains were sent to The University of Southern Mississippi for further study. 
At The University of Southern Mississippi, both diatom and chlorophyte species were examined 
for biomass yield at various levels of Si in the medium (diatoms) or with various additions of the 
f/2 trace metal mixture (chlorophytes).  The objective was to determine if growth at either 
reduced Si or reduced trace metals would result in ash content of less than 10% of dry weight 
during log phase growth and in stationary phase growth.  For these experiments, strains were 
grown in 600 mL flasks in an incubator that provided 500 μmoles m-2 s-1 of light on a 12hr:12hr 
light-dark cycle at 30°C.  The strains were provided 100%, 50%, 25%, 12.5% or 0% of f/2 Si 
(diatoms) or trace metal mixture (chlorophytes).  A total of 18 diatom strains and 6 chlorophyte 
strains were grown under each of the 5 treatment conditions – a total of 120 culture 
experiments. 
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Most of the diatom strains tested yielded high biomass production (dry weight) and low ash 
content at reduced Si addition levels (12.5% and 25%) during both log phase and stationary 
phase growth.  Diatom strains C965, C307, C1022, C994, S001, C608, and CH20 all met the 
target of less than 10% ash content relative to dry weight.  Some strains did not grow at high 
growth rates, however.  Strains C965 and C1022 had growth rates less than 1 cell division per 
day, a target growth rate that would be needed for large scale production. 
 
There appeared to be no benefit (e.g. reduced ash content) from the reduced trace metal 
treatments for the chlorophyte strains.  Ash content always exceeded 10% of dry weight, 
especially for the high biomass producers.  Strains C617 and C766 had very low ash content 
during log phase growth (< 7% of dry weight) and grew at rates of 2 or more cell divisions per 
day, but during stationary phase ash content always exceed 10% of dry weight. 
 
Relevance/Significance: Many species of microalgae have shown potential as feedstocks for 
production of algal biofuels.  Freshwater species have been chosen because of they have 
demonstrated relatively greater neutral lipid biosynthesis in mass culture.  Freshwater has 
become relatively scarce and there are competing uses making freshwater species less 
attractive for biofuels applications.  Marine microalgae do not require freshwater and can be 
grown in mass culture on land that is less suitable for other uses.  It is also more favorable to 
isolate local marine species for any mass culture endeavor due to possible accidental release to 
the environment and adaptation to ambient conditions.  Two groups of marine microalgae, 
diatoms and chlorophytes, have shown great potential for biofuels production.  Diatoms often 
have greater rates of synthesis of biofuel lipids.  However, the silica content of diatom frustules 
can be problematic for downstream processing and lipid extraction.  For these reasons, as part 
of a U.S. Department of Energy Algal Biofuels Consortium, we conducted a study that included 
pre-screening of < 35 strains for biofuel suitability and further testing at a demonstration scale 
facility in Hawaii.  Cultures were grown in f/2 medium with treatments of 100, 75, 50 and 25% of 
f/2 Si.  Some species showed greater biomass with decreased Si.  Some species demonstrated 
enhanced lipid content with lower Si.  The best performing 18 species of diatoms and 6 species 
of chlorophytes were grown at reduced Si content in the medium (for diatoms) or reduced trace 
metals in the medium (for chlorophytes).  Treatments were 100, 50, 25, 12.5 and 0% f/2 Si or 
f/20 trace metal mix.  Five of the diatoms were from culture collections with the others isolated 
from coastal Hawaiian waters.  All of the chlorophytes were isolated from Hawaiian waters.  The 
results showed that ash content of the diatoms was generally <5-10% of DW for diatoms, but 
that there was no reduction in ash content with reduced trace metals for chlorophytes.  These 
results demonstrate that diatoms remain viable candidates for microalgal biofuel production.  
Many strains can be grown with very reduced or no additions of Si to the growth medium.  This 
reduces the cost and the complexity of nutrient additions to algal mass culture production 
facilities. 
 
Peer-Reviewed Publications:  
 

1. Enhanced quantum yield of photosynthesis for marine microalgae grown under 
fluctuating light conditions: Recommendations for growth of dense cultures in 
shallow pond systems. [Redalje, DG and ML Stone] (In Preparation) 
 

2. Quantification of neutral lipids from marine phytoplankton using Nile Red. [ZI 
Johnson, RR Bidigare, SK Blinebry, SL Brown, JJ Cullen, SE Loftus, DG Redalje, BAS 
Van Mooy] (In Review) 
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3. Bioprospecting for oil producing marine microalgae: evaluation of oil and biomass 
production of >1000 novel strains from milligrams to tons. [Johnson, ZI, RR Bidigare, 
SL Brown, WP Cochlan, JJ Cullen, S Loftus, DG Redalje, ME Huntley] (In Preparation) 
  

4. Use of Marine Microalgae for Biofuels Production: Reduction in Ash Content for 
Potential Improvements in Downstream Processing. [DG Redalje and SL Brown] (In 
Preparation) 

 
Technical Reports:  
 

1. Project 2.5.4: Directed High-Throughput Screening. (2011) [Redalje, DG, X Chen, C 
Smith, E Rowe, H Huang, M Tuel, A Boyette, and M Stone], Final Report. 38 pp. 

 
Presentations:  
 

1. “Use of Marine Microalgae for Biofuels Production: Reduction in Ash Content for 
Potential Improvements in Downstream Processing,” Ocean Sciences Meeting, New 
Orleans [DG Redalje and SL Brown] – February 2016 
 

2. “Quantum yield for two species of marine phytoplankton grown in semi-continuous 
culture under fluctuating and static irradiance,” 2013 ASLO Aquatic Sciences 
Meeting, New Orleans [Redalje, DG, M Stone, and X Chen] – February 2013 
 

3. “Pumping algae!  An alternative energy future,” Algae & Energy in the Northeast: 
Advancing knowledge, research and innovation, University of Vermont, Burlington [DG 
Redalje, JJ Cullen, ZI Johnson, M Huntley, and G de Scheemaker] – March 2012 

 
Peer-Reviewed Publication Abstracts:  
 

1. Enhanced quantum yield of photosynthesis for marine microalgae grown under 
fluctuating light conditions: Recommendations for growth of dense cultures in 
shallow pond systems. [Redalje, DG and ML Stone] (In Preparation)  
A single strain of Chaetoceros muelleri was subjected to a variety of light treatments in 
order to identify if there was any change in quantum yield as a function of fluctuating 
light relative to static light with equal total daily light doses. The fluctuating light 
conditions were similar to those found in natural systems, with frequencies ranging 
between 0.10 Hz and 2.00 Hz. Quantum yield was determined using two methods: the 
standard method using 14C uptake to determine instantaneous quantum yield, and a 
second method using particulate organic carbon uptake relative to light absorbed over a 
24-hour period. The various light treatments resulted in similar trends of quantum yield 
from the culture, regardless of the method used. Cultures subjected to fluctuating light 
treatments of 0.5 Hz, 0.67 Hz, and 1.00 Hz yielded higher values than did those 
subjected to light fluctuating at 0.10 Hz and 2.00 Hz. There also appeared to be some 
enhancement of the photosynthetic apparatus in this species when exposed to 
fluctuating light, relative to static light with the same total daily light dose. 
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2. Quantification of neutral lipids from marine phytoplankton using Nile Red. [ZI 
Johnson, RR Bidigare, SK Blinebry, SL Brown, JJ Cullen, SE Loftus, DG Redalje, BAS 
Van Mooy] (In Review) 
The fluorescent stain Nile Red has been used extensively for the quantification of lipids 
in phytoplankton, including microalgae, because it preferentially stains neutral lipids and 
is economical and sensitive to use for screening purposes.  Although its basic 
application has not changed for several decades, recent improvements have been made 
to improve its utility across uses. Here we describe additional refinements in its 
application and interpretation as a high-throughput method for the rapid quantification of 
neutral lipids in liquid cultures of marine phytoplankton.  Specifically we address (1) 
inter-species comparisons, (2) fluorescence excitation and emission wavelengths and 
(3) the time-course of the Nile Red signal in the context of using bulk or cell-specific 
fluorescence to quantify neutral lipids of live or preserved cells.  We show that with 
proper caution in its interpretation across species and physiological states that the 
quantity of lipid in hundreds of small volume samples can be reliably assessed daily 
using a refined Nile Red protocol. 

 
3. Bioprospecting for oil producing marine microalgae: evaluation of oil and biomass 

production of >1000 novel strains from milligrams to tons. [Johnson, ZI, RR Bidigare, 
SL Brown, WP Cochlan, JJ Cullen, S Loftus, DG Redalje, ME Huntley] (In Preparation)  
There is vast genetic diversity among marine microalgae and this translates into 
substantial differences in the biochemistry, physiology and other key performance 
characteristics of different strains.  While this natural biodiversity originates from their 
different niches (ecology) and evolutionary histories, this diversity can be leveraged for 
biotechnological applications.  Here, we describe a strategy to identify strains that may 
be optimal for large scale production of biofuel from microalgae feedstock.  The strategy 
is based on isolation of hundreds of strains from a wide range of environments to 
maximize the biodiversity surveyed and hence the potential range of physiologies and 
biochemistries.  After isolation, these strains are passed through successive rounds of 
screening, each at increasing volume scale and environmental complexity.  From small 
scale (milliliter / microgram) screening under simple conditions to large scale (~100,000 
L / ton) growth under natural environments expected for commercial production, strains 
are assayed using increasingly thorough metrics specific for targeted commercial 
production.  Because of high fidelity between small scale (and less expensive) screening 
and large scale production, this approach could be used to reduce the time (and cost) 
from identification/isolation of strain to large scale production or optimized for other 
feedstock, operational, life cycle or economic criteria. 
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4. Use of Marine Microalgae for Biofuels Production: Reduction in Ash Content for 

Potential Improvements in Downstream Processing. [DG Redalje and SL Brown] (In 
Preparation)  
Many species of microalgae have shown potential as feedstocks for production of algal 
biofuels.  Freshwater species have been chosen because of they have demonstrated 
relatively greater neutral lipid biosynthesis in mass culture.  Freshwater has become 
relatively scarce and there are competing uses making freshwater species less attractive 
for biofuels applications.  Marine microalgae do not require freshwater and can be grown 
in mass culture on land that is less suitable for other uses.  It is also more favorable to 
isolate local marine species for any mass culture endeavor due to possible accidental 
release to the environment.  Two groups of marine microalgae, diatoms and 
chlorophytes, have shown great potential for biofuels production.  Diatoms often have 
greater rates of synthesis of biofuel lipids.  However, the silica content of diatom 
frustules can be problematic for downstream processing and lipid extraction.  For these 
reasons, as part of a U.S. Department of Energy Algal Biofuels Consortium, we 
conducted a study that included pre-screening of 35 strains for biofuel suitability and 
further testing at a demonstration scale facility in Hawaii.  Cultures were grown in f/2 
medium with treatments of 100, 75, 50 and 25% of f/2 Si.  Some species showed greater 
biomass with decreased Si.  Some species demonstrated enhanced lipid content with 
lower Si.  The best performing 18 species of diatoms and 6 species of chlorophytes were 
grown at reduced Si content in the medium (for diatoms) or reduced trace metals in the 
medium (for chlorophytes).  Treatments were 100, 50, 25, 12.5 and 0% f/2 Si or f/20 
trace metal mix.  Five of the diatoms were from culture collections with the others 
isolated from coastal Hawaiian waters.  All of the chlorophytes were isolated from 
Hawaiian waters.  The results showed that ash content of the diatoms was generally <5-
10% of DW for diatoms, but that there was no reduction in ash content with reduced 
trace metals for chlorophytes. 
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Task E: Product development – Co products 
Subtask E.1: Aquaculture feed trials 
 
PIS:  Kiron Viswanath (UiN) and Johan Johansen (Gildeskål) 
Recipient: University of Nordland and Gildeskål (subcontractors of Cornell University) 
Project Location: Bodø, Norway 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  August 31, 2015 (revised October 30, 2015) 
Written by:  Kiron Viswanath, Professor, kvi@uin.no 
 
Goals & Objectives: Demonstrate nutritional value of defatted biomass in aquafeed for 
top aquaculture species. 
 

1. Perform feeding trials on Atlantic salmon employing feeds containing biomass 
from different strains of microalgae. 
 

2. Perform feeding trials on Pacific whiteleg shrimp with feeds incorporating 
biomass from different microalgal strains.  

 
Results Summary:  
 
The biomass derived from the biorefinery of different species of microalgae was tested 
for their suitability as aquafeed ingredients. The studies focused on the two varieties, 
namely, Nannochloropsis sp. (C018) and Desmodesmus sp. (C046), although 
Nanofrustulum sp. (C323) was also examined to a limited extent. The algal biomass 
was incorporated into feeds formulated for different fish or shellfish.  
 
The majority of feeding trials were conducted on Atlantic salmon.  The inclusion of 
defatted products of Desmodesmus sp. and Nannochloropsis sp. up to 20% in the feeds 
did not negatively affect salmon growth in controlled laboratory studies (Paper P2 and 
P3 respectively), although feed conversion ratio did not match the values noted for the 
fishmeal fed control fish.  A reduction in protein and energy digestibility of feed was 
evident at 20% algal inclusion, unlike in the case of 10% inclusion. Intestinal health of 
fish was not compromised by feeding the algae, based on micromorphological 
observations on intestinal folds and the expression of inflammatory marker genes in the 
intestine. The antioxidant status of the fish was not influenced upon consuming alga 
feed. In a farm trial too, at the inclusion level of 12.5% Nannochloropsis sp., growth and 
nutrient digestibility was not affected, while the food conversion was marginally poor 
(Paper P4). Feeding salmon with feeds containing Nannochloropsis sp. helped enhance 
flesh pigmentation and did not compromise fillet quality.   
 
Nanofrustulum sp. was tested in a long-term controlled laboratory study on Atlantic cod, 
a commercially important carnivorous fish (Paper P1). Inclusion of the defatted biomass 
(12%) in both plant protein-rich feed and animal protein-rich feed did not affect fish/ feed 
performance, and muscle growth (fibre hyperplasia) in juvenile cod. 
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In an additional study not originally envisaged in the project, the defatted biomass from 
Nannochloropsis sp. was examined for its suitability in feeds for juvenile European 
seabass (Paper P5). Inclusion rates of up to 15% of the biomass in the feeds did not 
affect fish growth, though feed conversion ratio was inferior at inclusion levels of 10 % 
and above. Nutrient intake was not affected in fish that received algae-containing feeds. 
 
The suitability of the Nanofrustulum-biomass for Pacific whiteleg shrimp was examined 
under controlled laboratory conditions as well as in a pond. At 5% inclusion level in the 
experimental feeds, the growth rates and feed conversion of shrimp matched that of the 
control group. In the pond study too, the performance of the shrimps matched results 
normally obtained in studies with commercial feed.  
 
Nannochloropsis-biomass was also tested in studies on Pacific whiteleg shrimp, both 
under laboratory conditions and in cages in ponds (Paper P6). Based on growth, feed 
performance and shrimp pigmentation in the two studies, plausible inclusion rates of 
≅10% could be suggested. 
 
Relevance/Significance:  
 
Aquaculture is the food-producing sector that has maintained its growth rate for several 
decades.  The production of farmed aquatic animals is increasing rapidly due to the high 
demand for quality protein from fish and shellfish. Fish is known for its efficiency in 
converting feed into human food of high value.  The US fish farming industry is 
expected to grow and generate jobs and income, especially through off-shore 
aquaculture. However, one of the challenges facing the global aquaculture/aquafeed 
industry is the limited availability of fishmeal and fish oil that has been a key component 
of fish/shellfish feeds. The emergence of the algae-based bio-industry, particularly in the 
US, has suddenly become a boon to the aquaculture industry as several strains of the 
marine microalgae have the potential to substitute fishmeal/oil in aquafeeds. Whole 
microalgae as well as the co-products from biorefinery are possible aquafeed 
ingredients. For supporting the establishment of the algae-based industry in the US, it is 
essential to demonstrate the suitability of a wide range of products derived from 
microalgae, including the oil and protein fractions. As microalgae are organisms 
normally found in the aquatic food web, it is appropriate to demonstrate its value as feed 
components for farmed aquatic species.  
 
The present DoE-funded project has demonstrated the suitability of three strains of 
microalgae as ingredients in the feeds of Atlantic salmon, Atlantic cod, European 
seabass and Pacific whiteleg shrimp. The defatted biomass could be applied in 
aquafeeds, at varying levels, depending on the farmed species. This is a significant 
observation, as the algal industry is in its early days of growth and needs substantial 
evidence to increase the value of the co-products derived from the algae biofuel 
industry. However, the large-scale application of microalgae products into animal feeds 
would require larger volumes of these products being available for industry application. 
This would demand far more investments in this sector, which can be realized only if the 
economic models are viable. Considering that the yearly global feed production is soon 
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expected to cross the 1 billion tonne-mark and that the animal protein production will 
almost triple by 2050 as per FAO estimates, there is evidently a niche market for 
microalgae bioproducts. The findings from the present project, coupled with the 
awareness among the prominent US feed industry players will certainly help propel the 
continued development of a biofuel-bioproduct industry.  This complies with the aim of 
the MYPP in encouraging the creation of new viable technologies in the country.  
 
Peer-Reviewed Publications:  
 

1. Growth, myotomal structure and feed performance of Atlantic cod fed a copepod 
meal or pea protein and defatted biomass of a marine microalga (2015) [Ø Hagen, B 
Bajgai, H Ribe, M. Huntley and V Kiron.] (Under review) 

 
2. Defatted biomass from a microalga Desmodesmus sp. as a new feed component for 

Atlantic salmon. Kiron V., Sørensen M., et al. (Planned submission – January 2015) 
 

3. Potential of defatted meal obtained from microalga Nannochloropsis sp. as a feed 
ingredient for Atlantic salmon. Sørensen M., Kiron V., et al. (Planned submission - 
February 2016) 

 
4. Performance of Atlantic salmon in a grow-out trial with feed incorporating biomass 

of microalgae (Nannochloropsis sp.) derived as co-product of biofuel production. 
Kiron V., Sørensen M., et al. (Planned submission – March 2016) 

 
5. Substitution of fishmeal with defatted microalgal meal (Nannochloropsis sp.) in the 

diets of European seabass (Diecentrarchus labrax). Valente L.M.P., Fernandes H. et 
al.  (Planned submission - April 2016) 

 
6. Suitability of defatted biomass derived from biorefinery of microalgae. as feed 

ingredients for Pacific whiteleg shrimp. Thongrod S., Kiron V., et al., planned 
submission – May 2016)  

 
7. Marine microalgae from biorefinery as a potential feed protein source for Atlantic 

salmon, common carp and whiteleg shrimp. Aquaculture Nutrition, 18(5): 521-531. 
(2012) [V Kiron, W Phromkunthong, ME Huntley, I Archibald and G DeScheemaker] 

 
Presentations:  
 

1. “Microalgal biomass as a sustainable ingredient in salmon feeds,” 2015 Algae 
Biomass Summit, Washington, US [V Kiron, M Huntley, M Sørensen, Ø Hagen, J 
Johansen] – September /October 2015 
 

2. “Mikroalger som ingrediens i laksefôr,” Aqua Nor 2015, Torndheim, Norway [M 
Sørensen, Y Gong, HAS Guterres, V Kiron] - August 2015 
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3. “The potential of microalga in feed for carnivorous fish,” Water and Fish, 7th 
Conference, Belgrade, Serbia [M Sørensen, HAS Guterres, Y Gong and V. Kiron] - June 
2015 
 

4. “Microalgae from biorefinery can an effective fishmeal replacement in feeds of 
hybrid tilapia,” AQUA 2012, Prague, Czech Republic [V Kiron, M Huntley, W 
Phromkunthong] – September 2012 
 

5. “Marine microalga as a protein ingredient in feeds of Atlantic cod,” XV International 
Symposium on Fish Nutrition and Feeding, Molde, Norway [V Kiron, Ø Hagen, B Bajgai 
and M Huntley] – June 2012 
 

6. “Marine Microalgae: Bioprospecting beyond biofuels,” 5th International Marine 
Bioprospecting Conference, Tromsø, Norway  [V Kiron, M Huntley, W Phromkunthong, 
I Archibald and G deScheemaker] – February 2011 
 

7. “Muscle development and growth of juvenile Atlantic cod (Gadus morhua) fed 
marine micro alga as an alternative protein source,” Sats på Torsk, Bergen, Norway  
[B. Bajgai, Ø Hagen, C Solberg, E Sirnes, G DeScheemaker, I Archibald, ME Huntley, 
and V Kiron] – February 2011 
 

8. “Marine Microalgae: A ‘green’ alternative protein source in aquatic feeds,” 
Aquaculture Europe, Porto, Portugal [V Kiron, W Phromkunthong, ME Huntley, I 
Archibald, and G DeScheemaker] - October 2010 
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Peer-Reviewed Publication Abstracts:  
Published or communicated 
 

1. Growth, myotomal structure and feed performance of Atlantic cod fed a copepod 
meal or pea protein and defatted biomass of a marine microalga. (2015) [Hagen Ø., 
Bajgai B., Ribe H., Huntley, M., and Kiron V.] (Under revision)  
The effect of non-fishmeal protein ingredients on the growth, feed performance, and 
muscle development of Atlantic cod was assessed in a 170-day feeding trial. Two 
groups were considered in this study: a plant protein-rich (PPR) feed group - the main 
plant ingredient in the control feed was pea protein; and an animal protein-rich (APR) 
feed group - the main ingredients in the control feed were of marine origin, fishmeal and 
copepod (Calanus) meal. The test feeds of both groups had 5% of fishmeal protein 
replaced with the protein from the defatted biomass of a microalga Nanofrustulum sp.. 
The PPR feed and APR feed did not affect fish and feed performance. However, the 
plant ingredients affected the muscle fibre development. Calanus (copepod) meal 
appears to be a promising protein source for securing growth and muscle development 
in Atlantic cod. Furthermore, 12% inclusion of the marine microalgal biomass is 
acceptable as an ingredient in the feeds of Atlantic cod.  

2. Marine microalgae from biorefinery as a potential feed protein source for Atlantic 
salmon, common carp and whiteleg shrimp. Aquaculture Nutrition, 18(5): 521-531. 
(2012) [V Kiron, W Phromkunthong, ME Huntley, I Archibald and G DeScheemaker]  
Two marine algal products MAP3 and MAP8 were examined for their suitability as 
fishmeal protein substitutes in feeds of three prominent farmed species, through short-
term feeding studies. Algal meals were tested at 5 and 10% protein replacement levels 
for Atlantic salmon and at 25 and 40% for common carp and whiteleg shrimp. At the end 
of the 12-week period, the growth and feed performance of the two fish species did not 
reveal any significant difference between those fish offered the algae-based feed and 
those offered the control feed. The whole body proximate compositions of Atlantic 
salmon fed the control and algae-based feeds were not significantly different. In common 
carp, the lipid content in the fish fed higher level of MAP3 was significantly lower than 
that of the fish fed the control feed. In whiteleg shrimp, at the end of the 9-week feeding 
period, growth performance and feed utilization did not differ between the treatment 
groups. Protein content in the shrimp fed the higher level of MAP8 was significantly 
lower than that of shrimp on the control feed. The three species could accept the algal 
meals in their feeds at the tested levels, though there were some noticeable effects on 
body composition at higher inclusion levels. 
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Manuscripts under preparation 
 

3. Defatted biomass from a microalga Desmodesmus sp. as a new feed component for 
Atlantic salmon. Kiron V., Sørensen M., et al. (Planned submission – January 2015) 
A 70-day feeding study, with 3 fish groups (Control group - 4C fed on fishmeal-based 
feed, two algal groups, 4L and 4H, that received feeds with 10% and 20% algal 
inclusion, respectively) was conducted to understand the effect of defatted biomass from 
Desmodesmus sp. on Atlantic salmon. Growth indices (condition factor, specific growth 
rate) and survival of 4L and 4H groups were not significantly different from the respective 
values of the 4C group. However, feed conversion ratios of the algal groups were slightly 
inferior compared to the corresponding value of 4C. The proximate composition of the 
whole body of salmon from the three groups did not vary significantly. The lipid content 
of the fillet of 4L group was significantly lower than that of the 4C group, and the ash 
content of the fillet of 4H group was significantly lower than the values of 4C and 4L 
groups. Although protein and lipid digestibility in the three feeds did not vary significantly, 
the digestibility of energy in the feed of 4L group was significantly lower than that of 4C. 
Concerning the physiological status of the fish, the serum antioxidant capacities did not 
differ among the groups. Further, the expression of immune and inflammatory marker 
genes and the micromorphological observations did not reveal differences in the 
intestinal health of the fish from different groups. Taken together, Atlantic salmon can 
tolerate up to 20% of defatted Desmodesmus sp.  

 
4. Potential of defatted meal obtained from microalga Nannochloropsis sp. as a feed 

ingredient for Atlantic salmon. Sørensen M., Kiron V., et al. (Planned submission - 
February 2016) 
In the present study, the ability of defatted biomass from Nannochloropsis sp. to replace fishmeal 
was assessed by offering feed containing the alga to Atlantic salmon for a period of 84 
days. Three groups of fish, namely, 1C, 1L, and 1H, were fed on fishmeal-based control 
feed, 10% alga-feed and 20% alga-feed, respectively. Although the survival and specific 
growth rates were similar, condition factor and feed conversion ratio of the 1H group 
were significantly different from those values of the 1C group. While the digestibility of 
protein and energy of 1H feed was significantly lower than that of 1C feed, the proximate 
composition of the whole body and fillet of salmon from the different groups did not vary 
significantly. The antioxidant status, based on serum total antioxidant capacity and 
catalase activity, of the three fish groups did not differ significantly. Expression of the 
gene related to inflammatory response, il17d was significantly higher in the distal 
intestine of 1L group compared to the value in the 1C group. Histological study of the 
distal intestine also indicated a mild inflammatory condition of the fish from the 1L group. 
The high inclusion of Nannochloropsis sp negatively affected the feed utilization, but it 
did not impact the growth and health.  
 



   

71 

5. Performance of Atlantic salmon in a grow-out trial with feed incorporating biomass 
of microalgae (Nannochloropsis sp.) derived as co-product of biofuel production. 
Kiron V., Sørensen M., et al. (Planned submission – March 2016) 
The suitability of defatted microalgal biomass as a feed ingredient for Atlantic salmon 
was evaluated during the grow-out phase in sea-cages. The test product derived from 
Nannochloropsis sp. was included at 12.5% in a ‘commercial-like’ grow-out feed (1A), 
replacing a portion of the main ingredient - fishmeal. The control feed (1C) had the full-
spectrum of ingredients, except the algal biomass. These feeds were offered to salmon 
(mean start weight ≈ 1 kg) for nearly 7 months in sea cages, and at the end of this period 
the fish attained weights of over 3 kg. The survival rates of fish from the two groups were 
similar. The specific growth rates did not differ between the two groups, but the feed 
conversion ratio was poorer for the alga-fed fish. Interestingly the digestibility of the 
protein, lipid and energy in feeds 1C and 1A did not differ. The proximate composition of 
the fish whole body was similar, the exception being a significantly higher amount of lipid 
in the fish fed on the algal meal.  The flesh quality parameters (condition factor, cutting 
loss, muscle pH, shear, tensile) did not reveal any significant difference in fillet of the two 
groups. A significant difference was noted for the red hue of alga-fed fish compared to 
the control fish, though the Salmofan lineal values were not different. Thus the defatted 
biomass of Nannochloropsis sp. could effectively replace a significant proportion of the 
fishmeal in salmon feeds.   
 

6. Substitution of fishmeal with defatted microalgal meal (Nannochloropsis sp.) in the 
diets of European seabass (Diecentrarchus labrax). Valente L.M.P., Fernandes H. et al.  
(Planned submission - April 2016) 
A preliminary digestibility trial on juvenile European seabass indicated that the defatted 
biomass of Nannochloropsis sp. was better suited as a feed component compared to 
Desmodesmus sp. Therefore, a study was conducted to examine the performance of 
juvenile seabass upon feeding Nannochloropsis-biomass. A control group of fish was fed 
a fishmeal-based alga-devoid diet (1C), and three other groups received diets with algal 
biomass incorporated at 5 (1L5), 10 (1M10) and 15% (1H15) inclusion levels. Daily 
growth index values of the study groups were not different, but the feed conversion ratio 
dropped when the inclusion levels of alga was ≥ 10%. The protein efficiency ratio was 
also lower for the 1M10 group compared to the 1C group of fish. 
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7. Suitability of defatted biomass derived from biorefinery of microalgae as feed 
ingredients for Pacific whiteleg shrimp. Thongrod S., Kiron V., et al., planned 
submission – May 2016)  
Two separate series of studies – one on defatted Nanofrustulum-biomass and another 
on defatted Nannochloropsis-biomass – were performed to evaluate the suitability of 
microalgal biomass as shrimp feed ingredients. 
 
In the first controlled tank study on Nanofrustulum sp., shrimps of initial weight 0.78g 
were offered a control feed or a feed containing 5% of the alga. At the end of the 10-
week study, the control shrimp and alga-fed shrimp had mean weights of 10.39 and 
10.01g, respectively. The average daily growth was 0.13 g for both groups of shrimp. 
The feed conversion ratios were not different for the control (2.31) and the alga-fed 
shrimp (2.39). In the earthen-pond study, shrimps fed on the 5% microalga-containing 
feed achieved average daily growth of 0.21g and a feed conversion ratio of 1.60; the 
rates being comparable to those generally obtained for commercial feeds. The 
production per kg.m2 was 0.64.  
 
Although the low inclusion of the Nanofrustulum sp. gave acceptable production values, 
further studies should assess the effect of higher inclusion levels of the biomass. 
 
In the laboratory study on Nannochloropsis sp. that was conducted for 8 weeks, three 
algal inclusion levels (5, 10 and 15%) were considered. Shrimps weighing 3.64 g were 
used for the study. The average daily growth of the animals that were fed the alga did 
not significantly vary from that of the control group. Similarly, there were no significant 
differences between feed conversion ratios and protein efficiency ratios of the algae fed 
groups compared to those of the control group. Shrimps that received the algae feed 
had SalmoFan readings in the range 25 to 29 compared to 22 of the control group, 
suggesting the efficiency of Nannochloropsis feeding to improve the pigmentation of the 
shrimp. In the cage-pond study too, three algal inclusion levels (5, 10 and 15%) were 
tested. Shrimps weighing 11.5 g were fed on the alga-containing feeds or a control feed 
for 8 weeks. In this study too none of the performance indicators of the alga-fed shrimps 
were significantly values of the control group. 
 
These studies indicate that the defatted Nannochloropsis-biomass could replace 
fishmeal in shrimp feeds. Further, the biomass also serves as a natural pigment source 
for the shrimps. 
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Subtask E.2: Terrestrial animal feed trials 
 
PI: Xingen Lei 
Recipient Organization:  Cornell University  
Project Location:  Cornell University 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  Nov 20, 2015 
Written by:  Mark Huntley, Visiting Scholar, meh333@cornell.edu 
 
Goals & Objectives:  Demonstrate nutritional value of defatted biomass in formulated animal 
feeds for swine and poultry. 
 
Results Summary:  The animal feed trials conducted under this Subtask were supported by a 
separate award from DOE and the USDA National Institute of Food and Agriculture Biomass 
Research and Development Initiative (BRDI). The Cornell Consortium provided the defatted 
biomass, as for aquafeed studies. 
 
Product trials on swine and poultry showed that defatted algal meal is not only an effective 
replacement for soy and corn meal ingredients but also provides an exceptional source of iron. 
Similar to algae-based aquafeeds, the inclusion of ω-3 and ω-6 fatty acids in poultry feeds adds 
more value to the product. In broiler hens the content of ω-3 and ω-6 fatty acids was improved 
at all levels of microalgal biomass inclusion, leading to a meat product that is substantially 
enhanced in docosahexanoic acid (DHA) and eicosapentaenoic acid (EPA), providing 35 mg 
per 200 g serving of chicken breast. Algal meal from Desmodesmus provided a highly 
bioavailable source of iron that effectively mitigates against anemia in swine diets. 
 
Relevance/Significance:  Algal meal can substitute for soy and cornmeal in animal feed 
ingredients and with product refinement could be expected to fetch a comparable price. 
Investigations should be pursued on enhancing the value of algal meal co-products. 
 
Peer-Reviewed Publications:  
 

1. Potential of defatted microalgae from the biofuel industry as an ingredient to 
replace corn and soybean meal in swine and poultry diets. Journal of Animal Science  
92:1306-14. (2014) [Gatrell, S, KK Lum, JG Kim, and XG Lei] 
 

2. Effect of dietary defatted diatom biomass on egg production and quality of laying 
hens. Journal of Animal Science and Biotechnology  5:3. (2014) [Leng, X, K Hsu, RE 
Austic, and XG Lei] 
 

3. Dual potential of microalgae as a sustainable biofuel feedstock and animal feed. 
Journal of Animal Science and Biotechnology 4:53. (2013) [Lum, KK, J Kim, and XG 
Lei] 
 

4. Can microalgae make pork “greener”? Suis No 102, pages 14-19. (2011) [Gatrell, S, J 
Kim, and XG Lei] 
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5. Potential and limitation of a new defatted diatom microalgal biomass in replacing 
soybean meal and corn in diets for broiler chickens. Journal of Agriculture and Food 
Chemistry. 61:7341-8. (2011) [Austic, RE, A Mustafa, BY Jung, S Gatrell, and XG Lei] 

 
Presentations:  
 

1. “Sustainable high-value animal feed co-products from algae biofuel production,” 
Algae Biofuels Symposium, San Diego Center for Algal Biotechnology, San Diego [M 
Huntley, I Archibald, V Kiron & X Lei] – April 2011 

 
Peer-Reviewed Publication Abstracts: [Abstracts for publications listed above] 
 

1. Potential of defatted microalgae from the biofuel industry as an ingredient to 
replace corn and soybean meal in swine and poultry diets. Journal of Animal Science 
92:1306-14. (2014) [Gatrell, S, KK Lum, JG Kim, and XG Lei]  
While feeding food-producing animals with microalgae was investigated several decades 
ago, this research has been reactivated by the recent exploration of microalgae as the 
third generation of feedstocks for biofuel production. Because the resultant defatted 
biomass contains high levels of protein and other nutrients, it may replace a portion of 
corn and soybean meal in animal diets. Our laboratory has acquired 4 types of full-fat 
and defatted microalgal biomass from biofuel production research (Cellana, Kailua-
Kona, HI) that contain 13.9 to 38.2% crude protein and 1.5 to 9.3% crude fat. This 
review summarizes the safety and efficacy of supplementing 2 types of the biomass at 
7.5 to 15% in the diets of weanling pigs, broiler chicks, and laying hens. Based on their 
responses of growth performance, egg production and quality, plasma and tissue 
biochemical indicators, and/or fecal chemical composition, all 3 types of animals were 
able to tolerate the microalgal biomass incorporation into their diets at 7.5% (on as-fed 
basis). Holistic analysis is also provided to explore the global potential of using the 
defatted microalgal biomass as a new feed ingredient in offsetting the biofuel production 
cost, reducing the dependence on staple crops such as corn and soybeans, decreasing 
greenhouse gas production of animal agriculture, and developing health value-added 
animal products. 
 

2. Effect of dietary defatted diatom biomass on egg production and quality of laying 
hens. Journal of Animal Science and Biotechnology  5:3. (2014) [Leng, X, K Hsu, RE 
Austic, and XG Lei]  
BACKGROUND 
This study was to determine if feeding laying hens with defatted diatom microalgal 
biomass (DFA) from biofuel production affected their egg production and health status. 
METHODS 
Five replicates of 5 individually caged ISA Babcock White leghorn hens were fed 4 diets, 
including a corn-soybean meal control diet, a diet containing 7.5% DFA substituting for 
soybean meal, and diets containing 7.5% or 15% DFA substituting for corn and soybean 



   

75 

meal. Body weights, feed intake, feed conversion ratio (FCR), rate of egg production, 
egg size, egg mass, and several characteristics of eggs were determined at 4 and 8 wk. 
Venous blood was sampled at 4 and 8 wk for measurement of 5 biomarkers of health. 
RESULTS 
The 15% DFA diet decreased (P < 0.05) feed intake, egg production, and plasma uric 
acid concentrations as compared with the control diet, but increased (P < 0.05) egg 
albumen weight and height compared with the 7.5% DFA diets. The two levels of DFA 
produced dose-dependent (P < 0.05) changes in three color measures of egg yolk, 
without affecting four hen plasma biochemical indicators of health. 
CONCLUSIONS 
Feeding laying hens with 7.5% DFA in the corn-soybean meal diet for 8 wk had no 
adverse effect on their health, egg production, or egg quality, but 15% inclusion reduced 
feed intake, egg production, and efficiency of feed utilization. 

 
3. Dual potential of microalgae as a sustainable biofuel feedstock and animal feed. 

Journal of Animal Science and Biotechnology 4:53. (2013) [Lum, KK, J Kim, and XG 
Lei]  
The rise in global population has led to explorations of alternative sources of energy and 
food. Because corn and soybean are staple food crops for humans, their common use 
as the main source of dietary energy and protein for food-producing animals directly 
competes with their allocation for human consumption. Alternatively, de-fatted marine 
microalgal biomass generated from the potential biofuel production may be a viable 
replacement of corn and soybean meal due to their high levels of protein, relatively well-
balanced amino acid profiles, and rich contents of minerals and vitamins, along with 
unique bioactive compounds. Although the full-fatted (intact) microalgae represent the 
main source of omega-3 (n-3) polyunsaturated fatty acids including docohexaenoic acid 
(DHA) and eicosapentaenoic acid (EPA), the de-fatted microalgal biomass may still 
contain good amounts of these components for enriching DHA/EPA in eggs, meats, and 
milk. This review is written to highlight the necessity and potential of using the de-fatted 
microalgal biomass as a new generation of animal feed in helping address the global 
energy, food, and environmental issues. Nutritional feasibility and limitation of the 
biomass as the new feed ingredient for simple-stomached species are elaborated. 
Potential applications of the biomass for generating value-added animal products are 
also explored. 

 
4. Can microalgae make pork “greener”? Suis No 102, pages 14-19. (2011) [Gatrell, S, J 

Kim, and XG Lei]  
The fast growing worldwide population and diminishing arable land have made food 
security and nutrition a major challenge. While animal agriculture provides 25 % of total 
calorie intake, the traditional feeding regimen directly competes against human 
consumption of high energy and protein staples. Apparently, alternative ingredients are 



   

76 

needed to replace corn and soybean meal for sustainable animal production. Microalgae 
have recently been explored as a new exciting source of biofuel, and the defatted 
residual biomass contains high levels of protein and other nutrients. Since 2009, our 
laboratory has conducted a total of 12 feeding experiments to determine whether the 
defatted microalgal biomass could replace a portion of soybean meal or a combination of 
corn and soybean meal in diets for laying hens, broilers, and weanling pigs. Supported in 
part by a USDA/DOE Biomass R&D Initiative grant. 

 
5. Potential and limitation of a new defatted diatom microalgal biomass in replacing 

soybean meal and corn in diets for broiler chickens. Journal of Agriculture and Food 
Chemistry. 61:7341-8. (2011) [Austic, RE, A Mustafa, BY Jung, S Gatrell, and XG Lei]  
Three experiments were conducted to determine if defatted diatom Staurosira sp. 
biomass (DFA) (Cellana, Kailua-Kona, HI, USA) from biofuel production could replace a 
portion of soybean meal (SBM) and (or) corn in diets for broiler chicks. In experiment 1, 
2-day-old chicks were fed diets with DFA at 0% (control), 7.5% replacing SBM, or 7.5 
and 10% replacing SBM and corn. Chicks fed the DFA-containing diets had lower body 
weight gain (P < 0.05) than the controls in the starter period. Two follow-up experiments, 
experiments 2 and 3, indicated that supplementing the 7.5% DFA diet (replacing SBM) 
with amino acids, but not exogenous protease or electrolytes, restored growth 
performance of chicks to the control levels. Responses of plasma and liver biomarkers 
and gross examination of digestive tract showed no toxicity of DFA. In conclusion, DFA 
could substitute for 7.5% of SBM alone, or in combination with corn, in diets for broiler 
chicks when appropriate amino acids are added. 
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Task F: Design Report 
 
PIs: Mark Huntley, Léda Gerber, Charles Greene, Jefferson Tester (Cornell), Ian Archibald 
(Cinglas), Colin Beal, Joe Granados, Stephen Machesky 
Recipient:  Cornell University and Cinglas and KCPM (subcontractors to Cornell University) 
Project Location:  Cornell University 
 
Reporting Period:  April 1, 2010 to September 30, 2015 
Date of Report:  August 26, 2015 
Written by:  Mark Huntley, Visiting Scholar, meh333@cornell.edu 
 
Goals & Objectives:  Deliver a Design Report, including cost and life-cycle analyses, for a 
commercial-scale (1,000 ha), fully integrated algae cultivation and harvesting process based on 
the technologies investigated. 
 
Results Summary:  The Design Team in this project recently published a comprehensive 
techno-economic analysis (TEA) and life-cycle assessment (LCA) in the peer-reviewed literature 
(8) for a 100-ha scale facility, based on measurements of sustained production at Cellana of ton 
quantities of two selected marine algae strains at demonstration scale for a 1.5 year period (7). 
This empirical approach demonstrated sustained yields, for both strains, of ∼75 MT ha-1 yr-1 
biomass, and ~30 MT ha-1 yr-1 lipid, which are unprecedented in large-scale open pond 
systems. These yields translate to >3,800 gal/acre/yr algal oil. Taking into consideration the 
additional value of high-value animal feed ingredients, also produced and empirically evaluated 
in this project in dozens of feed trials performed on aquatic species, poultry, and swine (6,11), 
the fully integrated production pathways we investigated yield a minimum fuel price of $7.57 per 
gallon gasoline equivalent (gge), with a maximum energy return on investment (EROI) >8.3, for 
a fuel that exceeds the Renewable Fuel Standard (RFS).  
 
Our recently published studies examined in detail the cost and life-cycle impacts at a local scale 
(100 ha).  
 
Forthcoming peer-reviewed publications from this Team – all of which are expected to be 
submitted in 2015 - extend our integrated assessment models to a global scale, in which we 
  

• Propose a global LCA framework for evaluating emerging bioenergy technologies, 
including algal biofuels (4), 

• Demonstrate the comparative benefits of pathways that yield algal co-products, including 
their impact on global agriculture (3) 

• Quantify the enormous carbon dioxide mitigation impact that results directly from land-
use change effects of algal production for fuels and feeds (2), and 

• Inform policy-makers on the demonstrated capability of algal biofuels to enable climate, 
energy, and food security at local to global scales (1) 

 
Relevance/Significance: The results of this project met or exceeded three explicit algae 
platform goals of the DOE Bio-Energy Technology Office (BETO) Multi-Year Program Plan, 
namely: 

1. Performance against clear cost and technical targets (Q4, 2013) 
2. Productivity of >3,800 gal/acre/year – achieved in 2011 - exceeded targets of: 

a. 1,500 gal/acre/yr algal oil (Q4 2014), and 
b. 2,500 gal/acre/yr algal oil (Q4 2018) 
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The published results from this project are of major significance to the field of algal biofuel 
production because the fully described process demonstrated sustained productivity that greatly 
exceeds all published results. These results set the stage for commercialization.  
 
We expect forthcoming publications to illustrate the hugely beneficial impact of global scale 
algal biofuel production, which could be realistically implemented in a matter of decades to 
mitigate climate change, reverse ocean acidification, and achieve energy and food security for 
humanity. 
 
Peer-Reviewed Publications:  
 

1. Marine microalgae: climate, energy, and food security from the sea.  [Greene, CH, I 
Archibald, L Gerber, MJ Walsh, ME Huntley, D Sills, C Beal, J Tester. J Granados, SC 
Machesky] (In Preparation) 
 

2. Global Impacts of Land Use Intensification Through Microalgal Cultivation. 
[Archibald I., Gerber L.N., Walsh M.J., Huntley M.E., Greene C.H.] (In Preparation) 
 

3. A global Life Cycle Assessment framework for evaluating the potential large-scale 
impacts of emerging bioenergy technologies. Environmental Science & Technology 
[Gerber L.N., M.J. Walsh, I. Archibald, M.E. Huntley, C.H. Greene] (In Preparation) 
 

4. Global Life Cycle Analysis Demonstrates Potential Benefits of Algal Co-production. 
[Walsh M.J., L. Gerber, I. Archibald, M. E. Huntley, C.H. Greene] Science (In 
Preparation) 
 

5. Target values for algal biofuels production using a combined TEA/LCA modeling 
approach under uncertainty. Environmental Science & Technology [Gerber L.N., J.W. 
Tester, D.L. Sills]. (Submitted) 
 

6. Growth, myotomal structure and feed performance of Atlantic cod fed a copepod 
meal or pea protein and defatted biomass of a marine microalga (2015) [Ø Hagen, B 
Bajgai, H Ribe, M. Huntley and V Kiron.] (Under revision) 
 

7. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 10 (2015) 249-265  [Huntley, M, ZI Johnson, SL Brown, DL Sills, L 
Gerber, I Archibald, SC Machesky, J Granados, CM Beal, CH Greene] 
DOI:10.1016/j.algal.2015.04.016 
 

8. Algal Biofuel Production for Fuels and Feed in a 100-ha Facility: a Comprehensive 
Techno-Economic Analysis and Life Cycle Assessment. Algal Research, 10 (2015) 
266-279. [Beal, CM, L Gerber, DL Sills, ME Huntley, S Machesky, MJ Walsh, JW 
Tester, I Archibald, J Granados and CH Greene] DOI:10.1016/j.algal.2015.04.017 
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9. Quantitative uncertainty analysis of life cycle assessment for Algal biofuel 
production. (2013) Environmental Science & Technology, 47, 687–694 [DL Sills, V 
Paramita, MJ Franke, MC Johnson, TM Akabas, CH Greene, JW Tester] 
 

10. Air-water fluxes of N2O and CH4 during microalgae cultivation (Staurosira sp) in an 
open raceway pond. Environmental Science & Technology, 46(19): 10842-10848 (2012) 
[S Ferron, DT Ho, ZI Johnson and ME Huntley] 
 

11. Marine microalgae from biorefinery as a potential feed protein source for Atlantic 
salmon, common carp and whiteleg shrimp. Aquaculture Nutrition, 18(5): 521-531. 
(2012) [V Kiron, W Phromkunthong, ME Huntley, I Archibald and G DeScheemaker] 
 

12. Geoengineering: The inescapable truth of getting to 350. Solutions 1(5): 57-66 (2010) 
[Greene, CH, BC Monger and ME Huntley]  

 
 
Technical Reports:  
 

1. Upstream Basis of Design (BOD) Premise Document (2009) [M Zuidgeest] 126 pp 
Confidential 

 
2. Cellana First Commercial Plant (FCP) Upstream & CO2 Scouting Capital Estimate 

Report (2009) [Olsen, T and A Fletcher] 16 pp. Confidential 
 

3. Cellana First Commercial Plant (FCP) CO2 Transport Key Investigation Phase: 
Generic Effect of CO2 Composition and Contaminants (2009) [HT Lee and S 
Jackson] 53 pp. Confidential 

 
4. Cellana First Commercial Plant (FCP)  CO2 Transport Key Investigation Phase: 

CO2 Distribution and Sparging (2009) [HT Lee and S Jackson] 53 pp. Confidential 
 

5. Cellana First Commercial Plant (FCP Project Health, Safety, Environment and 
Social Performance (HSE-SP) Premises (2009) [Hottentot, J. and UJ Nwankwo (2009) 
64 pp Confidential 

 
6. Cellana Upstream Design Case(s) report - Upstream FCP Algae to Biofuel (2009) [M 

Zuidgeest] 72 pp Confidential 
 

7. Target Costing Alternative Development Report (2009) [M Zuidgeest] 168 pp 
Confidential 

 
 
Presentations: 
 

1. “Global environmental implications of large-scale algal biofuel development on 
transportation and agriculture,” Poster for the annual Bioenergy 2015 conference of 
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the US Department of Energy, Washington DC [L Gerber, M Walsh, I. Archibald & C. 
Greene] – June 2015 
 

2.  “Large-scale Production – It’s all about (more) Nitrogen,” plenary session, Algal 
Biomass Organization Summit, San Diego [Huntley, M] – October 2014 
 

3. “Using TEA/LCA as a design tool: Results for a 100-ha economically competitive 
facility based on actual large-scale production,” Algal Biomass Organization Summit, 
San Diego [Beal, CM] – October 2014 
 

4. “Large-scale Production – Results from N fertilization,” Poster for Algal Biomass 
Organization Summit, San Diego [Huntley, M, Z Johnson, SL Brown, DL Sills, L 
Gerber, I Archiblad, SC Machesky, J Granados, CM Beal, CH Greene] – October 2014 
 

5. “Uncertainties of Environmental Impacts for Algal Biofuels and Feed Production,” 
Poster for Algal Biomass Organization Summit, San Diego [Sills, D, L Gerber, M 
Huntley, C Greene, J Tester, I Archibald, J Granados, S Machesky, C Beal] – October 
2014 
 

6. “Uncertainty of LCA for algal biofuel production,” 3rd International Conference on 
Algal Biomass, Biofuels & Bioproducts, Toronto [Sills, DL] – June 2013 
 

7. “A need for Qatari leadership in securing a sustainable world for future 
generations,” United Nations COP 18 Conference, Bellona Foundation Side Event, 
Doha, Qatar [CH Greene] – December 2012 
 

8. “Pumping algae!  An alternative energy future,” Algae & Energy in the Northeast: 
Advancing knowledge, research and innovation, University of Vermont, Burlington [DG 
Redalje, JJ Cullen, ZI Johnson, M Huntley, and G de Scheemaker] – March 2012 
 

9. “Sustainable high-value animal feed co-products from algae biofuel production,” 
Algae Biofuels Symposium, San Diego Center for Algal Biotechnology, San Diego [M 
Huntley, I Archibald, V Kiron & X Lei] – April 2011 
 

10.  “The Cellana pathway to algae-based drop-in fuels,” Biotechnology Industry 
Organization (BIO) Pacific Rim meeting, Honolulu [M Huntley] – December 2010 
 

11. “Marine algae as biorefineries: the billion-dollar bet on a new industry, observed 
from the front lines,” University of Hawaii Oceanography Departmental Seminar, 
Honolulu [M Huntley] – November 2010 
 

12. “Algae to fuel and feeds: the Cellana pathway,” Asia-Pacific Clean Energy Summit, 
Honolulu [M Huntley] – September 2010 

 
 
  



   

81 

Peer-Reviewed Publication Abstracts: 
 

1. Marine microalgae: climate, energy, and food security from the sea.  [Greene, CH, I 
Archibald, L Gerber, MJ Walsh, ME Huntley, D Sills, C Beal, J Tester. J Granados, SC 
Machesky] (In Preparation)  
The world faces three interrelated crises in energy, food, and climate security. The large-
scale, industrial cultivation of marine microalgae can play a major role in averting all 
three of these crises. Microalgae exhibit rates of primary production that are typically 
more than an order of magnitude higher than the most productive terrestrial energy 
crops. Thus, they have the potential to produce an equivalent amount of biofuel and/or 
food in less than one tenth of the land area. Scaling up production numbers from 
demonstration-scale cultivation facilities, the current total demand for liquid fuels in the 
United States can be met by growing microalgae in an area of 250 thousand square 
kilometers, or about 2.5% of the country’s land area. The total global demand for liquid 
fuels, which is approximately six times that of the United States, can be met by growing 
microalgae in an area of 1.5 million square kilometers, about 2.2 times the size of Texas. 

 In contrast to the problems associated with growing first-generation terrestrial 
energy crops, the industrial production of biofuels from marine microalgae face far fewer 
environmental challenges. First, the land-use requirements for growing marine 
microalgae are not only reduced by over an order of magnitude, they also do not 
compete with those of terrestrial agriculture for arable land. Second, because the 
cultivation of marine microalgae can be highly efficient in its use of nutrients, only losing 
those that are actually harvested in the desired products, the issues associated with 
inefficient fertilizer use and subsequent eutrophication of aquatic and marine 
ecosystems are irrelevant. Finally, because freshwater is not required, the cultivation of 
marine microalgae does not have to compete with agriculture or other users for this 
resource, which often is scarce in many of the non-arable environments that are most 
suitable for this industry. 

The advantages of producing biofuels from marine microalgae instead of 
terrestrial energy crops go far beyond avoiding the environmental issues associated with 
land-use change, nutrient efficiency, and freshwater usage. For microalgal biofuels to be 
cost competitive with fossil fuels, they must be produced with sufficiently valuable co-
products. Animal feeds are one type of co-product possessing a global market of 
appropriate scale and value. However, by mid-century, the protein demand of a global 
population of 9 billion people will be unsustainable with existing industrial agricultural 
practices, especially with anticipated future constraints on the use of fossil fuels and 
fertilizers. The industrial cultivation of marine microalgae can be the basis for a new 
“green revolution.” To gain a sense of its potential, we can once again scale up the 
production numbers from demonstration-scale cultivation facilities. From the same 250 
thousand square kilometers needed to meet the current total liquid fuel demand of the 
United States, 800 million metric tons of protein is simultaneously produced. This 
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corresponds to 5.7 times the total annual global production of soy protein. From the 
same 1.5 million square kilometers needed to meet the current total global liquid fuel 
demand, 4.8 billion metric tons of protein is simultaneously produced. This corresponds 
to 34 times the total annual global production of soy protein. In addition to these 
staggering quantitative advantages, it should be noted that the microalgal protein is of 
higher nutritional quality than soy protein in terms of amino acid composition. In terms of 
climate security, the industrial cultivation of marine microalgae can lead to the production 
of true carbon-neutral biofuels. To produce such carbon-neutral fuels, methods must be 
developed to utilize CO2 captured directly from the atmosphere. If such direct air capture 
methods are successfully developed, then this could lead to the production of long-lived, 
carbon-negative biopetroleum products. The sequestration footprint of direct air capture 
by marine microalgae required to balance current global anthropogenic CO2 emissions 
(1.24 million square kilometers) is comparable in scale to the land area required to meet 
current total global liquid fuel demand (1.5 million square kilometers). In addition, 
afforestation and other favorable land-use practices applied to land freed up from 
agricultural food and biofuel production can also have significant positive mitigation 
effects on CO2 emissions. 
 

2. Global Impacts of Land Use Intensification Through Microalgal Cultivation. 
[Archibald I., Gerber L.N., Walsh M.J., Huntley M.E., Greene C.H.] (In Preparation)  
Recent large scale cultivation studies have demonstrated that microalgal cultivation can 
result in a land use reduction of two orders of magnitude, compared with conventional 
agriculture, and produce a high protein food component with many potential uses. This 
paper examines the Greenhouse Gas Reduction that results from the consequent 
release of land and discusses economic and other consequences. Methods for enabling 
widespread adoption of the technology are proposed. 
 

3. A global Life Cycle Assessment framework for evaluating the potential large-scale 
impacts of emerging bioenergy technologies. Environmental Science & Technology 
[Gerber L.N., M.J. Walsh, I. Archibald, M.E. Huntley, C.H. Greene] (In Preparation) 
Life Cycle Assessment (LCA) is a well-established methodology that has been 
extensively used for anticipating the adverse environmental effects caused by biofuels 
and bioenergy technologies. However, traditional LCA does not allow for assessing 
accurately the overall potential impacts on the agricultural and energy systems of an 
emerging feedstock or technology that will be implemented at global scale in the future. 
The aspects that are difficult to address by the conventional method include: 1) indirect 
effects, such as land use change, 2) the interaction of the technology with the other 
components of the system, such as the competition with other feedstocks, and 3) the 
spatial and temporal variability of life cycle inventory data or model parameters, such as 
the electricity mix or the improvement of technologies over time. This paper aims at 
presenting a novel LCA framework addressing all of these aspects for the evaluation of 
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global-scale impacts of emerging bioenergy technologies on agricultural and energy 
systems. It is illustrated by an application case study about large-scale development of 
micro-algae cultivation for the combined production of biofuel and feed as a commodity 
to replace soybean. The case study shows that the method allows for capturing the 
dynamic interactions between the emerging technology and the other components of the 
system in a regionalized way and over time, while providing synthetic indicators of 
environmental performance that can be used to orientate policies and decision-making. 

 
4. Global Life Cycle Analysis Demonstrates Potential Benefits of Algal Co-production. 

[Walsh M.J., L. Gerber, I. Archibald, M. E. Huntley, C.H. Greene] Science (In 
Preparation)  
Using forecasts of future energy and agricultural demands, system dynamics to assess 
land use change patterns, and life cycle analysis, the impacts of several energy and 
biofuel scenarios are examined for the years 2016-2050. Preliminary results indicate that 
an algal technological platform can substantially reduce greenhouse gas emissions and 
other critical indicators, primarily though altering land use change patterns. The high 
yields of oil from algae grown on marginal lands reduce the need to produce terrestrial 
biofuel crops, and consequentially the agricultural and pristine land required for 
production. Additionally, the co-production of protein for animal feed or food products 
from algae helps offset land-intensive agricultural crops such as soy, further reducing 
land requirements. GHG emissions and other indicators are optimized when algal 
production coupled with other renewable energy technologies (wind, solar), especially in 
regions that currently have carbon intensive electricity mixes. Impact on water, fertilizer 
and pesticide usages are also examined. 

 
5. Target values for algal biofuels production using a combined TEA/LCA modeling 

approach under uncertainty. Environmental Science & Technology [Gerber L.N., J.W. 
Tester, D.L. Sills]. (Submitted) 
Production of economically competitive and environmentally sustainable algal biofuel 
faces technical challenges that are subject to high uncertainties.  High operating costs 
and harmful environmental impacts result primarily from electricity consumption during 
cultivation of algae. Increases in algal productivity are needed to reduce electricity 
consumption and improve economic and environmental performances. Here we identify 
target values for algal productivity and financing conditions required to achieve a biofuel 
selling price of $5 per gallon gasoline equivalent (GGE) and beneficial environmental 
impacts. A modeling framework—combining process design, techno-economic analysis, 
life cycle assessment, and uncertainty analysis—was applied to two conversion 
pathways: (1) “fuel only”, using hydrothermal liquefaction to produce biofuel, heat and 
power, and (2) “fuel and feed”, using wet extraction to produce biofuel and lipid-extracted 
algae, which can substitute components of animal and aqua feeds. Our results suggest 
that with supporting policy incentives, the “fuel and feed” scenario will likely achieve a 
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biofuel selling price of less than $5 per GGE at a productivity of 39 g/m2/day, versus 47 
g/m2/day for the “fuel only” scenario. Furthermore, if lipid-extracted algae are used to 
replace fishmeal, the process has a 50 percent probability of reaching $5 per GGE with 
a base case productivity of 23 g/m2/day.  Scenarios with improved economics were 
associated with beneficial environmental impacts for climate change, ecosystem quality, 
and resource depletion, but not for human health. 
 

6. Growth, myotomal structure and feed performance of Atlantic cod fed a copepod 
meal or pea protein and defatted biomass of a marine microalga. (2015) [Hagen Ø., 
Bajgai B., Ribe H., Huntley, M., and Kiron V.] (Under revision)  
The effect of non-fishmeal protein ingredients on the growth, feed performance, and 
muscle development of Atlantic cod was assessed in a 170-day feeding trial. Two 
groups were considered in this study: a plant protein-rich (PPR) feed group - the main 
plant ingredient in the control feed was pea protein; and an animal protein-rich (APR) 
feed group - the main ingredients in the control feed were of marine origin, fishmeal and 
copepod (Calanus) meal. The test feeds of both groups had 5% of fishmeal protein 
replaced with the protein from the defatted biomass of a microalga Nanofrustulum sp.. 
The PPR feed and APR feed did not affect fish and feed performance. However, the 
plant ingredients affected the muscle fibre development. Calanus (copepod) meal 
appears to be a promising protein source for securing growth and muscle development 
in Atlantic cod. Furthermore, 12% inclusion of the marine microalgal biomass is 
acceptable as an ingredient in the feeds of Atlantic cod. 

 
7. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 

Algal Research, 10 (2015) 249-265  [Huntley, M, ZI Johnson, SL Brown, DL Sills, L 
Gerber, I Archibald, SC Machesky, J Granados, CM Beal, CH Greene] 
DOI:10.1016/j.algal.2015.04.016 
We present the results from sustained tonne-quantity production of two novel strains of 
marine microalgae, the diatom Staurosira and the chlorophyte Desmodesmus, cultivated 
in a hybrid system of 25-m3 photobioreactors and 400-m2 open ponds at a large-scale 
demonstration facility, and then apply those results to evaluate the performance of a 
100-ha Base Case commercial facility assuming it were built today. Nitrogen fertilization 
of 2-d batch cultures in open ponds led to the greatest yields – from both species – of 
~75 MT ha−1 yr−1 biomass, and ~30 MT ha−1 yr−1 lipid, which are unprecedented in large 
scale open pond systems. The process described here uses only seawater, discharges 
no nitrogen or phosphorus in any form, and consumes CO 2 at 78% efficiency. We 
estimate the capital cost of a 111-ha Base Case facility at $67 million in Hawaii, where 
actual production was performed, and $59 million on the Gulf Coast of Texas. We find 
that large-diameter, large-volume PBRs are an economical means to maintain a 
continuous supply of consistent inoculum for very short-period batch cultures in open 
ponds, and thus avoid biological system crashes that otherwise arise in longer-term 
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pond cultures. We recommend certain improvements in cultivation methods that could 
realistically lead to yields of 100 MT ha−1 yr−1 biomass and N 50,000 L ha−1 yr−1  algal oil. 
Comprehensive techno-economics and life cycle assessment of 20 end-to-end 
production lineups, based on the cultivation results in this paper, are presented in a 
companion paper by Beal et al. [2]. 
 

8. Algal Biofuel Production for Fuels and Feed in a 100-ha Facility: a Comprehensive 
Techno-Economic Analysis and Life Cycle Assessment. Algal Research, 10 (2015) 
266-279. [Beal, CM, L Gerber, DL Sills, ME Huntley, S Machesky, MJ Walsh, JW 
Tester, I Archibald, J Granados and CH Greene] DOI:10.1016/j.algal.2015.04.017 
This techno-economic analysis/life-cycle assessment is based on actual production by 
the Cornell Marine Algal Biofuels Consortium with biomass productivity >23 g/m2-day. 
Ten distinct cases are presented for two locations, Texas and Hawaii, based on a 100-
ha production facility with end-to-end processing that yields fungible co-products 
including biocrude, animal feed, and ethanol. Several processing technologies were 
evaluated: centrifugation and solvent extraction (POS Biosciences), thermochemical 
conversion (Valicor), hydrothermal liquefaction (PNNL), catalytic hydrothermal 
gasification (Genifuel), combined heat and power, wet extraction (OpenAlgae), and 
fermentation. The facility design was optimized by co-location with waste CO2, a 
terraced design for gravity flow, using renewable energy, and low cost materials. The 
case studies are used to determine the impact of design choices on the energy return on 
investment, minimum fuel and feed sale prices, discounted payback period, as well as 
water depletion potential, human health, ecosystem quality, non-renewable resources, 
and climate change environmental indicators. The most promising cases would be 
economically competitive at market prices around $2/L for crude oil, while also providing 
major environmental benefits and freshwater savings. As global demands for fuels and 
protein continue rising, these results are important steps towards economical and 
environmentally sustainable production at an industrial scale. 
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9. Quantitative uncertainty analysis of life cycle assessment for Algal biofuel 
production. (2013) Environmental Science & Technology, 47, 687–694 [DL Sills, V 
Paramita, MJ Franke, MC Johnson, TM Akabas, CH Greene, JW Tester] 

 

As a result of algae’s promise as a renewable energy feedstock, numerous studies 
have used Life Cycle Assessment (LCA) to quantify the environmental performance of 
algal biofuels, yet there is no consensus of results among them. Our work, motivated by 
the lack of comprehensive uncertainty analysis in previous studies, uses a Monte Carlo 
approach to estimate ranges of expected values of LCA metrics by incorporating 
parameter variability with empirically specified distribution functions. Results show that 
large uncertainties exist at virtually all steps of the biofuel production process. Although 
our findings agree with a number of earlier studies on matters such as the need for wet 
lipid extraction, nutrients recovered from waste streams, and high energy coproducts, 
the ranges of reported LCA metrics show that uncertainty analysis is crucial for 
developing technologies, such as algal biofuels. In addition, the ranges of energy return 
on (energy) invested (EROI) values resulting from our analysis help explain the high 
variability in EROI values from earlier studies. Reporting results from LCA models as 
ranges, and not single values, will more reliably inform industry and policy makers on 
expected energetic and environmental performance of biofuels produced from 
microalgae. 
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10. Air-Water Fluxes of N2O and CH4 during Microalgae (Staurosira sp) Cultivation in 
an Open Raceway Pond. Environmental Science & Technology, 46(19): 10842-10848 
(2012) [S Ferron, DT Ho, ZI Johnson and ME Huntley]  

 
The industrial-scale production of biofuels from cultivated microalgae has gained 
considerable interest in the last several decades. While the climate benefits of 
microalgae cultivation that result from the capture of atmospheric CO2 are known, the 
counteracting effect from the potential emission of other greenhouse gases has not been 
well quantified. Here, we report the results of a study conducted at an industrial pilot 
facility in Hawaii to determine the air–water fluxes of N2O and CH4 from open raceway 
ponds used to grow the marine diatom Staurosira sp. as a feedstock for biofuel. 
Dissolved O2, CH4, and N2O concentrations were measured over a 24 h cycle. During 
this time, four SF6 tracer release experiments were conducted to quantify gas transfer 
velocities in the ponds, and these were then used to calculate air–water fluxes. Our 
results show that pond waters were consistently supersaturated with CH4 (up to 725%) 
resulting in an average emission of 19.9 ± 5.6 μmol CH4 m–2 d–1. Upon NO3

– depletion, 
the pond shifted from being a source to being a sink of N2O, with an overall net uptake 
during the experimental period of 3.4 ± 3.5 μmol N2O m–2 d–1. The air–water fluxes of 
N2O and CH4 expressed as CO2 equivalents of global warming potential were 2 orders of 
magnitude smaller than the overall CO2 uptake by the microalgae. 
 

11. Marine microalgae from biorefinery as a potential feed protein source for Atlantic 
salmon, common carp and whiteleg shrimp. Aquaculture Nutrition, 18(5): 521-531. 
(2012) [V Kiron, W Phromkunthong, ME Huntley, I Archibald and G DeScheemaker]  
Two marine algal products MAP3 and MAP8 were examined for their suitability as 
fishmeal protein substitutes in feeds of three prominent farmed species, through short-
term feeding studies. Algal meals were tested at 5 and 10% protein replacement levels 
for Atlantic salmon and at 25 and 40% for common carp and whiteleg shrimp. At the end 
of the 12-week period, the growth and feed performance of the two fish species did not 
reveal any significant difference between those fish offered the algae-based feed and 
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those offered the control feed. The whole body proximate compositions of Atlantic 
salmon fed the control and algae-based feeds were not significantly different. In common 
carp, the lipid content in the fish fed higher level of MAP3 was significantly lower than 
that of the fish fed the control feed. In whiteleg shrimp, at the end of the 9-week feeding 
period, growth performance and feed utilization did not differ between the treatment 
groups. Protein content in the shrimp fed the higher level of MAP8 was significantly 
lower than that of shrimp on the control feed. The three species could accept the algal 
meals in their feeds at the tested levels, though there were some noticeable effects on 
body composition at higher inclusion levels. 

 
12. Geoengineering: The inescapable truth of getting to 350. Solutions 1(5): 57-66 (2010) 

[Greene, CH, BC Monger and ME Huntley]  
To avert dangerous and potentially catastrophic climate change, it has been argued that 
society must set a goal of stabilizing the atmospheric CO2 concentration at 350 ppm by 
the end of the twenty-first century. The time window is relatively narrow for society to find 
workable solutions for achieving this ambitious goal.  
 
In our opinion, society will need to employ aggressive emission reductions and 
geoengineering to stabilize atmospheric CO2 at 350 ppm by the end of the century. Most 
of the geoengineering technologies that have been explored to date fall into two general 
categories: solar radiation management (SRM) and carbon dioxide removal (CDR). SRM 
is a highly controversial climate-intervention approach that involves altering the Earth’s 
radiation budget to counter-balance the warming effects of greenhouse gases. In 
contrast, CDR is a less controversial remediation approach that involves directly 
reducing atmospheric CO2 concentration to lower levels. While SRM technologies may 
postpone an inevitable rise in mean global temperature from greenhouse warming, CDR 
technologies have the potential to offer real solutions to the CO2 stabilization problem.  
 
Of the CDR options currently being explored, air capture with bioenergy and storage 
looks especially promising. The use of algal bioenergy products to power the air capture 
process is one way to substantially reduce the financial costs and environmental impacts 
of this technology. With a properly valued carbon market, the cost estimates for using 
this technology to supplement an aggressive emission-reduction plan targeting 
stabilization at 350 ppm compare favorably with the cost estimates for using an 
aggressive emission-reduction plan alone to stabilize atmospheric CO2 at 450 ppm. 

  



   

89 

Appendices 
Appendix 1: Comprehensive List of Peer-Reviewed Publications  
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1. Preparation and storage of C323 reference material (2013) [Christensen, S. J.] 5 pp 
 

2. Determination of neutral lipid classes by high-performance liquid chromatography-
CAD (2013) [Bidigare, R. R.] 8 pp 
 

3. Filtered lipid sample preparation (2013) [Elsey, D.] 5 pp 
 

4. Determination of photosynthetic pigment distributions (2013) [Christensen, S. J.] 32 
pp 
 

5. Microscale total lipid extraction via an accelerated solvent extractor: The Dionex 
method (2013) [Elsey, D.] 9 pp 
 

6. High throughput analysis of TAGs by high-performance liquid chromatography 
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pp 
 

7. Determination of amino acid distributions (2013) [Christensen, S. J.] 14 pp 
 

8. GC-MS determination of fatty acid profile of algal lipid extract (2013) [Elsey, D.] 11 
pp 
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Appendix 4: Peer-Reviewed Publications – Complete Abstracts  
 
IN PREPARATION 
 

1. Bioprospecting for oil producing marine microalgae: evaluation of oil and biomass 
production of >1000 novel strains from milligrams to tons. [Johnson, ZI, RR Bidigare, 
SL Brown, WP Cochlan, JJ Cullen, S Loftus, DG Redalje, ME Huntley]   
There is vast genetic diversity among marine microalgae and this translates into 
substantial differences in the biochemistry, physiology and other key performance 
characteristics of different strains.  While this natural biodiversity originates from their 
different niches (ecology) and evolutionary histories, this diversity can be leveraged for 
biotechnological applications.  Here, we describe a strategy to identify strains that may 
be optimal for large scale production of biofuel from microalgae feedstock.  The strategy 
is based on isolation of hundreds of strains from a wide range of environments to 
maximize the biodiversity surveyed and hence the potential range of physiologies and 
biochemistries.  After isolation, these strains are passed through successive rounds of 
screening, each at increasing volume scale and environmental complexity.  From small 
scale (milliliter / microgram) screening under simple conditions to large scale (~100,000 
L / ton) growth under natural environments expected for commercial production, strains 
are assayed using increasingly thorough metrics specific for targeted commercial 
production.  Because of high fidelity between small scale (and less expensive) screening 
and large scale production, this approach could be used to reduce the time (and cost) 
from identification/isolation of strain to large scale production or optimized for other 
feedstock, operational, life cycle or economic criteria. 

 
2. Use of Marine Microalgae for Biofuels Production: Reduction in Ash Content for 

Potential Improvements in Downstream Processing. [DG Redalje and SL Brown]  
Many species of microalgae have shown potential as feedstocks for production of algal 
biofuels.  Freshwater species have been chosen because of they have demonstrated 
relatively greater neutral lipid biosynthesis in mass culture.  Freshwater has become 
relatively scarce and there are competing uses making freshwater species less attractive 
for biofuels applications.  Marine microalgae do not require freshwater and can be grown 
in mass culture on land that is less suitable for other uses.  It is also more favorable to 
isolate local marine species for any mass culture endeavor due to possible accidental 
release to the environment.  Two groups of marine microalgae, diatoms and 
chlorophytes, have shown great potential for biofuels production.  Diatoms often have 
greater rates of synthesis of biofuel lipids.  However, the silica content of diatom 
frustules can be problematic for downstream processing and lipid extraction.  For these 
reasons, as part of a U.S. Department of Energy Algal Biofuels Consortium, we 
conducted a study that included pre-screening of 35 strains for biofuel suitability and 
further testing at a demonstration scale facility in Hawaii.  Cultures were grown in f/2 
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medium with treatments of 100, 75, 50 and 25% of f/2 Si.  Some species showed greater 
biomass with decreased Si.  Some species demonstrated enhanced lipid content with 
lower Si.  The best performing 18 species of diatoms and 6 species of chlorophytes were 
grown at reduced Si content in the medium (for diatoms) or reduced trace metals in the 
medium (for chlorophytes).  Treatments were 100, 50, 25, 12.5 and 0% f/2 Si or f/20 
trace metal mix.  Five of the diatoms were from culture collections with the others 
isolated from coastal Hawaiian waters.  All of the chlorophytes were isolated from 
Hawaiian waters.  The results showed that ash content of the diatoms was generally <5-
10% of DW for diatoms, but that there was no reduction in ash content with reduced 
trace metals for chlorophytes. 
 

3. Altering the Bacterial Consortium Leads to Significant Phenotypic and 
Transcriptomic Differences in a Lipid Producing Chlorophyta. Applied and 
Environmental Microbiology [Richter LV., CB. Mansfeldt, M. Kuan, S. Menefee, A. 
Cesare, RE. Richardson, and BA. Ahner]  
Chlorella species offer promising opportunities in biodiesel industry due to their fast 
growth rates and triacylglycerol (TAG) and lipid production. Cellana C596 is a marine 
Chlorophyte that was co-isolated with a bacterial consortium which is living in 
conjunction with the algae. To explore the relationship between C596 and its bacterial 
companions, bacteria-reduced colonies of C596 were isolated from agar plates and 
designated as S1. S1 cultures exhibited significant decrease in both growth rate and 
maximum cell density. MiSeq Illumina sequencing was utilized to quantify 16S rRNA 
sequences and mRNA from one out of four similarly slow growing S1 subcultures and 
the original C596. Metagenome data analysis revealed a change in the bacterial 
communities, i.e. reduced abundance of microorganisms belonging to 
Alphaproteobacteria and Bacteroides, and an increased abundance of members of the 
Firmicutes phylum in the S1 culture relative to the C596. Transcriptomics and KEGG 
pathway analysis showed upregulation of algal genes associated with lipid and fatty acid 
biosynthesis whereas genes involved in aromatic amino acid metabolism were 
substantially down-regulated in S1. In addition, several transport genes and in particular 
metal transporters were up-regulated in the S1. To further elucidate the mechanism by 
which the bacteria influence the algal growth, bacteria were separated from the fast-
growing C596 culture and were reintroduced to the S1 culture. In parallel, the cell-free 
medium filtered from exponentially grown C596 culture was used to re-suspend the S1 
cells. Partial growth rate recovery in each of the two approaches indicate algal-bacterial 
symbiosis via a combination of cell-cell interaction and production of growth promoting 
factors. In summary our data reveal physiological changes caused by different microbial 
backgrounds, enabling us to confirm previously hypothesized mechanisms of symbiotic 
algae-bacteria relationship. 
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4. Enhanced quantum yield of photosynthesis for marine microalgae grown under 
fluctuating light conditions: Recommendations for growth of dense cultures in 
shallow pond systems. [Redalje, DG and ML Stone]  
A single strain of Chaetoceros muelleri was subjected to a variety of light treatments in 
order to identify if there was any change in quantum yield as a function of fluctuating 
light relative to static light with equal total daily light doses. The fluctuating light 
conditions were similar to those found in natural systems, with frequencies ranging 
between 0.10 Hz and 2.00 Hz. Quantum yield was determined using two methods: the 
standard method using 14C uptake to determine instantaneous quantum yield, and a 
second method using particulate organic carbon uptake relative to light absorbed over a 
24-hour period. The various light treatments resulted in similar trends of quantum yield 
from the culture, regardless of the method used. Cultures subjected to fluctuating light 
treatments of 0.5 Hz, 0.67 Hz, and 1.00 Hz yielded higher values than did those 
subjected to light fluctuating at 0.10 Hz and 2.00 Hz. There also appeared to be some 
enhancement of the photosynthetic apparatus in this species when exposed to 
fluctuating light, relative to static light with the same total daily light dose. 
 

5. Effects of sequence and severity of macronutrient depletion on neutral lipid 
production in two strains of Chlorella 211-18. Journal of Applied Phycology [Cochlan, 
WP, J Herndon, CE Ikeda, F-R Buttler, and RR Bidigare] 
Two strains of the chlorophyte species, Chlorella 211-218 isolated from coastal 
Hawaiian waters were cultured under controlled laboratory conditions to quantify neutral 
lipid (NL) production as a function of macronutrient sufficiency. Although up-regulation of 
NL is a well-known process triggered by macronutrient (nitrogen, phosphorus, and 
silicon for diatoms) limitation, there has been little study on the interactive effects 
between macronutrient depletion and uncoupled photosynthetic growth, and NL 
production as a function of strain variability.  The relative TAG content of lipids increased 
from <10 to >50% as a function of increased nutrient deficiency, and daily TAG 
productivity averaged > 40 mg TAG/L/d during the stationary growth phase for both 
strains. After 4 days of such nutrient-depleted growth, concentrations of total lipids and 
triacylglycerols exceeded values of 260 and 145 mg/L, respectively. Given the need for 
all macronutrients to be utilized prior to discharge into the natural environment, it is 
essential that potential inhibitory influences of inter-nutritional limitation (i.e., nitrate 
limitation of orthophosphate uptake) be quantified to minimize both cultivation operating 
expenses and effluent discharge concentrations, particularly when scaled to commercial 
applications. 
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6. Effects of nitrogen source on rates of cell growth and production of lipid and 
triacylglycerols by the marine chlorophyte Chlorella sp. SAG-211-18.  Journal of 
Applied Phycology [Cochlan, WP, J Herndon, CE Ikeda, F-R Buttler, and RR Bidigare] 
Many phytoplankton are capable of rapid growth and the production of cellular lipids that 
can be used for the production of biofuels, particularly transportation fuels such as 
biodiesel.  However, rapid growth rates occur under macronutrient-replete conditions, 
whereas rates of neutral lipid production, in particular triacylglycerols (TAGs), are 
optimized under macronutrient-depleted conditions. In this laboratory study, rates of 
exponential growth and lipid production were examined as a function of the nitrogen 
source for an oleaginous, subtropical strain (C596) of the marine chlorophyte Chlorella 
sp. “SAG-211-18" under controlled conditions.  Experiments conducted under the 
environmental conditions expected in the Hawaiian Islands, USA and at saturating (800-
820 µmol photons·m-2·s-1) photosynthetic photon flux densities (PPFD), demonstrate that 
this Hawaiian strain of Chlorella sp. grows well on all three N substrates tested (nitrate, 
ammonium and urea), but that specific growth rates obtained with ammonium were 1.8-
fold and 1.3-fold greater than the average rates obtained using urea and nitrate, 
respectively. The volumetric production rate of lipids and TAGs during the N-depleted, 
lipid accumulation phase of growth were approximately 15% lower for cultures grown 
previously on nitrate than those grown with either ammonium or urea, which were 
statistically identical. Additionally the percentage production of TAG relative to the total 
lipid also varied as a function of N source; urea-, ammonium- and nitrate-grown cells 
produced 47, 44 and 42%, respectively. The resultant effects of N source are clearly 
demonstrated in the TAG production rates normalized to cellular (particulate) carbon; 
rates obtained from ammonium- and urea-grown cultures were are 1.4 and 1.3 fold 
greater than the normalized TAG productivity of nitrate-grown cultures of Chlorella. 
These results demonstrate that the differential effects of N source on exponential growth 
and lipid productivity need to be considered when mass culturing marine phytoplankton 
for the efficient and cost effective production of commercial biofuels. 
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7. Defatted biomass from a microalga Desmodesmus sp. as a new feed component for 
Atlantic salmon. Kiron V., Sørensen M., et al. (Planned submission – January 2015) 
A 70-day feeding study, with 3 fish groups (Control group - 4C fed on fishmeal-based 
feed, two algal groups, 4L and 4H, that received feeds with 10% and 20% algal 
inclusion, respectively) was conducted to understand the effect of defatted biomass from 
Desmodesmus sp. on Atlantic salmon. Growth indices (condition factor, specific growth 
rate) and survival of 4L and 4H groups were not significantly different from the respective 
values of the 4C group. However, feed conversion ratios of the algal groups were slightly 
inferior compared to the corresponding value of 4C. The proximate composition of the 
whole body of salmon from the three groups did not vary significantly. The lipid content 
of the fillet of 4L group was significantly lower than that of the 4C group, and the ash 
content of the fillet of 4H group was significantly lower than the values of 4C and 4L 
groups. Although protein and lipid digestibility in the three feeds did not vary significantly, 
the digestibility of energy in the feed of 4L group was significantly lower than that of 4C. 
Concerning the physiological status of the fish, the serum antioxidant capacities did not 
differ among the groups. Further, the expression of immune and inflammatory marker 
genes and the micromorphological observations did not reveal differences in the 
intestinal health of the fish from different groups. Taken together, Atlantic salmon can 
tolerate up to 20% of defatted Desmodesmus sp.  
 

8. Potential of defatted meal obtained from microalga Nannochloropsis sp. as a feed 
ingredient for Atlantic salmon. Sørensen M., Kiron V., et al. (Planned submission - 
February 2016) 
In the present study, the ability of defatted biomass from Nannochloropsis sp. to replace 
fishmeal was assessed by offering feed containing the alga to Atlantic salmon for a 
period of 84 days. Three groups of fish, namely, 1C, 1L, and 1H, were fed on fishmeal-
based control feed, 10% alga-feed and 20% alga-feed, respectively. Although the 
survival and specific growth rates were similar, condition factor and feed conversion ratio 
of the 1H group were significantly different from those values of the 1C group. While the 
digestibility of protein and energy of 1H feed was significantly lower than that of 1C feed, 
the proximate composition of the whole body and fillet of salmon from the different 
groups did not vary significantly. The antioxidant status, based on serum total 
antioxidant capacity and catalase activity, of the three fish groups did not differ 
significantly. Expression of the gene related to inflammatory response, il17d was 
significantly higher in the distal intestine of 1L group compared to the value in the 1C 
group. Histological study of the distal intestine also indicated a mild inflammatory 
condition of the fish from the 1L group. The high inclusion of Nannochloropsis sp 
negatively affected the feed utilization, but it did not impact the growth and health.  
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9. Performance of Atlantic salmon in a grow-out trial with feed incorporating biomass 
of microalgae (Nannochloropsis sp.) derived as co-product of biofuel production. 
Kiron V., Sørensen M., et al. (Planned submission – March 2016) 
The suitability of defatted microalgal biomass as a feed ingredient for Atlantic salmon 
was evaluated during the grow-out phase in sea-cages. The test product derived from 
Nannochloropsis sp. was included at 12.5% in a ‘commercial-like’ grow-out feed (1A), 
replacing a portion of the main ingredient - fishmeal. The control feed (1C) had the full-
spectrum of ingredients, except the algal biomass. These feeds were offered to salmon 
(mean start weight ≈ 1 kg) for nearly 7 months in sea cages, and at the end of this period 
the fish attained weights of over 3 kg. The survival rates of fish from the two groups were 
similar. The specific growth rates did not differ between the two groups, but the feed 
conversion ratio was poorer for the alga-fed fish. Interestingly the digestibility of the 
protein, lipid and energy in feeds 1C and 1A did not differ. The proximate composition of 
the fish whole body was similar, the exception being a significantly higher amount of lipid 
in the fish fed on the algal meal.  The flesh quality parameters (condition factor, cutting 
loss, muscle pH, shear, tensile) did not reveal any significant difference in fillet of the two 
groups. A significant difference was noted for the red hue of alga-fed fish compared to 
the control fish, though the Salmofan lineal values were not different. Thus the defatted 
biomass of Nannochloropsis sp. could effectively replace a significant proportion of the 
fishmeal in salmon feeds.   
 

10. Substitution of fishmeal with defatted microalgal meal (Nannochloropsis sp.) in the 
diets of European seabass (Diecentrarchus labrax). Valente L.M.P., Fernandes H. et al.  
(Planned submission - April 2016) 
A preliminary digestibility trial on juvenile European seabass indicated that the defatted 
biomass of Nannochloropsis sp. was better suited as a feed component compared to 
Desmodesmus sp. Therefore, a study was conducted to examine the performance of 
juvenile seabass upon feeding Nannochloropsis-biomass. A control group of fish was fed 
a fishmeal-based alga-devoid diet (1C), and three other groups received diets with algal 
biomass incorporated at 5 (1L5), 10 (1M10) and 15% (1H15) inclusion levels. Daily 
growth index values of the study groups were not different, but the feed conversion ratio 
dropped when the inclusion levels of alga was ≥ 10%. The protein efficiency ratio was 
also lower for the 1M10 group compared to the 1C group of fish. 
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11. Suitability of defatted biomass derived from biorefinery of microalgae as feed 
ingredients for Pacific whiteleg shrimp. Thongrod S., Kiron V., et al., planned 
submission – May 2016)  
Two separate series of studies – one on defatted Nanofrustulum-biomass and another 
on defatted Nannochloropsis-biomass – were performed to evaluate the suitability of 
microalgal biomass as shrimp feed ingredients. 
 
In the first controlled tank study on Nanofrustulum sp., shrimps of initial weight 0.78g 
were offered a control feed or a feed containing 5% of the alga. At the end of the 10-
week study, the control shrimp and alga-fed shrimp had mean weights of 10.39 and 
10.01g, respectively. The average daily growth was 0.13 g for both groups of shrimp. 
The feed conversion ratios were not different for the control (2.31) and the alga-fed 
shrimp (2.39). In the earthen-pond study, shrimps fed on the 5% microalga-containing 
feed achieved average daily growth of 0.21g and a feed conversion ratio of 1.60; the 
rates being comparable to those generally obtained for commercial feeds. The 
production per kg.m2 was 0.64.  
 
Although the low inclusion of the Nanofrustulum sp. gave acceptable production values, 
further studies should assess the effect of higher inclusion levels of the biomass. 
 
In the laboratory study on Nannochloropsis sp. that was conducted for 8 weeks, three 
algal inclusion levels (5, 10 and 15%) were considered. Shrimps weighing 3.64 g were 
used for the study. The average daily growth of the animals that were fed the alga did 
not significantly vary from that of the control group. Similarly, there were no significant 
differences between feed conversion ratios and protein efficiency ratios of the algae fed 
groups compared to those of the control group. Shrimps that received the algae feed 
had SalmoFan readings in the range 25 to 29 compared to 22 of the control group, 
suggesting the efficiency of Nannochloropsis feeding to improve the pigmentation of the 
shrimp. In the cage-pond study too, three algal inclusion levels (5, 10 and 15%) were 
tested. Shrimps weighing 11.5 g were fed on the alga-containing feeds or a control feed 
for 8 weeks. In this study too none of the performance indicators of the alga-fed shrimps 
were significantly values of the control group. 
 
These studies indicate that the defatted Nannochloropsis-biomass could replace 
fishmeal in shrimp feeds. Further, the biomass also serves as a natural pigment source 
for the shrimps. 
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12. A global Life Cycle Assessment framework for evaluating the potential large-scale 
impacts of emerging bioenergy technologies. Environmental Science & Technology 
[Gerber L.N., M.J. Walsh, I. Archibald, M.E. Huntley, C.H. Greene] (In Preparation) 
Life Cycle Assessment (LCA) is a well-established methodology that has been 
extensively used for anticipating the adverse environmental effects caused by biofuels 
and bioenergy technologies. However, traditional LCA does not allow for assessing 
accurately the overall potential impacts on the agricultural and energy systems of an 
emerging feedstock or technology that will be implemented at global scale in the future. 
The aspects that are difficult to address by the conventional method include: 1) indirect 
effects, such as land use change, 2) the interaction of the technology with the other 
components of the system, such as the competition with other feedstocks, and 3) the 
spatial and temporal variability of life cycle inventory data or model parameters, such as 
the electricity mix or the improvement of technologies over time. This paper aims at 
presenting a novel LCA framework addressing all of these aspects for the evaluation of 
global-scale impacts of emerging bioenergy technologies on agricultural and energy 
systems. It is illustrated by an application case study about large-scale development of 
micro-algae cultivation for the combined production of biofuel and feed as a commodity 
to replace soybean. The case study shows that the method allows for capturing the 
dynamic interactions between the emerging technology and the other components of the 
system in a regionalized way and over time, while providing synthetic indicators of 
environmental performance that can be used to orientate policies and decision-making. 

 
13. Cycle Analysis Demonstrates Potential Benefits of Algal Co-production. [Walsh M.J., 

L. Gerber, I. Archibald, M. E. Huntley, C.H. Greene] (In Preparation)  
Using forecasts of future energy and agricultural demands, system dynamics to assess 
land use change patterns, and life cycle analysis, the impacts of several energy and 
biofuel scenarios are examined for the years 2016-2050. Preliminary results indicate that 
an algal technological platform can substantially reduce greenhouse gas emissions and 
other critical indicators, primarily though altering land use change patterns. The high 
yields of oil from algae grown on marginal lands reduce the need to produce terrestrial 
biofuel crops, and consequentially the agricultural and pristine land required for 
production. Additionally, the co-production of protein for animal feed or food products 
from algae helps offset land-intensive agricultural crops such as soy, further reducing 
land requirements. GHG emissions and other indicators are optimized when algal 
production coupled with other renewable energy technologies (wind, solar), especially in 
regions that currently have carbon intensive electricity mixes. Impact on water, fertilizer 
and pesticide usages are also examined. 
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14. Global Impacts of Land Use Intensification Through Microalgal Cultivation. 
[Archibald I., Gerber L.N., Walsh M.J., Huntley M.E., Greene C.H.] (In Preparation)  
Recent large scale cultivation studies have demonstrated that microalgal cultivation can 
result in a land use reduction of two orders of magnitude, compared with conventional 
agriculture, and produce a high protein food component with many potential uses. This 
paper examines the Greenhouse Gas Reduction that results from the consequent 
release of land and discusses economic and other consequences. Methods for enabling 
widespread adoption of the technology are proposed. 
 

15. Marine microalgae: climate, energy, and food security from the sea.  [Greene, CH, I 
Archibald, L Gerber, MJ Walsh, ME Huntley, D Sills, C Beal, J Tester. J Granados, SC 
Machesky] (In Preparation)  
The world faces three interrelated crises in energy, food, and climate security. The large-
scale, industrial cultivation of marine microalgae can play a major role in averting all 
three of these crises. Microalgae exhibit rates of primary production that are typically 
more than an order of magnitude higher than the most productive terrestrial energy 
crops. Thus, they have the potential to produce an equivalent amount of biofuel and/or 
food in less than one tenth of the land area. Scaling up production numbers from 
demonstration-scale cultivation facilities, the current total demand for liquid fuels in the 
United States can be met by growing microalgae in an area of 250 thousand square 
kilometers, or about 2.5% of the country’s land area. The total global demand for liquid 
fuels, which is approximately six times that of the United States, can be met by growing 
microalgae in an area of 1.5 million square kilometers, about 2.2 times the size of Texas. 

In contrast to the problems associated with growing first-generation terrestrial 
energy crops, the industrial production of biofuels from marine microalgae face far fewer 
environmental challenges. First, the land-use requirements for growing marine 
microalgae are not only reduced by over an order of magnitude, they also do not 
compete with those of terrestrial agriculture for arable land. Second, because the 
cultivation of marine microalgae can be highly efficient in its use of nutrients, only losing 
those that are actually harvested in the desired products, the issues associated with 
inefficient fertilizer use and subsequent eutrophication of aquatic and marine 
ecosystems are irrelevant. Finally, because freshwater is not required, the cultivation of 
marine microalgae does not have to compete with agriculture or other users for this 
resource, which often is scarce in many of the non-arable environments that are most 
suitable for this industry. 

The advantages of producing biofuels from marine microalgae instead of 
terrestrial energy crops go far beyond avoiding the environmental issues associated with 
land-use change, nutrient efficiency, and freshwater usage. For microalgal biofuels to be 
cost competitive with fossil fuels, they must be produced with sufficiently valuable co-
products. Animal feeds are one type of co-product possessing a global market of 
appropriate scale and value. However, by mid-century, the protein demand of a global 
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population of 9 billion people will be unsustainable with existing industrial agricultural 
practices, especially with anticipated future constraints on the use of fossil fuels and 
fertilizers. The industrial cultivation of marine microalgae can be the basis for a new 
“green revolution.” To gain a sense of its potential, we can once again scale up the 
production numbers from demonstration-scale cultivation facilities. From the same 250 
thousand square kilometers needed to meet the current total liquid fuel demand of the 
United States, 800 million metric tons of protein is simultaneously produced. This 
corresponds to 5.7 times the total annual global production of soy protein. From the 
same 1.5 million square kilometers needed to meet the current total global liquid fuel 
demand, 4.8 billion metric tons of protein is simultaneously produced. This corresponds 
to 34 times the total annual global production of soy protein. In addition to these 
staggering quantitative advantages, it should be noted that the microalgal protein is of 
higher nutritional quality than soy protein in terms of amino acid composition. In terms of 
climate security, the industrial cultivation of marine microalgae can lead to the production 
of true carbon-neutral biofuels. To produce such carbon-neutral fuels, methods must be 
developed to utilize CO2 captured directly from the atmosphere. If such direct air capture 
methods are successfully developed, then this could lead to the production of long-lived, 
carbon-negative biopetroleum products. The sequestration footprint of direct air capture 
by marine microalgae required to balance current  global anthropogenic CO2 emissions 
(1.24 million square kilometers) is comparable in scale to the land area required to meet 
current total global liquid fuel demand (1.5 million square kilometers). In addition, 
afforestation and other favorable land-use practices applied to land freed up from 
agricultural food and biofuel production can also have significant positive mitigation 
effects on CO2 emissions. 
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IN REVIEW 
 

1. Quantification of neutral lipids from marine phytoplankton using Nile Red. [ZI 
Johnson, RR Bidigare, SK Blinebry, SL Brown, JJ Cullen, SE Loftus, DG Redalje, BAS 
Van Mooy] (In Review)  
The fluorescent stain Nile Red has been used extensively for the quantification of lipids 
in phytoplankton, including microalgae, because it preferentially stains neutral lipids and 
is economical and sensitive to use for screening purposes.  Although its basic 
application has not changed for several decades, recent improvements have been made 
to improve its utility across uses. Here we describe additional refinements in its 
application and interpretation as a high-throughput method for the rapid quantification of 
neutral lipids in liquid cultures of marine phytoplankton.  Specifically we address (1) 
inter-species comparisons, (2) fluorescence excitation and emission wavelengths and 
(3) the time-course of the Nile Red signal in the context of using bulk or cell-specific 
fluorescence to quantify neutral lipids of live or preserved cells.  We show that with 
proper caution in its interpretation across species and physiological states that the 
quantity of lipid in hundreds of small volume samples can be reliably assessed daily 
using a refined Nile Red protocol. 
 

2. Enigmatic relationship between chlorophyll a concentrations and primary 
production rates at Station ALOHA. Deep-Sea Res. I (2015) [Laws, E. A., R. R. 
Bidigare and D. M. Karl] (in revision) 
An ordinary least squares (OLS) analysis of the relationship between chlorophyll a (Chl 
a) concentrations and primary production rates at depths of 5 and 25 m at Station 
ALOHA produced a slope that was only 28% of the mean ratio of primary production to 
Chl a at those depths and an intercept at zero Chl a that equaled 70% of the mean 
primary production rate. OLS regression lines are known to produce a slope and 
intercept that are biased estimates of the true slope and intercept when the independent 
variable is uncontrolled and subject to error, but in this case the measurement errors and 
natural variability of the Chl a concentrations were much too small to explain the 
apparent bias in the OLS regression. The bias was traceable to the natural variability of 
the slope of the regression line itself, a source of variability that has been overlooked in 
textbooks and scientific papers on the subject of OLS bias. Part of the variability of the 
slope was closely correlated with variations of surface irradiance. Modeling the primary 
production rates as a function of the product of Chl a and surface irradiance produced a 
much more accurate and realistic description of the data, but the OLS continued to be 
biased, presumably because the primary production rates were functions of factors in 
addition to Chl a and surface irradiance (e.g., macronutrients, trace metals and 
vitamins). Modeling the results with a geometric mean regression line produced more 
realistic results than the OLS line but at some sacrifice in accuracy. The results 
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underscore the importance of taking into consideration the contribution of variability of 
the regression line slope to the natural variability that causes bias in OLS regression. 

 
3. Target values for algal biofuels production using a combined TEA/LCA modeling 

approach under uncertainty. Environmental Science & Technology [Gerber L.N., J.W. 
Tester, D.L. Sills]. (In preparation) 
Production of economically competitive and environmentally sustainable algal biofuel 
faces technical challenges that are subject to high uncertainties.  High operating costs 
and harmful environmental impacts result primarily from electricity consumption during 
cultivation of algae. Increases in algal productivity are needed to reduce electricity 
consumption and improve economic and environmental performances. Here we identify 
target values for algal productivity and financing conditions required to achieve a biofuel 
selling price of $5 per gallon gasoline equivalent (GGE) and beneficial environmental 
impacts. A modeling framework—combining process design, techno-economic analysis, 
life cycle assessment, and uncertainty analysis—was applied to two conversion 
pathways: (1) “fuel only”, using hydrothermal liquefaction to produce biofuel, heat and 
power, and (2) “fuel and feed”, using wet extraction to produce biofuel and lipid-extracted 
algae, which can substitute components of animal and aqua feeds. Our results suggest 
that with supporting policy incentives, the “fuel and feed” scenario will likely achieve a 
biofuel selling price of less than $5 per GGE at a productivity of 39 g/m2/day, versus 47 
g/m2/day for the “fuel only” scenario. Furthermore, if lipid-extracted algae are used to 
replace fishmeal, the process has a 50 percent probability of reaching $5 per GGE with 
a base case productivity of 23 g/m2/day.  Scenarios with improved economics were 
associated with beneficial environmental impacts for climate change, ecosystem quality, 
and resource depletion, but not for human health. 

 
4. Use of de novo transcriptome libraries to characterize a novel oleaginous marine 

Chlorella species during the accumulation of triacylglycerols. (2015) [Mansfeldt CB, 
LV Richter, BA Ahner, WP Cochlan, and RE Richardson] (PlosOne. In review) 
Marine chlorophytes of the genus Chlorella are unicellular algae capable of 
accumulating a high proportion of cellular lipids that can be used for biodiesel 
production. In this study, we examined the broad physiological capabilities of a 
subtropical strain (C596) of Chlorella sp. “SAG-211-19” such as its heterotrophic growth 
and tolerance to low salt. We found that the alga grows more slowly at diluted salt 
concentrations and can grow on a wide range of carbon substrates in the dark. We then 
sequenced the RNA of Chlorella strain C596 to elucidate key metabolic genes and 
investigate the transcriptomic response of the organism when transitioning from a 
nutrient-replete to a nutrient-deficient condition when the production of neutral lipids 
becomes enhanced. Specific transcripts encoding for enzymes involved in both starch 
and lipid biosynthesis, among others, were up-regulated as the cultures transitioned into 
a lipid-accumulating state whereas photosynthesis-related genes were down-regulated. 
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Transcripts encoding for two of the up-regulated enzymes - a galactoglycerolipid lipase 
and a diacylglyceride acyltransferase - were also monitored by reverse transcription 
quantitative polymerase chain reaction assays and displayed results similar to the 
transcriptome-sequencing study. Transcriptomic studies such as this one can assist in 
the understanding, application, and design of Chlorella-based biofuel production 
systems. 

 
 

5. Growth, myotomal structure and feed performance of Atlantic cod fed a copepod 
meal or pea protein and defatted biomass of a marine microalga. (2015) [Hagen Ø., 
Bajgai B., Ribe H., Huntley, M., and Kiron V.] (Under revision) 
The effect of non-fishmeal protein ingredients on the growth, feed performance, and 
muscle development of Atlantic cod was assessed in a 170-day feeding trial. Two 
groups were considered in this study: a plant protein-rich (PPR) feed group - the main 
plant ingredient in the control feed was pea protein; and an animal protein-rich (APR) 
feed group - the main ingredients in the control feed were of marine origin, fishmeal and 
copepod (Calanus) meal. The test feeds of both groups had 5% of fishmeal protein 
replaced with the protein from the defatted biomass of a microalga Nanofrustulum sp.. 
The PPR feed and APR feed did not affect fish and feed performance. However, the 
plant ingredients affected the muscle fibre development. Calanus (copepod) meal 
appears to be a promising protein source for securing growth and muscle development 
in Atlantic cod. Furthermore, 12% inclusion of the marine microalgal biomass is 
acceptable as an ingredient in the feeds of Atlantic cod. 
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PUBLISHED 
 

1. Demonstrated Large-Scale Production of Marine Microalgae for Fuels and Feed. 
Algal Research, 10 (2015) 249-265  [Huntley, M, ZI Johnson, SL Brown, DL Sills, L 
Gerber, I Archibald, SC Machesky, J Granados, CM Beal, CH Greene] 
DOI:10.1016/j.algal.2015.04.016 
We present the results from sustained tonne-quantity production of two novel strains of 
marine microalgae, the diatom Staurosira and the chlorophyte Desmodesmus, cultivated 
in a hybrid system of 25-m3 photobioreactors and 400-m2 open ponds at a large-scale 
demonstration facility, and then apply those results to evaluate the performance of a 
100-ha Base Case commercial facility assuming it were built today. Nitrogen fertilization 
of 2-d batch cultures in open ponds led to the greatest yields – from both species – of 
~75 MT ha−1 yr−1 biomass, and ~30 MT ha−1 yr−1 lipid, which are unprecedented in large 
scale open pond systems. The process described here uses only seawater, discharges 
no nitrogen or phosphorus in any form, and consumes CO 2 at 78% efficiency. We 
estimate the capital cost of a 111-ha Base Case facility at $67 million in Hawaii, where 
actual production was performed, and $59 million on the Gulf Coast of Texas. We find 
that large-diameter, large-volume PBRs are an economical means to maintain a 
continuous supply of consistent inoculum for very short-period batch cultures in open 
ponds, and thus avoid biological system crashes that otherwise arise in longer-term 
pond cultures. We recommend certain improvements in cultivation methods that could 
realistically lead to yields of 100 MT ha−1 yr−1 biomass and N 50,000 L ha−1 yr−1  algal oil. 
Comprehensive techno-economics and life cycle assessment of 20 end-to-end 
production lineups, based on the cultivation results in this paper, are presented in a 
companion paper by Beal et al. [2]. 
 

2. Algal Biofuel Production for Fuels and Feed in a 100-ha Facility: a Comprehensive 
Techno-Economic Analysis and Life Cycle Assessment. Algal Research, 10 (2015) 
266-279. [Beal, CM, L Gerber, DL Sills, ME Huntley, S Machesky, MJ Walsh, JW 
Tester, I Archibald, J Granados and CH Greene] DOI:10.1016/j.algal.2015.04.017 
This techno-economic analysis/life-cycle assessment is based on actual production by 
the Cornell Marine Algal Biofuels Consortium with biomass productivity >23 g/m2-day. 
Ten distinct cases are presented for two locations, Texas and Hawaii, based on a 100-
ha production facility with end-to-end processing that yields fungible co-products 
including biocrude, animal feed, and ethanol. Several processing technologies were 
evaluated: centrifugation and solvent extraction (POS Biosciences), thermochemical 
conversion (Valicor), hydrothermal liquefaction (PNNL), catalytic hydrothermal 
gasification (Genifuel), combined heat and power, wet extraction (OpenAlgae), and 
fermentation. The facility design was optimized by co-location with waste CO2, a 
terraced design for gravity flow, using renewable energy, and low cost materials. The 
case studies are used to determine the impact of design choices on the energy return on 
investment, minimum fuel and feed sale prices, discounted payback period, as well as 
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water depletion potential, human health, ecosystem quality, non-renewable resources, 
and climate change environmental indicators. The most promising cases would be 
economically competitive at market prices around $2/L for crude oil, while also providing 
major environmental benefits and freshwater savings. As global demands for fuels and 
protein continue rising, these results are important steps towards economical and 
environmentally sustainable production at an industrial scale. 
 

3. Techniques for Quantifying Phytoplankton Biodiversity. Annual Review of Marine 
Science 7. DOI: 10.1146/annurev-marine-010814-015902 (2015) [Johnson, ZI and AC 
Martiny]  
The biodiversity of phytoplankton is a core measurement of the state and activity of 
marine ecosystems. In the context of historical approaches, we review recent major 
advances in the technologies that have enabled deeper characterization of the 
biodiversity of phytoplankton. In particular, high-throughput sequencing of single 
loci/genes, genomes, and communities (metagenomics) has revealed exceptional 
phylogenetic and genomic diversity whose breadth is not fully constrained. Other 
molecular tools—such as fingerprinting, quantitative polymerase chain reaction, and 
fluorescence in situ hybridization—have provided additional insight into the dynamics of 
this diversity in the context of environmental variability. Techniques for characterizing the 
functional diversity of community structure through targeted or untargeted approaches 
based on RNA or protein have also greatly advanced. A wide range of techniques is now 
available for characterizing phytoplankton communities, and these tools will continue to 
advance through ongoing improvements in both technology and data interpretation. 

 
4. Potential of defatted microalgae from the biofuel industry as an ingredient to 

replace corn and soybean meal in swine and poultry diets. Journal of Animal Science 
92:1306-14. (2014) [Gatrell, S, KK Lum, JG Kim, and XG Lei]  
While feeding food-producing animals with microalgae was investigated several decades 
ago, this research has been reactivated by the recent exploration of microalgae as the 
third generation of feedstocks for biofuel production. Because the resultant defatted 
biomass contains high levels of protein and other nutrients, it may replace a portion of 
corn and soybean meal in animal diets. Our laboratory has acquired 4 types of full-fat 
and defatted microalgal biomass from biofuel production research (Cellana, Kailua-
Kona, HI) that contain 13.9 to 38.2% crude protein and 1.5 to 9.3% crude fat. This 
review summarizes the safety and efficacy of supplementing 2 types of the biomass at 
7.5 to 15% in the diets of weanling pigs, broiler chicks, and laying hens. Based on their 
responses of growth performance, egg production and quality, plasma and tissue 
biochemical indicators, and/or fecal chemical composition, all 3 types of animals were 
able to tolerate the microalgal biomass incorporation into their diets at 7.5% (on as-fed 
basis). Holistic analysis is also provided to explore the global potential of using the 
defatted microalgal biomass as a new feed ingredient in offsetting the biofuel production 
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cost, reducing the dependence on staple crops such as corn and soybeans, decreasing 
greenhouse gas production of animal agriculture, and developing health value-added 
animal products. 
 

5. Effect of dietary defatted diatom biomass on egg production and quality of laying 
hens. Journal of Animal Science and Biotechnology  5:3. (2014) [Leng, X, K Hsu, RE 
Austic, and XG Lei]  
BACKGROUND 
This study was to determine if feeding laying hens with defatted diatom microalgal 
biomass (DFA) from biofuel production affected their egg production and health status. 
METHODS 
Five replicates of 5 individually caged ISA Babcock White leghorn hens were fed 4 diets, 
including a corn-soybean meal control diet, a diet containing 7.5% DFA substituting for 
soybean meal, and diets containing 7.5% or 15% DFA substituting for corn and soybean 
meal. Body weights, feed intake, feed conversion ratio (FCR), rate of egg production, 
egg size, egg mass, and several characteristics of eggs were determined at 4 and 8 wk. 
Venous blood was sampled at 4 and 8 wk for measurement of 5 biomarkers of health. 
RESULTS 
The 15% DFA diet decreased (P < 0.05) feed intake, egg production, and plasma uric 
acid concentrations as compared with the control diet, but increased (P < 0.05) egg 
albumen weight and height compared with the 7.5% DFA diets. The two levels of DFA 
produced dose-dependent (P < 0.05) changes in three color measures of egg yolk, 
without affecting four hen plasma biochemical indicators of health. 
CONCLUSIONS 
Feeding laying hens with 7.5% DFA in the corn-soybean meal diet for 8 wk had no 
adverse effect on their health, egg production, or egg quality, but 15% inclusion reduced 
feed intake, egg production, and efficiency of feed utilization. 
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6. Quantitative uncertainty analysis of life cycle assessment for Algal biofuel 
production. (2013) Environmental Science & Technology, 47, 687–694 (2013) [DL Sills, 
V Paramita, MJ Franke, MC Johnson, TM Akabas, CH Greene, JW Tester] 

 

As a result of algae’s promise as a renewable energy feedstock, numerous studies 
have used Life Cycle Assessment (LCA) to quantify the environmental performance of 
algal biofuels, yet there is no consensus of results among them. Our work, motivated by 
the lack of comprehensive uncertainty analysis in previous studies, uses a Monte Carlo 
approach to estimate ranges of expected values of LCA metrics by incorporating 
parameter variability with empirically specified distribution functions. Results show that 
large uncertainties exist at virtually all steps of the biofuel production process. Although 
our findings agree with a number of earlier studies on matters such as the need for wet 
lipid extraction, nutrients recovered from waste streams, and high energy coproducts, 
the ranges of reported LCA metrics show that uncertainty analysis is crucial for 
developing technologies, such as algal biofuels. In addition, the ranges of energy return 
on (energy) invested (EROI) values resulting from our analysis help explain the high 
variability in EROI values from earlier studies. Reporting results from LCA models as 
ranges, and not single values, will more reliably inform industry and policy makers on 
expected energetic and environmental performance of biofuels produced from 
microalgae. 
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7. Carbon allocation under light and nitrogen resource gradients in two model marine 
phytoplankton. Journal of Phycology DOI 10.1111/jpy.12060 (2013) [Bittar, TB, Y Lin, 
LR Sassano, BJ Wheeler, SL Brown, WP Cochlan and ZI Johnson]  
Marine phytoplankton have conserved elemental stoichiometry, but there can be 
significant deviations from this Redfield ratio. Moreover, phytoplankton allocate reduced 
carbon (C) to different biochemical pools based on nutritional status and light availability, 
adding complexity to this relationship. This allocation influences physiology, ecology, 
and biogeochemistry. Here, we present results on the physiological and biochemical 
properties of two evolutionarily distinct model marine phytoplankton, a diatom (cf. 
Staurosira sp. Ehrenberg) and a chlorophyte (Chlorella sp. M. Beijerinck) grown under 
light and nitrogen resource gradients to characterize how carbon is allocated under 
different energy and substrate conditions. We found that nitrogen (N)-replete growth rate 
increased monotonically with light until it reached a threshold intensity (~200 μmol 
photons m−2 s−1). For Chlorella sp., the nitrogen quota (pg μm−3) was greatest below this 
threshold, beyond which it was reduced by the effect of N-stress, while for Staurosira sp. 
there was no trend. Both species maintained constant maximum quantum yield of 
photosynthesis (mol C mol photons−1) over the range of light and N-gradients studied 
(although each species used different photophysiological strategies). In both species, 
C:chl a (g g−1) increased as a function of light and N-stress, while C:N (mol mol−1) and 
relative neutral lipid:C (rel. lipid g−1) were most strongly influenced by N-stress above the 
threshold light intensity. These results demonstrated that the interaction of substrate (N-
availability) and energy gradients influenced C-allocation, and that general patterns of 
biochemical responses may be conserved among phytoplankton; they provided a 
framework for predicting phytoplankton biochemical composition in ecological, 
biogeochemical, or biotechnological applications. 
 

8. Smartphones: Powerful Tools for Geoscience Education.  EOS, Transactions 
American Geophysical Union 94: 433-434. (2013) [Johnson ZI and DW Johnston]  
Observation, formation of explanatory hypotheses, and testing of ideas together form the 
basic pillars of much science. Consequently, science education has often focused on the 
presentation of facts and theories to teach concepts. To a great degree, libraries and 
universities have been the historical repositories of scientific information, often restricting 
access to a small segment of society and severely limiting broad-scale geoscience 
education. 
 

9. Dual potential of microalgae as a sustainable biofuel feedstock and animal feed. 
Journal of Animal Science and Biotechnology 4:53. (2013) [Lum, KK, J Kim, and XG 
Lei]  
The rise in global population has led to explorations of alternative sources of energy and 
food. Because corn and soybean are staple food crops for humans, their common use 
as the main source of dietary energy and protein for food-producing animals directly 
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competes with their allocation for human consumption. Alternatively, de-fatted marine 
microalgal biomass generated from the potential biofuel production may be a viable 
replacement of corn and soybean meal due to their high levels of protein, relatively well-
balanced amino acid profiles, and rich contents of minerals and vitamins, along with 
unique bioactive compounds. Although the full-fatted (intact) microalgae represent the 
main source of omega-3 (n-3) polyunsaturated fatty acids including docohexaenoic acid 
(DHA) and eicosapentaenoic acid (EPA), the de-fatted microalgal biomass may still 
contain good amounts of these components for enriching DHA/EPA in eggs, meats, and 
milk. This review is written to highlight the necessity and potential of using the de-fatted 
microalgal biomass as a new generation of animal feed in helping address the global 
energy, food, and environmental issues. Nutritional feasibility and limitation of the 
biomass as the new feed ingredient for simple-stomached species are elaborated. 
Potential applications of the biomass for generating value-added animal products are 
also explored. 
 

10. Air-Water Fluxes of N2O and CH4 during Microalgae (Staurosira sp) Cultivation in 
an Open Raceway Pond. Environmental Science & Technology, 46(19): 10842-10848 
(2012) [S Ferron, DT Ho, ZI Johnson and ME Huntley]  

 
The industrial-scale production of biofuels from cultivated microalgae has gained 
considerable interest in the last several decades. While the climate benefits of 
microalgae cultivation that result from the capture of atmospheric CO2 are known, the 
counteracting effect from the potential emission of other greenhouse gases has not been 
well quantified. Here, we report the results of a study conducted at an industrial pilot 
facility in Hawaii to determine the air–water fluxes of N2O and CH4 from open raceway 
ponds used to grow the marine diatom Staurosira sp. as a feedstock for biofuel. 
Dissolved O2, CH4, and N2O concentrations were measured over a 24 h cycle. During 
this time, four SF6 tracer release experiments were conducted to quantify gas transfer 
velocities in the ponds, and these were then used to calculate air–water fluxes. Our 
results show that pond waters were consistently supersaturated with CH4 (up to 725%) 
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resulting in an average emission of 19.9 ± 5.6 μmol CH4 m–2 d–1. Upon NO3
– depletion, 

the pond shifted from being a source to being a sink of N2O, with an overall net uptake 
during the experimental period of 3.4 ± 3.5 μmol N2O m–2 d–1. The air–water fluxes of 
N2O and CH4 expressed as CO2 equivalents of global warming potential were 2 orders of 
magnitude smaller than the overall CO2 uptake by the microalgae. 
 

11. Marine microalgae from biorefinery as a potential feed protein source for Atlantic 
salmon, common carp and whiteleg shrimp. Aquaculture Nutrition, 18(5): 521-531. 
(2012) [V Kiron, W Phromkunthong, ME Huntley, I Archibald and G DeScheemaker]  
Two marine algal products MAP3 and MAP8 were examined for their suitability as 
fishmeal protein substitutes in feeds of three prominent farmed species, through short-
term feeding studies. Algal meals were tested at 5 and 10% protein replacement levels 
for Atlantic salmon and at 25 and 40% for common carp and whiteleg shrimp. At the end 
of the 12-week period, the growth and feed performance of the two fish species did not 
reveal any significant difference between those fish offered the algae-based feed and 
those offered the control feed. The whole body proximate compositions of Atlantic 
salmon fed the control and algae-based feeds were not significantly different. In common 
carp, the lipid content in the fish fed higher level of MAP3 was significantly lower than 
that of the fish fed the control feed. In whiteleg shrimp, at the end of the 9-week feeding 
period, growth performance and feed utilization did not differ between the treatment 
groups. Protein content in the shrimp fed the higher level of MAP8 was significantly 
lower than that of shrimp on the control feed. The three species could accept the algal 
meals in their feeds at the tested levels, though there were some noticeable effects on 
body composition at higher inclusion levels. 
 

12. A suite of microplate reader-based colorimetric methods to quantify ammonium, 
nitrate, orthophosphate and silicate concentrations for nutrient monitoring. Journal 
of Environmental Monitoring 13: 370-376 (2012) [Ringuet, S, L Sassano and ZI Johnson]  
A sensitive, accurate and rapid analysis of major nutrients in aquatic systems is 
essential for monitoring and maintaining healthy aquatic environments. In particular, 
monitoring ammonium (NH(4)(+)) concentrations is necessary for maintenance of many 
fish stocks, while accurate monitoring and regulation of ammonium, orthophosphate 
(PO(4)(3-)), silicate (Si(OH)(4)) and nitrate (NO(3)(-)) concentrations are required for 
regulating algae production. Monitoring of wastewater streams is also required for many 
aquaculture, municipal and industrial wastewater facilities to comply with local, state or 
federal water quality effluent regulations. Traditional methods for quantifying these 
nutrient concentrations often require laborious techniques or expensive specialized 
equipment making these analyses difficult. Here we present four alternative 
microcolorimetric assays that are based on a standard 96-well microplate format and 
microplate reader that simplify the quantification of each of these nutrients. Each method 
uses small sample volumes (200 µL), has a detection limit ≤ 1 µM in freshwater and ≤ 2 
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µM in saltwater, precision of at least 8% and compares favorably with standard analytical 
procedures. Routine use of these techniques in the laboratory and at an aquaculture 
facility to monitor nutrient concentrations associated with microalgae growth 
demonstrates that they are rapid, accurate and highly reproducible among different 
users. These techniques offer an alternative to standard nutrient analyses and because 
they are based on the standard 96-well format, they significantly decrease the cost and 
time of processing while maintaining high precision and sensitivity. 
 

13. Can microalgae make pork “greener”? Suis No 102, pages 14-19. (2011) [Gatrell, S, J 
Kim, and XG Lei]  
The fast growing worldwide population and diminishing arable land have made food 
security and nutrition a major challenge. While animal agriculture provides 25 % of total 
calorie intake, the traditional feeding regimen directly competes against human 
consumption of high energy and protein staples. Apparently, alternative ingredients are 
needed to replace corn and soybean meal for sustainable animal production. Microalgae 
have recently been explored as a new exciting source of biofuel, and the defatted 
residual biomass contains high levels of protein and other nutrients. Since 2009, our 
laboratory has conducted a total of 12 feeding experiments to determine whether the 
defatted microalgal biomass could replace a portion of soybean meal or a combination of 
corn and soybean meal in diets for laying hens, broilers, and weanling pigs. Supported in 
part by a USDA/DOE Biomass R&D Initiative grant. 
 

14. Potential and limitation of a new defatted diatom microalgal biomass in replacing 
soybean meal and corn in diets for broiler chickens. Journal of Agriculture and Food 
Chemistry. 61:7341-8. (2011) [Austic, RE, A Mustafa, BY Jung, S Gatrell, and XG Lei]  
Three experiments were conducted to determine if defatted diatom Staurosira sp. 
biomass (DFA) (Cellana, Kailua-Kona, HI, USA) from biofuel production could replace a 
portion of soybean meal (SBM) and (or) corn in diets for broiler chicks. In experiment 1, 
2-day-old chicks were fed diets with DFA at 0% (control), 7.5% replacing SBM, or 7.5 
and 10% replacing SBM and corn. Chicks fed the DFA-containing diets had lower body 
weight gain (P < 0.05) than the controls in the starter period. Two follow-up experiments, 
experiments 2 and 3, indicated that supplementing the 7.5% DFA diet (replacing SBM) 
with amino acids, but not exogenous protease or electrolytes, restored growth 
performance of chicks to the control levels. Responses of plasma and liver biomarkers 
and gross examination of digestive tract showed no toxicity of DFA. In conclusion, DFA 
could substitute for 7.5% of SBM alone, or in combination with corn, in diets for broiler 
chicks when appropriate amino acids are added. 
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15. Geoengineering: The inescapable truth of getting to 350. Solutions 1(5): 57-66 (2010) 
[Greene, CH, BC Monger and ME Huntley]  
To avert dangerous and potentially catastrophic climate change, it has been argued that 
society must set a goal of stabilizing the atmospheric CO2 concentration at 350 ppm by 
the end of the twenty-first century. The time window is relatively narrow for society to find 
workable solutions for achieving this ambitious goal.  
 
In our opinion, society will need to employ aggressive emission reductions and 
geoengineering to stabilize atmospheric CO2 at 350 ppm by the end of the century. Most 
of the geoengineering technologies that have been explored to date fall into two general 
categories: solar radiation management (SRM) and carbon dioxide removal (CDR). SRM 
is a highly controversial climate-intervention approach that involves altering the Earth’s 
radiation budget to counter-balance the warming effects of greenhouse gases. In 
contrast, CDR is a less controversial remediation approach that involves directly 
reducing atmospheric CO2 concentration to lower levels. While SRM technologies may 
postpone an inevitable rise in mean global temperature from greenhouse warming, CDR 
technologies have the potential to offer real solutions to the CO2 stabilization problem.  
 
Of the CDR options currently being explored, air capture with bioenergy and storage 
looks especially promising. The use of algal bioenergy products to power the air capture 
process is one way to substantially reduce the financial costs and environmental impacts 
of this technology. With a properly valued carbon market, the cost estimates for using 
this technology to supplement an aggressive emission-reduction plan targeting 
stabilization at 350 ppm compare favorably with the cost estimates for using an 
aggressive emission-reduction plan alone to stabilize atmospheric CO2 at 450 ppm. 
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