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PREFACE 

The California Energy Commission Energy Research and Development Division supports 
public interest energy research and development that will help improve the quality of life in 
California by bringing environmentally safe, affordable, and reliable energy services and 
products to the marketplace. 

The Energy Research and Development Division conducts public interest research, 
development, and demonstration (RD&D) projects to benefit California. 

The Energy Research and Development Division strives to conduct the most promising public 
interest energy research by partnering with RD&D entities, including individuals, businesses, 
utilities, and public or private research institutions. 

Energy Research and Development Division funding efforts are focused on the following 
RD&D program areas: 

• Buildings End‐Use Energy Efficiency 

• Energy Innovations Small Grants 

• Energy‐Related Environmental Research 

• Energy Systems Integration 

• Environmentally Preferred Advanced Generation 

• Industrial/Agricultural/Water End‐Use Energy Efficiency 

• Renewable Energy Technologies 

• Transportation 

 

OMEGA (Offshore Membrane Enclosures for Growing Algae) ‐ A Feasibility Study for Wastewater to 
Biofuels is the final report for the Algae OMEGA: Offshore Membrane Enclosures for Growing 
Algae project (contract number PIR‐08‐047) conducted by NASA Ames Research Center. The 
information from this project contributes to Energy Research and Development Division’s 
Transportation Program. 

 

For more information about the Energy Research and Development Division, please visit the 
Energy Commission’s website at www.energy.ca.gov/research/ or contact the Energy 
Commission at 916‐327‐1551. 

 

http://www.energy.ca.gov/research/
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ABSTRACT 

The biofuels community has shown considerable interest in the possibility that microalgae 
could contribute significantly to providing a sustainable alternative to fossil fuels. Microalgae 
species with high growth rates and high yields of oil that can be grown on domestic wastewater 
using nonarable land could produce biofuel without competing with agriculture. It is difficult to 
envision where the cultivation facilities would be located to produce the quantity of algae 
needed for fuels, given that these facilities must be close to wastewater treatment plants to save 
energy.  

Researchers investigated a possible solution called Offshore Membrane Enclosures for Growing 
Algae for coastal cities. This system involved growing fast‐growing, oil‐producing freshwater 
algae in flexible, inexpensive clear plastic photobioreactors attached to floating docks anchored 
offshore in naturally or artificially protected bays. Wastewater and carbon dioxide from coastal 
facilities provided water, nutrients, and carbon. The surrounding seawater controlled the 
temperature inside the photobioreactors and killed any algae that might escape. The salt 
gradient between seawater and wastewater created forward osmosis to concentrate nutrients 
and to facilitate algae harvesting. Both the algae and forward osmosis cleaned the wastewater, 
removing nutrients as well as pharmaceuticals and personal care products, so‐called 
compounds of emerging concern.  

This report provided the results of two years of research into the feasibility of the Offshore 
Membrane Enclosures for Growing Algae system in which prototype systems were studied, 
built, and tested in seawater tanks. A 110‐liter floating system was developed and scaled up to 
1,600 liters. Algae’s ability to grow on and treat wastewater was described. The impact of 
biofouling on photobioreactors and forward osmosis membranes floating in the marine 
environment was considered. Life‐cycle and technoeconomic analyses provided a perspective 
on what must be done to make this system commercially viable. Outreach efforts have carried 
the concept worldwide.  

 

Keywords: biofuels, microalgae, algae, OMEGA, offshore systems, carbon sequestration, 
aquaculture, wastewater treatment, biofouling, life cycle analysis, technoeconomic analysis 
 

Please use the following citation for this report: 

Trent, Jonathan. (NASA Ames Research Center). 2012. OMEGA (Offshore Membrane Enclosures 
for Growing Algae) ‐ A Feasibility Study for Wastewater to Biofuels. California Energy 
Commission. Publication number: CEC‐500‐2013‐143‐AP. 
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Abstract 
OMEGA is a system for cultivating microalgae using wastewater contained in floating photobioreactors (PBRs) de-
ployed in marine environments and thereby eliminating competition with agriculture for water, fertilizer, and land.  
The offshore placement in protected bays near coastal cities co-locates OMEGA with wastewater outfalls and sources 
of CO2-rich flue gas on shore. To evaluate the feasibility of OMEGA, microalgae were grown on secondary-treated 
wastewater supplemented with simulated flue gas (8.5% CO2 V/V) in a 110-liter prototype system tested using a sea-
water tank. The flow-through system consisted of tubular PBRs made of transparent linear low-density polyethylene, a 
gas exchange and harvesting column (GEHC), two pumps, and an instrumentation and control (I&C) system.  The 
PBRs contained regularly spaced swirl vanes to create helical flow and mixing for the circulating culture.  About 5% 
of the culture volume was continuously diverted through the GEHC to manage dissolved oxygen concentrations, pro-
vide supplemental CO2, harvest microalgae from a settling chamber, and add fresh wastewater to replenish nutrients.  
The I&C system controlled CO2 injection and recorded dissolved oxygen levels, totalized CO2 flow, temperature, cir-
culation rates, photosynthetic active radiation (PAR), and the photosynthetic efficiency as determined by fast repetition 
rate fluorometry.  In two experimental trials, totaling 23 days in April and May 2012, microalgae productivity aver-
aged 14.1 ± 1.3 grams of dry biomass per square meter of PBR surface area per day (n = 16), supplemental CO2 was 
converted to biomass with >50% efficiency, and >90% of the ammonia-nitrogen was recovered from secondary efflu-
ent.  If OMEGA can be optimized for energy efficiency and scaled up economically, it has the potential to contribute 
significantly to biofuels production and wastewater treatment.   
 
Keywords: Biofuels, wastewater treatment, microalgae, photobioreactor, CO2 mass transfer, fast repetition rate fluorom-
etry, instrumentation and control

1. Introduction 
Microalgae are currently under consideration as a signif-
icant source of sustainable biofuels because of their fast 
growth rate and ability to produce oil that can be readily 
transformed into fuel [1,2]. These microscopic, sin-

gle-cell organisms can be cultivated on non-arable land, 
lessening competition with agriculture and thus giving 
them an advantage over other biofuel crops [3-5].  On 
the other hand, microalgae require fertilizer and supple-
mental carbon dioxide (CO2) for optimal growth, which 
can generate more environmental pollution and green-

Appendix A 
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house gas emissions than cultivation of more traditional 
biofuel feedstocks, such as switchgrass, canola, and corn 
[6-8].  Several authors have noted that these environ-
mental drawbacks can be ameliorated by linking micro-
algae cultivation to wastewater treatment plants (to pro-
vide water and nutrients) and flue gas sources (to provide 
CO2), which also improves the economics and energy 
return on investment (EROI) [6, 9, 10].  The feasibility 
of constructing microalgae cultivation facilities close to 
existing wastewater plants to avoid the prohibitive costs 
of pumping water long distances will depend on the lo-
cation [11].  For most metropolitan areas, installing 
large microalgae ponds or fields of photobioreactors 
(PBRs) on land would significantly disrupt urban infra-
structure.  For coastal cities, however, which use off-
shore wastewater outfalls, a system of floating photobio-
reactors (PBRs) called Offshore Membrane Enclosures 
for Growing Algae (OMEGA) may resolve this difficulty 
[12].  

The proposed OMEGA system is designed to grow 
freshwater microalgae in wastewater contained in flexi-
ble, clear, plastic PBRs attached to a floating infrastruc-
ture anchored offshore in protected bays [12-14].  The 
offshore placement allows the system to be in close 
proximity to wastewater treatment plants and sources of 
flue gas, eliminating the need to pump these wastes long 
distances to remote locations where land resources for 
algae cultivation may be available.  By using 
wastewater for water and nutrients and by not using ara-
ble land the OMEGA system avoids competing with ag-
riculture or disrupting urban infrastructure in the vicinity 
of wastewater treatment plants.  On a scale relevant to 
biofuels, OMEGA will be intrusive in the marine envi-
ronment, although it is possible that a large flotilla of 
PBRs may have beneficial effects in coastal areas.  The 
OMEGA system would remove nutrients from the 
wastewater that is currently discharged into coastal wa-
ters and may thereby mitigate “dead-zone” formation.  
The infrastructure would provide substrate, refugia, and 
habitat for an extensive community of sessile and associ-
ated organisms [15].  It is known that introduced sur-
faces in the marine environment become colonized and 
can form “artificial reefs” or act as “fish aggregating 
devices,” which increase local species diversity and ex-
pand the food web [16, 17]. A large-scale deployment of 
OMEGA systems may also act as floating “turf scrub-
bers” and function to absorb anthropogenic pollutants, 
improving coastal water quality [18]. 

The technical feasibility of the OMEGA concept 
however, has yet to be evaluated at any scale.  Here a 
prototype, 110-liter OMEGA system was developed and 
tested in a seawater tank, using freshwater microalgae 
and secondary-treated wastewater. The details of the 
system design are described, including the gas exchange 
and harvesting system as well as the essential monitoring 

and control instrumentation. This OMEGA prototype 
maintained viable microalgae cultures, recovered ammo-
nia-nitrogen (NH3-N) from wastewater, and sustained 
areal productivities at levels similar to those reported for 
other cultivation systems.  Furthermore, the prototype 
utilized supplemental CO2 with greater efficiency than 
other cultivation systems. These results support the pro-
posal that offshore microalgae cultivation, co-located 
with waste resources, can contribute to the production of 
biofuels without competing with agriculture [12, 13]. 

2. Materials and Methods 
2.1. Seawater Tank and Microalgal Cultures 

Experiments were conducted in an 8,800-liter seawater 
tank at the California Department of Fish and Game, 
Marine Wildlife Veterinary Care and Research Center in 
Santa Cruz, CA (Lat: 36° 57’ 13”, Long: -122° 3’ 56”).  
The tank was covered at night with a thermal pool blan-
ket to minimize heat loss.  A mixed culture of green 
microalgae used as the system inoculum was dominated 
by Desmodesmus sp. and grown in 19-liter glass carboys 
containing either BG11 medium (ATCC) or secondary 
wastewater effluent.  The carboys were aerated contin-
uously with a regenerative blower (Model VFC084P-5T, 
Fuji Blowers, Saddle Brook, NJ) and periodically inject-
ed with pure CO2 to lower the culture pH and provide a 
source of carbon. 

2.2. PBR System 
Tubular PBRs contained swirl vanes to enhance mixing 
by creating a spiral flow and were connected by pipes 
and fittings to each other and to the rest of the circulation 
system (Figure. 1).  The PBRs were constructed by 
welding sheets of 15-mil clear linear low-density poly-
ethylene (LLDPE) into tubes (I.D. 11.4 cm !  3 m long) 
using an AIE double impulse foot heat sealer (Industry, 
CA). The swirl vanes, improvised from polyethylene 
grain augers (Lundell Plastics Corporation, Odebolt, IA) 
were fixed inside a transparent schedule 40 polyvinyl 
chloride (PVC) collar (O.D. 11.4 cm !  5.1 cm long) with 
a steel pin.  The sharp edges of the PVC collar were 
removed with a bench grinder to prevent damaging the 
LLDPE.  The swirl vanes were spaced 0.9 m apart and 
held in place using cable ties wrapped around the collar 
on the outside of the PBRs.  

The ends of the PBR tubes were attached to 
cam-lock fittings (Model 400D, Banjo Corporation, 
Crawfordsville, IN) and connected in series by a 
U-shaped manifold constructed of two schedule 40 PVC 
90° elbows (10.2 cm).  The 10.2-cm cam-lock fittings 
on the PBR inlet and outlet were reduced to 5.1 cm to 
accommodate the transparent flexible PVC tubing that 
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was connected to the suction and discharge side of a cen-
trifugal pump (Model 1MC1D5D0,  

Figure 1.  OMEGA photobioreactor (PBR) tubes 
with swirl vanes.  PBRs were made of flexible, 
clear LLDPE connected with cam-lock fittings to a 
U-shaped PVC manifold.  The six swirl vanes (see 
insert enlargement) directed the flow into a helical 
path to improve mixing and light exposure of the 
microalgae.
 
ITT-Goulds, Seneca Falls, NY).  The speed of the cen-
trifugal pump was adjusted using a 1-HP GS-2 variable 
frequency drive (Automation Direct, Cumming, GA). A 
sensor manifold located before the pump inlet housed a 
paddlewheel flow meter (Model 2537, Georg Fischer 
LLC, Tustin, CA), pH probe (Model 2750, Georg Fisch-
er LLC, Tustin, CA), and dissolved oxygen (DO) sensor 
(Sensorex, Garden Grove, CA) and provided connection 
to the gas exchange and harvesting column (GEHC) 
(Figure 2). 

2.3. Gas Exchange and Harvesting Column 
(GEHC) 

The GEHC shown in Figure 3 was designed to: (1) 
manage concentrations of DO using an oxygen stripping 
device (OSD) based on a design by Barnhart [19], (2) 
supply CO2 to the microalgae culture and control pH, 
and (3) provide a settling chamber to collect aggregating 
microalgae for harvesting. Approximately 5% of the total 
system volume was diverted to the GEHC per minute, 
using a 12 VDC SHUR-FLO diaphragm pump (Model 
2088-343-135, SHUR-FLO, Costa Mesa, CA).  The 
pumping rate into the GEHC was adjusted by changing 
the voltage setting on the variable DC power supply 
(Model HY3005D, Mastec Power Supply, San Jose, 
CA). 

The culture from the PBR entered the GEHC 
through the OSD section and cascaded over five stacked 
PVC plates (20 cm2 each) housed in a pipe (schedule 40 
PVC: 15.2 cm diameter !  0.3 m) attached to the top of 
the GEHC with a rubber coupling (model 1056-63, 
Fernco Inc., Davidson, MI).  After the OSD, the culture 
entered the gas-injection pipe (schedule 40 clear PVC 

7.6-cm diameter !  2.13 m), containing a CO2 diffuser 
made from soaker hose (22 cm2) located 1.8 m from the 
top of the column. The compressed CO2 source was a 
mixture of 8.5% CO2 in air (V/V) to simulate the con-
centration of CO2 in typical flue gas [20].  The CO2 
input was regulated by a pH/temperature sensor (GF 
Signet 2750 pH sensor electronics, Georg Fischer LLC, 
Tustin, CA). 

After the gas-injection section, the culture enters the 
settling chamber, which consisted of a section of clear 
pipe (schedule 40 PVC 15.2 cm diameter !  0.91 m) with 
a ball valve (1.3 cm) drain at the bottom.  The culture 
entered from the gas-injection pipe, which protruded 0.3 
m into the settling chamber, and was capped to direct the 
outflow to the sides and prevent resuspending biomass 
collected at the bottom of the chamber. The culture re-
turned to the PBRs from the settling chamber through a 
pipe (schedule 80 PVC 1.3 cm diameter) with a flow 
meter (model F-40377LN-8, Blue-White Industries LTD, 
Huntington Beach, CA) and a pneumatic pinch valve 
(1.3 cm VMP Series, AKO Armaturen & Separations 
GmbH, Germany).  The pinch valve maintained a con-
stant liquid height in the GEHC, using a feedback signal 
generated by a pressure transducer (model 
PTD25-10-0015H, Automation Direct, Cumming, GA) 
in the settling chamber. 

2.4. Instrumentation and Control 
A custom instrumentation and control (I&C) system was 
constructed for process automation and data logging 
(Figure 4).  The pH and temperature sensors in the 
PBR and GEHC were connected to a GF Signet model 
8900 multi-parameter transmitter (Georg Fischer LLC, 
Tustin, CA). Output signals from the transmitter, GEHC 
pressure transducer, flow meter, and photosynthetically 
active radiation (PAR) sensor were attached to inputs of 
a DL06 programmable logic controller (PLC) (Automa-
tion Direct, Cumming, GA).  The PLC transferred data 
to a human-machine interface (HMI) created using 
LookoutDirect software (Automation Direct, Cumming, 
GA) that displayed real-time data and allowed operators 
to specify desired setpoints for the GEHC pH and liquid 
level.  Feedback control loops generated PLC output 
signals based on the difference between the actual value 
and the desired setpoint entered into the HMI.  When 
the pH in the GEHC exceeded the setpoint, the PLC 
output signal adjusted CO2 injection rates through an 
Aalborg mass-flow controller (MFC) (Aalborg, Or-
angeberg, NY).  Similarly, a current/pressure (I/P) 
transducer (Model IP610-060-D, OMEGA Engineering 
Inc. Stamford, CT), regulated by the PLC output signal, 
varied the pinch valve position as needed to maintain the 
desired liquid level in the GEHC.  The objective of both 
control loops was to minimize the difference between the 
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actual value and the desired setpoint.  DO was meas-
ured using a Sensorex DO probe (Sensorex, Garden 

Grove, CA) and data were recorded using a Craig Ocean  
 

Figure 2.  Inline sensors for pH, temperature, DO, and flow rate.  The culture was pumped from the PBR past the 
sensors.  Part of the circulating flow was diverted to the GEHC (see Figure 3) at the GEHC suction fitting by a positive 
displacement pump (not shown) and returned to the PBR flow at the GEHC return.  The valved bypass was used to 
isolate the sensors for cleaning and maintenance without disrupting the overall circulation.
 

Figure 3.  Gas exchange and harvesting column 
(GEHC) controls pH, removes settled microalgae 
and provides a location for wastewater addition 
into the PBR system.  An oxygen stripping device 
(OSD, top) designed to remove excessive 
concentrations of photosynthetically generated 
dissolved oxygen was built into the GEHC.  CO2 
is added by gas bubbles injected with the diffuser 
at a rate controlled by pH.  Biomass collected in 
the settling chamber is removed, whereas 
suspended microalgae are returned to the PBR 
(return flow pipe, left).  The pressure transducer 
controls a pinch valve position to maintain a 
consistent liquid level in the GEHC.  The volume 
of the GEHC was periodically harvested from the 
drain valve at the bottom and replaced with 
wastewater to replenish nutrients in the PBRs.

Systems (Ben Lomond, CA) data logger.  The physio-
logical condition of the microalgae was monitored con-
tinuously using a fast repetition rate fluorometer (FRRF) 
set up for flow-through operation. 

2.5. CO2 Mass Transfer 

The CO2 mass transfer efficiency for the GEHC was 
calculated based on the column height and the gas flow 
rate required to sustain a target microalgae productivity 
of 20 g m-2 day-1, in line with the average productivity 
cited by Putt et al. [21]. Several authors have noted that 
microalgae biomass is approximately 50% carbon 
[22-24], a value corroborated by elemental analysis of 
the algae grown in the OMEGA system (data not 
shown).  These values, together with a 2!  overdesign 
factor, were used in Equation (1) to estimate a peak gas 
injection rate of 0.5 lpm into the GEHC. 
 
! ! " # !

! ! "#$%!! ! " #$%&!! ! " # !! "

! ! " #$%!! " !! ! " #!! ! " !
       (1) 

 
The CO2 mass transfer efficiency was quantified for 

six different GEHC water column levels (0.3 m, 0.6 m, 
0.9 m, 1.8 m, 2.1 m or 2.7 m) using a transparent PVC 
test column (3 m !  7.6 cm). A diffuser (described 
above), used to inject CO2 (8.5% in air, V/V) into solu-
tion, was lowered to the bottom of the test column.  The 
0.5-lpm gas injection rate (from Equation 1) was con-
trolled using a precision rotometer (Model 
WU-03218-52, Cole Palmer, Vernon Hills, IL) calibrated 
with an Agilent ADM1000 Flowmeter (Agilent Tech-
nologies Inc., Wilmington, DE).  Tap water contained 
in a plastic barrel was weighed using an Ohaus Defender 
scale (Ohaus Corporation, Pine Brook, NJ) and the pH 
was adjusted to >11.00 with a known mass of NaOH.  
The mass of water corresponding to the desired liquid 
height was removed from the barrel and added to the test 
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GEHC (see Materials and Methods: GEHC).  The rela-
tive contribution of these different factors was not de-
termined.  

Figure 6.  DO concentration, PAR and FV/FM values for 
experiment 1 (left) and experiment 2 (right).  (Top) Mean 
hourly (± SE) concentration photosynthetically generated DO 
(solid line) increases and decreases as a function of PAR 
(dotted line).  (Bottom) The mean hourly Fv/Fm ratio (dotted 
line) overlaying the range of data points (shaded area) 
measured by FRRF indicates that the culture has maintained 
high photoconversion efficiency.  The slight suppression of 
the Fv/Fm ratio during mid-day is a result of photoinhibition 
caused by PAR intensity and elevated concentrations of DO 
(solid line).
 

At peak DO production and peak irradiance, there 
was a slight photoinhibition indicated by FV/FM meas-
urements, which dipped to 0.49 in experiment 1 and 0.54 
in experiment 2 (Figure 6, bottom).  Rubio and 
co-workers [31] noted that in long tubular PBRs DO 
buildup at high irradiance caused photoinhibition and 
they identified this as one of the greatest constraints on 
the scale-up of PBRs.  The solution for the OMEGA 
system is to adjust the ratios of residence time in the 
PBR to the transfer frequency to the GEHC, which de-
pends on PBR length, the number of GEHCs, and the 
flow rate.  In the OMEGA system the tested residence 
time of the culture in the PBRs was 20 min, based on a 
PBR length of 3.1 m, a 4.5% transfer to the GEHC, and a 
PBR flow rate of 86-130 lpm.   In the future, DO as it 
relates to photoinhibition can be managed for PBRs of a 
given length using real-time FRRF and DO data in the 
control logic algorithm to modify GEHC input and flow 
rates.  The size and configuration of the OSD can also 
be modified to increase the exchange of DO. In addition 
to DO management, the GEHC was where CO2 was in-
jected into the culture, both as a source of inorganic car-
bon for microalgae growth and to control the culture pH. 
Both carbon availability and pH control are dependent on 

efficient CO2 delivery, and both are critical to the 
productivity and economics of large-scale microalgae 
cultivation [23, 32-35]. Beal et al. [36, 37] have shown 
that commercial CO2 supply is one of the biggest con-
tributors to overall energy use and cost of microalgal 
biofuel production.   

Traditionally CO2 delivery systems, using sparging 
tubes bubbling into shallow cultures, resulted in 80-90% 
losses of CO2 to the atmosphere [21, 38].  Diffusion 
methods, using silicon membranes or hollow fibers re-
duce CO2 loss to the atmosphere but are cost prohibitive 
and prone to biofouling [21, 33, 39, 40]. Bubble col-
umns, like the GEHC, are simple, low cost, and capable 
of reducing CO2 losses to less than 20% [21, 38]. 

3.2. GEHC Mass Transfer Efficiency and 
Recycle Rate 

The CO2 mass transfer efficiency in a gas exchange 
column is influenced by the pH of the receiving liquid, 
by the height of the liquid column, which determines 
bubble contact time, by the size of the bubbles, which 
determines contact area, and by the CO2 content of the 
gas bubbles. Experiments with the GEHC indicated that 
higher pH and a taller column increased CO2 mass trans-
fer efficiency (Figure 7). In the OMEGA system tested 
here, however, site restrictions limited the gassing por-
tion of the GEHC to 1.8 meters, which gave a mass 
transfer efficiency of approximately 50% for the operat-
ing pH range in the GEHC of between pH 7.0 and 8.25.  
The overall volumetric mass transfer coefficient (KLa) 
was 0.21 min-1 (SE 0.01, n=3), and the mass transfer rate 
of CO2 was 1.69 ! 10-4 mol l-min-1 (SE 1.03 !  10-5, n=3).    

Assuming an areal productivity of 20 g m-2 day-1, 
the carbon consumption rate in the PBR was calculated 
to be 8.72 !  10-6 mol l-min-1.  Balancing the mass 
transfer rate in the GEHC with the carbon consumed by 
microalgae would require one minute in the GEHC for 
every 20 minutes in the PBR.  Therefore, 5 lpm (4.5% 
total system volume perminute) were diverted from the 
PBR to the GEHC for gas exchange. This pumping rate 
provided the GEHC with an overdesign factor of 1.5 to 
ensure that carbon consumption in the PBR did not ex-
ceed the injection capacity and limit microalgae growth. 

3.3. GEHC Operation 
Diverting only a portion of the culture for CO2 injection 
resulted in a pH differential between the PBR and GEHC 
(Figure 8, top).  This differential was greatest at times 
of the highest photosynthetic activity, which correlated 
with the highest PAR and highest gas injection rate dur-
ing the day when most inorganic carbon was consumed 
(Figure 8, bottom).  The control system could maintain 
the pH near the setpoint (7.60), indicating that the mass 
transfer rate of CO2 in the GEHC was not exceeded by 
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the rate of carbon removal in the PBR.  Thus the control 
system could monitor and deliver the amounts of CO2  

Figure 7.  Efficiency of CO2 mass transfer in the 
GEHC relative to the height of the column and the pH 
of the solution.  Data were obtained (n=76) 
experimentally using tap water, pH adjusted (>11.0) 
with NaOH.  For practical reasons a maximum 
column height of 1.8 meters was used.

demanded by the microalgae.  Furthermore, this system 
reduced CO2 losses as compared to “on-off” systems that 
produce hysteresis and potentially large variations from 
the desired pH setpoint [22, 32].  Further improvements 
in process control may be realized using predictive mod-
els to control pumping rates.  Rubio et al. [31] devel-
oped a predictive model capable of estimating carbon 
depletion in tubular bioreactors based on pH differential, 
which could be adapted for the OMEGA system by 
comparing pH in the PBRs versus the GEHC.  Further 
research is needed to determine how such pumping con-
trols could improve energy efficiency and biomass 
productivity. 

The details of harvesting intervals, biomass produc-
tion, and carbon utilization for both experiments 1 and 2 
are given in Table 1. Harvesting occurred every 0.83 to 
2.79 days, triggered by the depletion of NH3-N (see be-
low).  It was noted that microalgae accumulated in the 
settling chamber at the bottom of the GEHC hence the 
biomass in the GEHC was higher than in the PBRs by a 
factor of 2.0 ± 0.1 (n=7) in experiment 1 and 1.4 ± 0.1 
(n=7) in experiment 2. These calculated concentration 
factors were based on the total volume of the GEHC 
however, and therefore do not represent the concentra-
tions at the bottom of the settling chamber.  

Harvesting efficiency in the GEHC could be im-
proved by adding coagulants or by integrating an elec-
trocoagulation (EC) system, which produces coagulants 
in situ [41, 42].  The EC system is well suited for 
OMEGA because it has no moving parts and is easily 
automated [42, 43].  Furthermore, by adding a small 
amount of seawater to the culture isolated in the GEHC, 
which would increase its ionic strength, would lower the 

power required for EC and electrolysis would produce 
electrolytic chlorine, which could contribute to  

Figure 8.  The mean hourly (± SE) pH, gas flow, and PAR 
recorded during experiment 1 (left) and experiment 2 
(right).  Top: pH values measured inside the GEHC (solid 
line) compared to pH in the PBR (dotted line).  The 
differential between the GEHC and PBRs increases during 
the day due to carbon assimilation for photosynthesis.  
The rate of CO2 injection was controlled to maintain the 
GEHC pH setpoint during the day.  The slow decrease in 
pH at night is attributed to respiration.  Bottom: Gas flow 
rates (solid lines) indicating CO2 demand correlated with 
PAR (dotted lines), and inferred rates of photosynthesis.  
The pH of the GEHC and PBRs equalize at night due to 
respiration.
 
disinfecting the residual water before release into the 
environment [43, 44]. Additional research is needed to 
assess the EC harvesting process for the OMEGA sys-
tem. 

3.4. Carbon Utilization and Biomass Production 

The totalized volume of simulated flue gas (8.5% 
CO2/91.5% air V/V) injected into the GEHC and the 
biomass produced during experiments 1 and 2 are shown 
in Figure 9. The changes in gas utilization, which appear 
as a “staircase” in the plot, reflect the day/night cycles 
and the on-demand input of CO2. The curve slopes up-
ward during light periods due to increased gas flow re-
quired to satisfy the carbon demand for photosynthesis 
by the microalgae.  The curve plateaus during dark pe-
riods when there is no CO2 demand.  The biomass pro-
duced relative to the amount of CO2 injected was used to 
calculate the CO2 utilization efficiency (Table 1):  For 
experiment 1 the mean efficiency was 53.8% ± 4.0% 
(n=9) and for experiment 2 it was 60.2% ± 4.7% (n=7), 
with values from both experiments ranging from 31.6% 
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to 80.9%.  These measured CO2 conversion efficiencies 
correspond well to the CO2 solubility values obtained in  

 
 

Table 1. Harvesting frequency, biomass yields and mass of carbon injected into the GEHC used to calculate 
carbon conversion efficiency and areal biomass productivity during experiment 1 and 2.

Experiment 1 

Elapsed 
Time, Days 

Days 
Between 
Harvest 

Biomass 
Produced, g 

Carbon 
 Required, g 

Carbon 
Injected, g 

Carbon  
Conversion  

Efficiency, % 

Biomass 
Productivity, 
g m-2 day-1 

1.85 1.85 5.2 2.6 5.8 45.0 4.0 
2.83 0.98 8.4 4.2 8.2 51.3 12.3 
3.66 0.83 2.6 1.3 4.1 31.6 4.5 
4.79 1.13 13.4 6.7 13.1 51.1 17.0 
6.73 1.94 23.1 11.5 18.0 64.2 17.1 
8.75 2.02 15.3 7.7 12.9 59.4 10.9 
9.68 0.93 11 5.5 10.1 54.5 17.0 
12.5 2.79 29.3 14.7 19.6 74.9 15.1 
13.5 1.06 15.2 7.6 14.5 52.5 20.6 

Mean (SE) 13.7 (4.6) 6.9 (1.4) 11.8 (1.8) 53.8 (4.0) 13.2 (1.9) 

Experiment 2 
0.92 0.92 6.1 3.0 7.1 42.7 9.5 
1.87 0.95 8.1 4.1 6.4 63.7 12.3 
2.89 1.02 15.4 7.7 11.4 67.7 21.7 
4.89 2.00 23.1 11.6 19.3 59.9 16.6 
5.88 0.99 12.3 6.2 11.0 56.2 17.8 
6.82 0.94 8.3 4.2 8.3 50.2 12.7 
8.61 1.79 21.0 10.5 13.0 80.9 16.8 

Mean (SE) 13.5 (2.5) 6.8 (1.3) 10.9 (1.7) 60.2 (4.7) 15.3 (1.6) 

the titration experiment (see section 3.3).  Gas transfer 
in the OMEGA GEHC could be improved by using a 
taller column (greater contact time for rising bubbles), 
smaller bubbles (greater surface-to-volume ratio), or 
higher CO2 concentrations. The site restricted column 
height, available equipment determined the bubble size, 
and the CO2 concentration was chosen to simulate flue 
gas to determine if it would be adequate to support mi-
croalgae cultures in the prototype system.   

The observed productivity, normalized to PBR sur-
face area per day, averaged 13.2 g ± 1.9 (n=9), in ex-
periment 1 and 15.3 g ± 1.6 (n=7) in experiment 2 (Ta-
ble 1 & Figure 9 bars). In experiment 1, sampling peri-
ods one and three had low biomass yields.  The initially 
low yield, 4.0 g m-2 day-1, may have been due to a period 
of culture acclimation.  The second low yield on the 
third harvest cycle (4.5 g m-2 day-1) was due to a short 
incubation period with minimal light exposure (Figure 
9).  Despite these limitations, the average observed are-
al productivities were within the range of values reported 
for open ponds [10, 45, 46], although somewhat less than 

those reported for other PBR systems [5, 47]. This dis-
parity with other PBRs may be due to lower nutrient 
concentrations in the unsupplemented wastewater, the 
presence of grazers and/or pathogens, or to other limiting 
culture conditions (e.g., time of year or culture tempera-
ture). Long-term experiments are required to determine 
the limiting factors in the OMEGA system and its poten-
tial yields. 

3.5. OMEGA and Wastewater Treatment 
The OMEGA system used secondary wastewater effluent 
as a source of nutrients for microalgae cultures and the 
concentrations of ammonia [NH3] and nitrate [NO3

-] 
were monitored (Figure 10).  The rapid utilization of 
NH3 required periodic replacement of spent culture me-
dium with fresh wastewater.  Between 16% and 34% of 
the total system volume was harvested from the GEHC 
and replenished to increase the concentration of [NH3] 
(Figure 10; top). While [NH3] followed a consistent 
pattern of utilization and replenishment, the correspond-
ing [NO3

-] showed increases, decreases, or no change 
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(Figure 10, middle).  The increases in [NO3
-] were 

attributed to nitrification by ammonia-oxidizing bacteria,  
 

Figure 9.  Microalgal CO2 utilization and productivity in experiment 1 (left) and experiment 2 (right) with the day/night 
cycle indicated by vertical stripes.  Totalized gas flow (8.5% CO2 V/V) (bold black line) and biomass production 
(histogram).  The totalized gas flow has a “staircase” shape because CO2 was injected on demand; photosynthesis caused 
injection during the day (slope up), but not at night (plateaus). The histogram shows biomass production in the height of 
bars (right axis, g) and the time between harvesting in the width of the bars (bottom axis, days).

which are known to be present in wastewater [48]. The 
decreases in [NO3

-] observed in experiment 1 (days 5-8) 
and experiment 2 (days 1-3 and 4-6) were attributed to 
the depletion of NH3 and the utilization of NO3 as the 
microalgae’s secondary nitrogen source (Figure 10, 
middle). Changes in preferred nitrogen sources have 
been observed for other microalgae [49]. 

The calculated rates of ammonia removal varied, but 
were positive, whereas the rates of nitrate removal were 
both positive and negative; a “negative removal” rate 
means nitrate production (Figure 10, bottom). The NH3 
removal rate averaged 0.29±0.04 (n=12) and 0.49±0.03 
(n=11) mg 1-1 hr-1 for experiments 1 and 2, respectively.  
In contrast, NO3

- removal rates were predominantly posi-
tive during experiment 1 but predominantly negative in 
experiment 2. In both experiments the actual nitrate con-
centrations represented the combination of production 
and utilization at each sampling point.  A more effec-
tive utilization of total nitrogen may be achieved with 
longer retention times. 

These results indicate that microalgae growing in a 
prototype OMEGA system can contribute to biological 
nutrient removal in wastewater treatment.  It is well 
established that microalgae in ponds and other PBR de-
signs can effectively remove nutrients from wastewater 
[50-53]. It has also been demonstrated that microalgae 
can remove heavy metals [53, 54] and organic contami-
nants, including surfactants, phenols, and hydrocarbons 
[53, 55-57]. Research reported elsewhere indicates that 
the OMEGA system can also contribute to the removal 

of pharmaceuticals and personal care products as well as 
compounds of emerging concern [58].  

Combining microalgae cultivation with wastewater 
treatment can improve water quality and provide biomass 
for biofuels or other products, but it remains to be 
demonstrated that the economics and EROI of the com-
bined systems support its development [6, 9, 14]. 

4. Conclusion 
OMEGA has the potential of co-locating microalgae cul-
tivation with two major waste-streams from coastal cit-
ies: wastewater and CO2. By situating OMEGA systems 
in the vicinity of offshore wastewater outfalls and CO2 
sources, such as near-shore power plants, OMEGA can 
transform these waste streams into resources that pro-
duce biofuels and treat wastewater without competing 
with agriculture for water, fertilizer, or land [12].  The 
experiments presented here explored the technical feasi-
bility of OMEGA, using a 110-liter prototype system that 
was built and tested over a 23-day period.  Microalgae 
in secondary-treated wastewater circulated through PBRs 
floating in  seawater tanks and through a gas exchange 
and harvesting column, while a custom I&C system 
monitored and controlled critical culture parameters. 
Analyses indicated that the system was supersaturated 
with dissolved oxygen during the day due to photosyn-
thesis, but at the highest light levels there was only slight 
photoinhibition.  The system rapidly used the NH3-N in 
wastewater and had a CO2 conversion efficiency of 
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>50%; better than the 10-20% conversions in other sys-
tems [21, 38]. The areal productivity of the system aver-

aged 14.1 g m-2 day-1 overall with peaks above 20 g m-2  
 

Figure 10.  Time course for 
the addition and utilization 
of [NH3-N] (top), [NO3

-N] 
(middle), and removal rates 
(bottom) for experiment 1 
(left) and experiment 2 
(right).  As in Fig. 9 the 
day/night cycle is 
represented by white/gray 
shading and each line 
segment (top/middle) shows 
changes in nutrient 
concentration from the time 
of wastewater addition to 
harvesting, corresponding 
to “biomass production” 
bars in Fig. 9.   Removal 
rates (bottom) are shown as 
positive when nutrients 
were depleted or negative 
when nutrient 
concentrations increased. 
The NH3 removal rates 
(black bars) were always 
positive, but NO3

-N removal 
rates (grey bar) were 
occasionally negative due to 
nitrification.   The 
microalgae preferred 
NH3-N as their nitrogen 
source and consume NO3

-N 
once the supply of NH3-N 
was exhausted. 

day-1, values consistent with reported U.S. average mi-
croalgae productivity of 13.2 g m-2 day-1 [58].  The mi-
croalgae consistently removed >90% of the NH3-N from 
the secondary-treated municipal wastewater tested.  
This result, combined with observations that the OME-
GA system can remove other wastewater contaminants 
[59], suggests that a scaled-up system could provide ef-
fective wastewater treatment services. 

Many open questions remain with regard to the fea-
sibility of large-scale OMEGA systems.  The 
small-scale prototype OMEGA system was intended for 
experimentation and was not designed for energy effi-
ciency or economical scale up.  For large-scale OME-
GA deployment dense configurations of PBRs, improved 
hydrodynamics, optimized pumping and mixing, and 
more sophisticated process control algorithms will be 
needed to increase yields, improve EROI, and lower op-
erating costs.  In addition to the EROI and economics, 

questions about the impact of biofouling, concerns about 
engineering systems that can cope with marine environ-
ments, and environmental issues around both environ-
mental impact and environmental regulations will need 
to be answered.  It remains to be seen if the need for 
sustainable biofuels will drive the innovation necessary 
to address these questions to develop large-scale OME-
GA systems.  
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Highlights 
 

 Microalgae cultures were dewatered using forward osmosis membranes and seawater 
 Average dewatering rates of 2 l/m2·hr 
 Marine biofouling did not impact dewatering rates unless it damaged membranes  

 
 Abstract 

Microalgae are known to be an excellent source of biofuels, but there are many issues 
with the scale and economics of their cultivation.  In particular, dewatering methods, such 
as centrifugation and tangential flow filtration, are prohibitively energy intensive. In this 
study forward osmosis (FO) is considered as a partial dewatering method for microalgae 
growing on wastewater in a marine environment. Using artificial seawater as the draw 
solution average dewatering rates of 2 l/m2 membrane/hr (range 1.8-2.4 l/m2!hr) were 
observed and volumes decreased by 65-85%. For a single membrane, daily-dewatering 
rates did not significantly change in 14 consecutive experiments. Hourly dewatering rates 
did not gradually decrease, as might be expected, instead the dewatering rate oscillated 
throughout each experiment. Exposing an FO membrane in the ocean for 45 days, caused 
significant biofouling on its surface, but its dewatering did not change.  Exposing three 
FO membranes in the ocean for 52 days also caused significant biofouling, but in this 
experiment all membranes developed leaks that allowed saltwater to pass. These 
experiments suggest that FO may be an energy-saving step in dewatering freshwater 
microalgae if an appropriate draw solution is available and if conditions are controlled to 
prevent leakage.  
 
Keywords:  osmosis, microalgae harvesting, dewatering, biofouling, biofuels, OMEGA 

 
 
INTRODUCTION 

The growing interest in microalgae as a feedstock for biofuels has focused attention on 
engineering large-scale cultivation systems that do not compete with agriculture for water, fertilizer, or land 
[1].  One approach that has been proposed for coastal cities is to grow freshwater microalgae in 
photobioreactors (PBRs), floating in seawater, using municipal wastewater from offshore outfalls [2].  The 
system called “OMEGA” (Offshore Membrane Enclosures for Growing Algae) is designed to use 
wastewater for nutrients, a nearby source of CO2 for carbon, and it uses the heat-capacity of the 
surrounding water to cool the PBRs, wave energy for supplementary mixing, and the salt content of the 
surrounding seawater to prevent the cultivated freshwater algae from becoming invasive species in the 
marine environment [3].  It has also been suggested that the salt gradient between wastewater and seawater 
can be used for forward osmosis (FO) to assist in the algae dewatering process [3] .      

FO has been applied to a variety of dewatering processes, including biosolids separation in 
wastewater treatment [4] [5], concentration of industrial wastewater, and dewatering of landfill leachate [5] [6].  
FO is also used in food processing, for example, to thicken tomato juices for the production of ketchup and 

                                                
   Abbreviations: FO is forward osmosis; BG-11 a common microalgal growth medium; l/m2!hr liter per 
square meter of membrane per hour 
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to make fruit juice concentrates [7] [8] [9].  The FO process uses an osmotic gradient across a semipermeable 
membrane to draw liquid (permeate) through the membrane, while concentrating a broad range of solutes 
that do not pass through the membrane (retentate).   The draw solution produces a trans-membrane osmotic 
pressure that pulls water through the membrane, while the membrane itself acts as a barrier to most salts, 
organics, and particles. The principle of FO and its applications have been recently reviewed [5]. 

 
Oleaginous microalgae, which range in size from 2 to 50 μm may have cell densities of <1.0 g/L, and must 
be concentrated or even brought to near dryness for making biofuels [10].  Current dewatering methods 
involve multiple steps that usually include chemical or biological flocculation [11], centrifugation [12] [13], 
and/or filtration [14] as well as some form of spray or thermal drying [15]. It is estimated that these 
dewatering and drying steps account for 20-30% of the total energy costs in microalgae biofuel production.  
In the ongoing effort to reduce production costs, large scale, low energy, and low cost dewatering methods 
are of interest.  FO membranes can be used for large-scale dewatering in a wide range of contexts provided 
1) there is a readily available or easily produced draw solution, 2) the substance of interest does not pass 
through the FO membrane, and 3) the contents do not inactivate or damage the membrane.  For industrial 
purposes, draw solutions are typically salts that naturally occur in brackish water, seawater, or hypersaline 
water, but they can include any osmolyte, such as glucose and fructose [16].  
 
To use FO for dewatering microalgae growing in wastewater in the proposed OMEGA system would 
require that the FO membrane is not influenced by the microalgae or their growth medium and that the FO 
system functions in the marine environment.  Here, we investigated flat-sheet cellulose triacetate FO 
membranes for dewater freshwater microalgae, Chlorella vulgaris, grown in either an artificial medium or 
municipal wastewater, using artificial or natural seawater as draw solutions.  We also investigated the 
impact of biofouling on FO membranes by comparing dewatering rates through membranes exposed in the 
ocean environment or stored in the laboratory for 45 and 52 days.  We discuss the potential use of FO as an 
initial dewatering step in large-scale microalgae harvesting and for advanced wastewater treatment.  

 
MATERIALS AND METHODS 
Cultures, media, and membranes 
A culture of Chlorella vulgaris, obtained from Arizona State University, was grown in either BG-11 
medium prepared as described by the American Type Culture Collection (ATCC) or in filtered wastewater 
effluent obtained from the Sunnyvale Municipal Wastewater Treatment Plant (Sunnyvale, CA).  It has been 
proposed that large-scale algae cultivation will use wastewater effluent, which is why it was used as a 
growth medium.  Algae concentrations on both BG11 and wastewater ranged from 0.5-2.0 gram per liter 
(after 10-day incubations). 
 
Experiments were done using either intact X-Pack Hydration bags produced by Hydration Technology 
Innovations (HTI) or using FO test chambers made by modifying X-Pack Hydration bags. Intact X-Pack 
bags have FO membranes, consisting of an active layer of cellulose triacetate on a robust non-woven 
polyester polyethylene backing that is enclosed in a plastic envelope. FO test chambers are modified X-
Pack bags in which the plastic exterior envelope is removed, exposing the inner FO chamber. The 
membranes have a nominal pore size of 3-5 Å and an area of approx. 0.09 m2. The algal culture was put 
inside the modified “FO chamber” against the active layer of the membrane and the backing layer was 
exposed to the saltwater outside.  Prior to use, each membrane was rinsed inside and out with deionized (18 
m" ) water.   
 
FO dewatering tests 
Preliminary dewatering tests were done with the intact X-Pack hydration bag. Feed solutions (250 ml) 
consisted of either BG-11 media or a culture of C. vulgaris in BG-11. The draw solution (750 ml) was 35 
g/l NaCl in water. Dewatering rates were obtained by measuring the increase in volume of the draw 
solution. For each volumetric measurement, the draw solution was emptied into a graduated cylinder and 
then poured back into the bag. The X-Pack bag experiments were not agitated and were considered 
complete when the volume inside the chambers decreased by at least 80% from the starting volume.   
 
FO performance tests 
Fouling tests were done using FO test chambers filled with 1 liter of culture and floated in a bath containing 
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190 liters of saltwater (35.5 g/l NaCl). The first four tests were conducted with C. vulgaris grown in BG-11 
and the subsequent 10 tests were conducted with C. vulgaris grown in wastewater effluent. The salt bath 
was agitated with a wave paddle to prevent stratification and the FO test chamber floated on the surface 
during testing. Dewatering rates were calculated by weighing the FO chambers approximately every hour 
until the volume inside the chamber had decreased by at least 80%, approximately six hours. Weights were 
determined by removing the FO chamber from the saltwater bath, drying it with paper towels, and then 
weighing the FO chamber using a top-loading microbalance (Ohaus I-10, Florham Park, NJ). The error due 
to drying and weighing was calculated by repeatedly wetting, drying, and weighing the same chamber. 
Between experiments, FO chambers were rinsed three times with deionized (18 m" ) water and stored wet 
at below 10ºC.   
 
Dewatering rates for the laboratory and ocean experiments are reported as the average dewatering rate over 
the first four hours of dewatering. While the data may not have been taken precisely on the hour for each 
experiment, the values reported were calculated to correspond to hourly measurements using a weighted 
average. The weighted average was calculated with the two measurements taken before and after the four-
hour mark. The difference in time between each measurement and the hour was the basis for weighting a 
value.  

 
 
Ocean experiments 
For the first ocean experiment, three FO chambers were filled with 1 liter of water collected from Soquel 
Creek.  The FO chambers were attached to a weighted rope, and lowered to approximately 1m below the 
surface in the Monterey Bay off the lower dock of Capitola pier (Capitola, CA).  The FO chambers were 
oriented vertically throughout the experiment. Salinity of the Soquel Creek water and seawater in Capitola 
were measured using conductivity and calculated in accordance with the AWWA Standard Method 2520B 
Electrical Conductivity [17].   

  
Dewatering rates were monitored approximately every hour for at least four hours by retrieving the FO 
chambers and measuring the residual volumes of creek water.  The volume was measured by transferring 
the contents of the chambers to a 1000 ML graduated cylinder.  After each measurement, the creek water 
was returned to the same FO chamber and re-submerged.  This process was repeated until 85-95% of the 
creek water was removed by osmosis.  
 
For ocean fouling experiments, FO chambers were soaked for 17 hrs in deionized water at ambient 
temperatures before one FO chamber was attached approximately 0.5 meters below the surface on an 
offshore buoy. The other two FO chambers were stored in the laboratory at ambient temperature in a closed 
bucket filled with seawater from Capitola. After 45 days, the FO chamber on the buoy was retrieved and 
the three FO chambers were tested for dewatering rates.   
 
In a follow-up experiment, three FO chambers were attached to the offshore buoy. Approximately every 
two weeks one FO chamber was removed and photographed. After 52 days of ocean exposure all three FO 
chambers were removed and tested for dewatering rates.  
 
Dewatering rates are reported as the average rate over the first four hours of each experiment. If the volume 
was not measured at exactly four hours, a weighted average (described above) was calculated to 
approximate the volume at exactly four hours.  
 
RESULTS AND DISCUSSION 
 
Dewatering of Chlorella vulgaris with FO membranes 
The dewatering rates of C. vulgaris were measured using commercially available FO systems called X-
Pack bags and modified versions of these FO bags referred to as “FO chambers” (see Materials and 
Methods).  The FO membranes in both the commercially available bags and the FO chambers have a 
smooth cellulose triacetate side and a plastic-backing side.  Preliminary experiments indicated the 
microalgae were entrapped in the backing, making it difficult to clean, but were not entrapped on the 
smooth side of the membrane.  Therefore experiments were conducted with the microalgae on the smooth 
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side and the draw solution on the rough side of the FO membranes.   
 
Two initial dewatering experiments were conducted to determine if the algae impacted the dewatering rates 
of FO membranes using artificial seawater as the draw solution. In one experiment the dewatering rates of 
C. vulgaris in BG-11 growth medium was measured and in the second experiment BG-11 alone was 
measured. The conductivity of the BG11 was measured to be 2.6 ms/cm and the addition of C. vulgaris did 
not significantly change the conductivity.  For comparison, the conductivity of seawater is 5.0x105 ms/cm.  
For C. vulgaris in BG-11 the rates ranged from 1.4 to 2.4 l/m2!hr (avg = 1.9 Std. Dev. 0.5; n= 3) and for 
BG-11 alone the rates ranged from 0.9 to 2.2 l/m2!hr (avg = 1.6 Std. Dev. 0.9; n= 2). The variation in rates 
may have been due to mixing, which was difficult in the whole X-pak.  There was no significant difference 
between the dewatering rates, which indicated the algae did not interfere with forward osmosis. 
 
 
 
Dewatering performance of a single FO membrane with repeated use:  
To determine the reproducibility of dewatering rates and the performance of an FO membrane, a single FO 
chamber was tested sequentially 14 times (Fig. 1). The average dewatering rate over the 14-day period was 
2.1 l/m2!hr with a standard deviation of 0.17 l/m2!hr. In the first four tests, the dewatering rates of 1 liter of 
C. vulgaris (stationary phase culture) in BG11 decreased from 2.4 to 1.9 l/m2!hr (avg. = 2.2; Std. Dev. 0.47; 
n=4)(Fig. 1 light gray bars). The gradual decrease in rates was not significant in light of the observed 
variability. The next ten dewatering tests were done with C. vulgaris in to municipal wastewater (effluent) 
from Sunnyvale, CA. In these tests, dewatering rates ranged from 2.2 to 1.8 l/m2!hr (avg = 1.9; Std. Dev. 
0.17; n= 10).  Tests 5 and 11 had rates that were nearly as high as test 1 and only tests 8 and 12 had rates 
below 2 l/m2!hr. Over the 4-hour period in these experiments, the algal cultures were dewatered by between 
65% and 85%.  This is about a 21% increase in algae concentration per hour and a doubling in 
concentration in 2.4 hours.  In these experiments the difference between the salt content of both BG11 and 
wastewater compared to artificial seawater allowed FO dewatering to continue beyond 85% without a 
noticeable change in flux rates.  We did not determine the point at which the salts in BG11 or wastewater 
stopped the FO process. (The conductivity of a wastewater sample was measured to be 1.5 ms/cm).    
 
Previously reported FO dewatering rates for wastewater are significantly higher than the rates reported 
here.  For example, Holloway and coworkers [18] observed FO dewatering rates of approximately 5 to 9 
l/m2!hr, using filtered and unfiltered water from anaerobic digesters and 35-70 g/L NaCl as the draw 
solution. Rates of 18 l/m2!hr and 24 l/m2!hr were reported for 3x and 2x wastewater concentrates 
respectively, using 100 g/l NaCl as the draw solutions [5].  These differences may be attributed to the higher 
salt concentrations in the draw solutions (we used 35 g/l to approximate seawater) and to differences 
between the systems. The systems mentioned above both used FO membranes in a modified SEPA cell in 
which tangential flow induces shear, which clears particles and ions causing clogging or concentration 
polarization. For inexpensive drying, transportation, and processing algal biomass must be dewatered to in 
some cases to approximately 20% solids and in other cases to dryness depending on the specific 
downstream process [19]. 
 
For each of the 14 dewatering tests, there were four dewatering rate measurements made at hours 1, 2, 3, 
and 4.  The avg rate for the first hour was 2.6 l/m2!hr with a std. dev. = 0.43 (n=14), for the second hour the 
avg was 2.3 l/m2!hr, std. dev. = 0.45, for the third hour the avg was 1.9 l/m2!hr, std. dev. = 0.57, and for the 
fourth hour the avg was 1.1 l/m2!hr, std. dev.= 0.61.   The average hourly dewatering rates showed a 
significant decreasing trend from the first hour (2.6 l/m2!hr) to the fourth hour (1.1 l/m2!hr) (Student t-test, 
t<0.05).  There was however, an observed variability between samples that could not be explained, 
although it was determined not to be due to methodical errors. It was determined that change in the salinity 
of the water bath was <0.35 g NaCl!l-1 and the maximum error due to drying and weighing the FO chamber 
was <1% of the weight of a dry FO chamber,.  While it is difficult to account for the observed variability, it 
may have been due to  microalgae, bacteria, and inorganic precipitates which reversibly interact with the 
surface of the FO membrane and influence its effective surface area and charge characteristics.   Variations 
in FO dewatering rates are typically attributed to membrane fouling and clogging, which creates internal 
and external concentration polarization, effectively reducing the active surface area of the membrane and 
therefore the membrane flux rates [5]. 
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The dewatering potential FO is compared to other methods used for harvesting microalgae in Table 1. 
While FO has relatively low energy requirements, the harvesting rate and maximum solids concentration 
were lower than established harvesting methods. Suspended air flotation has the lowest energy 
requirements, while centrifugation has the highest concentration potential. The optimal harvesting method 
or combination of methods will depend on the strain of microalgae and the requirements of the downstream 
processes (% solids or dryness).  Other considerations, would include the location of the algae cultivation 
facility and if wastewater treatment is part of the process.  In the case of OMEGA, both the offshore 
location for algae cultivation and wastewater treatment are part of the proposed process, suggesting FO 
could be a useful part of the process, if the FO membranes can function in the marine environment.   
 
 
Table 1:  Comparison of forward osmosis with established microalgae dewatering methods.  

Microalgal dewater  
methods 

Energy input 
(kWh/m3) 

Solids 
concentration  

Relative harvesting 
Rate 

    Reference 
 

Forward Osmosis 0.3 up to 2% Slow Semiat, 2010 

Sedimentation 0.1 up to 3% Very slow Uduman et al., 
2010 

Dissolved Air 
Flotation 

1.5 to 20 up to 5% Medium Wiley et al., 
2009 

Suspended Air 
Flotation 

3 x 10-3 up to 5% Medium Wiley et al., 
2009 

Tangential flow 
filtration 

2.06 up to 4% Medium-Fast Uduman et al., 
2010 

Centrifugation 8 up to 12% Fast Schenk et al., 
2008 

 
 

Dewatering performance after ocean exposure  
Three FO chambers filled with freshwater from Soquel Creek were suspended in the Monterey Bay for six 
weeks. The dewatering rates were observed to be between 1.3 l/m2!hr and 2.4 l/m2!hr for the first two tests 
(Fig. 2, Day 1 and 2). After 5.4 hours the FO chambers were on average 87% dewatered (range 82%-92%). 
For each experiment, dewatering rates increased for the first two hours and then steadily decreased with 
time, indicating that maximum flux is reached after the membrane pores have been thoroughly wetted. The 
salinities for the Soquel Creek water and seawater were 0.5 g/l and 33.6 g/l, respectively. After the 
preliminary dewatering tests, one of the FO chambers was attached to a buoy in the ocean and the other two 
were stored in the laboratory.  After six weeks in the laboratory, the FO chambers were relatively clean 
(Fig. 3a), while the bay-exposed FO chamber accumulated biofouling, including a layer of macroalgae on 
the outer surface, which was the plastic backing (Fig. 3b). This biofouling was not removed from the 
membrane prior to the dewatering test.  In these experiments with six weeks of either marine exposure or 
laboratory storage, the observed dewatering rates did not significantly decrease compared to the first two 
runs (Fig. 2, Day 45). After 4.7 hours, the bay-exposed FO chamber was 80% dewatered and the 
laboratory-stored FO chambers were 80% and 84% dewatered.  
 
This initial experiment indicated that biofouling on the outside of the FO membrane did not decrease flux 
rates, but a second experiment in which three FO chambers were attached to a buoy for 52 days, resulted in 
heavier biofouling, which included a conspicuous layer of seaweed and invertebrates, including 
crustaceans.  In this experiment all three of the membranes developed leaks (Fig. 3c).  It was not 
determined what caused these leaks, although observations under the microscope suggested the holdfasts 
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from seaweed or crustacean claws could puncture the cellulose triacetate layer directly or put added 
mechanical strain on the membrane and induce leaks through repeated flexing due to water motion. This 
result suggests that to be used for dewatering in an exposed marine setting, sheets of FO membranes must 
be engineered to withstand intrusive biofouling and mechanical damage.  Future experiments with 
protective netting around the FO membranes could help resolve this issue and minimize the effects of 
biofouling. 
 
CONCLUSION 
 
Here, it was demonstrated that currently available FO membranes could provide an initial dewatering step 
for harvesting microalgae provided 1) slow rates of dewatering are acceptable and 2) problems with 
biofouling and mechanical damage of the membranes can be overcome. Previous forward osmosis studies 
using seawater as a draw solution to concentrate and recover heavy metals from dilute industrial 
wastewater, revealed the limitation of the system due to internal concentration polarization and reverse 
solute flux [5]. In future studies on large-scale algae cultivation in conjunction with wastewater facilities, the 
combined effects of algae and FO on wastewater quality and the impact of reverse solute flux on algae 
products should be investigated. For both wastewater treatment and algal biofuels, low-energy FO methods 
may improve the quality of wastewater released into the environment and may be combined with other 
harvesting methods to increase the techno-economic potential of biofuels.   
 
Acknowledgements 
We thank Michael Flynn and Jack Herron for consultation and the staff of the Capitola Boat and Bait Store 
for assistance. We thank Brandi McKuin and Shirley Fauth for editorial assistance.  The research was 
funded through a collaborative project with Google called “Global Research into Energy and the 
Environment at NASA (GREEN).”  
 
References 
[1] R. H. Wijffels and M. J. Barbosa, Science 2010, 329, 796-799. 
[2] J. Trent, P. Wiley, S. Tozzi, B. McKuin and S. Reinsch, Biofuels 2012, 3. 
[3] J. Trent, Marine Scientist 2010, 30, 326-338. 
[4] S. Gormly, V. Adams, T. Cath, A. Childress, M. Flynn and E. Beaudry, In 
Proceedings of the 33rd International Conference on Environmental Systems, Vancouver 
BC 2003. 
[5] T. Cath, A. Childress and M. Elimelech, J. Membr. Sci. 2006, 281, 70-87. 
[6] R. J. York, R. S. Theil and E. G. Beaudry, (Sardinia, Italy) 1999. 
[7] J. Herron, E. Beaudry, C. Jochums and L. Median in U.S. Osmotic concentration 
apparatus and method for direct osmotic concentration of fruit juices., Vol.  United 
States, 1994. 
[8] K. Petrotos and H. Lazarrides, J. Food Eng. 2001, 49, 201-206. 
[9] K. Petrotos, P. Quantick and H. Petropakis, J. Membr. Sci. 1998, 150, 99-110. 
[10] C. Gudin and C. Therpenier, Adv. Biotechnol, Processes 1986, 6, 73-110. 
[11] O. Hee-Mock, S. J. Lee, M. H. Park, H. C. Kim and J. H. Yoon, Biotechnol, Lett. 
2001, 23, 1229-1234. 
[12] M. Heasman, J. Diemar, W. O'Connor, T. Sushames, L. Foulkes and J. A. Nell, 
Aquacult 2000, 31, 637-659. 
[13] M. Huntley and D. Redalje, Global Change 2007, 12(4), 573-609. 
[14] N. Rossignol, L. Vandanjon, P. Jaouen and F. Quemeneur, Aquacult, Eng. 1999, 20, 
191-208. 
[15] G. R. Cysewski in Ocean-chill drying of microalgae and microalgal products. , Vol. 
5,276,977 United States, 1994. 
[16] W. L. Tang and H. Y. Ng, Desalination 2008, 224, 143-153. 



     31

   

7

[17] L. Clesceri, A. Greenberg and A. Eaton in Standard Methods for the Examination of 
Wastewater Vol. 20th Edition United Book Press, 1998. 
[18] R. Holloway, A. Childress, K. Dennett and T. Cath, Water Res. 2007, 41, 4005-
4014. 
[19] P. Wiley, J. E. Campbell and B. McKuin, Water Environment Research 2010, 83, 
326-338. 
 
 
 
 
 
Figures 
 

 
 
Figure 1: Dewatering performance of a single FO membrane with 14 consecutive dewatering tests. 
Chlorella vulgaris in BG11 medium (gray bars) or added to secondary wastewater effluent from Santa Cruz 
Wastewater Treatment Facility in Santa Cruz, CA (black bars). Dewatering rate is calculated as the average 
dewatering rate over the first 4 hours of dewatering. The average dewatering rate was 2.1l/m2!hr, std. dev. 
0.17 l/m2!hr.  
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Figure 2:  FO membrane performance. Average dewatering rates after four hours for Soquel Creek water 
using seawater as the draw solution. day 45 shows the ocean-exposed chamber and the two laboratory-
stored chambers. The grey and black bars represent the laboratory-stored chamber and the light grey bar 
represents the ocean-exposed chamber.  
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Figure 3: Appearance of FO bags after exposure to the marine environment. (a) FO chamber stored in 
artificial seawater in the laboratory for 45 days, (b) FO chamber in recovered from Monterey Bay after 45 
days (3/20/09-5/4/09) and (c) FO chamber recovered from Monterey Bay after 52 days (10/11/09-12/2/09).  
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APPENDIX D: 
Wireless ISFET pH sensor network for offshore microalgae cultivation 
Proceedings of the ASME 2012 International Mechanical Engineering Congress & Exposition 
IMECE2012  November 9‐15, 2012, Houston, Texas, USA 
 
 
Summary 
Microalgae  technology continues  to show  tremendous promise  for becoming a major source of renewable 
transportation fuel in the coming decades. However, for microalgae to provide a significant fraction of the 
current US  demand  for  fuel,  their  cultivation will  be  required  on  an  enormous  scale. One  of  the many 
formidable  challenges  that must  be met  to  achieve  this  scale  is  the  development  of  appropriate  sensor 
networks  to  provide  information  about  the  growth  conditions  and  the  algae  themselves.  These  sensors 
would monitor the heterogeneity of a) environmental parameters, such as pH, oxygen, and nutrient levels 
and  b)  algal  characteristics  such  as  size,  oil  content,  and  viability. Here we  present  a wireless  sensor 
network  to measure  the  local pH  in NASA OMEGA project  (Offshore Membrane Enclosures  for Growing 
Algae).  The pH is measured using Ion Sensitive Field Effect Transistor (ISFET) technology, which is more 
robust and has a  faster  response  than  traditional glass pH electrodes.   A custom circuit drives  the  ISFET 
sensor and  interfaces with an ANT wireless network system.   The wireless network consists of a network 
hub which can service up to 8 sensor nodes and a series of relays to transmit the data to a PC.  The data is 
logged with a custom LabVIEW program.  In this work, we demonstrate operation of this network using a 
single  ISFET  pH  sensor,  one  hub,  and  two  relay  units.    The  performance  of  the  pH  sensor  network  is 
evaluated and compared in parallel with an existing wired glass electrode based pH monitoring system at 
the NASA OMEGA project. 
 
INTRODUCTION and motivation 
  One of  the preeminent challenges  facing scientists and engineers  in  the 21st century has been and 
will  likely  continue  to  be  the  development  of  economically  and  technically  feasible  renewable  energy 
technologies.  While  many  of  these  efforts,  such  as  wind,  solar,  and  geothermal,  address  electricity 
generation, there are relatively few options to consider for transportation fuels which account for over 1/3 of 
the US energy needs [1].  Biofuels, from corn or other plant products, have tremendous promise as they can 
serve as a drop‐in replacement  for use  in our existing  infrastructure. However,  there  is real concern over 
whether “conventional” bio‐feedstock can be viable replacements for fossil fuels due to their need for arable 
land, high water usage, and  relatively  long growth cycle. Microalgae, on  the other hand, does not  suffer 
from these same limitations and many researchers 
 
 
For the experiment presented in this work, one wireless pH sensor was constructed to be compatible 
with standard 3/4ʺ PVC fittings,  located on a sensor manifold  in the OMEGA system that sampled 
the flow at the exit of the photobioreactors.  To facilitate more in‐depth troubleshooting of the circuit 
board, the circuitry was not enclosed in a PVC pipe section for this experiment.  Instead, the board 
was  left open  in a small plastic box with a plastic sheet  to prevent rain entering  the compartment.  
The PVC barrier was left in place.  No leaks through this barrier were observed through the course 
of this experiment.  
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Figure 3: Simplified block diagram of primary ISFET sensor electronic components 

 
This pH sensor was  installed on the sensor manifold  in parallel with the existing OMEGA system, 
which used a pH electrode supplied by Cole‐Parmer (Vernon Hills, IL).  The wireless system logged 
data from 22 March 2012 to 2 April 2012, stopping only when the battery in the sensor was depleted.  
In addition, the sensor circuit’s calibration was checked on 20 March 2012 and 6 April 2012. 

DISCUSSION OF RESULTS 
The  evaluation  of  calibration  stability was  accomplished  by measuring  the  voltage  output  of  the 
sensor circuit  in standard pH buffer solutions of pH 7 and 10, at a  time before and after  the main 
data collection run of this experiment.  These data are given below in Table 1.  This demonstrates a 
very  stable  calibration  for  the  ISFET  sensor,  moving  less  than  2  percent  in  17  days.   
 
Table  1:  ISFET  sensor output voltage  in pH  calibration  standards before  and  after  the present 
experiment 
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n, the network was configured to save the data beginning on 22 March 2012.  This data logging 
continued with l 
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ed 
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until 
2 
Apri
l 

2012, when 
the battery 
in the sensor node was depleted.  The 3‐volt CR123A battery cells were also used in the hub and 
relay units, and were not depleted at the end of this experiment.  The observed interruptions in the 
data were due to a program failure in one of the relay units.  Programming‐based solutions for this 
problem  
   

 

Figure 5: Offset pH vs. time.  This gives the difference between the wireless and wired data as a function of time.

Figure 4: Wireless and wired pH data from 22 April 2012 - 3 April 2012. The flat region in the wireless data represents 
network downtime.  Vertical groups of outlying data points from the wired data represent points in time where the 
OMEGA sensor manifold was taken offline.
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are  currently  being  explored.    Interruptions  in  the  data  can  be  seen  as 
uncharacteristically  flat  portions  of  the wireless  data  signal  in  the  plot 
given in Figure 4.   
Figure  4  is  the  plot  over  time  of  the  wireless  pH  data  alongside  the 
existing wired system at OMEGA.  From this figure it can be seen that the 
general  trend  of  the wireless  pH  data matches  the  daily  cycling  of  the 
wired pH data, but has a significant positive offset from it.  This offset, the 
difference between the wireless and wired pH data, is plotted in Figure 5.  
This also exhibits a daily cyclical variation, and a close  inspection of  the 
data shows that the pH offset is greater at lower measured values of pH, 
giving a suggestion of a nonlinear response  in one or both of  the sensor 
systems.    Subsequent work  is  planned  to  characterize  this  condition  in 
more detail.   
The  physical  integrity  of  the  system  remained  excellent  throughout  the 
duration of the experiment.  The enclosures for each component remained 
intact and sealed during exposure to wind and rain.   There were no long 
wires that risked damage in this configuration, while the sensor cables for 
the wired  system  needed  to  be  retrofitted  to  prevent water  entry  at  its 
connection points.  A larger scale experiment with more components, with 
a duration of at least one complete maintenance cycle for a wired system 
would verify  the  superiority of  a wireless  system  from  a  reliability  and 
maintenance perspective. 

CONCLUSIONS AND FUTURE WORK 
In  this  work,  a  wireless  ISFET  pH  sensor  has  been  demonstrated  in 
operation  in  the  context  of  the OMEGA microalgae  cultivation  system 
designed for offshore use and prototyped in conditions replicating a near‐
shore  protected  waterway.    The  calibration  stability  has  been 
characterized,  and  the  difference  in measurement  between  the wireless 
device and a parallel wired system has been examined.  The performance 
characteristics of the sensor and the reliability of the data communication 
show promise for this technology to be featured in monitoring systems for 
large scale algae cultivation operations, including those located in marine 
environments. 
Additional  experiments  are  planned  along  several  lines  of  inquiry.  
Additional data  on  the  ISFET performance  can  be  collected  by  running 
additional data collections  in parallel with other monitoring systems and 
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by  comparison with  a  frequently  calibrated  pH measurement  standard.  
The  analog/digital  conversion  capability  of  the ANT modules  suggests 
that the wireless communication method can be extended to other types of 
sensors of  interest  to algae cultivation operations,  including  temperature 
and dissolved oxygen probes.  Further programming refinements with the 
ANT modules  can  allow more  complex  and  larger networks of  sensors, 
and  additional  safeguards  to  programmatically  ensure  robust 
autonomous operation. 
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Appendix E:  OMEGA Outside Endorsements 
 
1. Phase I Review letter to NASA Ames Center Director (Pete 
Worden) from Moss Landing Marine Laboratories 

 
2. Navy Memorandum of Understanding (January 2011) 
 
3.  Environmental Protection Agency Interest Letter (June 2012) 
 
4. Cheasapeake Bay  
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OMEGA 
 
NASA‐Navy: a strategic planning discussion\ 
Norfolk, VA   
Thursday, March 25, 2010   
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Appendix E: OMEGA Articles 
 
 
Marine Scientist ‐ February 2010 
The Oceans: The world’s energy frontier?  
 
Currents: The Navy’s Energy and Environmental Magazine ‐ Spring 2011 
NASA and the Navy Developing the Fuel for the Future  
 
Algae Industry Magazine – August 2011 
NASA’s OMEGA Scientist, Dr. Jonathan Trent 
 
New Scientist – September 2012 
Grow your own Energy 
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August 21, 2011, by David Schwartz�AlgaeIndustryMagazine.com 
 
NASA scientist – the inventor, heart, and soul of the OMEGA system (Offshore 
Membrane Enclosures for Growing Algae) – Dr. Jonathan Trent received his PhD 
in biological oceanography at Scripps Institution of Oceanography. He went on to 
post graduate work in Europe studying the biochemistry and molecular biology of 
microorganisms living in geothermal hot springs, the so-called “extremophiles.” 
He continued his work on extremophiles at Yale Medical School and discovered 
a class of proteins in these unusual organisms that is closely related to a class of 
proteins in humans. 
Dr. Trent moved on from the medical school to Argonne National Lab where he 
studied environmental usages for extremophiles, mostly for cleaning up toxic 
wastes. He got involved with NASA shortly after they started a program in 
astrobiology in the late 90s. “It was a perfect job for me,” he says, “NASA was 
looking for people studying the most extreme organisms on this planet to 
understand if there could be life on other planets.” 
Taking on the NASA job in 1998, he soon got involved in nanotechnology. “I 
basically was taking the robust molecules from extremophilic organisms and 
using their innate molecular recognition that allows them to self-assemble and 
using a bit of genetic engineering, we created some interesting structures and 
extremely tiny, devices.” 

http://www.algaeindustrymagazine.com/


 
 
 
 
 
 

35

We spoke with Dr. Trent recently to get an update on where things are currently 
with the OMEGA project and his view of its, and our, future. 
How did the OMEGA program get started at NASA? 
One of the interesting projects of my nanotechnology group at NASA was self-
assembling multi-enzyme arrays on a stable molecular scaffold we borrowed 
from an extremophile. One of the arrays we were working on was to improve the 
degradation of cellulose, using a variety of enzymes in that pathway. It was an 
interesting project and brought my attention to biofuels. You know there are two 
“holy grails” for biofuels, one is cellulose degradation and utilization and the other 
is microalgae. With my background in marine science, microalgae was a natural 
for me and I quickly dug into that literature. I realized almost immediately that one 
of the biggest hurdles for making algae into biofuels is the problem of scale and 
that’s what I wanted to address. 
If you consider the scale of algae cultivation required to meet our current appetite 
for fuels and you put that in the context of the growing world population with food 
and water requirements, it is clear that whatever we do to make algae biofuels 
cannot compete with agriculture. For me this meant that we can’t use freshwater 
and we can’t use fertilizer, and in my view we can’t even use land. I don’t buy the 
argument about using the so-called non-arable land for algae cultivation, 
because if we made all the effort of transporting water and fertilizer to non-arable 
land to grow algae, why wouldn’t we make it arable land and start growing food 
on it? 
I suppose if we were pumping seawater to the non-arable land it would be 
another story, but in general pumping water is energy intensive and not cost 
effective. In any case, back in 2008, thinking about all the problems associated 
with super-large-scale algae cultivation, I had the inspiration for Offshore 
Membrane Enclosures for Growing Algae (OMEGA). We’ve been working ever 
since then to prove or disprove the feasibility of this offshore approach. 
 
Give us your elevator pitch on the OMEGA System. 
Well, given that some species of microalgae are the fastest growing biomass on 
the planet and the best oil producers, we can probably agree that algae are the 
organism of choice for biofuels.  If we further agree that biofuels production 
cannot compete with agriculture for freshwater or fertilizer, which means to me 
we have to use domestic wastewater to grow them, then let’s consider our 
options. 
I think the fact that in all our coastal cities we already have the infrastructure for 
“disposing” of our wastewater offshore, we need to consider the possiblity of 
using this wasted water and the existing infrastructure for growing microalgae 
offshore. In addition to using wastewater from existing offshore outfalls for 
developing algae systems, there are other good reasons for OMEGA, I mean 
float photobioreactors (PBRs) in seawater. For example, there’s the heat-
capacity of the seawater that can be used to control the temperature of the PBRs 
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–temperature control of PBRs on land is a huge and expensive problem. The sea 
provides other energy savings also. Wave action can be used for mixing and the 
salt gradient can be used for forward osmosis, which not only cleans the 
wastewater released into the sea, it also concentrates the algae for harvesting. 
If the freshwater algae cultivated in wastewater escape into the surrounding 
seawater they die (freshwater algae can’t survive in salt water), which means 
they will not become invasive species in our coastal waters. The OMEGA 
structure itself can be used as an enormous substrate for developing aquaculture 
to grow edible seaweeds, mussels, oysters, or some other marine “crop” 
appropriate for the local conditions. 
If you see where this is going, OMEGA is a system of systems or an “ecology of 
technologies” – in which the concept of waste disappears: a waste product from 
one part of the system becomes a resource for another part. As far as possible 
the whole system, which includes the environment, is in balance. 
In other words, we use algae to treat wastewater and wastewater to grow 
algae.  We use carbon dioxide to grow algae and algae to sequester carbon 
dioxide.  We use the inside of the OMEGA PBR to contain algae and the outside 
to produce aquaculture crops. We use the salinity gradient to prevent algae from 
becoming invasive species and to drive forward osmosis and to further clean the 
wastewater. We use solar energy, wave energy, and the heat capacity of the 
water. It’s all rather exciting and it’s very much like what NASA is developing for 
closed life-support systems for long-duration space exploration. 
Well, I realize that was a long elevator pitch, but this is an important topic to 
consider on many levels of detail! I guess we’ll need a very tall building to do an 
elevator pitch for OMEGA! 
 
So how far along is the project at this point? 
The project was initially generously funded by the California Energy Commission, 
which was enough to get us started. And then by luck and serendipity I had a 
chance to present the OMEGA concept to Lori Garver, the Deputy Administrator 
of NASA. Lori immediately understood that not only was this technology an 
important spin-off from the kinds of closed life support systems that NASA has 
been developing for decades, but it is precisely the kind of technology that NASA 
gives back to society and to the world. Lori’s insight and understanding of the 
potential of OMEGA led to additional funding through the “Green Aviation” 
initiative at NASA. 
Within a few months we completed Phase One, a 400-page paper study that 
considered possible materials and designs, hypothetical deployment locations 
and logistics, and estimates of energy return on investment, life-cycle analysis, 
etc. Based on Phase One results and an external review, we were encouraged to 
proceed with Phase Two, which is in progress and focuses on building and 
testing prototype PBRs as well as the OMEGA system components in the lab 
and in seawater tanks. 
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Phase Two is underway at two locations: a California Fish and Game lab in 
Santa Cruz and a wastewater treatment plant in San Francisco. The Santa Cruz 
lab is our “skunkworks,” where we are experimenting and testing floating PBR 
and system designs. We have two large seawater tanks and thirty-four 250-
gallon tanks in which we are studying biofouling on different types of plastic. 
 
Prototype floating PBRs in seawater tank at Cal. Fish and Game OMEGA laboratory in Santa 
Cruz, CA. Various flow-through PBR designs were tested either with internal gas sparging or with 
external gas exchange columns. Starting cultures were grown in an aquarium on wastewater 
stored in the beige tank. The orange ball is a wave generator. (Photo: Susanne Trent) 
 
We grow algae on wastewater from the Santa Cruz wastewater treatment plant, 
which we collect in 50-gal drums and pump into our floating PBRs. We bubble 
the algae with an 8-10% CO2/air mixture to mimic flue gas.  In one of the large 
tanks we have a wave generator and analytical equipment for the PBRs to 
continuously monitor pH, dissolved oxygen, temperature, photosynthetically 
active radiation (PAR) and photosynthetic efficiency using Fast Repetition Rate 
Fluorometry (FRRF). The inventors and developers of FRRF, Zbigniew Kolber 
and Sasha Tozzi, are on our team and their instrument has been a boon to our 
research.  It continuously takes the photosynthetic “pulse” of the algae cultures, 
indicating biomass accumulation and the effects of light, nutrient, and oxygen. It’s 
an important tool in our studies. 
 
Laboratory monitoring system for algae growing on wastewater.  
Continuous measurements of temperature, pH, dissolved oxygen, and conductivity (shown) will 
soon be supplemented with a system to monitor photosynthetic efficiency using Fast Repetition 
Rate Fluorometry (FRRF). (Photo: Sigrid Reinsch) 
 
We also have an instrument called a zetameter, which tells us about the surface 
charge of the algae and indicates when to harvest them. 
The other location we have for experiments is in San Francisco at one of the 
wastewater treatment plants.  We have an agreement with the city of San 
Francisco’s Public Utilities Commission to use four big tanks there. They were 
dissolved air flotation tanks that haven’t been used in years. With help from the 
plant workers and our contractors, these four tanks were cleaned out and filled 
with SF bay water. With a bit of additional plumbing for wastewater and flue gas 
we are preparing to do experiments with floating PBRs in these tanks. 
The goal is to test our designs and ideas developed on a small scale in Santa 
Cruz on a larger scale in San Francisco. 
Our current funding gets us through Phase Two, which should culminate in some 
reasonable designs for scalable floating PBRs, some algae growth data in small-
scale PBRs, an energy return on investment supported with actual data, and 
some estimates for what it will take to obtain permits and do a commercial-scale 
system.  Our broad objective is to complete this pragmatic analysis of OMEGA 
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feasibility based, not just on biofuels, but on other products and services as well, 
by the end of 2011. 
 
What strains are you working with, and is the system optimized for any 
particular strains? 
We’re working primarily with Chlorella vulgaris, because it’s one tough bug and 
grows really well in wastewater, but dies quickly in seawater. We wanted to test 
an organism that is well known and is a natural strain – not a genetically modified 
organism. 
I should add, however, that the OMEGA system is agnostic with regard to what 
algae go into the system provided: 1. The strain grows well on wastewater and 2. 
It dies in saltwater; as I said, the key is that if the OMEGA system leaks, it is not 
introducing invasive species into the marine environment. In fact, the freshwater 
algae will not only die in seawater, they are also bio-degradable. 
 
How is the algae harvested? 
There are lots of people working on improving harvesting methods and this is 
outside the scope of the OMEGA project. We are testing some different 
harvesting methods however, because ultimately we’d like to find or adapt a 
method that we can incorporate into the continuous, flow-through system we are 
developing.  There are a lot of clever possibilities emerging. 
 
Describe a little more about the physical properties of the system. 
The OMEGA system we are now testing on a small scale consists of manifolds 
connected to floating clear flexible plastic tubes, pH/dissolved 
oxygen/temperature sensors control systems for pH, gas exchange columns, and 
harvesting systems. Wastewater is the source of nutrients and photosynthesis 
occurs primarily in the plastic tubes. Dissolved oxygen is removed as the culture 
falls through an airspace in the gas exchange column, while the pH is controlled 
and CO2 is added by bubbling flue gas through the water in the column. The 
OMEGA system: Treated wastewater from an offshore outfall and CO2 pumped into a floating 
photobioreactor (PBR) to grow microalgae, which use the nutrients in wastewater and solar 
energy to fix CO2, producing biomass, oil, and oxygen. Temperature in the PBR is controlled by 
the heat capacity of the surrounding seawater and the salinity gradient between wastewater and 
seawater is used for forward osmosis to dewater the algae and to clean the wastewater. The salt 
water also provides containment in case of an algae spill—the freshwater algae growing in 
wastewater cannot survive in saltwater. (Illustration: Tom Esposito, TopSpin Design Works, 
NASA) 
 
When the algae reaches a density that limits photosynthesis, it is shunted to an 
experimental forward osmosis chamber to pre-concentrate, and then to a 
harvesting chamber. Wastewater is added back to the system to maintain a 
supply of nutrients and a concentration of algae optimum for photosynthesis. In 
other words, we want to make sure that the algae never gets so dense that we’re 
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just harvesting photons in the upper few millimeters of our bioreactor, but we are 
harvesting enough algae biomass to cover the energetic costs of harvesting. 
To optimize mixing and light exposure, the culture is pumped passed swirl veins, 
which move the algae along a helical path down the tube. 
At commercial scale each module would be between 50 and 100 feet long. 
Obviously, pumping water through the system is going to have the biggest 
energy requirement.  We’re looking at wind, wave, and solar energy to supply 
most of this energy. 
 
Is OMEGA wastewater dependent at this point? 
Many of us in the algae community agree that we have to use wastewater for 
large-scale algae cultivation so as not to compete with agriculture, but also to 
meet economic requirements. If you look at our major cities, the wastewater 
systems tend to be embedded in the city. Take San Francisco, for example. It’s 
about 45 square miles and there are three wastewater treatment plants. The 
plant at Hunters Point, handles 65 million gallons a day. If you tried to build 
ponds around the wastewater plant, you’d have to displace freeways and all 
kinds of infrastructure. Just to deal with five day retention time you need about 
1200 to 1500 acres of ponds, and it has to be on level land, which is really hard 
to find near San Francisco. 
On the other hand, if we were to somehow float algae photobioreactors in San 
Francisco Bay and use the wastewater currently pumped offshore, we would use 
less than one percent of the huge area of the Bay and in the worst case we 
would displace a few fishermen – actually we’d probably improve the fishing in 
the Bay. 
 
Using wastewater for algae growth in San Francisco: As in other coastal cities, the SF treatment 
plant (red rectangle) is embedded in the city and existing outfalls are offshore (solid red arrow). 
To accommodate the 65 million gallons per day (MGD), assuming a 5-day retention time for algae 
growth requires 325 million gallon ponds or photobioreactors. This would require approx 2.3 sq 
miles of area (green rectangle) on land or offshore (Illustration: Tom Esposito, TopSpin Design 
Works, NASA) 
 
Well, then the issue is, can we do this? Can we figure out how to cultivate algae 
in offshore environments? There will undoubtedly be somewhat different 
solutions for each location and some places will be impossible, but what do the 
easiest solutions look like? 
I’m hoping to be able to get support for the next Phase of OMEGA, which will be 
the first marine deployment in a bay somewhere. I’m hoping to do this with the 
US Navy, but time will tell where it will happen. 
 
What are the biggest obstacles you’ve been dealing with in getting the 
OMEGA system into full deployment? 
I think that there are four major areas with formidable hurdles some of which 
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apply to all algae systems and some of which are particularly true for OMEGA 
because it’s not an established technology. 
Those four “obstacle” areas (in no specific order of importance) are: 
1. Biology, which includes finding the right strains of algae that grow well in 

wastewater and form a stable community. For OMEGA, they also have to 
die in seawater. 

2. Engineering, which is a problem in the OMEGA system because the marine 
environment is daunting both in terms of materials and corrosion as well 
as strength and longevity with 5, 10, and 100 year storms. This depends 
on where you are, but even in places like the North Sea there is some 
pretty amazing engineering going on to pursue oil in deep water. In 
addition to deepwater oil drilling platforms, there are plans for large 
floating airports and even floating cities, being developed in Holland to 
anticipate sea level rise. I somehow think our engineering ingenuity is up 
to the challenge of developing OMEGA systems at least in protected bays 
for now, in the new bays that will form in the future with sea-level rise, and 
maybe someday in the open ocean. 

3. Economics, the OMEGA project itself is facing an economic crisis of sorts 
because we are going to run out of money at the end of this calendar year 
and we are looking for funding for our next Phase, but that’s not relevant 
to the overarching economic challenge. In general, the economics of 
large-scale algae cultivation for a commodity like biofuel, is considered a 
major issue. I would argue that the economics of an OMEGA system will 
be based on the integrated system of both products and services. The 
products include algae biofuels, biogas, fertilizer, and aquaculture 
harvests. The services include wastewater treatment and carbon 
sequestration and to some degree environmental remediation, if OMEGA 
can be used like the “turf scrubber” system. 

4. Environmental obstacles, which have environmental impact and social 
components. The marine component is how OMEGA impacts the local 
marine environment. The fact that it’s going to clean up wastewater 
outfalls is a positive impact, but there are open questions about marine 
mammals and sea birds, and shading the local eco systems. I think the 
overall impact will be positive, but that remains to be determined. 

The “social environment” component involves obtaining   permits, and 
jurisdiction, and competition for space with stakeholders like shipping companies, 
fishermen, and recreational boaters. All these issues depend on where we are 
and how sensitive we are to the conditions in the marine environment. 
 
What would you say are the significant breakthroughs or major refinements 
needed to make this system a more elegant solution? 
It would be great if one of our industry colleagues came up with a really good oil 
producing strain of algae that grows well on wastewater and outcompetes 
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everything else. But those kinds of breakthroughs I leave to others. From our 
perspective, we have been working on how to get the hydraulics of the flow-
through system to work and how to control gas exchange so we don’t poison our 
algae with oxygen, and we provide them with adaquate supplies of CO2. 
We’ve got a system working now that we’ve developed at our “skunkworks” 
where we are measuring and monitoring how quickly the algae are removing the 
nutrients from the wastewater, and how we can balance our wastewater input to 
keep the algae growing, and balance the harvesting and the gas exchange. We 
think we’ve cleared – just in the last month or so – some major hurdles with 
regard to the hydraulics and the whole biological balancing act that we need to 
do to keep the algae growing. Time will tell if this system is stable over the 
course of months. 
The good news is the system we have now seems to be quite scalable at least in 
principle. In a natural environment, there are going to be issues with materials 
and design to cope with stresses from currents, waves, and wind as well as 
biofouling. But I’m more optimistic than ever about the feasibility of OMEGA.  
 
If you mean the algae industry as a way to make biofuels, my personal opinion is 
that the US should be investing the kind of money and brainpower that we 
invested in the Manhattan project and Apollo. The Manhattan project was an 
investment of something like $22 billion (in 2008 dollars) over a five year period. 
And the whole Apollo program was about $98 billion over 14 years. They were 
amazing government-funded programs that mobilized the best and the brightest, 
actually from all over the world to reach socially and scientifically important goals. 
Given the importance of liquid fuels, not only to the transportation industry, but to 
so many aspects of our society, and considering both the limited availability 
(peak oil and the location of reserves) and desireability (environmental impacts 
and national security) of fossil fuels, it’s time we make the transition away from 
fossil fuel dependence. The fossil fuel industry is nearly 150 years old and it 
represents some $5 trillion a year in revenue. 
I think if we want to maintain a semblance of our lifestyle in the future, we need to 
seriously ask ourselves what it will take to replace the bulk of the fossil fuels we 
are currently using with sustainable, carbon neutral biofuels and can we do this in 
the next five to ten years? Then, we as a nation, should take on that enormous 
challenge with the determination of the Manhattan Project and the enthusiasm of 
the Apollo mission. With our current focus on the “economic crisis” I don’t know if 
the U.S. is up to this challenge. On the other hand, if we can invest over $1.2 
trillion in the last ten years for wars in the middle east, perhaps we can find the 
resources to secure our own energy sources, energize a green economy, and 
make those wars obsolete. 
 
Are you passionate about algae? 
Ha ha! Well I guess if you haven’t noticed by now I’m passionate about algae, I’m 
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passionate about the oceans, I’m passionate about the environment and I’m 
passionate about finding a way forward for the growing population of human 
beings that is sensitive to the environment and responsible on the global scale. 
Above all, I’m passionate about finding a sustainable, carbon-neutral energy 
supply and I think algae can be part of that supply. 
Why?  Because, while I know it’s incredibly difficult to make meaningful 
predictions, the Intergovernmental Panel on Climate Change (IPCC) has made 
some daunting predictions about global changes that seem plausible to me as a 
scientist. Among other things, the IPCC is predicting that we are changing the 
climate,  acidifying the oceans, and that our activities threaten 40% of known 
species with extinction by the end of the century! But even if we ignore all these 
incredibly important issues, we’re also talking about literally burning through the 
global reserves of fossil carbon in a little over a century and having no viable 
alternative plan for the future. In other words, this isn’t about “tree hugging” per 
se, it’s about seeing folks getting ready to cut the last tree on Easter Island and 
thinking: what next? 
Well, I’m thinking OMEGA. It’s a fundamentally different way to think about 
resources and technology embedded in the local environmental context. It’s 
about not just mining resources for technology, it’s about thinking in terms of 
waste products as resources and the environment as part of the system. 
I am passionate about this system-level thinking because in the case of OMEGA 
it is focused on self-sustaining cycles. By the way folks, there’s a lot at stake and 
so little time left for procrastination. 
 
Anything else you’d like to put out there? 
I have a radical proposition for both the algae community and the broader 
community of engineers and scientists.  I’d like to propose that we come together 
and openly collaborate to meet the challenge of replacing fossil fuels in the next 
decade. 
I think we need to critically evaluate the idea of developing algae as an 
alternative fuel and we need to start thinking out of the octagon – or at least out 
of the pond and conventional PBR. There is no doubt that we can grow algae in 
ponds and bioreactors and it’s a viable industry for small quantities of high-value 
products, but we need to face the problem of scale needed for algae-energy 
facilities and accept the fact that pumping seawater or wastewater to remote 
sites is not energetically feasible. 
I’d like to see the algae community, wastewater engineers, marine engineers, 
oceanographers, aquaculturists, city planners, and knowledgable scientists take 
on the question of whether or not we can use existing offshore outfalls and 
floating PBRs to grow algae offshore in at least some locations? 
The OMEGA project is supported by state and federal grants. I’m a civil servant, 
which means I don’t have investors to please, shareholders, or production quotas 
to meet. In other words, I’m in a good position to critically evaluate this 
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technology. Honestly, the more I look into it, the more difficulties and challenges I 
discover, but I see the broader vision of a truly integrated system, combining 
solar, wind, and wave energy, with algae cultivation, wastewater treatment, 
carbon sequestration, and aquaculture. I hope others will share and help to 
realize this vision. 
From the broadest perspective, it seems to me we’re standing on a threshold 
now that is arguably one of the most important in the history of civilization, 
comparable to the transition from hunting and gathering our food to cultivating it. 
We now need to make that same transition for energy. We can no longer hunt 
and gather it, we need to cultivate it and we need to cultivate it in sustainable and 
environmentally conscious ways. If we can find the pathway to this transition – 
and we don’t have much time to do it – it will be our legacy for future 
generations.  If we do not at least try, then what? 
 
For additional information: 
Copyright ©2010-2011 AlgaeIndustryMagazine.com. All rights reserved. Permission granted to 
reprint this article in its entirety. Must include copyright statement and live hyperlinks. Contact 
editorial@algaeindustrymagazine.com. A.I.M. accepts unsolicited manuscripts for consideration, 
and takes no responsibility for the validity of claims made in submitted editorial. 
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