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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:

e Buildings End-Use Energy Efficiency

e Energy Innovations Small Grants

e Energy-Related Environmental Research

e Energy Systems Integration

e Environmentally Preferred Advanced Generation

e Industrial/Agricultural/Water End-Use Energy Efficiency
e Renewable Energy Technologies

e 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.
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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 CO,-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% CO, 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 CO,, harvest microalgae from a settling chamber, and add fresh wastewater to replenish nutrients.
The 1&C system controlled CO; injection and recorded dissolved oxygen levels, totalized CO, 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 CO, 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, CO, 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-

Copyright © 2013 SciRes.

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 (CO,) for optimal growth, which
can generate more environmental pollution and green-
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2 P.WILEY ET AL.

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
CO0,), 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

Copyright © 2013 SciRes.

and control instrumentation. This OMEGA prototype
maintained viable microalgae cultures, recovered ammo-
nia-nitrogen (NH;-N) from wastewater, and sustained
areal productivities at levels similar to those reported for
other cultivation systems. Furthermore, the prototype
utilized supplemental CO, 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 CO; 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 (1.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, 1A)
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 1IMC1D5DO0,

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 CO, 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 cm? 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

Copyright © 2013 SciRes.

7.6-cm diameter ! 2.13 m), containing a CO, diffuser
made from soaker hose (22 cm?) located 1.8 m from the
top of the column. The compressed CO, source was a
mixture of 8.5% CO; in air (V/V) to simulate the con-
centration of CO, in typical flue gas [20]. The CO,
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 (1&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 DLO06 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 CO, 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

pH Probe DO Probe
\ /

From —v
PBR

GEHC Suction

GEHC Return

P.WILEY ET AL.

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

Flow Meter To PBR

!

PBR Circulation Pump

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.

Return Flow
to PBR 4_\
Pinch OsD

Valve —»

Gas injection

Flow section  with
Meter pH/temp probe
CO,
Diffuser ’
/ Settling Chamber
Pressure
Transducer

<4—— Drain Valve

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. CO,
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.

Copyright © 2013 SciRes.

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. CO, Mass Transfer

The CO, 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? day™, 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 Ipm into the GEHC.

Iy 1w Iywght"
| LLTHS% LT #SoRT LT #Y 1)
’ Dol "I poglt"y

The CO, 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 CO, (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

JSBS
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column. The mass of CO, dissolved into solution was
determined by measuring the pH change in the water

Figure 4. Components of the I&C system.
from the sensors were routed through a
multi-parameter transmitter (A) or directly into a PLC
(B) were transferred to a computer database. Setpoint
values established using an HMI modulated PLC
outputs that controlled a mass flow controller for CO,
injection (C) and an I/P transducer (D) to regulate
pinch valve positioning.

Inputs

column using the stoichiometry of the acid-base reaction
relationship between the NaOH and H,CO; described in
Equations (2) and (3).

H,0 + €0, & H,CO; ©)

H,CO3 4+ 2NaOH < Na,(C04 3)

The CO, uptake efficiency is the amount of CO,
absorbed in the GEHC column divided by the amount
supplied. The amount of CO, absorbed was determined
indirectly by measuring pH changes in the water column.
The total moles of CO, injected into the test column was
determined using Equation (4), which allowed the calcu-
lation of the mass transfer efficiency with Equation (5).
For this experiment, the mass transfer efficiency was
calculated based on the amount of CO, required to
change the pH of the solution from 10t0 9,9to 8, 8§ to 7
and below 7.

Mco, — “4)
COapypp = Ty 100 (5)

ZMCO2

A comparison of the CO, mass transfer rate in the
GEHC and carbon consumption rate of microalgae in the
PBR gave a “detention time ratio” that estimates the
amount of time the culture can remain in the PBR before
carbon replenishment is needed. The overall mass

Copyright © 2013 SciRes.
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transfer coefficient (Kpa) and subsequent CO, mass
transfer rate in the GEHC were calculated from the ti-
traion data using Equations (6) and (7), whereas the car-
bon uptake rate in the PBR was approximated with

Equation
(®).

c*-C
Ka=1n(5=2)/(6 - t) (6)
dc _ ¥
i Kia(C*—C) (7)
CUptake _ Palgae’fcarbonAPBR (8)

Dsolar60-Mcar'PBRy oy

Results from Equations (7) and (8) were used to calculate
the detention time ratio between the GEHC and the PBR
with Equation (9).

DTR = GEHCXfer Rate (9)

CUptake

2.6. System Inoculation, Sampling Protocol, and
Harvesting Procedures

Final plant effluent (FPE) was collected from the Santa
Cruz wastewater treatment facility mixed with inoculum
in a plastic barrel, and weighed with an Ohaus Defender
scale. The contents of the barrel were transferred into
the GEHC using a submersible pump. As the liquid
level in the GEHC approached the setpoint, the I&C sys-
tem opened the pinch valve and diverted liquid into the
PBR. The volume required to fill the entire system
(~110L) was determined by weight.

The optical density (OD7s9), NH3-N (Hach method
10031), NO;-N (Hach method 8039), and total suspend-
ed solids (TSS) concentration (method 2540D) [25] were
measured on samples collected daily from a port located
on the discharge side of the PBR circulation pump. Dif-
ferences in the OD7so before and after physically shaking
the PBR to resuspend settled biomass were used to de-
termine the percent sedimentation within the PBR using
Equation (10).

0D75°After_0D7SOBefore

SED% =

(10)

0D750After

The GEHC was drained into a barrel and refilled
with fresh FPE when the ammonia concentration ap-
proached zero. The barrel was weighed to determine
volume (assuming a density of 1 kg I"") removed from
the GEHC and samples were collected for TSS analysis.
The volume of water remaining in the PBR was deter-
mined by subtracting the harvest volume from the total
system volume. This enabled calculation of the total
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biomass produced between harvest periods, the biomass
concentration factor in the GEHC, and areal productivity
(Equations 11-13).

AGrowtn = TSScenc * Hyor + TSSpgr * PBRyo; — Iyass

(11)
HCF = E5aenc (12)
TSSpBR
A ToOW
PAlgae = —Growth _ (13)

ApBR'DHarvest

The result from Equation (11) and the totalized volume
of gas injected into the GEHC recorded by the 1&C sys-
tem were used to calculate the CO,-to-biomass conver-
sion efficiency with Equation (14).

Agrowth'fc
W (14)
RT mol CO;

C02Com: =

3. Results and Discussion

3.1. System Design and Performance

A 110-liter prototype OMEGA system was constructed
with two tubular PBRs floating in a seawater tank, con-
nected to an external GEHC and an instrumentation and
control system (Figure 5). The system components
(PBRs, GEHC, and I&C) are described in the Materials
and Methods. The PBRs made of inexpensive plastic
(LLDPE), were tested for their ability to support photo-
synthesis. The GEHC served to control DO, provide
CO,, and remove and harvest microalgal biomass. The
1&C system monitored or controlled pH, temperature,
flow rate, and DO concentrations, recording sensor out-
puts every three minutes.

Temperature and pH were measured both near the
outlet of the PBR in the sensor manifold (Figures 2 & 5)
and in the GEHC (Figure 3). The two monitoring sites
provided comparative data, and the GEHC pH sensor
served to control CO; injection rates, using a setpoint of
pH 7.60. The 1&C system also included measurements of
photosynthetically active radiation (PAR) and the effect
of light on cultures using FRRF, a rapid, nondestructive,
technique that detects variable chlorophyll fluorescence
in real time [26]. A decrease in the ratio of variable
fluorescence to maximum fluorescence (Fy/Fy) indicates
a decreased quantum yield resulting from damage to
photosystem II and is used as an index for photoinhibi-
tion [27]. Reported Fy/Fy ratios in cultures exposed to
high irradiance indicated up to 90% photoinhibition [27,
28].

Copyright © 2013 SciRes.

To limit sedimentation of microalgae in the PBRs,
cultures were circulated at velocities ranging from 14 to
21 cm sec™, flow rates that reportedly prevent sedimen-

Figure 5. Component and flow diagram of the OMEGA
system showing the circulation through the PBRs,
sensor manifold, and side loop for the GEHC.

tation in open ponds [29]. Microalgae suspension and
mixing were enhanced by swirl vanes, which imparted a
helical flow pattern. With the combination of flow
rates and swirl vanes, microalgae settling in the PBRs
never exceeded 14% of the total biomass. The swirl
vanes also increased turbulence, which is known to im-
prove nutrient exchange rates and light exposure in PBR
cultures [30]. In cultures grown in laminar flow sys-
tems photoinhibition and light limitations are observed,
both of which suppress productivity [28-30]. While
swirl vanes may have improved suspension and light
availability and hence productivity, two difficulties noted
with the swirl vanes tested were 1) increase biofouling
on the walls of the PBR in their vicinity and 2) increased
drag, which increased pumping energy.

To assess the performance of the prototype OME-
GA system, two consecutive experiments were conduct-
ed in April and May 2012. Experiment 1 lasted 13.5 days
and experiment 2 lasted 8.6 days. In both experiments
1 and 2, the comparisons of hourly mean DO vs. PAR
and DO vs. Fv/Fm are shown in Figure 6. The increase
in photosynthetically generated DO correlates well with
PAR from sunrise (06:00) to late afternoon (16:00), alt-
hough the DO curve is artificially flattened at peak solar
irradiance (~12:00) because the DO values exceeded the
upper threshold for the oxygen sensors (212% saturation)
(Figure 6, DO saturation). After 16:00, the decline in
DO was due to a combination of decreased photosynthe-
sis, respiration, and DO removal by the OSD in the
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GEHC (see Materials and Methods: GEHC). The rela-
tive contribution of these different factors was not de-
termined.
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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 F,/F, 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 F,/F,, 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 Fy/Fy 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 Ipm. 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 CO, 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

Copyright © 2013 SciRes.

efficient CO, 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 CO, supply is one of the biggest con-
tributors to overall energy use and cost of microalgal
biofuel production.

Traditionally CO, delivery systems, using sparging
tubes bubbling into shallow cultures, resulted in 80-90%
losses of CO, to the atmosphere [21, 38]. Diffusion
methods, using silicon membranes or hollow fibers re-
duce CO; 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 CO, losses to less than 20% [21, 38].

3.2. GEHC Mass
Recycle Rate

Transfer Efficiency and

The CO, 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 CO, content of the
gas bubbles. Experiments with the GEHC indicated that
higher pH and a taller column increased CO, 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 (K_a)
was 0.21 min™ (SE 0.01, n=3), and the mass transfer rate
of CO, was 1.69 ! 10 mol I-min™ (SE 1.03 ! 10°, n=3).
Assuming an areal productivity of 20 g m? day™,
the carbon consumption rate in the PBR was calculated
to be 8.72 ! 10° mol I-min?. 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 Ipm (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 CO; 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 CO, in the GEHC was not exceeded by

JSBS



8 P. WILEY

the rate of carbon removal in the PBR. Thus the control
system could monitor and deliver the amounts of CO,

Figure 7.  Efficiency of CO, 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 CO; 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 NHs;-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

Copyright © 2013 SciRes.
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power required for EC and electrolysis would produce
electrolytic chlorine, which could contribute to
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Figure 8. The mean hourly (x 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%
C0O,/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 CO,. 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 CO, demand. The biomass pro-
duced relative to the amount of CO; injected was used to
calculate the CO, 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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These measured CO, conversion efficiencies

correspond well to the CO; 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
Days . Carbon Biomass
Tilrzriips[;):ys Betwyeen PE):jour(r:]:;sg Rggl:?r%r(; g In(j::crtk:a%ng an_v zrelen PrOdl_JthiViF}/’

' Harvest ' ' ' Efficiency, % g m~ day
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 13 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 1.7 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 CO, concentrations. The site restricted column
height, available equipment determined the bubble size,
and the CO, 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? day™, may have been due to a period
of culture acclimation. The second low vyield on the
third harvest cycle (4.5 g m? day™) 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

Copyright © 2013 SciRes.

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 [NOj37]
were monitored (Figure 10). The rapid utilization of
NH; 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 [NHs]
(Figure 10; top). While [NHs] followed a consistent
pattern of utilization and replenishment, the correspond-
ing [NOj3] showed increases, decreases, or no change
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(Figure 10, middle). The increases in [NOs] were
attributed to nitrification by ammonia-oxidizing bacteria,

2600
2400
2200

2000
1800
1600
1400
1200
1000 -
800
600
400

T
I
|
|
|
|
|
I
I
|
I
I
|

Totalized Gas Flow (L)

200

25

2
{6) Kanonposd ssewoig

0 1 3 4 & 7 8 9
Exp 1 (Days)
Figure 9.

cycle indicated by vertical stripes.
(histogram).

Exp 2 (Days)

Microalgal CO, utilization and productivity in experiment 1 (left) and experiment 2 (right) with the day/night
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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 [NO;37] 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 NO; 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 NH;
removal rate averaged 0.29+0.04 (n=12) and 0.49+0.03
(n=11) mg 1 hr! 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

Copyright © 2013 SciRes.

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 CO,. By situating OMEGA systems
in the vicinity of offshore wastewater outfalls and CO,
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 NHs-N in
wastewater and had a CO, 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?day™ overall with peaks above 20 g m™

Figure 10. Time course for
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day?, values consistent with reported U.S. average mi-
croalgae productivity of 13.2 g m?day™ [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,

Copyright © 2013 SciRes.

was exhausted.

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

« OMEGA deployed in the marine environment is subject to biofouling.

« Biofouling differed on the clear and opaque plastics of photobioreactors (PBRs).

« Rectangular and tubular PBRs had similar biofouling patterns—mostly on wetted sides.
« Biofouling attenuates light, decreases algae productivity, requires cleaning.

« The OMEGA system will be a floating reef in coastal waters.
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The influence of PBR composition [clear polyurethane (PolyU) vs. clear linear low-density polyethylene
(LLDPE) (top) and black opaque high-density polyethylene (bottom)] and shape (rectangular vs. tubular)
on biofouling and the influence of biofouling on algae productivity were investigated. In 9-week exper-
iments, PBR biofouling was dominated by pennate diatoms and clear plastics developed macroalgae.
LLDPE exhibited lower photosynthetic-active-radiation (PAR) light transmittance than PolyU before bio-
fouling, but higher transmittance afterwards. Both rectangular and tubular LLDPE PBRs accumulated bio-

Ilfﬁjc/) :lg)b;idosr:eactor fouling predominantly along their wetted edges. For a tubular LLDPE PBR after 12 weeks of biofouling, the
Biofouling correlation between biomass, percent surface coverage, and PAR transmittance was complex, but in gen-
OMEGA eral biomass inversely correlated with transmittance. Wrapping segments of this biofouled LLDPE around
Algae an algae culture reduced CO, and NHs5-N utilization, indicating that external biofouling must be
Biofuels controlled.

© 2013 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction particularly if cultivation is coupled to wastewater treatment

(Brennan and Owende, 2010; Pittman et al., 2011), which signifi-

Strong environmental, social, ethical, and economic incentives
support the development of biofuels as a sustainable alternative
to petroleum-based liquid fuels (Caspeta et al., 2013; Running,
2012; Tillman et al., 2009). Microalgae appear to be the most
promising of the many different feedstocks for making biofuels,

* This is an open-access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-No Derivative Works License, which per-
mits non-commercial use, distribution, and reproduction in any medium, provided
the original author and source are credited.
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cantly improves the overall economics of the system (Beal et al.,
2012; Lundquist et al., 2010). To avoid the excessive costs of pump-
ing water long distances, however, algae cultivation facilities must
be close to existing wastewater plants (Fortier and Sturm, 2012).
Unfortunately, most cities cannot build traditional algae-cultiva-
tion ponds or “raceways” in proximity to existing treatment plants,
because they are surrounded by urban infrastructure that would be
prohibitively expensive to move or modify. Coastal cities, however,
could use the proposed OMEGA system, in which floating photobi-
oreactors (PBRs) are filled with municipal wastewater from off-
shore outfalls, meeting the requirement for proximity without

disrupting urban infrastructure (Trent et al., 2012). Furthermore,16

0960-8524/$ - see front matter © 2013 The Authors. Published by Elsevier Ltd. All rights reserved.
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OMEGA does not compete with agriculture for land, water, or
fertilizer.

The OMEGA system has a number of additional advantages over
land-based algae cultivation systems. For example, because the
wastewater-filled PBRs float offshore, they are surrounded by sea-
water, which provides buoyancy for structural support, a heat-sink
to prevent overheating [a major PBR problem on land (Carvalho
et al., 2006)], and creates a containment system,; i.e., the cultivated
freshwater algae cannot thrive in seawater if they accidentally leak
out. Furthermore, the salt gradient between seawater and waste-
water can be used for forward osmosis (FO)—a process that re-
moves clean water from the PBRs (Buckwalter et al., 2013). FO
concentrates both nutrients in the wastewater, which stimulates
algae growth, and algae, which facilitates harvesting. Moreover,
FO cleans the wastewater, creating opportunities for capturing
and reusing the otherwise wasted water (Claxton and Trent, per-
sonal communication).

To be implemented successfully, OMEGA must overcome a
number of challenges, one of which is the biofouling that inevita-
bly occurs on any exposed surface in the marine environment
(Durr and Thomason, 2010). The rate and extent of biofouling de-
pends on the nature of the surface, the location, and local condi-
tions, such as depth, currents, water clarity, season, and extant
biology. The process of biofouling is dynamic and frequently
sequential (Briand et al., 2012; Zardus et al., 2008) with chronolog-
ical steps that reportedly include: (1) the formation of an organic
coating on the exposed surface, (2) microfouling with colonies of
bacteria, cyanobacteria, protists, diatoms, and other unicellular al-
gae, and (3) macrofouling with filamentous cyanobacteria, multi-
cellular algae, and invertebrates (Bravo et al., 2011; Railkin, 2004).

The negative consequences of biofouling include increased drag,
decreased buoyancy, accelerated degradation or corrosion, im-
paired function, and significant costs associated with equipment
maintenance, repair, or replacement (Edyyean, 2010; Schultz
et al., 2010). Furthermore, PBRs require light to support algae
growth and biofouling can influence both the quantity and quality
of light that penetrates transparent PBR materials that provide nat-
ural light (Brush and Nixon, 2002; Wong et al., 2011) or critical re-
gions of optical fibers that have been suggested for distributing
light inside PBRs (Xue et al., 2013). There has been considerable re-
search into the prevention and remediation of biofouling, using
coatings, textures, and various cleaning methods (Inglis et al.,
2012). Some of these antifouling methods have adverse environ-
mental impact, although others, based on biomimicry non-toxic
chemicals, or mechanical treatments are effective and relatively
benign for the environment (Callow and Callow, 2011; Bixler and
Bhushan, 2012).

It will be possible to use established antifouling methods on
most OMEGA components, such as floating docks, moorings, pipes,
and pumps (Dobretsov and Thomason, 2011). It is not clear, how-
ever, what biofouling will develop on OMEGA PBRs, its impact, and
which, if any, antifouling methods will be applicable. Some meth-
ods for the control or removal of biofouling from marine equip-
ment with transparent optical windows may be applicable to
rigid PBRs, but not necessarily to the flexible plastic materials
and specific designs proposed for OMEGA PBRs.

To address the question of biofouling on OMEGA PBRs we con-
sidered: (1) the identity of the biofouling organisms that attach to
candidate PBR plastics; (2) the influence of PBR design and shape
on the distribution and accumulation of biofouling; (3) the correla-
tion between biofouling biomass, surface coverage, and light trans-
mittance; and (4) the impact of biofouling on algae cultures inside
the OMEGA system. Although biofouling will be site specific, these
results provide a general understanding of the biofouling issues re-
lated to OMEGA and provide insights into methods to mitigate
their effects.

2. Methods

Experiments were conducted to investigate: (1) the impact of
selected PBR plastics on biofouling (experiment 1, referred to as
“PBR plastic”), (2) the impact of PBR shape on biofouling (“PBR
shape”), and (3) the impact of biofouling on algae productivity in-
side PBRs (“algae productivity”). The experiments were conducted
at two different sites and used overlapping methods.

2.1. Experimental sites and algae cultures

Experiments were conducted in the Monterey Bay area in Cali-
fornia between September 2010 and February 2012. Experiment 1
(PBR plastics) and experiment 3 (algae productivity) were con-
ducted at the California Department of Fish and Wildlife (CDFW)
Marine Wildlife Veterinary Care and Research Center (Lat:
36°57'13”, Long: —122°3'56") using 950-liter and 8800-liter
tanks filled with sand-filtered seawater refreshed at a rate of
approximately 100 liters min~!. Experiment 2 (PBR shape) was
conducted at Moss Landing Harbor, Moss Landing (Lat: 36° 48
6”, Long: —121° 47’ 13”) using the dock and facilities provided by
Moss Landing Marine Laboratories.

An inoculum culture used in experiment 3 (algae productivity),
dominated by Scenedesmaceae, was maintained in the laboratory in
BG-11 medium (American Type Culture Collection) in shaker flasks
at 22 °C in a lighted incubator with agitation and supplementary
CO,. The inoculum was added to PBRs containing treated wastewa-
ter [final plant effluent (FPE)] obtained from the Santa Cruz Waste-
water Treatment Facility.

2.2. PBR plastics and PBR construction

The plastics for PBRs were either obtained as sheets and cut and
welded in the laboratory using an AIE double impulse foot heat
sealer (Industry, CA) or custom ordered from Raven Industries
(Sioux Falls, SD). For experiment 1 (PBR plastics), two types of hex-
agonal PBRs (25 cm across) were made in the laboratory. The first
was made of 0.2-mm non-permeable clear polyurethane (PolyU)
obtained from American Polyfilm (Branford, CT). The second was
made from 0.5-mm translucent linear low-density polyethylene
(LLDPE) (top layer) and 1-mm black opaque high-density polyeth-
ylene (HDPE) (bottom layer) obtained from Gundle/SLT Environ-
mental Inc (GSE Lining Technology, LLC, Houston, TX) or from
Raven Industries. All hexagonal PBRs had a bulkhead fitting
(3.75 cm diameter) in the bottom center for filling and to access
the upper layer for periodic photosythetically active radiation
(PAR) light transmittance measurements (see below).

For experiment 2 (PBR shape), rectangular (flat panel) and tubu-
lar PBRs were purchased from Raven Industries. The flat-panel
PBRs (9.5 m x 1.3 m) were made of 0.5-mm translucent LLDPE
(top) and opaque black 1.0-mm LLDPE (bottom). The tubular PBRs
(0.20 m diameter x 9.1-m length) were made of translucent (clear)
0.38-mm LLDPE tapered at the ends to 11.4 cm to allow attach-
ment to polyvinyl chloride (PVC) pipes, which were used to secure
the PBRs to the dock. Buoyancy for both flat-panel and tubular
PBRs was provided by high-density foam floats and by filling the
PBRs with freshwater. PBRs filled through bulkhead fittings was
facilitated by air vents.

For experiment 3 (algae productivity) tubular LLDPE PBRs were
recovered from Moss Landing Harbor after 12 weeks of exposure
by cutting them into flat sheets and transporting them wet from
Moss Landing to Santa Cruz. Two separate PolyU PBRs were COE
structed immediately before the experiments and installed in t ;7
OMEGA system using cultures grown on FPE as described above.
Two segments of the LLDPE PBRs from Moss Landing, which were
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long enough to cover the PolyU PBRs, were cut—one with biofoul-
ing intact (experimental) and the other cleaned with a brush and
freshwater (control). The biofouled and cleaned LLDPE segments
were wrapped around the PolyU PBRs and secured on the under-
side using plastic tie-wraps to monitor the impact of biofouling
on algae growth. The sheets were switched after 3 days to confirm
that observed differences in the cultures were due to the wrapping
sheets and not to differences in the cultures themselves. Both
sheets were removed briefly on day 5 to shake and homogenize
the two cultures.

2.3. Identification of biofouling organisms

In experiment 1 (PBR plastic), all PBRs were observed weekly
for 9 weeks. The major groups of organisms were identified using
a Leica MZ125 dissecting microscope (Leica Microsystems GmbH,
Wetzlar, Germany) or a Leica DMRX compound microscope. The
relative abundances of organisms on PBRs were estimated, but
not systematically quantified.

2.4. Photosynthetically active radiation (PAR) light transmittance

PAR was measured simultaneously in air and through PBR plas-
tics with Li-COR Li-190 and Li-192 Quantum Sensors and the Li-
1400 Datalogger (Li-COR Biosciences, Lincoln, NE). Transmittance
(T) of the plastic was calculated using the equation T = I/l, where
Iy is the intensity of the incident radiation in air and I is the inten-
sity of the radiation passing through the experimental plastic.

In experiment 1 (PBR plastic), transmittance of top layers was
measured before the twelve hexagonal PBRs were exposed to sea-
water and weekly after deployment in the seawater tank for
9 weeks. For PolyU PBRs, transmittance was also measured
through both top and bottom layers in regions with external foul-
ing intact and through cleaned (2.5 cm x 2.5 cm) regions; the mea-
surements were compared using paired t-tests (SigmaPlot, Systat
v.12, San Jose, CA). For LLDPE/HDPE and PolyU PBRs transmittance
was measured through the LLDPE top layer by inserting the PAR
sensor through the bulkhead fitting.

Transmittance was also measured through the cut LLDPE PBR
sheets, both biofouled and cleaned, used in experiment 3 (algae
productivity). Such measurements were made in twelve locations
along each of three transects across the width of the sheets. The
three transects represented regions that were estimated to contain
high, low, and intermediate levels of biofouling.

2.5. Biofouling surface coverage and biomass accumulation

Experiment 2 compared the biofouling distribution and accu-
mulation on two widely used PBR shapes: (1) a rectangular “flat
panel” shape and (2) a tubular shape (described in Section 2.2
above). On both shapes weekly samples were taken from within
reference grids, during consecutive 9-week periods, August to
November 2011 for the flat-panel PBR and November 2011 to Jan-
uary 2012 for the tubular PBRs. The grid for the flat-panel PBR was
a 70 cm x 70 cm PVC frame, divided into 10 cm x 10 cm squares
with monofilament. The grid for the tubular PBRs was a
61 cm x 61 cm section of flexible plastic fencing material divided
into twelve rows of 5cm x 4.75cm rectangles and wrapped
around a section of the PBR lifted out of the water with oars. The
grid was removed from both flat-panel and tubular PBRs after each
sampling and undisturbed areas were sampled at each time point.

The percent surface coverage was calculated from digital photo-
graphs (Olympus FE-310, 8-megapixel) of regions undisturbed by
sampling. For the flat-panel PBR, the top (east and west sides)
and the bottom were photographed. For the tubular PBR, photo-
graphs of two rows were taken around the circumference of the

PBR. All photographs were optimized for color, contrast, and satu-
ration thresholds and analyzed with “Image]” software (National
Institutes of Health, Bethesda, MD). Two to six photographs were
analyzed for each sampling, depending on the quality of the
photographs.

Biomass was sampled from both grids by scraping biofouling
material within a grid square into a clean 50-ml Falcon tube for
transport to the laboratory. The biomass was transferred to pre-
weighed foil trays or glass microfiber filters (0.45 pm pore size;
Whatman, Springfield Mill, UK), dried and stored in a desiccator,
and weighed on an analytical balance (Ohaus, Parsippany, NJ).

2.6. Biofouling impact on PBR function

In experiment 3 (algae productivity) the impact of biofouling on
algae was determined for algae growing on FPE wastewater in an
OMEGA system developed at CDFW operating between January
27 and February 4, 2012 (for details of the system see: Wiley
et al,, 2013). Two 120-liter algae cultures were contained in newly
constructed PolyU PBRs floating in a seawater tank. The cultures
circulated at 75 liters min~! with 10% of the system volume pass-
ing through a gas exchange and harvesting column (GEHC) (Wiley
et al., 2013). The PolyU PBRs were wrapped with segments of the
LLDPE PBR recovered from Moss Landing Harbor with either
12 weeks of biofouling intact or cleaned by brushing. The two
sheets wrapped around the PolyU PBRs were secured on the bot-
tom with tie-wraps.

The system was monitored for pH, temperature, optical density
(OD7s0), NH3-N, NO5-N, and reactive P03~ (Wiley et al., 2013). The
CO, injection rates were monitored and the totalized or cumulative
use of CO, was recorded every three minutes. A fast repetition rate
fluorometer (FRRF) was used to determine the efficiency of light
utilization (F,/F,), the photosynthetic quantum yields, and the
rates of photosynthetic electron transport (Kolber et al., 1998),
providing information about the photosynthetic performance of
the culture in real time. F,/F,, data range from 0.0 to 0.7, with
>0.5 indicating lack of any significant photosynthesis stressors.

To confirm that the observed effects were the result of the
LLDPE wraps and not variations in the algae cultures themselves,
on day three the wraps were exchanged; the biofouled plastic
was moved to the PBR previously wrapped with the cleaned plastic
and vice versa. To suspend settled algae and homogenize the two
cultures, on day 5 of the experiment, the wraps were temporarily
removed, the PolyU PBRs were manually shaken, the two cultures
were intermixed until equilibrated (OD;s0), and the wraps were
reattached.

3. Results and discussion
3.1. Identification of biofouling organisms

To determine the impact of possible OMEGA plastics on the
diversity of biofouling, 12 hexagonal PBRs made of PolyU, LLDPE,
and HDPE were sampled weekly on top and bottom. Brown bio-
films developed in the first week and persisted on all PBRs
throughout the experiment. These biofilms were the only notice-
able biofouling on the opaque HDPE, but filamentous green macro-
algae developed on the clear PolyU and LLDPE plastics and was
abundant by week 9.

Using microscopy, the dominant groups of organisms were
identified (Table 1). The brown biofilms were predominantly pen-
nate diatoms and cyanobacteria. The pennate diatoms were pre—1 8
dominantly in the genera Navicula and Achnanthes, and the
cyanobacteria were filamentous forms in the genera Blennothrix
and Schizothrix. Pennate diatoms and cyanobacteria were present
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Table 1

423

The dominant biofouling organisms on hexagonal PBRs made of clear polyurethane (PolyU) or clear linear low-density polyethylene (LLDPE) (top) and opaque (black) high-
density polyethylene (HDPE) (bottom) in 9 a week seawater tank experiment. Dominant taxa are in bold and other taxa are listed in descending order of surface area coverage

(weeks 1 and 2 were excluded due to low biofouling).

Plastic Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9
PolyU e Cyanobacteria e Cyanobacteria e Pennate e Pennate diatoms e Pennate e U. intestinalis e U. intestinalis
e Pennate e Pennate diatoms o U. intestinalis diatoms e Pennate e Pennate
diatoms diatoms o Cyanobacteria o Cyanobacteria o U. intestinalis diatoms diatoms
o Ulva intestinalis o U. intestinalis o U. intestinalis o Prasinocladus o Cyanobacteria e Cyanobacteria e Cyanobacteria
marinus e P. marinus e U. lobata e U. lobata
e Ulva lobata
LLDPE o Cyanobacteria e Pennate e Pennate e Pennate diatoms e Pennate e Pennate e Pennate
e Pennate diatoms diatoms o Cyanobacteria diatoms diatoms diatoms
diatoms e Cyanobacteria o Cyanobacteria o U. intestinalis o U. intestinalis o U. intestinalis o U. intestinalis
e U. intestinalis o U. intestinalis e P. marinus e Cyanobacteria e Cyanobacteria e Cyanobacteria
e P. marinus e P. marinus
HDPE e Pennate diatoms e Pennate diatoms e Pennate diatoms e Pennate diatoms e Pennate diatoms e Pennate diatoms e Pennate diatoms

on all plastics throughout the 9-week experiment and in most
samples pennate diatoms were dominant. The unique abundance
of pennate diatoms on the bottom of the opaque-black HDPE
may be attributed to the limited light available—a condition under
which they are known to thrive [for review see (Molino and Weth-
erbee, 2008)].

The green macroalga Ulva intestinalis (Linnaeus) was conspicu-
ous on the tops and bottoms of the clear PolyU PBRs starting in
week 3, and on the clear tops of LLDPE PBRs starting in week 4 (Ta-
ble 1). In week 6, the microalga Prasinocladus marinus (Cienkowski)
appeared as a thin green layer on both PolyU and LLDPE PBRs,
although it remained a minor component of the total biofouling
assemblage. In week 7, both Ulva intestinalis and U. lobata (Kiitzing)
were present on PolyU PBRs, whereas U. intestinalis dominated
LLDPE PBRs. By the end of week 9, the top layers of PolyU PBRs
were noticeably more biofouled with macroalgae than the top sur-
faces of the LLDPE PBRs.

3.1.1. Change in PAR light transmittance

The hexagonal PBRs were also used to measure changes in PAR
light transmittance (Fig. 1). Before biofouling, the transmittance in
air of PolyU was 97% and of LLDPE was 92% (the photometer probes
were calibrated in air to 100% transmittance) (Fig. 1, time 0; Pol-
yU = grey bars; LLDPE = black bars). In the seawater tank, transmit-
tance decreased with time for both plastics, but notably more for
PolyU than for LLDPE. The transmittance reached its lowest value
for PolyU in weeks 5-7 with an average overall decrease of 34%
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(Fig. 1, grey bars), whereas the lowest value for LLDPE transmit-
tance was in week 3 with an average decrease of <10% (Fig. 1, black
bars). Although the patchy distribution of biofouling created a high
standard deviation, the average transmittance of PolyU was signif-
icantly lower than that of LLDPE in weeks 7 and 8 (Student t-test,
week 7: p=0.04; n=6, and week 8: p=0.02; n=6).

To determine the relative contributions of biofouling and UV-
induced plastic “aging” to changes in PolyU PAR transmittance
small regions of the PolyU PBRs were carefully cleaned with a
washcloth and probed for transmittance throughout the 9-week
experiment. The results indicated that no significant changes oc-
curred in the PolyU plastic itself during that time period (Student
t-test, p=0.58; n=6); the change in transmittance was entirely
due to biofouling.

The experiment was limited to 9 weeks because this period was
considered to be a reasonable PBR cleaning cycle. Published studies
with polyolefin plastics, which included LLDPE, indicate that con-
tinuous biofouling for 1 year significantly influences material prop-
erties of the plastic (such as surface roughness, weight, surface
charges, and tensile properties) (Sudhakar et al., 2007), suggesting
that PAR transmittance may also be affected, although it was not
measured. It remains to be determined if repeated fouling and
cleaning cycles would similarly degrade LLDPE plastic in a way that
would influence its function as a PBR. Also, previous studies
showed that PAR was significantly reduced by biofouling by color
morphs of sponges and tunicates growing as epiphytes on eelgrass
(Wong and Vercaemer, 2012); earlier work showed that other epi-

OPolyU
B LLDPE

6 7 8 9

Deployment (Weeks)

)

Fig. 1. Percent transmittance of photosynthetically active radiation (PAR) through hexagonal PBRs made of PolyU (grey column) and LLDPE (black column). Measurements
were made through the top layers of PBRs with “week 0” the unbiofouled transmittance relative to air, which was set to 100%. The variance in weeks 2-9 reflects the patchy

distribution of biofouling on the top of the PBRs (mean + standard error; n = 3).
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phytes also caused selective light attenuation [for review see:
Brush and Nixon, 2002)].

Although PolyU initially had a slightly higher PAR transmittance
as compared to LLDPE, PolyU had more fouling, was more difficult
to clean, and cost significantly more than LLDPE. Hence, later
experiments to determine the influence of PBR shape on biofouling
used PBRs constructed from LLDPE.

3.2. The influence of PBR shape on biofouling

3.2.1. Biofouling surface coverage and biomass accumulation

To determine the impact of PBR shape on biofouling, two typical
PBR designs, rectangular (flat-panel) and tubular, were made of
LLDPE and deployed in Moss Landing Harbor (see Section 2.2 for
design details). The goal was to determine the rates of accumula-
tion, density, and distribution of biofouling on each shape, not to
compare the shapes directly—they were not deployed concur-

Fig. 2. Biomass vs. percent surface coverage (A), biomass vs. percent PAR transmittance (B) and percent surface coverage vs. transmittance (C) were measured at each of 242 0

rently. Biofouling was periodically photographed for image analy-
sis to determine surface coverage or sampled by scraping defined
regions within a reference grid to determine biomass.

On both PBR shapes, biofouling was predominantly along the
wetted edges extending a short distance underwater and into a
splash zone above the waterline. For the 1.3-m-wide flat-panel
PBR most biofouling accumulated within 10 cm of the edge, nota-
bly less accumulated between 20 and 30 cm from the edge, and lit-
tle to none accumulated more than 30 cm from the edge toward
the center of the PBR. For the tubular PBR, the biofouling accumu-
lated along the submerged sides and diminished toward the cen-
tral top region. For both shapes, this distribution was attributed
to patterns of wetting, periodic drying, and exposure to UV light,
all factors known to impact biofouling (Bravo et al., 2011).

Image analysis of photographs indicated that, during the 9-
week experiment, the percent surface coverage of biofouling was
occasionally greater on the east edge of the flat panel PBRs, but

points on a PBR recovered from Moss Landing Harbor after 12 weeks of biofouling. For clarity, data points are grouped with different symbols and outlined. The numbered and
lettered points indicate the results for each sampling site. The solid and dotted lines in (B) and (C) represent percent transmittance of the PBR cleaned of biofouling

(mean £ SD, n = 36).
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more uniformly distributed around the tubular PBRs. On the east
side of the flat-panel PBR after 1 week 30% of the surface was cov-
ered and by 9 weeks 68%. In contrast, on the west side it took
4 weeks to reach 39% coverage and by 9 weeks there was 66% cov-
erage. On the bottom of the flat-panel PBR, during the first 2 weeks
biofouling was undetectable; by week 3, however, it reached 10%
coverage, and by week 9 it was 81% coverage.

For the tubular PBRs, over the 9-week period the surface cover-
age was calculated from photographs for six equal-size regions
around the circumference of the PBRs (top, bottom, and two re-
gions on each side). The coverage ranged from 0.2% to 96.2%. By
week 3, there was detectable biofouling around the full circumfer-
ence of the PBRs and in one upper-side region the coverage was
>70%. In all seven weeks of photos analyzed (weeks 3-9), there
were regions around the circumference of the PBRs that exceeded
70% coverage. In six out of the seven, the top region had the lowest
surface coverage; only in week 9, the coverage was lowest on two
of the side regions. In weeks 7 and 8, five out of six of the regions
around the circumference exceeded 70% coverage.

The biomass accumulation on PBRs, based on scrapings and dry
weights of recovered material, ranged from 0 to 37.8 mg cm™2 on
the flat-panel and from 0 to 18.5 mg cm~2 on the tubular design.
Although the greatest biomass accumulation was observed in week
9, the measurements were highly variable because of the patchy
biomass distribution along the length of the PBR. As expected from
the results with the small hexagonal PBRs, relatively little biomass
accumulated on the bottom of the flat-panel PBR (made of opaque
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black LLDPE), although a biofilm of pennate diatoms was ubiqui-
tous and barnacles and bryozoans were abundant. Biomass was
not quantified in this region, but surface-area coverage was and
found to be high.

3.3. Biofouling impact on PBR function

The impact of biofouling on algae productivity inside tubular
PBRs floating in a seawater tank with circulating wastewater and
a gas-exchange column (Wiley et al., 2013) was determined by
wrapping these PBRs with sheets of biofouled or cleaned LLDPE
PBRs. The biofouled (experimental) and cleaned (control) sheets
were made from a PBR recovered from Moss Landing Harbor after
12 weeks of exposure. Before the OMEGA PBRs were wrapped, the
biofouled PBR segment was sampled to measure biomass density
and photographed to calculate percent surface coverage; both the
biofouled and cleaned segments were probed to determine PAR-
light transmittance.

3.3.1. Correlations between biomass, percent surface coverage, and
PAR light transmittance

To correlate biomass density, percent surface coverage, and
PAR-light transmittance, all three parameters were measured on
the 12-week biofouled PBR at 24 locations along two transects
within 5cm x 4.75cm sample areas. The data are shown in
Fig. 2A-C with the points numbered or lettered to indicate the cor-
related data for each specific location (i.e., triangle ‘a’ refers to the
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Fig. 3. Biomass distribution (A) and percent transmittance (B) along transects across cleaned and biofouled LLDPE sheets cut from PBRs recovered from Moss Landing Harbon{
(see Fig. 4). The recovered tubular PBR was cut along the bottom between positions —6 and 5, creating a sheet with position zero at the center, which was the top of the PBR.
Biomass was sampled from along three transects in regions identified as the most fouled, least fouled, and average. Percent PAR transmittance was determined in biofouled
and cleaned regions. Data represent mean + 1 standard deviation, n = 3.
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Fig. 4. Effects of biofouled and cleaned sheets wrapped around algae cultures in PBRs from an OMEGA system. Measurements of total CO, utilization (A), changes in pH (B),
rate of ammonia consumption (C), and photosynthetic efficiency (F,/F.,) (D) were taken during an 8-day experiment with the day/night cycle indicated at the bottom. The
configuration for days 1-3 for the biofouled-wrapped culture (red curve) and cleaned-wrapped culture (blue curve) was switched for days 4-8, indicated as biofouled-
wrapped culture (blue curve) and the cleaned-wrapped culture (red curve). On day 5, the contents of the two PBR systems were shaken and intermixed to homogenize the

culture.

same region in Fig. 2A-C). To identify trends, the data are grouped
into three categories designated by different symbols and outlined.
In one category (squares), consistently low biomass densities
(<5 mg cm~2) correlated with surface coverage ranging from 9%
to 53% (Fig. 2A) and transmittance of 30-55% (Fig. 2B and C:
squares). In a second category (circles), biomass density between
3 and 18 mgcm2 correlated with surface coverage of 47-85%
(Fig. 2A) and with transmittance of 3-30% (Fig. 2B and C: circles).
In the third category (triangles), a wide range of biomass densities
(7 to 57 mg cm~2) correlated with >85% surface coverage (Fig. 2A)
and in all cases low (<5%) transmittance (Fig. 2B and C: triangles).

The results indicate that for biofouling with high biomass den-
sities (>25 mg cm2) and high surface coverage (>90%), light trans-
mittance was low (<5%) (Fig. 2: triangle points c-h). Conversely,
the lowest biomass and the lowest percent surface coverage corre-
sponded with the highest transmittance (Fig. 2: squares). However,
at low biomass densities (<15 mg cm~2) and high surface coverage
(>89%), the light transmittance can also be low (Fig. 2: triangles a,
b, i) because of thin films that absorbed light well. At biomass den-
sities < 20 mg cm 2 and percent coverage ranging from 47% to 87%,
transmittance was occasionally below 30% (Fig. 2: circles). In gen-

eral, both biomass and percent surface coverage were inversely
correlation with PAR transmittance, but there were many excep-
tions as a result of thin, light-absorbing films or thick, dispersed
clumps.

The cleaned LLDPE PBR had PAR transmittance of 51% + SD 7%
(n=36) (Fig. 2B and C), which was significantly lower than the ini-
tial transmittance of 83% + 0.04% of the LLDPE. It was not deter-
mined if this 32% decrease was the result of changes in the
surface caused by biofouling, the harsh brushing used for cleaning,
and/or weather-induced changes in the plastic during the 12-week
exposure.

To quantify the biofouling distribution around the circumfer-
ence of the PBR at 12 weeks, biomass and PAR transmittance were
measured at twelve locations along three transects across the flat-
tened PBR segment (Fig. 3). The biomass samples were taken from
regions visually determined to contain the highest and lowest bio-
mass densities on the PBR segment. Relatively low biomass was
present in the region corresponding to the top (Fig. 3A: position
‘0+1’) and the bottom of the PBR (Fig. 3A: positions —5+1 and
4 +1). The biomass was highest in the regions corresponding to
the sides (Fig. 3A: positions —3 to —1 and 1 to 3). The biomass

22
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was symmetrically distributed in the region with the least biofoul-
ing and skewed to one side in the region with the most biofouling.

In general, average transmittance was inversely related to the
biomass. Hence, transmittance was highest in areas corresponding
to the top and bottom of the PBR and lowest in the areas corre-
sponding to the sides (Fig. 3B). The transmittance for the cleaned
plastic averaged 51% + SD 7%; n =36 (Fig. 3B; grey dashed line) as
described above.

3.3.2. Impact of biofouling on algae productivity

The OMEGA-system PBRs wrapped with either the biofouled
(experimental) or cleaned (control) LLDPE PBR sheets (analyzed
above) were used to determine the impact of biofouling on algae
productivity. For eight day-night cycles the wrapped cultures were
monitored for CO, utilization, changes in pH, ammonia uptake, and
photosynthetic efficiency as measured by Fast Repetition Rate
Fluorometry (FRRF) (Fig. 4A-D). The cumulative flow of CO, enter-
ing both cultures [which increased during the day, but not during
the night (Fig. 4A)] and the utilization rates of ammonia (Fig. 4C)
indicate the relative levels of photosynthesis. The CO, used by each
culture was controlled by a pH feedback system, such that CO, was
injected to maintain the pH below 8.25. As expected, the pH fol-
lowed a diurnal cycle (Fig. 4B). During the day, pH rose as CO,
was consumed by photosynthesis, but at night pH fell as CO, was
released by respiration. The control system maintained the culture
pH between a nighttime low of 7.75 and daytime high of 8.5
(Fig. 4B). Ammonia consumption followed the changes observed
in photosynthesis (Fig. 4C). The photosynthetic efficiency (F,/F)
in both cultures remained between 0.54 and 0.63, indicating that
the light levels and pH did not affect the photo-physiology of the
algae under the experimental conditions (Fig. 4D).

During the first three light periods, the algae in the PBR
wrapped with the biofouled sheet used an average of 77% less
CO, and 60% less NH3-N than the algae in the PBR wrapped with
the cleaned LLDPE sheet (Fig. 4A&C, red vs. blue curves). To insure
that the observed differences were a result of the wraps and not
differences between the cultures themselves, at the end of third
light period, the biofouled and cleaned wraps were swapped. This
manipulation led to a significant decrease in CO, use and rate of
NH3-N uptake in the newly biofouled PBR (Fig. 4A and C; blue
curve) and corresponding increase in these parameters in the clean
PBR (Fig. 4A and C; red curve). The biofouled-wrapped PBR used an
average of about 59% less CO, and about 30% less NH, than the
cleaned-wrapped PBR. From days 4 to 8, the optical density
(OD7s50) of the culture in the biofouled PBR increased about 2-fold
compared to a 2.4-fold increase for the culture in the cleaned PBR
(data not shown).

3.4. Biofouling and the OMEGA system

These data clearly indicate that biofouling significantly reduced
algae productivity because of light attenuation and confirm that
OMEGA PBRs will require a cleaning system. Known antifouling
coatings or cleaning methods might be adapted for OMEGA, pro-
vided the coatings have good light transmittance and the cleaning
methods do not damage the PBRs (Callow and Callow, 2011). Some
naturally occurring antifouling compounds have relatively low
environmental toxicity and may be useful for OMEGA if large en-
ough quantities can be obtained. Silicone materials with microto-
pographies that reduce biofouling (Petronis et al., 2000) may also
be applicable, but the cost and light transmittance of these materi-
als require evaluation. Mechanical cleaning methods are likely to
be the best solution for the OMEGA system, if they are efficient, en-
ergy and cost effective, and non-damaging. Whether these require-
ments are met will depend on the frequency of cleaning, which will

be site-specific and seasonal. On the basis of the observations re-
ported here, a monthly cleaning cycle may be expected.

Although biofouling on the upper surface of the OMEGA PBRs is
problematic, biofouling on the bottom of the PBRs and the OMEGA
support structures may have environmental and economic bene-
fits. Submerged OMEGA surfaces provide substrate, refugia, and
habitat for sessile and associated organisms and a large-scale OME-
GA deployment may help control eutrophication by acting as a
floating “turf scrubber” (Mulbry et al., 2010). Algae can effectively
remove nutrients (Christenson and Sims, 2012), heavy metals and
other pollutants (deBashan and Bashan, 2010). By removing nutri-
ents from coastal waters, OMEGA may help prevent unwanted al-
gae blooms; by removing other pollutants, the system may
improve coastal water quality.

In addition to improving water quality, the OMEGA flotilla will
act as a “fish aggregating device” or an “artificial reef,” both of
which increase local species diversity and expand the marine food
web (Kerckhoff et al., 2010). Observations at Moss Landing Harbor
indicated that even the small OMEGA PBRs deployed there pro-
vided sites for marine birds and sea otters to forage, rest, and play.

4. Conclusion

Biofouling on candidate OMEGA PBR plastics indicated that
clear LLDPE had less biofouling, was easier to clean than PolyU,
and that opaque LLDPE and HDPE developed only thin biofilms in
9-week experiments. Two LLDPE PBR designs (rectangular and
tubular) both accumulated biofouling primarily on their wetted
sides. Correlations between biomass, surface coverage, and light
transmittance revealed that both thick and thin biofouling layers
impact light transmittance, as does a harsh cleaning method.
Twelve weeks of biofouling on LLDPE decreased algae productivity,
suggesting the need for a cleaning cycle. OMEGA biofouling may
improve coastal water quality and increase local biodiversity.
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Highlights

# Microalgae cultures were dewatered using forward osmosis membranes and seawater
# Average dewatering rates of 2 I/mhr
# 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 I/m® membrane/hr (range 1.8-2.4 I/m*thr) 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
[ 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 &/, 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 ! .

FO has been aﬁ)lied to a variety of dewatering processes, including biosolids separation in
wastewater treatment ™! 1, concentration of industrial wastewater, and dewatering of landfill leachate ! !,
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; I/m*thr liter per
square meter of membrane per hour



to make fruit juice concentrates I 1 . 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 .

Oleaginous microalgae, which range in size from 2 to 50 um may have cell densities of <1.0 g/L, and must
be concentrated or even brought to near dryness for making biofuels **. Current dewatering methods
involve multiple steps that usually include chemical or biological flocculation Y, centrifugation % 131,
and/or filtration ™! as well as some form of spray or thermal drying ™. 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 ¢!,

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 A and an area of approx. 0.09 m?. 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 1-10, 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 10°C.

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 ™7,

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 5.0x10° ms/cm.
For C. vulgaris in BG-11 the rates ranged from 1.4 to 2.4 I/m?lhr (avg = 1.9 Std. Dev. 0.5; n= 3) and for
BG-11 alone the rates ranged from 0.9 to 2.2 I/m®thr (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/m?thr with a standard deviation of 0.17 I/m?thr. 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 I/m?thr (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 I/m?thr (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 I/m?thr. 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 8 observed FO dewatering rates of approximately 5 to 9
I/m2thr, using filtered and unfiltered water from anaerobic digesters and 35-70 g/L NaCl as the draw
solution. Rates of 18 I/m?thr and 24 I/m?Ihr were reported for 3x and 2x wastewater concentrates
respectively, using 100 g/l NaCl as the draw solutions ©!. 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 1.

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 I/m?thr with a std. dev. = 0.43 (n=14), for the second hour the
avg was 2.3 I/m?thr, std. dev. = 0.45, for the third hour the avg was 1.9 I/m?ihr, std. dev. = 0.57, and for the
fourth hour the avg was 1.1 I/m?thr, std. dev.= 0.61. The average hourly dewatering rates showed a
significant decreasing trend from the first hour (2.6 I/m?!hr) to the fourth hour (1.1 I/m?!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!I"* 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 .
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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 Energy input Solids Relative harvesting Reference
methods (KWh/m®) concentration Rate
Forward Osmosis 0.3 up to 2% Slow Semiat, 2010
Sedimentation 0.1 up to 3% Very slow Uduman et al.,
2010
Dissolved Air 1.5t020 up to 5% Medium Wiley et al.,
Flotation 2009
Suspended Air 3x10-3 up to 5% Medium Wiley et al.,
Flotation 2009
Tangential flow 2.06 up to 4% Medium-Fast Uduman et al.,
filtration 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 I/m?thr and 2.4 I/mthr 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 1. 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.
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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 2.11/m?thr, std. dev.

0.17 I/m?ihr.
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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 3/4" 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

Date pH pH
7 10
20 March 1.594 1.052
\Y \Y
6 April 1.599 1.038
\Y \Y
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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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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.
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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

1



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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June 2, 2010

Dr. S. “Pete” Worden, Center Director
NASA Ames Research Center

Mail Stop 1:200-3

Moffett Field, CA 94035-1000

Re: Letter of Support for OMEGA program
Dear Dr. Worden,

We are writing as members of the OMEGA Executive Level Review Board,
convened at the request of Associate Center Director, Dr. Steve Zornetzer to provide an
independent assessment of the OMEGA program and guidance to the project team. We
are familiar with the program, having received written materials, electronic resources and
two briefings to date. Although familiar with many aspects of marine science, none of us
have any direct fiscal or current scientific interest in this program. Although we are not
conflicted in this regard, we remain keenly interested in the potential that this project
seeks to deliver.

Because the oceans can provide unique aspects for growing biofuels in terms of
cooling, osmotic dewatering, mixing, conservation of arable land, etc., this project is of
particular interest and concern for the marine scientist and policy experts. In our opinion
the technology development that the OMEGA project seeks to achieve is highly worthy
of pursuit. Unique opportunities exist to combine science with engineering, engage a
multidisciplinary team that will address a socially relevant issue that represents one of the
greatest challenges of our time. The Review Board feels strongly that a pilot scale
program should go forward recognizing that the next phase will answer the question of
how well microalgal biofuels can meet the our aviation needs of the future. The project
has been well developed conceptually and demonstrated with some limited laboratory
experiments and preliminary engineering studies, yet remains at a crossroads and cannot
advance to the level of demonstration without resolving some of the larger design issues.
It is important to do this study so that known issues can be resolved and unknown issues,
identified. We note also that, within the marine science and policy arenas, the issue of
marine spatial planning is moving ahead quickly. It will be important for the OMEGA
program to articulate its requirements within that context.

It should be mentioned that the goal of this project is more important than some of
the problems and resistance that will be encountered. In our opinion, it is appropriate that
NASA takes a leadership role, including the commitment of resources and personnel (as
well as reputation) to solve the sustainable energy challenges that face the nation. This is
a tremendous opportunity and one that will advance the US on a path of leadership in
engineering, innovation, sustainability. We look forward to strong commitment from
NASA to help insure the success of this project.
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an acceptable system for producing biomass for use as a biofuel feedstock to meet the
Navy’'s needs for future operations. Areas of potential additional cooperation include:

e Navy consultation and assistance in fuctherance of NASA’s OMEGA prototype
designs.

e Navy consultation and assistance in furtherance of NASA’s evaluation and testing of
OMEGA materials and subsystems.

e Navy support for performing tests or analyses using Navy facilities and equipment.
Any use of Navy facilities or equipment by NASA shall be pursuant to separate
agreements specifically oatlining the terms thereof.

o [dentification and asscssment of potential CMEGA deployment locations that
facilitate the Navy’s entry into further biofuel projects designed to meet long-term
Navy objectives.

III. AUTHORITY

NASA enters into this MOA in uccordance with the National Aeronautics and Space Act of
1938, as amended (42 U.5.C. § 2473(¢). The Navy enters into this MOA in accordance with
13 U.5.C. Section 5013(b)4). NASA and the Department of the Navy may be individually
teferred to as a “Party” and together as the “Parties.”

IV. POINTS OF CONTACT

The Parties designate the individuals identified below as their respective single points of contact
{POC), who have the responsibility and authority to coordinate and execute the provisions of this
MOA. POCs will serve as liaisons and have full authority to cocrdinate with their counterparts
1o ensure successful execution of this MOA.

Department of the Navy

Office of the Deputy Assistant Secretary of the Navy for Energy
Mr. Chris Tindal, Director of Operational Policy

Navy Energy Coordination Office (OPNAV N43E)
CAPT James Brown Jr., Director

NASA

NASA Ames Research Center
Thomas Edwards, Ph.D.. Director of Aeronautics

V. FUNDING & LIABILITY

A. This MOA does not constitute an obligation or commitment of funds or a basis for the
transfer of funds. Each Purty shall fund its own participation in this MOA, and each



VL.

VII.

Party’s participation shall be subject to the availability of appropriated funds. No
provision of this MOA shall be construed to require provision of resources in violation of
the Anti-Deficiency Act. 31 U.S.C. 1341, ef seq., or any other applicable statute or
regulation.

. Each Party agrees to assume liability for its own risks associated with activities

undertaken in this MOA. Nothing in this MOA constitutes a guarantee by either Party of
any obligation assumed by the other Party or of an agreement by either Party to
indemnify the other Party for any liability arising out of activities undertaken in this
MOA.

USE AND RELEASE OF TECHNICAL DATA, PROTECTION AND SECURITY
OF INFORMATION

. The Parties intend that the information and data exchanged in furtherance of the activities

under this MOA will be exchanged without Federal-use restrictions, unless required by

national security regulations or otherwise agreed to by the Parties for specifically
identified information or data.

. The Parties agree that they will take appropriate measures to protect proprietary,

privileged, classified, or otherwise confidential information that may come into their
possession as a result ot this MOA,

. Release of information associated with joint activities carricd out under this MOA will

appropriately recognize each Party and will be coordinated between the Parties.

INTELLECTUGAL PROPERTY

Uniess otherwise agreed by the Parties, custody and administration of inventions made as a
consequence of, or in direct relation to, the performance of activities under this MOA will
remain with the respective invenling Party. In the event an invention is made jointly by
employees of the Parties or an employee of a Party's contractor, the Parties will consult and agree
as to future actions toward establishment of patent protection for the invention.

VIIL

DISPUTE RESOLUTION

The Parties may consult on any matter arising out of this MOA. An issue concerning the
interpretation or implementation of the terms of this MOA shall lirst be referred to the POCs for
the Parties. If they are unable (0 come to agreement on any issue. the dispute will be referred to
the MOA signatories or their designated representatives for resolution,
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IX. MODIFICATIONS

This MOA may be modified upon the mutual written consent of both Parties. Modifications
must be signed by the original signatories to the MOA, or their designees or successors. No oral
statement by any person shall be interpreted as modifying or othcrwise affecting the terms of this
MOA.

X. TERM

This MOA shall be effective when signed by the authorized representatives of both Parties.
Unless terminated by either Party as provided in section XI, it shall remain in effect until the

completion of all obligations of both Parties hereto, or at the end of the first quarter of the
Federal Government’s fiscal year 2012, whichever comes first.

X1. TERMINATION

Either Party may terminate this MOA at any time, with or without cause and without incurring
any liability or obligation to the terminated Party, by giving the other Party at least thirty (30)
days prior written notice of termination.

XII. APPROVALS

In consideration of the foregoing, the undersigned hereby execute this MOA:

24JAN2011 %

Robert 0. Work LoriB3. Garver

Under Secretary Deputy Administrator
Department of the Navy National Aeronautics and Space Administration
4
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Nov 15 10 12:57p Chesapeake Bay Commisson 4102639338 p.2

Department of Energy
Washington, DC 20688

November 10, 2010

The Honorable Thomas McLain Middleton
Chairman, Chesapeake Bay Commission
60 West Street, Suite 406

Annapolis, Maryland 21401

Dear Senator Middleton:

Thank you for your October 1, 2010 letter to Energy Secretary Chu regarding the Chesapeake
Bay Commission’s interest in the deployment of the NASA-funded OMEGA project. We share
the Commission’s recognition of the critical need to find technologies that can address the
combined issues of water quality, environmental sustainability, and energy in watershed regions
throughout our country.

The OMEGA off-shore system concept for growing microzlgae for biofuel feedstock using
treated wastewater effluent is an interesting complement to the research, development, and
deployment investments currently being made in the Department of Energy’s (DOE) project
portfolio, which have on-shore focus. Staff members from the Department’s Biomass Program
currently serve o the design review panel for the NASA-OMEGA project. The current
assessment of our experts is that the technologies and logistics for OMFEGA remain in the
research and development stages of development and considerable supporting research,
incremental development, and scale-up testing and evaluation are still needed on a range of
topics that include algae growth and nuirient utilization in a highly variable wastewater
environment, cultivation system design and materials compatibility, and overall technical and
economic performance on a life cycle basis.

DOE will continue to maintain cooperative engagement with NASA as the OMEGA project
moves through its planned phases of design, development, testing, and evaluation while looking
for potential opportunities for future collaboration that could possibly include incremental scale-
up, testing, and demonstration as part of a broadly supported effort of the relevant govemmental
agencies representing constituencies around the Bay.

We would also be pleased to engage in broader discussions to seek solutions to Bav
contamination problems. Algae has the potential to be utilized to reduce nutrient loading of
wastewaler and natural surface waters, such as the Bay, while potentially preducing biomass that
can be used as a feedstock for biofuels production. There are numerous technologies under
development to treat wastewater and recycle nutrients from agricultural wastewater streams,
including turf scrubbing technologies that may be of interest.  If desired, we could arrange to
meet with you to further discuss technology options and possibie collaboration in deployment of
commercial technology or development and trial testing of new concepts.

@ Frirted with soy ink on recycles saper
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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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NASA & the Navy Developing the Fuel of

the Future

Joint Effort Investigating Algae Farms in the Ocean

IN FEBRUARY 2011, the National
Aeronautics and Space Administration
(NASA) signed a Memorandum of
Agreement (MOA) with the Navy to
test a system for producing what
many believe to be the fuel of the
future, using algae grown in the ocean.

“Changing the way energy is used
and produced in our country is the
right thing to do,” said Navy Secretary
Ray Mabus, upon signing the agree-
ment. “It’s the right thing to do for

our security, it’s the right thing to do
for our economy, and it’s the right
thing to do for our environment.”

The Basics About Oil

The oil we use today comes from
plants that lived in ancient times—
mostly microscopic, single-celled,
plants called microalgae, which lived in
seas and lakes. When they died, they
settled to the bottom and were buried

Currents  spring 2011

in sediments. Under some conditions,
with appropriate temperatures, pres-
sures, and rock formations, they form
oil that accumulates in reservoirs. Once
discovered, these reservoirs can be
tapped to meet our fossil fuel needs.

Fortunately, plants living today can also
produce oil. For example, 50 gallons of
fuel oil can be produced per year from
an acre of soybeans, and 600 gallons

can be produced from an acre of palm
trees. The plants that produce the most

oil, however, are the modern versions
of the microalgae that made most of
our fossil oil. From among the thou-
sands of known types of microalgae,
researchers have discovered some
species that can support production of
between 2,000 and 5,000 gallons of oil
per acre per year.

The Navy has takdDthe lead in
demonstrating that it is possible to
make functional fuel out of vegetable

oil. On 22 April, Earth Day, 2010, the
Navy flew an F/A-18 Super Hornet
fighter jet at Mach 1.2, powered by a
blend of conventional jet fuel and
alternative aviation biofuel made from
camelina oil. More recently, the Navy
tested its RCB-X combat boat on a
blend of conventional diesel and algae
biodiesel, and flew an SH-60 heli-
copter on a similar blend. The impor-
tant conclusion is that biofuels
work—they function without re-
designing engines and equipment.

The next questions are, how do we
produce enough of this fuel to meet our
needs? How do we produce biofuels
economically? How do we produce
them without competing with agricul-
ture for land, water, and fertilizer?

Transform Wastelands into
Fuel Farms?

The Navy is testing fuels like camelina
and algae because they are not food



Prototype OMEGA photobioreactors being deployed in seawater tanks to grow microalgae on wastewater from the nearby sewage treatment plant.

URS Corporation

crops and their production will not
compete directly with agriculture. In
this regard, microalgae is a superb

potential source of biofuels, because it

produces the most oil, it grows in
water, and marine algae can even
grow in seawater. At present,
microalgae are commonly grown in
shallow circulating channels called
“raceways” or in transparent
enclosures known as photo-
bioreactors (PBR). To produce
biofuels, thousands of acres of
raceways and tens of thousands
of PBRs will be required. In
principle, to avoid competing

with agriculture for land, race-
ways and PBRs can be located

in deserts or on unusable fallow
land. For water, they can use
seawater and cultivate oil-
producing marine algae.

For More Information

FOR MORE INFORMATION about the RCB-X demonstration, see our article entitied
“Navy Fuels Great Green Fleet Vision: Latest Milestone on the Road to Energy Secu-
rity” in the winter 2011 issue of Currents. For more insights into the Navy's success in
flying an SH-60 helicopter on a blend of conventional and algae biodiesel blend, see
our article entitled “Navy Tests New Fuel in Seahawk Helicopter: Demo Provides “Off
Ramp” from Petroleum-Based Fuels” on page 16 of this issue of Currents.

spring 2011 Gurrents
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quantities of biofuels using tradi-
tional raceways or PBRs.' The ques-
tion then arises—is there another
process that can be developed more
quickly to grow the large quantities
of oil-producing microalgae that the
United States needs?

The OMEGA System

The Navy is teaming up with NASA to
investigate a radical new approach to
large-scale algae cultivation using a
system called Offshore Membrane
Enclosures for Growing Algae
(OMEGA). The OMEGA system
consists of floating PBRs filled with
wastewater from existing offshore
sewage outfalls and deployed in
protected marine environments. The

individual OMEGA modules are
constructed of flexible plastic, clear on
top, to allow light penetration for
photosynthesis, and reinforced white
plastic on the bottom, for strength.
The modules are filled with
secondary-treated wastewater and
inoculated with freshwater algae. If
the system leaks, it minimally impacts
the environment because:

1. The wastewater is already
approved for release into the ocean

2. The freshwater algae cannot
survive in seawater

OMEGA utilizes virtually nothing
except natural energy—solar energy
to initiate photosynthesis and wave
energy to maximize algae exposure

to sunlight and to mix nutrients.
Unlike land-based PBRs that can
overheat, OMEGA uses the
surrounding water for temperature
control. It uses the salinity difference
between wastewater and seawater
both to prevent algae that escape
from becoming invasive species and
to drive forward osmosis (FO).

Forward osmosis is the process by
which water moves across a selective
semi-permeable membrane in the
direction of concentrated salts. The
OMEGA system uses FO to:

1. Concentrate nutrients in the waste-
water, stimulating algae growth

2. Dewater the algae, facilitating
harvesting

This diagram shows how the OMEGA
photobioreactor system works.

Top Spin/NASA

spring 2011 Gurrents
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focus on efficiency and parsi-
mony that OMEGA began.

The feasibility and scalability
of the OMEGA system will be
determined by combining
NASA expertise with the
knowledge and expertise of
naval engineers, university
professors and industry.

The State of OMEGA

Supported by the California
Energy Commission and NASA's
Aeronautics Research Mission
Directorate, the team of NASA
scientists, Navy engineers, civil
engineers from URS Corporation,

Samples from two different OMEGA PBRs. After three days floating in seawater, microalgae grew
in both photobioreactors, but the one with forward osmosis membranes significantly changed
volume due to the loss of water into the seawater. This concentrates the microalgae.

32

Jonathan Trent

The inside of a PBR. PBRs are one of two ways that algae is farmed on land.

spring 2011

John Benemann

Gurrents
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| don't want us to be remembered as the generation of locusts,
who consumed everything and left nothing for future generations.
I'd much rather have us be known as the “regeneration generation.”

—Rear Admiral Phillip Cullom

and algae experts from A Navy ship, like a NASA space capsule,
the University of Cali- produces waste that can be transformed by
fornia at Santa Cruz algae into food, clean water, and energy.
are building small-scale Top Spin/NASA

OMEGA PBRs in Cali-
fornia. Floating these
PBRs in seawater tanks,
they are determining
operating conditions for
growing algae and
treating wastewater.
Naval engineers, using
tow tanks and wave
tanks, will determine
how an OMEGA system
will ultimately fare in
the marine environ-
ment. These studies
will guide the further
development of durable
PBR designs that can
withstand the rigors of
the marine environ-
ment, while providing
information about the energy return on investment and the  cONTACTS
feasibility of commercializing OMEGA systems.

Jonathan Trent

If successful, the project has the potential to help the Navy Naf&?:easl ﬁgﬁ:ig;‘éﬂ?ﬁrsmce Administration

reach its goal of finding an alternative to fossil fuels, 650-604-3686

energy independence and a more sustainable future. Rear  jonathan.d.trent@nasa.gov

Admiral Phillip Cullom said in a recent lecture: “I don’t

want us to be remembered as the generation of locusts, CDR Alan Nordholm o
who consumed everything and left nothing for future National Aeronautics and Space Administration
generations. I'd much rather have us be known as the Ames Research Center—Navy Detachment

‘ ) e 650-604-2509
regeneration generation.”” g, alan.f.nordholm@nasa.gov

" Ronald Pate. 2007. Techno-economics, Siting and Resource CDR Michael Lowe
Use Challenges for Onshore Algal Biofuels Production, Wind, 3 j\lational Aeronautics and Space Administration
Sea Algae Proceedings. http://wind-sea-algae.org?page.id = 305. Ames Research Center—Navy Detachment

650-604-2508

, .
RADM Phillip Cullom, October 2010. Keynote lecture at a michael lowe@nasa.gov

meeting of the Algae Biomass Organization, Phoenix, AZ.

Gurrents  spring 2011



August 21, 2011, by David Schwartz[]AlgaelndustryMagazine.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.”
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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 | quickly dug into that literature. | realized almost immediately that one
of the biggest hurdles for making algae into biofuels is the problem of scale and
that’s what | 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. | 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?

| 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, | 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.

| 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, | 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, | realize that was a long elevator pitch, but this is an important topic to
consider on many levels of detail! | 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 | 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.

| 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 | 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. (lllustration: 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 (lllustration: 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?
| 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. | 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. | 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. | 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 | 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
S0 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.

| 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” | 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 | 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 | think algae can be part of that supply.

Why? Because, while | 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.

| 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?

| 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.

| 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 | 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 | look into it, the more difficulties and challenges |
discover, but | see the broader vision of a truly integrated system, combining
solar, wind, and wave energy, with algae cultivation, wastewater treatment,
carbon sequestration, and aquaculture. | 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 AlgaelndustryMagazine.com. All rights reserved. Permission granted to
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