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Air-lift reactors (ALRs) have great potential for industrial bioprocesses, because of the low level
and homogeneous distribution of hydrodynamic shear. One growing field of application is the
flue-gas treatment using algae for the absorption of CO,. In this paper, we discuss the
requirements for photosynthetic biomass growth in an ALR. The effects of the operating variables
are analyzed using a mathematical model [Wu, X.; Merchuk, J. C. Simulation of Algae Growth
in a Bench Scale Internal Loop Airlift Reactor. Chem. Eng. Sci. 2004, 59 (14), 2899] that accounts
for the effects of ALR geometry, fluid flow, and illumination on the biomass growth. On the
basis of the ALR principles and the specific requirements of photosynthetic processes, we
developed a “triangular” ALR configuration that is particularly suitable for algal growth. We
describe the design and operation of this novel bioreactor and present the first series of
experimental data obtained for two different algal species in a pilot-scale unit supplied with
flue gases from a small power plant. The measured removal efficiency of CO; was significant
(82.3 + 12.5% on sunny days and 50.1 £ 6.5% on cloudy days) and consistent with the increase

in the algal biomass.

Introduction

The air-lift reactor (ALR) is a type of pneumatic
contacting device in which fluid circulation takes place
in a defined cyclic pattern through channels built
specifically for this purpose. ALRs are considered to
have vast potential in industrial bioprocesses, because
of the low level and homogeneous distribution of hy-
drodynamic shear. However, not many examples are
known of large-scale applications. There are two general
types of biological processes, both related to ecoconser-
vation, that are inherently large-scale and can take
advantage of the ALR. For one class of processes—
wastewater treatment—several configurations have been
proposed.?~8 The second class of processes is a relatively
novel application of the ALR to the flue-gas treatment
using algae for the absorption of COy and abatement of
NOx. The interest of NASA for controlled algal-based
ecological life support systems in space has fueled the
research of algal reactors and optimization for biomass
production in the 1980s and 1990s.°

The importance of mixing in the proper operation of
a chemical reactor has been studied extensively because
of its relevance to yield and stability. A proper solution
is likely to involve a combination of macromixing of the
bioreactor contents (controlled by proper sizing of the
vessel and driven by aeration) and micromixing at the
molecular level. In the case of biochemical reactions, the
situation becomes more complex, because of the possible
effects of hydrodynamic shear on the kinetics of cell
division or product synthesis.!? Additional effects may
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result from spatial gradients within the system (in
particular, in large-scale systems), such as those result-
ing from nonhomogeneous distribution of light in the
case of photochemical reactions.

Clearly, a deeper knowledge of the bioreactor fluid
dynamics is needed for their rational design and opti-
mization. The conventional description of flow by resi-
dence time distribution, customary in chemical reactors,
may not provide sufficient information for an accurate
description of photobioreactions. Fluid elements that
spend the same time in the reactor but stay in different
light-intensity regions will have different kinetic be-
havior. To evaluate this effect and to model the process,
knowledge on fluid trajectories is necessary. Only a
model that takes into account this point will be able to
predict correctly the effects of scale-up on the perfor-
mance of the reactor.

A schematic presentation of an ALR with concentric
tubes is shown in Figure 1. Other configurations, such
as external loops or split vessels, have essentially the
same regions: a riser (draft tube in Figure 1), a gas
separator, and a downcomer (annulus in Figure 1). In
the riser, gas injection produces a highly turbulent
region with high gas holdup. In the downcomer, the
liquid returns to the bottom after separating from the
gas bubbles that disengage in the gas separator. A
fraction of gas may eventually be entrapped in the
downcomer, depending on the ALR geometry and op-
erating conditions: The gas holdup, however, remains
lower than that in the riser, and the difference in the
gas holdups between the two regions produces the
difference in the apparent fluid density that drives the
liquid circulation. In terms of gas—liquid flow configura-
tions, in the riser and separator we will find bubbly or
bubbly turbulent flow. In the downcomer, the liquid will
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Figure 1. Schematic presentation of an ALR for culture of photosynthetic cells. The difference in the apparent fluid densities between
the riser and downcomer provides the driving force for liquid circulation. It is assumed that (i) the riser is completely dark, (ii) the gas
separator provides homogeneous and constant illumination, and (iii) there is an exponential decrease profile of the light intensity in the

downcomer.
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Figure 2. Liquid, gas, and solid velocities in a three-phase ALR.
Arrows indicate the mass transfer from the gas bubbles (elliptical)
to the liquid and from the liquid to the particles (hexagonal). Black
arrows indicate the direction of the velocity vector.

usually show a near-plug-flow behavior, as long as the
tubes are vertical.l!

If solids (e.g., suspended living cells) are present in
the system, they will exert an influence on the flow, with
strong dependence on the density difference between the
solid and liquid phases.!2 The analysis can be simplified
by assuming that the velocity of the solid particles
relative to the liquid is the free-fall velocity and that
the velocity of the bubbles relative to the liquid is the
free-rise velocity. In this case, the mass-transfer rates
between the liquid phase and either particles or bubbles
are comparable for the riser and downcomer (Figure 2).
This assumption facilitates the prediction of the solid—
liquid mass-transfer rates because available correlations
for liquid-particle mass transfer become applicable. In
the case of gas—liquid mass transfer, the situation is
complicated by different surface areas for gas—liquid
mass transfer in the riser, gas separator, and down-
comer.

In this paper, we first discuss the specific require-
ments for photosynthetic biomass growth in an ALR.
The effects of the operating variables are analyzed using

a mathematical model of Wu and Merchuk! that ac-
counts for the effects of both fluid flow and illumination
on photosynthetic biomass growth. On the basis of the
available ALR theory and the specific requirements of
biological processes involving photosynthetic organisms,
we developed a “triangular” ALR configuration that is
particularly suitable for algal growth on flue gases. We
describe the design and operation of this novel bio-
reactor and present the first series of experimental data
obtained for two different algal spieces in a pilot-scale
unit operated outside and fed by a flue gas.

Photosynthetic Biomass Growth in an ALR

Like many plants, algae convert COq (carbon dioxide)
to organic material in photosynthetic reactions. Elec-
trons for this reduction reaction ultimately come from
water, which is converted to oxygen and protons. The
energy for this process is provided by light, which is
absorbed by pigments (primarily chlorophylls and caro-
tenoids). Photosynthesis is a two-stage process (Figure
3). Phase I (“light reactions”) is light-dependent and
requires the energy of light to make energy carrier
molecules that are used in the second process. Phase II
(“dark reactions”) is light-independent and occurs when
the products of phase I are used to form C—C covalent
bonds of carbohydrates. Recent evidence supports the
importance of light and dark cycles'? and suggests that
a major enzyme of the “dark reactions” is indirectly
stimulated by light; thus, the term “dark reaction” is
somewhat of a misnomer.

In an ALR, light flux decreases exponentially with the
distance from the irradiated surface. The algae near the
irradiation source are thus exposed to a high photon
density, which enhances the growth rate, as compared
to the cells at the center of the ALR tube, which receive
less light as a result of shading and grow more slowly.
However, excessive light can damage protein D1 in
photosystem II (photoinhibition) and decrease the growth
rate because of the reduction in the number of active
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Figure 3. Overview of the two phases of the photosynthesis
process. Light energy is absorbed in light reactions of phase I,
stored in the form of ATP and NADPH, and utilized for biomass
production in dark reactions of phase II. In light reactions, water
is split and oxygen evolves. In dark reactions, carbon dioxide is
incorporated into the biomass via a Calvin—Benson cycle.

“photon traps”.141> Therefore, the growth rate can be
influenced not only by the intensity but also by the
history of the illumination,!® and a periodical change
in illumination can enhance growth.!”

Previous work!® suggested a general approach that
integrates the fluid dynamics of an ALR with the
mathematical description of photosynthesis and ac-
counts for both the stimulatory and inhibition effects
of light. The model is suitable for analyzing the growth
phase and does not consider secondary metabolite
production. The mathematical representation of the
photosynthetic growth in an alternating light—dark
regime by Merchuk and colleagues!® is based on the
three-state model of a photosynthetic factory (PSF)
developed earlier by Eilers and Peters.l® The model
supports the notion that the utilization of light—dark
cycles may enhance the photosynthetic growth, which
in turn implies that ordered mixing can be utilized to
enhance growth. The model can predict the effects of
insufficient or excessive illumination and account for the
effects of mixing on the biomass growth. The kinetics
of photosynthesis can thus be modeled under the condi-
tions of photoinhibition in one region of the reactor
(because of too much light) and photolimitation in
another (because of little or no light), a situation
frequently encountered in ALRs.

The concept of the PSF? that forms the biological
basis of the model developed by Wu and Merchuk?-11:20.21
involves three states: the resting state (x1), the acti-
vated state (x2), and the inhibited state (x3). The PSF
in the resting or open state can be stimulated and
transferred to the activated state when it captures a
photon. The PSFs in the activated state can either

N‘lomn Capture
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Light :' o \PSF Deactivation (x, — x,)
Recovery (x, - X;)
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Figure 4. Schematic representation of the interaction of il-
lumination and the fluid dynamics in a photosynthetic cell culture.
The volume is divided into two regions, one dark and one
illuminated. Photons are captured by the cells in the illuminated
region by open PSF's (state x;), and both photosynthesis (transfer
to state xg) and PSF deactivation (transfer to state x3) can take
place. The cells are cyclically transported to the dark zone, where
PSF recovery takes place. Reprinted with permission from ref 18.
Copyright 1998 Wiley.

receive another photon and become inhibited or pass the
gained energy to acceptors to start photosynthesis and
then return to the open state. The inhibited PSF,
meanwhile, can recover by returning to the open state.

Figure 4 shows a simplified scheme that was used by
Wu and Merchuk! to show the interaction of fluid
dynamics and photosynthesis. It consists of two zones,
one dark and one of a certain constant illuminance. The
figure shows schematically which of the steps of the PSF
model (see the description above) take place in each
region.

In an actual photobioreactor, the situation is more
complex. Let us take the example of an ALR with
concentric tubes. The region of the ALR riser can be
regarded as the dark zone and the rest of the ALR
volume as the light zone with variable illuminance
(Figure 4). In the riser (dark zone), the cell kinetics does
not depend on the illuminance, and hence the flow
pattern in this region has no influence on the light
utilization. In the gas separator, the flow rates are
rather high, such that perfect mixing can be as-
sumed.2223 Because of the short residence times, the
light history of the cells within the separator can be
approximated as one of constant illuminance. In the
downcomer, the cells are illuminated and the residence
times are relatively long, such that both the detailed
flow pattern and the illumination history are of high
interest. Because of the relatively low gas flow rates,
the regimes of interest for algal growth are homoge-
neous bubbling flow in the riser and plug flow in the
downcomer with none or minimal gas recirculation.!!

For model development, the downcomer was divided
into several radial regions representing light zones with
a constant level of illuminance. The fraction of the cells
in each light zone was calculated based on the assump-
tion that algal cells are homogeneously distributed in
the downcomer. For each cycle, the concentration value
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Figure 5. Mathematical model of algal growth in an ALR. Dashed
lines and boxes are for the continuous mode of operation.

of the biomass was adjusted to account for the growth,
and this value is used for the next cycle. The differential
equations describing the kinetics of biomass growth are
as follows:

dx,/d¢t = —adx; + yxy + Oxg

dxy/dt = adx; — yx, — Plx,
Xt xytx3=1
u=kyx, — Me

where a, 3, v, and % are kinetic constants and Me is the
maintenance term.

The algorithm used to solve the differential equations
and obtain predictions for cell concentrations as a
function of the operating variables is depicted in Figure
5. For details on the model development and solution,
see refs 1, 11, and 20.

Model Predictions for Algal Growth in a
Concentric-Tube ALR under Continuous-Flow
Conditions

In the present study, the model was solved for the
case of continuous operation (Figure 5). A batch opera-
tion involves an increase in the cell concentration (i.e.,
amount of biomass) until the growth becomes limited
by either the available nutrients or (more common) the
light input, and the cell concentration saturates at a
constant level. In a continuous mode, a fraction of the
biomass is harvested and the content of the bioreactor
is diluted at timed intervals. The conditions thus
correspond to a series of batchwise operating cycles. If
the dilution factor is small and the biomass is harvested
frequently, the operating conditions approach pseudo-
steady-state operation.

Model simulations for continuous operation were
made with the same general assumptions as those
explained previously for the batch operation. For a given
dilution rate, the conditions of pseudo-steady-state
operation were defined, and the biomass concentration
was calculated. The biomass output and ground pro-
ductivity were then calculated. Some interesting results
of these calculations, showing the effects of key variables
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on biomass growth, are presented in Figure 6. The
baseline set of conditions for model simulations was

superficial gas velocity (riser based) Jg = 0.334 cm/s
light intensity at the reactor wall Iy = 250 uE/m?2-s
column height Hr=10m
ratio of cross-sectional areas of the riser A/Aq4=0.8

and downcomer

In each case, one of the above parameters was varied
within a range of interest for an algal culture in a
concentric-tube ALR.

The volumetric output of the biomass (in millions of
cells produced per millileter of bioreactor volume per
hour), a measure of the bioreactor productivity, de-
creases with an increase in the bioreactor diameter, at
a rate that further depends on the A,/A4 ratio (Figure
6A). An increase in the bioreactor diameter to 1 m
reduced the volumetric productivity to very low levels,
at all A/Aq ratios studied (0.5, 1, and 1.46). At any
column diameter (Dc), the productivity decreased as the
A,/Aq4 ratio increased, consistent with the fact that the
fraction of the reactor volume that is dark increases
with an increase in A,/Ay. Taken together, these results
are consistent with the fact that the decrease in the light
input, associated with either an increase in Dc or the
A,/Aq4 ratio, results in photolimitation, which in turn
decreases the production of the biomass.

The effect of the A,/A4 ratio on the volumetric output
of the biomass at baseline conditions is shown in Figure
6B (data points). The corresponding optimal dilution
rates are shown in the same graph (line). The biomass
productivity decreases with an increase of the A,/Aq
ratio, first slowly (at A,/Aq < 1) and then more rapidly
(at A/Aq > 1), such that the biomass production is
effectively diminished at A,/JAq approaching 1.5. This is
consistent with the fact that an increase in the A,/Aq
ratio results in an increased fraction of the dark region
in the bioreactor, at the expense of the illuminated
regions.

At baseline conditions, the dilution rate can further
affect the maximum cell concentration (X, 106 cells/mL),
maximum output of biomass DX (10 cells/mL-h), and
ground productivity of the biomass (10° cells/m? of
ground surface area-h), as shown in Figure 6C. The
ground productivity (Pg) is considered, as explained
previously,!?! to account for the empty space that has
to be left between bioreactors, either for maintenance
or for adjustment of the illumination. In this simulation,
the distance between each of the two bioreactors was
0.9 m, the same value as that previously used for algal
cultivations. Overall, there appears to be an optimal rate
of dilution for the maximum volumetric productivity,
whereas the cell concentration decreases as expected
with an increase in the dilution rate. Interestingly, the
ground productivity was not very sensitive to the
dilution rate in the range of conditions studied, but the
maximum value of Pg was determined at the same
dilution rate as the maximum of DX.

An increase in the bioreactor diameter under baseline
conditions resulted in a decrease in the cell concentra-
tion and an associated decrease in the optimal dilution
rate (Figure 6D). The ground productivity Pg passed
through a maximum, suggesting that there is an
optimal bioreactor diameter, approximately 0.5 m under
the baseline conditions studied.

The predicted effects of light intensity PFD (photon
flux density, #uE/m?2-s) are shown in Figure 6E. An
increase in the light intensity resulted in an initial
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Figure 6. Simulation of a concentric-tube ALR operated in a continuous-flow mode. The parameters were maintained at baseline conditions
(Je = 0.334 cm/s, I = 250 uE/m?-s, Hr = 1.0 m, and A,/JAq = 0.8) unless otherwise stated. (A) Effect of the ALR diameter Dc on the
volumetric productivity DX of the biomass, at three different A,/JA4 ratios. (B) Effects of the A,/A4 ratio on the DX and optimal dilution
rate D. (C) Effects of the dilution rate D on the cell concentration X, volumetric biomass productivity DX, and ground productivity Pg. (D)
Effects of Dc on the optimal dilution rate D, cell concentration X, and ground productivity Pg. (E) Effects of the illumination PFD on the
optimal dilution rate D, cell concentration X, and ground productivity Pg. (F) Effects of PFD on the optimal D¢ and dilution rate D, at

three different A,/Aq4 ratios.

increase in the cell concentration (consistent with pho-
tostimulation) followed by a decrease in the cell con-
centration (consistent with photoinhibition). The ground
productivity increased with PFD but leveled off at a
constant level at higher values of PFD.

For purposes of the initial system optimization, the
simulations were performed at baseline conditions as
the following series of steps:

1. For given PFD and Dc, find the optimal dilution
rate for maximum Pg (Figure 6C).

2. Repeat step 1 for a series of Dc values (Figure 6D)
and calculate the ground productivity.

3. Determine the optimal Dc.

4. Repeat steps 1—3 for a series of PFD values (Figure
6E).

5. Determine the light intensity and column diameter
for an ALR operating at the maximum Pg. This last step
is key for the design of ALR for algal growth.

The results of simulations are shown in Figure 6F.
The optimal Dc and dilution rate are shown as a
function of PFD, for a series of values of A/Aq, at
baseline conditions (Jg = 0.334 cm/s; Hy = 1.0 m). For
all values of A,/Aq4, the optimal column diameter in-
creased slightly when PFD increased from 800 to 2200
uE/m2-s, a range typical for an outdoor daytime il-
luminance. At the top of this range, Dc leveled off at a
constant value, suggesting that the ratio between the
illuminated and dark regions becomes controlling. Con-
sistently, the A;/A4 ratio had little effect on the optimal
Dc at high PFD values. Also the wide range of PFD had
little effect on the optimal dilution rate. However, larger

A,/A4 should be avoided because this will give a low
growth rate and a less dense culture.

The simulations presented here are only qualitative
in nature because they are based on extrapolations.
Nevertheless, these simulations show that this model
has the potential to be applied for ALR design and
optimization according to a selected objective function.

Inclined-Tube ALR Configuration

The above description of mathematical modeling and
simulations, and the way they integrate fluid dynamics
and biokinetics, refers to the conventional vertical ALRs.
The theory and findings from these studies were used
as the basis for designing a new class of ALRs that
utilize an inclined-tube configuration. Here we describe
the design features of inclined-tube ALRs and report
the experimental studies of algal growth on a flue gas
in small-scale units operated under laboratory condi-
tions and pilot-scale units operated on the roof of a
power plant.

When gas is supplied from the bottom of an inclined
tube, the gas bubble will travel the tube along the inner
upper surface. This will renew the liquid layer of the
upper surface, making it difficult for algae to adhere
and thereby preventing fouling. Because this upper
surface is usually arranged for light penetrating into
the reactor, this self-cleaning feature can greatly reduce
the maintenance requirement. Notably, we have not
observed any signs of fouling after several months of
continuous algal growth in inclined-tube bioreactors. We
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Figure 7. Visual observations of flow patterns in the inclined-tube ALR: (A) flow of liquid alone; (B) liquid—gas counterflow with bubbles

introduced at the bottom of the tube.

Table 1. Selected Models for Airlift Fluid Dynamics and Mass Transfer®

gas—liquid
system

gas—liquid—solid

source system

gas
recirculation

=

€Gr €Gd €sr €sd €G CFD

Heijnen et al.28 X
van Benthum et al.2? X
Garcia-Calvo et al.3

Hwang and Lu30

Freitas et al.4

Mude and Van Den Akker3!
Camarasa et al.32
Camarasa et al.33
Mousseau et al.? x
Saez et al.34
Marques et al.?>
Cockx et al.36
Couvert et al.b
Tobajas et al.3” x
Camacho Rubio et al.38
Sanders et al.3?
Shechter et al.40 X
Orejas*!

Steiff et al.42 X

X X X X X X X X
X X X X X

X X

@ x’s indicate elements that were taken into account in the model.

found this to be quite remarkable and most likely due
to the dynamic hydrodynamic shear imposed by bub-
bling flow.

The above two features of the inclined tubes make
them attractive for photobioreactor system applications.
The first efforts in this area were directed toward the
establishment of “flow pattern maps” via correlation of
experimental data to predict the flow configurations for
a given ALR geometry and gas and liquid flow rates.24~26
Once the flow configuration is determined, one can
estimate important characteristics such as the pressure
drop, phase holdups, and heat/mass-transfer rates.

Generalization of this information and the ability to
make extrapolations beyond the range of experimental
data require a deeper insight into how flow configura-
tions are generated and into the mechanisms of transi-
tion from one configuration to another. Models devel-
oped thus far include the correlations adapted from
horizontal flow to inclined tubes and those able to
predict the transitions between the flow configurations
in inclined tubes (Table 1).2426 The later models are

X
X

X X X
X
X
X
X

X
X

X X X X

X X X X

X X X X X X X XX XX XX XX
X X

X X X X X X X X X X

based on force balances for the liquid and gas phases,
and they allow one to define the flow configuration and
predict the gas holdup and pressure drop. However,
none of the available models can predict the flow paths
in the continuous liquid phase, which is the most
important information for mathematical modeling of
inclined-tube ALR for biomass growth.

We recently conducted flow studies in a two-dimen-
sional inclined duct, representing one thin axial section
of the inclined-tube ALR, using liquid tracer dyes. The
flow rates of liquid (flowing downward) and gas (flowing
upward) were independently controlled. The local ve-
locities of the liquid and gas phases were estimated
visually from the dye tracer experiments and are shown
schematically in Figure 7. The flow of liquid alone was
laminar in the whole ALR volume except for the calming
section at the top of the inclined tube (Figure 7A).
Introduction of even a small amount of gas caused a
dramatic change in the flow pattern of liquid (Figure
7B). The gas was observed to creep along the upper wall
as discrete bubbles, which coalesced after a certain
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A

Figure 8. Inclined-tube ALR configuration: (A) schematic presentation of one ALR “triangle”. Solid arrows indicate the direction of the
gas flow, and open arrows indicate the direction of the liquid flow (B). An array of 30 ALRs, each with a volume of 30 L, with an algal
culture grown on a flue gas. Inset: installation of the array of ALRs on the roof of MIT’s Cogeneration Power Plant.

length into larger bubbles, generating a swirl that
advances to the upper part of the device. In the bottom
of the tube, very fast downward flow was established,
balanced by a similar upward flow at the upper wall.
These preliminary observations suggested that the
presence of gas bubbles transformed liquid flow from
laminar into turbulent and generated convective mixing
in the liquid phase. Like in most other ALR configura-
tions, the rate of liquid circulation is essentially deter-
mined by the gas flow rate.

To test the utility of the inclined-tube configuration
for cultivation of unicellular photosynthetic algae, we
designed and constructed a pilot-scale bioreactor shown
in Figure 8. The particular application we are interested
in is the flue gas treatment using algae. In this case,
the nutrients for algal growth are provided by absorp-
tion of COs.

The schematic in Figure 8A describes the inclined-
tube algal ALR. The working principle of this vessel is
the same as that for a concentric-tube ALR, with a few
differences. Most of the direct solar radiation enters
through the hypotenuse, which is 3.3 m long, with a
circular cross-sectional area. Thus, the cross section has
an “intensive light” region, corresponding to that in the
annular region of a concentric-tube ALR. The liquid flow
rate through the prototype is controlled principally by
the flow rate of the feed gas and can be adjusted to give
a wide range (seconds to minutes) of retention time
within each of the ALR regions. As the algae circulate
through the inclined-tube segment, turbulence created
by two gas spargers creates microtrajectories that carry
the suspended cells back and forth between different
light zones (i.e., closer to the illuminated surface or
deeper into the liquid flow).

The desired capacity of flue gas purification is achieved
by increasing the number of ALR “triangles” that are
connected in parallel. Our second pilot-plant unit, shown
with active algal cultures in Figure 8B, is a battery of
30 ALRs, each having the configuration shown in Figure
8A and a volume of 30 L. The system has been tested
under the actual conditions, on the roof of the Cogen-
eration Power Plant at the Massachusetts Institute of

Technology, Cambridge, MA. The inset shows the
installation of the ALRs on the roof, in Spring 2004. The
main component of the power plant is the ABBGT10A
Combustion Turbine Generator set (ABB STAL AB,
Finspang, Sweden). This includes the ABB EV (EnVi-
ronmental) combustor, which has a low level of NO,
emission. The flue gas contained approximately 20 ppm
of NO, and 8% COs and was supplied at a flow rate of
600—800 mL/min per bioreactor vessel.

The feasibility of the algal culture with a flue gas at
the MIT’s Cogeneration Power Plant was demonstrated
for two algal species and two different inclined-tube
ALRs. Preliminary experiments were performed in a
smaller-scale laboratory ALR that had a working vol-
ume of 7 L and no means of internal temperature
control. Therefore, the laboratory ALR was enclosed in
a wedge-shaped greenhouse with a triangular side view
that resembled the shape of the reactor. It had an
inclined window in front and two side windows, and the
back was closed with a door. The greenhouse and the
reactor were installed on the roof of the MIT power
plant. The temperature inside the greenhouse was
controlled by a thermostat that turned on a space heater
or an air conditioner as needed.

For the setup in greenhouse, the flue gas was tapped
from a pathway before the stack and delivered to the
reactor by an oil-less diaphragm pump (DOA-701-AA,
Gast Manufacturing Inc., Benton Harbor, MI). During
turbine operation, water was injected into the combus-
tion zone to reduce the thermal NO, levels by cooling
the flame. Therefore, the flue gas contained significant
amounts of water. A water trap bottle was placed before
the pump to capture condensed water accumulated in
the delivery lines. The gas was introduced to the reactor
by two spargers, and the flow rates were controlled
using rotameters.

We tested two strains of green algae, Dunaliella parva
(UTEX LB1983) and Dunaliella tertiolecta (UTEX
LB999). The modified /2 medium?’ was used. The
composition of the modified /2 medium was (per liter):
22 g of NaCl, 16 g of Aquarium Synthetic Sea Salt
(Instant Ocean Aquarium Salt, Aquarium Systems, Inc.,
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Figure 9. Algal growth on a flue gas in a pilot-plant unit at the Cogeneration Power Plant at MIT. (A) A 4-week culture of D. parva. The
first two closed circles indicate the cell densities after harvesting 30% of the medium volume from the ALR and replacing it with a fresh
medium. The rest of the closed circles are the results after 15% harvesting and replenishment. (B) An 8-week culture of D. tertiolecta.
The closed circles represent the cell density after 30% harvesting. The bottom lines show the temperature of the reactor.

Mentor, OH), 425 mg of NaNOs, 4.36 mg of EDTA-2Na,
3.15 mg of FeCl3-6H20, 180 ug of MnCle-4H50, 22 ug of
ZnS047H20, 10 ug of CuSO4-5H0, 10 ug of CoCly-
6H>0, 6.3 ug of NagMo04-2H20, 20 mg of NaHyPO,-
H>0, 100 ug of thiamine—HCI, 0.5 ug of biotin, and 0.5
ug of vitamin B12. For D. parva, 5 g of MgCls and 4 g of
NagSO4 were added as well. The pH of the medium was
adjusted to 6.0 before autoclaving, and a filter-sterilized
solution of thiamine—HCI, biotin, vitamin B12, and
NaHyPO4-Ho0 was added after autoclaving. Figure 9A
shows the results from a 4-week culture of D. parva.
The cell density was monitored daily by measuring
spectrophotometrically the optical density (OD680) of
the cell suspension from the bioreactors, using samples
of cell suspensions of known cell concentration as
standards. The pH and temperature of the culture
medium were measured using the same samples. The
temperature of the reactor surface and the greenhouse
environment were monitored continuously. At days 6
and 12, a volume fraction of 30% of the cell suspension
in the reactor was harvested and replenished with a
fresh medium. The resulting cell densities are shown
as the first two closed circles in Figure 9A. It is
interesting to note that, after harvesting of the cells, 3
days of growth were required to reach the steady-state
cell density. During the later stage of the culture, only
15% of the medium was harvested, and the cell density
approached the steady-state level in 1 day. This im-
proved the algal production and was continued for
almost 2 weeks. It should be noted that during the first
2 weeks of operation the temperature control in the
greenhouse was not installed. On a bright sunny day,
the temperature inside the greenhouse was raised
because the cooling capacity of the air conditioner was
not sufficient to deal with the higher solar radiation
input. The algae are darkly colored and thus absorb
more radiation than the surrounding greenhouse, re-
sulting in the higher reactor temperature as compared
to the greenhouse.

Figure 9B presents the time course of an 8-week
culture of D. tertiolecta. Here, the harvesting scheme
was kept constant at 30% medium replacement. After
the algae were adapted to the flue gas composition and
environmental conditions, a 30% harvest per day was
possible as shown in the second half of the culture.

These results demonstrated that a continuous culture
of algae using a flue gas is feasible.

The percent removal of COs in the pilot installations
was measured using a standard EPA testing procedure
prescribed by the Code of Federal Regulations Title 40,
Protection of Environment, Part 60, Appendix A, that
applies to the determination of the CO2 concentration
from stationary sources. A continuous-emission measur-
ing system was used that consisted of a thermoelectric
water condenser (Baldwin), a flow controller for gas
sample removal (CK Environmental), an infrared gas
analyzer for COy (California Analytical Instruments,
model 3300), and a data chart recorder (Monarch, model
2000). The reduction level of COy was measured con-
tinuously over a period of 7 days, as the difference
between CO, concentrations at the bioreactor inlet and
outlet, and expressed as a percent of the inlet COq
concentration. During sunny days (5 out of 7 days), the
removal efficiency of COy was 82.3 + 12.5%, and during
cloudy days (2 out of 7), the removal efficiency of COy
was 50.1 + 6.5%. These removal efficiencies are signifi-
cant and consistent with the photosynthetic metabolism
of algae and the observed increases in algal biomass.

Summary

A particularly interesting application of ALRs is the
growth of photosynthetic organisms because the fluid
circulation can be utilized to provide the light—dark
cycles necessary for photosynthesis. We focused on the
flue gas treatment using algae for the absorption of COs
in a novel “triangular” ALR design. The effects of
operating variables on the biomass production could be
analyzed using a mathematical model of Wu and Mer-
chuk! that accounted for the effects of the ALR geometry
and fluid flow and the stimulatory and inhibitory effects
of illumination on biomass growth. Testing of an array
of ALRs operating with two different types of algae and
continuously supplied with a flue gas from a small
power plant demonstrated the feasibility of algal ALRs
for the removal of COy from flue gases. Further studies
are underway to determine the ability of the system to
remove NOx.
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Nomenclature

A, = cross-sectional area of the riser [m?]

Aq = cross-sectional area of the downcomer [m?2]

Dc = reactor diameter [m]

DX = volumetric yield [cells/cm?3-h]

G = gravitational constant [m/s?]

Jg = superficial gas velocity [m/s]

H = draft tube height [m]

PFD = photon flux density [uE/m?-s]

I(r) = illuminance history of a photosynthetic cell [uE/m?.
s]

Pg = ground biomass yield [10? cell/m?-h]

R = radial distance in the reactor [m]

T = time [s, days]

V = velocity [m/s]

X1 = fraction of PSF in the open state

X, = fraction of PSF in the closed state

X3 = fraction of PSF in the inhibited state

X = cell concentration [108 cells/cm?]

x¢ = final biomass concentration [kg/m?]

o = kinetic constant for x; — xo [m?/uE]

B = kinetic constant for xo — x3 [m%/uE]

y = kinetic constant for xo — x; [1/s]

k = kinetic constant for growth [uE/m?2-h]

u = specific growth rate [1/h]

Me = maintenance term [1/h]

Subscripts

D = downcomer
r = riser

S = solid
Abbreviations

ALR = air-lift reactor
PFD = photon flux density
PSF = photosynthetic factory
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