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ABSTRACT: High-protein microalgae are a promising alternative to
soy for more rapidly and sustainably produced protein-rich animal feed.
However, there are still significant barriers to be overcome in growing
nutritious microalgae, recovering nutrients from wastewater, and fixing
CO2 from flue gas in full-scale sustainable operations. Currently, it is
generally assumed that nutritious microalgae, including Scenedesmus
obliquus, are inhibited by CO2 levels characteristic of industrial flue
gases. Experiments in a 2 L photobioreactor with the ability to control
CO2 concentrations and pH demonstrated that the inhibition of S.
obliquus was not important until 10% CO2 and was not prohibitively
reduced even at 35% CO2. The rate of growth exceeded all values in the
literature for S. obliquus at concentrations greater than 2.5% CO2, and
the amino acid content of the microalgae was equal or superior to that of soy. A substrate inhibition model indicated that CO2
levels comparable to flue gases do not substantially inhibit S. obliquus growth, with careful pH control. The model indicated
maximum biomass productivity of 640 ± 100 mg L−1 d−1 at 4.5% CO2 (Km of 0.8 ± 0.4% CO2, Ki of 26 ± 9% CO2, and vmax of
860 ± 120 mg L−1 d−1), which exceeds previously measured biomass productivity values at inhibitory CO2 concentrations.
Protein contents of S. obliquus and soy were comparable.
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■ INTRODUCTION
Global agriculture consumes 3% of annually produced energy
and 70% of freshwater, and occupies 11% of land area.1

Though substantial resources are devoted to agriculture, 1
billion of the earth’s 7.7 billion people already lack sufficient,
nutritious food on a regular basis.2 Furthermore, the world
population is predicted to increase by 2−3 billion by 2050.
Due to population increases and urbanization patterns,
demand for animal-derived protein is expected to double by
2050.3 To meet the global demand for animal and human
food, crop and livestock production must increase in quantity
and efficiency, using finite resources. Soybean meal is the most
common protein supplement in cattle feed, but conventionally
grown crops are energy, water, and nutrient intensive.4

Inefficiencies of Soybean Meal as a Feed Supple-
ment. Of the four billion bushels of soy grown in the United
States annually, 70% becomes animal feed.5 However, soy
crops are dependent on ammonium fertilizers which are
produced through the energy-intensive Haber-Bosch process,
use freshwater resources, and occupy 20% of the United States
cropland.6 Not only does conventional agriculture place
significant demands on natural resources but also it is
inefficient. Only 16% of anthropogenically sourced nitrogen
reaches the end product, plant or animal protein.7 Instead,
large quantities of nitrogen fertilizers runoff the land with
precipitation water, leach into the groundwater, volatilize as
ammonia, and undergo microbial denitrification. Soybeans get
nitrogen from both biological fixation of inert atmospheric
nitrogen and uptake of reactive nitrogen from the soil.8

Approximately 50% of the nitrogen required for soybeans
comes from the atmosphere. Mature soya plants are able to fix
nitrogen from the atmosphere, but “starter nitrogen” is applied
to seedlings to stimulate plant growth and eventually increase
grain yield.9 Beyond nutrient demands, conventional soybean
meal requires environmentally harmful chemical inputs for
growth and processing.

Microalgae as a Sustainable Alternative to Soy. High-
protein microalgae are a promising alternative to soy for more
rapidly and sustainably produced protein-rich animal feed.10

Two members of the family of green algae, Desmodesmus and
Scenedesmus, have been researched as candidates for nutritious
microbial protein because of characteristic high-protein
contents and favorable amino acid profiles.11−18 These
members of the family Scenedesmaceae have demonstrated a
tolerance for range of pH, temperature, nutrient variation, and
shear force.17 However, there are still significant barriers to
growing nutritious salable microalgae, recovering nutrients
from wastewater, and fixing CO2 from flue gas in full-scale
operations.19 Currently, it is generally assumed that nutritious
microalgae, including Scenedesmus obliquus, are inhibited by
CO2 levels characteristic of flue gas.11,13,20,21

Flue Gas as a Source of Carbon for Microalgae.
Significant and prompt mitigation of greenhouse gas emissions
will be required to stabilize atmospheric concentrations of
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CO2, according to the Intergovernmental Panel on Climate
Change.22 Uptake of CO2 by photoautotrophs, including
microalgae, is a means to utilize solar energy and “waste”
nutrients while producing a valuable feed and removing CO2
from the atmosphere or stack gases as a resource.23 Waste
streams of flue gas containing high levels of CO2 can be
diverted for use as microalgal substrate, especially for the
species able to tolerate high concentrations of CO2, NOx, and
SOx.

24 CO2 is fixed as microalgal biomass, which can be
harvested for high-value compounds, biofuels, fertilizer, or
animal feed.25−27 In addition, waste heat from power plants or
industrial processes may be recovered to maintain favorable
culture temperatures (15 to 35 °C).28 Revenue from these
products could offset CO2 capture and algae dewatering costs.
Microalgae have been grown across a wide range of nonideal

CO2 concentrations to which they are not adapted to attempt
to produce biomass rapidly. Certain microalgae have very high
CO2 fixation rates (5−10 times faster than terrestrial plants),
70% to 80% of which goes to biomass production.29,30

Unfortunately, the CO2 stream itself can inhibit microalgal
growth.13,31 CO2 is readily available in the atmosphere at
0.04%, which is only a fraction of its availability in coal-fired
power plant flue gas at 12−15% CO2.

32 Natural gas
combustion, oil refining, cement manufacturing, iron and
steel manufacturing, and anaerobic fermentation emission
streams contain 3−4%, 8−9%, 14−33%, 20−44%, and
approximately 40% CO2, respectively.

32,33

To date, studies of flue gas as substrate for microalgae have
focused on contaminants to the CO2 stream but generally
neglected the inhibitory effect of CO2 itself. A study of
inhibition in the microalgae Chlamydomonas reinhardtii
approximated the Km at 0.09% CO2.

34 Studies of S. obliquus
where CO2 input ranged from 0.03% to 50% indicated growth
limitation at high CO2 levels,

13 but CO2 tolerance has yet to be
determined in S. obliquus at high concentrations of CO2
relevant to flue gas with promising biomass productivities.
In previous studies, decreased CO2 tolerance was reported

and was likely due to media acidification without pH
correction.13 Aqueous CO2 forms carbonic acid in water,
some of which deprotonates to bicarbonate and H+ thus
decreasing the solution pH. Media acidification occurs when
CO2 is provided in excess. Conversely, if too little CO2 is
provided, microalgae fix all the aqueous CO2 and the solution
pH increases.
Here, we show that high CO2 concentrations typical of

power plant flue gas did not greatly inhibit the growth of
microalgae. In fact, at somewhat lower CO2 concentrations, we
demonstrated the highest CO2 uptake rates in the literature.
Most importantly, the microalgae product showed equal or
better nutritional characteristics to the animal feed which it
would replace, soy protein.

■ MATERIALS AND METHODS
Experimental Setup. S. obliquus was selected as a promising

candidate after growth rate comparison with C. vulgaris and D.
armatus (see Figure S1 in Supporting Information). S. obliquus (SAG
276-1), N. atomus (SAG 14.87), and D. armatus (SAG 276-4d)
cultures (see Figures S2 and S3 in Supporting Information) were
purchased from the culture collection at Göttingen University in
Germany. Species identity was confirmed through DNA extraction,
Sanger sequencing with primers EukA (5′-AACCTGGTT-
GATCCTGCCAGT-3′) and EukB (5′-TGATCCTTCTGCAGG-
TTCACCTAC-3′),35 and BLAST sequence search.

A Sartorius Biostat A Plus bioreactor, fitted with two red and blue
LED panels (280 μmol m−2 s−1), served as a photobioreactor for
microalgae cultivation (see Figure S4 in Supporting Information).
Batch studies of S. obliquus were conducted in 1.5 L of 3-fold nitrogen
content Bold’s Basal Medium36 at 27 °C, 10 mM HEPES buffer, and
pH 6.8 under continuous illumination. Constant feedback from the
bioreactor pH meter was used to control the addition of the base (1N
NaOH) to maintain a pH of 6.8. The cultures were sparged
continuously. A cylinder of Praxair Ultra-Zero air provided a blend of
N2 and O2, which was mixed with gas from a second tank containing
high purity CO2. The reactor was sparged at a total rate of 0.1 L min−1

(0.07 vvm). CO2 concentrations were selected to approximate the
range from atmospheric levels to high CO2 levels from industrial
processes, and concentrations were confirmed with the appropriate
sensors (Senseair K30 1%, Gas Sensing Solutions Ltd. cozIR 20%, or
Gas Sensing Solutions Ltd. cozIR 100%) and GasLab v2.0.8.14
software. Following inoculation, the cultures’ optical density at 750
nm (OD750) was 0.05 ± 0.03. The reactor was sampled daily as each
batch progressed from lag to stationary phase. Biomass values were
calculated from a calibration curve relating OD750 measurements to
biomass concentrations (see Figure S5 Supporting Information).

Comparison of S. obliquus growth on NO3
− and NH4

+, prior to the
CO2 inhibition experiments, yielded no significant difference in
growth rates (see Figure S6 in Supporting Information). Nitrate and
phosphate depletion in select S. obliquus culture batches was
measured over time using HACH kits TNT836 and TNT846,
respectively.

Kinetic Calculations. S. obliquus was grown at several CO2
concentrations, and a substrate inhibition curve was modeled
according to Monod kinetics to determine the appropriate CO2
input to maximize biomass productivity and the impacts of those
CO2 levels on growth rates. At each CO2 level, microalgae biomass
was tracked via OD750 and then fit with a logistic regression (eq 1 and
Figure S7 in Supporting Information) in GraphPad Prism Version
7.03

f x
L

( )
1 e k x x( )0

=
+ − − (1)

where L is the curve’s maximum value (mg L−1), k is the relative
steepness of the exponential phase (d−1), and x0 is the time of the
sigmoidal growth curve’s midpoint (d). The maximum biomass
productivity at each CO2 input was calculated from the derivative of
eq 1 at the sigmoid midpoint, where x = x0. The standard errors of the
logistic regression parameters were used to calculate the standard
error of the calculated maximum biomass productivity values.

Substrate inhibition was also modeled in GraphPad Prism,
according to the substrate inhibition model (eq 2)

( )
v
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K x 1m
x
K
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i

=
×

+ +
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where vmax is the maximum growth velocity, Km is the Michaelis−
Menten constant, and Ki is the inhibitor constant.

Nutritional Analysis. Total protein contents of dried S. obliquus,
N. atomus, D. armatus, and soybean flour were quantified via total
nitrogen analysis by Dairy One Forage Laboratories (Ithaca, NY).
Total microalgal protein was estimated from total nitrogen, with a
conversion factor of 5.05 ± 0.03 to exclude nonprotein nitrogen.37

Dried microalgae and soy samples were submitted to Bio-Synthesis
Inc. (Lewisville, Texas, U.S.A.) for amino acid profile analysis.
Samples were hydrolyzed in 6 N HCl for 24 h at 110 °C, dried,
resuspended, and added to a reaction buffer before injection onto an
HPLC column.

■ RESULTS AND DISCUSSION
Substrate Inhibition. The greatest measured maximum

and overall biomass productivities were measured here to be
700 ± 110 and 510 ± 20 mg L−1 d−1, respectively, at 4.1% CO2
(Figures 1 and 2). The maximum overall biomass productivity
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literature value for S. obliquus was 626.6 mg L−1 d−1 (error and
maximum biomass productivity not reported) at 420 μmol m−2

s−1 and 2.5% CO2 in a nitrogen starvation study for lipids
production.38 The same S. obliquus strain produced biomass at
overall rates of 292.5 mg L−1 d−1 under 60 μmol m−2 s−1 and
10% CO2,

39 and 460−490 mg L−1 d−1 under 2.5% and 180
μmol m−2 s−1.40

S. obliquus growth was predicted to be optimized at 4.5%
CO2 and inhibited above 26 ± 9% CO2, as indicated by the
substrate inhibition model, where vmax is the maximum growth
velocity (860 ± 120 mg L−1 d−1), Km is the Michaelis−Menten
constant (0.8 ± 0.4% CO2), and Ki is the inhibitor constant
(26 ± 9% CO2).
This work’s substrate inhibition model indicated a Km value

approximately 10-fold greater than that of a previous study of

C. reinhardtii, which indicated that this study’s biomass
productivity peaked at much greater CO2 levels. Previous
studies maximized microalgal productivity when pH was
relatively steady at neutral values but did not have the
feedback control to properly maintain pH at an exact value; in
other cases, pH was managed by periodically adding of
ammonium salts, varying the CO2 concentration, or adding
higher concentrations of buffer and letting the solution
gradually acidify.31,41−45 In small batch studies (less than 100
mL) where the pH was initially 6.8, this study found that
biomass productivity was much less than that of S. obliquus in
the pH-stat system. The characteristic high biomass
productivity of S. obliquus is enabled under constant pH
conditions.
At constant pH, HCO3

− and dissolved CO2 concentrations
increase proportionally with headspace CO2 concentrations.
Ribulose-1,5-bisphosphate carboxylate (RuBisCO), a key
enzyme in photoautotrophs, catalyzes the fixation of CO2
and HCO3

−.46 Biomass productivity was used to estimate
the rates of CO2 consumption based on the typical carbon
content of S. obliquus cells.13 Estimated maximum and overall
CO2 consumption rates were 1,280 ± 200 and 930 ± 40 mg
L−1 d−1, respectively, at 4.1% CO2. High S. obliquus biomass
productivity and high CO2 fixation rates can be achieved at
levels typical of natural gas and coal-fired power plant flue gas
(see Table S9 in Supporting Information), with careful pH
control.
In each measured batch, nitrate was depleted from the

culture medium as the culture reached stationary phase (see
Figure S10 in Supporting Information). Phosphate concen-
trations in the culture medium generally declined at a
decreasing rate and were not depleted (See Figure S11 in
Supporting Information).

Operation Scale-Up. Though this is bench-scale research
and the scale-up of economical microalgal production systems
is difficult, these results are promising. Biomass productivity,
scale, cultivation method, and nutrient costs determine the
economic viability of microalgal products.25 The potential for
higher biomass productivities at much higher CO2 concen-
trations is advantageous to resource-efficient production. In
this study, there were significant losses of CO2 from the system
as an optimal mass flow rate of CO2 was not investigated.
However, these results elucidate equilibrium CO2 concen-
trations required for maximum microalgal growth and CO2
utilization efficiency. When sparged CO2 mass flow rates
exceed uptake rates by microalgae growth at scale, then
bioreactors may be utilized in series for increased capture and/
or CO2 flow rates may be decreased.
Bioreactor pH control, at scale, is difficult due to the

nonlinearity of the reaction and time delays. Depending on
nutritional uptake by the microalgae in the photobioreactor,
pH may either increase or decrease. In our experience, no
more than 10 mL of 1 N NaOH, per batch, was needed to hold
the pH constant against high CO2 concentrations. At a larger
scale, several investigators have successfully achieved pH
control using proportional control, or proportional-integral
(PI) control with or without feedback or cascade con-
trollers.47,48

Microalgae as cattle feed is cost prohibitive relative to
soybean meal because it requires separation from a dilute
solution and is susceptible to contamination.49 However,
optimized microalgal biomass productivity on waste substrates
provides an opportunity to meet animal feed demands and

Figure 1. Modeled S. obliquus growth across a range of CO2 inputs:
0.04% to 34% CO2. Raw data are included in Supporting Information
Figure S8.

Figure 2. S. obliquus maximum biomass productivity over a range of
CO2 inputs. Data were fitted with a substrate inhibition curve. Error
bars represent the standard error of the modeled maximum growth
rate.
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reduce global energy, freshwater, and land use.50 Under these
conditions, the usage of energy-intensive fertilizer and
freshwater resources would decrease, wastewater treatment
costs would be offset, and greenhouse gas emissions would be
reduced to produce an economical protein source.
Targeted Wastewater Characteristics. Treatment of

high nitrate wastewaters, without carbon source supplementa-
tion, is generally considered challenging for microbes.51

Fortunately, there are thousands of sources of domestic
secondary effluent, some of which are colocated with power
plants. Additionally, industrial and agricultural wastewater
streams with low organic carbon and high nitrogen
concentrations (such as explosives factory wastewater, fertilizer
plant wastewater, agricultural runoff, and irrigation return
waters)52 are advantageous options for microalgae substrates.
However, contamination by heavy metals and pathogens from
certain wastewaters would be hurdles in the production of
microalgae for animal feed.
Growing microalgae on low organics waste streams or

tertiary wastewater will limit microbial competitors because the
majority of carbon sources will have already been removed
using prior treatment steps. Microalgae are also given a
competitive edge over potential contaminating species when
media conditions such as pH or salinity are tailored to their
growth and hinder other microbes.53 Microalgae may also
dominate in nutrient-rich systems; in eutrophic lakes,
autotrophic microbes outcompete their heterotrophic counter-
parts.54 This condition necessitates that the wastewater
substrate have low turbidity to allow solar energy to reach
microalgae, which already require shallow depths to avoid self-
shading.
Nutritional Qualities. Microalgae is an alternative protein

source with greater resource-to-protein conversion efficiency
than soy. However, nutritious microalgae currently costs 10-
fold the price of soy, which is $0.10/lb to $0.20/lb.53 High
microalgal biomass productivity using inexpensive and
sustainably sourced substrates would significantly offset the
overall cost of production. S. obliquus, D. armatus, and N.
atomus each have high growth rates and protein contents
comparable to soy (Figure 3).
In addition to resource efficiency, certain microalgae may be

able to supply greater fractions of the sulfur amino acids,
cysteine and methionine, in comparison to soy.19 Methionine
is the first limiting amino acid in cattle feed supplemented by
soybean meal and is often required as a feed supplement at
extra expense to the farmer.4 The next limiting amino acids are
lysine, then histidine or threonine depending on whether the
cattle are designated for milk or beef production.55,56

Ruminants, in general, more efficiently digest and extract the
nutritional value from algae-supplemented feed than other
animals.10 To determine the nutritional value of microalgal
protein, the amino acid profiles of S. obliquus, D. armatus, N.
atomus, and soybean flour were compared (Figure 4). The
selected microalgal species were twice as rich in methionine,
relative to soy.
This work demonstrates the highest S. obliquus biomass

productivity rates at CO2 concentrations that imitate power
plant or industrial emissions. Photobioreactor experiments and
a modeled substrate inhibition curve predicted maximum
biomass productivity at 4.5% CO2, but S. obliquus was not
much inhibited even at 35%. The control of system pH appears
to be a key parameter in achieving high biomass productivity
under the acidifying conditions of high CO2 concentrations.

Additionally, S. obliquus was more nutritious than soy, a
conventional protein supplement in cattle feed. Protein
contents were similar, but the microalgae had greater fractions
of methionine, the limiting amino acid in cattle feed. These
results will move forward efforts to upcycle waste to high-
protein microalgal biomass for cattle feed as a large-scale,
economical alternative to soybean meal.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acssusche-
meng.9b00656.

Figure 3. Percent crude protein comparison among whole soybean, S.
obliquus, D. armatus, and N. atomus. Error bars represent the standard
deviation. *Indicates statistical difference from the soy control at p <
0.01, α = 0.05.

Figure 4. Percent amino acid comparison among soy, S. obliquus, D.
armatus, and N. atomus. Percent error was 5% of the measured values.
*Indicates low recovery of cysteine.
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Microalgal species comparison, culture medium nutrient
depletion, nitrogen source comparison, photobioreactor
schematic, and microalgae micrographs (PDF)
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