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ABSTRACT OF THE THESIS
Nutrient recovery by anaerobic co-digestion of Chlorella vulgaris and waste activated sludge
By
Michael Ian Gordon
Bachelor of Science in Bioresource Research with an option in Bioenergy
Oregon State University, 2015

Anaerobic digestion of lipid-extracted algal biomass has been proposed as a method to
recover and recycle nutrients in algal biofuel systems. The purpose of this study was to quantify
recoverable nitrogen and phosphorus from anaerobically digested C. vulgaris. Recoverable
nutrients were deemed those present in the liquid phase of anaerobic digester effluents. Batch
anaerobic digesters were constructed from 125 mL glass bottles with rubber septa lids. To
investigate the necessity for co-digestion, waste activated sludge was digested with C. vulgaris
comprising varying percentages of a constant substrate load (2070 mg VS L-1). The waste
activated sludge control produced significantly more biogas than the 100% lipid-extracted C.
vulgaris treatment, with respective cumulative biogas yields of 657 and 408 mL g-1 VS (85%
CH4). Reductions in biogas as concentrations of C. vulgaris increased correlated to a decline in
recoverable nutrients. Of the total nutrients entering the anaerobic digesters, 34.1±5.9% of
nitrogen and 13.2±3.0% of phosphorus were recovered from the 100% lipid-extracted treatment
with corresponding nutrient concentrations at 446±19 ppm nitrogen and 48.5±11.8 ppm
phosphorus. Ammonia inhibition was not observed, suggesting that co-digestion at this loading
rate is not necessary to maintain digester performance.
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1. Introduction
1.1 Algal biofuel
The necessity to develop localized, renewable, and carbon neutral alternatives to fossil
fuels has spurred several generations of biofuel research. Biofuels can generally be defined as
energy sourced from biomass. First generation biofuels are those that use food crops to
produce biofuels (Ferrell et al., 2010). Examples include ethanol made from corn or sugarcane,
and biodiesel made from oil seeds (Ferrell et al., 2010). 1st generation biofuels have been
relatively successful on a commercial scale due to their simple conversion technologies and
policy support under the U.S. 2005 Energy Policy Act (Wang et al., 2007). However, 1st
generation fuels have been heavily criticized for using farmland that could otherwise be used to
feed a growing world population (Solomon, 2010). An idealized biofuel releases just as much
CO2 into the atmosphere as is regenerated into the next round of biomass. Life cycle
assessments used to evaluate the carbon neutrality of corn ethanol show only a 15-52%
reduction in greenhouse gas emissions when compared to gasoline (Wang et al., 2007).
Second generation biofuels include those that attempt to convert lignocellulosic biomass
into fermentable sugars (IEA, 2008). 2nd generation feedstocks include hybrid-poplars and
agricultural residues such as corn stover, and logging slash (IEA, 2008). The diffuse nature of
lignocellulosic biomass, as well as the energy intensive conversion technologies required, have
been significant challenges to large scale commercialization of 2nd generation fuels (Solomon,
2010).
A classification of third generation fuels has been given to algal biofuels that do not
utilize food crops or lignocellulosic biomass (Dragone et al., 2010). Algae (microalgae) are a
ubiquitous and diverse group of unicellular photoautotrophs that inhabit both fresh and saltwater
environments (Sheehan and NREL, 1998). Algae harness solar energy using photosynthetic
pigments to fix atmospheric CO2 into biomass (Sheehan and NREL, 1998). Algae are an
attractive feedstock for biofuel production for several reasons; 1) Unlike 1st and 2nd generation
1

biofuel feedstocks, algae are not directly, or indirectly, dependent on arable land, 2) Algae are
highly productive on a per unit land area basis. Photobioreactors can be used to produce 1.25
kg of algae per cubic meter per day (Davis et al. 2012). Given the high productivity of algae, the
U.S. Department of Energy estimates the transportation fuel needs of the United States could
be met by algae grown on 0.42% (39,000 km2) of the U.S. land mass (Sheehan and National
Renewable Energy Laboratory, 1998). That’s 15% of the land mass of Oregon. Additionally,
some algal species are capable of storing lipid concentrations as high as 70% of their dry weight
(Chisti, 2007). Extracted algal lipids are easily converted to biodiesel and other drop-in fuels
that are compatible with an existing infrastructure (Ferrell et al., 2010). Despite the potential of
algae to contribute to future energy needs, this technology has several challenges to overcome
before such operations are commercially viable at scale.
One such challenge arises from algae’s sizable nutrient demands. To produce large
quantities of algal biomass, substantial inputs of nitrogen and phosphorus are needed that may
not be economically or environmentally sustainable (Sialve et al., 2009). 45 kg of nitrogen and 4
kg of phosphorus are needed to produce one ton of algal biomass (Sialve et al., 2009).
Technical economic analysis of the nitrogen and phosphorus requirements of a 10 Mgal/year
photobioreactor algal biodiesel refinery have been estimated at over 8.9 M$ annually (Xiang,
2013). The expansion of biofuels to meet future energy needs is expected to increase demand
for fertilizer, leading to direct competition with an agricultural system that is already heavily
dependent on these resources (Cordel et al, 2009).
Phosphorus is of particular concern as this resource is nonrenewable. Currently,
phosphorus is mined from phosphate-rich rock deposits, 83% of which are concentrated in
China, Morocco, South Africa, and the United States (Vacarri, 2009). Conservative estimates
predict that known US stores of phosphorus will be depleted in 35 years (Cordel et al., 2009).
Exacerbating the problem, much of the phosphorus already used in agriculture is applied
inefficiently (Vacarri, 2009). The wasteful use of phosphorus has led to environmental concerns.
2

After use as fertilizer, excess phosphorus not taken up by crops ends up in waterways and is
eventually lost to oceans, where it can cause algal blooms and eutrophication (Vacarri, 2009).
Given the finite nature of phosphorus and the increasing demand for fertilizer, it is essential that
algal biofuel operations make efficient use of nutrients and integrate processes that allow for
nutrient recovery and recycling.

1.2 Anaerobic Digestion
Anaerobic digestion has been proposed as a method to recover and recycle nutrients in
large scale algal biofuel systems (Sialve et al., 2009, Collet et al., 2010, Zamalloa, et at., 2012).
Anaerobic digestion is the microbial breakdown of organic matter in the absence of oxygen.
Many different species of bacteria and archaea are involved. The process produces biogas, a
mixture comprised primarily of methane and CO2, as well as a nutrient rich effluent (U.S. EPA,
1996).
Anaerobic digestion of biomass can be broken into four main phases (Figure 1). First is
the hydrolysis of proteins, complex carbohydrates, and lipids into their respective soluble
precursors; amino acids, sugars, and fatty acids. Hydrolysis is followed by fermentative
acidogenesis in which soluble organic molecules are further degraded to produce volatile fatty
acids, H2, CO2, and NH4. Acetogenesis follows with the conversion of volatile fatty acids into
acetic acid and additional H2, and CO2. The final stage of digestion is methanogenesis in which
acetic acid is converted to CH4 and CO2 to produce the majority of the biogas (U.S. EPA, 1996).

3

Figure 1. The stages of anaerobic digestion (www.epa.gov/region9/organics/ad/science.html).

Anaerobic digestion is widely used by modern municipal wastewater treatment facilities
to treat sewage (U.S. EPA, 1996). Many variations exist on wastewater treatment process flows
into an anaerobic digester. In general (Figure 2), sewage is first coarse filtered before entering a
primary settling tank. The settled solids, called primary solids, are sent to the anaerobic
digester. The liquid from the primary settling tank is sent to a reactor tank where it is aerated to
encourage the proliferation of aerobic bacteria. The solution of aerobic bacteria is then sent to a
settling tank where cells are allowed to flocculate. These settled bacterial cells are called waste
activated sludge (WAS) and comprise a second major substrate that is co-digested with the
primary solids in wastewater treatment anaerobic digesters. The treatment of sewage sludge
using anaerobic digestion results in the production of an effluent rich in recoverable phosphorus
and nitrogen (U.S. EPA, 1996). Anaerobic digestion of lipid-extracted algal debris is expected to
produce a similar nutrient rich effluent (Ras et al., 2010).

4

Figure 2. Process flow for anaerobic digester use in wastewater treatment.

Previous studies suggest that anaerobic digestion of lipid-extracted algal debris could be
used to recover 61-75% of nitrogen, and 50-79% of phosphorus (Weissman and Goebel, 1987,
Davis et al., 2012, Zamalloa et al., 2011, Rösch et al., 2012). The digestion process has the
effect of mineralizing nitrogen and phosphorus incorporated in complex biological molecules.
Recoverable nutrients in this sense are defined as soluble species of phosphorus and nitrogen
in the liquid phase of the digester effluent. Although the solid phase of the effluent has potential
use as a slow release fertilizer outside of the algal biofuel system, the liquid phase would be of
primary interest, as this nutrient rich broth could be directly used to grow the next generation of
algae. This proposed strategy to recover and recycle of nutrients has the potential to create a
closed loop on phosphorus and nitrogen use, making fertilizer use in algal biofuel systems more
economically sustainable (Ras, et al., 2010).
Besides nutrient recovery, incorporation of anaerobic digestion into algal biofuel
refineries would come with synergistic benefits. Anaerobic digestion offers a way to manage the
massive quantities of residual biomass that would otherwise end up as waste. Furthermore,
biogas produced during anaerobic digestion could be captured and provides an opportunity for
enhanced energy yields from algal biomass. Heat and electricity generated by combusting
biogas in a combined heat and power unit could be used within an algal biorefinery (Davis et al.,
2012). Sialve et al., (2009) suggest the CO2 contained in biogas could be removed by filtering it
through algal cultures that would fix the CO2 into new biomass.
The nature of algal biomass as a feedstock for anaerobic digestion can lead to
complications. Anaerobic digester flora are sensitive to imbalances of carbon and nitrogen in the
5

substrate load (Golueke et al., 1957). Problems with anaerobic digestion of algae have been
attributed to low carbon to nitrogen ratios present in algal biomass (Yen and Brune, 2007). Ras
et al. (2010) report a C:N ratio of 6:1 in Chlorella vulgaris. Removing carbon-rich lipids from
algae with a high lipid percentage would further depress C:N ratios. Ratios below 20:1 have
been identified as inadequate for the collective needs of bacteria and archaea present in
anaerobic digesters (Sialve et al., 2009). Excess nitrogen can lead to an accumulation of
ammonia, resulting in mild inhibition of methanogenesis at concentrations of 1500-3000 ppm
(Parkin and Owen, 1986, Sialve et al., 2009). Complete inhibition, a condition known as
ammonia toxicity, occurs at concentrations of ammonia greater than 3000 ppm (Parkin and
Owen, 1986). Because of this concern, lipid-extracted algae alone may require co-digestion with
other carbon rich substrates to maintain digester health and performance (Yen and Brune,
2007).

1.3 Research Objectives
The overall goal of this research is to quantify recoverable nutrients in the liquid phase of
lab-scale batch anaerobic digester effluents. To explore whether co-digestion of algae is
necessary to maintain anaerobic digester health, co-digestions with waste activated sludge
were performed with algae comprising varying percentages of a constant substrate load. Also of
interest was the effect of lipid-extracted cells vs. whole cells on digester performance and
nutrient recovery. Two data sets were produced that differed only by the type of algal substrate
being digested. Chlorella vulgaris was chosen as the algal strain because it is well-researched,
grows easily in the lab, and is known to reach high lipid concentrations. The primary hypothesis
of this research was that digester performance and nutrient recovery will decline as the
percentage of algal substrate increases, and, the digestion of lipid-extracted algal debris will
result in lower digester performance and nutrient recovery when compared to the digestion of
unextracted, whole algae cells.
6

2. Methods
This section begins with an overview of the experimental approach. Following these
general methods are descriptions of the experimental treatments, analytical methods, and
materials used.

2.1 Experimental approach
To quantify the percentage of recoverable nutrients in anaerobic digester effluents, labscale batch anaerobic digesters were created from 125 mL screw top glass bottles with rubber
septa lids (Figure 3). Influents were comprised of an inoculum culture of anaerobic seed, algal
and or waste activated sludge (WAS) substrates, and buffered H2O (1 mM NaHCO3 at pH 7).
The total volume of digestate in each bottle was held constant at 100 mL. Loading of substrate
and inoculum was standardized by volatile solids content (VS). The ratio of inoculum to
substrate was kept constant at 5.8 to 1, with a substrate loading rate of 2072 mg VS/L.

Figure 3. Lab-scale batch anaerobic digesters. Bottles with buffered H2O, WAS, and algae were purged
with N2 gas before inoculation.

Algae, WAS, and buffered H2O were added to bottles and purged with N2 gas for 10 min
to create an anaerobic environment. The bottle caps were quickly removed and inoculum
7

culture was injected into the bottles using a 100 mL plastic syringe. Following the addition of
anaerobic seed, bottles were recapped and given a second N2 purge for 10 min to restore
anaerobic conditions. Anaerobic digesters were incubated at 30 ˚C, inverted, and continuously
shaken for 14 days.
Anaerobic digesters were monitored daily for biogas production. Biogas was released
from bottles and quantified using a glass syringe. Methane composition was crudely estimated
using a 10 N NaOH carbon trap. pH was measured at 0, 4, 7, 11, and 14 days. VS content was
measured at the end of each experiment to assess VS reduction.
To quantify nitrogen (N) and phosphorus (P) entering the anaerobic digesters, samples
of homogenized digestate were removed from bottles at time zero and used for nutrient assays.
Output nutrients were quantified separately in the liquid and solid phases of effluents after 14
days. Prior to nutrient quantification, effluents were centrifuged for 45 minutes at 9000 RPM.
Supernatants were decanted and syringe filtered. Remaining pellets (solids) were resuspended
in deionized water before being assayed for total N and P. Recoverable nutrients were deemed
those present in the supernatant.

2.2 Experimental design
To explore the relationship between the percent of algae in the substrate load and
recoverable nutrients, C. vulgaris was co-digested with waste activated sludge. The total
substrate load in all treatments was held constant at 2072 mg VS/L. Substrate contributions
from WAS and C. vulgaris were standardized by VS content. Co-digestions were performed in
triplicate sets, with VS contributions from C. vulgaris at 0, 25, 50, and 100% of the total
substrate load (Table 1).
Also of interest was the effect of lipid-extracted cells vs. whole cells on digester
performance and nutrient recovery. Two separate experiments were run that differed only by the
type of algal substrate. The first experiment used whole cell C. vulgaris, while the second
8

experiment used lipid-extracted C. vulgaris cell debris. In each experiment, triplicate sets of codigestions were performed as noted above (Table 1).
Table 1. Summary of anaerobic digester treatments with WAS contributing the remaining substrate load.

2.3 Analytical Methods
Total and volatile solids (TS/VS) were determined using procedures based on Standard
Methods for the Examination of Water and Wastewater. Crucibles were fired in a 550 ˚C
combustion furnace for 1 hour and allowed to cool to 25 ˚C in a desiccator. Triplicate 5 mL
samples were added to weighed crucibles and a wet mass recorded. Crucibles were then
heated in a 105 ˚C oven for 24 hours, cooled to 25 ˚C in a desiccator, and weighed again to get
TS. Crucibles were heated once more in a combustion furnace at 550 ˚C for 1 hour and cooled
to room temperature in a desiccator before recording the ash weight. The ash weight was
subtracted from the dry weight to get VS.
pH was measured using an Accumet model 25 pH/Ion meter. 2 mL samples of digestate
were removed for testing through speta lids using a luer lock plastic 3 mL syringe with a 16
gauge needle (BD 305197). After pH measurements were recorded, the withdrawn 2 mL
samples were stored at 4 ˚C until needed for nutrient analysis.
Biogas was quantified using graduated glass syringes (Cadence Science Micro-Mate 20,
10, and 5 mL) outfitted with a 21 gauge needle (BD 305165) and stopcock. Biogas was allowed
to flow into the glass syringe until the pressure inside the bottle equaled the pressure outside
the bottle. Biogas volumes were measured using 0.1 L graduations on the glass syringes. A
carbon trap, built out of a 125 mL glass bottle with a rubber septa screw top lid, and filled with
100 mL of 10 N NaOH was used to estimate methane composition in the biogas. Collected
9

biogas was injected into the headspace of the carbon trap bottle. The carbon trap was shaken
for 2 min, after which, a glass syringe was used to relieve the pressure in the headspace. Any
CO2 contained in the biogas sample was assumed to dissolve into the NaOH solution as
bicarbonate. The volume of biogas removed from the carbon trap was assumed to be mostly
CH4. The volume removed from the carbon trap was divided by the biogas volume that entered
the carbon trap to give an estimate of the percentage of CH4 being produced in the biogas.
Total phosphorus contained in influent sludges and effluent pellets was measured using
Hach method 10127, total phosphorus molybdovanadate TNT high range (1-100 m/L) with acid
persulfate digestion. 5 mL diluted samples were added to TNT vials along with a potassium
persulfate powder pillow. Vials were vortexed until the powder dissolved and then put into a
Hach DRB 200 heat block for 30 min at 150 ˚C. Vials were then allowed to cool to room
temperature before the addition of 2 mL 1.54 N NaOH and 0.5 mL molybdovanadate reagent.
Vials were inverted to mix and the reaction was allowed to proceed for 7 min. Phosphorus
concentrations were determined by measuring absorbance at 420 nm using a Thermo Scientific
Aquamate 8000 UV-Vis spectrophotometer and compared to a phosphorus calibration curve.
Total nitrogen contained in influent sludges and pellets was measured using Hach
method 10072, total nitrogen with persulfate digestion TNT high range (2-150 mg/L). In a
hydroxide digestion vial, a nitrogen persulfate reagent powder pillow was added followed by 0.5
mL of appropriately diluted sample. Vials were vortexed for 30 s and put into a Hach DRB 200
heat block for 30 min at 105 ˚C. After cooling to room temperature, a reagent A powder pillow
was added and vortexed for 30 s. A 3 min reaction was allowed to proceed before adding a
reagent B powder pillow and vortexing for 15 s. Following a 2 min reaction, 2 mL from the
digestion vial was transferred into a reagent C tube, inverted 10 times and allowed to sit for 5
minutes. Absorbance at 410 nm was used with a nitrogen calibration curve to determine
nitrogen concentration.
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Concentrations of PO4-P, NO2-N and NO3-N contained in effluent supernatants was
determined using a Dionex Ion Chromatograph equipped with an Ionpac AS14 analytical
column (4 x 250 mm, P/N 046124). Samples were eluted with a carbonate eluent (3.5 mM
Na2CO3, 1.0 mM NaHCO3) at a flow rate of 1.5 mL/min. Prior to analysis, effluents were
centrifuged for 45 min at 9000 RPM, and the supernatant was decanted and syringe filtered
(25mm, 0.2 µm, nylon membrane filters). Sample conductivity was recorded in triplicate and
compared with calibration curves to determine nutrient concentrations.
NH4-N contained in effluent supernatants was measured using a colorimetric ammonia
assay (0-50 mg/L) based on methods in Standard Methods for the Examination of Water and
Wastewater. A 1 L buffer solution was prepared with 26.8 g sodium phosphate (dibasic,
heptahydrate), 50.0 g sodium-potassium tartrate, and 108 g of 50% (w/w) NaOH solution. A 0.1
L sodium salicylate/sodium nitroprusside solution was prepared weekly and stored at 4˚C. 15.0
g sodium salicylate and 30 mg of sodium nitroprusside were added to 60 mL of deionized water
and stirred into solution. The solution was then gravity filtered into a 100 mL volumetric flask
and brought to volume. A sodium hypochlorite solution was prepared daily using 5.12 mL of
6.15% store bought bleach. The bleach was added to a 100 mL volumetric flask and brought to
volume with deionized water. Analysis was performed in triplicate using 2 mL centrifuge tubes
with a total reaction volume of 1100 µL: 100 µL of sample, 550 µL of buffer, 400 µL sodium
salicylate/sodium nitroprusside solution, and 50 µL bleach solution. Reaction tubes were
vortexed and allowed to sit for 50 minutes to allow color development. Absorbance was read in
triplicate at 653 nm and compared to a NH4-N calibration curve to determine ammonia
concentration.

2.4 Inoculum, WAS, and algae
The inoculum culture and waste activated sludge were sourced from the Corvallis
wastewater treatment plant (CWTP, 180 Northwest 5th Street, Corvallis, OR 97330). An active
11

culture of anaerobic seed was captured from the CWTP anaerobic digester effluent. This
inoculum culture was allowed to rest at room temperature until biogas production ceased. At this
point the inoculum was considered ready for experimental use and all biogas produced
experimentally was assumed to result from substrate digestion (Figure 4). Two different
inoculum cultures were collected from the CWTP and used during this research. Each
anaerobic digestion experiment (4 total) used the same inoculum culture across treatments and
contained a WAS control.

Figure 4. Anaerobic seed was allowed to finish off-gassing before use as inoculum. A two-hole bottle
stopper was outfitted with two dip tubes. The first dip tube hovered in the headspace and was
connected to a hose that was placed inside an inverted cylinder full of water. The cylinder was
monitored daily for collected biogas until production ceased. The second dip tube hovered off the
bottom of the container and was used for drawing inoculum into a plastic syringe for injection into
anaerobic digesters.

Propagation, harvest, and lipid extraction of the algal substrates used in this study was
carried out by our collaborators in Dr. Christine Kelly’s lab (School of Chemical, Biological, and
Environmental Engineering, Oregon State University). C. vulgaris (UTEX 2714) was obtained
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from the culture collection of algae at the University of Texas at Austin. Using B-11 growth
media, algae were cultured in photobioreactors to a dry weight density of ~3.0g/L over 7 days.
Harvested whole algae cells were concentrated to ~20% w/w using a centrifuge and then frozen
at -80˚ C until needed for anaerobic digestion experiments. Prior to lipid-extraction, harvested
algae were concentrated to ~20% w/w using a centrifuge and then dried in a 50˚ C oven for 1224 hours. A hexane extraction with a 50-80% efficiency was used. Following lipid-extraction,
algae was dried once more and excess hexane evaporated in a 50˚ C oven. The lipid content of
whole cell C. vulgaris used in this experiment was determined to be 3.65%±0.8 w/w.

3. Results
3.1 Biogas
With substrate loading standardized by VS content, increasing concentrations of lipidextracted C. vulgaris resulted in lowered biogas production. Average cumulative biogas data are
presented in Figure 5. Figure 6 shows the % reduction in cumulative biogas production relative
to each treatment’s respective 100% WAS control. A significant difference in biogas yields was
observed between the WAS control and 100% lipid-extracted C. vulgaris treatments (p<0.001),
with respective cumulative biogas yields at 657 and 408 mL g-1 VS.
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Figure 5. Average cumulative biogas for both whole cell (A) and lipid-extracted (B) treatments. Both sets
of biogas data were consolidated from three experiments, each run with separate WAS controls
and inoculum.

Figure 6. Percent reduction in cumulative biogas production relative to an all WAS control. Error bars
are reported as 95% confidence intervals. A significant difference in biogas yields between the WAS
control and the 100% lipid-extracted C. vulgaris treatments was observed (p<0.001).
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Cumulative biogas production from a 100% lipid-extracted C. vulgaris debris treatment
was significantly lower than a 100% whole cell C. vulgaris treatment (p<0.001). Percent
reductions in cumulative biogas, relative to the WAS control, were 28.2±2.9% and 16.9±6.5%
respectively (Figure 7).

Figure 7. Comparison of cumulative biogas reductions relative to all WAS control between whole
cells and lipid-extracted C. vulgaris. Error bars reported as 95% confidence intervals. (p<0.001).

Estimates of biogas CH4 composition were measured at 85% with the remainder
assumed to be mostly CO2.

3.2 Nutrient Recovery
Figure 8 shows the percentage of influent nitrogen and phosphorus recovered in the
effluent supernatants of the WAS control and the 100% lipid-extracted treatment. 34.1±5.9% of
nitrogen and 13.2±3.0% of phosphorus were recovered from the 100% lipid-extracted treatment.
These values were both significantly less than nutrients recovered from the WAS control
(nitrogen: p<0.02, phosphorus: p<0.001). The corresponding nutrient concentrations measured
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in the supernatant of the 100% lipid-extracted algae treatment were 446±19 ppm nitrogen and
48.5±11.8 ppm phosphorus.

Figure 8. Percentage of input nitrogen and phosphorus measured in the effluent supernatant.
Error bars are reported as 95% confidence intervals. P<0.01 for both N and P.

Figure 9. Percentage of input nitrogen and phosphorus recovered from 100% whole cell and
100% lipid extracted C.vulgaris treatments. Error bars are reported as 95% confidence intervals. P<0.01
for both N and P.
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The percent reduction in recoverable nutrients for all lipid-extracted treatments, relative
to the WAS control, can be seen in Figure 10. A linear decrease in phosphorus recovery was
observed as increasing concentrations of algae were digested. Nitrogen recovery was
consistently less when the substrate included lipid-extracted C. vulgaris, however, no clear trend
was observed. Anaerobic digestion of lipid-extracted algae resulted in considerably less
nutrients recovered than in the WAS control, with 23.5±3.4% less nitrogen and 59.6±10.1% less
phosphorus recovered (Figure 10).

Figure 10. Percent reductions in recoverable nutrients relative to an all waste activated sludge
control. Error bars are reported as 95% confidence intervals. The 100% C. vulgaris treatment was
significantly different than the WAS control, N: p<0.02, P: p<0.001.

4. Discussion
4.1 Biogas
Biogas production provides a measure of digester performance and activity. A 100%
WAS treatment allows comparisons between efficiencies in the anaerobic digestion of bacterial
and algal biomass. Reductions in biogas production as C. vulgaris concentrations increased
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were expected due to differences between algal and bacterial cells walls, the main recalcitrant
polymer in Chlorella sp. being chitinous glucosamine derivatives (Huss et al., 1999). The
bacterial consortium in anaerobic digesters use enzymatic hydrolysis during the initial stages of
digestion to disassemble biomass into more easily metabolized components. C. vulgaris has
been shown to be more recalcitrant to enzymatic hydrolysis than bacterial cells (GonzálezFernández et al., 2012). Golueke et al. (1957) have even shown that whole cells of C. vulgaris
can remain intact throughout an anaerobic digestion process.
Despite differences in cell wall components, anaerobic digesters have been shown to
acclimate to new substrates over time (Toreci et al., 2011). The inoculum culture used in this
research was taken from the effluent of an anaerobic digester used to digest primary solids and
WAS. Thus, the community of bacteria and archaea in the inoculum have been selected over
time by their ability to digest sewage sludge and WAS. Should this inoculum be allowed to
digest algal substrates over many generations, a rise in efficiency in biogas production would be
expected as the anaerobic community adapts to the challenges of degrading algal biomass.
Therefore, future comparisons of relative efficiencies in biogas production between WAS and
algae would more appropriate with two inoculum, one acclimatized to WAS, and the other
inoculum to algae.
The goal of testing two algal substrates, whole cell C. vulgaris and lipid-extracted cell
debris, was to test the hypothesis that lipid removal would result in lower biogas production.
Within algal biomass, lipids are the key contributor to methane yields (Park and Li, 2012). The
removal of lipids was expected to increase the concentration of less digestible constituents
when loading was standardized by VS, thus lowering biogas production and the mineralization
of phosphorus and nitrogen.
C. vulgaris is known to reach lipid concentrations around 30% (Chisti, 2007), yet the lipid
concentration of the whole cell C. vulgaris provided by our collaborators was measured at
3.65%±0.8 w/w. The lipid contents of the two algal substrates were too similar to adequately test
18

the hypothesis that lipid removal would lead to reductions in biogas and nutrient recovery.
Further evidence for similarities between the two substrates is provided by elemental analysis
and VS reduction. Carbon contents of the whole algae and lipid-extracted algae were 48.371%
± 0.002 and C: 49.096% ± 0.805 respectively. After 14 days, VS reduction between the 100%
whole cell and lipid extracted treatments showed no significant difference (p=0.61). Despite
similarities in the two algal substrates, differences in biogas and nutrient recovery were
observed (Figures 7 and 9), and might be attributed to either sample handling or some aspect of
the extraction process itself.
Whole cells of C. vulgaris used in this study were concentrated in a centrifuge and then
frozen at -80˚C until needed. Samson and Leduy (1983) have reported a 26% increase in
biomass solubilization by utilizing a freezing pretreatment on algal biomass. This increase is
attributed to biomass disruption by ice crystals. Increased biomass solubilization is expected to
improve digester performance and thus increase biogas and nutrient recovery yields. The lipidextracted algae used in this study was never frozen, but was rather dried before and after the
hexane extraction process. It is possible that dried algae doesn’t completely rehydrate in the
digester, resulting in a decrease in solubility. The effects of freezing the whole cell sample, and
drying the lipid-extracted sample may have influenced the differences in biogas and recoverable
nutrient yields observed in this study. The influence of freezing and drying algal substrates on
anaerobic digester performance could be easily demonstrated in future experiments.
An 85% concentration of CH4 in the biogas exceeds the range of 63-75% summarized by
Sialve et al. (2009). This discrepancy could be due to shortcomings of using a 10 M NaOH
carbon trap to deduce biogas composition. Future biogas composition measurements using gas
chromatography would be useful in confirming the efficacy of methane estimations using a
carbon trap. An experimental biogas composition of 85% methane puts the 100% lipid-extracted
treatment yield at 347 mL CH4 g-1 VS. This value falls within the range (189-403 mL CH4 g-1 VS)
of methane yields from the anaerobic digestion of C. vulgaris summarized by Ward et al, 2014.
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4.2 Nutrient Recovery
Recoverable nutrients were defined as species of phosphorus and nitrogen in the liquid
phase of digester effluents. The observed decrease in biogas as concentrations of lipidextracted C. vulgaris increased, correlated to a decline in recoverable nutrients (Figures 6, and
10). The ratio of recoverable nitrogen to phosphorus in the 100% lipid-extracted treatment
(10.1:1) is within the range of 10:1 to 17:1 suggested as suitable for general algal cultivation by
De Schamphelaire and Verstraete (2009). Nutrient concentrations of 446±19 ppm nitrogen and
48.5±11.8 ppm phosphorus were similar to those reported in the literature. Studies by Zamalloa
et al. (2012) report recoverable nutrient concentrations of 449±39 ppm nitrogen and 46.0±13.4
ppm phosphorus from the anaerobic digestion of algal species P. tricornutum.
The percentages of recovered nutrients from lipid-extracted biomass observed in this
study were low compared to previous research. From the 100% lipid-extracted C. vulgaris
treatment, 34.1±5.9% of nitrogen and 13.2±3.0% of phosphorus were recovered. Previous
studies report recoveries of 61-75% of nitrogen, and 50-79% of phosphorus (Weissman and
Goebel, 1987, Davis et al., 2012, Zamalloa et al., 2011, Rösch et al., 2012). Lower than normal
nutrient recovery could be due to differences in operational parameters used in each study. One
such parameter is retention time. This study allowed anaerobic digestion to occur for 14 days
while some of those above used >30 day retention times. Additional time might allow for
continued breakdown of biomass and mineralization of nitrogen and phosphorus. The use of
inoculum acclimated to algae is also expected to increase nutrient recovery.
As algae make up a greater percentage of the digester substrate, declining returns on
recoverable nutrients could be accounted for by one of two explanations. First, as hypothesized,
algal biomass might be more recalcitrant to bacterial degradation, and thus nutrient
mineralization, than WAS. If this is the case, then more nutrients should be left behind in the
effluent solids as more algae is digested. On the contrary, lipid-extracted algal biomass might
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contain less nutrients to start with than WAS. If this is the case, then degradation of the two
substrates might be equal and nutrients recoverable in the supernatant might only be a function
of starting nutrient levels. A nitrogen mass balance supports the former and shows that
regardless of the substrate composition, influent nitrogen was roughly the same (Figure 11).
Influent phosphorus measurements were variable with no correlation to algal composition, and
therefore, do not support either conjecture (Figure 12). Input phosphorus measurements should
either be consistent or show a linear trend as only algal substrate composition was varied
between treatments. Because neither was observed suggests limitations in the analytical
methods used to measure total phosphorus in the influent sludge and effluent solids. Future
research might produce more accurate phosphorus measurements in sludge using other
methods such as inductively coupled plasma atomic emission spectroscopy.

Figure 11. Nitrogen mass balance. Error bars reported as 95% confidence intervals. No sig. dif. b/w
influent nitrogen in WAS control and 100% C. vulgaris treatment (p=0.8).

21

Figure 12. Phosphorus mass balance. Error bars reported as 95% confidence intervals. There was a
significant difference between influent phosphorus in the WAS control and the 100% C. vulgaris
treatments (p=0.04).

4.3 Co-digestion /Ammonia Toxicity
Loading of mixed substrates was used explore the necessity for co-digestion. It was
originally hypothesized that the high nitrogen content of algal biomass might lead to ammonia
toxicity and require co-digestion with a carbon-rich substrate to keep anaerobic digestion
running efficiently.
Inhibition in digester performance from ammonium toxicity was not observed. NH4
concentrations in the effluent supernatants were well below the level of 3000 ppm NH4 known to
be inhibitory (Parkin and Owen, 1986). Concentrations of NH4-N in the supernatants of the WAS
control and the 100% lipid-extracted C. vulgaris treatments were 764 and 561 ppm respectively.
Figure 13 shows effluent supernatant nutrient concentrations with essentially all nitrogen
present as NH4-N. The 100% whole algae treatment actually produced 31.1±6.7% more
ammonium than the 100% lipid-extracted treatment. A shift in equilibrium toward the unionized
and more toxic ammonia might be suspected if a rise in pH could be correlated with a decline in
biogas. After 14 days, the pH of these two treatments were both within 7.0-7.1.
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Although, ammonia toxicity was not observed in this study, it is likely that future
anaerobic digestion experiments using lipid-extracted C. vulgaris may produce toxic levels of
ammonia when using loading rates greater than 2070 mg VS/L. Future experiments with a
series of increasing loading rates would be useful in determining the threshold of ammonia
inhibition.
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Figure 13. Effluent nutrient concentrations. Error bars reported as 95% confidence intervals.
Nutrient concentrations significantly different between WAS control and 100% C. vulgaris (N: p<0.01, P:
p<0.001).

4. Conclusions
With substrate loading standardized by VS content, increasing concentrations of C.
vulgaris resulted in lowered biogas production. A decrease in biogas production as C. vulgaris
concentrations increased correlated to a decline in recoverable nitrogen and phosphorus.
Anaerobic digestion of lipid-extracted algal debris as a means of nutrient recovery is possible
but not as efficient as nutrient recovery from waste activated sludge. More data is needed to
determine the relationship between % of algal substrate and recoverable nutrients. More precise
23

analytical tools are needed to account for discrepancies between influent and effluent nutrient
mass totals. Future experiments should first acclimate inoculum to the digestion of algae.
Anaerobic digestion C. vulgaris at a rate of 2070 mg VS L-1 did not result in inhibition from
ammonia toxicity.
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