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ABSTRACT

A laboratory experiment was performed to determine the feasibility of coupling a conventional wastewater treatment
system with an algal photobioreactor (PBR) for the removal of nutrients from wastewater and production of renewable
resources. An activated sludge batch reactor was set up in series with an algal PBR to feed synthetic wastewater to
Chlorella vulgaris. The nutrient concentration in the water as well as lipid content, carbohydrate content, and growth
rate of the algal biomass were tested over 10 cycles to determine the capabilities of the coupled system. The study re-
vealed complete nutrient removal in some cycles, with the average final nutrient content of 2 mg-P/L and 3 mg-N/L in
effluent of the PBR. The algae biomass contained 24% + 3% lipids and 26% + 7% carbohydrates by dry weight. A life
cycle assessment revealed the highest energy demand occurred during harvesting of the algal mixture through centrifu-
gation or filtration, but the highest global warming and eutrophication impacts were due to CO, use and PBR construc-
tion material production. It is feasible for the system to treat wastewater while generating renewable resources, but the
system must be optimized to reduce life cycle environmental impacts and result in a net energy gain before large-scale
implementation is possible.
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1. Introduction (WWTPs) [1,2]. The nutrient concentration of wastewa-
ter can be reduced to low levels, but the advantages of
advanced treatment are often offset by the additional
consumption of energy and resources [1,2]. The addi-
tional burden placed on WWTPs will continue to in-
crease as discharge requirements become more stringent
in the future [4]. It is estimated that the addition of nitri-

fication to an activated sludge wastewater treatment plant

To meet growing clean water and energy demands, the
concept of industrial symbiosis may be applied to a water
and energy paradigm in which a wastewater treatment
system is coupled with an algal photobioreactor (PBR).
The paradigm has potential to reduce the environmental
impacts of water and energy production by recovering
resources from system wastes and using them to fuel

other processes, making both water and energy produc-
tion more sustainable.

The removal of nutrients from wastewater improves
local water quality by decreasing eutrophication in re-
ceiving waterways [1,2], and may allow water to meet
criteria for reuse [3]. The current solution to improving
water quality through nutrient removal is to invest more
energy and resources into wastewater treatment plants

“Supporting Information Available: Supporting information includes
nutrient removal, biodiesel production, and the LCA.
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results in an increase of 60% - 80% of the energy con-
sumed at the plant [5], and evidence suggests that nitrous
oxide emissions increase when biological nutrient re-
moval is added to a WWTP [6].

Meanwhile, the growing demand of energy has
prompted the search for a safe, sustainable, and renew-
able energy source. The environmental, geopolitical, and
economic consequences of fossil fuel production and use
are well established. First generation biofuels produced
from corn, soybeans, and other food crops compete with
food supplies and would require vast amounts of land to
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replace fossil fuels [7-11].

Interest has been growing in third generation microal-
gal biofuels as an alternative to fossil fuels or first gen-
eration biofuels [7,8,10-12]. The advantages of microal-
gal biofuel production are numerous: they are renewable
with short harvesting periods, do not compete with food
sources, do not require large amounts of land, and can be
grown with wastewater sources [7,8,10,11,13]. Despite
tangible benefits of algae based biofuels, high production
costs have inhibited commercial viability [10,12,14].
Stephenson et al. report that the phase with the highest
impact during the biofuel production process is algae
cultivation [11], and is therefore an area for potential im-
provement. Nutrients such as nitrogen and phosphorus
are necessary for algae growth [7,8,13], but industrial
fertilizer production results in about 50% of the energy
use and greenhouse gas emissions in algae cultivation
[13].

Wastewater can be used to supply nutrients to micro-
algal photobioreactors (PBRs) [7,11], thus reducing the
impacts of the algae cultivation stage [13]. As algae
consume nutrients during growth, wastewater quality is
improved [7,13,15-18] and the energy requirement at
municipal WWTPs can be reduced [13]. As algae con-
sume nutrients, microalgal biomass in the reactor grows
and accumulates lipids [8,10-12] which can then be ex-
tracted and processed to produce biodiesel [7,8,11],
while carbohydrates found in algal biomass can be used
to produce bioethanol [7,10,11]. Other useful products
including biopolymers, fertilizer, and feedstock can be
produced from algal biomass [7,8,10,11], resulting in a
robust system.

Coupling wastewater treatment and algal cultivation is
not new. High rate algal ponds have been used to remove
nutrients and produce lipids [12]. Johnson and Wen,
(2010) cultivated Chlorella sp. on a polystyrene foam
matrix using dairy manure as the feedstock, and they ob-
served lipid production and nutrient removal over a range
of growth conditions [19]. Kong et al. (2010) carried out
a similar study using planktonic cultures of Chlamydo-
monas reinhardtii fed with artificial media and different
real wastewaters [20]. Woertz et al. (2009) treated diary
wastewater outdoors with microalgae supplemented with
CO, [21]. None of the previous studies have produced
the guidance that is needed to successfully and sustaina-
bly implement this approach because their data was not
used for life cycle assessment (LCA). LCA is a tool
which can be used to assess environmental sustainability
in terms of the cradle-to-grave environmental impacts of
a process before it is fully implemented [22]. Previous
life cycle studies of algae cultivation have relied upon
theoretical yields of biomass cultivated in wastewater,
and many do not consider the additional treatment of
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wastewater as an added benefit to biofuels production.
Currently, there is a need to use LCA to evaluate the long
term sustainability of using algae to remove nutrients and
produce lipids [7,10,13]. The overall goal of this research
is to carry out a LCA-based evaluation of a coupled
wastewater treatment/biofuel production system. We de-
termined the energy production and nutrient removal
capabilities of an algal PBR being fed with wastewater,
and the associated energy demands and environmental
impacts of a coupled WWTP/PBR system.

2. Materials and Methods
2.1. Laboratory Setup

A conventional bioreactor (CBR) consisting of primary
wastewater treatment with basic activated sludge second-
dary treatment for the removal of organics was a 5 L lig-
uid volume sequencing batch reactor operated with a 24
hour cycle (Figure 1). The biomass for the reactor came
from the McKeesport, PA wastewater treatment plant.
The sequencing batch system was automated as follows:
20 hour and 10 minute mixing period, 3 hour and 45
minute settling period, and 3 minute effluent discharge.
The CBR was fed synthetic wastewater, and not real
sewage, in order to maintain consistency in the influent
wastewater. Acetate was the primary substrate because it
is readily biodegradable and it is an important substrate
in real wastewater because it is produced in sewers
and/or in preliminary treatment steps [26]. The biological
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Figure 1. Laboratory setup of coupled system.
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oxygen demand (BOD) of the synthetic wastewater was
300 mg/L and nutrients were fed in the form of ammo-
nium chloride, potassium phosphate (mono- and di-basic)
in a BOD:N:P ratio of 30:3:1 [26] along with trace met-
als. The CBR feed solution can be found in Supporting
Information (Table S1). The solid retention time (SRT)
and hydraulic retention time (HRT) of the CBR were 20
and 10 days, respectively. The CBR pH control was auto-
mated to remain between 7 and 7.5 using sodium hydro-
xide and hydrochloric acid. Mixing and aeration were
provided using a magnetic stir rod and air pump.

Effluent from the CBR was used to supply the PBR
with water and nutrients. Algae were cultivated in the
PBRs with a 7-day cycle time; this cycle time is different
from that of the CBR because the PBR required one
week for adequate growth of biomass. The PBR con-
sisted of a glass cylinder, 15 cm tall and 7.5 cm in di-
ameter with a working volume of 700 mL. The inoculum
was Chlorella vulgaris algae strain, cultivated at the
University of Texas at Austin (UTEX 1803). This strain
was used because it is a well-characterized and our re-
sults can be readily compared to other studies. Continu-
ous lighting was provided by two 8-Watt tube fluorescent
LEDs located 7 cm from either side of the PBR. The
LED light had a wavelength range of 390 - 780 nm. The
PBR was mixed using a stir plate and magnetic stir rod.
Mixing allowed nutrients to be dispersed throughout the
reactor and provided algae with beneficial light and dark
cycles conducive to growth in a concentrated system
[23].

The coupled system consisted of a 5 L conventional
bioreactor (CBR) and a 0.7 L photobioreactor (PBR).
Both reactors were mixed using a stir rod and stir plate.
Oxygen was added to the CBR for aeration, while carbon
dioxide was added to the PBR to stimulate algae growth.
Lighting for the PBR was provided continuously by a
fluorescent LED tube light. The lightweight solid line
represents the coupled system used in the experiment,
while the dashed line indicates water and nutrient flows
which can be avoided by coupling the system.

Carbon dioxide CO, was supplied to the PBR from a
k-size tank via stone aerators. Because of the great im-
pact a continuous CO, feed would have on the pH of the
PBR, a discontinuous feed of CO, was supplied at a rate
of about 5 g CO,/day. The pH in the PBR was monitored
by a pH probe. Because of the rapid decrease in the pH
of the water when CO, was added to the PBR, NaHCO;
was added as a buffer to stabilize the pH when needed.
Temperature was kept constant at 20°C in the CBR and
PBR. Each week, 250 mL of the algaec mixture was har-
vested from the PBR and replaced with 250 mL of nutri-
ent-rich effluent wastewater from the CBR.

Copyright © 2013 SciRes.

2.2. Analytical Methods

Water going into the CBR (influent) was a synthetic
wastewater feed with controlled nutrient levels compara-
ble to influent at a wastewater treatment plant. Water
quality was tested on water coming out of the CBR (CBR
effluent), and in the PBR at the beginning and end of
each cycle for 10 consecutive cycles (Cycles 1 - 10). Cy-
cles were defined as the 7-day growth period following
the addition of CBR effluent to the PBR. Each cycle
ended with the harvesting of 250 mL of algae mixture
from the PBR, which was then replaced by 250 mL CBR
effluent for the next cycle. Standard Methods [24] were
used to measure ammonia-nitrogen (APHA 4500-NH; C),
nitrite-nitrogen (APHA 4500-NO; B), nitrate-nitrogen
(APHA 4500-NO; D), orthophosphate-phosphorus
(APHA 4500-P C), and total suspended solids (APHA
2540 D). Ammonia-nitrogen, nitrite-nitrogen, and ortho-
phosphate-phosphorus concentrations were measured
using a Spectronic 20 spectrophotometer (Bausch and
Lomb), while nitrate-nitrogen concentrations were meas-
ured using a nitrate electrode (Oakton Nitrate Dou-
ble-junction Ion-Selective Electrode). The optical density
of the samples was measured at 600 nm using a Spec-
tronic 20 spectrophotometer (Bausch and Lomb) as a
non-destructive estimate of total suspended solids (TSS)
(see Supporting Information, Figure S1). This technique
was selected in order to preserve sample volume. The
algal pigments can introduce ~10% error into OD meas-
urements [18], but this disadvantage is unlikely to ob-
scure large differences in algal growth rates. The change
in TSS was used as a measure of biomass growth in the
PBR.

During Cycle 9, the water quality and optical density
were measured daily to evaluate nutrient removal pat-
terns in the reactor throughout the cycle. These meas-
urements were compared to an additional low concentra-
tion PBR during Cycle 9 only; the low concentration
PBR consisted of a C. vulgaris algae mixture diluted to
100 mg/L at the beginning of the cycle and was set up
and run in the same manner as the original reactor. The
purpose of the Cycle 9 measurements was to determine
the impact of cell density on the growth and nutrient re-
moval pattern.

Microscopic measurements were carried out to quail-
tatively confirm that lipids were generated by the PBR
while also removing nutrients from wastewater. Carbo-
hydrates were measured to determine the possible bio-
ethanol production capabilities from the PBR. The algal
biomass was analyzed using fluorescent microscopy to
detect lipid droplets [25]. A sample containing algae cells
was taken at the end of each cycle. The algal cells were
plated on sterile glass coverslips, fixed with paraformal-
dehyde, and then incubated in Nile Red. The hydropho-
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bicity of the Nile Red dye is responsible for the parti-
tioning onto the lipid droplets. The visual analysis was
carried out using a Nikon Eclipse E800 Biorad confocal
fluorescent microscope (B&B Microscopes, Ltd.) at 60
times magnification to determine the approximate lipid
content of the sample. A total of 140 cells were analyzed.
Lipid extraction was also done on a limited number of
algal samples in order to confirm the presence of poly-
hydroxyalkanoate (PHA)-based lipids by GC (see sup-
plemental information, Figure S1). The carbohydrate
content in the algae biomass at the end of each PBR cy-
cle was measured by the anthrone method [26]. The ab-
sorbance of treated biomass samples was measured using
a Spectronic 20 spectrophotometer (Bausch and Lomb),
and these absorbance measurements were compared with
those of treated glucose samples to determine the carbo-
hydrate content of the algal biomass.

2.3. Life Cycle Assessment Methodology

The environmental impacts of the algae cultivation and
harvesting phases in a coupled system were analyzed
using a Life Cycle Assessment (LCA). The ISO 14040
method [27] was used to conduct the LCA; the four steps
of an LCA, including 1) Goal and Scope Definition, 2)
Life Cycle Inventory, 3) Life Cycle Impact Assessment,
and 4) Interpretation and Improvement Analysis, were
completed as a part of this study. Life cycle cost assess-
ment was not in the scope of this study.

Goal and Scope Definition: The goal of this study was
to determine the life cycle environmental impacts of al-
gae cultivation and harvesting in a system coupled with
wastewater treatment in terms of global warming poten-
tial (GWP) and eutrophication potential (EP), and also to
determine the direct energy use during cultivation and
harvesting of microalgae for biofuels and other renew-
able products. Although other environmental impacts

Wastew ater”

could be assessed, the focus of the study is the reduction
of GWP and EP through the use of the coupled system
and therefore, these impact categories were chosen as the
focus of the study.

The functional unit was defined in this study as 1000
MJ of microalgal diesel. The function of the algae culti-
vation system in this study was assumed to be to produce
energy in the form of biodiesel from algae; therefore, the
functional unit was based on a unit of energy which
could be obtained from the algae. By normalizing im-
pacts to a unit of energy, the life cycle impacts of algae
cultivation and harvesting can easily be compared to
sources of energy obtained through other algae cultiva-
tion and harvesting scenarios as well as to energy ob-
tained from other sources such as fossil fuels or 1* gen-
eration biofuels.

The process LCA conducted is an improvement LCA;
it is the aim of the study to show that the life cycle envi-
ronmental impacts of algae cultivation for biofuels can
be reduced through coupling the system, and to deter-
mine other areas or processes in the algae cultivation and
harvesting process where impacts could be reduced.

System boundaries of the study are shown in Figure 2.
The focus of this study was the cultivation stage, but,
because algae cultivation increases TSS in the wastewa-
ter to unacceptable levels, an assumption was made that
the algae mixture would have to go through the harvest-
ing stage in order for water to be at an equivalent quality
level to that being treated by nitrification/denitrification
and chemical phosphorus removal. Therefore, both the
cultivation and harvesting stages were considered in this
assessment. It is assumed that, aside from PBR construc-
tion, existing infrastructure could be used for cultivation
and harvesting, and transportation would be minimized
by cultivating algae close to the wastewater treatment
plant.
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When coupling the wastewater treatment system with
an algal photobioreactor, the need for synthetic fertilizers
for algae cultivation and the need for denitrification and
phosphorus removal in the wastewater treatment plant is
eliminated. When considering algae cultivation and har-
vesting for the production of biofuels only in the LCA,
the ability of the algae to remove nutrients during culti-
vation is not directly accounted for. Therefore, the im-
pacts of the energy and chemicals that would have been
needed to produce final products equal in quality to those
produced by the coupled system were considered to be
avoided impacts in the system and were taken as negative
values in the life cycle impact assessment.

The system boundaries include partial treatment in a
conventional bioreactor (CBR) coupled with algae culti-
vation in an algal photobioreactor (PBR) and harvesting
of the algae. Final products produced in the system are
treated water and algae biomass. Equivalent products
could be produced through the use of further treatment in
the CBR consisting of denitrification and phosphorus
removal, or through the use of synthetic fertilizers for
algae cultivation. These products and processes are
therefore considered to be avoided impacts. The life cy-
cle inventory was calculated using data from a) labora-
tory results, b) laboratory results and [28], ¢) not directly
considered in study, d) [29,30], ) [31,32].

The life cycle environmental impacts of algae cultiva-
tion and harvesting were calculated assuming a large
scale process would be capable of biomass yields, lipid
yields, and nutrient removal efficiency from the system
in the study, but that production would take place in an
industrial setting in the United States. Therefore, Indus-
trial type PBR configurations, mixing, CO, transfer, har-
vesting, and conventional wastewater treatment were
considered in a scaled-up coupled system for the LCA.
Because there are currently no full scale coupled systems
in existence, the scale up of the laboratory system was
completed based on the best available data and project-
tions of how a full scale algae cultivation and harvesting
system would likely operate based on existing industrial
processes. Laboratory data as well as other published
data was used in the study; the source of the data used for
each process are shown in Supporting Information (Ta-
ble S10).

Life Cycle Inventory: Life cycle inventory data was
collected from various databases as well as lab data. The
inventory and databases as well as calculated inputs to
the system are shown in Supporting Information (Tables
S9 and S10).

Life Cycle Impact Assessment: Inputs to the system
were analyzed using the Tool for the Reduction and As-
sessment of Chemical and Other Environmental Impacts
(TRACI) [33] to determine the life cycle environmental
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impacts of a hypothetical large-scale algae cultivation
and harvesting system in the US. The GWP and EP of
the system were looked at in detail as these are areas of
concern specifically related to the study. Additionally,
the direct energy use (DEU) associated with each portion
of the cultivation and harvesting stages was reported.
Direct energy use is defined as the energy used during
the cultivation and harvesting stages and does not include
upstream or downstream energy use associated with
these stages. See Supporting Information (Table S11) for
Impact Assessment Calculations.

3. Results and Discussion

Experimental testing of the coupled system indicates that
wastewater treatment can be coupled with a microalgal
PBR to remove nutrients in the wastewater while pro-
ducing precursors to multiple useful, renewable products.
The examination of water quality in the coupled system
showed removal of soluble orthophosphate and total in-
organic nitrogen as well as nitrogen species. The produc-
tion of precursors to beneficial products was evaluated,
and final beneficial product yields from the system were
estimated based on product content and additional litera-
ture. Life cycle environmental impacts of the system
were calculated to determine hot-spots in the system, and
these impacts were compared to existing related studies.

3.1. Water Quality

The quality of the effluent wastewater varied each week,
which was consistent with performance variations at a
full-scale treatment plant. In this study water quality was
measured by the concentration of phosphorus and nitro-
gen species. N and P transformations were observed
through each cycle of water treatment in the CBR and
algae cultivation in the PBR. CBR effluent wastewater
quality measurements are reported in more detail in
Supporting Information (Table S2).

The average nutrient concentrations at various points
in the system are shown in Figure 3. The average reduc-
tion of soluble orthophosphate through the system was
8.2 mg-P/L (82% reduction), while the average reduction
of total inorganic nitrogen was 27.3 mg-N/L (91% reduc-
tion). Over all 10 individual PBR cycles, complete phos-
phorus removal was observed and nitrogen was reduced
to a minimum of 1.9 mg-N/L, 75% reduction in the PBR.
The change in phosphorus, total inorganic nitrogen, and
nitrate concentration going into and out of the PBR were
statistically significant at a p-value of 0.05, while the
change in ammonia and nitrite concentration in the PBR
were not statistically significant (see Supporting Infor-
mation, Table S4).

Phosphorus, total inorganic nitrogen, ammonia-nitro-
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Figure 3. Nutrient concentration at various points in the
system.

gen, nitrite-nitrogen, and nitrate-nitrogen levels going
into the conventional bioreactor (CBR), coming out of
the CBR and going into the photobioreactor (PBR), and
coming out of the PBR. Total inorganic nitrogen is the
sum of ammonia-nitrogen, nitrite-nitrogen, and nitrate-
nitrogen. 95% confidence intervals are shown for nutria-
ent concentration levels.

Nitrification in the CBR accounts for the discharge of
nitrate into the PBR, but the data show that nitrate is re-
moved in this microalgal system. This finding is im-
portant because activated sludge denitrification typically
requires chemical (e.g. methanol) addition. The absence
of nitrite in the system shows proper nitrification is oc-
curring in the system. The reduction of nitrogen and
phosphorus in the coupled system indicates the feasibility
of removing nutrients in the system without the addition
of chemicals for denitrification or chemical phosphorus
removal.

In addition to testing water quality at the beginning
and end of each cycle, the nutrient content of the water
and optical density of the samples were taken each day
for one complete cycle, cycle 9, in order to observe daily
nutrient removal and growth. During cycle 9 only, a
second low concentration PBR was built in the lab. The
low concentration PBR was built and operated identically
to the original PBR; the initial concentration of the PBR
was the only difference between the two PBRs. Previous
observations had shown cell death and poor nutrient re-
moval in the original reactor when the concentration be-
came too high in the reactor; therefore, the second PBR
was created to compare nutrient removal and algae
growth in a PBR with a high concentration of algal bio-
mass at the beginning of the cycle to one with a lower
concentration of algal biomass. It was hypothesized that
faster nutrient removal and growth kinetics would be
seen in the low concentration PBR than in the original
PBR. The low biomass PBR was inoculated using 250
mL of algae from the original C. vulgaris reactor and was
diluted with 500 mL of wastewater effluent from the
CBR. Daily nutrient content and TSS in the PBRs are

Copyright © 2013 SciRes.

shown in Figure 4.

In both PBRs, soluble orthophosphate was removed
within two days of the start of the cycle, while the con-
centration of nitrogen species continued to change over
the entire cycle. Nutrient removal and solids growth in
the high concentration PBR varied over the cycle with
periods of increase in nutrient concentration and loss of
TSS, while the low concentration PBR showed a gradual
removal of nutrients with an associated increase in TSS
over the cycle. Both reactors showed instances where
phosphorus or ammonia content increased during the
cycle. While the cause is unknown, the increases may be
associated with cell death and subsequent release of
stored nutrients back into the water [34].

Both PBRs showed an overall reduction in nutrient
content and increase in TSS and associated biomass. The
high concentration PBR removed 2.2 mg-N/L, a 56%
reduction, and produced 470 mg/L of additional algae,
while the low concentration PBR removed 8.3 mg-N/L, a
90% reduction, and produced 170 mg/L of additional
algae. The difference in the influent nitrogen concentra-
tion may partially explain the relative performance of
these PBRs. It is also possible that there were significant
differences in the cellular physiology of these systems.
The high concentration PBR may have a broader range of
slower growing cells, resulting in profiles observed in
this study. Future research can address this issue with
quantitative PCR or other DNA-based measurements of
gene expression and cellular activity. Since the low con-
centration PBR had better nutrient removal kinetics, it is
probably possible to optimize the PBR so that the oper-
ating cycle time is closer to that of the CBR without be-
ing too short to support significant lipid yield (i.e. it may
be possible to use a cycle time of 4 or 5 days instead of 7
days). Overall, these results show that there is likely a
trade-off between nutrient removal and biomass produc-
tion in a high concentration vs. low concentration reac-
tor.

3.2. Value Added Products

Algal biomass is made up of lipids and carbohydrates,
which are intermediate products capable of forming mi-
croalgal biodiesel and bioethanol, respectively. The
composition and growth rate of the algae biomass com-
ing from the PBR were analyzed to determine the cou-
pled system’s capability of producing intermediate prod-
ucts which had the potential to become value-added
products. The growth rate of the algae was determined by
testing the TSS in the PBR at the beginning and end of
each cycle.

The lipid content is based on the percentage of lipids
per TSS (%Lipid/TSS). The final lipid content for each
cycle ranged from 14% to 38% Lipid/TSS, while the
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Figure 4. Daily nutrient content and TSS in algae cultivation cycle. (a) Original, high concentration PBR; (b) New, low con-
centration PBR; TSS and nutrient content in (a) concentrated PBR and (b) low concentration PBR.

average over all cycles was 24% + 3% Lipid/TSS. These
values are greater than values reported by Woertz et al.
(4.9% - 11.3% by weight) for algae grown on municipal
wastewater in an outdoor growth tank [21], but are below
the average of 28% - 32% lipids by weight for Chlorella
species [8]. The carbohydrate content is based on the
percentage of carbohydrates per TSS (%CH/TSS). The
final carbohydrate content for each cycle ranged from
16% to 38% CH/TSS, while the average over all cycles
was 26% + 7%CH/TSS. The average carbohydrate con-
tent was higher in this study than the average of 12% -
17% for chlorella species reported by Becker [35].

The growth rate of algae in the PBR ranged from —47
mg/day to 138 mg/day, with an average growth rate of 33
mg/day in the PBR (0.05 kg/m®/day average, 0.2 kg/m’
/day maximum). Negative growth rates occurred during
cycles in which the TSS concentration was higher at the
beginning of the cycle than at the end of the cycle. The
cause of this reduction in concentration is unknown, but
we hypothesize that it is a result of cell decay.

3.3. Life Cycle Assessment of Algae Cultivation
and Harvesting in a Coupled System

Interpretation and Improvement Analysis: The life cycle
impact assessment revealed that the energy use, global
warming potential (GWP), and eutrophication potential
(EP) of algae cultivation could be reduced by coupling a
microalgal PBR with a conventional WWTP. These re-

Copyright © 2013 SciRes.

ductions are a result of avoiding further nutrient removal
in a conventional wastewater treatment plant and avoid-
ing fertilizer production for nutrient feed in the PBR.
Although environmental impact reductions were seen,
these reductions were minimal when compared to the
entire cultivation and harvesting stages (Figure 5). The
avoidance of further wastewater treatment accounted for
less than 0.2% in all impact categories, and the avoidance
of fertilizer production accounted for less than 2% in all
impact categories.

Percentage of cultivation and harvesting phases con-
tributing to Global Warming Potential (GWP), Eutrophi-
cation Potential (EP), and Direct Energy Use (DEU) in a
scaled-up coupled system; Impacts from industrial CO,
(I-C0O,), waste CO, (W-CO,), Centrifugation (Cent.), and
Filtration (Filt.).

The use of waste CO, from other industrial processes
would be more effective for reducing global warming
and eutrophication impacts of algae cultivation and har-
vesting. However, the direct energy use (DEU), energy
being consumed during the cultivation and harvesting
phases of the life cycle, was higher when waste CO, was
used due to the additional energy used for collection and
injection of the waste CO, into the PBR. GWP, EP, and
DEU could all be reduced by using a less intensive har-
vesting method such as filtration instead of centrifugation.
The low-density polyethylene (LDPE) used to construct
the PBR contributed a great amount to EP. Although
LDPE has a lower EP than other materials including
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Figure 5. Environmental Impacts from the coupled wastewater-algae production system.

glass and high-density polyethylene, the vast amount of
material needed for PBR construction increases the EP.
PBRs must be engineered to have a higher productivity
per amount of material in order to reduce EP. Separation
of the algae from the wastewater results in the highest
DEU in the system. The DEU can be reduced by other
methods of separation, such as filtering by 26% as shown
in Figure 5, however harvesting the algae still accounts
for 54% to 97% of the energy use in the systems (W-CO,,
Filt.; I-CO,, Cent., respectively), regardless of separation
method. Other separation techniques, such as settling,
auto-flocculation, and micro-screening [36] might pro-
vide additional DEU savings. Although solids in the wa-
ter would have to be effectively reduced in order for the
water to be reused after cultivation and harvesting, the
energy requirements of harvesting algae are not specific
to algae cultivated with wastewater.

The report demonstrates the benefit of using life cycle
assessment in combination with laboratory-scale experi-
mentation. It is important to note that LCA is not limited
to the study of technologies that are operating at full
scale or that have already been optimized. On the con-
trary, LCA can be used to holistically identify environ-
mental impacts for systems that are not yet operating at
full scale. This report is a good example, because the
findings here show that the highest energy demands
(harvesting of the algal mixture) and the highest envi-
ronmental impacts (CO, use and PBR construction) can
be elucidated with LCA that is informed with experi-
mental data. This principle can be extended more gener-
ally for future research. LCA should be employed while
investigating technologies that are currently in the early
stages of development and LCA should continue as new
developments generate novel findings.

Copyright © 2013 SciRes.

Advancing the full scale application of PBR/CBR
combinations will depend on resolving key technical
issues. A good example is related to the differences in the
growth rates of aerobic heterotrophs (in the CBRs) and
anaerobic algae (in the PBRs); these growth rates explain
why the PBR discharged weekly, while the CBR oper-
ated on a one-day cycle. At full scale this issue can be
handled by using PBRs to treat smaller, more concen-
trated wastewater streams (like digester supernatent) that
are rich in nitrogen and phosphorus. It is also possible to
use attached growth systems to uncouple the algal
growth rate and the hydraulic retention time [e.g. 19].
Material selection is another key challenge. PBR/CBR
combinations may take many different forms, each de-
pendant on several design factors, including local condi-
tions, site topography, geotechnical characteristics, and
provisions for future modification. Open pond systems
may make sense in some applications and engineered
package systems are also possible. PBR systems can be
customized with durable materials common to WWTP
design. This may include a covered tank made of low-
density polyethylene (as discussed above) or fiber-rein-
forced plastic (FRP). The equipment may include low
speed mechanical mixers, submersible wastewater pumps
with piping, valves, instrument air piping (for the com-
pressed air used to open and close valves), and other ap-
purtenances. Equipment and materials selections will
impact the life cycle impacts of the coupled system and
these choices must be made holistically. Currently, there
are no full-scale coupled systems, but as this changes, it
will be possible in the future to carry out life cycle as-
sessments that are informed by practical experiences and
real costs.
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Supplement
1. Laboratory Data

Laboratory data was collected at the University of Pitts-
burgh’s Swanson School of Engineering in Pittsburgh,
Pennsylvania.

1.1. CBR Feed Solution

The feed solution going into the CBR is shown in Table
S1. 500 mL main feed influent and 0.5 mL trace feed
were fed to the reactor daily.

1.2. CBR Effluent Quality

Water quality was measured on samples of CBR effluent
going into the PBR for each cycle. Water quality in the
CBR was monitored throughout the week for its daily
cycles. The total suspended solids (TSS) concentration in
water coming directly from the CBR was 11.3 mg/L, on
average, while the pH was maintained at 7.2 on average
with the addition of NaOH or HCI as needed. The nutria-
ent content of the CBR effluent for each cycle is shown
in Table S2.

1.3. PBR Effluent Water Quality

The nutrient concentration of water in the PBR was
measured at the beginning (Initial) and end (Final) of
each cycle in water coming from the PBR. Initial meas-
urements were made after wastewater was added to the
PBR and mixed for an hour to ensure dispersion of the

Table S1. CBR Feed Solution.

Main Feed Influent Concentration (mg/L)
Acetic Acid 464
Ammonium Sulfate 142
Monobasic Potassium Phosphate 22
Di-basic Potassium Phosphate 28

Trace Metals

Calcium Chloride dihydrate 53
Ferric Chloride hexahydrate 3
Cobaltous Chloride heptahydrate 0.3
Zinc Chloride 0.31
Cupric Chloride dehydrate 0.09
Boric Acid 0.03
Magnesium Sulfate heptahydrate 30
Manganous Sulfate heptahydrate 0.85
Sodium Molybdinate dihyrate 0.12

Copyright © 2013 SciRes.

wastewater throughout the PBR. Total inorganic nitrogen
content was determined by adding the ammonia-nitrogen,
nitrite-nitrogen, and nitrate-nitrogen concentrations. Nu-
trient concentration for Cycles 1 - 10 as well as the aver-
age and standard deviation for Initial and Final readings
are shown in Table S3.

1.4. Change in Nutrient Concentration

The change in nutrient concentration in the wastewater
between wastewater effluent going into the PBR and ef-
fluent coming from the PBR is shown in Table S4.

1.5. Algal Biomass Quality

1) Lipid Content

The minimum, maximum, average, and median lipid
content of the algae cells were recorded at the end of each
cycle (Table S5). There was no statistical significance
that the lipid content for any cycle was different than the
average; therefore, the average lipid content was assumed
to be consistent throughout all PBR cycles.

Algal samples were also tested for polyhydroxyalka-
noates (PHAs) content using a modified GC method (15)
as follows: 15 mL samples were collected on 25 mm
Whatman filters and immediately dried at 103°C for 1 h
then stored in a desiccator at 4°C prior to analysis. The
samples were prepared for digestion by adding the fol-
lowing reaction components: 1 mL trichoroethylene, 1
mL of 4:1 n-propanol: HCI solution, and 50 uL of ben-
zoic acid. The samples were sealed, and digested at
100°C for 6 h. Samples were cooled and then extracted
with 2 mL deionized water. A 2 uL sample was taken
from the heavy organic phase at the bottom of the vial,
and filtered (Aerodisc LC 13 mm syringe filters, PVDF
membrane, Gelman No. 4455T, Gelman Laboratory, Ann
Arbor, MI). The filtered samples were then diluted 1:10
in TCE, and 1 uL was injected into the FID GC (glass
packed column, Chromosorb W-AW 80 - 100 mesh, Var-
ian 3800). The GC temperature program was as follows:
hold at 100°C for 1 min, ramp to 160°C at 10°C/min, and
ramp to 280°C at the maximum rate and hold for 15 min.
The injector and detector temperatures were 300°C.
Benzoic acid was used an as internal standard. Standards
were prepared by the same method with a PHB/PHV
co-polymer of natural origin (No. 40311-3, Sigma Al-
drich Corporation, Milwaukee, WI). The results (Figure
S1) produced several peaks that are associated with the
various forms of PHA present (e.g. PHB, PHV, PHMB,
etc...). These peaks show that PHAs were present. PHA
quantification was not in the scope of this study.

2) Carbohydrate Content

Carbohydrate content in the algal biomass was tested
in triplicate at the end of each cycle. The average carbo-
hydrate content for each cycle is shown in Table S6. It
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Table S2. Effluent wastewater nutrient content.

Cycle Phosphorus (mg-P/L)  Total Inorganic Nitrogen (mg-N/L) ~ Ammonia (mg-N/L) Nitrite (mg-N/L) Nitrate (mg-N/L)

1 - - - - -
2 28.1 19.9 3.8 0.01 16.1
3 7.8 18.8 2.0 0.07 16.7
4 22 5.5 1.0 0.00 4.5
5 7.8 14.7 2.0 0.00 12.7
6 9.1 9.6 1.7 0.00 7.9
7 7.8 5.9 1.8 0.00 4.0
8 104 12.3 1.1 0.00 11.3
9 1.7 16.1 0.0 0.03 16.0
10 1.0 11.7 0.0 0.01 11.7

Average 8.5 12.7 1.5 0.02 11.2

St. Dev. 8.2 5.2 1.2 0.02 4.8

Table S3. Nutrient concentration in water in the PBR.

Phosphorus (mg-P/L)  Total Inorganic Nitrogen (mg-N/L)  Ammonia (mg-N/L) Nitrite (mg-N/L) Nitrate (mg-N/L)
Cycle Initial Final Initial Final Initial Final Initial Final Initial Final
1 5.8 2.7 9.3 22 2.0 22 0.28 0.01 7.0 0.0
2 13.7 1.8 7.7 1.9 2.4 1.9 0.28 0.00 5.0 0.0
3 1.6 1.8 7.1 3.7 2.1 2.7 0.03 0.01 5.0 1.0
4 22 0.5 4.0 2.4 2.0 1.9 0.01 0.01 2.0 0.5
5 1.6 1.8 6.9 22 1.8 22 0.04 0.01 5.0 0.0
6 5.1 22 10.0 4.4 2.0 2.4 0.02 0.00 8.0 2.0
7 4.0 5.1 10.3 22 2.3 22 0.02 0.00 8.0 0.0
8 5.5 0.0 6.2 3.4 22 1.8 0.04 0.03 4.0 1.6
9 0.0 0.0 34 1.9 0.3 0.7 0.25 0.01 2.9 1.3
10 0.0 0.2 5.0 2.8 0.8 1.6 0.02 0.00 42 1.2
Average 4.0 1.6 7.0 2.7 1.8 2.0 0.10 0.01 5.1 0.8
St. Dev. 4.0 1.6 2.4 0.8 0.7 0.6 0.12 0.01 2.0 0.8

Table S4. Reduction in nutrient content between the CBR effluent going into the PBR and effluent coming from the PBR.

Cycle Phosphorus (mg-P/L)  Total Inorganic Nitrogen (mg-N/L) Ammonia (mg-N/L) Nitrite (mg-N/L) Nitrate (mg-N/L)
1 - - - - -
2 26.3 21.9 1.9 0.01 16.1
3 6.0 17.2 -0.7 0.06 15.7
4 1.6 4.1 -0.9 —0.01 4.0
5 6.0 14.5 -0.2 —0.01 12.7
6 6.9 6.9 0.7 0.00 59
7 2.7 5.5 —0.4 0.00 4.0
8 104 10.0 0.7 —-0.02 9.6
9 1.7 14.2 —0.7 0.02 14.8
10 0.9 9.0 -1.6 0.01 10.5
Average 7.0 11.5 -0.4 0.01 10.4
p-value (A > 0) 0.015 0.000 0.110 0.236 0.000

Copyright © 2013 SciRes. JEP
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Table S5. Lipid content in algae cells.

Cycle Minimum (%L/TSS) Maximum (%L/TSS) Average (%L/TSS) Median (%L/TSS)
1 15 40 31 32
2 13 43 26 25
3 17 40 25 25
4 13 36 20 17
5 13 33 22 20
6 17 33 26 25
7 14 43 21 17
8 13 33 21 20
9 - - - -
10 - - - -

Average 14 38 24 23

St. Dev. 2 4 3 5

PHA Detection in Algal Species
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Figure S1. PHA Detection in Algal Species. The peaks with retention times between 10 and 15 minutes are associated with

PHAs.

was assumed that the average carbohydrate content was
the same over all 10 cycles and was equal to the overall
average carbohydrate content.

3) Biomass Growth

Biomass growth was measured using the total sus-
pended solids (TSS) of the samples to represent the algal
biomass in the reactors. TSS was measured in duplicate
at the beginning and end of each cycle. The optical den-
sity (OD) of the samples was measured at the beginning
and end of each cycle in duplicate. Initial and Final TSS
and Initial and Final OD are shown in Table S7.

A correlation between TSS and OD in the system was
found from measurements taken during the study period

Copyright © 2013 SciRes.

and also for other measurements taken from the PBR
before the study period began (Figure S2).

This relationship was calculated so that OD could be
used as a non-destructive test to estimate the TSS in the
reactor.

1.6. Growth Rate Calculations
The growth rate of the algae in this system was calculated
based on the volume of the PBR. The growth rate can be
used to determine the potential productivity in the sys-
tem.

For the reactor with a diameter of 0.075 m and height
of 0.15 m:
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Figure S2. Relationship between optical density and total suspended solids (TSS) in the PBR.

Table S6. Carbohydrate content of algal biomass in the Table S8. Algae productivity based on volume of the PBR.
PBR.

Biomass productivity Algae growth V=6.63x10"m’

Cycle Carbohydrates (%CH/TSS)
| 31 Average 0.033 g/day 49.77 g/m’/day
2 38 Maximum 0.138 g/day 208.1 g/m’/day
3 22 _ _
4 2 Table S9. Life cycle inventory databases.
5 25 Processes Portion of Coupled System Database
6 20 LDPE PBR Material ETH-ESU 96 [1]
! 26 Avoided Syntheti
voided Synthetic .
8 . Urea (N) Fertilizer ecoinvent v2.0 [2]
9 16 Superphosphate Avoided Synthetic ecoinvent v2.0 [2]
10 - P) Fertilizer ’
A 26 i i
verage Soda, Iéo(v)vder Avoided (I;I;ltrog_eanemoval USLCI [3]
St. Dev. 7 (Na,CO3) emica
. ) ) Iron Sulfate AVOld-ed P-Prempltatl.on ETH-ESU 96 [1]
Table S7. Initial and Final total suspended solids (TSS) and (FeSO4) Chemicals, Flocculation
optical density (OD) measurements of algal biomass in the .
PBR. CO, B250 Carbon Dioxide BUWAL 250 [4]
- - - - Nitrogen and Phosphorus
1 1T Final T I 10D Final OD
Cycle ng;ag /L)SS l(rrlr?g /LS)S mzﬁ)s)o H(l;bs()) Electricity avg. Removal in WWTP, Franklin USA 98
kWh USA Mixing, CO; injection, [5]
1 200.0 466.7 0.053 0.091 Centrifugation, Filtration
2 240.0 786.2 0.082 0.109
3 545.0 770.0 0.093 0.116 2. Life CyCle Assessment Data
4 463.7 1120.0 0.087 0.140 2.1. Life Cycle Inventory
5 4929 1073.9 0.114 0.140 The databases usefi to CalCulate hfe Cycle impaCtS Of the
6 _ 605 0118 0,100 system are shown in Table S9.
‘ ’ ’ ’ Data inputs to the life cycle inventory, along with the
7 693.3 702.5 0.090 0.139 reference for these inputs are found in Table S10.
8 810.7 783.3 0.125 0.133
9 1667 690.0 0.119 0.132 2.2. Life Cycle Impact Assessment _
Inputs to the system were analyzed using the Tool for the
10 743.3 5429 0.110 0.136

Reduction and Assessment of Chemical and Other Envi-
ronmental Impacts (TRACI) to determine the life cycle

3The reactor volume was calculated as: V =6.63 x 10*  environmental impacts of the system [14]. The global

m. warming potential (GWP) and eutrophication potential
The potential productivity of the reactor is shown in  (EP) of the system were looked at in detail as these are
Table S8. areas of concern specifically related to the study. Addi-

Copyright © 2013 SciRes. JEP
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Table S10. Life cycle inventory inputs to the Excel model.

Parameter Input Reference
Energy Content of microalgal diesel 37.8 MI/KEmicrodiesel [6]
Lipid Content 24% by dry weight Lab data; this study
Microalgae Productivity 0.9 g/m*day Lab data; this study
Harvesting Efficiency 100%
) ) Assumed 100% harvesting, extraction, and
Extraction Efficiency 100% conversion to avoid uncertainty and ineffi-
ciency related to downstream processes
Conversion Efficiency 100%
Surface area/volume 400 m*m’ [7]
Unit Volume 10 m* [8]
System Lifetime 15 years Assumption, bgsed on prob_able lifetime of
materials and equipment
PBR Material LDPE, 1 em thick Assumption, PBR materlal wou}d be made
from low-impact material
Water loss 0% Lab data; this study

Wastewater use
Nitrogen Required
Phosphorus Required
Denitrification (Avoidance)
Phosphorus Precipitation (Avoidance)
Nitrogen Removal Energy (Avoidance)

Phosphorus Removal Energy (Avoidance)

Fertilizer — urea (N) (Avoidance)

Fertilizer — Superphosphate (P) (Avoidance)

Mixing
Pure CO,
Energy for CO, transfer
Lighting

Temperature Control

Algal slurry Concentration
(from harvesting process)

Flocculent
Centrifugation
Screening (Microstrainers)

Filtration (Suction Filter)

0.0012 m*/Kgmicroatgal mass
0.013 kgnitrogen/KEmicroalgal mass
0.0069 kgphosphorus/Kmicroatgal mass
7.5 kg-Na,CO3/kgnitrogen
1.8 kg-FeSO4/kgphosphorus
14.0 MJ/kgnitrogen

24.0 MJ/kgPhosphoru,s

0.013 ngilmgen/kgmicroa]gal mass

0.0069 kgPhosphorus/kgmicmalgal mass

Peristaltic Pump — 300 W, 24 h/day
150 kg-COy/Kgmicroalgal mass
0.2 MJ/Kgmicroalgal mass
Natural Light
None

5% TSS

0.07 kg-FeSO,/m’
1.0 kWh/m®
0.2 kWh/m®

0.1 kWh/m®

Lab data; this study
Lab data; this study
Lab data; this study

[9]

[9]

[10]

[10]

Assumed nitrogen required
from synthetic fertilizer would
be equivalent to nitrogen
required from wastewater
Assumed phosphorus required
from synthetic fertilizer would
be equivalent to phosphorus
required from wastewater
Lab data; this study
Lab data; this study
[11]

Assumption, natural light
would be used in a large scale system

Lab data; this study
[12]
[12]
[13]
[12]

[12]

Copyright © 2013 SciRes.
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Table S11. Direct Energy Use (DEU), Global Warming Potential (GWP), and Eutrophication Potential (EP) of system during
cultivation and harvesting stages.

Stage DEU (MJ/1,000 MJ) ~ GWP (kg CO,-eq/1000 MJ)  EP (kg N-eq/1000 MJ)
Nitrogen Removal (Avoided Energy) -1.99 x 10" -1.38 -1.24 x 107
Phosphorus Removal (Avoided Energy) -1.82 x 10 -1.27 -1.14x 107"
Nitrogen Removal (Avoided Na,CO;) -9.87 -522 %107
Phosphorus Removal (Avoided FeSO,) -1.11x107° —1.44 x 1077
Urea (Avoided Fertilizer) —4.78 -2.34x107°
Superphosphate (Avoided Fertilizer) —2.05 -9.32x107°
Cultivation
Mixing 531 x 10 477%x107 7.64 x 107
Industrial CO, 4.29 x 10° 9.61 x 107
Injection of Industrial CO, 4.16 x 10° 2.89 x 10! 2.60 x 107
Waste CO, —4.29 x 10° —-9.61 x 107
Injection of Waste CO, 9.42 x 10° 6.55 x 10° 5.88 x 1072
PBR (LDPE) 3.35x 10° 3.28x 10"
Flocculant 1.75 x107° 774 x 1077
Harvesting Centrifugation 3.97 x 10* 2,76 x 10° 248 x 10
Filtration/Screening 1.19 x 10* 8.28 x 10? 7.43 x 107
tionally, the direct energy use (DEU) associated with [10] M. Maurer and T. A. L. Schwegler, “Nutrients in Urine:

each portion of the cultivation and harvesting stages was

reported (Table S11).
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