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Abstract This study is an experimental determination of
the energy return on investment (EROI) for algal biocrude
production at a research facility at the University of Texas
at Austin (UT). During the period of this assessment, algae
were grown at several cultivation scales and processed
using centrifugation for harvesting, electromechanical cell
lysing, and a microporous hollow fiber membrane contactor
for lipid separation. The separated algal lipids represent a
biocrude product that could be refined into fuel and the
post-extraction biomass could be converted to methane. To
determine the EROI, a second-order analysis was con-
ducted, which includes direct and indirect energy flows, but
does not include energy expenses associated with capital
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investments. The EROI for the production process evalu-
ated here was significantly less than 1, however, the
majority of the energy consumption resulted from non-
optimized growth conditions. While the experimental
results do not represent an expected typical case EROI for
algal fuels, the approach and end-to-end experimental
determination of the different inputs and outputs provides
a useful outline of the important parameters to consider in
such an analysis. The Experimental Case results are the
first known experimental energy balance for an integrated
algal biocrude production facility, and as such, are expected
to be helpful for setting research and development priorities.
In addition to the Experimental Case (based on direct
measurements), three analytical cases were considered in
this work: (1) a Reduced (Inputs) Case, (2) a Highly
Productive Case, and (3) a Literature Model. The Reduced
(Inputs) Case and the Highly Productive Case speculate the
energy use for a similar system in an improved, commercial-
scale production setting. The Literature Model is populated
with relevant data that have previously been reported in the
literature. For the Experimental Case, Reduced Case, Highly
Productive Case, and Literature Model, the estimated
second-order EROI was 9.2X10_4, 0.074, 0.22, and 0.35,
respectively. These results were dominated by growth inputs
(96%, 89%, 87%, and 61% of the total energy requirement,
respectively). Furthermore, the EROI was adjusted using
quality factors that were calculated according to the price of
each input, yielding a quality-adjusted EROI that parallels a
partial financial return on investment analysis. For the
Experimental Case, the Reduced Case, and the Highly
Productive Case, the quality-adjusted EROI was 9.2x107,
0.013, and 0.36, respectively.

Keywords Algae - Energy return on investment - Energy
balance - Net energy ratio - Biofuel - Biodiesel
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Abbreviations
Products

BO Bio-oil

BMF Biomass fuel
BF Biofuel

BS Biomass in slurry
BC Biocrude
GM  Grown mass
HM  Harvested mass
LM  Lysed mass
Processes

G  Growth

P Processing

R Refining

H  Harvesting

CL Cell lysing

S Separations
Efficiency

proc  Processing
ref Refining
harv  Harvesting
cellys Cell lysing
sep Separations
Composition

LF Lipid fraction

ULF Useful lipid fraction
NLF Neutral lipid fraction

Nomenclature
EROI  Energy return on investment
FROI Financial return on investment
P Productivity (in units of grams per liter per day)
M Mass (in units of grams)
Vv Velocity (in units of meters per second)
t. Cultivation time (in units of days)
® Efficiency
E Energy (in units of joules)
ED Direct energy flows (in units of joules)
EI Indirect energy flows (in units of joules)
0 Indirect energy (i.e. material) output
(in units of kilograms)
v Energy equivalent of indirect energy outputs
(in joules per kilogram)
1 Indirect energy (i.e., material) input
(in units of kilograms)
vy Energy equivalent of indirect energy inputs
(in units of joules per kilogram)
MP Material price (in units of dollars per kilogram)
EP Energy price (in units of dollars per joule)
QF Quality factor
v Energy content (in units of joules per kilogram)
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v Volume pumped (in units of liters)

AP Pressure drop (in units of pascals)

n Pump efficiency

p Density (in units of grams per liter)

Az Change in elevation (in units of meters)

f Friction factor

K Loss coefficient

U Flow velocity (in units of meters per second)

0 Heat (in units of joules)

Cp Specific heat capacity (in units of joules per
kilogram kelvin)

AT Temperature difference (in units of kelvin or
degrees Celsius)

g Gravity constant (9.81 m/s%)

L Pipe length (in units of meters)

D Pipe diameter (in units of meters)

NEC Net energy content (in units of joules per liter or
joules per liter per day)

Accents

X Tilde denotes an input for a processing step

X Apostrophe indicates units of joules per liter of

processed volume
X Inverted apostrophe indicates units of joules per liter of
processed volume per day of cultivation
Introduction

Algae are a potential biofuel feedstock that have received a
great deal of research interest. Theoretically, algae are
promising as feedstock because they grow rapidly, do not
require fresh water or arable land, and, in some cases, can
produce large amounts of energy products (e.g., lipids).
These potential advantages have been discussed at length
elsewhere [1-5]. Practically, however, algal biofuel pro-
duction has proven to be quite challenging. One way to
evaluate the production of algal biofuels is to calculate the
energy return on (energy) investment (EROI), which is
similar to the net energy ratio (NER), and can be used to
assess the feasibility and sustainability of an energy source.
In brief, the EROI is the amount of energy produced
divided by the amount of energy required for that
production, and it has been used to characterize many
resources. For example, the EROI for production of
conventional oil and gas, coal, wind energy, and corn
ethanol has been estimated to be ~15, ~80, ~19, and ~1,
respectively [6—9]. For algal fuels to be produced commer-
cially, the EROI must be competitive with those for current
energy sources. Similarly, the financial return on invest-
ment (FROI) for algal fuels must be competitive with those
for current energy sources. The relationship between the
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EROI and FROI is considered in this study, and character-
ized more thoroughly elsewhere [10, 11].

When calculating the energy balance for algal biofuel,
researchers are left with two choices: (1) to calculate energy
flows for theoretical systems, which risk incorporating
unrealistic assumptions, or (2) to characterize production
based on research-scale processes, which are often known a
priori to be uneconomical. In this study, both approaches
are explored. Several studies have evaluated the energy
requirements for growing algae [2, 4, 12—-20] and many
have also considered the energy required to process algae
into a commercial product (i.e., food or fuel) [4, 13, 15—
21]. Many of these analyses rely on rough estimates and
sometimes omit necessary inputs because there is no
commercial algal biofuel industry to serve as a reference.
This work describes initial attempts at a clearly defined
model for the second-order EROI of algal fuels (which
includes direct and indirect energy inputs) and the use of
end-to-end experimental data to populate the model.

The scope of this study is limited to evaluating operating
energy expenses (including direct and indirect energy
flows, but omitting capital energy expenses) according to
the EROI framework provided by Mulder and Hagens [22].
A quality-adjusted EROI value is also presented, which
considers the impact of using high quality fuels (i.e., high
value fuels, mainly electricity) for production of lower
quality fuels (i.e., lower value fuels, bio-oil and methane).
The experimental results reported in this study are not
representative of a commercial-scale algal biocrude facility.
Such a facility does not yet exist. Moreover, it is unlikely
there will be published information on commercial pro-
cesses until the industry matures, as this information is
mostly proprietary. The value of this study is to utilize a
functional research facility to develop the experimental
approach for determining the EROI for algal biocrude
production. This type of analysis will be important for the
algal fuels industry, as it has been for current biofuel
industries [8, 23-28]. It is expected that the EROI will be
improved for optimized growth conditions, refined process-
ing methods, and with the application of future technology
(and biotechnology) improvements.

The experimental data for producing algal lipids (i.e.,
biocrude) were acquired during processing of five large-
scale batches at the University of Texas (UT; with a total
processed volume of roughly 7,600 L), where outdoor algal
growth was integrated with several critical processing steps.
The research focus is on processing; growth is done to
provide material to process. The growth facilities at UT
were built to balance capital costs with operational costs for
low-volume production on a research budget. Consequent-
ly, the growth process included many inefficient techniques
(e.g., artificial lighting, oversized pumps, etc.) that were
appropriate for a research setting (but not a commercial

operation). The group operated in a batch processing mode,
allowing continuous operation of most of the processing
steps, albeit for relatively short times. To date, nearly 20
large-scale batches have been completed (with processed
volumes of ~900-4,000 L per batch).

The Reduced (Inputs) Case presents speculated energy
consumption values for the operation of a similar produc-
tion pathway at commercial scale, while yielding the same
energy outputs as obtained in the experiments. The Highly
Productive Case uses similar assumptions for the energy
inputs as the Reduced Case and assumes greater energy
output productivity. In addition, the Literature Model
provides an estimate for the EROI of algal biocrude based
on data that has been reported in the literature. In this way,
the Reduced Case is grounded on one side by the sub-
optimal experimental data and on the other side by the
Highly Productive Case and the Literature Model, which
are largely comprised of theoretical data.

Methods and Materials
Production Pathway

There are several energy carriers that can be produced from
algae, including renewable diesel (such as biodiesel from
lipids), ethanol (from carbohydrates), hydrogen produced
photobiologically, methane (via anaerobic digestion or
gasification), and electricity via direct combustion [17,
29-36]. Biodiesel is the most commonly studied algal
biofuel, and can be produced by transesterification of algal
lipids [33]. However, additional refining technologies exist
that can produce a range of refined fuels from lipids
depending on the lipid composition (e.g., hydrocracking
[37] and gasification). Algal lipids include neutral lipids
and polar lipids and the proportion of each type is highly
variable [1, 2, 38, 39]. As a result, it is not clear what
refining processes will be used on an industrial scale. With
this in mind, the experiments in this study measured the
energy requirements associated with producing biocrude
(i.e., algal lipids), but do not include the energy associated
with upgrading the biocrude into a refined fuel product. In
other words, this is a “strain-to-refinery door” analysis.
However, the energy requirement of refining, noted as Ex,
will be included in the analysis in symbolic notation
(according to a convention established in a prior publication
[33]) and estimated values will be used when necessary.
Figure 1 presents the production pathway used at UT in
this investigation. In this approach, algae were grown in
outdoor “raceway” ponds (~0.2 m deep), which are similar
to those discussed in previous studies [2—4, 40] and the
ponds were inoculated from small-scale bioreactors. The
diversity of existing growth approaches and the results of this
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Fig. 1 The algal biocrude
production pathway used in this
investigation. Due to relatively
small volumes, these processing
steps are conducted in batch
mode, and the steps between
growth and refining last about

3 days. *Wet biomass will require
additional processing/refining

Day 1: Harvest, 8 hr

Day 2: Lysing, 2 hr

Day 3: Extraction 12 hr

=== Growth: Ponds and
Algal Culture Photobioreactors
— (15001)

—

Harvesting: Centrifugation
L 4

Harvested Algae

(~24 L)
Cell Lysing: Electromechanical
v Pulsing
Lysed Algae
(~24 1)

Separations: Microporous Hollow
Fiber Membrane Contactor

R

Biomass Slurry* Biocrude
(~24 1) (~4 mL)
1 I
‘;r ‘L Refining: Not Conducted
Biomass ..
Bio-oil
Fuel

work underscore the fact that this approach, while quite useful
for research, will likely be modified for commercial applica-
tion. The algae were concentrated by a factor of ~65 into a
slurry (i.e., harvesting) using centrifugation and then electro-
mechanically lysed by exposure to electrical pulses. After the
cells were lysed, a microporous hollow fiber membrane
contactor (MHF contactor) was used to separate the lipids
from the biomass. The lipids constitute a biocrude product that
can be upgraded to a refined fuel. The biomass also has the
potential to be used to produce fuels or chemicals, and for this
study, a thermochemical conversion process is modeled that
produces methane from the post-extraction biomass. Energy
required to distribute the refined fuel(s) is not included.

Energy Return on Investment Framework

The EROI analysis used in this study is based on the
framework provided by Mulder and Hagens [22].
Specifically, the second-order EROI model has been
adopted (cf. Fig. 2 in [22]), which accounts for direct
energy flows as well as indirect energy flows, as shown in
Eq. 1. The process specific nomenclature in this study is
based on the framework provided by Beal et al. [33]

EDou + > vj0;

EROI =
EDiy + > k7idk

(1)

Direct energy flows include electricity and fuel con-
sumed during production (ED;,) and the biofuel produced
(EDgyy)- In this study, the biofuel products (which are not
actually produced) include bio-oil (produced from bio-
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crude) and biomass fuel (produced from the biomass
slurry). Thus, the direct energy output includes the bio-oil
energy, EDgo, and the biomass fuel energy, EDgyr, as,

EDyuwt = EDpo + EDgwmr (2)

If the biomass is used to produce non-energy products (e.g.,
protein, nutritional supplements, or cosmetics), then it
could be represented as an indirect energy flow. In Eq. 1,
indirect energy flows include material inputs that contain
embedded energy (e.g., the embedded energy in nitrogen
fertilizer) and material outputs. Specifically, the quantity of
the kth non-energy input is /; and the per-unit energy
equivalent value for that input is denoted as ~;. Similarly,
the quantity of the jth non-energy output is O; and the per-
unit energy equivalent value for that output is denoted as v;.
However, in this study, there are no indirect energy outputs.

A quality-adjusted EROI (analogous to a partial FROI
[10, 417) was also determined for all of the cases except for
the Literature Model by multiplying each of the input and
output flows by a corresponding quality factor. For energy
flows, the quality factors (QF) were calculated according to
the energy price (EP), which is the price of each energy
source per joule, which correlates the relative value of each
fuel [42]. Setting coal as the standard with a quality factor
of 1 ($1.4/GJ, $1.5/MMBHtu), the quality factors used in this
study were: electricity 19.5 ($27.8/GJ, ¢10/kWh), petro-
leum 14.5 ($20.6/GJ, $2.50/gal), and natural gas 2.7 ($3.8/
GJ, $4/MMBtu) [43]. Methane was assigned the quality
factor of natural gas and the bio-oil was assigned the
quality factor of petroleum. For material inputs, the quality
factor was determined according to Eq. 3,
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Fig. 2 Material and energy
flows for biocrude production at
UT are marked as arrows
crossing the system boundary
Salt

Forklift Propane

System Boundary |

Solvent

Useful Energy Outputs

P [$/ke]
QF o EE- EPcoal N [MJ/kg] ’ [$/MJ}coal (3)

Where P is the price (in $/kg), EE is the energy equivalent
(with units of MJ/kg), and EP., is the energy price for coal
($1.4/GJ). By using quality factors that are based on price,
the quality-adjusted EROI analysis is equivalent to the
partial FROI analysis that is calculated using the same
inputs and outputs (i.e., excluding capital expenses, labor
costs, regulatory fees, etc.) [10].

Experimental Analysis

Figure 2 displays the input and output products of algal
biocrude production at UT. Detailed descriptions of all data
collection and uncertainty analysis can be found in [10] (cf.
Chapter 4, Appendix 4A and Appendix 4B of [10]). The
alga processed in these batches was a marine species of
Chlorella (KAS 603, provided by Kuehnle AgroSystems,
Inc.) and was grown in four different growth stages: flasks,
airlift photobioreactors, greenhouse tanks, and covered
raceway ponds (cf. Fig. 3). In general, the larger growth
volumes were inoculated from the smaller growth volumes,
and all of the algae transfers are illustrated in a flow
diagram in [10] (cf. Appendix 4A in [10]). Energy
consumption for growth and processing equipment was
either measured with energy meters or estimated according
to the manufacturer specifications. When algae were
transferred from a smaller growth volume to a larger one,
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the energy consumed in the smaller growth volume was
allocated between the two growth volumes according to the
percentage of the smaller volume that was transferred. The
batches, hereafter referred to by batch numbers 1-5, varied
between 947 and 1,942 L of growth volume processed and
were all processed between May and July, 2010. The
average cultivation time (from inoculation in the airlift
reactors until harvesting from the ponds) was 123 days, on
average.

Growth

In all stages, the growth media were prepared with Instant
Ocean salts at a salinity of ~15 g/L, and the consumption of
salts, nutrients, water, and antibiotics was recorded. The first
airlift bioreactor was inoculated from flasks on January 26,
2010 and the energy consumed for the flask growth stage
was neglected. Seven indoor, airlift bioreactors (L1-L7)
were used to grow the algae and were supplied with artificial
lighting (multiple 54 W, Hg bulbs) for 12 h per day. The
electricity consumption for lighting was measured with
energy meters and secondary room lighting was neglected.
The bioreactors were maintained at about 24°C and a CO,/
air mixture (average of 1.0% CO,) was bubbled into the
bioreactors continuously (the out-gassed CO,/air mixture
from the top of the reactors was 0.72% CO,, on average).
The COy/air flow rate and the percentage of CO, in the
mixture were recorded daily for each reactor. The CO,/air
mixture was provided by mixing CO, from a gas tank with

@ Springer
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Fig. 3 Algae were grown in four growth stages: 1) flasks 2) seven indoor photobioreactors (L1 — L4 shown, ~100 L each) 3) four greenhouse
tanks (G1 and G2 shown, ~1000 L each) and 4) two covered outdoor ponds (shown without the cover, ~2400 L each)

compressed air from a general-use shop compressor. There-
fore, the compressor power for the airlift reactors could not
be measured, and was estimated from the compressor data
obtained for the greenhouse tanks and outdoor pond.

Four greenhouse tanks (G1-G4, about 0.25-0.50 m
deep and nominally 946 L each) were periodically
inoculated from the airlift bioreactors, and then used to
inoculate the ponds (P1 and P2, about 0.2 m deep and
nominally 2,400 L each). Inoculations were made at
irregular intervals ranging from days to months (cf.
Appendix 4A of [10]). A mixture of CO, and air was
bubbled into the greenhouse tanks and ponds, and was
supplied by a compressor and a CO, tank (different than
those used for the airlift reactors). The total CO, flow rate
for all of the greenhouse tanks and ponds was measured
daily, and allocated by relative volume. Two compressors
were used: the energy consumption for the first compressor
was measured directly with an energy meter and that for the
second compressor (used for only 8% of the cultivation
time) was calculated by measuring the current, voltage, and
duty cycle. In addition, the greenhouse contains two fans
that are activated by a thermostat (set to 32.2°C), and the
electricity consumed by these fans, which varied according
to the ambient temperature, was also measured. A pump
requiring approximately 0.8 kJ/L was used to transfer algae
from the tanks to the ponds. The energy required for
transfers from the indoor airlift bioreactors to the green-
house tanks was also estimated to be 0.8 kJ/L. Confer [10]
for more details.

The final growth stage was in outdoor, covered,
raceway ponds that can hold approximately 2,400 L
each. The ponds were covered with a plastic liner to
reduce evaporation and contamination, and circulation
was accomplished by a pump that was operated 24 h per
day (requiring ~1,130 W).
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Harvesting

The algae were pumped from the ponds into 1,200-L totes and
transported to the centrifuge facility by a propane powered
vehicle. The pumping energy was measured using an energy
meter and the transportation energy was estimated roughly
(0.26 miles roundtrip and 10 miles/gallon of propane). During
centrifugation, energy was consumed by an algae feed pump
and the centrifuge. One feed pump was used for Batch 1 and
another pump was used for Batches 2—5. The first was a hard-
wired 220 V pump and the second was a 120 V pump. The
energy consumption for the first pump was estimated accord-
ing to the manufacturer specifications (0.7 A, 215 V, and 0.9
power factor) and the energy consumption for the second
pump was measured directly. The centrifuge was operated on a
variable frequency drive, which controlled the power con-
sumption (continuous at 2.48 A, 215V, and 0.9 power factor).
On average, centrifugation achieved a 65X concentration of
algal dry weight per volume from 0.26 to 16.7 g/L.

Cell Lysing

The electromechanical cell lysing process was conducted by
applying short pulses of strong electric fields to algae flowing
through a 20-mL test-cell that consists of two electrodes. Each
electrical pulse was applied by the discharge of several
parallel capacitors that are charged on a three-phase, 480 V,
AC circuit. The electricity consumed during each pulse was
determined to be 480 J, on average (cf. [10]).

Lipid Separation (Extraction)
A microporous hollow fiber membrane contactor (MHF

contactor) was used to separate the algal lipids from the other
biomass into heptane. Due to the specific research that was
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being conducted, the separation was conducted by cycling the
algae and heptane through the MHF contactor for the time
equivalent of three passes. Then, the contactor was washed
with fresh solvent (heptane), and the wash solvent was added
to the initial solvent volume. The algal lipids were recovered
via distillation, and most of the heptane was recovered as
distillate. On average, 1.6 L of solvent was consumed per
batch (equivalent to 0.98 mL of solvent per L of growth
volume processed). However, the MHF contactor retains
about 1.5 L of solvent, and due to batch processing, this
solvent was lost to evaporation. In continuous operation, the
solvent consumption would be much lower (cf. Reduced
Case). The electricity consumed during the separation
processes was either measured directly with energy meters
or estimated from the equipment manufacturer specifications.
The energy-consuming equipment included: (1) an algae
feed pump for the contactor, (2) a solvent feed pump for the
contactor, (3) a distillation peristaltic solvent/oil feed pump,
(4) a distillation vacuum pump, and (5) two electrical heaters
for distillation. In addition, the amount of chilled water used
to condense the heptane distillate was measured. For Batch 3
only, the post-extraction biomass was re-extracted (half of
which was re-lysed), yielding additional oil, and accruing
additional energy inputs. Thus, the data reported for the
lysing and extraction of Batch 3 include contributions from
the re-lysing and re-extraction.

Reduced Case and Highly Productive Case

The purpose of the Reduced (Inputs) Case and Highly
Productive Case is to provide a more realistic model for
operating energy expenses that are expected in a continuous,
commercial-scale production facility. The energy outputs for
the Reduced Case are assumed to be the same as those in the
experiments, while the Highly Productive Case assumed a
greater biomass productivity (0.08 g/L d, ~16 g/m” d) and a
higher neutral lipid fraction (30%), which yields a greater
energy output. The energy associated with capital expendi-
tures required to achieve these cases is not considered and
the ability to achieve all of these conditions is speculative.
The Reduced Case and Highly Productive Case models use
the same basic production pathway that was used for the
experimental results (cf. Fig. 2), but substitute bioreactors
for growth and an advanced flocculation technique in place
of centrifugation. Several modifications are implemented to
improve energy efficiency.

In the Reduced Case and Highly Productive Case, algal
cultivation is envisioned to be accomplished in a closed,
outdoor reactor (which does not require volume transfers)
that is mixed by rotary stirring (rather than pumping).
Harvesting is modeled as an advanced flocculation tech-
nique. Energy is consumed by a pump to move the growth
volume to the harvesting facility and by flocculants that are

consumed. The energy consumption for lysing is modeled
using the same process as the experiments, but with a more
efficient power supply and a properly sized pump. As in the
experiments, a MHF contactor separation process and
subsequent distillation are used for the Reduced Case and
Highly Productive Case. However, by modeling proper
equipment size and assuming continuous operation, the
energy consumed during separations in these cases is
significantly less than that of the experiments. With proper
design, a single pump can be used to move algal concentrate
from harvesting, through lysing, and through the lipid
separation contactor. Thus, only one additional pump is
required for passing solvent through the contactor.

Results
Summary of Batches

Table 1 summarizes processing efficiency data obtained for
each of the five batches in this study. To calculate these data,
samples were collected during processing of each batch
using a methodology that has been described previously
[10]. The terminology and nomenclature that is used has
been defined previously by Beal et al. [33]. The efficiencies
are calculated as the mass ratio of the output of a production
step divided by the input for that step (e.g., the separations
efficiency is the mass of biocrude divided by the mass of
lysed algal biomass. The neutral lipid fraction is embedded
in this efficiency). Therefore, these terms do not represent the
effectiveness of each step (except for the harvesting
efficiency, which also represents the harvesting effective-
ness). Similarly, the overall processing efficiency is the mass
of biocrude divided by the grown mass and incorporates
each of the individual processing efficiencies. Neutral lipid
recovery is the percentage of neutral lipids detected in the
initial biomass (as determined by HPLC analysis (Poenie,
personal communication), data not shown) that were
recovered as biocrude. There are several variables that
influence the neutral lipid recovery, including each process-
ing efficiency and changes in the neutral lipid composition
throughout processing [10, 44].

Experimental Energy Flow Results

Table 2 lists the data obtained for the growth and processing
of Batches 1-5. All of the indirect energy inputs were
converted to energy values using the energy equivalent per
unit of each indirect input (e.g., the energy equivalent of urea
is 26.30 MJ//kg). Since the volume that was processed for
each batch was different, the data are normalized per liter of
growth volume processed and reported in units of kJ/L.
Table 3 lists the average value for each input and output

@ Springer
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Table 1 Processing summary for the five batches in this study

Batch Proc. Algal Grown Grown Neutral Harv. Lysing Sep BC Biomass Proc. BC prod.” Neut.
vol. conc. mass mass prod.® lipid fraction® effic. effic. effic. mass Mps (g) effic. Ppc lipid
VP (L) H (g/L) MGM PGM NLF Phary (_) Peellys (_) Psep (_) MBC (g) Pproc (_) (mg/L'd) recoveryb
(& (mg/L-d)  (%DCW) (%)
1 947 0.27 260 2.76 0.015 1.19¢ 0.65¢ 0.007 1.44 154 0.006 0.015  37%
2 974 0.25 244 2.55 0.019 0.90 0.92 0.014 2.88 138 0.012 0.030  62%
3 1891 0.25 470 2.12 0.011 0.97 0.94 0.012 4.96 301 0.011 0.022  96%
4 1893 0.22 4257 3.05 0.026 - 0.95 0.011 4.44 310 0.010 0.018  40%
5 1942 0.29 570 1.70 NA 0.88 0.88 0.005 2.15 378 0.004 0.006 NA
Ave 1529 0.26 394 2.17 0.018 0.92¢ 0.92¢ 0.010 3.17 256 0.008 0.02 59%
Stdev 520 0.02 140 0.47 0.006 0.05 0.03 0.004 1.49 105 0.004 0.01 27%

#The cultivation time and growth volume used for the grown mass productivity and biocrude productivity calculations are rough estimates

® The initial neutral lipid fraction was estimated by HPLC analysis and includes lipid species with polarity less than or equal to MAG (e.g., LCH,

TAG, and DAG) [45]. HPLC data is not reported

“The post-harvesting algal concentration measured for Batch 1 is high, resulting in a harvesting efficiency greater than 1 and a low lysing
efficiency. These effects are offset in the processing efficiency calculation for Batch 1 and these data were omitted from the average

9The data reported was measured after harvesting, and therefore the harvesting efficiency cannot be determined

across the five batches. In addition, the percentage of the
total energy consumption/production, the uncertainty, and the
standard deviation are listed.

There are three types of uncertainties associated with
using the experimental data presented in this study for
evaluating the EROI of algal biofuels in general:
measurement error, artifacts associated with sub-optimal
research-scale production, and batch-to-batch variations.
A detailed error analysis is provided in [10] that
addresses measurement error, and the uncertainty results
are tabulated for each input and output in Tables 2 and 3.
The Reduced Case and Highly Productive Case are
provided below in an attempt to address research-scale
artifacts by estimating the EROI for an optimal commer-
cial-scale operation of a similar production pathway.
Finally, batch-to-batch variations in the growth and
processing methods are characterized by the standard
deviation (cf. Table 3). For example, the average (indirect)
energy consumption for urea was 11.18+2.55 kJ/L with a
standard deviation of 8.9 kJ/L. The uncertainty in this
measurement is the average measurement error for the
energy consumption by urea of the five batches. The
standard deviation is high because different nutrient
feeding schedules were implemented throughout the year,
resulting in different nutrient consumption for each batch.
Similar variability exists for many inputs.

On average, the energy consumed for growth, harvesting,
cell lysing, and lipid separations account for 96.23%, 0.89%,
0.15%, and 2.73%, of the total requirement, respectively. The
energy requirements are dominated by growth inputs, and of
these inputs, mixing, lighting, air compression, and CO,
consumption represent the parameters with the most signif-
icant contributions, as shown in Fig. 4. Mixing in the pond
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was accomplished by an oversized pump (~1,130 W,
operated 24 h/day and 7 days/week); the use of a paddle-
wheel or pump duty cycle would significantly reduce this
consumption. Artificial lighting of the airlift photobioreactors
was used to enable stable growth conditions, but could be
replaced by the use of sunlight. Air compression require-
ments and CO, consumption could be reduced by employing
more efficient CO, delivery methods (to improve CO,
uptake rates, therefore reducing the amount of CO,/air
needed) and using an appropriately sized compressor. The
amount of water used for each batch was calculated to be
1.91 L for every liter processed (due to evaporation from the
growth volumes). About 98% of the water processed is
recovered after harvesting and could be recycled, but would
likely require additional treatment. Although no recycling is
included in this study, if 100% recycling were accomplished,
the water consumption would be reduced to 091 L/L
(limited to just the evaporation during growth) and the
energy required to treat the recycled water would need to be
added (cf. [10, 41] for additional water intensity analysis).
On average, the direct energy inputs account for 94.2%
of the total energy requirement. The indirect energy inputs,
which include water, nutrients, CO,, etc., account for 5.8%
of the total energy consumed. The energy equivalent values
of the non-energy inputs represent the total embedded
energy for their production, and are therefore much greater
than the chemical energy content of each input. For
example, the embedded energy content of CO, (yco,,
which results from collection and compression) is estimated
at 7.33 MJ/kg [12, 19]. The most significant non-energy
inputs are CO, and heptane, which accounted for 2.7% and
1.6% of the total energy consumption on average, respec-
tively. Approximately 36 kg of CO, were consumed per kg
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Table 2 Direct and indirect energy flows (inputs and outputs) and associated uncertainty (“Unc”)

Inputs and outputs Energy #1 #1 Unc #2 #2 Unc #3 #3 Unc #4 #4 Unc #5 #5 Unc
equivalent kJL) (&JL) (KJL) («JL) (/ML) (L) (IL) &Iy (&IL) (KIL)
Volume processed (L), Vp 947 L 974 L 1889 L 1893 L 1941 L
Growth total, E/“' G 2400 158 2520 175 2040 162 4650 274 762 69.8
Water supply (kJ/L)* - - - - - -
Direct water (kJ/L)" 1.33 kJ/L* 2.79 0.89 2.82 0.89 224 1.07 322 1.00 1.63 0.57
Indirect water (kJ/L)* - - - - - -
CO, supply (kJ/L)? - - - - - -
CO, (KJ/L) 7.33 MJ/kg' 75.5 15.3 77.6 15.8 52.1 11.0 107 21.5 30.5 6.59
Nutrient supply (kJ/L)° - - - - - -
Urea (kJ/L) 26.3 MJ/kg™  6.14 1.40 6.20 1.42 13.5 3.09 25.9 591 4.13" 0.94
F/2 media (kJ/L)"
Sodium phosphate 8.6 MJ/kg" 0.06 0.03 0.06 0.03 0.13 0.07 0.30 0.16 0.10 0.05
monobasic dehydrate _
Ferric chloride hexahydrate 20 MJ/kg' 0.08 0.02 0.09 0.02 0.20 0.05 0.44 0.11 0.15 0.04
EDTA dihydrate 20 MJ/kg 0.12 0.03 0.12 0.03 0.27 0.07 0.60 0.15 0.20 0.05
Copper sulfate pentahydrate 20 MJ/kg! 0.00  0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00
Manganese(Il) chloride 20 MJ/kg 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.00
tetrahydrate
B3N media (kJ/L)®
Sodium nitrate 9.38 MJ/kg™  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.96" 0.20
Instant ocean salts (kJ/L) 1.15 MJ/kg® 18.6 13.9 18.8 14.1 25.6 19.3 335 25.2 15.4 11.6
Antibiotics (kJ/L) 50 Ml/kg 0.10 0.03 0.10 0.03 0.04 0.01 0.23 0.07 0.00 0.00
Lighting (kJ/L) 987 24.0 998 242 591 16.9 1590 479 134 4.24
Compressor (kJ/L) 412 52.1 424 53.3 321 42.8 658 117 149 20.3
Transfers (kJ/L) 0.74 0.74 0.75 0.75 0.77 0.77 1.76 1.76 0.05 0.05
Mixing (kJ/L) 841 37.5 929 52.1 993 57.5 2150 37.0 360 15.5
Greenhouse fans (kJ/L) 60.8 11.8 61.4 11.9 44.1 9.67 70.6 16.7 65.1 9.68
Harvesting total, i‘H 194 1.17 18.7 1.13 28.0 1.04 25.1 0.91 23.0 0.83
Pump from pond (kJ/L) 1.25 0.04 1.29 0.04 1.75 0.02 2.59 0.02 2.11 0.02
Propane (kJ/L) 27 MI/L 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Centrifuge (kJ/L) 14.1 0.80 13.5 0.77 16.1 091 13.7 0.77 12.3 0.70
Centrifuge pump (kJ/L) 3.97 0.23 3.76 0.23 10.02 0.02 8.65 0.02 8.42 0.02
Cell lysing total, E':" cL 3.08 0.46 3.65 0.54 5.26 0.50 3.56 0.50 3.44 0.48
Pump (kJ/L) 0.02 0.00 0.02 0.00 0.03 0.02 0.04 0.02 0.02 0.02
Power supply (kJ/L) 3.05 0.46 3.63 0.54 4.66 0.46 3.14 0.46 3.05 0.45
Fans (kJ/L) 0.00 0.00 0.00 0.00 0.57 0.02 0.38 0.02 0.37 0.02
Separations total, E‘s 130 25.0 -10.1°  12.0 137 14.3 67.0 12.9 27.2 3.51
MHF contactor
2 pumps (kJ/L) 0.26 0.03 1.26 0.09 1.54 0.05 0.50 0.03 2.55 0.14
Distillation
Feed pump (kJ/L) 1.33 0.04 1.89 0.04 2.90 0.04 0.91 0.03 0.65 0.02
Vacuum pump (kJ/L) 21.9 0.04 17.5 0.04 23.1 0.04 10.4 0.03 8.01 0.02
Stage 1 heater (kJ/L) 5.44 0.04 6.28 0.04 9.99 0.04 4.03 0.03 2.52 0.02
Stage 2 heater (kJ/L) 1.82 0.04 0.44 0.04 1.28 0.04 0.49 0.03 0.39 0.02
Chill water (kJ/L) 11.23 kJ/LP 4.34 1.15 4.51 1.23 3.47 0.58 5.51 1.40 1.84 0.49
Heptane loss (kJ/L) 41.75 MJ/LT 945 23.6 -42.0° 10.5 95.2 13.6 45.2 11.3 11.2 2.80
Refining total®, E'°‘ R 0.23 0.23 0.20 0.20 0.23 0.23 0.23 0.23 0.27 0.27
Bio-oil refining (kJ/L) 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00
Refining materials’ (kJ/L) 40.70 MJ/kg?  0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01
Biomass fuel refining (kJ/L) 0.22 0.22 0.19 0.19 0.22 0.22 0.23 0.23 0.27 0.27
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Table 2 (continued)

Inputs and outputs Energy #1 #1 Unc #2 #2 Unc #3 #3 Unc #4 #4 Unc #5 #5 Unc
equivalent (kJL) (/L) (L) (&JL) (/L) &Iy (®r (&L (&L (&IL)

Total input (kJ/L), E;, 2560 185 2530 188 2210 178 4740 288 816 74.9
Biocrude (g), Mpc 1.5g 02¢g 29g 05¢g 49 ¢ 08 ¢g 44 ¢ Og 2.1g 0g
Biomass in slurry (g), Mps 154g 77¢ 238g 69¢g 30l g 151g 310g 155g 383¢g 189 ¢
Bio-oil (kJ/L) 40 MJ/kg 0.06 0.03 0.12 0.05 0.10 0.04 0.09 0.03 0.04 0.01
Methane (kJ/L) 55 Ml/kg 2.25 0.79 1.96 0.69 2.21 0.77 227 0.79 2.74 0.95
Total output (kJ/L), E,,, 2.32 0.81 2.08 0.73 231 0.81 2.36 0.82 2.78 0.97
EROI (x10%) 0.91 0.32 0.82 0.29 1.04 0.37 0.50 0.18 341 1.29

Unless specifically included, all data is reported in kJ per liter of processed volume. Direct energy inputs have energy equivalents of 1 MJ/MJ

*Water was supplied from a public utility, and therefore the water supply power is not known. However, embedded energy in water is included in
the water energy equivalent

b Recycling is not included in these data
¢ Indirect water consumption is not included in this analysis

4C0, was delivered from pressurized tanks. The energy for delivery is included in the embedded energy of CO, and the compressor used to
provide the COy/air mixture

¢Nutrients were added by hand

Other minor ingredients include: copper sulfate pentahydrate, zinc sulfate heptahydrate, cobalt(II) chloride hexahydrate, vitamin B12, vitamin H,
and vitamin B1. (cf. utex.org)

€ Other minor ingredients include: calcium chloride dihydrate, magnesium sulfate heptahydrate, potassium hydrogen phosphate, sodium chloride,
metal solution, soilwater, and vitamin B12. (cf. utex.org)

" Refining was not conducted. These data were taken from the literature [13, 15, 46] as estimates for refining energy requirements
iReﬁning materials depend on specific refining process. Data listed here is based on estimated methanol consumption [13, 15]
jRough estimate

k147, 48]

12, 19]

Mr12, 19, 49-53]

12, 19, 49]

°[52, 54]

P Energy for chilled water is estimated as the sum of the embedded energy in public water supply (1.33 kJ/L) [47, 48] and the energy required to
chilled water 9.4°C using an ideal refrigeration system with a COP of 3.97 (9.90 kJ/L)

1155]
"Urea was replaced by sodium nitrate between harvesting of Batches 4 and 5

*Solvent from the contactor wash process of Batch 1 was recovered during Batch 2, resulting in a heptane gain

of algae produced (which is about 18 times greater than the
estimated theoretical minimum CO, requirement) were con-
sumed, and the impact of indirect energy associated with
CO, is described in the “Discussion” section, below.

Using the notation specified in [33], the total energy
input for algal biofuel production (per liter of growth
volume processed), Egr, can be expressed as,

[J/L] (4)

I

Ein = Egr = Eg + Ep + Eg
where f - ép, and éR, are the energy requirements for
growth, processing (which includes harvesting, cell lysing,
and lipid separation), and refining, respectively. The tilde
specifically indicates energy associated with a production step
and an apostrophe accent denotes data with respect to the
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growth volume processed [33]. These units can be related to
energy inputs per gallon of bio-oil by multiplying by the ratio
of processed volume-to-bio-oil volume. The total energy input
(consisting of / direct inputs and k indirect inputs), as
described by Mulder and Hagens, can also be represented as

Ein = EDin + Elin = S ED + Sy vide /L] (5)

Each component of Eq. 4 can be expressed as the direct
and indirect parts of Eq. 5, such as,

éa = (EDin + Zivih)e /L] (6)
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Table 3 Average results of most impacting inputs for Batches 1 — 5. Data are reported in units of kJ per L of processed volume

Inputs and outputs Ave total energy (kJ/L)

Percent of total (%)

Ave tot energy unc. (kJ/L) Standard deviation

Growth total (kJ/L), E' G 2480 96.23
CO, (kJ/L) 68.6 2.67
Urea (kJ/L) 11.2 0.43
Instant ocean salt (kJ/L) 22.4 0.87
Lighting (kJ/L) 860 33.45
Compressor (kJ/L) 393 15.27
Mixing (kJ/L) 1055 41.00
Greenhouse fans (kJ/L) 60.4 2.35
Harvesting total, 228 0.89
Centrifuge (kJ/L) 14.0 0.54
Centrifuge pump (kJ/L) 6.96 0.27
Cell lysing total, ‘L 3.80 0.15
Power supply (kJ/L) 3.51 0.14
Separations total, E‘ P 70.2 2.73
Vacuum pump (kJ/L) 16.2 0.63
Stage 1 heater (kJ/L) 5.65 0.22
Chill water (kJ/L) 3.94 0.15
Heptane loss (kJ/L) 40.8 1.59
Refining total®, ﬁEL‘R 0.24 0.01
Total input (kJ/L), E;, 2570 100.00
Biocrude (g), Mpc 21¢g

Biomass in slurry (g), Mps 165 g

Bio-oil (kJ/L)° 0.08 3.56
Methane (kJ/L)° 2.29 96.44
Total output (kJ/L), E,,, 2.37 100.00
EROI 9.2x107* -

168 1400
14.0 28.9
2.55 9.0
16.8 7.3
23.4 541
57.0 185
39.9 662
12.0 9.9
1.02 3.9
0.79 1.37
0.10 2.9
0.50 0.8
0.47 0.7
13.5 63.9
0.03 6.7
0.03 2.8
0.97 1.4
124 58.3
0.23 0.03
183 1410
031 g 15¢g
128 g 107 g
0.03 0.03
0.80 0.28
0.83 0.25
3.3x107*

#Refining was not conducted. These data were taken from the literature [13, 15, 46] as estimates for refining energy requirements.

®Bio-oil and biomass fuel (methane) were not actually produced in the experiments.

= (EDin + Xxvil)r /L] (7)

ER = ERBO + ERBMF = (EDLn +Zk ]/kik)R U/l‘] (8)

In Eq. 8, the refining energy requirement includes the
bio-oil refining energy, f‘RBO, and the biomass fuel refining

energy, g‘RBMF (cf. Fig. 2). Therefore, the total energy input

can be written as,

By = (EDgy + Zivih)e + EDyyy + T vielh)p + EDyyy + Zievieh)r /L]

©)

In this study, only the energy consumption for growth
and processing were measured. Using the experimental data
in Tables 2 and 3, the average energy consumed in each

batch is (keeping refining inputs in symbolic form because
they were not measured experimentally),

E, = 2572+ E, [k]/L] (10)

The direct energy outputs are the biocrude (2.1 mg per
liter of growth volume processed) and the biomass slurry
(containing 165 mg per liter of growth volume pro-
cessed, on average). The bio-oil energy content can be
calculated as the mass of biocrude produced, Mpc,
multiplied by the refining efficiency, (rer,,, and the energy
content of the bio-oil, vgg. The bio-oil refining efficiency
is defined as,

— Mszo
Mpc

[—] (11)

where Mpo is the mass of bio-oil produced from an
associated amount of biocrude, Myc. Therefore, the bio-oil
energy is calculated as,

Prefpo

@ Springer
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a

Greenhouse Fans

Heptane 2% (41 ki/L) co,
3% (69 kI/L)

2% (60 ki/L)

Bioreactor Lighting

Pond Mixing 33% (861 kJ/L)

41% (1054 ki/L)

Compressor
15% (393 kJ/L)

Total Energy Input per Liter Processed: 2572 kJ/L

b

Flocculants

6% (1.82 kI/L) Reduced Case

Co,
/ 579% (15.11 kJ/L)
Pump from Reactor
3% (0.96 kJ/L)

Nitrogen

ReactorMbing W 3% (Lo7in

38% (12.18 kJ/L)

Total Energy Input per Liter Processed: 32 ki/L

C

Reactor Mixing
2% (1.23 k/L}

Highly Productive Case

_ Flocculants
9% (7.01 kJ/L)

Nitrogen
6% (4.13 kJ/L) >~ Pump from Reactor

1% (0.96 kJ/L)

co,
78% (58.64 ki/L)

Total Energy Input per Liter Processed: 75 kJ/L

Fig. 4 a Most impacting energy inputs for the Experimental Case
(EROI =9.2 x 107%). b Most impacting Reduced Case energy
inputs (EROI=0.079) ¢ Most impacting Highly Productive Case
inputs (EROI=0.22). Data reported in kJ per L of processed volume
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EDB’O = MBC ) (prefgo * VBo U/L] (12)

In this study, the biomass co-product is also modeled
as a direct energy output with the expectation that it
will be used as an energy source (to produce methane,
as described below). This direct energy flow can be
reported as,

U/L]

EDgmr = Mps * Qrefpyr © VBMF

(13)

where M, is the algal mass in the biomass slurry per liter
of processed volume, @ef,, 15 the refining efficiency of
the biomass into fuel, and vgymp is the biomass fuel
energy content. The biomass fuel refining efficiency is
defined as,

_ Mgyie
Mps

(14)

where Mppyr is the mass of biomass fuel produced from
an associated amount of algal mass in the post-separa-
tions slurry, Mgg (cf. Fig. 2). There are several potential
methods to convert post-extraction biomass to useful
energy, including direct combustion, anaerobic digestion,
and catalytic hydrothermal gasification (CHG) [17, 31,
56, 46]. For algal slurries with algal density of ~150 g/
L, CHG has been used by Genifuel to produce
~0.25 kg of methane/kg of algal biomass slurry
(@refgyr = 0.25) [46] and methane contains ~55 MJ/kg
(vemr=55 MJ/kg). Although not considered in this study,
CHG also has the potential to enable nutrient recycling
(including nitrogen, phosphorus, potassium, and carbon
dioxide; [46]). Combining these terms (and neglecting the
energy required to concentrate the post-extraction bio-
mass from ~15 to ~150 g/L), roughly 13.8 MJ of
methane energy could be produced per kg of post-
extraction algae. These rough estimates do not consider
the effect of extracting lipids from algae prior to
conversion or the dependence of conversion performance
on algal species. Other studies have suggested that (dry)
algal biomass has a heating value between 17.5 and
26 MJ/kg [12, 13, 17, 57]. The energy requirements to
operate this process are estimated to be ~10% of the
methane energy produced (~1.4 MJ/kg; [46]).
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On average, 2.1 mg of biocrude and 165 mg of biomass
(in slurry at ~15 g/L) were produced for each liter of
growth volume processed. Using Eqs. 12 and 13, the direct
energy production is therefore:

EDgue = EDgo + EDsyp = 00021+ @y - Voo + 0165 Preppyye - Vawr |2

(15)

where the refining efficiencies and bio-oil energy contents
are not known, as refining was not conducted. Combining
Egs. 10, 11, 12, 13, 14, 15, the EROI for algal biofuel
production, on average, is,

EDout  _ 0:0021-@refp,* VBO+0.165 Prefpy - "VBMF
Eg+Ep+ER 2572+§RBO+§RBMF

EROI =

(16)

If the biomass slurry is converted to methane (biomass
fuel) using the CHG process described above, it is
speculated that the refining efficiency (@refs,;) and biomass
fuel energy content (vgyp) Would be 0.25 and 55MJ/kg,
respectively, yielding EDgyvr=2.31 kJ/L [46]. The energy
required for the CHG process is estimated to be 0.23 kJ/L.
Using these speculative estimates, and if the other un-
known terms in Eq. 16 are estimated by optimistic values
(@refso = 1, vBo=40 MIJ/kg, and ERBO = 4.6 ] /L (using
2.21 M1 for refining per kg of bio-oil [15] applied to 2.1 mg
of biocrude)), the average EROI for all five batches in this
study would be 9.2 x 1074 4+ 3.3 x 107%.

The quality-adjusted EROI was calculated by applying
the quality factors listed in Table 4 to each input and
output flow. Adjusting for quality yielded an EROI
of 9.2x107°. Due to high quality factors for electricity
inputs and material inputs, the quality-adjusted total
energy input was 31 times greater than the non-adjusted
total. The quality-adjusted total energy output was three
times greater than the non-adjusted total energy output,
reflecting the bio-oil and biomass fuel (methane) quality
factors.

Reduced Case and Highly Productive Case Results

The Reduced Case and Highly Productive Case model
estimates the EROI for a configuration that uses closed
bioreactors, chemical flocculation for harvesting, and
optimized lysing and separations processes. The energy
flow data are presented in Table 4. Using closed growth
containers could nearly eliminate evaporation (a result
observed for the indoor bioreactors), which would reduce
the water consumption to 1 L/L, on average without

recycling, and 0.05 L/L with 95% recycling (equivalent to
0.07 kJ/L processed). The amount of CO, required to
produce 1 kg of algal biomass has been estimated to be
between 1.7 and 2 kg [3, 12, 13, 58], although this value
corresponds to the theoretical minimum by assuming 100%
uptake and no respiration [10]. The algal concentration for
Batches 1-5, on average, was 0.26 g/L. With 100%
conversion efficiency, this grown mass would require about
0.52 g/L of CO,. However, for the indoor bioreactors, the
amount of CO, supplied was roughly 4x the amount that
was absorbed. Applying this rate of absorption to 0.52 g of
CO, required/L of growth volume processed, the CO,
consumption for the Reduced Case is modeled as being
2.08 g/L (with 7.33 MJ/kg of energy equivalent), which is
22% of the CO, consumed per liter for Batches 1-5, on
average. The same assumptions are used to calculate the
CO, required in the Highly Productive Case, except for an
algal concentration of 1 g/L, resulting in CO, consumption
of 8 g/L.

Nutrient requirements modeled in the Reduced Case
are estimated from averaged literature data to be ~70 g of
nitrogen/kg of grown mass and ~8 g of phosphorus/kg of
grown mass [12, 13, 18, 19]. Although it is acknowledged
that these nutrient requirements are near the theoretical
minimum [10], specific uptake rates are not considered
here. For the Reduced Case with an algal concentration of
0.26 g/L, 18 mg/L of nitrogen and 2 mg/L of phosphorus
are consumed, with energy equivalent values of 59 MJ/kg
[12, 19, 49-51] and 44 MlJ/kg [12, 19, 49], respectively.
The indirect energy consumption from nitrogen and
phosphorus nutrients in the Reduced Case is 10% and
44% of the experimental results, respectively. For an algal
concentration of 1 g/L in the Highly Productive Case,
70 mg/L nitrogen and 8 mg/L of phosphorus are
consumed.

For a closed system (without volume transfers) it is
expected that contamination would be less problematic.
Therefore, the Reduced and Highly Productive Cases
estimate the antibiotic consumption as 0.28 mg/L and
0.1 mg/L (which is ~15% and 5% of that consumed for
Batches 1-5, on average, respectively. cf. Table 2). It is
assumed that artificial lighting and volume transfers would
not be needed, and therefore these energy values are reduced
to zero. In these cases, an air compressor is not required:
pure CO, is modeled as being delivered directly from
pressurized tanks and mixing is accomplished via rotary
stirring. Also, there is no greenhouse modeled (and thus no
fans). The mixing energy is estimated at 99 J/(L-d) which is
an average of data that have been used in previous studies [4,
12—14, 18, 19]. This value for mixing energy is equivalent to
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Table 4 Quality-adjusted experimental results, Reduced Case and Highly Productive Case results, and the quality-adjusted Reduced Case and

Highly Productive Case results

Quality  Quality-adjusted ~ Reduced case  Quality-adjusted Highly productive Quality-adjusted
factors experiments energy (kJ/L)  reduced case (kJ/L)  case energy (kJ/L)  highly productive
energy (kJ/L) case (kJ/L)
Growth Total, i' G 74,000 28.5 522 64.4 302
Water 568 1440 0.07 37.7 0.07 37.7
CO, 2.14 147 15.1 324 58.6 126
Urea 8.96 100 1.07 9.62 4.13 37.0
Phosphorus 27.4 5.69 0.09 2.51 0.35 9.65
Instant Ocean Salts 11,100 24700 0.00 0.00 0.00 0.00
Antibiotics 14,300 1350 0.01 202 0.00 67.4
Lighting 19.5 16800 0.00 0.00 0.00 0.00
Compressor 19.5 7660 0.00 0.00 0.00 0.00
Transfers 19.5 15.9 0.00 0.00 0.00 0.00
Mixing 19.5 20600 12.2 237 1.24 24.1
Greenhouse Fans 19.5 1180 0.00 0.00 0.00 0.00
Harvesting Total, 445 278 25.8 8.04 46.4
Pump from Pond 19.5 35.1 0.96 18.6 0.96 18.6
Centrifuge 19.5 272 0.00 0.00 0.00 0.00
Centrifuge Pump 19.5 136 0.00 0.00 0.00 0.00
Flocculants 3.93 0.00 1.82 7.17 7.08 27.8
Cell Lysing Total, i;:' L 74.1 0.21 4.09 0.21 4.09
Power Supply 19.5 68.4 0.21 4.02 0.21 4.02
Separations Total, E‘ s 4820 0.24 31.5 0.24 30.9
Vacuum Pump 19.5 315 0.00 0.06 0.00 0.06
Stage 1 Heater 19.5 110 0.18 3.60 0.18 3.60
Chilled Water 568 2230 0.05 27.6 0.05 27.0
Heptane Loss 51.3 2090 0.00 0.25 0.00 0.25
Refining Total, E,;' R 0.67 0.24 0.67 2.13 8.84
Bio-oil Refining 2.66 0.01 0.00 0.01 0.46 1.22
Refining Materials 6.40 0.06 0.01 0.06 0.85 5.41
Biomass Fuel Refining 2.66 0.60 0.23 0.60 0.83 221
Total Input, E;, 79300 32.0 584 75.1 392
Bio-oil 14.5 1.22 0.08 1.22 8.31 120
Methane 2.66 6.08 2.29 6.08 8.30 22.1
Total Output (kJ/L), E,,,, 7.31 2.37 7.31 16.6 142
EROI 9.2x107° 0.074 0.013 0.22 0.36

1.2 W/m?, which is very optimistic as compared to data
reported by Jorquera et al. [14]. With 123 days of cultivation
(the average for Batches 1-5), the mixing energy in the
Reduce Case is 12.18 kJ/L (<2% of the experimental mixing
energy). The algal productivity assumed in the Highly
Productive Case is 0.08 g/L-d, which is equivalent to
16 g/m’-d in a 20-cm deep pond. Thus, 12.5 days are
required to yield an algal concentration for harvest of 1 g/L,
resulting in 1.24 kJ/L of mixing energy for the Highly
Productive Case. The ability to achieve these mixing
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scenarios and yield the assumed biomass and lipid produc-
tivities is not known.

Harvesting energy includes a pump and the embedded
energy of flocculants. The energy for pumping is modeled as,

V- AP
Epump = T (17)

where V is the volume that is transported, AP is the pressure
drop, and n is the pump efficiency. The pressure drop
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associated with pumping the growth volume for harvesting is
modeled as,

L V? y?

where: density (p) is 1 kg/L, elevation (Az) is 3 m, friction
factor (f) is 0.03 (for a Reynolds number of ~10%), pumping
distance (L) is 20 m, pipe diameter (D) is 1.3 cm, flow
velocity (V) is 4.8 m/s, minor loss coefficient (K;) is 1.5
(assuming a square entry and discharge orifice), and g is the
gravity constant (9.8 m/s®). This relationship yields a AP of
573 kPa, which corresponds to an energy consumption of
0.96 kJ/L (assuming 1=0.6) for both cases. The embedded
energy of flocculants is estimated at 20 MJ/kg and 354 mg of
flocculants are assumed to be consumed per g of algae. With
algal densities of 0.26 and 1 g/L, the indirect energy
consumption of flocculants is 1.82 and 7.08 kJ/L for the
Reduced and Highly Productive Cases, respectively.

For cell lysing, energy efficiency improvements of 17x
have been demonstrated with respect to the power supply used
during the processing of Batches 1-5 [10]. Thus, the energy
consumed by the lysing power supply in the Reduced Case
and Highly Productive Case is 0.21 kJ/L. The energy used to
pump algal concentrate from harvesting, through lysing, and
through the contactor is modeled using Eq. 17 (AP=
138 kPa, n=0.6, and V = %VP (due to a 65% concentration
factor)) to be 3.5 J/L of growth volume processed.

With proper sizing of separations equipment, the
volumetric ratio of heptane used (not consumed) to algal
concentrate could be reduced to 1:20. Assuming a
concentration of 65x, this corresponds to a heptane-to-
growth-volume-processed ratio of 1:1,300. The energy
required for passing this heptane through the contactor is
modeled using Eq. 17 and is negligible (V = 1,3% “Vp,
AP=7 kPa, and n=0.6).

Heptane loss into the algal slurry is estimated at the
solubility limit in water (5 ppm) and neglects heptane
evaporation into non-condensing gas during distillation.
The energy consumption of the solvent/oil feed pump is
negligible (¥ = 455 Vg, AP=69 kPa, and 7=0.6 in
Eq. 17). The heat of vaporization required to distill heptane
is 318 kJ/kg, which translates to 0.17 kJ/L of growth
volume processed (assuming a heptane density of 0.68 kg/
L, V= 113% -V, and a heat loss of 10%). Commonly, the
energy required to establish a vacuum during distillation is
less than 2% of the heat of vaporization, and it is therefore
modeled as being 3.3 J/L for the Reduced Case and Highly
Productive Case. Finally, the amount of chilled water
needed per liter processed, M., is estimated to be 4.3 g
(4.3 mL) per liter of processed volume according to,

v Q
M = —
cw Cp AT

(19)

where Q is the amount of heat required to chill the water
(which is equal to the amount of heat required to
vaporize the heptane, 0.17 kJ per liter of growth volume
processed), ¢, is the specific heat capacity of water
(4.18 kJ/(kg-K)), and AT is the temperature difference
required for the chilled water (9.4°C). Per liter, 39.4 kJ
are required for chilling (9.4°C, 4.18 kJ/(kg-K)) and an
ideal vapor-compression refrigeration cycle is assumed to
remove the heat from the water (coefficient of perfor-
mance of 3.97), resulting in a compressor energy
requirement of 9.9 kJ/L of chilled water. The embedded
energy in the chilled water includes the energy to provide
the water (1.33 kJ/L [47]) and the energy consumed for
chilling (9.9 kJ/L). The total energy embedded in the
chilling water is therefore 48.6 J per L of processed
volume (the product of 4.3 mL of water consumed and
11.23 kJ/L of embedded energy).

With all of these reductions, the total energy input
for the Reduced Case is estimated at 31.77 kJ/L, which is
two orders of magnitude less than the energy consump-
tion for Batches 1-5. If the same biocrude and biomass
production as in the experiments can be achieved (the
feasibility of which is not known), the EROI can be
represented as,

0.0021@refp* VBO+0. 65 Prefpy -"VBMF
31.77+ER

ERO]RC =
(20)

If the unknown terms in Eq. 20 are estimated with
the same values as for Eq. 16 (¢rer,, = 1, veo=40 MJ/kg,
E‘RM:4.6 JIL, ©retgyr = 0.25, vpmp=55 MlIl/kg, and

ERBMF = 0.23 kJ/L), the EROI for the Reduced Case

would be 0.074. This result indicates that the energy
productivity needs to be increased by more than an order
of magnitude or the energy inputs need to be further
reduced by more than an order of magnitude to have net
positive energy production from algae with the system
modeled in this scenario. Using the same quality factors
as described above for the experimental results, the
quality-adjusted EROI for the Reduced Case was deter-
mined to be 0.013.

The growth and processing energy inputs for the Highly
Productive Case are estimated to be 72.92 kJ/L, which is
about twice as much as that for the Reduced Case, and
primarily due to increased indirect energy consumed by
nutrients to produce more algal biomass. Based on the
nomenclature defined in [33], the direct energy output for
the Highly Productive Case is calculated as,

EDoye = EDpo + EDgyr  [J/L] (21)

@ Springer
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Ebout =Pem “te* Pharv * Peellys
“(Psep " @rerso “Voo + (1= LF) Gsappe * Profour * Vour) |2

(22)

with lipid fraction (LF)=0.3, useful lipid fraction (ULF)=1,
harv=0.9, @cellyszo-gs, Psep, X Psepy, = 0.9, vgo=40 MJ/
kg: PLrefgo — 0.9, Psepps — I, Prefpmr — 0.25, and vgmp=
55 MJ/kg. This yields
. kJ

EDoye =8.31+830 [ = 16.61k//L (23)
Therefore, using an ER =2.13kJ/L, the EROI can be
represented as,

1661 _ 409

72.924213

EROlypc = (24)

Using the same quality factors as described above for the
experimental results, the quality-adjusted EROI for the
Highly Productive Case was determined to be 0.36. The
quality-adjusted EROI is greater than the non-adjusted
result because 78% of the energy input is associated with
CO,, which has a relatively low quality factor of 2.1, while
the energy outputs have relatively high quality factors. This
result is in contrast with the Experimental Case and the
Reduced Case, where electricity (with high quality) was the
primary energy input.

Literature Model Results

The Literature Model is a spreadsheet model that combines
data from studies in the literature that are relevant to this
study. Table 5 lists the data used and the associated
references for each data point. The majority of literature
sources report energy consumption and production data as
rates for a continuous system (e.g., MJ/(ha-year)). All of the
energy data was converted into units of J/(L-day) and the
non-energy input data were similarly converted into units
such as mL/(L-day) or mg/(L-day). In these units, L
represents liters of growth volume and an inverted
apostrophe accent () is used to represent data in units of
J/(L-day). In order to compare directly with the experimental
results, the analytical results would need to be converted from
units of J/(L-day) to J/L by multiplying by the cultivation
duration. However, the multi-scale growth scenario and batch
processing methods used at UT make this approach an
inconsistent comparison. Furthermore, the UT results include
burdens associated with start-up operations required to scale-
up algal growth from the flask volume to a pond volume,
which are not included in the analysis used for the analytical
model data. For these reasons, the analytical data were left in
the rate form of J/(L-day).

The energy consumed in the Literature Model for
growth, harvesting, cell lysing, lipid separations, and
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refining account for 65%, 5%, 4%, 15%, and 11%. As for
the experimental results, growth is the most energy-
intensive portion of the production pathway, followed by
lipid separation.

CO, consumption is responsible for 54% of the total
energy input in the Literature Model (as compared to 47%
and 78% in the Reduced Case and Highly Productive
Case), while only consuming 2.7% of the experimental
energy consumption. The Literature Model estimates CO,
consumption to be 0.200 g/(L-day), which corresponds to
2.29 kg of CO,/kg of algae (compared to 36 kg/kg in the
Experimental Case and 8 kg/kg in the Reduced and Highly
Productive Cases).

Using energy production and consumption rates (in units
of J/(L-day)), rather than amounts (in units of J/L), the
EROI for the analytical data can be calculated as,

PBC®Prefpo  VBO+PBS Prefpy " VBMF
(EDin+Ex Vil k) 6 +(EDin+ X Vil k) p+(EDin+Zx Vil k)R

(25)

EROI =

where Ppc is the biocrude productivity and Pgg is the
biomass in slurry productivity. The biocrude productivity is
calculated according to,

Ppc = PoM " Phary Peellys ~ Psep [i} (26)

L-d
and the biomass in slurry productivity (in g of algal mass
per L per day) is,

g

PBS = PGM X (1 - LF) " Pharv * Peellys * gosepBS |:—:|

d (27)

where each of these terms is listed in Table 3 (and defined
in [33], except for @gep,,, Which is the algal biomass (in
slurry) separations efficiency. This term is defined as the
mass of algal biomass in the post-extraction slurry divided
by the lysed mass). The separations efficiency, @ep,
contains the LF and the ULF. The refining energy inputs
(per liter of growth volume per day) include the bio-oil

refining, ERBO’ and biomass fuel refining, E~. as
Rpmfp® 7

~ N N ~ ~ ]
ER = (EDin + Zk YI(Ik)R = ERBO + ERBMF [ ]

L-d
(28)

Inserting the data from Table 5 into Eq. 25 yields an EROI
of
0.006 [ﬁ} “vgo + 0.013 [ﬁ] * VBMF

EROT= 2657[1/(L-d)]

(29)

If the unknown terms in Eq. 29 are estimated by
optimistic values (vgo=40 MJ/kg and vgyp=55 MIJ/kg)
the EROI for the Literature Model would be 0.35. Since the
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Table 5 Literature model EROI data

Inputs and outputs Model Energy Total % of total Data, [source]
value equiv.* energy
(J/(L-d))

Growth energy, F . 1800 65

Mixing (J/(L-d)) 100 1 MI/MJ 100 4 22 [4], 50 [60], 31-53 [59], 6.4 [12], 100 [13],
28-240 [19], 346 (4,800—220,000 bioreactors) [14],
674 [15], 72 [18], 60 [16], 130 [17], 58 [40]

Water supply (surface to pond)® (J/(L-d)) 20 1 MI/MJ 20 1 1.1 [59], 43 [60], 7.7 [12], 12 [19]

Nutrient supply (J/(L-d)) 2 1 MIMJ 2 0 2.0 [59], 2.6 [60], In Mixing [15]

Carbon supply (J/(L-d)) 40 1 MI/MJ 40 1 120 [59], 11 (In Mixing) [13], 6.6 [16], 35 [17],
0 [12], In Mixing [15]

Direct water use® (mL H,0 consumed/L/d) 0.2 1.33 kJ/L 0.3 0 0.16-0.23" [12], 0.33 [13]

Nutrients -

Nitrogen (mg/(L-d)) 3 59 Ml/kg 130 5 1.6-2.2 [12], 0.7-3.9 [13], 10 [19], 60 [15],
0.56 [18], 5 [16], 0.01 [17]

Phosphorus (mg/(L-d)) 0.5 44 MJ/kg 22 1 0.2-0.3 [12], 0.2-0.6 [13], 0.6 [19], 8.2 [15],
0.06 [18], 0.7 [16], 0.0008 [17]

CO, (mg/(L-d)) 200 7.33 MJ/kg 1500 54 255-510 [4], 34-47 [12], 130—-150 [13], 240 [19],
170 [18], 113 [16], 0.0004 [17]

Biomass productivity! (mg/(L-d)), Pgas 80 - - 50-170 [3], 95-300 [4], 19-26 [12], 6483 [13],
80 [19], 35 [14], 410 [15], 100 [18], 83 [16],
200 [17], 70 [40], 550 [61]

Lipid fraction (=), LF 023 - - 0.25 [1], 0.22 [2], 0.3 [14], 0.5 [15], 0.5 [17],
0.25 [40], 0.23 [61], 0.15 [62], 0.21-0.25 [60],
0.16-0.75 [63], 0.18-0.39 [13], 0.2-0.35 [19]

Useful lipid fraction (=), ULF 050 - - 0.4 [19], up to 0.8 [1], 1 (In LF) [40], 0.2-0.4 [19]

Harvesting energy, E‘ H 140 5

Pumping energy (J/(L-d)) 40 1 MJ/MJ 40 1 46 [16], 37 [19]

Concentration energy® (J/(L-d)) 100 1 MJ/MJ 100 4 11 [12], 92 [13], 237 [19], 500 [15], 13 [16], O [17],
63 [60], 37 [59]

Drying energy (J/(L-d)) 0° 1 MJ/MJ 0.00 0.00 1,135 [13], 4,200 [19], 0 [17]

Flocculants (mg/(L-d)) 0° NA 0.00 0.00 38-50 [13], 0.24 [18], 0.16 [19]

Harvesting efficiency (—) 090 - - 0.9 [13], 0.85 [19], 0.95 [17], 0.95 [64]

Cell lysing energy, E CL 100 4

Lysing electricity” 100 1 MI/MJ 100 4 90 [10]

Lysing efficiency 092 - - 0.92 cf. Tables 1-4

Separation energy, i' P 415 15

Electricity (J/(L-d)) 100 1 MJ/MJ 100 4 17-83 [13], 206 [15], 5.3 [40]

Heat (J/(L-d)) 300 1 MJ/MJ 300 11 76-221 [13], 641 [15], 210 [40]

Solvent (mg/(L-d)) 035 41.75MJL 15 1 0.16-0.54 [13]

Fraction of lipids recov. 0.90 - 0.7 [13], 0.9 [19], 0.9 [15]

Bio-oil refining energy, F Rpo 230 8

Refining energy (J/(L-d)) 150 1 MI/MJ 150 5 8.8-21 [13], 428 [15]

Methanol (mg/(L-d)) 2 40.7 MJ/kg® 80 3 1.1-2.7 [13], 0.02 [15]

Refining efficiency 090 - - NA

Biomass fuel refining energy, F Rp 70

Biomass refining energy (J/(L-d)) 70 1 MI/MJ 70 70 [46]

Biomass refining efficiency 025 - - - 0.25 [46]

Energy input (J/(L-d)), iin 2700 100

Output

Bio-oil (g/(L-d)), 0.006 40 MJ/kg 250 0.006 [19], 0.16 [15], 660 J/(L-d) [40]

Methane (g/(L-d)) 0.013 55 MJ/kg 700 350 J/(L-d)' [18], 630 J/(L-d) [407

@ Springer
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Table 5 (continued)

Inputs and outputs Model Energy Total % of total Data, [source]
value  equiv.” energy
(J/(L-d))
Energy output (J/(L-d)), E 950
EROI 0.35 cf. [12, 13, 15, 16, 17, 18, 19]

#References listed in Tables 2—4.

®Jt is assumed that water is available at the ground surface (e.g., seawater). Energy for recycling water is neglected (which could potentially be

accomplished by gravity).

¢ Indirect water use is omitted from this study, although it is a large contribution in other studies (e.g., Clarens et al. [12]).

9 This volumetric productivity (0.08 g/(L-d)) corresponds to an areal productivity of 16 g/m? /d, which has been demonstrated at scale. (Sheehan J.

et al. [2])

¢ Harvesting is modeled as centrifugation without flocculation or additional drying.

[Lysing energy is estimated from personal experience, assuming 200 J/pulse and a grown mass productivity of 0.08 g/(L-d).

#[55]
" Only includes carry-out water
! Electricity produced from methane

JCase 5 is used for Lundquist et al.

energy forms of the Literature Model inputs are not
specified, a quality-adjusted EROI was not calculated.

Discussion

This study presents the first known experimental results
with end-to-end measurements for determining the EROI
for an integrated algal biocrude facility. Although the EROI
was significantly less than 1 for the biocrude production
process evaluated here, it is the result for a single, research
system that was not designed to optimize EROI. However,
the less-than-unity EROI results for the Reduced Case,
Highly Productive Case, and the Literature Model also
support the need to develop alternative, energy-efficient
production methods. As noted, the majority of the energy
consumption in all four calculations is from growth.

In addition to reducing many of the high energy inputs, it is
reasonable to expect algal productivity and lipid yields to be
increased. For Batches 1-5, the grown mass productivity was
roughly 0.002 g/(L-day), which is 40 times less than yields
that have been demonstrated at similar scales (e.g., 0.08 g/(L-
day)) [2]. Similarly, based on chromatography analysis (not
shown), the neutral lipid fraction of the algae processed in
Batches 1-5 was a mere 0.02 (i.e., 2% of dry cell weight).

As shown above, for the Highly Productive Case the energy
output is 16.6 kJ/L of growth volume. Therefore, for a system
operating under these conditions, the total energy input for
growth, processing, and refining must be less than 16.6 kJ/L
to obtain an EROI that is greater than 1. This result illustrates
the challenge for profitable algal biofuel production and the
need for ultra-low-energy methods, as even the speculative
Reduced Case energy input was estimated to be 32 kJ/L.
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The energy used for processing (harvesting, cell lysing, and
separations), gip, was measured to be 118 kJ/L, on average.
This amount is seven times greater than the theoretical value
for the energy production of the growth volume in the Highly
Productive Case (16.6 kJ/L). The centrifuge itself consumed
nearly as much energy per liter of growth volume processed
(14.0 kJ/L) as the Highly Productive Case output
(16.6 kJ/L). Furthermore, the energy required to pump algae
roughly 10 m from the pond for harvesting was 1.8 kJ/L, on
average, which is nearly 11% of the Highly Productive Case
energy production of that volume (16.6 kJ/L). Specific
analysis of those steps had already led the UT team to
develop low-energy alternatives to centrifugation and to
focus on the minimization of pumping. In the Highly
Productive Case, the energy consumption for processing
and refining, g'P + g'R, was modeled to be 3.58 kJ/L, which
is only 22% of the theoretical energy production (16.6 kJ/L).
Therefore, if growth could be accomplished for less than
13.03 kJ/L of growth volume, the second-order EROI would
be greater than 1.

The volumetric net energy content of the growth volume,
NEC,, is the energy contained in the growth volume per
liter, EC;,, minus the energy inputs for growth per liter,
EL' = and can be expressed as,

NECgy = ECoy — Eg = Poy + te - (LF - v, + (1 = LF) - vgy) — Eg [%]

(30)

where vy is the energy content of the lipids, vgy, is the energy
content of the non-lipid biomass, and the other terms are
defined above. The NEC,, is a similar metric as the “Net
Energy Ratio” defined by Jorquera et al. [14] to evaluate



Bioenerg. Res.

growth systems. However, the N E'CGV is preferred in this
study so as not to confuse it with an end-to-end energy ratio
for biofuel production (i.e., the EROI). For the EROI to be
greater than 1 and assuming an ideal process (all efficiencies
in Eq. 22 being equal to 1, v =vpo, and vgy=14 MJ/kg),
Egs. 16 and 30 can be combined and manipulated to be

ép + éR < NECsy, (for EROI > 1 and assuming ideal processing)

(31)

Therefore, for energy to be produced from algae, assuming an
ideal process (i.e., 100% efficiency throughout), the volumet-
ric net energy content of the growth volume must be greater
than the processing and refining energy requirements per liter
of growth volume. For energy production in real pathways,
the net energy content of the growth volume must be
significantly greater than the processing and refining energy
requirements to compensate for processing inefficiencies and
useful product fractions (cf. Eq. 22). Increasing the biomass
productivity, lipid content, and processing efficiencies of
Eq. 22 would result in a greater energy output, therefore
allowing a greater energy input while achieving an EROI of 1.
As a theoretical case, the photosynthetic limit for the
maximum algal biomass productivity, PGy, can be estimated
to be ~184 g/(m*-day), which is ~0.92 g/(L-day) in a 0.2-m
deep pond (cf. [10, 57]). As optimistic assumptions, the LF
and ULF can be estimated as 0.3 and 1, respectively. Inserting
these data into a modified form of Eq. 22 (omitting the
cultivation time (7.), which results in units of J/(L-day)) yields,

EDyy: = 092 [%] -09-0.95-(03-1-09-0.9-40[kJ/g] + (1—0.3)-1-0.25
- 55[k]/g1)

(32)

ED,y = 15.2 (33)

—d

To achieve this biomass productivity, additional carbon,
nitrogen, and phosphorus would be required. For each
kilogram of algae, the minimum possible CO,, nitrogen,
and phosphorus consumption can be approximated as
1.8 kg, 70 g, and 8 g, respectively [3, 12, 13, 18, 19, 58].
Using these data, and the energy equivalent values for each
nutrient as listed in Table 2, the energy input for nutrients
can be calculated as,

EDy . . =092 Lgc“] (18[9“’2] 733 gm] +0.07 gm] 59 [ ]+OOO8 —]
uloh

(34)

Ebinnutrients =163 [ ] (35)

Therefore, the embedded energy expense in CO, and
nutrients would require more energy than the total energy
produced (Eq. 33). This result can be calculated as the ratio
of Egs. 32 and 34, and is therefore independent of the
biomass productivity, but is dependent on production
efficiencies (including the lipid fractions). This result
demonstrates the need to acquire usable waste forms of
carbon, nitrogen, and phosphorus, which have energy
equivalent values near zero (because little or no energy is
required to obtain the nutrients). The actual energy
embedded in CO, and nutrients of any real algal production
system will depend on the specific methods used to produce
and acquire those materials. Using atmospheric carbon
dioxide could also reduce the indirect energy input, but
would likely reduce the biomass productivity.

These results highlight the reason why the nascent
industry is focusing on the development of low-energy
input, high-energy output algal growth and processing
methods. While the discussion in this section considers a
break-even scenario in which the EROI is equal to 1 (cf.
Eq. 31), for algal fuels to be economically competitive, the
EROI must be comparable to that of current energy sources
(i.e., fossil fuels, nuclear, wind, and solar). Ways to
improve the EROI (beyond the Reduced Case and Highly
Productive Case scenarios) include: (1) using waste forms
of nitrogen and phosphorus (e.g., wastewater and animal
waste) [12, 15, 40], (2) using waste heat and flu-gas CO,
from industrial plants [17], (3) minimizing pumping [65],
(4) employing less energy-intensive harvesting methods
[21, 66, 67], and (5) avoiding separation methods that
require distillation. However, Lundquist et al. determined
that relying on cheap waste materials as feedstocks
relegates algal biofuel production to relatively low levels
of production (a few percent of US demand) [40].

Limitations

It is important to re-state the limitations of this study. First of
all, this work focused on developing and assessing a process
to determine the EROI for algal biofuels. There was not a
system available for study that provided a representative
surrogate for future commercial processes. So, this study
characterized the EROI for a functional research process. It is
expected that technology improvements, biology improve-
ments, and industrial synergies (e.g., the use of wastewater
nutrients or CO, from power plants) will enable algal biofuel
production with a more favorable EROIL

In addition, for a variety of reasons related to the
research goals of the project, UT did not incorporate its
most efficient processes into this investigation. Conse-
quently, the experimental data are a reflection of energy
consumption during these specific tests. They are not
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typical of even the full UT process, as some of the UT
processes are licensed to a company and could not be
disclosed in this investigation.

Also, these results are limited to the operating energy
balance, and do not include capital energy expenses. Clearly,
direct capital energy expenses (earthworks, water supply, etc.)
and materials (pond liners, processing equipment, etc.) will
significantly impact the overall life-cycle assessment and
“cradle-to-grave” energy balance for algal biofuel production.
Lundquist et al. provide a thorough analysis of capital costs
for a similar algal biofuel production system, which are
roughly 50% of the total cost for the biofuel production cases
presented in that study (cf. Case 5) [40]. Finally, the growth
scenario evaluated here includes scale-up burdens associated
with cultivating algae from small-scale (flasks) to large-scale
(2,500-L pond), and commercial production is envisioned as
a continuous, large-scale process.

The value of this study, in our opinion, is to provide an
initial result for the operating EROI associated with algal
biofuel production and to outline many of the important
parameters that need to be included in such an analysis. As
production is scaled-up, algal biofuels have the potential to
experience exponential improvements in energy efficiency,
analogous to the advances made in solar and wind
technology over the last several decades.

Conclusion

With significant rigor and effort it is possible to
experimentally assess the energy return on energy
investment for algal biofuel production. Such assess-
ments on operating facilities will likely remain proprie-
tary for an extended time, because making them public
requires revealing significant information about what are
generally perceived as proprietary processes. Such
assessments are critical, however, to help identify and

Table 6 Summary of results

eliminate process inefficiencies. This assessment of a
research facility shows an approach and the information
required.

The results of the four cases presented in this study
are summarized in Table 6. As shown, the EROI for all
four cases was determined to be less than unity.
Furthermore, the quality-adjusted EROI, which parallels
a partial FROI analysis, was also less than unity for all
cases. Several other studies have presented hypothetical
energy analyses of algal biofuel production, and although
the scope and systems evaluated vary, each of these
studies have also demonstrated that without discounted
inputs (e.g., nutrients and water from waste water, excess
heat from a power plant, CO, from flue gas), the energy
return on investment is not competitive with conventional
fuels [12, 13, 15, 20, 40]. However, it is most important
that the cumulative EROI for an entire energy profile is
greater than unity, including the contributions from all
energy sources (e.g., fossil fuels, solar energy, wind
energy, biofuels, etc.), while providing the necessary
fuels for essential services (i.e., transportation, industry,
defense, etc.). Therefore, although the EROI for algal
fuels might remain less than one in the foreseeable future,
algae represent one of the most promising petroleum fuel
substitutes, particularly for high-energy density fuels,
such as aviation fuel. Therefore, although large-scale
algal biofuel production remains quite challenging, algal
fuels have the potential to satisfy some of these niche
markets.
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Case Description Growth Growth  Processing Refining  Energy output, EROI Quality-
system inputs, Eg inputs, Ep inputs, Eg  EDgy adjusted EROI
Experimental Inputs and outputs  Bioreactors, tanks, 2500 kJ/L 97 kJ/L 0.24 kJ/L  2.37 kJ/L (0.26 g/L, 9.2x107* 9.2x107°
measured and ponds ~1.8% LF)
Reduced Inputs estimated, Bioreactors 29 kJ/L 32kJ/L 024 kJ/L  2.37 kJ/L (0.26 g/L, 0.079 0.013
Inputs experimental ~1.8% LF)
outputs
Highly Inputs estimated, Bioreactors 64 kJ/L 85kJ/L  2.1kJL 16.61 kI/L (1 g/L, 0.22 0.36
Productive optimistic 30% LF)
production outputs
Literature Data based on NA 1.8 kJ/L-d 0.7 kJ/L-d 0.3 kJ/L-d 0.96 kJ/L-d (0.08 g/L-d, 0.35 NA
Model values reported in 23% LF, 50% ULF)
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