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It is well-established that microalgal-derived biofuels have the potential to make a significant contribu-
tion to the US fuel market, due to several unique characteristics inherent to algae. Namely, autotrophic
microalgae are capable of achieving very high efficiencies in converting solar energy into biomass and
oil relative to terrestrial oilseed crops, while at the same time exhibiting great flexibility in the quality
of land and water required for algal cultivation. These characteristics allow for the possibility to produce
appreciable amounts of algal biofuels relative to today’s petroleum fuel market, while greatly mitigating
‘‘food-versus-fuel’’ concerns. However, there is a wide lack of public agreement on the near-term eco-
nomic viability of algal biofuels, due to uncertainties and speculation on process scale-up associated with
the nascent stage of the algal biofuel industry.

The present study aims to establish baseline economics for two microalgae pathways, by performing a
comprehensive analysis using a set of assumptions for what can plausibly be achieved within a five-year
timeframe. Specific pathways include autotrophic production via both open pond and closed tubular pho-
tobioreactor (PBR) systems. The production scales were set at 10 million gallons per year of raw algal oil,
subsequently upgraded to a ‘‘green diesel’’ blend stock via hydrotreating. Rigorous mass balances were
performed using Aspen Plus simulation software, and associated costs were evaluated on a unit-level
basis. Upon completing the base case scenarios, the cost of lipid production to achieve a 10% return
was determined to be $8.52/gal for open ponds and $18.10/gal for PBRs. Hydrotreating to produce a diesel
blend stock added onto this marginally, bringing the totals to $9.84/gal and $20.53/gal of diesel, for the
respective cases. These costs have potential for significant improvement in the future if better microalgal
strains can be identified that would be capable of sustaining high growth rates at high lipid content.
Given that it is difficult to maximize both of these parameters simultaneously, it was determined that
the near-term research should focus on maximizing lipid content as it offers more substantial cost reduc-
tion potential relative to an improved algae growth rate. Additional economic sensitivity studies were
established to identify other important cost drivers, and a resource assessment comparison was made
to evaluate parameters such as water and CO2 requirements.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Microalgae exhibit great versatility as an energy source, as algal
cells can be used either directly as a biomass feedstock in many
biochemical (e.g., fermentation) or thermochemical (e.g., gasifica-
tion, pyrolysis, and liquefaction) conversion pathways, or can be
exploited specifically for their relatively high oil content [1]. In
the latter case, algal oil can be extracted and upgraded into infra-
structure-compatible fuels with a high energy density, while a
variety of co-products can simultaneously be produced from other
algal constituents. Algal growth is divided into two main classes,
autotrophic and heterotrophic. Autotrophic algae utilize CO2 as
the carbon source, while heterotrophic algae utilize sugars derived
ll rights reserved.
from other biomass sources. Each category has its own advantages;
for example, autotrophic growth directly consumes CO2 which on a
large scale would typically be supplied from an upstream power
plant or other emissions source, thereby providing for an effective
carbon capture and recycle opportunity. While the same carbon re-
cycle indirectly takes place in the heterotrophic pathway (CO2 is
utilized for growing the biomass sugar source), it does so less effi-
ciently as it relies on terrestrial biomass growth which exhibits
lower photosynthetic efficiency relative to autotrophic algae [2].
However, the heterotrophic pathway utilizes currently available
and proven fermentation technology for algal cultivation, and typ-
ically exhibits higher cellular lipid content [1,3]. The autotrophic
pathway has generally received more public attention, as attribut-
able to the large number of companies dedicated either in whole or
in part to pursuing autotrophic algal biofuels, relative to a smaller
number of entities in the heterotrophic field. As such, there is a
much larger amount of public data on autotrophic growth
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Table 2
Baseline algal growth assumptions.

Open pond PBR

Scale (MM gal/yr algal oil) 10 10
Algae productivitya 25 (g/m2/day) 1.25 (kg/m3/day)
Algal cell density (g/L) 0.5 4
Lipid yield (dry wt.%) 25% 25%
Operating days/yr 330 330

a Productivity is on an areal basis (g/m2/day) for open ponds and a volumetric
basis (kg/m3/day) for PBRs.
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currently available. Due to these two considerations, we have lim-
ited the scope of this analysis to autotrophic algae pathways.

Autotrophic algae convert solar energy into biomass via photo-
synthesis, according to the generic growth equation:

½a� CO2 þ ½b� nutrientsþ sunlight! ½c� O2 þ biomass ð1Þ

In the above equation, the coefficients a–c depend on the molecular
composition of the algae biomass. Autotrophic algae can be grown
either in an open pond system or a closed photobioreactor (PBR).
Again, each approach has its own advantages and drawbacks. Open
ponds are simple and relatively low-cost to construct, but are more
amenable to culture crashes as they are open to the environment
and the introduction of invasive algal species as well as predators
and pathogens. PBRs mitigate this risk as they are largely closed
monoculture systems (though they cannot be sterilized and are
not designed to be operated axenically for long periods), and also
achieve a higher algal cell density due to higher surface area-to-vol-
ume ratio; however, they are usually seen as being too costly and as
such very few techno-economic studies have been conducted on
PBR systems [4,5]. A high-level comparison between the open pond
and PBR options is provided in Table 1. This brief summary is far
from exhaustive, and a more thorough discussion can be found in
[2,4,6].

It is the goal of this overall study to evaluate the economics of
both the pond and PBR options, in order to better understand the
current state of algal biofuel technology as it stands today, and to
identify the most significant opportunities for cost reduction in
the future. For all cases in this study, a microalgal facility produc-
ing raw oil on a basis of 10 MM gal/yr was modeled using Aspen
Plus software, in order to obtain more accurate mass balance infor-
mation than what is typically assumed. Additionally the model was
used to estimate key requirements (such as hydrogen demand)
associated with hydrotreating the oxygen-laden triglycerides into
diesel-range hydrocarbons. The model was also used to estimate
the power required by the overall process as well as the power
generated by utilization of the biogas produced by anaerobic diges-
tion of the spent algal biomass. Using the resulting flow rates, the
cost of each process unit was estimated based on vendor informa-
tion, cost equations, or previous studies to determine the cost of li-
pid and fuel production. It is important to note at the outset that
algal biofuel technology is still in an early stage of development,
and there are numerous opinions on the optimal configuration
and conditions at each stage of the production process; as such,
the estimated cost of production varies in other studies from $1
to > $40/gal [7]. Thus, in order to establish ‘‘near-term’’ costs as
objectively as possible, the unit operations assumed here for each
process were chosen on the merit of what could plausibly achieve
the goal of each step using currently available technology.

2. Approach and assumptions used for analysis

2.1. Lipid production

The key input assumptions with respect to the algal growth
stage are summarized in Table 2. To meet the 10 MM gal/yr target
Table 1
Comparison of open pond versus PBR systems.

Metric Pond

Capital investment Low
Ease of scale-up Good
Availability of technology Readily available
Downstream processing cost High (very dilute cu
Flexibility to strain selection Low (open to invasi
Water use High (evaporation)
for lipid production, the assumption was made that the algal facil-
ity receives adequate solar radiation to achieve the respective pro-
ductivity values shown in Table 2 and that the facility operates
330 days per year. The latter assumption implies that a site loca-
tion is chosen which receives high year-round solar exposure; a
number of such locations which could sustain 85–90% operating
factor are concentrated in the Southwestern US [8]. Several studies
have been published that investigate the influence of location on
the algae growth potential; while this is beyond the scope of this
report, a thorough analysis is provided by Weyer et al. [9]. The
baseline algal productivity and lipid content for both cases were
selected based on currently achievable data as reported in litera-
ture [2,10–12]. The systems were assumed to achieve a steady-
state algae cell density of 0.5 g/L for the ponds and 4 g/L for the
PBR, a self-limiting value where cell shading impedes further
growth [2,6]. While 0.5 g/L for the pond case is fairly standard,
there is typically a much larger range of reported cell densities
associated with PBR production due to the variety of PBR configu-
rations. For tubular PBRs, cell density can range from 2 g/L to 6 g/L
or more [2,11,13]; thus 4 g/L was chosen as the base case, and is
later varied over this range as a sensitivity analysis. The superior
cell density from the PBR system is achieved due to higher surface
area-to-volume ratio and consequently shorter light path length
versus ponds. However, the areal productivity per square meter
of solar radiation was set equal to the open pond case, thus at
1.25 g/L/day the corresponding areal footprint of the PBR tube sys-
tem would be 200 m3/hectare of land.

After conducting an extensive literature search as well as an
optimization study in Aspen to determine optimal processing steps
(for example, number of concentration stages that best minimize
cost), a process configuration was chosen again with an emphasis
on establishing a baseline analysis. It is important to note that
the selected approach is not claimed to be the best or most opti-
mized process, but is one of the more likely options to be feasible
on a large scale using technology currently used in industrial pro-
cesses today. The selected process configuration as modeled in As-
pen Plus is shown in the block flow diagram in Fig. 1. Pure CO2 is
concentrated out of flue gas from a nearby power plant or other
flue gas source and delivered to the facility. A CO2 delivery cost
of $40/metric ton accounts for all upstream operations required
to concentrate CO2 out of the flue gas stream; the technical and
cost details of such operations are outside the scope of this analy-
sis, but $40/metric ton is intended to serve as an average value for
PBR

High
Variable (depends on PBR type)
Not demonstrated on large-scale

lture) Low (higher density culture)
ve species) High (closed system)

Lower



Fig. 1. Schematic of algal biofuel process modeled in Aspen.

Table 3
Algal oil hydrotreater conditions and yields.

Parameter Value used in Aspen model Reference/notes

Temperature 350 �C [34]
Pressure 500 psig [34]
Hydrogen consumption 1.5 wt.% of feed Deduced from [34–36]
Hydrogen feed ratio 6000 standard cubic feet/barrel of

feed
[34]

Feed TAG carbon number composition C10 1% ‘‘Average’’ TAG composition from [37]. Note: this is not intended to be strain-
specific.C12 2%

C14 15%
C16 35%
C18 41%
C20 6%

Feed TAG saturation 45% [37]; See note above.
Product slate from hydrotreater (wt.%

composition)
Naphtha 2% 80% fuel yield from [34,36,38] Offgas is mostly propane (C3 backbone of TAG

molecule)Diesel 78%
H2O 2%
CO2 11%
CO 1%
Offgas 6%
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carbon capture using standard technology such as MEA amine
scrubbing [5,14]. The CO2 is transferred to the ponds via 1.5 meter
deep sumps with baffles to limit outgassing (the design and cost
for this system was based on Benemann and Oswald’s 1996 analy-
sis, and appears to support very high CO2 retention [5]). CO2 is di-
rectly injected to the PBRs. The ponds have a liquid depth of 20 cm
to maximize light utilization [4,15], and are unlined and mixed
using paddle wheels. The pond inputs were also based on the
above-mentioned Benemann report, which stipulates that adding
a liner to the ponds would be a significant economic detriment
[5]. Water evaporation from the ponds was assumed to occur at
a rate of 0.3 cm/day [16]. The PBR system consists of rows of par-
allel tube passes, with each tube measuring 8 cm ID � 80 m length
[13,17]. Between each 80 m tube section is a degassing station con-
sisting of airlift columns, which serve a dual purpose to strip out
accumulated oxygen as well as provide circulation without damag-
ing cells as traditional pumps might [17–19]. The PBRs are cooled
using a sprinkler system to spray water on the tube surface; the de-
sign and cost of this system was based on prior PBR studies [20,21].
Nutrient demands for algal growth are met using diammonium
phosphate (DAP) and ammonia. CO2 and nutrient requirements
were set stoichiometrically based on Eq. (1), assuming an algal
composition of [C106H181O45N15P] based on the Redfield Ratio [22].

The microalgae grow to the steady-state concentrations shown
in Table 2, and are continuously harvested at a rate equal to the
growth rate. Harvesting is accomplished first in a simple settling
tank that concentrates the algae to 1% (10 g/L) [5,23] via autofloc-
culation, where any algae carryover into the clarified effluent is
recycled to the growth stage. The next step consists of flocculation
with chitosan and collection by dissolved air flotation (DAF) [24–
26], which thickens the material to 10% (100 g/L). The slurry is fur-
ther concentrated to 20% (200 g/L) using a centrifuge [12,27], to
minimize downstream costs as much as possible. Extraction is
accomplished by a combination of mechanical methods using high
pressure homogenizers to disrupt and lyse the cell [2,12,28], fol-
lowed by solvent extraction with butanol [29]. These two steps to-
gether were assumed to achieve 90% extraction efficiency. The oil/
solvent phase is separated from the water and spent biomass
material using disk stack centrifuges (private vendor discussion),
and the spent biomass plus water is sent to anaerobic digestion
to produce biogas for power production [30–33]. Beyond the 10%
extraction efficiency loss, an additional 5% of the extracted oil
was assumed to be lost through entrainment in the water phase.
Next, the butanol solvent is separated from the oil in a stripping
column and recycled, leaving a 99.5% pure lipid stream. The liquid
effluent from anaerobic digestion is recycled to the growth stage to
minimize fresh nutrient makeup, and the flue gas from the turbine
is also recycled to minimize fresh CO2 demand.

2.2. Oil upgrading

After producing the purified algal oil product, the oil is up-
graded via hydrotreating to a finished fuel product by removing
oxygen and saturating double bonds present in the fatty acid
chains of the triglyceride (TAG) components. Hydrotreating em-
ploys hydrogen addition to remove heteroatoms (oxygen in this
case), saturate double bonds, and crack large molecules into smal-
ler components. Process assumptions for the hydrotreating section



Table 4
Summary of operating cost assumptions.

Material Cost Reference/Notes

CO2 $40/metric tona [5,14]; Not location-specific
Ammonia $407/tona NREL in-house value
DAP $442/tona [43]
Chitosan for

flocculation
$4.84/lb [44]

Butanol for solvent
extraction

$0.94/lb [45]

Water $0.05/1000 gal [39]; Note: This cost only applies to fresh water makeup for PBR sprinkler system. All process water
supplied to ponds + PBRs is pumped from underground [5]

Hydrogen $1.50/kg [46]
Waste disposal $1000/hectare cultivation area

(1996 dollars)
[5]

Power $0.08/kW h (net import); $0.065/
kW h (net export)

[47]; Electricity price varies depending on whether the overall power balance results in net demand or net
excess power

a Fresh CO2 requirements are decreased due to recycle of flue gas from anaerobic digestion, as well as undigested carbon in the liquid effluent from digestion [30]. Likewise,
fresh nutrient requirements are also decreased due to recycle of digester effluent.
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were based largely off of a UOP study for hydrotreating of ‘‘vegeta-
ble oils’’ and brown grease [34]. In addition to the primary up-
graded diesel product, a small amount of naphtha-range material
is also produced from the hydrotreater. The assumed conditions
for the hydrotreating section are summarized in Table 3.
2.3. Economic assumptions

The resulting mass and energy balance outputs from the Aspen
models were used to evaluate all capital and operating costs in or-
der to establish an overall cost of production value. All capital costs
for algal oil production were estimated based on vendor quotes,
prior literature studies, or standard engineering estimates
[5,20,21,32,33,39,40]. Capital costs for the hydrotreater facility
were based on a report by Larson et al. [41]. One cost reference
used in select areas was Benemann and Oswald’s 1996 widely-ci-
ted report [5], which at the time of publication provided an
unprecedented level of analysis on equipment costs for algal culti-
vation and processing. However, the Benemann study presented all
cost results based on ‘‘dollars/hectare’’ of growth ponds for sim-
plicity. Many subsequent economic analyses have adopted this ba-
sis for every process stage, but with varying input parameters such
a method of cost estimating loses its accuracy for downstream
units. Thus this basis was avoided in the present study except for
directly applicable instances. Specifically, the Benemann report
was used to estimate costs for the pond and paddle wheel systems,
CO2 delivery and distribution systems, and ‘‘outside battery limit’’
costs for items such as electrical systems and water delivery
pumps. A land cost of $3000/acre was used as appropriate for
low-value land; this is a conservative estimate for both the south-
west US as well as the Gulf States [42], which are both attractive
candidate sites for an algae growth facility.

Likewise, all operating costs were also based on public litera-
ture. The operating cost assumptions are listed in Table 4. All items
are self-explanatory with the exception of makeup water. For the
pond case, makeup water is required to replace losses in evapora-
tion, as well as water removed from the recycle circulation loop to
control buildup of salts and other contaminants in the system; this
material is referred to here as blowdown. 5% of the circulated
water is removed as blowdown and sent to off-site treatment,
which also must be replaced with makeup water. Likewise, 5% of
the recycle water in the PBR system is also removed as blowdown.
These losses are all assumed to be made up with water pumped
from an underground saline or brackish aquifer, so to avoid further
straining freshwater resources in water-limited regions such as the
Southwestern US [5]. Even though this makeup water would
contain some level of salts, as long as a blowdown stream is re-
moved from circulation the system will reach a steady-state salt
concentration rather than increasing indefinitely (in a practical
application, the blowdown rate would be varied to achieve a salin-
ity that can be tolerated by the algal strain). Thus the only costs
associated with makeup process water are embodied in capital ex-
pense for the pumping equipment as well as associated pumping
power requirements [5]. However, fresh (non-saline) water is re-
quired to make up for evaporative losses in the sprinkler system
used for PBR cooling, to avoid scaling on the tubes.

Finally, the financial assumptions applied in the present study
are summarized below.

� Fixed operating costs
s Labor: 50 ponds per operator (pond case); 25 hectare per

operator (PBR case).
s All other labor costs: based on NREL’s Aden et al. ethanol

model [33].
s Overhead = 60% of labor [33].
s Maintenance = 2% of installed equipment cost [33].
s Insurance and taxes = 1.5% of total installed cost [33].
� Indirect capital costs: based on NREL’s Aden et al. ethanol model

[33]
s Contingency = 30% (due to inherent uncertainties in scale-up

for algae production).
s Working capital = 25% of operating costs [5].
� 10% IRR (internal rate of return).
� 20 year plant life.
� 35% tax rate.
� MACRS (Modified Accelerated Cost Recovery System) 7-year

depreciation schedule.

3. Results and discussion

3.1. Baseline economics

The resulting production costs for both the intermediate oil
(TAG) and the upgraded diesel products are shown in Fig. 2 for
the input conditions presented in Table 2. For consistency with
NREL’s recent techno-economic studies, all costs are presented in
year 2007 US dollars.

The raw oil production cost for the open pond case was found to
be $8.52/gal, while PBR production was found to be roughly twice
this cost at $18.10/gal. The upgrading step adds marginally to these
costs, at $9.84 and $20.53/gal of diesel, respectively. The refined
diesel prices are equivalent to $9.30/GGE (gallon gasoline equiva-



Fig. 2. Minimum selling price required to achieve 10% rate of return for algal TAG
and diesel production (OP = open ponds, PBR = photobioreactors).

Fig. 3. Capital cost allocation, pond.

Fig. 4. Capital cost allocation, PBR.

Table 5
Process, economic, and resource assessment for the pond and PBR pathways.

Base case

OP PBR

Production scale
Lipid production (MM gal/yr) 10.0 10.0
Diesel production (MM gal/yr) 9.3 9.3

Land use
Pond/PBR land use (acre) 4820 4820
Total plant land required (acre)a 7190 7190

Resource assessment
Net water demand (MM gal/yr) 10,000 3000
– Water evaporated (gal/gal lipid)b 570 250
– Water blowdown to treatment/discharge (gal/gal lipid)b 430 50
Fresh CO2 demand (ton/yr)c 145,000 145,000
Fresh NH3 required for algae growth (ton/yr)d 5100 5100
Fresh DAP required for algae growth (ton/yr)d 4800 4800
Power coproduct exported to grid (MM kW h/yr)e 80 100
Naphtha coproduct (gal/yr) 340,000 340,000

System cost
Total capital cost (direct + indirect) ($MM) $390 $990
Net operating cost ($MM/yr) $37 $55
Total coproduct credits ($MM/yr) $6 $7

a Total facility footprint including downstream operations; assumes that growth
step = 2/3 of total land area.

b Includes makeup for evaporation losses + blowdown stream removed from
recycle loop (to off-site treatment), NOTE: for LCA purposes, consumptive use is
typically only the evaporation portion (blowdown can be treated and returned to a
water body downstream), This analysis assumes that brackish water from under-
ground replaces OP evaporation, OP blowdown, and PBR blowdown, while fresh
water replaces PBR evaporative losses in the sprinkler cooling system.

c After recycling turbine flue gas + carbon in digester effluent.
d Net nutrient requirements after recycling digester effluent.
e After considering all facility power demands; includes CO2 capture step.
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lent) for open ponds and $19.39/GGE for PBRs, calculated according
to lower heating value ratios presented in Argonne National Labo-
ratory’s GREET model [48]. Fig. 2 shows that the economics for
both cases are driven more by capital costs, especially in the PBR
case. The specific capital allocations for each scenario are shown
in Figs. 3 and 4. The plots show that while the capital costs for
the pond case are fairly evenly allocated across a number of sys-
tems, the PBR costs are dominated by the capital cost of the PBR
tube system itself, being several times higher than the total capital
cost of the open pond process.

A summary of important process results and resource consider-
ations is presented in Table 5.

Table 5 highlights several important points. First, it demon-
strates the advantage of PBRs over open ponds with respect to
water use, with PBRs requiring 30% of the water demand for the
open pond scenario (more than half of which is lost to evaporation
from the ponds in the base case). Still, the water demand for PBRs
is roughly 300 gallons per gallon of algal oil produced, not an insig-
nificant result in water-limited areas such as the desert southwest
where solar radiation is ideal for autotrophic production. CO2 and
nutrient requirements are essentially the same between the open
pond and PBR cases since the conversion efficiency of CO2 to lipid
is the same in either case. Additionally, the land footprint is the
same, again due to the fact that algal productivity per unit area
of solar radiation is a constant; and although PBR production al-
lows for higher cell densities due to shorter light paths, PBRs do
not necessarily increase areal productivity (on an areal basis, both
the pond and PBR cases achieve a productivity of 25 g/m2/day). For
both cases, there was a net electricity export after considering all
facility power demands (including CO2 capture as well as the
hydrotreating section). However it is important to note that addi-
tional assumptions had to be made in the Aspen models (which
otherwise had no effect on the mass balances) in order to estimate
power usage. Thus the electricity balance shown in Table 5 should
be viewed as a qualitative estimate more than an absolute quanti-
tative basis.

3.2. Sensitivity analysis

A sensitivity study was run for several alternative growth scenar-
ios, to evaluate the effect of potential future strain improvements on
the overall economics. In these scenarios, both the growth rate and
oil content were improved simultaneously beyond the baseline val-
ues, in an ‘‘aggressive’’ case and ‘‘maximum growth’’ case. The open
pond assumptions for these alternative scenarios were based on a



Fig. 5. Algal oil production costs for alternative growth scenarios.

Fig. 6. Open pond sensitivity analysis. (See above mentioned reference for further information.)
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previous NREL report to the US Congress [23], where the ‘‘aggres-
sive’’ case is intended to represent feasible longer-term research
advancements in strain improvement, while the ‘‘max growth’’ case
is set near the theoretical maximum growth rate and lipid content
that could possibly be achieved based on photosynthetic efficiency
limitations. The PBR productivity assumptions were scaled in each
case according to the surface area-to-volume ratio for the PBR and
pond dimensions outlined previously. The cost results are presented
in Fig. 5; for conciseness, only the raw oil (TAG) costs are presented
here, but the upgraded diesel results would follow the same trend as
the base case results, at a roughly 15% increase over the raw oil costs.

Fig. 5 shows that there is room for substantial improvement in
algal oil economics for both the open pond and PBR cases, if a strain
can be identified or engineered to sustain a high growth rate while
also maintaining a high lipid content. The majority of the cost
improvement is due to reductions in capital expenses. To put these
figures into a larger context, it is important to note that ‘‘max’’ in
this case merely means the maximum algae growth and oil content
(based on efficiency limits) applied to this specific configuration
and associated assumptions. Thus, while $3–5/gal appears to be
the ‘‘future potential’’ cost range for this study, this does not imply
that these are the absolute lowest costs that can ever be achieved
as there are numerous other process options and even unforeseen
additional improvements that could be realized as the technology
develops, as well as the potential for higher-value co-products.

While it is important to understand the cost reduction potential
for future scenarios, it is equally important to evaluate how a sin-
gle process parameter influences the overall result. This is best cap-
tured through tornado plots. Individual parameters were varied
from the established base case over a reasonable range, and the re-
sults are shown in Figs. 6 and 7.

The tornado diagrams show that the overall economics are by
far the most sensitive to growth rate and lipid content (biological
parameters specific to the algae strain). Another key result is that
the lipid content more strongly impacts the economics than the
growth rate does: for the open pond case, when lipid content is
either doubled or divided in half, the net cost impact is twice as
large as a similar adjustment in growth rate. This is because
increasing the areal growth rate merely decreases the size of the
growth system (and associated costs) relative to the amount of al-
gal biomass being grown, while an increase in the oil content actu-
ally decreases the amount of algal biomass that must be produced
to achieve a set oil production target (thereby reducing all down-
stream processing costs due to lower equipment throughputs).
Although the PBR case also shows greater cost sensitivity to oil
content than to the algae growth rate, the cost savings is less pro-
nounced; this is due to the PBR growth system exhibiting a much
larger fraction of the overall cost and thus less savings opportunity
to be seen with lower downstream throughputs. In either case, the
key implication for research going forward is that it is more eco-
nomically beneficial to target improvements in lipid content than
algal growth rate given that in reality there is typically a tradeoff
between the two parameters.

While the inputs with the largest cost sensitivity (lipid content
and growth rate) are strain-specific biological parameters, most
other items shown in Figs. 6 and 7 are parameters more related
to engineering aspects that can be adjusted through improvements
to the process rather than the algal biology. This demonstrates an-
other important result, that although the engineering aspects ap-
pear to exhibit a lower degree of control over the cost outcome,
there are many more ‘‘handles’’ that can be turned through such
process engineering improvements, many of which are still far
from insignificant (a $1/gallon adjustment in a single parameter
is still more than 10% of the overall cost in the pond case). Of the
remaining sensitivity parameters examined, the items with the
strongest cost impact were operating days per year and degree of



Fig. 7. PBR sensitivity analysis.
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nutrient recycle. Additionally, the PBR tube cost exhibited a very
strong cost sensitivity, again due to its large contribution to overall
capital expenses (Fig. 7 implies that the tube cost alone accounts
for 70% of the base case production cost). Further compounding
the large uncertainty here is that the price assumed in other stud-
ies varies even more than this 50% range. For example, applying the
tube cost basis from two other sources would result in a cost as low
as $8/gal or as high as $25/gal [20,24], while using a separate ven-
dor quote for a different tube material would result in a cost of $80/
gal. Such drastic variations highlight the challenge in determining
a credible baseline production cost for PBRs at this point in time.
Another interesting result is the small sensitivity impact of the al-
gal cell density assumed for the PBR case. As stated previously, the
reported cell density achieved using tubular PBRs varies widely
across literature studies [2,11,13]. To address this point, the basis
of 4 g/L was varied between 2 and 6 g/L, and the cost impact was
marginal. This is because the PBR system volume is set by the vol-
umetric growth rate which is unchanged; thus the only impact is
on downstream harvesting costs, which while important for the
open pond case, are a very small fraction of PBR costs as shown
in Fig. 4.

Finally, while assumptions on water recycle and evaporation rate
do not appear to show a significant cost sensitivity, it is important to
reiterate the underlying assumption that water was not assumed to
incur a cost beyond capital and power expenses for pumping from
underground. If water demand increased while also being pur-
chased as a utility, the cost impact would be noticeably higher (as
suggested by the $1/gal increase for fresh water shown in Fig. 6). Fur-
thermore, even if large variations in the water balance parameters
show a low-cost sensitivity, the impact on water resources would
be much more dramatic, raising the issue of sustainability and im-
pacted economics based on changes in supply and demand.

A final note should be mentioned regarding economies of scale.
Although 10 MM gal/yr oil production is not excessively large, the
total system throughput is considerably higher due to the dilute
nature of the processes. Thus even at the scale evaluated here,
the associated flow rates are higher than the largest wastewater
treatment plants in the US (private discussion with vendor). Conse-
quently, all of the equipment would already be modular and multi-
ple units would be required to accommodate the flow rate in
excess of any given unit’s maximum capacity. Therefore, it is not
expected that economies of scale would play a significant role in
reducing the production cost at larger plant scales. However, as
noted above if the equipment itself could be improved and tailored
specifically to microalgae production, significant cost improve-
ments could result (i.e. developing a low-cost material that could
be produced in bulk for PBR use, and developing more efficient
extraction methods).
4. Conclusions

To achieve a 10% rate of return, the required product selling
prices were found to be $8.52 and $18.10/gal of TAG for open pond
and PBR production, respectively; hydrotreating to a diesel product
did not add significantly to this cost, at $9.84 and $20.53/gal diesel.
Given the current petroleum diesel production cost of $2.60/gal
(January 2011 [50]), these results reiterate that the economics of
microalgal biofuel production would not be competitive with tra-
ditional fossil fuels if a large scale facility were to be built today.
While this conclusion is in line with other reports [7,24], the pres-
ent analysis highlights several more important results, namely (1)
there is room for significant cost reduction potential through both
biological and engineering improvement opportunities; (2) from
an economic standpoint, near-term research should focus on max-
imizing lipid content versus algal growth rates, given the tradeoff
traditionally observed between the two parameters; and (3) there
is more room for cost improvement through capital cost reductions
(namely establishing novel low-cost equipment for a certain pro-
cess stage) than through operating cost reductions (for example,
optimizing nutrient or CO2 requirements), especially in the PBR
case. The PBR results presented here are specific to a rigid tube sys-
tem, and lower-cost options may exist such as thin films or hang-
ing bags which were not considered here. A caveat should also be
noted that operating costs were minimized to a large extent in the
present analysis by employing a high degree of carbon and nutrient
recycle, as well as assuming that water is delivered at low-cost
from an underground aquifer. Regardless of economic impacts,
from a sustainability standpoint it is important to consider such
metrics as carbon, nutrient, and water balances, recycle opportuni-
ties, and delivery sources, all of which are location-specific.

Algal biofuel economics could be further improved in the near-
term through means such as utilizing the spent algal biomass for
more valuable co-products beyond biogas for power generation.
However, the market sustainability of such co-products must be
considered in the context of the envisioned commercial production
volume. At the vast production quantities associated with the fuel
market, it is not easy to find a value-added coproduct with compa-
rable scale; but in the near-term at the level of a 10 MM gal/yr pro-
duction facility, co-products could drive the economics. Finally, it
is important to reiterate that the selected process is not intended
to represent the best or most optimized approach, but represents
one of the more likely options to be feasible if such a process were
built on a commercial scale today. Given that no such large-scale
process exists and a number of process steps have not even been
demonstrated on an appreciable scale, the results presented here
intrinsically carry a relatively high degree of uncertainty in both
the process steps as well as costing methods. However, both the
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assumptions and results correspond well to typical ranges pre-
sented in other studies [7,15,24].
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