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Algae biodiesel is a promising but expensive alternative fuel to petro-diesel. To overcome cost barriers,
detailed cost analyses are needed. A decade-old cost analysis by the U.S. National Renewable Energy Lab-
oratory indicated that the costs of algae biodiesel were in the range of $0.53–0.85/L (2012 USD values).
However, the cost of land and transesterification were just roughly estimated. In this study, an updated
comprehensive techno-economic analysis was conducted with optimized processes and improved cost
estimations. Latest process improvement, quotes from vendors, government databases, and other rele-
vant data sources were used to calculate the updated algal biodiesel costs, and the final costs of biodiesel
are in the range of $0.42–0.97/L. Additional improvements on cost-effective biodiesel production around
the globe to cultivate algae was also recommended. Overall, the calculated costs seem promising, sug-
gesting that a single step biodiesel production process is close to commercial reality.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The world energy consumption has increased rapidly and will
continue to increase due to an annual projected population in-
crease of about 1%. Fluctuations of oil prices have worsen the situ-
ation and further decreased oil supply due to political pressure. It is
estimated that the seriousness of the depletion of oil and other fos-
sil fuels along with the climate change effects will be felt by the
beginning of 2030–2050 (Wigley et al., 1996), stressing the need
for alternative fuels. As a result, a large amount of money is being
invested on the research and development of alternate energy re-
sources, such as solar, wind, hydro and biofuels. Solar, wind, and
hydro energy can be used to produce electricity, but the only alter-
native to liquid transportation fuel is liquid biofuel.

Liquid biofuels are classified into three generations based on the
substrate raw materials and processing or production technology.
First generation liquid biofuels – bioethanol and biodiesel – were
produced from food crops such as corn, sugarcane, wheat, maize
and vegetable oils. Due to the use of food crops for fuel production,
first generation liquid biofuels were criticized for conflicting with
the food supply and increasing the costs of food crops. The conflicts
with food crops paved the way for second generation liquid biofu-
els, which were manufactured using corn cob wastes, palm kernels,
lingo-cellulosic wastes, non-edible plant seed oil, waste cooking
oil, waste vegetable oil and animal fats. Although second genera-
tion liquid biofuels overcame the problems faced by their first gen-
eration counterparts, consistent feedstock supply became a
challenge. This difficulty led to the development of third genera-
tion liquid biofuels – biobutanol and algae biofuels (Cheng et al.,
2012; Jones and Mayfieldt, 2012). Biobutanol is a promising gaso-
line alternative that is being intensively studied while algae biofuel
is relatively mature.

Algae cultivation has been developed for decades with the ini-
tial purpose of providing food supplements and animal feeds. Dur-
ing the energy crisis in 1970s, the U.S. National Renewable Energy
Laboratory’s (US NREL, formerly SERI) Aquatic Species Program
(ASP) started to utilize algae biofuels as alternative energy sources
(Sheehan et al., 1998). Although the high cost of algae biofuels dur-
ing that time put a halt to the program in 1996, extensive amount
of data on cultivation, harvesting, extraction, and transesterifica-
tion of algae published throughout the period of ASP serves as
foundations for modern studies of algae biofuels.

Algae were cultivated as biofuel feedstock mainly due to their
high productivity of oil and less land requirement. The production
of oil from algae range from 5.87 L/m2 to 13.69 L/m2, which is 10–
23 times higher than that of the highest oil producing terrestrial oil
crop – palm (Demirbas, 2011). The required land space is 10–340
times smaller than that of their terrestrial counterparts. Physico-
chemical characterization of algal oils have been studied recently
with a reported pH in the range of 6–7, density in the range of
0.85–0.89 g/cm3, and viscosity in the range of 3.8–4.4 mm2/s
(Pankaj Kumar et al., 2011).
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Biodiesel is produced from algal oils by transesterification and
has similar properties as petro-diesel. Additionally, biodiesel is
more suitable for vehicles than bioethanol because biodiesel can
be used in vehicles without significant engine modifications.

Although algae biodiesel is a promising alternative to petro-
diesel due to its high productivity and comparable physicochemical
properties to petro-diesel, it is more expensive than petro-diesel
because of high costs of processing steps and scaling up difficulties.
In 2008, the U.S. Department of Energy (DOE) published a report to
summarize the challenges faced by algae biofuels for commercial-
ization, which indicates that the algae biodiesel cost of $2.11/L is
too high when compared with $1.05/L soy oil biodiesel (in 2008
USD) (EERE, 2008). The report also mentioned that extensive re-
search and development, system integration, and detailed cost
analysis are necessary in the near future to reduce biodiesel costs
(EERE, 2008). The optimization of algal biofuel production through
the analysis of net energy gain, costs, resource needs, and produc-
tivity were further investigated in recent studies (Arudchelvam
and Nirmalakhandan, 2012; Beal et al., 2012).

To overcome the cost barriers, detailed analysis on costs and
technology alternatives are needed. The results of a decade-old
cost analysis on algal biofuels by NREL (Benemann and Oswald,
1996) have been used as baseline data by many researchers for
cost preditions. The costs of algae biodiesel estimated for both
open ponds and photobioreactor (PBR) systems in the literature
are summarized in Table 1, where all costs were updated to 2012
USD values. The results in Table 1 indicated that the costs of algae
biodiesel produced from open pond systems were lower than other
systems.

In the NREL study, cost analysis was conducted based on an al-
gae biodiesel production process involving centrifuge for simulta-
neous biomass harvesting and oil extraction, as well as
subsequent transesterification. However, detailed cost analysis on
transesterification was not performed and only roughly estimated
($0.092/L) in the original NREL study (Benemann and Oswald,
1996). An updated cost analysis is needed to evaluate the feasibil-
ity and profitability of algae biodiesel and to determine if it is com-
petitive enough to be commercialized.

With the recent development of optimized processes and im-
proved cost estimation on transesterification, an updated compre-
hensive techno-economic analysis was conducted in this study.
The major process improvement in this study is the utilization of
a highly efficient one-step biodiesel production process with high
power dual-frequency ultrasonicator available in the market dur-
ing the last few years. After primary settling, algal slurry is mixed
with alcohol and alkali, and then directly converted to biodiesel
through simultaneous oil extraction and transesterification (SOET)
with high power dual-frequency ultrasonicator. Additionally, latest
quotes from vendors, government databases, and other relevant
data sources were used to calculate the updated algal biodiesel
Table 1
Cost comparison of algae biodiesel from literature.

Cultivation system Details

Open pond (333.3 ha) Monte Carlo sampling method
PBR Monte Carlo sampling method
Raceway + PBR Monte Carlo sampling method
Solar lit PBR (500 ha)
Open pond (500 ha) Solvent extraction of oil is eliminated
Integrated PBR Carbon credits and biogas production credits incl
Open pond (1950.58 ha)
PBR (1950.58 ha)
Open pond Monte Carlo financial feasibility model
PBR Monte Carlo financial feasibility model
Open pond (400 ha) Anaerobic digestion lagoon used to produce biog

co-product for the production of electricity
costs. The cost analysis presented in this paper is an order of mag-
nitude cost estimation with an accuracy of ±30% (Coker, 2010). This
estimation utilizes a SOET process using ultrasonication to produce
biodiesel and compares it with the costs from the previous NREL
study (Benemann and Oswald, 1996). To the best of our knowl-
edge, cost analysis for SOET using ultrasonication has not been re-
ported in the literature.
2. Methods

2.1. Production process for algae biodiesel

The production of biodiesel from algae involves four steps: cul-
tivation, harvesting, oil extraction, and transesterification. There
have been various efforts to cut down the final biodiesel price, such
as reduction or modification of process steps and system integra-
tion. Reducing the number of process steps can greatly reduce bio-
diesel cost and one of the latest developments in process
optimization is to combine oil extraction and transesterification
steps into a single step, such as SOET, which can significantly re-
duce chemical usage, time for extraction/transesterification, and
post process waste treatment. Most existing algae biodiesel pro-
duction processes use dry algae for oil extraction, whose efficiency
is relatively low because extraction is energy-intensive and usually
large volume of solvents have to be used. However algal biodiesel
production from wet algal slurry instead of dry algal powder has
been reported (Levine et al., 2012). In this study ultrasonication
of wet algal slurry with solvent is used for SOET. SOET has been
developed in the last few years and no detailed cost analysis has
been reported. An updated cost analysis integrating SOET are re-
ported and compared with the previous NREL study conducted
by Benemann and Oswald (1996). All cost data are converted to
2012 USD values.
2.2. NREL cost analysis

The NREL cost analysis of algal biodiesel systems was a deriva-
tive estimate from previous studies. An open pond system with
paddle wheels for mixing was assumed for the cost analysis. Total
area of the system was 4 � 106 m2 with the land cost assumed to
be $0.2/m2. The productivity was assumed to be 30 g/m2/day and
60 g/m2/day. Deep brackish ground water was assumed to be the
water source. Two gas sources – CO2 from flue gas and pure CO2

– were considered for the cultivation of algae. An oil content of
50% and an extraction efficiency of 100% were assumed (556.5 L
oil/MT biomass). Primary harvesting was achieved by settling as-
sisted by flocculation. Secondary harvesting was done by a three
phase centrifuge that performed simultaneous harvesting and oil
extraction, which was a major innovative step of cost estimate
Cost of Biodiesel ($/L) Reference

1.68 Delrue et al. (2012)
2.80 Delrue et al. (2012)
2.69 Delrue et al. (2012)
21.72 Amer et al. (2011)
3.55 Amer et al. (2011)

uded 49.46–75.77 Harun et al. (2011)
2.73 Davis et al. (2011)
5.70 Davis et al. (2011)
3.91 Richardson et al. (2012)
9.89 Richardson et al. (2012)

as as 0.50–0.82 Benemann and Oswald (1996)
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compared with previous studies. Power cost of $0.065/kW h was
used for the calculations. An engineering and contingency ratio
of 15% was assumed. Another highlight of the NREL study was
the utilization of spent biomass for the production of electricity
through biogas produced from an anaerobic digestion lagoon. By
doing this, a part of the electricity costs required for the production
of biodiesel can be offset. The details of cost analysis conducted by
Benemann and Oswald (1996) are summarized in Table 2, with
costs converted to 2012 USD values based on the construction cost
indices, skilled labor cost indices, and material cost indices from
Engineering News-Record (ENR, 2012) and land prices in the U.S.
(Lincoln Institute of Land Policy, 2012). These costs will be used
as the base line costs for comparison with the updated cost analy-
sis in this study.

Although the NREL study included detailed cost analysis on
most production processes for algae biodiesel, it had several draw-
backs. For example, the transesterification cost ($0.092/L) and land
cost ($0.2/m2) were only roughly estimated without detailed cost
analysis, and an unrealistic oil extraction efficiency of 100% was
assumed.
2.3. Updated cost analysis

The updated cost analysis assumes a 4 � 106 m2 open pond de-
sign with paddle wheels, biomass productivities and gas sources
similar to the NERL study conducted by Benemann and Oswald
(1996). Brackish water was assumed to be the water source for al-
gal growth. Nitrogen (3.15% of dry weight of algae) and phosphorus
(0.85% of dry weight of algae) required for algal growth were deter-
mined by taking the average values of nitrogen and phosphorus re-
ported by Alabi et al. (2009) and Norsker et al. (2011). The costs of
nitrogen (ammonia) and phosphorus (super phosphate) were
$783/MT and $665/MT, respectively (ERS, 2012). An algal oil con-
tent of 50% and transesterification efficiency by ultrasonication of
90% was assumed (Stavarache et al., 2007). One limit of the NREL
study by Benemann and Oswald (1996) is that a 100% oil extraction
efficiency was assumed, while a recent study on Scenedesmus sp.
indicated an ultrasonication assisted oil extraction efficiency of
75% (Ranjan et al., 2010), which was used in this study for the up-
dated cost analysis. Algal biomass was harvested with the assis-
tance of organic cationic polyelectrolytes. Organic cationic
polyelectrolytes at 10 mg/L are used to harvest biomass as slurries
(final volume reduced to 10% of total volume) as suggested in the
NREL comparative study (Benemann and Oswald, 1996). Sodium
carboxyl methyl cellulose (CMC) with a cost of $550/MT was con-
sidered as an organic cationic polyelectrolyte for flocculation. The
slurry was assumed to be mixed with methanol and sodium
hydroxide in the ratio of 4:1 (Ma et al., 1999) in a 316 stainless
steel mixer with a capacity of 5000 L. The cost of the mixer was
estimated as $0.16/m2 (Matches, 2007). Costs of methanol and so-
dium hydroxide were taken as $239.4/MT and $5320/MT respec-
tively (Grima et al., 2003). A 24 kW DFR-9624 ultrasonicator with
a 5% shipment charge was considered for the ultrasonication as-
sisted SOET process. Two units of ultrasonicators were required
to process 30 g/m2/day biomass with a cost of $0.099/m2 and the
cost doubled for 60 g/m2/day biomass. Decantation centrifuge
was used for the separation of biodiesel with a cost of $0.234/m2

(Gumerman et al., 1979). Engineering cost of 5% was retained from
the NREL study, but contingency cost was reduced to 5% from 10%
mentioned in the NREL study based on the new construction facil-
ity data provided by California’s State Administrative Manual (DGS,
1998). Non-farm labor costs of $19.42/h was obtained from USDA
and inflated to 2012 values (NASS, 2011a). Power cost of
$0.0989/kW h was used for all the calculations (E.I.A., 2012a).
A similar anaerobic digestion lagoon as mentioned in the NREL
study was assumed in this study and the credit for fuel production
was calculated with an electricity cost of $0.0989/kW h.

The roughly estimated cost of $0.2/m2 in the NREL study in
1996 is equivalent to $0.36/m2 in 2012 USD values. However, re-
cent studies indicated much higher land costs, such as $0.78/m2

(Davis et al., 2011), and $13.78/m2 (Norsker et al., 2011). In this
study, a land cost of $0.91/m2 was used, which was obtained from
the land values for non-irrigated lands reported by the U.S. Depart-
ment of Agriculture (NASS, 2011b) and inflated to 2012 USD
values.

2.4. Solar radiation and algal cultivation

Solar radiation is an important factor for determining the effi-
ciency of algal cultivation. The theoretical maximum efficiency is
estimated as 10%, which was calculated from the visible light of
the solar spectrum at 45% and algae’s efficiency of converting vis-
ible light at 22% (Benemann and Oswald, 1996). In an idealistic
case, the photosynthetic efficiency is calculated to be 11.9% (Beal
et al., 2012). The methods of calculating theoretical maximum effi-
ciencies are different among several studies as some researchers
used the heating value of the whole biomass while others only
used the oil’s heating value for the calculations (Norsker et al.,
2011; Weyer et al., 2010). Photosynthetic efficiencies can be calcu-
lated with on Global Horizontal Irradiation (GHI) data obtained
from the Solar and Wind Energy Resource Assessment database
(SWERA, 2012), which was launched in 2001 to collect solar and
wind energy resource data sets and analysis tools from a number
of international organizations.

Photosynthetic efficiency based on biomass productivity with
flue gas as the gas source is calculated using Eq. (1) shown below
(Norsker et al., 2011).

PE ¼ Pa �HV
I

ð1Þ

where PE is the photosynthetic efficiency (%), Pa is the productivity
of algal biomass (g/m2/day), HV is the heating value of algal biomass
(MJ/g) and I is the global horizontal solar irradiation (kW h/m2/day).

The photosynthetic efficiencies based on biodiesel mediated by
ultrasonication (SOET) were also calculated with flue gas as the gas
source.
3. Results and discussion

3.1. Cost comparison

The results of updated algae biodiesel cost estimates are shown
in Table 3 and compared with the results in the NREL study in
Table 2. The results in this study indicate that the cost of biodiesel
is reduced by 40.7–42.3% when the biomass productivity is dou-
bled, which was larger than the cost reduction in the NERL study
(26.3–31.6%) for doubled biomass productivity. The results also
indicate that flue gas is a better gas source than pure CO2 as the
biodiesel production costs drops by 24.8–26.8% with flue gas in
this study and drops by 9.3–15.9% with flue gas in the NREL study.

The comparison of algae biodiesel costs in the updated cost
analysis and previous NREL cost analysis by Benemann and Oswald
is shown in Fig. 1. Compared with the NREL cost estimates, the
reduction of biodiesel cost in the updated cost analysis ranges from
0.8% to 20.2%. One exception is the case with CO2 as gas source and
biomass productivity at 30 g/m2/day, where the biodiesel cost in
the updated cost analysis is 14.0% higher than the estimates in
the NREL study, which is mainly due to a more accurate estimation
of transesterification cost, land cost, and realistic extraction
efficiency.
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Fig. 1. Comparison of biodiesel costs in the NREL study (Benemann and Oswald,
1996) and this study.
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Fig. 2. Cost comparison of petro-diesel (E.I.A., 2012b) with algae biodiesel.
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The updated cost analysis with SOET has suggested several
improvements on the overall efficiency of biodiesel production.
Table 4
Photosynthetic efficiency calculations based on global horizontal irradiation data.

Location Average GH
(kW h/m2/d

Western South America/Parts of Middle East/Parts of
Central Africa/North West Coast of Australia

6.75

North and Central Africa/South Western Coast of North
America/Middle East/North and North West Australia

6.25

Central Australia/North Pacific Ocean/Southern North
America/North Eastern South America/Rest of Africa/Parts
of SEA/Parts of Middle East

5.75

Indian Subcontinent/South Australia/Eastern South America/
South Western North America/Rest of Middle East

5.25

Rest of Asia/Rest of South America/Parts of Central North
America

4.75

East Asia/Parts of Central North America 4.25

a Algal production is calculated based on a 50% lipid, a biomass productivity of 30 g/m
2012).

b Biomass produced for 30 g/m2/day is calculated as 38,114.9 g/m2.
c Biodiesel produced with SOET is calculated as 12.86 kg/m2, heating value of biodiesel

value for algae with 50% lipid is 26.9 MJ/kg (Norsker et al., 2011).
For the algal biomass productivity of 30 g/m2/day, the ultrasonica-
tor, decanter, and mixer in SOET contribute to about 5.6% of the to-
tal direct capital cost when compared to a 19.3% cost for a
centrifuge for oil extraction alone as mentioned in the NREL study.
The use of polyelectrolytes reduces the flocculation operating costs
by almost 85.6%. Electricity generation from biogas produced from
spent biomass helps significantly reduce the cost of biodiesel by al-
most 36.9%.

The highest cost of algae biodiesel ($0.97/L) was obtained with
pure CO2 as gas source at a biomass productivity of 30 g/m2/day. A
±30% accuracy of the cost estimate gives cost range of $0.68–1.26/
L, which were subsequently compared with historical retail diesel
price from EIA’s Short Term Energy Outlook and projected cost of
diesel in 2013 (E.I.A., 2012b), as shown in Fig. 2. The calculated al-
gae biodiesel cost seems promising and suggests that a single step
biodiesel production process is close to commercial reality.
3.2. Solar radiation and algal cultivation

Photosynthetic efficiencies based on both biomass and biodiesel
at locations around the world are calculated. For example, a GHI
value of 5.25 kW h/m2/day at California (SWERA, 2012) was used
as the radiation value for the calculation of photosynthetic effi-
ciency in California-based algal cultivation systems in both the
NERL study and this study. If the heating value of 26.9 MJ/kg for al-
gal biomass with 50% lipids is used (Weyer et al., 2010), the photo-
synthetic efficiencies based on biomass are calculated as 15.4% and
30.7% for biomass productivity of 30 g/m2/day and 60 g/m2/day,
respectively. If an oil content of 50%, an oil extraction efficiency
of 75%, and an ultrasonication mediated transesterification effi-
ciency of 90% are used, the photosynthetic efficiency based on bio-
diesel mediated with SOET are calculated as 7.5% and 15.3%, for
biomass productivity of 30 g/m2/day and 60 g/m2/day, respec-
tively. The photosynthetic efficiencies at other representative loca-
tions around the world are calculated and summarized in Table 4.

Due to the difference among GHI data, the photosynthetic effi-
ciencies at various locations around the world are different. There-
fore, photosynthetic efficiencies have to be considered for an
accurate biodiesel cost analysis and the results in Table 4 can be
used as a guideline to convert the biodiesel costs at California,
which were used in both the NREL study and this study, to the bio-
diesel costs at other locations. The results suggest that the opti-
mum locations for algal biodiesel production are in East Asia and
parts of central North America and the biodiesel costs will be lower
than California-based studies.
I
ay)

Photosynthetic efficiencya

Based on biomassb (%) Based on biodiesel (SOET)c (%)

12.0 5.8

12.9 6.3

14.0 6.8

15.4 7.5

17.0 8.2

19.0 9.2

2/day, flue gas as gas source, and global horizontal irradiation (GHI) data (SWERA,

is 35.08 MJ/L, energy content based on biodiesel is 0.392 kW h/m2/day, and heating
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The results in Table 4 also indicated that increased solar irradi-
ance does not necessarily improve the overall photosynthetic effi-
ciency, which is consistent with published literature (Benemann
and Oswald, 1996; Norsker et al., 2011) and can be explained by
light saturation effect in algal photosynthesis.

Both the efficiency calculations are based on productivity, heat-
ing value, and irradiance, but not temperature, which has been re-
ported to play an important role in determining the algal
productivity in a previous study (Norsker et al., 2011). The accu-
racy of cost estimation for biodiesel can be further improved when
the effect of temperature is considered.

4. Conclusion

This study elaborates on the commercialization potential of al-
gae biodiesel by a simultaneous oil extraction and transesterifica-
tion process. Accurate land costs, realistic oil extraction
efficiencies, polyelectrolytes for flocculation, and solar irradiance
based photosynthetic efficiency have been used for the techno-
economic analysis of algae biodiesel. Based on the calculations, it
is predicted that algae biodiesel production based on a simulta-
neous oil extraction and transesterification mediated by ultrason-
ication could be considered as a possible technique to make
biodiesel cost competitive to petro-diesel and close to commercial
reality.
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