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Abstract Despite certain environmental advantages over fos-
sil diesel, land crop-derived biodiesels may not satisfy the
increasing worldwide demand for transportation fuels. As an
abundant photosynthesizer, algae could be an adequate surro-
gate for biodiesel production. Nevertheless, high production
costs, scarce selected species, and inaccurate assumptions
about production yields represent industrial uncertainties. In
this study, a reliable approach to analyzing algal biodiesel
production has been developed based on species-to-species
variations in oil productivity and quality. This approach com-
pares biodiesels from Chlorophyta strains with land crop
feedstock according to (i) potential yields, (ii) oil quality,
and (iii) compliance with biodiesel quality standards. Algal
yields were assessed by (i) extrapolating the strain-specific
laboratory results to commercial-scale growth systems; (ii)
converting volumetric to areal biomass productivity; and (iii)

estimating oil yields for each strain, as the product of their
projected areal biomass productivity for each growth system,
and the oil percentage in biomass as determined in the labo-
ratory. Biodiesel fuel properties were estimated by using fatty
acid methyl ester profile predictive models. The Chlorophyta
strains in this study provided annual oil yields that were
generally higher than those of land crops by one order of
magnitude. Six strains yielding more than 40 mg oil
l−1 day−1 were identified as adequate for sustaining biodiesel
production. Trebouxiophyceae algae were the most produc-
tive. Critical biodiesel parameters from both feedstock
types suggest that most microalgae-derived biodiesels meet
international fuel quality standards with better values than
those of land crops. Because some of the highly produc-
tive feedstock does not simultaneously meet all the stan-
dards for a high quality biodiesel, optimization solutions
are discussed.
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LCSF Long-chain saturated factor
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Introduction

Biodiesel is currently used to replace part of the diesel con-
sumed by the transport sector. It provides environmental gains
because of its higher degree of biodegradability and lower
toxic emissions [1]. The consumption of a 20 % biodiesel/
diesel blend, for instance, can reduce CO and CO2 net emis-
sions by 78 and 16 %, respectively [2]. This characteristic
could help to offset the increasing global demand for diesel. In
recent years, biodiesel production has been increasing inmany
countries, and based on previous estimates, Gouveia and
Oliveira [3] projected that annual worldwide production may
reach 168 billion liters by 2016, representing an approximate
market value of US $139.6 billion.

One negative aspect of biodiesel is that it is predominantly
produced from land crops. It has been suggested that such
crops cannot realistically support additional increases in pro-
duction [3, 4]. The requirement for large swaths of arable land
and fertilizers would offset the expected benefits [4, 5]. Thus,
the success of using biodiesel as an alternative to diesel
depends on actions that lead to the following: (i) conserving
sensitive ecosystems and biodiversity; (ii) avoiding resource
competition with food production, such as soil and water; (iii)
prospecting new feedstock; (iv) developing technological ex-
pertise for processing multi-feedstock sources at lower costs;
(v) using high production yield systems in association with
industrial waste as sources of nutrients; and (vi) selecting and
modeling biodiesel production processes to meet regulatory
standards. Algal-based biodiesel production systems have
been suggested because these systems address all of these
issues and also alleviate greenhouse gas emissions more ef-
fectively [4, 6] than land crop-derived systems. Microalgae
are promoted as having rapid growth and higher lipid yields
compared with oilseed crops [3, 4, 6]. The complete energy
conversion of microalgae biomass into biodiesel is also more

advantageous than the use of land crop sources as feedstock
[6, 7]. Nevertheless, a robust, large-scale, algal-based biofuel
industry is still not economically feasible. Although new
production strategies are being developed, cost-effective
methods of harvesting and dewatering algal biomass still
represent economic bottlenecks [3, 4]. Additionally, sound
knowledge of algal productivity for biodiesel production is
limited to a few species [1, 7]. Scaling up from average
experimental yields to commercial production projections
from diverse microalgae strains and diverse growth locations
has led to erroneous estimates [8]. Strain-specific data on
growth rates, daily biomass, and oil productivity are important
for planning commercial production [4, 6]. Consequently, this
paper estimates the potential for using Chlorophyta in
large-scale production systems based on extrapolations
from small-scale laboratory results by focusing on strain-
specific data regarding biomass and oil productivity. The
scaling limitation can be more critical if oil yields are
used as the only comparative criterion for biodiesel pro-
duction. Thus, a comprehensive and comparative system
considering both oil yield and quality must be established
to evaluate algal biodiesel production.

Most of the available data on biodiesel quality comes from
land crop feedstock [9–11]. Triacylglycerols (TAG), which
range from 11 to 80 % (w/w) in algal oil [2, 14], are the main
components for biodiesel production [9, 15]. Biodiesel quality
is defined by the fatty acids that compose the TAG molecules
[10, 12, 13]; however, literature comparing algal oil quality is
scarce [12, 13]. Different algal species have different fatty acid
compositions, which leads to biodiesels of differing fuel qual-
ity. The main parameters that determine biodiesel fuel quality
are the cetane number (CN), which estimates the ignition
delay and combustion performance; the iodine value (IV),
which represents the total unsaturation within a mixture of
fatty acid methyl esters (FAME); and the saponification value
(SV), which is a measure of the average molecular weight of
all the FA present in the oil [9–11]. The cold filter plugging
point (CFPP) specifies the temperature at which biodiesel will
clog filters and fuel lines [11]. The CFPP is based on the long-
chain saturation factor (LCSF), which represents the impacts
of FA chain saturation and length on the fuel cold flow
properties [9–11]. Biodiesels with higher CFPP values are
more likely to clog filters and fuel lines at low temperatures
than biodiesels with lower CFPP values. The oxidation stabil-
ity (OS) estimates the biodiesel’s susceptibility to deteriora-
tion and is primarily related to the double-bond content of the
component FAME molecules. The higher the polyunsaturated
methyl ester content, the higher the biodiesel oxidation poten-
tial [11]. This factor can be predicted on the basis of the degree
of unsaturation (DU) in the FAME chains.

Cultivation methods are known to alter fatty acid compo-
sition significantly in microalgae oils [10, 13]. Nevertheless,
because of their shorter reproductive cycle relative to land
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crops, algal oil yield and quality can be more easily modified
and optimized [12, 13]. Therefore, biodiesel quality estimates
based on FA microalgae profiles, growth conditions, and
extraction techniques [13] could facilitate process optimiza-
tion and reduce production costs. As discussed above, it is not
only important to define the algal productivity potential but
also to estimate the final biodiesel quality [10, 12, 13]. The
interaction of these two aspects is the focus of this research
paper. The objectives are to compare the productivity and
quality of biodiesels generated from land crops and
microalgae cultivated in a variety of systems and to provide
a useful tool for production planning.

Methods

Microalgae Growth Kinetics and Productivity

Seven local Chlorophyceae microalgae strains and three spe-
cies of Trebouxiophyceae that were identified and maintained
by LABIOMAR (IBL-Microalgae Collection) at the Federal
University of Bahia, Brazil, were tested in this research pro-
ject, namely Ankistrodesmus falcatus (IBL-C113),
Ankistrodesmus fusiformis (IBL-C111), Chlamydomonas sp.
(IBL-C108), Chlamydocapsa bacillus (IBL-C103),
Coelastrum microporum (IBL-C119), Desmodesmus
brasiliensis (IBL-C106), Scenedesmus obliquus (IBL-C110),
Chlorella vulgaris (IBL-C105), Botryococcus braunii (IBL-
C117), and Botryococcus terribilis (IBL-C115). The trials
were carried out in triplicate in Erlenmeyer flasks containing
600 ml of standardized medium (modified CHU 13), which
was a nutrient-replete medium [16], and a 10 % volume of
algal inoculums in the exponential growth phase was added.
The flasks were kept under constant temperature and agitation
(25±2 °C and 90 rpm, respectively); the aeration rate was
0.50 vvm (volume gas per volume broth per minute) of
atmospheric air enriched with 2 % CO2. Cells were incubated
at a neutral pH range (6.8±0.8), and light (170 μE m−2 s−1)
was provided at a photoperiod of 12:12 h light and dark
cycles. Growth was monitored every 48 h by using a hemo-
cytometer cell counter and optical density (OD) measure-
ments. A Helios Epsilon UNICAM spectrophotometer was
used to determine the OD at 680 nm. The cells per milliliter
and/or OD680 measurements from the triplicate cultures were
plotted against time and used to estimate growth kinetics. For
all the strains, the standard deviations in triplicate culture data
were within an acceptable range (below 5% of the mean). The
growth kinetics were monitored through growth curves and
adjusted to the Boltzmann sigmoid model using Origin ver-
sion 7 software (Origin Lab Data Analysis and Graphing
Software), which can also test model validity (p≥0.05).

Kinetic parameters such as the specific growth rate [μ] and
volumetric biomass productivity (g l−1 day−1) were calculated

based on the exponential growth phase, according to
Nascimento et al. [12]. The cultures were aborted at the
stationary growth phase just after an evident decline in
growth, which indicated that reproduction was being inhibited
by a limiting factor, such as nitrogen. This decline happened at
different cultivation times according to the strain-specific
growth rates (Table 1). As reported in the literature, neutral
lipid production increases [17] until the end of the stationary
growth phase and net biomass growth is zero. The bulk of
these neutral lipids are generally triacylglycerols (TAG),
which can represent up to 80 % (w/w) of the algal oil during
the stationary growth phase [14].

Cells were harvested from the culture samples using a
centrifuge at 4 °C for 5 min at 5,000g (Sorvall Ultracentrifuge,
Evolution RC); the supernatant was discarded and the pellets
were washed with distilled water and freeze-dried, and the
gravimetrically measured biomass dry weight was used to
determine the biomass concentration (g l−1); the lipid content
(Lc) was determined as the percentage of lipids in dry biomass
after oil extraction by the chloroform/methanol approach, as
previously reported [12]. Lipid productivity (mg l−1 day−1)
was calculated by multiplying the lipid content value by
the volumetric biomass productivity (Pv) determined for
each microalgae species. Pv values (g l−1 day−1) obtained
in the laboratory were calculated as the product of the
specific growth rate (μ) and biomass concentration (g l−1),
and they were then converted and reported on the basis of
the surface area (Pa) in tons per hectare per year (Table 1)
by using Eq. 1 [17].

Pv ¼ Pa=D � 1; 000 ð1Þ

To express differences among species regarding the kinetic
growth response to the same experimental conditions with this
equation, the biomass concentration (Xmax) for each strain
(Table 1) was used instead of an average value for the
microalgae taxonomic group, as previously stated [17]. In
lab experiments, a depth (D) of 0.10 m was used for all algal
reactors, which had the same medium volume, reactor geome-
try, and light trajectory. The areal biomass results (g m−2 day−1)
were then converted to tons per hectare per year for 90 % of the
365 days in a year, with an assumed reduction of 10 % for
bioreactor maintenance and cleaning [6].

A comparison between algal and land crop feedstock pro-
ductivity was assessed by three different approaches. In the
first approach (laboratory production), the areal biomass pro-
ductivity (tons ha−1 year−1) was calculated for ten Chloro-
phyta species by using the kinetic parameters as described
above. The second and third approaches cross-checked these
laboratory data with previously obtained data by using the
commercial-scale photobioreactor (PBR) and open raceway
pond (ORP) growth systems, and the projected biomass pro-
ductivity was estimated by considering 48 and 25 g m−2 day−1
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as reference values, respectively, which were calculated ac-
cording to the PBR geometry and ORP depth [6]. For each
species and growth system, the oil yields were the resulting
products of the calculated biomass productivity and their
respective lab-determined oil contents. These results were
then compared with land crops that were reported in the
literature [18–24].

Microalgae Fatty Acid Profiles and Biodiesel Fuel Property
Estimates

The approaches used for lipid extraction and transesterification
into FAME are described by Nascimento et al. [12]. To deter-
mine the FA profile of each strain (Table 2), the analyses were
applied to the transesterified oil, which was extracted from
biomass in mixed triplicate samples. Lipid extraction and
transesterification were performed by the methanol/chloroform
method and BF3 catalyst, respectively. FAME separation was
performed by using a gas chromatograph (Varian 3800)
equipped with a flame ionization detector (GC-FID) and an
Elite-WAX fused silica capillary column (30 m×0.32 mm×
0.25 mm). The potential biodiesel quality was estimated by
using individual FAME profiling for each algal strain, as previ-
ously described [12, 25–27]. The estimates were based on
correlative models involving empirical equations, the accuracy
and predictive capacity of which have been tested in reference
to vegetable and microalgae oils, demonstrating that the molec-
ular structure of fatty acids directly affects the quality of the
resulting biodiesel [25–27].

The CN estimate model (Eq. 2) involved two independent
variables, namely the chain length and degree of unsaturation of
each component ester [26]. The chain length was expressed by
the saponification (SV) that was inversely related to the esters’
molecular weight, using Eq. 3, and the degree of unsaturation
was expressed by the iodine value (IV) by using Eq. 4 [26].

CN ¼ 46:3þ 5:458=SVð Þ− 0:225 � IVð Þ ð2Þ

SV ¼ ∑ 560 � Nð Þ=M ð3Þ

IV ¼ ∑ 254 � D � Nð Þ=M ð4Þ

whereD=double bonds,M=molecularmass, andN=percentage
of each FAME.

The degree of unsaturation (DU) was calculated using
Eq. 5 by considering the amount of monounsaturated fatty
acids (MUFA) and polyunsaturated fatty acids (PUFA) pres-
ent in the algal oil in weight percentage [27].

DU ¼ MUFAþ 2 � PUFAð Þ ð5Þ

The cold filter plugging point (CFPP) was calculated by
using Eq. 6 in correlation with the LCSF, as estimated by

using Eq. 7. The LCSF influences the CFPP by weighing up
the values of the longer FA chains (weight percentages)
to reproduce their impacts on fuel cold flow properties
[25, 27].

CFPP ¼ 3:1417 � LCSFð Þ−16:477 ð6Þ

LCSF ¼ 0:1 � C16ð Þ þ 0:5 � C18ð Þ þ 1 � C20ð Þ
þ 1:5 � C22ð Þ þ 2 � C24ð Þ

ð7Þ

The estimated properties for eachmicroalgae-based biodie-
sel were presented as the average of the products for the
calculated FAME values and their percentage in the mixture
[12, 25–27]. Further details are described by Nascimento et al.
[12]. The fuel properties (CN, SV, IV, and CFPP) of the algal
biodiesels were compared with biodiesels from diverse seed
crops [9, 25–27].

Statistical Analysis: Integration of Biodiesel Productivity
and Fuel Quality for Comparing Microalgae and Oilseed
Crops

A new approach was used to graphically represent algal
distinct characteristics and their respective potential for oil
production. Both biodiesel quality and productivity were an-
alyzed using this new approach (Fig. 1). PCA I delineated the
relationship between the feedstock and fatty acid contents of
saturated fatty acids (SFA), MUFA, and PUFA. The plot
indicated the saturation/unsaturation balance of each feed-
stock. PCA II related the feedstock to fuel quality parameters
such as the cetane number (CN), iodine value (IV), saponifi-
cation value (SV), cold filter plugging point (CFPP), and long-
chain saturated factor (LCSF). A matrix was constructed on
the basis of these results [25–27]. The mutual influences of
CFPP, CN, IV, LCSF, and SV were represented by the scores
of the first axis that indicate fuel quality. Algal and land crop
oil yields were plotted against PCA II’s first axis, which made
it possible to compare the primary variables for both feedstock
and algae (Fig. 2).

Results and Discussion

Microalgae Oil Yields

The oil yield (m3 ha−1 year−1) has been used as the primary
parameter to compare biodiesel production for land crops and
algae [1–4, 15, 17]. Microalgae biodiesel production has been
widely reported to outperform conventional land-based
oilseed crops. However, many of these reports on algal
biodiesel applied a linear scaling of average laboratory
results, and most analyses do not consider species-to-species
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variations [6, 28–31]. This error has resulted in incorrect
numbers that sometimes surpass theoretical maximum pro-
ductivities [8, 31, 32]. To avoid overestimates and diminish
the uncertainties of algal biodiesel production, laboratory-
scale experimental productivity was cross-checked with
commercial-scale cultivation [6], taking into account
microalgae-specific productivity results.

Table 1 presents the oil yields of microalgae and land
crop feedstock [18–24]. It should be emphasized that a
higher lipid concentration may be obtained in the biomass
when microalgae are subjected to stressful conditions, such
as nutrient depletion [17, 33]; this normally happens dur-
ing the stationary growth phase at the expense of reduced
biomass production, which may ultimately reduce the net
lipid productivity for most microalgae species [34]. None-
theless, the algal strains used here showed lipid contents
varying from 13 to 49 % dwt (Table 1), which were

generally similar to the data previously reported for Chlor-
ophyta [17, 33–36].

Open raceway pond systems (ORP) and closed cultivation
systems (PBR) are two widely used algae cultivation reactor
configurations. The oil yields reported for ORP growth systems
fell within a range from 12 m3 ha−1 year−1 [4] to
31.1 m3 ha−1 year−1 or to 51.9 m3 ha−1 year−1 (for 20 or 50 %
lipid in dry biomass, respectively), and in PBR growth systems,
yields may reach 58.7 or 136.9 m3 ha−1 year−1, with 30 or 70 %
lipids, respectively, in dry biomass [6]. According to the data
from the present paper, ten Chlorophyta strains produced oils
ranging from 7.4 to 50.8 m3 ha−1 year−1 under laboratory
conditions (Table 1). Nevertheless, these same strains showed
oil yields (Table 1) ranging from 3.4 to 23.0 m3 ha−1 year−1

(ORP) and from 6.5 to 44.4 m3 ha−1 year−1 (PBR). These large
production ranges for ORP and PBR indicate that oil productiv-
ity is dependent on the diversity of the metabolic characteristics

I

II

Fig. 1 PCA ordination diagrams
associated with fatty acid
composition from vegetable and
microalgae oils (PCA I) and
biodiesel quality parameters
(PCA II). A 99.9 % portion of the
variation was explained by PCA I
analysis. The first and second
axes in the PCA II plot explained
67.4 and 24.9 % of the results,
respectively
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from tested algal strains, which stresses the need for strain
selection in commercial production planning.

The highest oil yields observed in the present work came
from Trebouxiophyceae strains, such as C. vulgaris and
Botryococcus sp. (Table 1). C. vulgaris also showed the highest
volumetric lipid productivity (155 mg l−1 day−1), primarily
because of its comparatively higher biomass production and to
a lesser degree to its lipid content (28.1 % dwt). In the case of
B. terribilis and B. braunii, however, the highest lipid contents
in the biomass (49 and 45%dwt, respectively) were the primary
contributing factors to the high oil yields. Among the tested
algal species,C.microporum andD. brasiliensiswere the strains
with the lowest biomass productivity and oil yields (Table 1).

Comparing Feedstock Oil Yields

When compared with land crops, the oil yields of
Chlamydomonas sp., S. obliquus, C. microporum, and
D. brasiliensis were barely lower than that of palm when
cultivated in open raceway systems (Table 1). Nevertheless,
most of the algal strains in this study showed higher oil yields
than land crops in all growth systems. C. vulgaris yields were
23.0 and 44.4 m3 ha−1 year−1 for ORP and PBR growth
systems, respectively. Assuming the weight of algal oil is
880 k m−3 [31], those values were 3.3 and 6.5 times higher
than the palm oil yield and 101 and 195 times higher than the
corn oil yield (Table 1). A comparison of algae and land crop

Fig. 2 Cluster and multivariate
analysis for comparing land crops
and microalgae as feedstock for
biodiesel production. The
horizontal line crossing the graph
is the required minimum oil
productivity (12 m3 ha−1 year−1).
This analysis combines biodiesel
quality indices (axis 1 of PCA II)
with feedstock productivity.
Dark circles represent the
feedstock that meet the European
CN standard, and the gray circles
indicate those that do not
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oil yield variations may demonstrate the superiority of algal
oil over land crop production. However, this comparison may
be distorted if it does not account for differences in oilseed
crop productivity.

The large microalgae oil yield variations may also help to
explain some of the inaccurate estimates regarding the supe-
rior productivity of microalgae, which are sometimes reported
to be of several orders of magnitude [8, 31]. Some figures are
near the theoretical limit of maximum photosynthetic efficien-
cy (oil yields of 354 m3 oil ha−1 year−1), which is clearly
unachievable [32]. However, current algal oil production data
have led to more accurate estimates. For regions with high
solar radiation, a maximum daily algal biomass production of
100 g m−2 day−1 at 10 % solar energy conversion has been
claimed [32–35]. These conditions would generate approxi-
mately 324 tons ha−1 year−1 of biomass (assuming production
for 360×0.90 days in a year), which could result in 97.2 m3 oil
ha−1 year−1 (considering 30 % oil in biomass dwt). This
amount has never been achieved on a long-term basis [32].
Nevertheless, a solar energy conversion efficiency of up to
5 % has been reported by some authors [4, 14], which repre-
sents about half of the oil yields projected above (48.6 m3 oil
ha−1 year−1) based on 30% oil in the biomass. However, other
authors reported a higher biomass oil content of approximate-
ly 40 %, leading to a production of 53.5 m3 oil ha−1 year−1

[37]. Algal species selection and technological development
may make it possible to improve oil production above these
levels [2, 4, 6, 36–39], up to an absolute ceiling of 94 to
155 m3 oil ha−1 year−1 [40]. However, these levels are still
less than half of the theoretical maximum oil yield [32],
estimated at 354 m3 ha−1 year−1, which are considered by
many to be unattainable.

In the present paper (Table 1), maximum oil yields for
C. vulgaris (23.0, 44.4, and 50.8 m3 oil ha−1 year−1) growing
in different systems are very similar to those suggested [32] as
the best possible values (40.7 to 53.2 m3 ha−1 year−1). These
values, which were estimated according to location and bio-
logical variations under real environmental conditions, may
only be attainable under conditions that do not limit photo-
synthetic efficiency [32].

Comparing Biodiesel Quality from Diverse Feedstock

Oil quality is another essential factor for the success of the
algal-based biodiesel industry [12, 13]. Several countries have
established biodiesel quality standards and guidelines to reg-
ulate biodiesel production, for example, EN14214 in Europe,
ASTM D6751-10 in the USA, RANP/2008 in Brazil, and
similar guidelines for South Africa and Australia [13]. Param-
eters such as the cetane number, saponification value, iodine
value, cold filter plugging point, and oxidation stability (CN,
SV, IV, CFPP, and OS) are used to evaluate biodiesel quality in
terms of ignition readiness, combustion performance, fuel-line

plugging temperature, and resistance to oxidative damage
during storage (Fig. 1). These parameters can be estimated
by analyzing the molecular characteristics of biodiesels. In
other words, biodiesel quality is determined by the product of
a quantitative/qualitative balance among the total fatty acid
compositions and not on any particular fatty acid in the oil.
The ratios (Table 3 and Fig. 1) of SFA, MUFA, and PUFA
contents reportedly have a major impact on the biodiesel
quality [9, 12, 13]. Biodiesels with long-chain fatty acids
and a low degree of unsaturation (DU) tend to have a good
ignition quality (higher CN values), but they do not exhibit
good flow performance at low temperatures (CFPP) [9–13],
and biodiesels with good CFPP can be achieved by short-
chain fatty acids and high DU [9, 13]. Therefore, it is clear that
a balanced fatty acid distribution is critical to improving
biodiesel quality.

In the present study, palmitic (C16:0) and oleic (C18:1)
acids were the primary fatty acids in most Chlorophyta oils
(Table 2), and the stearic acid contents (C18:0) were generally
low (<3.3 %) except in Chlamydomonas sp., C. vulgaris, and
S. obliquus (11.54, 8.01, and 7.5 %, respectively). MUFAs
such as oleic (C18:1) and linoleic (C18:2) acids were the
predominant fatty acids in most land crop oils (Table 3). In
addition, among all the feedstock tested in this study,
A. fusiformis, C. bacillus, A. falcatus, soybeans, sunflowers,
and grape seeds contained significant amounts of PUFA (Ta-
ble 2). Biodiesels generated from these stocks would not
comply with the European standard minimum CN of 51.
However, these biodiesels would meet the American and
Brazilian standards with minimum CNs of 47 and 45, respec-
tively [12, 13]. All the other feedstock would meet the Euro-
pean CN standard (Table 3 and Fig. 1). Table 3 also indicated
that most studied feedstocks except coconut,Chlamydomonas
sp., and S. obliquus had DUs higher than 50. HighDUs tend to
decrease the ignition quality and increase susceptibility to
oxidation [9, 10]. To improve biodiesel quality, the DU in oils
must be limited. European standards for biodiesel stipulate
that the linoleic ester (C18:2w6) and polyunsaturated ester
(≥4 double bonds) content must be less than 12 % (mol/mol)
and 1 % (mol/mol), respectively [10, 13]. In fact, most of the
land crop biodiesels failed to satisfy this criterion (Table 2),
and only A. fusiformis and C. bacillus biodiesels, with 12.2
and 13.3 % linoleic esters, respectively, were close to meeting
this criterion.

Biodiesels with more SFAs have high melting points, and
they could crystallize at normal engine temperatures [11]. This
parameter is defined as a poor CFPP property [10]. Despite
the fact that these characteristics provide good ignition
properties, they decrease the flow and enhance the chances
of plugging filters and fuel lines. With the exception of
biodiesels from Chlamydomonas sp., S. obliquus, and
C. vulgaris, which have the highest levels of saturated
long-chain FAME, the estimated CFPP values for the algal
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biodiesels in this study (−11.7 to −0.5 °C) were all accept-
able (Table 3). Among the investigated land crop
biodiesels, only palm and peanut, with their high saturation
contents, have high CFPP values (10 and 17 °C, respec-
tively). For biodiesels from other land crops, the CFPP
values were within an acceptable range (−12 to −2 °C)
[25]. However, when comparing biodiesels, those from
Chlamydomonas sp., S. obliquus, and C. vulgaris and from
palm and peanut generate biodiesels with the best OS, and
they have the worst CPFF. According to Ramos et al. [25],
biodiesels from olive, rapeseed, and corn have higher
MUFA contents in their oils, and they are the ones that
best satisfy all standards regarding CN and still have good
CFPP values (Table 3).

It has been reported that a top quality biodiesel would be a
product of a well-balanced mixture of monosaturated fatty
acids C16:1 and C18:1 [10]. In addition, a well-balanced ratio
(5:4:1) of the fatty acids C16:1, C18:1, and C14:0 would
produce a biodiesel with good CFPP and high CN character-
istics. None of the feedstock in this study provided a similar
balance. Therefore, the results suggest that the oil chemical
composition and fatty acid profiles are just as important as oil
productivity for selecting biodiesel production feedstock.

Feedstock Selection for Biodiesel Production

By noting that higher oil yields could significantly reduce
algal biodiesel production costs [38–40], the present study
used the criterion [38] of a minimum volumetric lipid produc-
tivity of 40 mg l−1 day−1 (equivalent to approximately
12 m3 ha−1 year−1) to select the algal strains. Trebouxiophy-
ceae (Chlorella and Botryococcus strains) were selected from
all of the algal species studied in this project. These strains
satisfied the oil yield criterion of 12 m3 ha−1 year−1 for both
growth systems (open ponds and PBR), and A. falcatus,
A. fusiformis, andC. bacillus onlymet this criterionwhen grown
in PBR (Table 1). With the exception of Chlamydomonas sp.,
S. obliquus, C. microporum, and D. brasiliensis (cultivated in
ORP), all of the strains studied in this project were more
productive than any of the land crops (Table 1). The C. vulgaris
and Botryoccocus spp. strains were the most productive,
followed by A. falcatus, A. fusiformis, and C. bacillus, with
yields above 12 m3 ha−1 year−1 (Fig. 2).

The results show that the biodiesels produced by all of the
studied microalgae are in accordance with American and
Brazilian quality standards (Table 3). C. bacillus, A. falcatus,
and A. fusiformis (Fig. 2) produced biodiesels that are just

Table 3 Microalgae and land crop biodiesel quality. Vegetable oil data were obtained from the literature [23, 25]

Land crops and microalgae SFA (% wt) MUFA (% wt) PUFA (% wt) DU LCSF CNa SV (mg KOH g−1) IVb (gI2 100 g−1) CFPP (°C)

Peanutc 15.6 55.7 28.7 113.1 10.7 53 195 97 17

Palmc 44.7 46.4 8.9 64.2 7.7 61 209 57 10

Olivec 15.7 76.0 8.4 92.7 4.2 57 196 84 −6
Rapeseedc 6.5 65.3 28.3 121.9 1.3 55 190 109 −10
Soybeanc 15.3 25.6 59.1 143.8 3.4 49 195 128 −5
Sunflowerc 11.1 25.6 63.3 152.2 4.2 50 193 132 −3
Grape seedc 11.3 19.1 69.4 157.8 3.0 48 187 138 −6
Cornc 8.0 66.4 25.3 117.0 1.5 53 183 101 −12
Coconutd 90.0 6.0 2.0 10.0 2.3 63 255 12 −6
Cottonseedd 26.0 18.0 52.0 122.0 4.7 51 192 90 −2
Chlamydomonas sp. 78.6 14.0 6.7 28.1 10.8 65 220 27 17.4

S. obliquus 66.7 21.5 7.4 36.6 8.9 64 216 35 11.6

C. vulgaris 49.6 36.3 10.1 56.5 8.0 62 199 53 8.6

A. falcatus 41.4 28.4 30.2 88.8 4.4 50 202 101 −2.7
A. fusiformis 37.3 22.4 40.2 102.9 3.7 48 200 113 −4.7
C. bacillus 35.7 23.6 40.7 105.1 3.9 48 197 114 −4.1
C. microporum 45.9 38.0 16.1 70.2 4.0 53 206 88 −3.8
D. brasiliensis 34.5 44.1 21.4 86.8 4.4 53 205 87 −2.6
B. terribilis 39.0 42.5 12.2 58.2 5.1 59 193 67 −0.5
B. braunii 9.8 79.6 10.5 100.7 1.5 53 197 95 −11.7

a EU Standards EN14214: CN minimum 51; US Standards ASTM D6751-10: CN minimum 47; BR-RANP/2008: CN minimum 45
b EU Standards EN14214: IV maximum 120
c [25]
d [24]
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below the European standard requirement for CN. Biodiesels
produced from soybeans, sunflowers, and grape seeds were
also below the European standard [25]. All other feedstock in
this paper met EU EN14214 fuel quality standards. If both
the biodiesel yield and quality are considered, six algal
species (C. vulgaris, B. braunii, B. terribilis, A. falcatus,
A. fusiformis, and C. bacillus) could be recommended for
production (Tables 1 and 3 and Fig. 2).

Many studies have concluded that C. vulgaris is one of the
best algal species for biodiesel, primarily for its oil productivity
[27]. When comparing C. vulgaris with other feedstock, this
study took both productivity and biodiesel quality into account,
and it identified the following factors to further support this
conclusion: (i) high productivity, (ii) good ignition quality, and
(iii) good oxidative stability. However, C. vulgaris-based bio-
diesel also had some disadvantages, such as low lubricity
quality (an IVof 53 g I2/100 g) and cold filter property (a CFPP
of 8 °C) (Table 3), which limited the application of C. vulgaris
biodiesel in cold climate regions. Conversely, the least produc-
tive of the studied microalgae, namely D. brasiliensis and
C. microporum, had the best saturation/unsaturation ratios, a
factor that could lead to a high quality biodiesel with balanced
fuel properties (Table 3 and Fig. 2). With regard to land crops,
soybeans, sunflowers, and grape seeds did not meet the CN
standard, but these crops showed good cold filter properties
(Fig. 2 and Table 3). Rapeseed and corn satisfied the EU
EN14214 CN criterion with good CFPP values of −10 and
−12 °C, respectively (Table 3). Olive and cottonseed biodiesels
had good saturation/unsaturation ratios similar to those of
D. brasiliensis and C. microporum (Table 3 and Fig. 2).

Yoo et al. [41] have already suggested that Botryococcus
braunii, in conjunction with C. vulgaris and Scenedesmus sp.,
were the most appropriate species for biodiesel production on
the basis of their productivity and CN value. However, signif-
icant differences have been reported in the composition between
species of the same taxonomic group, which could lead to
variations in biodiesel quality. The oils from the Botryococcus
strains in this study were mostly made of oleic acid (Table 2).
B. braunii produced 76.3 % oleic acid, which is almost double
that of B. terribilis. This difference in composition leads to an
imbalance in the saturation/unsaturation ratios and further re-
duces biodiesel quality. Oleic acid helps to balance the ignition
quality and cold flow properties [10, 13]. Biodiesel with a high
oleic acid content does not normally cause polymerization
during combustion. However, the long carbon chains of oleic
acid increase the CFPP value and may cause the formation of
agglomerates. In addition, a higher oleic acid content increases
unsaturation, which may decrease its oxidation stability.

Concluding Remarks

These results showed that most of the studied microalgae can
provide higher biodiesel production yields when compared

with land oil crops. The data also demonstrated that oil pro-
ductivity is not the only factor used in selecting strains for
commercial biodiesel production. Biodiesel quality, as defined
by several standards, should also be taken into account for this
purpose. The algal biodiesels have better saturation/
unsaturation ratios than land crop-derived biodiesels, which
leads to better biodiesel quality. Although a top quality algal
biodiesel may not be easily achievable, oil yields can be
significantly improved by growing strategies. Thus, although
most land crop feedstock is near its maximum production
levels, microalgae biodiesels still have great potential to be
improved and make a major contribution to the next genera-
tion of biofuel production.
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