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Abstract

The biomass production and biochemical properties of marine and freshwater species of green macroalgae
(multicellular algae), cultivated in outdoor conditions, were evaluated to assess the potential conversion into
high-energy liquid biofuels, specifically biocrude and biodiesel and the value of these products. Biomass
productivities were typically two times higher for marine macroalgae (8.5-11.9 g m > d ', dry weight) than for
freshwater macroalgae (3.4-5.1 g m > d !, dry weight). The biochemical compositions of the species were also
distinct, with higher ash content (25.5-36.6%) in marine macroalgae and higher calorific value (15.8—
16.4 MJ kg ') in freshwater macroalgae. Lipid content was highest for freshwater Oedogonium and marine Derbe-
sia. Lipids are a critical organic component for biocrude production by hydrothermal liquefaction (HTL) and the
theoretical biocrude yield was therefore highest for Oedogonium (17.7%, dry weight) and Derbesia (16.2%, dry
weight). Theoretical biocrude yields were also higher than biodiesel yields for all species due to the conversion
of the whole organic component of biomass, including the predominant carbohydrate fraction. However, all
marine species had higher biomass productivities and therefore had higher projected biocrude productivities
than freshwater species, up to 7.1 t of biocrude ha ' yr~' for Derbesia. The projected value of the six macroalgae
was increased by 45-77% (up to US$7700 ha™' yr~') through the extraction of protein prior to the conversion of
the residual biomass to biocrude. This study highlights the importance of optimizing biomass productivities for

high-energy fuels and targeting additional coproducts to increase value.
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Introduction

Biomass represents a carbon-neutral renewable resource
for the production of biofuels and biomaterials (Perlack
et al., 2005; Ragauskas et al., 2006; Farine et al., 2012).
However, the expansion of biofuel production requires
the development of fast-growing crops that can provide
continuous and affordable biomass with a minimal
impact on the environment (Fargione et al., 2008; Bren-
nan & Owende, 2010; Frank et al.,, 2013). Algae, and
more specifically both marine and freshwater macroal-
gae, are now recognized as targets for low-cost feed-
stocks for biofuels (Rowbotham et al.,, 2012) and in
particular high-energy liquid biofuels (>30 MJ kg") for
aviation and heavy vehicle transport (ARENA, 2012).
Marine macroalgae (seaweeds) are already cultivated at
scale (>15 million tonnes per annum) in a well-estab-
lished and valuable industry for food and phycocolloid
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production (Chopin & Sawhney, 2009; Paul & Tseng,
2012). More recently, new technologies have been inves-
tigated for the conversion of macroalgal biomass to bio-
energy (Ross ef al., 2008; Rowbotham et al., 2012) and, at
the same time, macroalgal proteins are now considered
a suitable source for human and animal nutrition (Holdt
& Kraan, 2011; Boland et al., 2012).

There are numerous pathways to bioenergy from
macroalgae that depend on the biochemical composition
of the target species. The key biochemical components
of lipid, protein, carbohydrate and ash contents vary
substantially between the taxonomic grouping of spe-
cies, and between marine or freshwater origin (Holdt &
Kraan, 2011; Gosch et al., 2012; Jung ef al., 2012). There
are also effects of seasonal, environmental and culture
conditions on the biochemical compositions of species
(Fleurence, 1999; Taylor et al., 2005; Adams et al., 2011;
Angell et al., 2014). Importantly, the options for the con-
version of macroalgal biomass to liquid biofuels vary
from the traditional fermentation of carbohydrates to
ethanol (Kraan, 2013) and the esterification of fatty acids
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for biodiesel production (Gosch ef al., 2012), to the more
recent use of thermochemical conversion, such as pyro-
lysis and hydrothermal liquefaction (HTL), that yield a
liquid biocrude (Rowbotham et al., 2012). Of these, the
extraction and esterification of fatty acids to biodiesel
and the hydrothermal liquefaction of whole biomass to
biocrude, with subsequent refining, represent two
promising pathways for the production of high-energy
liquid fuels from algae for the aviation industry (Aresta
et al., 2005, Brennan & Owende, 2010; Biller & Ross,
2012; Rowbotham et al., 2012; Frank et al., 2013). These
pathways focus primarily on the lipid and carbohydrate
components of the biomass due to the high conversion
efficiency of lipids and the high proportion of carbohy-
drate in macroalgal biomass, respectively (Biller & Ross,
2012; Rowbotham ef al., 2012). Consequently, the pre-
extraction of the protein component of the biomass
represents an attractive option to add value to biomass
in-toto in a biorefinery concept (Lammens et al., 2012).

Regardless of the technology and processing opportu-
nities, the development of liquid biofuels from macroal-
gae inextricably relies on high biomass productivities
and the integration of production systems with marine
(de Paula Silva ef al., 2008; Bolton et al., 2009; Nobre
et al., 2010) and freshwater (Mulbry et al., 2008) waste
water streams. Productivities for land-based cultivated
macroalgae (Capo et al., 1999; Mulbry et al., 2008; Bolton
et al., 2009; Mata ef al., 2010) are higher than for many
land crops (Kraan, 2013) and are also higher than that
of macroalgae cultivated at sea, due to the ability to
control both the supply of dissolved carbon and nutri-
ents, and limit the action of epiphytes and grazers
(Capo et al., 1999; Lining & Pang, 2003). Furthermore,
macroalgae in land-based systems can deliver simulta-
neous biomass production, CO, capture, and the
removal of aquatic contaminants including nutrients
(Gao & Mckinley, 1994; Israel et al., 2005; Mata et al.,
2010) and more intractable industrial contaminants
(Saunders et al., 2012; Roberts et al., 2013). Given that
industrial and agricultural waste streams, including
land-based aquaculture, represent the primary resource
for intensive macroalgal biomass production, the focus
must be on macroalgae that are robust and highly pro-
ductive in land-based systems within these environ-
ments (Paul & de Nys, 2008; de Paula Silva et al., 2008;
Lawton et al., 2013).

In this study, the biochemical features of six
selected marine and freshwater green macroalgae were
quantified and compared to identify the most promis-
ing species for the production of high-energy liquid
fuels. These species were selected as they have rela-
tively simple morphologies, are suited to intensive
land-based production in nutrient-rich water (Mulbry
et al., 2008; Bolton et al., 2009; Mata et al., 2010) and

are resistant to contamination with a high tolerance to
environmental fluctuations (de Paula Silva et al., 2008;
Lawton et al., 2013). Biomass productivities were quan-
tified per unit area (g m2d7}, dry weight) and the
biochemical profiles of each species analysed. These
biochemical data provided the basis to firstly calculate
the potential yield of high-energy liquid biofuel from
each biomass, using either esterification of fatty acids
to obtain biodiesel or HTL of the organic fraction to
obtain biocrude, and secondly to calculate the pro-
jected productivity and value of these biofuels. Subse-
quently, we evaluated the potential of extracting
protein prior to converting the residual biomass to
biocrude, as an option to add value to the production
of biocrude. Finally, we used sensitivity analyses for
the highest value marine and freshwater species to
evaluate the influence of the production parameters
on the potential value of feedstocks.

Materials and methods

Study organisms

Six species of green macroalgae were selected from the culture
collections at the Marine & Aquaculture Research Facilities
Unit, at James Cook University, Townsville (19°33'S; 146°76'E).
These included four species of marine green macroalgae (sea-
weed), Chaetomorpha linum (Kutzing), Cladophora coelothrix (Kut-
zing), Derbesia tenuissima (Crouan) and Ulva ohnoi (Hiraoka and
Shimada), hereafter referred to by genus and origin. Chaetomor-
pha, Cladophora and Ulva were originally collected from the bio-
remediation pond at Good Fortune Bay Fisheries Ltd. (20°02'S;
148°22'E) in May 2010. Derbesia was collected from a shallow
coastal rock platform at Rowes Bay, Townsville (19°29'S;
146°83'E) in August 2010. For the two freshwater species, Clado-
phora vagabunda (Hoek) was originally collected from the fresh-
water ponds at the Townsville Barramundi Fish farm, Kelso
(19°36'S; 146°70'E) in March 2011 and Oedogonium sp. (Lawton
et al., 2013) was collected from an irrigation channel in the
Brandon sugar cane region (19°55'S; 146°35'E) in April 2011,
hereafter also referred to by genus and origin. All macroalgae
were maintained in stock cultures in outdoor tanks at James
Cook University for at least 3 months prior to the experimental
period in August 2011.

Culture experiments

Macroalgae were cultured in an outdoor tank-based system
with the same regime of nutrient addition and water exchange.
This enabled the biomass productivities of marine and fresh-
water species to be compared simultaneously. Each species
was cultured in triplicate in 50 L batch culture cylindrical tanks
(Blyth Enterprise Pty. Ltd., Perth, WA, Australia) stocked at
2gL™" (fresh weight) with a water exchange rate of
0.25 vol d! (12.5 L d"). Each tank had a footprint of 0.16 m?
and a water depth of 0.36 m. Nutrients and trace elements
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were provided with 60 mg L™! of f/2 medium (Guillard &
Ryther, 1962) with each water exchange. Water motion in batch
cultures was provided through an aeration ring around the
base of the tank bottom, ensuring the biomass had an even
exposure to sunlight in the water column (Fig. 1).

The experimental conditions for all cultures were maintained
for three culture cycles of 6 days with biomass productivities
being measured at day 6, 12 and 18. Culture tanks were ran-
domly repositioned every two days in the holding tank. The
entire biomass within each culture tank was harvested every
six days using an aquarium fish net, placed in a mesh bag,
spun to constant fresh weight (fw) in a domestic centrifuge
(MW512; Fisher & Paykel), weighed and subsequently
restocked at 2 g L. After 18 days, all biomass in each tank
was harvested using a fish net (2 mm screen). A subsample of
each replicate (n =3 tanks) for each of the six species was
weighed and oven-dried at 60 °C (Binder, Germany) to a con-
stant weight to determine the fresh to dry weight ratio
(fw : dw). Remaining biomass was freeze-dried at —55 °C
and 120 pbars for 48 h (VirTis BTK Manifold; Quantum Sci-
entific, Brisbane, QLD, Australia). Dried samples were then
ground to a mean particle size of <500 pm and placed in a
desiccator for 30 min to reach a stable moisture content (dry
weight). Powdered macroalgae were stored in airtight vials
under refrigeration and used for all subsequent biochemical
analyses.
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Fig. 1 Schematic of a batch culture tank. Macroalgae move
freely within the water column driven by aeration from the
base of the tank.
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Environmental culture conditions were monitored and
adjusted accordingly. Salinity and pH were recorded daily
(YSI 63; YSI, Inc., Yellow Springs, OH, USA). Salinity for
marine species was adjusted daily to 35 ppt using dechlori-
nated freshwater. Salinity of freshwater cultures was stable at
0-1 ppt for the duration of the experiment. The pH in batch
cultures varied from 8.2 (sunrise) to 9.4 (sunset) for marine
species and from 8.4 (sunrise) to 10.5 (sunset) for freshwater
species. The culture tanks were placed within a larger hold-
ing tank which acted as a water bath to maintain the batch
cultures at 25 °C. All cultures were held outdoor under full
ambient sunlight. Light (photosynthetically active radiation)
was monitored hourly using a data logger (Li-1400; LI-COR,
Inc., Lincoln, NE, USA) adjacent to the tanks for the duration
of the experiment. Total photons received for the final 6-day
culture cycle was 260 mol photons m™> with a peak daily

irradiance of 1870 umol photons m2s L

Biomass productivity

Macroalgae productivity was determined for each culture cycle
using Eqn (1):

P = (FW; — FW;)/(t * (fw : dw) * S) (1)

where P is the macroalgae productivity (g m2d~!, dry
weight), FW, is the final fresh weight (g), FW; the initial fresh
weight (g), t is the number of cultivation days, fw : dw the
fresh to dry weight ratio and S is the surface area (m? of the
culture tank. Mean biomass productivities for each species
(n = 3) were analysed by one-factor Analysis of Variance (aNova,
see Quinn & Keough, 2002 for details) followed by a pairwise
comparison for each species combination using Tukey’s Hon-
estly Significant Difference (HSD) multiple comparisons (sig-
nificant differences at P < 0.05 are reported) using the spss
Statistics software (v20, IBM). Biomass productivities of the
species were analysed for the final 6-day culture cycle (n =3
replicate tanks) as this was the source of the biomass for all
biochemical analyses.

Proximate analysis

Ash (dry inorganic) content was determined after combustion
of the macroalgal sample (~100 mg) in a muffle furnace (SEM
Ltd., Adelaide, SA, Australia) at 550 °C until constant weight
was reached. Moisture content was determined by drying the
sample (~1.5 g) at 110 °C in a moisture balance (MS70, A&D
Company Ltd., Tokyo, Japan). Total lipids of macroalgal sam-
ples were extracted using a mixture of chloroform: methanol
(2:1, v/v) and quantified by weight (Folch et al., 1957), as
described in Gosch ef al. (2012). Proteinogenic amino acids
(protein content) were quantified using the Water AccQTag
method at the Australian Proteome Analysis Facility (Sydney,
Australia). Total carbohydrates were determined by difference,
by subtracting ash, moisture, total lipid and protein contents
from 100%. Mean values of ash, moisture, lipid, protein and
carbohydrate were analysed separately using one-factor ANovas
and Tukey’s HSD multiple comparisons.
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Ultimate analysis

Carbon, hydrogen, oxygen, nitrogen and sulphur contents of
macroalgal samples were analysed externally (OEA Laboratory
Ltd., Callington, Cornwall, UK) using an elemental analyser.
Higher heating values (HHV) were calculated from the ulti-
mate analysis of samples, incorporating the ash content (Chan-
niwala & Parikh, 2002). HHV were analysed using a one-factor
ANovA and Tukey’s HSD multiple comparisons.

Biodiesel yield

Biodiesel yield was determined through the conversion of
biomass fatty acids (FA) to fatty acid methyl esters (FAME),
the components of crude biodiesel (Chisti, 2007), following the
relationship (2):

YpiobieseL = WraME ()

where Ygiopesgr is the crude biodiesel yield (wt%), corre-
sponding Wgame, the FAME content (wt%) extracted from the
macroalgae.

FA were converted to FAME using a direct esterification
method adapted for macroalgae (Gosch et al., 2012). This
method simultaneously extracts and esterifies FA to FAME for
subsequent separation and quantification by gas chromatogra-
phy-mass spectrometry (Agilent 7890 GC with FID — Agilent
5975C EI/TurboMS). The FAME profile of macroalgae was
used to analyse the quality of biodiesel, through the calculation
of saturated (SFA), monounsaturated (MUFA) and polyunsatu-
rated fatty acids (PUFA) concentrations.

Theoretical biocrude yield

Although a complex reaction cascade occurs in the production
of biocrude through hydrothermal liquefaction (HTL), it has
been demonstrated that the conversion of lipids, proteins and
carbohydrates is additive and that biocrude yield can be esti-
mated based on the feedstock biochemical content (Biller &
Ross, 2011) using the Eqn (3):

Ysrocrupe = (Yiep * Wrre) + (Yproten * WeroTEIN)
+ (YcarRBOHYDRATE * WCARBOHYDRATE) (3)

where Ygiocrupe, Yrr, Yproremn and YcarsorypraTe are bio-
crude, lipid, protein and carbohydrate HTL yields (wt%), and
Wiirin, Werotein and WearsonypraTe are lipidr protein and
carbohydrate contents (wt%) of macroalgae. The theoretical
biocrude yields were calculated as a range with an upper and a
lower limit for each species. The upper limit used the biochem-
ical yield conversion factors of 0.80, 0.18, 0.15 for lipids, pro-
teins and carbohydrates, respectively, and the lower limit used
conversion factors of 0.55, 0.11, 0.06 for the same components
(Biller & Ross, 2011). These conversion factors are based on the
yields of a range of model compounds obtained through HTL
performed at 350 °C for 1 h and 10% solids.

Theoretical protein yield

The theoretical protein yield (wt%) was calculated from the
sum of all amino acids (AA). The essential amino acids were

calculated from the sum of histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine and valine.

Projected areal productivities

The projected productivities of biodiesel, biocrude and protein
were determined by multiplying individual yields by the
biomass productivity for each species, using Eqn (4):

Pgiopropuct = P * Ygiopropuct/100% (4)

where Pgiorropuct is biodiesel, biocrude or protein productiv-
ity (g m 2 d "), P is the biomass productivity (g m > d ', dry
weight) and Ygiorropucr is the biodiesel, biocrude or protein
yield (wt%).

Projected production values — at scale with sequential
extraction

To evaluate the potential value of macroalgal feedstock at scale,
Priopropuct was converted into t ha™! yr’l and the values of
comparable commodities were used to estimate the value per
hectare per year of each species in US$. The value of crude die-
sel ($3.1 gal™") was converted to $975.0 t' according to the
specific gravity of 0.84 at 15 °C for crude diesel (Tat & Van
Gerpen, 2000) and assuming that one US gallon contains
3.785 L. Then, the price of biodiesel ($941.4 t~!) was derived
from crude diesel price after adjustment for volume with a bio-
diesel specific gravity of 0.87 (Miao & Wu, 2006), using the con-
version factor of 0.9655 (=0.84/0.87) to account for this
difference in quality. Similarly, the value of WTI (West Texas
Intermediate) crude oil ($105.3 bbl™") was converted to
$798.1 t ' according to the specific gravity of 0.83 at 15 °C for
WTI crude oil (Weaver, 2004) and assuming that one barrel
contains 158.987 L. The price of biocrude ($682.5 t™') was then
derived from WTI crude oil price after adjustment for volume
with biocrude specific gravity of 0.97 (Jena & Das, 2011), using
the conversion factor of 0.8550 (=0.83/0.97) to account for this
difference in quality. Soybean meal ($431.9 t™') was used to
estimate the value of the protein in a conservative way,
acknowledging that soybean meal is composed of about 50 wt
% amino acids (Lywood et al., 2009), whereas the protein
extract would theoretically be 100 wt% amino acids. The values
of crude diesel, WTI crude oil and soybean meal were based
on a two-year average price index sourced from Indexmundi
(http:/ /www.indexmundi.com/australia/). Projected values of
biodiesel, biocrude and protein were calculated for each prod-
uct singularly and then sequentially for the extraction of pro-
tein prior to conversion of the residual biomass to biocrude.
The sequential extraction of lipids (value estimated from soy
oil price at $1169.7 t~!, Indexmundi) or fatty acids for biodiesel
production (see above for value), prior to the conversion of the
residual biomass to biocrude, was also calculated for compari-
son (Table S1).

Projected production values — sensitivity analysis
Sensitivity analysis was used as a tool to visualize the relative

importance of production parameters under a range of

© 2014 John Wiley & Sons Ltd, GCB Bioenergy, 7, 673689
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different cases. This tool has recently been used for algal biofu-
els as it is particularly useful where there are knowledge gaps or
uncertainty for the parameters of different systems. For exam-
ple, sensitivity analysis provides a mechanism to synthesize
laboratory, pilot and commercial scale information into a single
package while acknowledging the limitations and uncertainties
of each parameter to define unfavourable, standard and favour-
able cases (Yang ef al., 2011; Ong et al., 2012; Liu et al., 2013).
Sensitivity analyses were used in the present study to provide
context for the outcomes of protein extraction prior to biocrude
production from the residual biomass for the most valuable
marine species (Derbesia and Ulva) and the most valuable fresh-
water species (Oedogonium), given that this sequential process
yielded the highest projected values (see Results and Table S2).
It also served to provide additional context for projections, for
example, while there is no commercial scale production of
Derbesia and Oedogonium, there are analogous culture systems in
place for both marine (Ulva — Bolton et al., 2009) and freshwater
algae (Park ef al., 2011). Similarly, while there are no reported
yields from HTL of macroalgae for large-scale continuous flow
reactors, there are laboratory data (batch reactor) yields for the
green macroalga Ulva (Zhou et al., 2010) and a range of microal-
gae (Tables S3 and S4) that can be used for projections. Full
calculations and references for the sensitivity analyses are
provided in the supporting information (Tables 52-54).

Values for biomass productivity were defined as standard
(centre, average of the current study), favourable (right of cen-
tre, 240 g m~2d~! for Derbesia from Magnusson et al., 2014,
26;1¢g m2d! for Ulva from Bolton efal, 2009 and
160 g m2d! for Oedogonium, A.J. Cole, R. de Nys, N.A. Paul,
in review) and unfavourable (left of centre, one standard devia-
tion below the average of the current study). Values for theo-
retical biocrude conversion yield were defined as standard
(centre, upper limit of the current study) with favourable (right
of centre, 50% increase from the upper yield) and unfavourable
(left of centre, lower limit of the current study). Values for pro-
tein content were defined as standard (centre, average of the
current study), favourable (right of centre, one standard devia-
tion above the average of the current study) and unfavourable
(left of centre, one standard deviation below the average of the
current study). Values for biocrude and protein extract,
adjusted from the values of WTI crude oil and soybean meal
(see above section — Projected production values), were defined
as standard (centre, average price for the last two years from
Indexmundi), favourable (right of centre, maximum price for
the last two years from Indexmundi) and unfavourable (left of
centre, minimum price for the last two years from Indexmun-
di).

Projected values for the sequential extraction of protein and
the conversion of the residual biomass for Derbesia, Ulva and
Oedogonium (US$ ha™' yr™') were calculated separately for
each species according to Eqn (5):

Feedstock value = 3.65 % P * [(YBIOCRUDE—AA * Price-Bc)
-+ (WPROTEIN * Price-pE)]/loo% (5)

where the multiplier of ‘3.65" is derived from the conversion of
productivity in g m~ d ! to productivity in t ha™' y~!, P is the
biomass productivity (g m2d’, dry weight), YgiocrupE-aa 18
the biocrude yield (wt%) after protein extraction, Price-gc is the

© 2014 John Wiley & Sons Ltd, GCB Bioenergy, 7, 673-689

two year average price (US$ t') of biocrude derived from WTI
crude oil price, Wprorrin is the protein (AA) content (Wt%) of
macroalgae and Price-p is the two year average price (US$ t ')
of the protein extract derived from soybean meal price.

Results

Biomass productivity

Biomass productivity (gm 2 d~!, dry weight) for
outdoor batch cultures was up to two times higher
for marine macroalgae than for freshwater macroal-
gae (Fig. 2; anova, Fsqp =63.09, P <0.001). Derbesia
(119gm>d ") and Ulva (114 gm >d ") were the
most productive species. Oedogonium (5.1 g m > d ")
had the highest productivity of the two freshwater
species, and freshwater Cladophora (3.4 g m > d™") the
lowest productivity of all species. These biomass
productivities are for the final 6-day cycle and were
consistent with the previous two cycles, for example,
ranging from 11.5 to 12.7 g m2d! for Derbesia, 10.8
to 119 gm 2d ' for Ulva and 49 to 55gm >d "
for Oedogonium.

Proximate analysis

The proximate and biochemical composition of macroal-
gae, expressed as the percentage of the dry weight of
samples, varied substantially between species (Table 1).
Ash content ranged from 17.8 to 36.6% and freshwater
macroalgae typically had lower ash contents than mar-
ine macroalgae (aNova, F51, = 15.43, P < 0.001). Marine
Chaetomorpha (36.6%) and Derbesia (34.7%) had the
highest ash content, and the freshwater Cladophora

14
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Fig. 2 Biomass productivity of macroalgae. Data show pro-
ductivity means (n = 3 + SE, in g m 2 d ™, dry weight) of each
marine (M) and freshwater (FW) macroalgae. Species sharing
the same letter above the bars are not significantly different
(Tukey’s HSD, P < 0.05).
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Table 1 Proximate and biochemical analysis of macroalgae. Data show means (n = 3 & SE, in wt%, dry weight) of ash, moisture,
lipid, protein and carbohydrate contents of marine (M) and freshwater (FW) macroalgae. Carbohydrate content was determined by

difference. Protein equals the sum of amino acids. Species sharing the same letter in superscript are not significantly different (aNova,

Tukey’s HSD, P < 0.05)

Proximate Biochemical
Species Source Ash Moisture Lipid Protein Carbohydrate
Derbesia M 34.7° + 0.4 6.4%" + 0.5 10.4* + 0.1 21.6° + 0.2 26.9° + 0.6
Ulva M 30.7P + 0.5 7.2% + 04 1.9¢ + 0.1 16.3° £+ 0.2 439" + 0.8
Chaetomorpha M 36.6" + 1.0 51° + 0.4 3.3+ 0.1 11.19 + 0.4 439" + 0.8
Cladophora M 25.5°¢ + 1.0 6.7*° + 0.3 4.6°+02 17.8° + 1.1 4547 + 1.7
Oedogonium FW 20.6° + 4.2 6.5 + 0.4 9.4* + 0.3 225° + 0.3 41.0° + 4.0
Cladophora FW 17.8°+ 1.5 57" + 0.3 53° + 03 26.8° + 0.4 44.4° + 05

(17.8%) the lowest. The organic component varied
widely across species as well, in many cases by a factor of
two. Lipid content ranged from 1.9 to 10.4% and varied
independently from macroalgae marine or freshwater ori-
gin. Marine Derbesia (10.4%) and freshwater Oedogonium
(9.4%) had the highest lipid content and marine Ulva
(1.9%) had the lowest (aNova, Fs1, = 276.58, P < 0.001).
Variation in protein content was primarily driven by the
difference between marine and freshwater species, rang-
ing from 11.1 to 26.8% (aNova, Fs1, = 97.70, P < 0.001).
Protein contents were above 20% for three species and
highest for freshwater Cladophora (26.8%) and Oedogonium
(22.5%). Derbesia (21.6%) had the third highest protein
content, which was the highest of all marine species and
was double that of Chaetomorpha (11.1%), which had the
overall lowest protein content. Carbohydrates were the
main organic component of all species, ranging from 26.9
to 45.4% (aNova, F51, = 14.11, P < 0.001). Marine Clado-
phora (45.4%) and freshwater Oedogonium (44.4%) had the
highest carbohydrate contents, ~75% higher than Derbesia
(26.9%), which had the lowest content.

Ultimate analysis

The carbon content of macroalgae ranged from 26.5 to
375% on a dry weight basis (Table 2). Freshwater
Cladophora (37.5%) and Oedogonium (36.6%) had the
highest carbon content of all species. Marine Cladophora

(30.9%) and Derbesia (29.2%) had the highest carbon
content of the marine species, whereas marine Chaeto-
morpha (26.5%) had the lowest. Carbon content corre-
lated with higher heating values (HHV) that ranged
from 103 to 164 M]J kg_l (aNova,  Fs1p = 39.88,
P <0.001). Freshwater Cladophora (16.4 MJ kg ') and
Oedogonium (15.8 MJ kg ') had the highest HHV of all
species. Marine Cladophora (12.7 MJ kg™') and Derbesia
(12.4 MJ kg’l) had the highest HHV of the marine spe-
cies and marine Chaetomorpha (10.3 MJ kg ') had the
lowest. Nitrogen content was species dependent and
ranged from 3.4 to 6.5%. Both freshwater Cladophora
(6.5%) and marine Cladophora (5.2%) had the highest
nitrogen content and marine Chaetomorpha (3.4%) had
the lowest.

Biodiesel yield

Yields of crude biodiesel ranged from 1.6 to 4.9% on a
dry weight basis (Table 3). Freshwater Cladophora (4.9%)
and Oedogonium (4.7%) had the highest biodiesel yields
of all species (aNOvA, F51, = 119.23, P < 0.001). The third
highest biodiesel yield was obtained from marine Derbe-
sia (4.2%), which was more than 2.5 times higher than
the lowest biodiesel yield of marine Ulva (1.6%). The
quality of biodiesel (FA concentrations, measured as
FAME) also differed between species (Table 4). The
quantity of saturated fatty acids (SFA) in all species was

Table 2 Ultimate analysis of macroalgae. Data show means (1 =3 + SE) of C, H, O, N, S (in wt%, dry weight) and higher heating
value (HHV, in MJ kg’l) of marine (M) and freshwater (FW) macroalgae. HHV is calculated from Channiwala & Parikh (2002).
Species sharing the same letter in superscript are not significantly different (Tukey’s HSD, P < 0.05)

Species Source C H @) N S HHV
Derbesia M 2924+ 03 48 +0.1 2744+ 0.3 45+ 0.0 2.8 +£0.1 124 + 0.2°
Ulva M 277 £0.3 55+ 0.1 411 £ 04 35+ 0.1 50+ 0.1 11.7 + 0.2°¢
Chaetomorpha M 26.5 £ 0.6 41+01 31.0 £ 1.0 34 £0.1 21 £0.1 10.3 £ 0.3°
Cladophora M 309 £0.3 5.0 £ 0.1 349 4+ 0.8 52+ 0.1 23 +0.1 12.7 4+ 0.1°
Oedogonium FW 36.6 = 1.9 57 £0.2 309 £ 1.9 48 +£0.2 0.4 £ 0.0 15.8 + 0.8°
Cladophora FW 375+ 12 59 £ 0.1 329 £0.5 6.5 £ 0.1 1.8 £0.1 16.4 + 0.6°
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Table 3 Theoretical biodiesel, biocrude and protein yields. Data show yield means (1 = 3 & SE, in wt%, dry weight) of biodiesel,
SFA, MUFA, PUFA, biocrude (upper and lower limits), total protein (amino acids) and essential amino acids of marine (M) and fresh-

water (FW) macroalgae. Species sharing the same letter in superscript are not significantly different (Tukey’s HSD, P < 0.05)

Species Derbesia Ulva Chaetomorpha Cladophora Oedogonium Cladophora
Source M M M M FW FwW
Biodiesel
Total 42 +02° 1.6 + 0.1¢ 21 + 0.1°4 2.6 + 0.1° 47 +0.1°P 49 +0.2°
SFA 1.5 + 0.0 0.7 £+ 0.0° 0.7 4+ 0.0° 1.0 £ 0.1° 1.1 + 0.0° 1.5 + 0.0
MUFA 0.5 + 0.0° 0.4 + 0.0°¢ 0.3 + 0.0° 0.6 + 0.0° 0.5 + 0.0° 1.1 4+ 017
PUFA 22+ 02° 05 =+ 0.1¢ 1.1 + 0.0¢ 0.9 £ 0.0¢ 3.1 +0.1° 23+ 0.1°
Biocrude
Upper 16.2 + 0.0°° 11.1 + 0.1¢ 11.2 + 0.2¢ 13.7 £ 0.1¢ 17.7 + 0.6° 15.7 + 0.4°
Lower 9.7 + 0.0° 55 + 0.1¢ 5.7 + 0.1¢ 7.2 + 0.1¢ 10.1 £ 0.3° 85+ 0.2°
Amino acids
Total 21.6 + 0.2° 163 + 0.2° 11.1 + 049 17.8 + 1.1° 225 + 0.3° 26.8 + 0.4°
Essential 9.1+ 0.1° 6.4 + 0.1 44 +0.19 7.1 + 0.1¢ 9.7 £ 0.3*F 10.1 £ 0.1°

primarily driven by palmitic acid (C16 : 0) content. The
proportion of SFA was highest in marine Ulva (43.0%)
and marine Cladophora (38.7%), and lowest in freshwater
Oedogonium (23.5%). The same species, Ulva (25.2%) and
marine Cladophora (25.0%), had the highest monounsatu-
rated fatty acid (MUFA) content. This was driven
primarily by high concentrations of oleic acid (C18 : 1)
for Ula (1.6mgg ') and for marine Cladophora
(34 mg g ') relatively to their total FA content. The
two species with the highest proportion of PUFA were
Oedogonium (66.4%) and Derbesia (53.2%), for which the
concentrations of hexadecatrienoic acid (C16 : 3) and
a-linolenic acid (C18 : 3) were particularly high, with
6.1 and 12.8 mg g~ ', respectively for Oedogonium, and
49 and 9.5 mg g ', respectively for Derbesia. However,
the FA content of macroalgae differed from the total
lipid content and the lipid:FA ratio ranged from 1.1 to
2.5 across all species, and was highest for marine Derbe-
sia (2.5) and freshwater Oedogonium (2.0) and lowest for
freshwater Cladophora (1.1). This high ratio shows that
Derbesia and Oedogonium had the highest proportions of
non-FA lipids.

Theoretical biocrude yield

The theoretical yields of biocrude from macroalgae
through HTL yielded 2-7 times more biocrude than the
esterification of fatty acids (FA) yielded biodiesel
(Table 3, ANOVA, F5,, = 75.27, P < 0.001). Overall, the-
oretical biocrude yields ranged from 5.5% to 17.7% on a
dry weight basis. For each species, the theoretical bio-
crude yields calculated as a range with lower and upper
limits, were highest for freshwater Oedogonium (10.1-
17.7%) and marine Derbesia (9.7-16.2%), which were
~75% higher than the lowest yields for marine Ulva
(5.5-11.1%).
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Theoretical protein yield

The theoretical protein yield (sum of individual amino
acids) ranged from 11.1% to 26.8% (dry weight) and
was highest for freshwater Cladophora and Oedogonium
and marine Derbesia (Table 3, aNova, Fsqp =97.70,
P <0.001). The quality of the protein also differed
between species (Table 5). Both aspartic and glutamic
acids — and their respective amides — were the main
amino acids in all species and were highest in freshwa-
ter Cladophora (37.9 and 41.3 mg g ', respectively) and
lowest in marine Chaetomorpha (17.7 and 15.7 mg g,
respectively). The essential amino acids content,
expressed as a proportion of total amino acids, was
highest for freshwater Oedogonium (43%), marine Derbe-
sia (42%), and lowest for freshwater Cladophora (38%).
The quantity of the essential amino acid methionine,
expressed as a relative amount of total amino acids, and
the ratio of methionine to lysine were highest in marine
Derbesia (2.1% and 0.31%, respectively), Ulva (1.6% and
0.30%, respectively) and freshwater Oedogonium (1.9%
and 0.28%, respectively), and lowest in marine Chaeto-
morpha (1.0% and 0.12%, respectively). The protein : N
ratio for green macroalgae ranged from 3.3 to 4.8, high-
est for marine Derbesia (4.8) and freshwater Oedogonium
(4.7) and lowest for marine Chaetomorpha (3.3).

Projected areal productivities

The projected areal productivities of biodiesel, biocrude
and protein, calculated by integrating biomass produc-
tivity and biochemical composition (Eqn 4), demon-
strated that biocrude productivity was consistently
higher (by 40-80%) than biodiesel productivity across
all species on a dry weight basis (Fig. 3a). Marine
species had a higher productivity of biocrude than
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Table 4 Biodiesel (FAME) profiles of macroalgae. Data show means (7 = 3 + SE) of fatty acid methyl esters (FAME, mg g™, dry
weight) of each marine (M) and freshwater (FW) macroalgae. Chemical properties of biodiesel including saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) are expressed as a proportion (wt%) of total fatty acid

content

Species Derbesia Ulva Chaetomorpha Cladophora Oedogonium Cladophora

Source M M M M FW FW
Cl4:0 1.02 £ 0.04 0.30 £ 0.01 1.66 £+ 0.00 218 £ 0.22 0.76 £+ 0.20 327 £0.14
Cl14: 1 (n-5) 0.40 £+ 0.01 0.29 £+ 0.01 0.27 £+ 0.00 0.29 £+ 0.00 0.43 £+ 0.01 0.37 £ 0.01
C15:0 0.46 + 0.02 0.32 £ 0.01 0.30 £+ 0.01 0.32 £ 0.00 0.50 £+ 0.01 0.45 + 0.01
C15:1 (n-5) 0.73 £ 0.03 0.43 £ 0.02 0.40 £+ 0.01 0.46 £ 0.01 0.83 £+ 0.02 0.68 £ 0.02
Cl6:0 9.84 £+ 0.15 5.08 + 0.10 4.09 + 0.23 6.51 £+ 0.36 8.59 £ 0.17 10.19 £ 0.3
C16 : 1 (n—9) 0.28 £+ 0.01 0.21 £+ 0.01 0.24 £+ 0.00 0.55 £ 0.10 0.30 £+ 0.01 0.58 + 0.05
Cl6 : 1 (n—7) 1.74 £ 0.05 1.26 + 0.03 1.03 £ 0.11 1.59 + 0.14 1.68 £+ 0.42 2.02 = 0.09
C16 : 2 (n—6) 0.41 £+ 0.03 0.22 £ 0.01 0.30 £+ 0.01 0.60 £ 0.02 0.93 £+ 0.02 0.44 £+ 0.05
C16 : 2 (n—4) 0.22 £ 0.01 0.24 £ 0.01 1.46 £+ 0.05 0.36 £ 0.02 0.66 £ 0.25 1.62 £+ 0.15
C17 : 0 0.24 £ 0.01 0.22 £ 0.01 0.22 £+ 0.00 0.20 £ 0.00 0.27 £ 0.02 0.31 £ 0.07
C16 : 3 (n—6) 0.26 £+ 0.02 0.21 £ 0.01 0.21 £ 0.01 0.22 £+ 0.00 0.84 £+ 0.38 0.46 £+ 0.11
C16 : 3 (n—3) 4.92 + 0.52 0.32 £ 0.02 0.22 £ 0.01 0.24 £ 0.00 6.05 £+ 0.85 0.24 £ 0.01
C16 : 4 (n—-3) 0.40 £+ 0.02 0.77 £ 0.21 1.33 £ 0.04 1.25 £ 0.17 1.43 £ 0.16 3.70 £ 0.12
C18:0 0.53 £+ 0.00 0.28 £+ 0.01 0.25 £+ 0.00 0.27 £ 0.02 0.36 + 0.00 0.33 £ 0.01
C18: 1 (n—9) 1.76 £ 0.06 1.61 + 0.05 1.36 + 0.04 3.39 £ 0.25 1.24 + 0.09 6.64 £ 0.66
C18: 2 (n—6) 1.93 £+ 0.09 0.39 £ 0.03 4.35 £+ 0.06 1.99 + 0.06 2.17 £ 0.12 7.45 £+ 0.57
C18 : 3 (n—6) 0.87 £+ 0.04 0.27 £ 0.01 0.29 £+ 0.01 0.25 £ 0.01 1.39 + 0.06 0.59 £+ 0.04
C18 : 3 (n—3) 9.46 + 0.62 0.97 £ 0.18 0.63 £ 0.18 2.64 + 0.17 12.84 £ 1.21 3.98 +£ 0.15
C18: 4 (n-3) 0.96 £+ 0.10 1.18 + 0.36 0.35 £+ 0.08 0.41 £ 0.05 2.58 £+ 0.04 0.28 £+ 0.02
C20:0 0.24 £+ 0.01 0.21 £ 0.01
C20: 1 (n—9) 0.22 £+ 0.00 0.21 £ 0.00 0.21 £ 0.00 0.46 £ 0.02
C20: 2 (n—6) 0.23 £+ 0.00 0.21 £ 0.00 0.30 £+ 0.01 0.29 £ 0.01
C20 : 4 (n—6) 0.38 £+ 0.01 0.23 £+ 0.00 0.32 £+ 0.03 0.30 £+ 0.01
C20 : 3 (n—6) 1.46 £ 0.06 0.24 £ 0.01 0.60 £+ 0.02 0.50 £+ 0.01 043 £ 0.13 1.15 + 0.05
C20:5(n-3) 1.15 £ 0.10 0.30 £ 0.02 0.32 £ 0.04 0.79 £ 0.05 1.13 £ 0.52 1.84 + 0.03
C22:0 0.91 £ 0.03 0.49 + 0.01 0.24 £+ 0.01
C24:0 1.38 £ 0.01 0.22 £ 0.00 0.38 £+ 0.05 0.33 £ 0.01 0.31 £+ 0.09 0.51 £ 0.04
C22:6 (n-3) 0.25 £ 0.01 0.26 £+ 0.02 0.48 £+ 0.03
Total FAME 422 +1.7 16.1 £ 1.1 21.0 £ 0.7 26.0 £ 0.9 46.8 £ 1.0 48.6 £ 1.9

Biodiesel chemical profile [wt%]
SFA 34.6 43.0 329 38.7 23.5 31.0
MUFA 12.2 252 17.0 25.0 10.0 23.1
PUFA 53.2 31.8 50.2 36.4 66.4 459

Ratio
lipid : FA 2.5 1.2 1.6 1.8 2.0 1.1

freshwater species due to their higher growth rates, for
which Derbesia (1.15-1.93 g m > d™ ") and Ulva (0.63-
1.26 g m 2 d™") had the maximum projected biocrude
productivity of the marine species, and Oedogonium
(0.52-0.90 g m 2 d ") the highest of the freshwater spe-
cies. Freshwater Cladophora (0.29-0.54 ¢ m > d~') had
the lowest overall biocrude productivity even though it
had the third highest theoretical biocrude yield. The
most productive species in terms of protein were mar-
ine Derbesia 2.57 g m > d ") and Ulva (1.86 g m > d "),
and the least productive species was freshwater Clado-
phora (0.92 g m~> d ") (Fig. 3b).

Projected production values — at scale with sequential
extraction

To assess the potential value of macroalgae at scale, the
projected value of biodiesel, biocrude and protein was
calculated per unit hectare of production (Eqn 5) by
scaling biomass productivities and bioproduct yields
(Table 6; values rounded to the nearest $100). With a
starting point of a single product use for the entire
biomass, the conversion into biocrude was the most
valuable option for five of the six species. Marine Derbe-
sin had the highest projected productivity of biocrude at
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Table 5 Amino acids profiles of macroalgae. Data show means (1 = 3 + SE) of a-amino acids (mg g~!, dry weight, tryptophan and
cysteine not included) of each marine (M) and freshwater (FW) macroalgae. Chemical properties including essential and nonessential

amino acids, lysine and methionine contents are expressed as a proportion (wt%) of total amino acid content. Data also include methi-

onine : lysine and protein : N ratios

Species Derbesia Ulva Chaetomorpha Cladophora Oedogonium Cladophora

Source M M M M FW FW
Aspartic acid/asparagine 23.0 + 04 22.7 £ 0.3 177 £ 0.8 26.6 + 3.5 253 +£ 05 379 + 0.8
Glutamic acid /glutamine 33.0 £ 04 20.0 £ 04 15.7 £ 0.6 269 + 1.6 294 4+ 0.6 413+ 14
Histidine’ 47 £0.1 28 £0.0 1.6 £ 0.1 28 £0.1 46 £0.1 37 £0.1
Serine 112 £ 0.2 94 £ 0.1 51+03 8.4 £+ 0.9 114 £+ 0.1 143 £ 0.1
arginine 126 £0.2 10.3 £ 0.1 6.0+ 0.1 10.3 £ 0.5 132 £ 0.2 211 +£ 14
glycine 124 £ 02 95+ 0.1 6.5+ 0.1 10.7 + 0.5 12.4 £+ 0.0 149 + 0.1
threonine’ 112 £ 0.2 91 +0.1 42 +03 80+13 123 £ 0.1 14.1 £ 0.1
alanine 147 £02 13.7 £ 0.3 63+ 04 11.6 £ 04 16.2 £ 0.3 139 £ 0.2
proline 10.0 £ 0.1 85+ 0.1 7.6 £0.2 94 £03 115 +£ 0.2 143 +£ 0.3
lysine” 14.8 £ 0.2 8.8 £0.1 9.8 £0.3 10.8 + 0.3 152 +£ 0.5 211 £ 04
tyrosine 84 +0.1 57+ 0.0 2.8+ 0.2 37 +08 8.0 £ 0.1 89+ 03
methionine” 4.6 £ 0.0 2.6 £0.1 1.2+ 0.1 1.8 + 0.4 43 £ 0.1 37 +£02
valine’ 14.3 £ 0.2 10.7 £ 0.1 6.8 £ 0.2 125 + 0.3 14.6 £ 0.2 15.7 + 0.0
isoleucine” 102 £ 0.1 74 +0.1 51+02 87 +02 10.7 £ 0.0 10.5 £ 0.1
leucine’ 181+ 02 120 £ 0.1 85+ 04 15.7 £ 0.3 21.8 £ 0.3 19.6 £ 0.2
phenylalanine” 131 £02 102 £ 0.1 64+ 02 10.5 £ 0.3 14.0 £ 0.1 12.8 £ 0.2
Total AA? 2162 £ 23 163.2 + 2.0 111.3 + 4.1 178.5 + 11.4 2248 £ 29 2679 + 44

Protein chemical properties [wt%]
essential 42.1 38.9 39.2 39.7 434 37.8
nonessential 57.9 61.1 60.8 60.3 56.6 62.2
lysine 6.8 5.4 8.8 6.1 6.7 7.9
methionine 2.1 1.6 1.0 1.0 1.9 1.4

Ratio
methionine : lysine 0.31 0.30 0.12 0.16 0.28 0.18
protein : N 4.8 4.6 33 3.4 47 41

Total o-amino acids (tryptophan and cysteine not included).
*Essential amino acid.

7.1 t biocrude ha~' yr '. Notably, Derbesia was the most
valuable biomass in each scenario of biodiesel
(1700 ha ' yr "), biocrude ($4800 ha ' yr ') and pro-
tein ($4100 ha ' yr ') production. Marine Ulva was the
second most valuable species for biocrude
($3100 ha ' yr'") and protein ($2900 ha ' yr~') pro-
duction. Oedogonium was the most valuable of the fresh-
water species, however, biomass productivities were
half that of Derbesia and correspondingly the projected
value per ha was also proportionally lower for biodiesel
($800 ha ' yr "), biocrude ($2300 ha ' yr ') and pro-
tein ($1800 ha ' yr '). Freshwater Cladophora was an
anomaly in that it had a higher projected value per unit
hectare for protein ($1400 ha ' yr') compared to
biocrude ($1300 ha ' yr ).

In the scenario where protein is extracted prior to
HTL of residual biomass to biocrude, the projected
value of the feedstock increased by 45 to 77% (Table 6,
scenario 5). The pre-extraction of protein followed by
the production of biocrude was the most valuable

© 2014 John Wiley & Sons Ltd, GCB Bioenergy, 7, 673-689

option for all species and was highest for marine Derbesia
($7700 ha~' yr'") and Ulva ($5200 ha ' yr™'), and
Oedogonium was the highest of the freshwater species
($3500 ha™! yr_l). In this instance, each product gener-
ated by Derbesia, Ulva and Oedogonium - protein
($4100 ha~' yr', $2900 ha ' yr' and $1800 ha ' yr~’,
respectively) and biocrude ($3700 ha ' yr~!, $2300
ha ' yr 'and $1700 ha ' yr ', respectively) —accounted
for approximately half of the projected value of the feed-
stock. Derbesia had the highest protein productivity
(9.4 t ha ' yr ') of all species, and Oedogonium had the
highest protein productivity (4.2 t ha~' yr ') of the fresh-
water species. Derbesia and Ulva had the highest projected
biocrude productivity postextraction of protein (5.4 and
3.4 t ha ' yr !, respectively), again corresponding to the
highest value ($3700 ha ' yr ' and $2300 ha ' yr ',
respectively), while Oedogonium had a projected biocrude
productivity postextraction of 2.5tha ' yr ' corre-
sponding to a value of $1700 ha™' yr . Given the highest
projected values for Derbesia and Ulva for marine species
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Fig. 3 Projected areal productivities of biofuels and bioprod-
ucts from macroalgae. Data show the theoretical productivities
means (1 =3 + SE, in g m 2 d !, dry weight) of biodiesel and
biocrude — upper and lower limits (a); AA and essential AA (b)
of marine (M) and freshwater (FW) macroalgae.

and Oedogonium for freshwater species, these species
were further considered using sensitivity analysis.

Projected production values — sensitivity analysis

Sensitivity analyses were used to predict the relative
influence of different parameters on the value of the
feedstock (US$ ha ' yr ') for the most valuable mar-
ine species, Derbesia and Ulva, (Fig. 4a and b) and the
most valuable freshwater species, Oedogonium (Fig. 4c).
The most valuable processing scenario, the sequential
pre-extraction of proteins and subsequent HTL of
residual biomass to biocrude (scenario 5 in Table 6),
was used for each species. Therefore, the parameters
for each sensitivity analysis were biomass productiv-
ity, protein content of the biomass, theoretical biocrude
yield and the commodity prices for biocrude and
protein (Table S2).

Under standard conditions (centre lines, Fig. 4),
Derbesia had a higher projected value ($7700 ha "' yr ")
than Ulva  ($5200 ha ' yr'') and  Oedogonium

($3500 ha ' yr ). The influence of each parameter was
also assessed in both favourable and unfavourable con-
ditions to assess the potential range of the feedstock
value relative to the empirical values in the literature or
potential fluctuations in market prices. Biomass produc-
tivity was the most influential parameter that could
potentially double the value of Derbesia and Ulva, and
triple the value of Oedogonium when higher biomass
productivities of >15gm >d ' (dry weight) are
achieved at larger scale (Table S2). Theoretical biocrude
yield was the second most influential parameter that
could increase the value of Derbesia by 24%, of Ulva by
22% and of Oedogonium by 25%, assuming that HTL
optimization translates to maximum yields of 12.2% to
20.6% using the residual biomass after protein extrac-
tion. The other parameters — protein content, biocrude
and protein prices — had a lesser impact on the pro-
jected feedstock value. Notably, if all favourable condi-
tions were summed for each parameter, the projected
ceiling value per ha per year of Derbesia would reach
$23600 ha ' yr ', Ulva would reach $18100 ha ' yr'and
Oedogonium would reach $17100 ha ' yr .

Discussion

Of the two theoretical pathways considered in this
study to convert biomass to high-energy biofuel, the
hydrothermal liquefaction (HTL) of biomass to biocrude
was more attractive than the extraction and esterifica-
tion of fatty acids to biodiesel. Higher theoretical yields
were achieved through HTL as the whole organic frac-
tion of biomass is used in the conversion, including pro-
teins, carbohydrates and the entire lipid component
(Frank et al., 2013). Importantly, the sequential extrac-
tion of proteins and subsequent conversion of the resid-
ual biomass by HTL could add significant value to the
feedstock. This multiple or sequential product approach
is considered to be critical for the viability of biofuel
applications for microalgae (Vardon ef al., 2011; Chakr-
aborty et al., 2012; Miao et al., 2012). To date, there have
been no empirical analyses of coproducts from macroal-
gae and, morespecifically, no analysis of the sequential
extraction of protein followed by conversion into bio-
crude. However, this option needs to be considered on
a species by species basis as protein content generally
varies substantially between species (Lourengo et al.,
2002) as exemplified by the significant differences
between related green macroalgae in this study.
Although freshwater macroalgae had a higher theoreti-
cal yield of biocrude and higher protein content, marine
macroalgae had higher projected productivities of both
biocrude and protein per unit area of production. The
importance of this ‘areal’ metric is highlighted in the
sensitivity analyses for marine Derbesia and Ulva and
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Table 6 Projected productivity and value of commodities produced by macroalgae. Data show macroalgae projected productivities
(P, in metric t ha™! yr’l) and values (V, in US$ ha™! yr’l) of commodities generated by marine (M) and freshwater (FW) macroalgae
through different scenarios including conversion into biodiesel (1), to biocrude (2), extraction of protein (3), and HTL conversion of
residual biomass to biocrude after protein extraction (4). Theoretical values of protein extract plus biocrude from residual biomass (5)
was also calculated. Products prices are derived from equivalent commodities prices (see Methods). Note that theoretical values (V)
are rounded to the nearest $100 for each scenario

Scenario 1. 2. 3. 4. 5.
Commodity Biodiesel Biocrude Protein Biocrude - Protein 3+4
Species /Price (US$ ™) Source 941 682 432 682
Derbesia M

P 1.8 7.1 9.4 5.4

\Y% $1700 $4800 $4100 $3700 $7700
Ulva M

P 0.6 4.6 6.8 3.4

\Y% $600 $3100 $2900 $2300 $5200
Chaetomorpha M

P 0.7 4.0 4.0 3.3

\Y% $700 $2700 $1700 $2300 $4000
Cladophora M

P 0.8 43 5.5 3.3

A% $700 $2900 $2400 $2200 $4600
Oedogonium FwW

P 0.8 3.3 42 2.5

v $800 $2300 $1800 $1700 $3500
Cladophora FW

P 0.6 2.0 3.4 14

v $600 $1300 $1400 $900 $2400
freshwater Oedogonium, in which biomass productivity 2009; Magnusson et al., 2014), while freshwater
is the single most influential parameter for feedstock Oedogonium at scale has values twice that of the present
value for macroalgal cultivation at scale. study exceeding 15 g m2d7! (dry weight), or effec-

tively >55 t ha™' yr~' (Cole et al., 2013). These high bio-
mass productivities at scale highlight the conservative

Biomass productivity nature of the data presented in this study, and justify the

Of the six species of green macroalgae considered in this use of higher favourable values in the sensitivity analy-
study, marine macroalgae had higher biomass produc- ses. Biomass productivities contrast with terrestrial crops
tivities than freshwater macroalgae under identical cul- due, in part, to the filamentous or leaf-like structure of
ture conditions. The biomass productivity of marine green macroalgae that provides a uniform morphology
Derbesia (43 t ha™' yr~', dry weight) was similar to sugar with no differentiation of tissues and, therefore, all cells
beet (Renouf et al., 2008) and twice that of the promising within the biomass are photosynthetic. Furthermore, this
industrial biomass crop Miscanthus (20 t ha ' yr ', homogeneity of cells within marine and freshwater fila-
Mckendry, 2002). Furthermore, the carbon productivity mentous green macroalgae translates into a homogenous
of Derbesia equated to 13 t C ha™' yr~!, which is similar feedstock for biomass applications.

or higher than most land crops (Stephens et al., 2013),
irrespective of the higher ash content in macroalgae. In

contrast, freshwater macroalgae had lower biomass pro- High-energy liquid fuels

ductivities (12-18 t ha™! yr '), yet were typically twice Notably, the potential applications for macroalgal bio-
the average annual biomass productivity of soybean (6— mass are a direct function of the biomass productivities
8t ha! yrfl) (Salvagiotti et al., 2008). Most importantly, and their biochemical profiles. As an outcome, the spe-
however, marine Derbesin and Ulva cultured at scale cies with the highest lipid content, specifically the mar-
have biomass productivities that exceed 20 g m 247! ine Derbesia and freshwater Oedogonium, had the highest

(dry weight), or effectively >73 t ha™! yr~! (Bolton et al., theoretical yields of biocrude (16-18%, dry weight). The
Yy g y y y y g
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Fig. 4 Sensitivity analysis. Sequential protein extraction followed by conversion of residual biomass to biocrude for marine Derbesia

(a), marine Ulva (b) and freshwater Oedogonium (c). Variation in the value of selected feedstock (US$ ha

“1yr") is associated to the

variation in each parameter while the other parameters remain the same. Values for each parameter are indicated in brackets (unfa-

vourable, standard and favourable).
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biochemical profiles of the selected macroalgae were
similar in composition to the model compounds used
by Biller & Ross (2011) for determining the individual
conversion factors of lipid, protein and carbohydrate. In
particular, carbohydrates as the major biochemical com-
ponent in green macroalgae correspond with the model
compounds of starch and glucose used in the equation
(Biller & Ross, 2011). In addition, these theoretical yields
were comparable to the yields obtained from the HTL
of green and brown macroalgae (Zhou et al., 2010;
Anastasakis & Ross, 2011), but noticeably lower than
the yields obtained from a range of microalgae (26-57%;
Table S3; Lopez Barreiro ef al., 2013). The projected bio-
diesel yields were less attractive than for biocrude due
to the generally lower fatty acid contents of green mac-
roalgae compared to other seaweeds (Gosch et al., 2012).
Although HTL represents a more efficient utilization of
all organic components of the biomass, a number of
hurdles remain for the commercialization of this tech-
nology including a reduction in the energy require-
ments to operate at high temperature, a reduction in the
hydrogen demand for biocrude upgrading and an effi-
cient method for nitrogen recycling (Frank et al., 2013).
In contrast, while biodiesel production is a less-effective
process for deriving high-energy fuels from macroalgae,
this technology is commercial and can be integrated
with alternative bioenergy production including, for
example, anaerobic digestion of residual biomass after
fatty acid extraction (Chisti, 2007; Krohn et al., 2011).
However, biodiesel derived from green macroalgae will
likely contain a higher oxygen content than biocrude,
further increasing the hydrogen demand required for
upgrading (Frank et al., 2013). It also appears that the
high proportions of PUFA, that are detrimental to the
quality of biodiesel due to increased rates of oxidation
during storage (Chisti, 2007), represent a major hurdle
to the production of biodiesel from green macroalgae.
In a similar way, biocrude from algae, while consistent
in quality (see typical elemental composition in Table
S3), contains high amounts of nitrogen compared to
conventional crude oil, which represents an issue for
refining (Jazrawi et al., 2013). However, the pre-extrac-
tion of protein from biomass would facilitate the
removal of the majority of nitrogenous organic com-
pounds that would otherwise influence the nitrogen
content of the resulting crude (Peterson et al., 2008; Toor
et al., 2011). Therefore, the sequential extraction of pro-
tein followed by HTL conversion of the residual bio-
mass could ensure the highest quality of the respective
products in a way that would not otherwise be achieved
through the single use of the biomass for either biofuel
or protein meal. In this scenario, the higher proportion
of carbohydrates and lipids compared to the original
feedstock could also enable fine-tuning of the HTL set-

© 2014 John Wiley & Sons Ltd, GCB Bioenergy, 7, 673-689

tings, for example, through the use of catalysts such as
Na,COj; that could double the yield of biocrude (Biller
& Ross, 2011). Furthermore, the HTL coproducts of this
process (biochar, aqueous and gas products) may offer
additional opportunities to increase the value of macro-
algal feedstock in commercial production (Biller & Ross,
2012).

Protein

The development of efficient separation technology for
multiple product streams will be critical for algae (Cha-
kraborty et al., 2012). However, this could potentially be
achieved in the same facility, for example, using mild
HTL conditions to extract proteins and then altering
conditions to process the remaining organic material to
biocrude (Yoshida et al., 1999; Biller & Ross, 2012). The
protein extracts of green macroalgae could potentially
complement terrestrial plant protein (soybean) meal in
food and animal feed industries (Lammens et al., 2012).
All six species of green macroalgae had a high propor-
tion of the two most limiting amino acids in livestock
diets, methionine and lysine (Boland et al., 2012). The
protein extract of Derbesia, Ulva and Oedogonium con-
tained 2.1%, 1.6% and 1.9% of methionine and 6.8%,
5.4%, 6.7% of lysine, respectively (Table 5). This is com-
parable to soybean meal at 0.9% methionine and 2.8%
lysine (Glencross et al., 2007), assuming that soybean
meal contains ~50% crude protein (Glencross et al.,
2007; Lywood et al., 2009). Furthermore, the relative
proportion of methionine to lysine for Derbesia (0.31),
Ulva (0.30) and Oedogonium (0.28) is within the range of
0.27 to 0.38 and is therefore suitable for humans, pigs
and poultry (Boland et al., 2012).

Alternative bioproducts for biorefinery

The strategy of sequential treatment of biomass to
derive multiple coproducts (the biorefinery concept) is
arguably the most important aspect for the development
of biofuels more broadly, including from microalgae
and terrestrial biomass crops (Fatih Demirbas, 2009;
Foley et al., 2011). It is also notable that thermochemical
conversion such as HTL could yield additional niche’
products rather than just commodities that would
enable higher returns for the same biomass, for exam-
ple, by targeting valuable polysaccharides (Chakraborty
et al., 2012). Green macroalgae have high proportions of
carbohydrates, mostly in the form of glucose-based
cellulose and starch that are involved in cell wall forma-
tion and energy storage, respectively (Lobban & Harri-
son, 1996). However, there are also high-value
polysaccharides unique in form and function that could
be recovered from the biomass prior to HTL, the most
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prominent examples being sulphated polysaccha-
rides such as ulvans in Ulva (Lahaye & Robic, 2007).
Similarly, nonfatty acid lipids such as pigments, sterols
and free alcohols could be recovered from biodiesel pro-
duction and be used as feedstock for further HTL pro-
cessing or targeted specifically for high-value
nutraceuticals (Krohn et al.,, 2011; see also Table S1).
These niche-market nutraceutical products offer the
opportunity to bridge the technology gap for biomass

production by justifying the development of larger cul-
ture systems and fast-tracking the expected economies
of scale to compete with commodity biomass (ARENA,
2012).

Limitations and perspectives

There are considerable limitations for the develop-
ment of algal-based biofuels, including the technical

(b)

30pm
(d)

30 pm
()

30 pm

Fig. 5 Specimen photos of Derbesia tenuissima (a and b), Ulva ohnoi (c and d) and Oedogonium sp.(e and f) showing growth habit in
culture (Nikon D7000) (a, ¢, e) and cellular detail at 400x magnification (Olympus DP73 camera connected to Olympus BX53 micro-

scope) (b, d, f; note that Ulva is a transverse section).
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developments for efficiencies in conversion and refining
(Biller & Ross, 2012; Rowbotham et al., 2012). However,
this and recent studies highlight that biomass produc-
tion is a key limiting step, which includes the selection
of robust species and the scale-up of operations on non-
arable land (Lawton et al., 2013; Stephens et al., 2013).
There are both benefits and problems associated with
land-based production of marine and freshwater macro-
algae. Marine macroalgae are typically larger than fresh-
water macroalgae and therefore simpler to handle (see
images of Derbesia, Ulva and Oedogonium in Fig. 5), but
they may require the removal of salts through freshwater
rinsing, which is an additional process cost. In contrast,
freshwater macroalgae are relatively low in salt and
higher in carbon than marine macroalgae, and can be cul-
tured on marginal land or in freshwater waste streams
(Mulbry et al., 2008; Pittman et al., 2011; Saunders et al.,
2012; Lawton et al., 2013). However, freshwater macroal-
gae have consistently lower biomass productivities than
marine macroalgae. Notably, strain selection and selec-
tive breeding offer clear opportunities to deliver tailored
crops, with the added benefit that production of macroal-
gae is a continuous process in comparison to the fixed
cycles of terrestrial crops. In conclusion, a major outcome
of this study is the identification of two novel species of
filamentous macroalgae, marine Derbesia and freshwater
Oedogonium, alongside the well-established marine Ulva,
for the production of biocrude. While we highlight the
sequential production of protein and biocrude as an
important driver to increase feedstock value, it is clear
from the sensitivity analyses that key drivers to deliver
high value per unit area are biomass productivity and
HTL technology optimization.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Table S1. Alternative biorefinery options with sequential extraction of proteins, lipids or fatty acids (FA) and conversion of resid-
ual biomass to biocrude. Data show macroalgae projected productivities (P, in metric t ha™' yr ') and values (V, in US
$ ha™' yr") of commodities generated by marine (M) and freshwater (FW) macroalgae through different scenarios. Products
prices are derived from equivalent commodities prices (see Methods). Note that theoretical values (V) are rounded to the nearest
$100 for each scenario.

Table S2. Sensitivity analyses of marine Derbesia and Ulva and freshwater Oedogonium for parameters influencing the value of
feedstock (US$ ha' yr™") for sequential extraction of protein from biomass and hydrothermal liquefaction of the residual biomass
to biocrude. Values (A); Parameters (B); References (C) ‘Best Case’” scenarios (D).

Table S3. Biocrude yield from several studies on hydrothermal liquefaction of macroalgae and microalgae. M = marine origin,
FW = freshwater origin, dw = dry weight, afdw = ash-free dry weight.

Table S4. References cited in supporting information.
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