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Marine algal biofuel is considered a promising solution for energy and environmental challenges.Macroalgal bio-
mass has the potential for bypassing the shortcoming of first and second generation of biomass from food crop
and lignocellulosic sources. In this review, we summarize the findings in this domain in the past two decades
with a focus on the process of saccharification and fermentation ofmacroalgae for transportation biofuels. In gen-
eral, macroalgae contains high levels of carbohydrates, almost no or comparatively less lignin than in terrestrial
plants, which makes it a very promising source for liquid biofuel production via bioconversion. After harvest,
macroalgal biomass goes through several process units, including pre-treatment and/or saccharification and fer-
mentation to be converted to biofuel, e.g., bioethanol. We also propose strategies for further studies to realize
macroalgae biomass potential for transportation bioenergy production.
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1. Introduction

Macroalgae, technical synonym for ‘seaweed’, is a collective term re-
ferring to a series of non-phylogenetic [117], multi-cellular [7], macro-
scopic [62] and eukaryotic organisms. The advantages of macroalgae
as complementary feedstock from marine source are apparent: 1) it
holds by and large equal environmental merits as microalgae has be-
cause it is also grown in marine systems; 2) it can be grown under
worse water and nutrient conditions and is easier to be harvested [3];
3) its higher carbohydrate content makes it suitable for bioconversion
into fuel molecules such as methane [81], hydrogen [108], ethanol
[54], n-butanol [97], 2,3-butanadiol [83], etc. These reasons make
macroalgal biomass as ‘special issue’ [116] or ‘untapped resource’ [106,
129]. The utilization of macroalgae for biorefinery started from the 17th
century for industrial soda and alginate in France and Ireland (then part
of Great Britain) [19],and then for iodine extraction with illumination
powered by seaweed derived biogas in 1893 by British chemist Edward
Curtis, and then for kelp industry in California, USA in World War I due
to shortage of potash [90]. In 1910s, Hercules Co. developed advanced
high-throughput mechanic harvest for kelp and processed potash, ace-
tone with a scale up to 1.6 million tons [10] and in 1970s, the first period
of oil crisis witnessed a two-decade project put forward by US DOE [112]
on algae biomass feedstock. Though research effort in the project was
mainly on microalgae, the cultivation, engineering and biotechnological
manipulation of algal gained tremendous advancements. In 1980s,
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Macrocystis spp. in California was investigated for producingmethane via
bioconversion [36]. With the booming oil price from late 1990s until the
peak in 2008 [114], biofuel as a substitute for fossil fuel, gained drastically
rapid growing attention in both academia and industry, However, in the
particular case ofmacroalgal biofuel or biorefinery, research on itwas fall-
ing behind “biofuel” in general both volumetrically and temporally
(Fig. 1). Several national and regional studies being conducted on
macroalgae in the 2000s, including ones from United States [106],
Netherlands [102], Ireland [15], Denmark [91] and South Korea [24], re-
search on this topic has gained its popularity in recent years. Meanwhile,
private investment and research also contribute significantly to the devel-
opment of the domain. For example, in 2010 Bio Architecture Lab and
Statoil started a partnership on converting sugars in off-shore cultivated
brownalgae into biofuelwith engineeredmicrobes, andby2012 the com-
pany ran several operation facilities in Chile [78]. However, in 2014 the
company was seeking opportunities for shutting down the production
lines because of the marginal competence of processing macroalgae into
biofuel rather than selling macroalgae as it is. Their Indian counterpart
Sea6 Energy teamed up with Novozyme, aiming at joining technology
in enzymology and seaweed cultivation together to exploit the potential
of Indian red seaweed [4].

Though it has attracted much attention, research on macroalgae for
industrial liquid biofuel production is still in its infancy [119]. One Life
Cycle Assessments (LCA) based on open-pond on-land cultivation sys-
tem have cast doubt on the viability of utilizing macroalgal biomass
for biofuel production, especially in terms of net energy consumption
in processing, as compared to other feedstocks [25]. Nonetheless,
other LCA, which considered off-shore cultivation systems have come
to optimistic results [3,106]. For other examples, [Langlois et al. [67]]
suggested using offshore wind farm to get the clean and efficient elec-
tricity onsite with a few technical improvements can lead to high level
production efficiency, and another LCA showed the production of biogas
from near shore open pond cultivated macroalgae by co-digestion with
agricultural waste producedmore valuable bioenergy than convention-
al techniques [18]. Therefore it is evident that the assessment of
macroalgae is very pathway dependent.

Hitherto, the production economics is a main factor restricting the
industrialization, since laboratorial or pilot-scale study has shown that
the cost over profit ratio in the process has not reached an acceptable
level [91]. On the other hand, the social and economic factors are not
yet favoring the development of macroalgae feedstock either. Unlike
food crops, e.g., corn in United States and sugarcane juice in Brazil and
lignocellulosic biomass, e.g., corn stover [55], rice straw [57], wood saw-
dust [61], flax shives [40], cultivation of marine algae that is huge
Fig. 1. The comparison of oil prices (in USD), biofuel research and macroalgal biofuel researc
publication volume of ‘biofuel’ and ‘macroalgae/seaweed + biofuel’: Google scholar by enter
80s, and meanwhile the research volume of biofuel started to take off. From 2000 to 2010, oil
publication in biofuel. Compared with biofuel in general, macroalgae derived biofuel is still und
enough to feed this potential industry is much less widely available
[106]. Though estimation has shown that substituting 1% of US road
transportation fuel with macroalgal biofuel only requires 0.09% area of
Exclusive Economic Zone (EEZ) [106], such potential activity is likely
to stay on paper until encouraging policies being put forward. This indi-
cates if the concept of marine algae-based biorefinery is going to be im-
plemented, socio-economic and policy alteration is equally essential as
those in technological counterparts [88].

With the increasing popularity on macroalgae, there were several
reviews on this topic in recent years [20,26,37,86,117,129,134], each
emphasizing on some aspects of the domain. However none of them ad-
dressed specifically the use of macroalgae for liquid biofuel. Here we
summarize latest advances on liquid biofuel production from
macroalgal sources, especially on bioethanol, and focus on the processes
of saccharification and fermentation. In addition, the review is also
meant to project how the advancement of relevant technology could
propel the proceedings in this domain in the near future.

2. Literature summary

The table summarizes studies with the whole process of macroalgal
bioethanol production reported in last two decades. It can be seen that
the studies are diverse in several aspects including algae species, bio-
mass variety, strain employed for fermentation, and methods and pa-
rameters used in steps. (See Table 1)

3. Algae species and biomass type

Till now aboutmore than half of theworks focused on one species in
brown algae, Laminaria japonica, followed by several species in
Sargassumspp. This is probably because the species has been traditional-
ly consumed and thus extensively cultivated and researched in East
Asian countries [82]. In 2014, Laminaria japonica accounts for almost
half of the production of seaweed in China,which is currently the largest
seaweed producing country. On the other hand, the most intensively
studies species in red algae and green algae are species within Gracilaria
spp. and Ulva spp., respectively, which are also species with high pro-
duction annually in Asian countries, including Japan, Indonesia and
Philippine. (www.seafoodwatch.org).

In the researches on brown seaweed, attention has been concentrat-
ed on utilizing all possible carbohydrate in fermentation. The problem is
mainly in the co-utilization of glucose, galactose and mannitol [60],
which is a typical problem being tackled also in other related fields
[41]. In contrast, in red seaweed, researches have been done by-and-
h along years from 1970s to 2014. (Data source for oil price data: inflationdata.com; for
ing the keywords and year accordingly). The oil price reached a peak during oil crisis in
price underwent another peak, accompanied by the exponentially increasing number of
erdeveloped but also gained rapid increases in last decade.

http://www.seafoodwatch.org
http://inflationdata.com


Table 1
Literature summary on macroalgae bioethanol in last two decades.

Algae species1
Pre-treatments and/or
acid hydrolysis2

Enzymatic hydrolysis
Saccharification
yield (w/w)

Fermentation
organism

Yield
reported

Normalized
yield3 Reference

Brown Algae
Laminaria
hyperborea

n.a. n.a. n.a.
P. angophorae
(CBS 5830)

0.43 g/g
substrate

n.a. [46]

Laminaria
hyperborea

pH 6, 23 °C, 30 min, 25% load
(wet base)

Laminarinase 0.1 U/100 g, pH 6,
32 °C, 25% load (wet base)

n.a.
S. cerevisiae
(Ethanol Red), SSF

0.45% (v/v) 2.84% [1]

Alaria crassifolia
Kjellman

2% sulfuric acid, 121 °C, 30 min,
25% load

The pellet in acid hydrolysis was
subject to 0.5 mL Meicelase, 50 °C,
pH 5.5, 120 h. Hydrolysate of both
steps were merged.

28.4% glucose
and 21.3%
galactose

S. cerevisiae
(IAM 4178)

55.0 g/L 22.0% [135]

Laminaria japonica 0.1% sulfuric acid, 1.0 h, 121 °C
Cellulase (45 FPU/g) and
cellubiase (55 CBU/g), pH 4.8, 50
°C, 2.0% load, 48 h

27.8% glucose S. cerevisiae 0.143 L/kg 11.30% [35]

Laminaria japonica
100 mMHCl, 121 °C, 15 min, 10%
load

Celluclast 1.5 L, Viscozyme L, 1%,
pH 5.5, 50 °C, 24 h

8.1% (w/w) E.coliKO11, SSF
0.4 g
ethanol/g
sugars

23.0% to
29.0%

[60]

Sargassum
sagamianum

Thermal liquefication, 150 °C, 15
MPa, 15 min, 10% load

n.a. 30.1% (w/w) P. Stipitis (CBS 7126)
0.3–0.35 g
ethanol/g
sugar

10.0% [136]

Laminaria digitata 2 M HCl, 30 min, 5% load
0.5 U Trichoderma laminarinase,
24 °C

n.a. P. angophorae, SSF
167 mL per
kg biomass

13.2% [2]

Laminaria japonica n.a. n.a. n.a.
E.coli (ATCC8739)
with synthetic
pathway, SSF

4.7%(v/v) 28.1% [128]

Saccharina japonica
40 mM Sulfuric Acid, with
Termamyl 120 L, 121 °C, 60 min,
10% solid load

Bacillus sp. JS-1, 1 g dcw/L. pH 7.
30 °C,
7.5 d

69.1% of total
carbohydrate in
biomass

P. angophorae KCTC
17574, SSF

7.7 g/L 7.7% [50]

Sargassum spp.
4% sulfuric acid, 115 °C, 90 min,
10% load

Cellulase 50 FPU/g, Cellulase 250
FPU/g, U/g,pH 4.8, 50 °C, 10% load,
100 h

25.50% S.cerevisiae 2.79 g/L 2.79% [12]

Saccharina japonica
0.06% sulfuric acid, 170 °C, 15
min, 5% load

Cellulase 15 FPU/g-glucan, β
-glucosidase 70 pNPGU/g-glucan,
pH 4.8, 40 °C, 3% load, 48 h

29.09% glucan
S. cerevisiae (DK
410362), SSF

4.90 g/L 14.3% [70]

L. digitata and S.
latissima

72% sulfuric acid, 30 °C, 60 min +
4% sulfuric acid, 120 °c, 40 min

Cellic®CTec2, n.a n.a. n.a. n.a. [76]

Saccharina japonica 4% sulfuric acid, 30 min n.a. n.a. n.a. 37.9% oil n.a. [22]

Red Algae

Gracilaria salicornia 2% sulfuric acid, 120 °C, 30 min,
MP BiomedicalsCellulase, 5 g/L,
pH 5.0, 26 h,

17.4 g
Glucose/kg fresh
algae

E.coliKO11
79.1 g/kg
dry biomass

7.91% [127]

Kappaphycus
alvarezii

900 mM sulfuric acid, 100 °C, 60
min, 5% solid load, repeatedly

None
21.6% after five
times

S. cerevisiae
(NCIM 3523)

95.37% 12.80% [59]

Kappaphycus
alvarezii

200 mM Sulfuric Acid, 130 °C, 15
min, 10% solid load

n.a.
30.5% reducing
sugar

S. cerevisiae 3.3 g/L 3.30% [85]

Gelidiumamansii
1.5% sulfuric acid, 140 °C, 15%
solid load, 60 min

n.a.
35 g/L Galactose,
8 g/L Glucose

B. custersii
(KCTC18154P)

27.6 g/L 39.2% [95]

Kappaphycus
alvarezii

1% Sulfuric Acid, oC, 60 min,
33.3% load (w/w)

Cellulase 45 FPU/g, 81.62 g/L
S. cerevisiae
(CBS1782), SSF

65 g/L 19.5% [43]

Gracilari averrucosa
5.0% sodium hydroxide, 80 °C,
120 min, 5% load

Cellulase 20 FPU/g, β-glucosidase
60 U/g, pH 5.0, 50 °C, 10% load

37.82 g/L
S. cerevisiae
(HAU strain)

14.89 g/L 14.89% [65]

Eucheuma cottonii
4% dowax (TM) Dr.-G8, 120 °C,
30 min, 10% load

Cellulase 15 FPU/g, β-glucosidase
52 CBU/g, pH 4.8, 50 °C, 2% load

99.8% glucose
S. cerevisiae
(YSC2, type II)

Around 75%
theoretical
yield

42.4% [119]

Gelidium amansii 4% Sulfuric Acid, 120 °C, 60 min n.a. 68.58% glucose n.a. n.a. n.a. [53]
Gelidium amansii Ionic liquid + AIL, 120 °C, 30 min n.a. 81% galactose n.a. n.a. n.a. [75]

Green Algae
Ulva pertusa
Kjellman

150 °C, 15 MPa, 15 min, 10% load
Cellulase 30 FPU/g, pH 4.8, 50 °C,
24 h

98.59% glucose
S. cerevisiae
(ATCC 24858)

12.4 g/L 12.4% [23]

Ulva fasciata Delile n.a. Viscozyme L, 2%, 5% load, 36 h 184.4 mg/g
S. cerevisiae
(MTCC No. 180)

0.45 g/g
sugar

8.3% [121]

Chaetomorphalinum Ball milling
Prehydrolysis, Novozyme 188 and
Celluclast 1.5 L, 15 FPU/g, 50 °C, 24
h; SSF, 20 FPU/g, 32 °C, 200 h.

n.a.
S. cerevisiae
(ATCC 96581), SSF

18 g
ethanol/100
g DM

18% [110]

Ulva lactuca
Sulfuric acid, pH 2, 150 °C, 10
min, 10% load

n.a. 75%-93% C. beijerinckii 40% 40% [124]

Ulva fasciata Delile n.a. n.a. 93.81% C. sphaerospermum
0.47 g/g
sugar

n.a. [122]

Note: 1. To avoid ambiguity by various names of a same species, there are some changesmade compared to original article. 2. Pre-treatment column includes any treatment on the biomass
after harvest, washing, drying, pulverization, but before, if any, enzymatic hydrolysis. 3. Since various units were used in different studies, to make it clear and comparable, a normalized
unit is used in this table. The value in reported yield used the number and unit written by original author and the nominated yieldwas cited or calculated by authors of the present review,
which is in g ethanol/g biomass. In most studies, more than one scenario was conducted, but only the one with highest yield was selected and reported in this table.
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large on residues after hydrocolloid extraction [35]. The reason behind
this is probably due to the higher price of red algae derived polysaccha-
rides, such as agar [103], that overwhelmed the motivation of utilizing
whole biomass as feedstock for biofuel production. It is obvious that eth-
anol, as a platform and commodity chemical, is lower in price and has
several technological obstacles to overcome, such as cell wall material
degradation and bioconversion with high efficiency [15], to overcome
to be efficiently produced.

4. Pretreatment and saccharification

The tasks of pretreatment and saccharification are consistent, which
is to decompose cell wall matrix and degrade such polymeric molecules
into fermentable sugars [104]. For this purpose, various physical and
chemical treatments have been employed. Meanwhile, high perfor-
mance anion exchange chromatography (HPAEC) after various acid hy-
drolysis was found the best method for the quantification of
carbohydrate composition in seaweed [76].

The most widely adopted pretreatment is hydrothermal treatment
with acid or alkali. In some studies, treatment with dilute acid (b5%)
was considered as “pretreatment” [35,45,61], whereas in others it was
called “acid hydrolysis” [51,95,118]. This is normally determined by
the design of the process, because in some cases such hydrothermal
treatment is followed by enzymatic degradation. In the hydrothermal
treatment process, the protons in acid are able to interfere the intermo-
lecular hydrogen bonds [56], and thus release cellulose molecules from
the amorphous region andpartially hydrolyze cellulosemolecules in the
cell wall [139]. Alkaline treatment can lead to more amorphous regions
and thus make cellulose more amenable and accessible by enzyme in
later process [87]. Hong et al. [45], suggested that optimum conditions
for hydrolysis by dilute sulfuric acid at 150 °C, 60 min of reaction time
Fig. 2. Structures of polysaccharides in Macroalgae (based on [129]). (1) Cellulose i
supramolecularmicrofibrils of various crystalline types [92]; (2) starch is the storage polysac
has been reported that amylopectin is the mainly present form of starch in green algae [74]; (
of β-1,3-linked D-glucose [101]; (4)alginate is a hetero-polysaccharide in brown seaweed
(5) fucoidan is a sulfated α-1,4-linked fucan present in brown seaweed [71]; (6)carrageenan
anhydro-galactose as repeating units intermittently connected by β-1,4-linkage and α-1,3-lin
1,4 and α-1,3 linked galactan. [28]; (7) ulvan is a heterogeneous polysaccharide present in g
glucuronic acid and xylose [105]. Since the elucidation of such polysaccharides are still in progre
and optimum fermentation conditions with commercial yeast dosage
of 30wt.% relative to seaweed for 3 days of time. Meanwhile, compared
to abovementioned traditionalway of pretreatment, gamma irradiation
has been shown to cost less time and is more eco-friendly [137].

Under given combination of acidity and temperature, acid also
works as catalyst for polysaccharide chain break-down. Taking cellulose
as an example, proton from acid interactswith oxygen atomwhich con-
nects the glycosidic bond, forming a conjugated acidic intermediate. The
C–O bond in such intermediate then breaks down with addition of
water molecule, liberating a free sugar unit and proton [132]. A comple-
mentary mechanism for this is that the proton initially attacks the 4′
carbon atom at one end of the glycosidic bond which has low electron
cloud density, then with addition of water, the C–O bond is cleaved
and free sugar and proton released [132]. However, in most cases in
plant cell wall materials, polysaccharides possess more complicated sit-
uations (Fig. 2), as diverse sugar unit, glycosidic bonds, side chain, mo-
lecular weight could all lead to different kinetics in glycosidic bonds
breakdown [44]. Wei et al. [129] showed the structural information
about the polysaccharides present in macroalgae.

Hydrothermal treatment requires only simple equipment andmate-
rial, but has one major drawback, which is the formation of significant
amount of toxins for fermentation, such as furfural, 5-
hydroxymethylfurfural (5-HMF) and levulinic acid [79]. The previous
two could inhibit activities of enzymes including alcohol dehydroge-
nase, pyruvate dehydrogenase and aldehyde dehydrogenase, and thus
mitigate the glycolysis pathway [5,94]. Weak acids, such as levulinic
acid could interfere the ionization equilibrium on plasma membrane
and therefore hinder cell growth [94].

A study with application of low concentration (0.3%,w/v) Tris–HCl
showed efficient enzymatic hydrolysis of agar from red macroalgae.
[68] The resultant was immediately neutral after hydrolysis and
s a chain of β-1,4-linked D-glucose. In plant cell wall, cellulose molecules form
charide formed by α-1,4-linked D-glucose backbone and α-1,6 linkages from braches. It
3) laminarin is a glucan typically present in Laminaria spp., whose backbone is composed
, mainly composed of two repeating units, mannuronic acid and guluronic acid [131];
is a sulfated heteropolysaccharide present mainly in red algae, with galactose and 3,6-
kage [17,98]; (6) agar is a polysaccharide in red algae with a backbone of alternating β-
reen algae with multiple motifs, including monosaccharides of rhamnose, iduronic acid,
ss and sometimes debatable, the information here are just generally considered as correct.
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therefore neutralization was not needed and less salt was formed. Solid
state fermentation-derived cellulose was also found useful for the sac-
charification of Ulva Fasciata which is cellulose rich green seaweed
[122]. López Barreiro et al. [73] studied on three brown macroalgae
F. vesiculosus, L. saccharina and A. esculenta subjected to hydrothermal
liquefaction (HTL) at 350 °C and 15 min and found that, HTL at low
heating rates is not useful for high yields of biofuel. [52] investigated
the effects of changes in pH, temperature and time in hydrothermal de-
composition of sodiumalginate and found that hydrothermal decompo-
sition of alginate is better in higher reaction temperature and longer
reaction time, but it is responsible for the conversion of few useful com-
pounds to less valuable products. The application of ionic liquid (IL) and
acidic IL for hydrolysis of the released polysaccharides frommacroalgae
Gelidiumamansii reached 81%galactose and 7% glucose yield in 120min.
at 1200 °C [75].

In a comprehensive study, Schultz-Jensen et al. [110] compared the
formation of fermentation inhibitors, including furfural and 5-HMF
with several pretreatment methods that have been used in lignocellu-
losic biofuel industry (hydrothermal, wet oxidation, steam explosion,
plasma assisted and ball milling) on C. linum. The result showed that
ball milling, among all methods employed, produced lowest level of in-
hibitors while maintaining the yield of ethanol. Tan and Lee [119] used
solid catalyst Dowex (TM) Dr.-G8 to pretreat the cellulosic residues
from macroalgae E.cottonii and found that under the catalyst load of
4%, there was no furfural and 5-HMF detected. Efforts have also been
taken in detoxification either before fermentation [85] with activated
charcoal or in situ [72]withmicroorganism innate pathways. In another
study, it has been shown that treatmentwith activated charcoal or over-
dose of lime could efficiently remove inhibitors, with 5-HMF being re-
duced up to 75.6% percent [85]. However, the fermentable sugar
concentration also saw a decrease of ca. 40%.

It is worthy of notation that from the fermentation perspective,
these compounds are inhibitors which are not favored, whereas they
could also become desired platform chemical product from a biological
source in other purposes [13,21]. Thus, separation of fermentable sugars
from such inhibitors could also provide an extra value-added product
and can be a potential processing unit to be incorporated in macroalgae
biorefinery.

After pretreatment, saccharification is used to degrade polymeric
chains into monomeric sugars, which are substrates for subsequent fer-
mentation. Saccharification can be a separate step followed by fermen-
tation (SHF) or can be conducted simultaneously with fermentation
(SSF). The degrading agent can be acid, but in most recent cases en-
zymes have been used for saccharification after acid pretreatment.
Since acid is not selective, and the number and variety of glycosidic link-
ages in the biomass can be different upon all variables of the biomass, it
is very difficult to control the optimal parameters for acidic saccharifica-
tion. As a result, either not all monosaccharides are released or some re-
leased monosaccharides are further oxidized into toxins, which have
been mentioned above. However, the high prices of enzymes and time
required for process, makes acid hydrolysis a better option though
there are few limitations such as requirement of nutrients and low
yield of glucose. Jeong et al. [53] studied the two step acid saccharifica-
tion and reached a highest glucose yield of 68.58%.

Enzymatic saccharification is complementary for the shortcomings
of acidsaccharification, since enzymes have selectivity on linkages
[50]. Nevertheless, the diversity of glycosidic linkages inmacroalgal bio-
mass determines that to efficiently degrade most if not all polysaccha-
rides, a cocktail of enzymes is needed. Till now, though many enzymes
have been reported of activities on macroalgae polysaccharide, no
such commercial cocktail has been available. In most researches sum-
marized above, enzymes employed were mainly glucanase, such as cel-
lulose [35] and laminarinase [111], or commercially available cocktail
designed for lignocellulosic biomass such as Celluclast 1.5 L [135] and
Viscozyme L [121]. Such commercial enzyme cocktail contain multiple
enzyme activities, including cellulase and xylanase. In studies, after
efficient pretreatment, enzymatic saccharification can be very efficient
on the particular polysaccharides that the enzyme is capable of working
on [70]. In another study, enzyme Lactozym, with doses of 2.0 mL per
10 g of seaweed for enzymatic saccharification has reached optimum
yield [45].

Simultaneous saccharification and fermentation (SSF) has been
widely used in studies from recent years [50,60,70,120], which is also
a main-stream technology used in ligonocellulosic biofuel industrial
production. Since most enzymes and ethanol producing microorgan-
isms work optimally under similar temperature and pH conditions,
the two steps are highly compatible. The main advance of SSF is that
sugar released from polysaccharides can be utilized directly instead of
being accumulated otherwise, which could compromise the activity of
ethanol producer. In an comparative study between SSF and SHF, it
has also been shown that real-time usage of saccharification product
may have some in situ detoxification effect, as the toxins can be
fermented at low concentrations [93]. It should be taken into consider-
ation that although macroalgae cultivation is better option for carbon
trapping in ocean [63], the overall production of bioenergy from cultiva-
tion is also responsible for carbon emission. Fermentation stage contrib-
utes most carbon footprint in the whole bioenergy processing from
macroalgae, responsible for 0.046 kg CO2e per MJ; and more than half
is due to enzymatic pretreatment process [34].

5. Energy extraction

Currently there are several processing technologies for energy ex-
traction for liquid biofuel from macroalgal feedstock, including biocon-
version, thermal liquefaction and pyrolysis. Pyrolysis is the process in
which the organic structure is decomposed into the gaseous compounds
and carbon rich residue. It is generally used formaking bio-crude or bio-
oil, where dry biomass of macroalgae needs to be processed under 400
to 600 °C. Pyrolysis can deal with feedstockwith high ash content [107].
However, due to the fact that it needs dry feedstock and the high
amount of oxygenates present in product, the whole process of pyroly-
sis is considered to be energy negative [20], which makes pyrolysis a
less attractive choice for processingmacroalgal biomass (yetmicroalgae
has shown good potential [86].

Thermal liquefaction is similar to a pressurized aqueous pyrolysis
[77]. Though it does not need dry feedstockwhich saves energy in dehy-
dration process, it showed negative results in energy balance when
dealingwith feedstockwith amoisture of higher than 90% [126]. Hydro-
thermal treatment is a possible solution for macroalgae [29], but high
ash content may be a challenging factor since the hydrothermal lique-
faction is essentially liquefaction in hot water.

The bioconversion pathway has been outlined for positive energy
balance [31] and the products can be more readily used. While there
are some discrete researches on fermentation of sugars into other fuel
molecules such as butanol [47,96], fatty acid [133] and pinene [111],
ethanol bioconversion is considered as benchmark in liquid biofuel
from macroalgae. As far as the author is concerned, there are several
reasons for this. Firstly, macroalgae has high concentration of carbohy-
drate and low concentration of oil and lipid [27], which is a typical suit-
ablemedium for ethanol production if sugars can be released efficiently.
Secondly, comparedwith other relatively novel high-densitymolecules,
ethanol is easier andmore readily incorporated into current transporta-
tion infrastructure. Pure ethanol or blendwith gasoline has been used in
Brazil and USA for years [8]. Last but not least, ethanol is a platform
chemical, meaning it is versatile in many chemical synthetic industries
other than transportation.

The core issue of ethanol production is to find an ethanol producer
that is capable of uptaking and fermenting sugars in hydrolysate, and
meanwhile maintaining its robustness under negative conditions. Un-
like pretreatment and hydrolysis which are less selective on rawmate-
rial, fermentation is very species dependent because polysaccharides
from different algae species can be degraded into difference kinds of



53R. Jiang et al. / Algal Research 14 (2016) 48–57
sugars (Fig. 2). The utilization of these different sugars requires different
microorganism strains.

By far most of the attention has been attracted by brown algae. The
typical hydrolysate of brown algae contains glucose, galactose, man-
nose, mannitol and alginate derived oligomers and monomers [60].
Since the most traditional ethanol producer S. cerevisiae (Brewer's
yeast) is not able to metabolize sugars other than glucose, the normal-
ized ethanol yield could not reach a value higher than 10%. For this rea-
son, efforts were taken in two different ways. On the one hand, other
more robust S. cerevisiae strains were used. Strain DK 410362 was
used to ferment a hydrolysate of Laminaria japonica from extremely di-
lute acid treatment and has yield 14.3% ethanol [70]. Strain IAM 4178
has been used in fermentation of chigaiso (Alaria crassifalia Kjellman)
hydrolysate and reached a yield of 22.0% [135]. Strain ATCC 8739 with
introduction of genes for mannitol metabolism, alginolytic enzyme se-
cretion and alginate derived oligomer uptake was engineered [128].
This strain reached a yield of 28.1%, because of so far broadest substrate
utilization capability.

On the other hand, species with natural ability to ferment mannitol
were also used. Several species and strains from Pichiaspp. were used
to ferment mannitol. Results showed that Pichiaspp. can reach a yield
marginally higher than 10% [50], which is better than native
S. cerevisiae. In other studies, recombinant strain E. coli KO11 was used
as ethanol producer [60]. Due to its capability of utilizing mannitol, a
yield above 20% was reached.

In red seaweed, hydrolysis of carrageenan andagar led tohigh amount
of galactose and 3,6-anhydro-galactose in the hydrolysate [17]. For this
reason, strains with higher galactose metabolism capabilities were used
to reach higher yield. For example, Strain NCIM 3523 [59] was used in
Kappaphycus alvarezii, and over 90% of all reducing sugar was converted
after 96 h fermentation. The scale-up in this study went up to 100 L and
also gained positive results. In another study from Park et al. [95], contin-
uous batch process with B. custersii, which was able to metabolize both
glucose and galactose, reached a normalized yield of 39.2%. It has to be
mentioned that the unsaturated sugar unit, 3,6-anhydro-galactose has
not been reported to be utilized in fermentation so far, as the author is
concerned. However, a novel catabolic pathway [138] has been character-
ized on this sugar unit, and it is possible that in the near future there will
be new strains with capability of utilizing this sugar.

In terms of green algae, the main polysaccharide constituent except
for glucan is ulvan [105], which is sulfated hetero-polysaccharide with
high proportion of rhamnose residue and several other motifs contain-
ing uronic acids. Hitherto the fine structure of ulvan has been compre-
hensively but not fully characterized [66,105]. However, no specific
strain aiming at utilizing the sugars released from this polysaccharide
has been reported. This may explain why the normalized ethanol yield
from Ulva spp. has not been over 20%.

Except for hexose, pentose and sugar alcohol, uronic acid also ac-
counts for considerable amount of sugar in macroalgae [117]. To date
no reported study on macroalgae has focused on utilizing these acidic
sugar units, probably because the presence of two or more redox cofac-
tors and glycerol in bacterial pathway for utilizing acidic sugars. To del-
icately render such redox system during recombinant strain design has
been shown to be challenging [6]. Nevertheless, the pathway formetab-
olizing galacuronic acid has been characterized in Hypocrea jecorina
[48]. It can be expected that introducing such pathway into
S. cerevisiae could lead to more exhaustive usage of biomass from
macroalgae.

Macroalgae has potential to provide various kinds of chemical prod-
ucts and byproducts, but nowadays it is generally used for single prod-
uct such as bioethanol or alginate etc. Efforts to get various products and
byproducts from seaweed can result in the cascading valorization of
seaweed [125]. However, it will be necessary to take into consideration
that, variations in pH, temperature and time can make subtle changes
under hydrothermal conditions both on less important products and
high value added products [52].
6. What is next?

The research on macroalgal biofuel has gained attention in the last
couple of decades, especially in last five years. Worldwide researchers
in academia, industry and entrepreneurship have investigated a spec-
trum of rawmaterial viabilities, cultivation and energy extraction tech-
nologies. However, to push forward this futuristic idea and make it
widely industrialized, there is still a long way to go.

The main bottleneck is processing economics. With the current low
oil price, it is evenmore difficult to make algal fuel competitive to fossil
fuels than several years ago. As far as we are concerned, lowering ex-
penditure and increasing the outcome need to work together to gradu-
ally narrow the economic gap. Some of the current ideas for both
aspects are outlined in Table 2.

Macroalgae can be cultivated by off-shore, near-shore or on-shore
ways, but commercial cultivation of macroalgae needs various types of
climatic factors and physiological parameter such as salinity of water,
temperature, nutrients etc. Among the three types ofmacroalgae gener-
ally known as red, green and brown, brown algae is the fastest growing
plant in theworld. Brownmacroalgae, also known as kelp, contains 60%
of carbohydrates in dry weight [63]. Kerrison et al. [58] discussed vari-
ous physiological parameters for cultivation of brown macroalgae and
suggested recommendation for better growth. It was found that
brownmacroalgae shows variations in composition in different seasons,
e.g.,, highest carbohydrates content in autumnand lowest inwinter, im-
pact on concentrations of protein, ash, etc. This can be beneficial for in-
dustries for maximizing yields of targeted macroalgae components and
minimizing less valuable components [109].While on-shore cultivation
has been shown to be too costly [14,91], off-shore cultivation could be a
very promising alternative. However, the production cost including cap-
ital cost, operation, maintenance and processing cost of biofuel from
macroalgae is found more than market price even in offshore farming
[113], because of the procedure of dehydration asmacroalgae generally
contains considerable amount of water. Researchers on microalgae has
started “OMEGA” off-shore cultivation project in collaboration with US
navy, which is going to be the world's first natural photobioreactor
[140]. In addition, there is still sufficient space for improvement on cul-
tivation techniques. For example, a model of smart mixing system has
been recently proposed [38] to better utilize the solar energy per unit
marine area. Meanwhile, if the macroalgae cultivation could have
some additional environmental benefits, it is likely to win some policy
support, e.g.,, subsidies, or could reach collaboration with agricultural
and other industrial sectors. For example, ecological research have
shown that integration of macroalgae cultivation with e.g.,, shrimp
[89], salmon [123] and pearl oyster [99] can remediate eutrophication
from coastal areas. In this case, we may expect a new kind of coopera-
tion which could lower the cost for nutrient for macroalgae cultivation
and meanwhile lower the cost for aftercare for sea food cultivation.
Moreover, similar to the practice in microalgae like what Israeli compa-
ny ‘Seambiotic’ is doing [16], the cultivation of macroalgae can also
make use of exhausted gas from other industries with some pretreat-
ments. All these deeds could amplify the merits of macroalgae as it
has already relatively low environmental impacts [25].

On the other hand, the products need to be more valuable than
‘macroalgae as it is’ to really push the R&D activities forward. Though
main usage of macroalgae is for human consumption, the commercial
interest for using macroalgae to produce other products such as algi-
nate, agar and carrageenan by pharmaceutical and nutraceutical indus-
tries is also growing [109]. In European countries, France harvests
approximately 30,000 to 50,000 tons of brownmacroalgae for hydrocol-
loid production on a yearly basis [64], but for many countries nowadays
the first and foremost approach is to utilize asmuch biomass as possible
to produce fuel. Synthetic biology has shed light on this. Consolidated
bioprocessing has been realized with synthetic pathways for glycolytic
enzymes and transporters across cell membrane [30]. It is also possible
to produce tailor-made enzyme cocktail to expand the scope of



Table 2
Strategies for improving the processing economics of macroalgaebiorefinery.

Lower the expenditure Increase the outcome

Off-shore cultivation Broader substrate utilization
More intensified cultivation Value added by-products
Mitigation of eutrophication High density molecules
Adaptation of carbon dioxide from industries
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polysaccharide utilized in saccharification, as what has been done on
brown algae [9]. Moreover, with ongoing understanding of the natural
interaction between algae and its accompanying microorganism com-
munity [130], further exploitation of macroalgae and the bacterium
can be expected. In fermentation, to uptake and ferment more sugars,
researches in lignocellulosic ethanol have proposed two strategies
[41]: one using synthetic pathways to amplify traditional ethanol pro-
ducer with more capabilities; the other using multiple organisms to
co-ferment the sugar mixture. To date in the field of macroalgae, the
previous idea has been tried [128], whereas the latter remains a blank.
A rarely touched approach could also fulfill the task, which is to ferment
the hydrolysate with multiple organisms sequentially, e.g.,, S. cerevisiae
and E.coli [39]. In the research of [Kim et al. [60]], this approach was
tried and has achieved highest yield among all scenarios.

However, in the current low oil price situation, if only bulk chemical
like ethanol is produced, it is still difficult to reach economic compe-
tence even with improved substrate utilization capabilities. Therefore,
at least in the short term, research efforts should also be distributed
on application of macroalgae on advanced food ingredients, pharma-
ceutical, cosmetics, etc. In addition, another way to increase the value
of product is to produce more advanced fuel, e.g.,, aviation fuel. There
is great opportunity in this respect given the EU framework which
calls for 10% of renewable energy in transportation by 2020 [80] Com-
pared to the current capabilities of battery, biofuel is more likely to fos-
ter airline companies to reach such targets.

On top of this, in the era of biorefinery, flexibility of process design
should be maintained [33], because the desired type of product could
change upon location and market. Considering the fluctuation of bio-
mass in geological distribution, cultivation techniques, growing and
harvesting seasons and the part of biomass that is incorporated in bio-
conversion [2], the case-by-case studies, like ones reviewed in this arti-
cle may not give holistic guidance to the field, because it is very difficult
to duplicate the same scenario from one place to another. In this case,
the field needs to introduce more quantitative tools for making the
process controllable and results predictable. For example, incorporating
metabolic modeling would be a preferable direction [11,84]. In
such holistic approach, constraint-based models, such flux balance
analysis could be used to calculate the output with given input [69].
The method has successfully been used on 10 L scale fermentation of
sugarmixture with E.coli [42]. However, to deal with engineered strains
andmicroorganisms grown under odd conditions, more insight into the
selection of a more biologically relevant objective function in FBA is
needed [100]. In addition, for multiple organism system, the inter-
organism relationship and flux exchange has not been fully understood,
which makes it difficult to model such co-culture system with flux bal-
ance analysis [32].

Macroalgae has potential to provide biomass, but the processes to
get desired products from biomass still need to be improved. Among
many processes to get energy from biomass of macroalgae, anaerobic
digestion process has highest potential to provide the biofuel, in the
form of methane [20]. Nevertheless, there is still contradiction in be-
tween the anaerobic digestion and gasification about the higher effi-
ciency, but in the case of India, both have been found to be promising
methods for bioenergy from biomass [86].

In a nutshell, except for the cultivation issue, which is a unique void
for macroalgae industry itself, the other technological proceedings of
the field will gain impetus from fundamental research and first and
second generations biomass utilization. Issues such as pretreatment
with higher efficiency, polysaccharide degradation, co-utilization of
hexose and pentose are also typical bottlenecks being tackled in ligno-
cellulosic biofuel production. It is obvious that the third generation bio-
fuel has a lot to inherit from the second, which far more academic and
industrial efforts have been devoted in.

Bioenergy from macroalgae, will be better alternatives in terms of
fuel requirements for fastest growing economies such as India. In such
economies, government promotes small scale industries for economic
development and employment generation, but economy is meanwhile
growing with many environmental and social problems [49]. From the
authors' perspective, the coming years or decade will witness the mat-
uration of macroalgae technologies. With the processing technology
and fundamental research going alongside, we can expect this new
stream of natural resource really being tapped.
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