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Abstract : Research and development of biofuels as one of the means to mitigate global warming and to avoid fossil fuel
depletion has occurred for more than 30 years. However, there has only been limited distribution of a few first- and
second-generation biofuels, and widespread supply and consumption of biofuels is still far from a reality. Although a relatively
recently studied third-generation biofuel derived from seaweed biomass has been shown to have many advantages, it is yet to be
deployed in commercial-scale seaweed biorefineries. This review paper examines the advantages and disadvantages of seaweed
biorefineries for the entire value chain covering from seaweed and its cultivation to biofuel production based on an extensive
literature search and the author's experience of conducting feasibility studies pertaining to seaweed biorefineries for over 10
years. For this purpose, the literature survey will cover the current status of seaweed production and its research and development
worldwide, conversion technologies for biofuel production from seaweed based on bench-scale experiments, and large-scale
techno-economic feasibility studies for seaweed conversion to biofuels and bioenergy. In addition, the main problems expected
with the commercialization of seaweed-based biofuels will be identified. Finally, the current status of seaweed biorefinery
technology and the author's views on its promising future will be summarized.

Keywords : Seaweed, Biomass, Sustainability, Economic viability, Carbon neutrality, Circular economy

* To whom correspondence should be addressed.
E-mail: jayliu@pknu.ac.kr; Tel: +82-51-629-6453; Fax: +82-51-629-7487
o] =2 9314 upd 9 S 7St FuEAsyth
doi: 10.7464/ksct.2022.28.2.163 pISSN 1598-9712 elSSN 2288-0690
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licences/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

163



.M 2

—

S lEe AT 2deke] WA dddol: =5kl o
23] Fo Ar2le] 4 oA f ez gol AR 314 A=l
g2 HA H dEekal Qdnk mEbM A= ofuA] Abde]
oM A=E diAIsioF & A2 23 Adoltt. vlole dE=
it IR E s B2 SRHAES AT & e A
o2 dHA 7] w&el, olef tiet £A42Q A+ 309 d
A AEE gt A7) WA BlugE o, vhole A= A
A fIgt vl euA A AAIF R de WA AL BE
713kl AjArgol Zhssithe S 7HAIAL k. SHAIRL 14
o % 24 viole A& AAto] of7|et B 7HA] ZAIH wiEof
S A9 ARt fAlE=E vol drE AMEshe Ao
et g =S%t 2 7 24" & d®AA AR
1 Ald Bio]e Aol d=rl = Hio]ufj2et 1 g1tz 7Y
o] ot FR9 di+tE JAEEs By v 5 F2
IE FETONA ol AR Fol dojd &, AlA A% 7H4
o] E5 Aol dofet AdolTi{1]. ERE 24T vole. Azo]
Y2 52A vl Ak Aby HA 9] EAHS ¢ Ao

ol of 74| L= Usf "ol A& ik %t A
22 dR22A vA 2R} AdiER 5 s Hol it &
9 3Ad ol e =m0l daR FEIA HUTH2.3]. 53] A
d2F, & d2Fe AME A8 =412 HaS 2= 544
o, 27 Aujo] o] 7t WA o] F4f vio| Quj AR
o 24 A GH ok, ol oghZ Bat Al I 540l
o gesitts e 7L TH4]. 28U SRRE o1&
Sto] A EE Hiole ARE Aatsha € o 2 a2
SF SE(E) FEH g2 2444 5Ao] aeHolof
FHS]. 4 # 4 o] A9 U] ddele A A
=94 ZMH% dofshz deke] & 7HA] 427t Sl BESt
2 AL A G714 4slet 57]4 /\§} Te ez uy
gopehy A2 7ias) R, +E stz Ul ol
Xd% A= 4] AHN g2 A}il L Hlo|oujjA9] F&,

ol M5t A, AXet 2 B Hx| R9lof whet chct.

K

HEFES AT AGIRE R Ho|Q elsfoluielg A4
steldl 7147344 B4 9 A0 ke 2L ey AEs

W A9 72 9 4% FEe) A o) oz 9 4
9 2 349 AU wAF L7Hc). ol olfE A
N2 Hole Uz M) sl A8 HHo) ek
A5E AYHE A U ofHe Yolth E U2 Fad B
Al 4 2o vlolo. gnfolue] £9.8 24D 4 U
OH_%%‘ vfoloslso) 33 atash wol2vilel Aol
] wetA o $4e WA H2F FR AW 714 L A
*1]741 A B 3ol o 2ok Holck, el AA 25
A 58 25 volonj2g] Gat v Ag B
9% A7IAE 2 Folk. T TN Hlole A
22 B oA 9 SRR AL AsHE A3 Ao B
AAH geloh Bl A, AT U AT 2] e
A5 T 248 B9 ke 4% A2 e A=Y

Zolch B3t 78 RARE B9l oiotE 2R Hho]Q 2jutoy]
2]9] st AAEE F8 FAHE FhstaAt gt upx|
go g B3 FAR} 2] At 10 o d 7] Sj2F Hlo] Q.
gutolue] B A FHS EXE AA9 7& AdEet 7t
& gt v Sl st AR Asirt =g Aol

2. HIO|QIHA $E9Ql X2

2.1. x50 E7

A B A 90000k0] S TAIES] 4
(cukaryotic) 44128 YT Qubkow Azt A A
A vieol] gl Rashod), §3 719w Wlo] o] § Hs3t
sHot Aol Zz AT G TelAl vioh o] HEFE
914 Pl weh =TS 1200%), FRFE 6.000%), 1
)3 ZZ2(9F 2,000%)9] 371 1202 udch 2eA 9,000

F 304 215 =0 AE, U, 9E, 9939 5
HPH02 olg=n ]
:’LAJ/HH

H A B2 % HAARA vl 2 7o A=
= Mgkt ool A1 HEe BHS 2 S8 2R
120 ZH FEKT5 ~ 90 wi%) T} 35 THEH(15 ~ 45 wivh, A5}
7132)°1tH5,8]. HE 1At} 24 Hio] QUi Afb= EE 21
U2 gAY F&2F 5ol mie a5 ZaE o] U9 o]AS
H2RE vlole A7 EL AR AP YL AT 4=
olA g1do] of7|sh= ol ZAIE A AAAXITH4]L =
& AOHE U, x5 AESO] 2 T4 249 TSR
25~60 wt% HE=E ARt HpdlEo] RS si2F
e e T P
ZA5k=t|, 7+t H(carrageenan), $H4(agar) 2 LR|Y|o]E7}F
qEHolt). HxRo] ZAGE UFRE BEw, wHeos
(mannose), ZHEHE @ A (galactose) L -EAHKuronic acid) 5-°|
o, & k3l e B9 30 ~40%S 2SI BHealE TR o
2 whast 42o] Fmario)

2.2. A sixF7 S5
Sd A AA 2400] 27} F 437430] H2RE HIHO

2 A 2 S8 AkRs e 20168 712 A AA 2R
RS 5% 7% 3HYW Eof o, ol Ax 5% 7|
ZOoRL oF 4507HE, FH o 3589] Dejo] SFTHI0].
A AA YAEES] oF 97%7} B F, YL HFE oA
of 770l A Ae ] QIH11]. Figure 10] Leht el o], 2+
259 FRFE 20159 F4] H2FO 998%F AAsks 7
A+ ro] oFAl= s ZFo|Th

fEFe SA W A%, 23 At solA F2E -
ok 2o A FAE 29 # "ol ol BAGol =2
Yoz 7 de] 20]a Qlrt. ) At FA *l/\E‘cIS’J G
23 Az AF4, 74 Sol Ar12]. A w22 8
257 G2 23 AL Aol A EAYsEA R, A7 %7}011*1L

ARt o]& 7hset Al A, A 8 AT To= °1°H ]
3 A sz FAol i wiol AERFH U3,



A7 U B o2 A 9] 257 fef vlo] @ Ag o] AT A% 165

Million wet tons

© B N W b O @ N @ O

[ 4
o =
g | g | = - NERE
T % g fF B
P § e
¢k s i | E
H o @ o
Brown Red

Asia

Brown | Red | Green

Rest of the World

Figure 1. World seaweed cultivation increase at different parts of the world from 2001 to 2015.
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Figure 2. Schematic view (A) and installation (B) of the seaweed production facility (tension leg platform mooring type) for one-hectare pilot

scale testing farm in Korea, Republic of.
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Table 1. Anaerobic digestion of different types of brown algae in literature: methane yields and corresponding operating condition.

Brown algae type CH, yield (m® kg™ VS) Time (days) Temperature (C) Reference
A. nodosum 0.110 24 35 [25]
L. Digitata 0.14~0.17 21 37 [26]
L. hyperborea 0.280 24 35 [25]
L. japonica 0.18 6~20 35 [27]
0.297 17~28 55 [28]
0.25~0.28 14 ~ 46 35 [29]
L. saccharina 0.205 ~0.220 25 37 [30]
0.230 24 35 [25]
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Figure 3. Seaweed-to-energy conversion routes.
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Table 2. Experiments on hydrothermal liquefaction of macroalgae.
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Macroalgae species Operating conditions Bio-crude yield (%) | HHV (MJ kg™) Ref
D. tenuissima 350 C, 8 min, 6.6% TS, N2; heating rate 100 'C min™ 19.7 33.2 [53]
U. ohnoi 350 C, 8 min, 6.6% TS, N2; heating rate 100 'C min™ 18.7 33.8 [53]

C. linum 350 C, 8 min, 6.6% TS, N2; heating rate 100 C min™ 9.7 32.5 [53]

C. coelothrix 350 C, 8 min, 6.6% TS, N2; heating rate 100 C min™' 13.5 33.3 [53]
O. sp. 350 C, 8 min, 6.6% TS, N2; heating rate 100 C min™ 26.2 33.7 [53]

C. vagabunda 350 C, 8 min, 6.6% TS, N2; heating rate 100 C min™ 19.7 33.5 [53]
U. lactuca 345 C, 10 min, 16.7% TS; heating rate 27 C min™ 30 29.4 [54]
U. intestinalis 350 ‘C, 10 min, 16.7% TS; heating rate 27 C min’ 29 29.7 [54]
R. viparium 345 C, 10 min, 16.7% TS; heating rate 27 C min’ 15 31.5 [54]
A. nodosum 345 C, 10 min, 16.7% TS; heating rate 27 ‘C min’ 16 31.1 [54]
F. ceranoides 345 C, 10 min, 16.7% TS; heating rate 27 C min’' 14 31.9 [54]
F. vesiculosus 345 C, 10 min, 16.7% TS; heating rate 27 C min™ 11 33 [54]
H. elongata 345 C, 10 min, 16.7% TS; heating rate 27 C min™ 13 28.5 [54]
L. digitata 345 C, 10 min, 16.7% TS; heating rate 27 C min™ 16 29.6 [54]
L. hyperborea 345 C, 10 min, 16.7% TS; heating rate 27 C min™ 12 29.6 [54]
P, canaliculata 345 C, 10 min, 16.7% TS; heating rate 27 C min™ 13 30.3 [54]
S. muticum 345 C, 10 min, 16.7% TS; heating rate 27 C min™ 6 31.5 [54]
S. chordalis 345 C, 10 min, 16.7% TS; heating rate 27 C min™ 6 30.7 [54]
C. crispus 345 C, 10 min, 16.7% TS; heating rate 27 C min™ 8 28.4 [54]
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Figure 5. Schematic of CHHP process based on hydrothermal liquefaction of seaweed in [56] (Reproduced from Haider Niaz, 2019, Pukyong
National University MS Thesis [56]). WSO: water soluble organics, HTL: hydrothermal liquefaction, FH: fired heater, IE: ion
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