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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 3 u4d Y g 7Idste] FEdEY
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



S
N
o
M

.M E

(=

st Az AT 24dske] AMA AU E Bkl o
15] dff Alsle] 4 ofux|Poz ol YA, s A7)
22 A o ddetar qioh wEkA A2 o A] Aeo]
A ARE tiAIsof T AL Byt AHalolct Hlo| o AR
Aot I25E BAPEE B2 SBSIAIES AT = e A
o= A A7] "ol ool HEt EAH A+ 309 9
A A&xE]o] $irt. YR Wi v w S W, vio]e AR A
AMS 9t Hlol oA AR E AAFH R de HA i wE
7)Zkol| AjALE-o] 7hs ottt ™S 7HA AL St} SHARE, 14
o 9 24 vl AR AJAto] of7|gt B 71A] EAIH wiEe]
34 o A9 St QA ERE Hlo]Q ARE A= Ao
gt slotE ERigttt. 2 74 EAE S dHEAQL AHEI7H
1 At vio] A=9] YRSl IE Hto| QujAeL 11 AYARR] A
do] gigt R0 tifr AMEEE vkl 2 5 FQ
TE £ETA Hlole A8 Fo] Dol &, A|A A% 7H4
9] 5 @/dol Yol AHHoIT1]. EZE 24t Hiol 2 RS
A=l E4A vlo]Qu A Ak Aol EAHS <t Qi

ol2fgt o] 7}x] S = <l Hlo]Q Am P4k ATt A
2 UREA NIRRT} ANRT 5 $4 vl uj AT &
9] 3AIH Hiol2 R0 YRR FEEHA HUtH23]. £5] A
Q27 & sxFe AuE 6] SA9 H3S Q2 514
o, x5 Aufo] o8 7Fsst WA o] §4F Hlo| Quj AR
o A Fohs AR Qo HiolQ ofghe A4t Al 11 FAo]
o @eoiths S 7HA AL ItH4). 1By SiRFE o&
sto] A FRE ol ARE AAletuAt T o 2 SR
Sy SlEUR) e 22 247 EAo| 1eEofof
ge5). S 2 A Hho] e A9] o qA] Aol A A
E5H4 A3 g3ishy Ak T 7HA] A=27t vk AES)
A A oA @71 Astet 5714 4% e HaE U
I, gstsha gk 7pAsk RS, $F stz YHot ol
A A2 ZHz7ko] AT} B2 ARS S Hlo]QuAl] F,
olg 7Fst A, ARt T2 E 74A] gRQlof| we} thEch

R FE YRR AMESHe titE HiolQ ol eE 14
st 7|&- A B4 9 Aabg grer 22 el HES
A AP Fr 9 AF o] Ay} o] & vigtoz 3t A
A R FH9 FUgt ZAE 87H o]l o] -2 <l
RFE Hio] L YA E HEstr] ol AHET XH 9 [
BEE AAol= AL WY g dolth E tE 8% &
A= 4 H59] Hiol @ upole] =25 FFA1E ¢ U=
27 Hio|QujAl] FF EEe} Hio]QujAl] FhAolrh
[6]. wetA o] FHL WA 7 FFY A 7le € A
AlA sizF S5l ts gokE Zoloh. T1E|ar AlA Zh=o]
A 95 S 2F vio] QuAQ] AJAkT} o 2] Agket TAH
N AFHAE AT Zolnt. T3 sj2FolA Hol2 A
225 3% A 4 SEEAS YAlete Mg A=l gt
AAZAQ Helo} el AF, HAFATL U AFQ] FHO| Bl
AE B8 2AE B9 ot A% 429 g e AET

bRl

o

Aolth. E3 Y 24 59 tore |25 vlol e 2ol
2jo] Aeisio] el 2o BAEE HASLA Bk, uhA
o 53l 2AR AR AW 10 oly zbe] H2F Hlel
ol uiel B AT AWS Erh= B 1% Aehet 7
A st nje) Yol that Akl st Helg Aol

2. HIO|QOHA 290l X2

=| = =] =
2.1, 31x80 7 % YL

AHER Ee 2Fe 9,0009F] Sots A2 IH
(eukaryotic) P4 ES FHTT o2 d2Fe A Al
A wporo] g2 w&Eshk=dl, H& 7w o] o] rheet
SRt Aol =2 A4ttt de] g Hie}t o] SxF{e
917 FAof| Wt =Z2F(F 1,200%), T27(F 6,0005), 1
23 ZEF(9F 2,000%)9] 37 IFOZ ok L& 9,000

T oA 221F Bewt AE, vE, 3PEE, sk 59
FPHLR o] &HIL AT

T332 SHAA R[S FAARA vl g A=
B ARgSted ol 7MY £t 9 ot pERt sjxRe
=2 T A5 ~ 90 wive) T Sl (15 ~ 45 wit, ST
7152)°lEHS5,8]. HEH 1A[T) e} 24 off vlo] Qv A9k= Ee] 21
2 AU T2F 7ol vl &% 23] ATH9). ol A
JEFE B0l A& T AUAR HEsh= W2 A P2
oA 2lz1do] of|sh= oE #AIE A FAAIXITHAE]. F&
= AQdFe W, sj2F AlZH F8 74 249 BvlE
25~60 wt% FE=E ARt HpdlEo] fiRES d2F F
70 me geile OURE 3 BskE BA0) 60~ 10%E
A 5k=t], 7+t H(carrageenan), $H8(agar) 2 LA|H|o]E7}L
JEHolh, SxFol EAGH: GHRE EED, theos
(mannose), ZE @ A(galactose) Y -EAK(uronic acid) 5°]
W, 5 S0kE DAY 30~ 40%E AT G g0
& oAy Zdo] FHuEh9].

22 MA siz=F 58S

o5d A A7 2400 =7t F 437=0] FERFE AFHL
2 A 9 5=, ARgSEL Qiek 2016 1 A AlA SRR
WS 539 71€ 33 20 g3, ol Ax $F 71
Fo2E °oF 4507E, SHRE 3589 o] Sgeiti{10].
A AA Brtge] oF 97%7t b=t F=r, i HIERE ofA]
ot 7=l Al A= QLTH11]. Figure 10]] Yebd vie} gol, 2
279t FE2FE 20159 FA 27 99.8%F AA|dh= 7t
4 gol FAd sxFolH

SEFe SA W A%, Z3 A sl FaE 5 A
o 29 A9t A2 2P R "ol gols FAGol 2
o 7P g 2ol gk, 23 Aft FA AlL"H F
a3t Az2e A4, F574 5ol An12]. A AR 3
F5 FA2 I3 A A HolA BASHARL, F =M=
ARt o]& 7hset AEl A, AR G d5 5L= Qs 9
3 A sz Aol digh wAol ALREJTH3,13].



A7V oA Do 2 A 9] 25 fef ol e Amo] Bt AT 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]

2 F Hlo|QujA T FZAEF = EnAlgae [16], BioMara [17],
Netalgae [18], SeaGas [19], MacroFuel [20] MacroAlgae
Biorefinery [21] 5°] RIt}. o|2f3t ZRAES Bx= I &F
A 9 8 7S NSk, AS R w82 ddstH, s
ZHEEE 13 vl ARE AP4lsk= Zolth. MacroFuel
nRAEL 25 FANHRE AT vlole Aol €a
Eo] o]2& HA| 7] AR A9 HAE ZFch o] &
AN L G4 ALY Ao WA SEFS £
02 PU AR /NMOR ste] AU WA, 41
7S 2R 82 HRES oo rRE ¥4 glom,
20150] $71% 225828 AHsIAT. Tt 9o 71&e
iy Z2AES] dytzo] A&HY, 7k vl FHa%
=7H=9] SR Aol dAE 7 A

3. SIER-HIO0|R ¢& Tt J|&E

3.1, M3tets] Mgt 42

1 - O

Q714 &dh= Atart gls AEolA mE £ 9
4 59 Hio]Q 7kASt B o8
dEe A et 349 &2 g &9kx0 79,
A g, Tm A7 5ol s YFE Eerh22,23]. Hiel 2
7tae By 3 AAgeA 719 S AAksh] 9
o dEE ARE 5 en24], F7tE FAEC ZAVEA
of FAH7|&= et
W2 A9 A7 P E0] gt FFY SR F[L Hiol2
7HAE AAbehs d AME o Atk S E o3It Table
19] of2] F7o] Zx7o 74 4t s o] Had
He e 24 248 APskRed[25-30], HAE] B8
1kg @ | 0.297 m*] wjgto] A=t} Tedesco et al.[26]
< 7I1AA AA=7E 223tet vtolazwl, &, 3kehA AA
o 22 tg A9 vlsf ¢ &2 We &S 7FeStA
= AL HojF9rh 3 Miura et al.[23,27]2 HIRE 9k
oA ZdxFo] A7 435 F7H=t, oF 80~ 90 wt%2]
=5 ISt 2E2FE LU= ARESHE @714 438} o] A9
Az 9 AH dAE A 5 doH, g AvE A EY

T o1 A FEell E&el Aot

AT

714 438 B9 A4E 5 Ut E 0 AL s
Ab, 2024 5 BWHAg A FAK(volatile fatty acid)o]t}. Ak
Moz B4 AShe AR A2 BT A
of 4 A AN TR0l W) L2tk wehA ds 4 o
A2 WA517] 919 23129 8 E(odoformolit L2
B promoformz} 2L SAAE H/SHE R AW
Wl BHE SE2 WS 2 Slch Pham et al[BI}2 ChAlTl)
A7/ a3t Aol 35 TolA 5UZE AT & X FF
712 12 THATEREE 0307 ~0.412 g0 3 Z|ARS: A
AT B,

Figure 3& @714 43} A2F o|-&st= A2 Hiol2
gloolye] 20t AlES HojEth 11 5 She Hiel2 7}
& A olHo] Y A4S Bt FAIRE & SHE
olgste] Aslslo] oehe, TRWE, Hebgyl e T3t
ISR U Aot G714 a3t Ta diH] A2 &9
ojitstetavt AAE I £ 714 HE|Eort gdlE 9
of A&} Aol &AE AMEE o 7] o, B AT
3 AHat /o] 7hsste] & BAFAAY AR SE/4H B
ojemiA FEHO| WA ARG 5T 5 Qlth

718 Ak 7Y 2Hld At M A= F stUEA
71% Ad<E(technology readiness level)7} o9~ &=t} SFX|9t
ololl W[} ¥l 4%0] S5 BI14 45kl AHIs} e
AT7} FETHA,32.34]. WA HlolortAS oz B,
Fasahati and Liu[24]= AZ 5% 7]|& 409 ton yr' 729 T}
Ao} W71 A5h ARSI kg ARG W AlATO
i3t 71e-AAE B B4 A2 Y5l o] Al
e A4 o7 508 324717 Ao A9 2719 2
FE AREShe AFARS 340l AAENeH, UyHAl= AlE
o7 g Qleh. WA £ 3001 E 952 10%
gl 7PERe W, AAE 4 2 Ha A7) griEe
18.81 ¢ kWh' 2 4= Q]ct, o] g2 dfieke Hata glof af=
7 A FAYLE 7L = vl= oY 9] B+ A7) 7}
A} F5 TR, s2FVF A7) BikE AR A% ket
Hpoleui A FgFgo] dH 4 U2 Hth

A ATt BRel o] d7]/4d 43FE o]&-5to] Hio| QU A
ZRE A AARE TE= 32 o8] A dA 1L S
s ©@AE 28R 517] fiEo] Hio|Q 7pAS] FAH T B



RS oA

= O
25T

Ao FxF f7f vtole ARl AYT Y 167

Alginate

é

C

0

9]
2 o
o] £
& &5
3| s
9 il
9] )
5 g Enzymatic
9 ko] Hydrolysis
T 3
o o

k]

0o

D Ve

Fermentation
Platform
Seaweeds Anareobic
Digestion
Pretreatment

c
2 S

9]
£ o
0 = Gaseous Products
o
kel
3| 5
o] el
o )
= > .
o o Pyrolysis
& %

Q

[24

o

o

Thermochemical

Platform

HTL = Hydrothermal Liquefaction
Sr = Steam Reforming

DDGS =Dried Distillers Grains With Solubles
WGSR = Water Gas Shift Reaction

PSA = Pressure Swing Adsorption

Gasification

Figure 3. Seaweed-to-energy conversion routes.
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Table 2. Experiments on hydrothermal liquefaction of macroalgae.

10 ~20MPa)9] &o] At A& &dfst= d 52% 4TS
sh7] ol Az A sj2F W 22 2 A5l #2
o 229 A2 Wizl WRols2). £ BF A=E 7
Aot o] AFSE A= AET FRUR Aolo]H dL 2
wgtonn aRHoR B5E 4 otk

T Yoo A E2 Blo| U AF F3fish] 2% 8, vk
& 4 F=E Zgsh=d], ol ol 94 24 ZAAA o]
o8 EofiEo] AdEAe] #lE 7FssHl sl WiEelth
g ol AEE SHEs] st 2ol e &HiE F71st
A7 AlEEUT. SESe} iR7A 2 4 A3te] FH
BPEL vl otk £ A3}] Hio]@ 0 FEE
T8 959 24T dF Z27], ¥hs 2%, AR AIzL 7HE &
T, Fo] FF7, 27] HoleuiA of 29 Hle % g4 5ol
o3 ¥ =t AL A4 FF W27 +E A3} vio]
Q QY9 £&Z Hdslohs 2ARAS RAHE A
PEUTE. 11 YFEE Table 20 FE]5}A=t[53,54], ol =t
2 ¥hg 2 345~350 C, 34| FspEte] emA of G F
AMN7E 16.7 wt%, 18I 7}D £%27F 27 C min'Q wj vpo]
2 2 fgo] o I I =52 & 5 UTh

LA Ql F A3} Hio| @ 2lold ] 2= =%t
2Rt 24 AJAES] ALl Figure 33} Zo] (1) F A3} (2)
371 ME 9 $7HA A RRE 3) 4 B E AFeE
T/JE Tt Niaz et al[55]2 ¢ H3HE B AU} &, 4
%Y F Bt ddmet 1 8o ouA|z detE= A A
2 4-54 HEPH(combined heat, hydrogen, and power,
CHHP) 374 °] AAH B3 AR o] A4t o=7F

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]
0. 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. riparium 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
exchange, SRU: steam reforming unit, WGS: water-gas shift, PSA: pressure swing adsorption, SG: steam generator, ST: steam

turbine.
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