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Macroalgae (seaweeds, marine algae)
✓Large aquatic photosynthetic plants
✓3 major groups: Green, brown and red, based on pigments colour
✓Used as food in Asia (nori, wakame, tempe, etc)
✓Industrial uses as sources of hydrocolloids, including alginates
(kelps, Laminaria), carragenans (Kappahycus), agars (Gracilaria)

✓Other uses: fertilizer, cosmetics, pharmaceuticals, feed (including
aquaculture)

✓In Europe they are not a basic food, currently products from EU
seaweed are being introduced: “pasta”, “weed burgers”, salt,....

Ulva lactuca

Palmaria palmata
Laminaria digitata
Source: ©M.D. Guiry, www.seaweed.ie

Amount of cultivated seaweed in the world (FAO 2012)

Macroalgae for chemicals/fuels?
Contributes to
reduction of CO2
emissions

No competition with
other industries for
land use

Reduction of nutrient
levels in marine
coastal areas

No risks of reduction
in biodiversity

No risk of potential
deforestation

No freshwater
consumption

HIGHER
PRODUCTIVITY

1)

FAOSTAT (2012) – ftp://ftp.fao.org/fi/STAT/summary/default.htm
#aqua; 2) Abreu et al., 2011; 3) Mata & Santos, 2003; 4) Pers. Comm.
Freddie O’Mahony from CPF (Ireland).

IMTA: Integrated Multi-Trophic Aquaculture

Cultivation
✓Current cultivation at large scale operational in Asia (China,
Philippines,..)

✓Harvesting of wild populations worldwide, mostly by hand, low
mechanization. In Europe Ireland, France and Norway are
highest producers

Aquacultures of red algae, Zanzibar.From:
Leyo/Wikimedia Commons/CC BY-SA 2.5 CH

Harvesting of brown seaweed in Japan. From: Masaki
Kamei/JRCS

Cultivation for biorefinery:Mariculture
✓Utilisation of space in seas and oceans
✓From collecting to sustainable cultivation. Example of new
cultivation technique, scalable: AtSea Technologies, http://www.atseaproject.eu/

✓Large scale cultivation at fish cultivation areas, using textile support
(sheets, ribbons)
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Mariculture
✓Selection of production areas, “Hotspots”, and design of optimal
production systems:

- Near shore

- Offshore
- Combination with:
- Windmills parks, efficient infrastructure

- Aquaculture: fish farming, Shellfish cultivation,
increased sustainability

Different approaches in The Netherlands

▪ Onshore: specialties in closed production systems
▪ Nearshore: fresh market as healthy food
▪ Offshore: large-scale operation for protein production and
green chemistry resources

▪ Small scale facilities, NorthSeaWeed in Zeeland, NioZ

Open Seafarm for large scale cultivation
BIO - OFFSHORE
Large scale cultivation of seaweeds in combination with offshore
wind mills (ECN/WUR)

▪ 5000 km2
▪ 350 PJth energy

▪ Multiple usage of the area (nursery of fish, reduction
of waves and to be combined with other measures
of climate proof coastal defense)

Making smart combinations
▪ Combining seaweed

production with a windmill
park would lead towards an
economically beneficial
exploitation

▪ Combining application of
wind- + wave energy

▪ Combining application with
storage of energy

▪ Combining energy with food
production

▪ Combining existing with
new infrastructures

Seaweed as fermentation feedstock
Lignocellulosic biomass

Seaweed biomass

▪

▪

Lignocellulose

● Recalcitrant to hydrolysis. For
fermentation normally hydrolysates
are prepared

▪

Type dependent on species, examples:

-

Laminarin (β-glucan, also present in cereals)

-

Fucans

Lignine

● Monomers are normally toxic to

Low crystallinity carbohydrate polymers, up to
60% in weight (Sargassum, Alaria)

Xyloglucans, Mannans, rhamnoxyloglucans,
etc

microbes

▪

Free sugars: Mannitol (in brown species)
Protein

● Low protein content
Lignocellulosic hydrolysates may need:

-Detoxification
-Supplementation with nutrients, normally Nsource for straws

▪

Proteins, higher content than in lignocellulose,
up to 25% in green species

Seaweeds represent a potential substrate for
fermentation, because of good accesibility to
sugars and high nutrient content.
- Consolidated Bioprocessing (degradation and
fermentation by the same microbe) as option
for improved process

Production of bioplastics from seaweeds

IMTA cultivation
LAND-BASED SYSTEMS (Portugal & France)

▪ Tuned to suit downstream
Ulva lactuca
Ulva armoricana

processes

Gracilaria vermiculophylla

LONG-LINE SYSTEMS (Ireland) CPS, DOMMRS

● Enhance

carbohydrate content

▪ Characterized:
● dry matter, ash,

protein, polyphenol,
carbohydrate content

Alaria esculenta

Ulva sp. aquaculture


General principle: Ulva sp. grown under nitrogen starvation
show higher glucose content (most as starch)

▪ CEVA

produced batches applying this
principle

● Final glucose contents ranged from
7.1 to 57.4% dw

● Why? culture conditions were not
the same

▪ Objective

of this work: promote
glucose enrichment in Ulva sp.

Alga + contact : H. Abreu, Ceva contact: M. Benoit

Results polysaccharide films
Contact : Cristina Rocha

Ulvan and alginate films: a) and b) Ulvan; c) and d) Purified Ulvan; e)
and f) Alginate.

Improvement of the gel strength in all polysaccharides for
Ultra Sound extraction

Red seaweed pretreatment : lab scale
Carbohydrates content in raw material : 28 % dry matter (Mainly
galactose, anhydro-galactose, glucose)
Gracilaria vermiculophylla



Goals :

50 g rinsed &
Dried
biomass,120 µm



To reach high amount of soluble sugars : 50 g/L



To have low by-product amount (HMF)

Solution at 20 %
d.m. in water



To minimize salts content
Galactose Extraction
yield

HCl (1 M)

Dry matter (g/L)
Ashes (g/L)

4h, 85°C, Open
condition

Sulfates (g/L)

Centrifugation
Neutralization
pH5 with NaOH

20 % DM proteins

90 %
171
73
6,67

Monomeric galactose
free (g/L)

30

Glucose (g/L)

8,8

Red seaweed pretreatment : Pilot
production

Fermentation of seaweed sugars to lactic ac.
Sugar composition of seaweed hydrolysates, and growth results of
lactic acid producing microorganisms on the sugar mixtures.
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Monosaccharides in seaweed extracts
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Fermentation of seaweed sugars to lactic acid
Fermentation tests lab scale, batch, no pH control, 15 g/L sugars
Example: Bacillus coagulans
12
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8
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Glc
Xyl

6

Gal
Rha

4

Man
2
0
Substrate Lactic ac.
cons.

Acetic ac.

EtOH

Formic ac.

Major product on rhamnose: 1,2-propanediol

Gracilaria hydrolysates to lactic acid
▪ Highest lactic acid production with Gracilaria hydrolysates
▪ Theoretical LA yield = 1.0 g LA / g sugar
LA yield > 1.0 g/g: other substrates than monosaccharides

Source

Dry matter
pre-treat.

Gal/Glc
consumption

Lactic acid
production

%

g/L

g/L

Yield, g/g

Reference

pure sugars

7.9

6.8

0.85

Gracilaria

5

8.8

10.2

1.17

Gracilaria

10

8.4

9.4

1.11

Gracilaria

20

0.5

-0.3

-

Production of feed, fuels and chemicals
24 % sugars
26% protein

Ulva lactuca
Biomass

Characterized as animal feed:
Good composition in AA,
Elements, fatty acids

Aqueous treatment
(150°C)

“in-vitro” tests:
Good digestibility

Enzymatic hydrolysis
(50°C)

(60% of total sugars)
40 g/L sugars
Hydrolysate
(glucose, rhamnose, xylose)

Anaerobic fermentation

Biofuels
ABE
n-butanol

40 % protein
Centrifugation

Extracted fraction
(protein)

Animal
feed

Chemicals
1,2-Propanediol

Ref: Bikker et al (2016), J Appl Phycol

Production of feed, fuels and chemicals
Fermentation of control media and U. lactuca hydrolysate by C. beijerinckii. The sugar
concentration at t=0 was 42.2 g glucose/L for CM2-G, 39.7 g L-1 rhamnose for CM2-R, and
23.3 g glucose L-1, 13.8 g rhamnose L-1 and 5.2 g xylose L-1 for CM2-G/R/X cultures. The
hydrolysate cultures contained 15.4 g glucose L-1, 11.5 g rhamnose L-1 and 1.8 g xylose L-1.
Data after 72 h for CM2 cultures, and 148 h for hydrolysate cultures.
Sugars cons. (g/L)
Culture

BuOH

EtOH

1,2-PD

g ABE /g
sugars

g 1,2-PD
/g rha
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CM2-G/R/X

20

7.3

4.5

2.1

7.5

0.2

2.8

0.3

0.4

Hydrolysate

14.7

2.8

1.6

2.1

5

0.4

1
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CM2-Rhamnose

Acetone

Yields

Rha

CM2-Glucose

Glc

Products (g/L)

Production of fuels from Palmaria Palmata
47 % sugars
11 % protein

~60% yield
33 g/L sugars (oligomers)
Extract
(xylose, galactose glucose)

Palmaria palmata
Biomass

Mild acid
hydrolysis
(acetic acid 0.1 M)

Centrifugation

Residue

Anaerobic fermentation

Anaerobic Digestion

Biofuels
ABE
n-butanol

Biogas

14

Degradation of xylose oligomers

Concentration (g/L)

12
10
Xylose

8

Galactose
6

Glucose

4

Acetic Acid
Total ABE

2
0
0

100

200

300

Time (h)

Fermentation of Palmaria palmata extract by C. beijerinckii
Sugars at t=0 (g/L)
Culture
CM2-X/Gal/Glc
Palmaria extract

Xyl

Gal

Products (g/L)
Glc

22.9

7.7

0.8
(20.5)

0.8
(10.9)

ABE

Acetic
acid

Butyric
acid

3.3

7.1

0.6

1.8

(1.3)

Nd

0.7

6.8

Conclusions & summary remarks
- Seaweeds are developing as alternative biomass feedstock
- Because of large variation in composition, the uses need to be
adjusted for each type
- Milder pre-treatments than those for lignocellulose result in high
sugar solubilisation
- Potential for mild pre-treatment and consolidated bio-processing
of the biomass (no need for external enzymes for degradation of
sugar polymers)
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