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INTRODUCTION
To stand an 80% chance of limiting global warming to
2°C the world can only emit 886Gt of CO2 in the period 2000-2050. The IPCC is currently working on scenarios
for the new 1.5°C of the Paris Agreement. At current rates
we will exhaust this budget within the next five to 15 years.
While the need to drastically cut emissions becomes ever more
precarious, Norway’s CO2 emissions increased 1.5% from 2014
to 2015 to 53.9Mt. Civil aviation accounted for about 2.8Mt
of 2014 levels.
On a global scale aviation is responsible
for at least 2% of CO2 emissions and this share is growing.
The UN aviation body ICAO leads international efforts
to reduce aviation emissions. Aviation emissions have
more than doubled over the last 20 years, despite efficiency gains, as the number of people flying continues to
rise. The global aviation sector is expected to grow by at
least 5% every year toward 2030 with demand for fuel set
to increase by 1.5-3% every year (IEA Bioenergy, 2012).
In Norway, Avinor’s (the Norwegian airport operator and air
navigation service provider) target is that in 2030, 30 per cent
of all jet fuel sold in Norway should be sustainable alternative
fuel. This will require 350-400 million litres biojetfuel annually.”
Biofuels continue to present the most viable emission reduction pathway for the aviation sector. Options for land-based
and sea-based transport using battery-electrification are not yet
feasible for large-scale aviation, although smaller planes and
propeller hybrid planes may be used within the next decade.
Biofuels, however, face a number of challenges and uncertainties
regarding sustainability, policy framework and suitability for jetfuel. And in 2009 the proportion of biofuels in total commercial
aviation fuel consumption was just 0.05%. The vast majority of
this is test flights with first generation (food based) biofuels, with
some second generation (waste, straw or wood based) biofuels.
While it has become increasingly clear what should not be
used for fuel, it remains difficult to find sensible alternatives.
Any potential emission savings from biofuels is highly dependent on the type of biomass as well as the life-cycle emissions of the production process. Both first and second generation biofuels are heavily compromised in this regard. They
raise issues of food competition, water scarcity, biodiversity
loss, social injustice, land mismanagement as well as direct
and indirect land use change that could lead biofuels to have
as high or higher emissions than the fossil fuels they are supposed to replace. Biomass also serves an important function
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as carbon stocks, to be preserved rather than used for energy.
The central question is therefore what alternative fuel is not only
available today, but will be available and sustainable in the long run?
For Norway, a country with a coast line stretching 2.5 times
around the equator and a long-standing maritime economy, Bellona suggests we turn our attention to the ocean.
The oceans harbour some of the world’s fastest growing
plants, micro algae (unicellular) and macro algae (multicellular also referred to as seaweeds), which during photosynthesis fixate CO2 and nutrients into biomass and produce oxygen. About half of the air we breathe each day is produced
by algae and about half of global emissions are absorbed
by the oceans, with over 20Mt of CO2 taken up each day.
This study explores the potential of using macro algae (seaweed) to produce biofuel. Seaweed biojetfuel could circumvent many of the sustainability challenges that render landbased biofuels unsustainable, while developing the alternative
fuel industry an expanding aviation sector promptly needs.
Experience from the land-based biofuel sector, especially regarding biorefining, would be largely transferrable to seaweed.
This study serves three purposes:

1.

To map existing knowledge and practice in
seaweed biofuel production, in particular
in Norway

2.

To identify the sustainability issues of
marine biofuels

3.

To propose steps to developing a marine
biorefining industry that could serve the
aviation sector and more

Research on seaweed for energy remains relatively scarce.
To date, focus in marine biofuels has been placed on biogas from marine waste, for example from fish farming, and
bioethanol from seaweed. Actors in the field say seaweed
biorefining with ethanol production will be possible at commercial scale earliest in 2020, with a mature industry (which
could supply aviation fuel) unlikely to materialize before the
2025-2030 perspective. But as both understanding of the role
of biomass in climate change – including its own vulnerability to climate driven changes in growth conditions – and technologies develop, ever more actors are looking to the oceans.

Figure 1 Evolution of biofuels

WHY SEAWEED BIOFUEL
We rely on bioenergy to tackle climate change. Currently bioenergy makes up 60% of the EU’s renewable energy mix and
more than 90% of renewables in the transport sector. However, the potential low-risk bioenergy available in Europe translates to just 45% of the EU’s 2020 renewables target (20%)
and 30% of the 2030 target (27%). Europe is therefore already
over-using its sustainable potential of land-based biomass.
The significant increase in consumption of land-based biomass for energy – from 60Mt in 2005 to 105Mt in 2013 and
at least 140Mt by 2020 – without an effective system of environmental safeguards, has brought considerable challenges and negative impacts. Meanwhile, climate science shows
that containing the negative effects of climate change will
necessarily involve some bioenergy, though the sustainable
scale remains one of climate science’s most unsure areas.
While no possible solutions should be excluded in the quest
to curb climate change, the limitations of land-based biofuels are becoming increasingly clear, which should encourage actors to look to the ocean and marine resources.
Recommendation
Any increase in biofuel use should be exclusively third and
fourth generation, whereas first and second generation should
be phased out and curbed.
Even though the biomass production potential of the oceans
compared to land is not yet fully understood, cultivated seaweed is largely unexploited and the potential is enormous.
Recommendation
Ensure a more complete understanding of the role of bioenergy in combating climate change and in particular that of
marine resources like cultivated seaweeds.

Suitability
There are an estimated 40,000 to 100,000 species of seaweed,
a few of which have already been identified for high potential
as biofuel. In Norway, brown kelp species like cuvie (Laminaria
hyperborean), Norwegian kelp (Ascophyllum nododsum) and
in particular sugar kelp (Saccharina latissima) are already harvested. With a water content of 85-90% seaweeds are particularly suitable for wet fuel conversion methods such as anaerobic digestion (AD) and fermentation. Furthermore, seaweeds
generally contain high amounts of carbohydrates (sugars),
mainly glucose, galactose and mannitol and low amounts of
lignin and lipids (oil). The high carbohydrate content renders
seaweeds highly suitable for bioethanol and biobutanol production, where the sugars are fermented. Meanwhile, low lignin content eliminates many of the challenges currently faced
by wood-based bioethanol producers, as lignin hardens the cell
walls and requires extra pre-treatment before fermentation.
Approximately half of the sugars in seaweed are locked in a
single carbohydrate – alginate – which is currently one of the
biggest drivers of the seaweed industry. In 2009 global production of alginates was 26,500t with a value of about US318
million (Guiry & Guiry, 2016). Alginates are widely used in

the textile and food industries, as a stabilizer or an emulsifier,
applied as an additive to dairy products like ice-creams. The
main producers are Scotland, Norway, China and the USA,
with smaller amounts being produced in Japan, Chile, and
France (seaweed.ie). As alginates are made from the carbohydrate component of the seaweed, the same as would be used
to make fuel, competing demands for this resource may arise.

Availability
Seaweed is an abundant yet underutilised biomass source. The sea
covers 70% of the world, accounts for 50% of biomass production,
yet only 2% of our energy from food comes directly from the sea.
There is potential to increase our sustainable harvest from the
oceans for food, fuel and other uses, especially if we can learn
from mistakes and draw on lessons learned from land to design more sustainable, holistic and integrated solutions, and if
we learn to cultivate the ocean rather than only hunt from it.
In 2050 we will need 70% more food than today, meanwhile meeting 20% of the world’s energy demand in 2050
with land-based bioenergy would require an amount of
biomass that equals all biomass harvested today for food,
feed, energy and materials (Searchinger & Heimlich, 2015).
With a coast line reaching 2.5 times around equator, the potential production area in Norway is large. The Norwegian
baseline (grunnlinjen) stretches 21,000km and encompasses an area of 90,000km2 or 9 million hectares. This is an area
seven times larger than the total marine cultivation area in
China and an area as large as all the agricultural land in Norway, Sweden, Finland and Denmark combined (FHL, 2011).
There are many different numbers on seaweed production,
but worldwide commercial production today is widely recognised to be 12-14Mt dry matter per year (Chen et al., 2015).
The vast majority is cultivated for food production, fertiliser and hydrocolloid extraction and nearly all takes place in
Asia, with China, Korea, the Philippines and Japan accounting for about 72% of global production (Chen et al., 2015).

Scalability
Compared to Asia, industrial seaweed cultivation in Europe is in the very early developmental phase and comprises
only a few species. There is therefore a golden opportunity
to design a high-potential industry effectively from scratch.
Also, as compared to forest/woody biomass seaweeds’
higher growth rate means there is a higher turnover-rate
and they could theoretically be cultivated “inexhaustibly”.
The temperate waters that stretch from Portugal to Norway are
highly suited for brown species like kelp. Water-based cultivation is far more space efficient than land-based cultivation: Seaweed can be grown on straight or circular ropes, horizontally
and/or vertically, (ideally) down to 10m depth to retain optimal
sunlight conditions. Seaweeds’ higher growth rate than terrestrial plants also means the yield from cultivated seaweed per area
is a lot higher than for land-based crops. Seaweed could also be
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cultivated in ponds or tanks located on unproductive or unused
land (though, usually microalgae are used for this purpose). But
the greatest advantages are attained through cultivation in holistic systems like Integrated Multi-Trophic Aquaculture (IMTA)
that incorporate other aquacultured species and/or offshore
energy facilities. This would allow for, amongst other benefits,
recycling of nutrients (and thereby increased resource efficiency
and reduced negative effects from waste nutrients from farmed
fish), shared infrastructure costs, and more efficient area use.

Productivity
Seaweed in general and kelp in particular belong to the fastest growing species in the world and growth rates of seaweed far exceed those of terrestrial plants. Giant kelp grows
faster than bamboo at about 7-14cm per day and even up
to half a metre a day under ideal conditions. Sugar kelp
grown in UK waters has been shown to grow 1.1cm per day,
reaching over 2.25m in a year (UK Marine SACs Project).
Average productivity of wild seaweed ranges between 3-11kg/
m2 dry weight (dried seaweed retains about 10-30% of the
original wet seaweed’s weight) every year and up to 13kg/
m2 for cultivated seaweed. For comparison, one of land’s
most productive crops, sugar cane, reaches yields between
6-9.5kg/m2 wet weight per year (Agostini et al., 2015). Kelp
productivity ranges between 150-600t per hectare (10,000m2)
per year wet weight, depending on the species and location.
For the North Atlantic, cultivation experiments with sugar kelp predict production potentials in the range 170340t wet weight per hectare (Skjermo et al., 2014).
For a country like Norway, with temperate waters and
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relatively strong currents that improve nutrient supply, potential yearly harvest has been estimated to be up to 17,000t
wet weight per km2 (100 hectares) (Skjermo et al., 2014).
This means utilizing only 2% of the area inside the Norwegian
baseline could theoretically produce more than 30Mt of seaweed
annually, thereby matching the entire seaweed production of Asia.
Rapid growth rates also mean seaweed absorb significant amounts
of CO2. One hectare of seaweed can fix about 66t of CO2 from
the atmosphere. Depending on the species, it will take between
10-100 years before the CO2 contained in a combusted tree is
recaptured in regrowth. For seaweed, taking about six months
to mature, it absorbs CO2 at a much quicker rate and the carbon released from its combustion is thereby sooner reabsorbed.

Efficacy
Seaweed is amongst the most efficient species in terms of resource use. As seaweed grows in saltwater, any need for fresh
water during cultivation is eliminated, as opposed to terrestrial
crops. Thereby marine biomass production reduces the strain
on one of the world’s most limited resources. Furthermore, seaweed is incredibly efficient at taking up nutrients, such as nitrogen and increasingly scarce phosphorus, which seaweed absorbs
with comparable efficiency to a waste water treatment plant.
This also eliminates the need for fertilisation. In fact, cultivation
of seaweeds in practice means recapturing of nutrients into
biomass that in turn can be reused/utilized for fertilisation purposes: With its high nutrient content, seaweed has long been
used as soil improvers, both by digging the plants themselves
into the soil and via more modern methods of producing liquid algae extracts and seaweed meal for agri- and horticulture.

Ocean Forest, a collaboration between Bellona and Lerøy, demonstrates Integrated Multi-Tropic Aquaculture, with seaweed, and
mussels growing around a fish farm.

OceanForest

When cultivation of seaweed is located in proximity to fish
farms, seaweed can use the excess, otherwise wasted, nutrients and thereby ensure recycling and cleaning of the surrounding waters, which may otherwise suffer from over-supply of nutrients. It has been documented that kelp can
remove between 30-100% of dissolved nitrogen produced
by fish farming (Leonczek, 2013). Sugar kelp cultivated in
such IMTA systems in turn achieve further higher growth
rates than kelp cultivated in monocultures (Leonczek, 2013).

Negative emissions
Making seaweed biofuels in combination with carbon capture
and storage (BECCS/Bio-CCS) holds the potential to deliver negative emissions, removing excess CO2 from the atmosphere over time. The urgent need for such carbon removal
technologies has been emphasised by the global climate agreement reached in Paris at COP21 last year. Carbon capture
can be done at a biorefining facility that makes biofuels from
seaweed or at a facility that combusts the seaweed directly for
heat and power. The captured carbon can be stored in underground geological formations or in empty oil and gas fields.
Norway is a world leader in CCS, Bio-CCS and CO2 storage.

SUSTAINABILITY ISSUESHY
While marine biofuel feedstocks circumvent some of the
major sustainability issues of land-based biomass, others remain and are joined by a particular set of their
own. These need dedicated research to improve understanding of the consequences of embarking on industrial-scale marine biomass production for energy purposes.

Local impact
Growth of algae in general depends on the availability of
nutrients. Farmed seaweeds extract nutrients from the water
column between approximately 0-15m depths. Nutrient availability varies with season and depths, and potentially the cultivated seaweeds compete for nutrients with phytoplankton/
micro algae, the latter being of great ecological importance.
This in turn could reduce other marine productivity higher up
the food chain. Hence, nutrient fluxes should be monitored.
If seaweed is grown near fish farms however, the potential for competition for nutrients is reduced as seaweeds
can help take up excess nutrients from the fish farming.
Wild seaweed populations are an essential component for preserving biodiversity of marine ecosystems and wild harvest
should therefore be contained and regulated according to the
carrying capacity of the ecosystem. A seaweed farm could act
as a new habitat, much like an artificial reef, attracting a fauna community and providing nursery and feeding areas for
fish and other marine organisms, thereby functioning as an
ecosystem enhancement. However, potential negative effects
from the rapid removal of this habitat when the seaweed is
harvested should also be considered (Skjermo et al., 2014).
At present, commercial scale seaweed production is regulated to be based on mother plants harvested from wild populations in the same area as the sea-based production will occur. In this way, potential negative effects from changes in

Figure 2 Output per area of various crops
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genetic composition as a result of breeding are avoided. But
breeding is likely in the future and more knowledge is needed concerning the genetic composition of wild seaweed populations. Organic wastes (lamina or ‘blades’ etc.) from erosion
of seaweeds before harvest will be degraded on the seafloor
and may be spread with currents. The consequences of this
for the benthic fauna (and area selection process for the farms)
are not yet well-enough studied (Skjermo et al., 2014). Since
the algae are harvested after short growing season, and before the tissue becomes brittle and fouled, the loss of biomass
from harvested algae are likely lower than from wild seaweeds,
which have a longer growing season and will be more brittle
due to epiphytes. Nonetheless, potential positive effects (food
source for benthic organisms) as well as potential negative effects (e.g. deoxygenation of sediment) should be monitored.

integrating seaweed with existing platforms such as fish farms or
offshore wind systems could reduce (through sharing of) life cycle
emissions as well as bring down investment and operational cost.
Recommendation
Prioritise research and investment into the currently most carbon intensive stages of seaweed production, namely production of cultivation equipment and harvesting methods.

Recommendation

Another emission intensive stage of seaweed for biofuels is the
high electricity consumption from any storage and pre-treatment requirements, depending on the desired end-product.
For instance for bioethanol, the production of the enzymes
required to break down the cell walls before fermentation was
in the UK study found to account for more than half of seaweed bioethanol’s life cycle emissions (Aumônier et al., 2012).

Dedicate more research to evaluate both positive and negative
local environmental impacts from commercial scale seaweed
production, including effects on nutrient availability and phytoplankton abundance, organic wastes (eroded seaweed tissue)
and biodiversity impacts.

Using renewable energy, alternatively integrating the seaweed-to-fuel process with excess heat from another nearby
facility, could reduce some of the carbon intensity. The electricity and heat input required for anaerobic digestion can be
supplied by the combustion of some of the biogas produced.
Recommendation

Life-cycle assessment (LCA)
When measuring the life cycle or cradle-to-grave emissions
of seaweed biofuels there are many stages to take into consideration, including the production of cultivation nets/
ropes, seedling/hatchery processes, mechanical harvesting,
the fuel conversion process, distribution of the fuel and finally its consumption. Then one must subtract avoided emissions
by displacing fossil products, both in fuel and bi-products.
Existing LCA data on biofuels from seaweed is focussed on
biogas and bioethanol and is only based on hypothetical scenarios from a mix of assumed, modelled and/or experimental data from laboratory of pilot scale experiments. Due to the
lack of real-world examples, emissions from some processes,
such as offloading of seaweed at harbours and maceration or
other pre-treatment, are difficult to measure. Furthermore, the
number of these studies is small and transparency of the calculations often lacking (Agostini et al. 2015). Their representativeness of actual life cycle emissions is therefore wanting.
Recommendation
Undertake life cycle emission studies based on real-world pilot
and eventually large scale seaweed-for-energy cultivation.
However, some main conclusions can be drawn and areas
for prioritised research identified. The most energy intensive part of the seaweed biofuel chain is production, maintenance and harvesting of the seaweed culture in the open sea.
A UK study found the greatest contributor to lifecycle carbon
emissions to be production of the cultivation nets, with another large contributor being the fossil fuels used to operate
ships involved in maintenance and harvesting (Aumônier et
al., 2012). For both of these areas there is great room for improvement, for instance in alternative net materials and designs,
reusing the nets over more seasons and using electric ships.
Furthermore, sharing of infrastructure and maintenance through
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Always aim for integrated seaweed production, for instance by
sharing offshore infrastructure like wind farms and cultivating
seaweed around fish farms, as well as processing, for instance
by using other facilities’ excess heat.
The high variability of the chemical composition and harvest of seaweeds according to season and location translates to high variability in energy yields, which in turn will
impact the overall life cycle emissions of a seaweed fuel.
Recommendation
Dedicate more research into increasing the yield and energy
value of seaweed biofuel, particularly by optimising harvesting times, processing, digester performance and conversion
pathways.
Measuring the life cycle emissions of biofuels remains a
complicated process full of uncertainties. Comparison of
seaweed with other biofuels is also difficult as the existing legal framework does not fully recognise emissions from
land-based biofuels, for instance from land-use changes,
meaning their emissions appear lower than they in effect are.
Studies are also unable to fully account for seaweed biofuels’
emissions savings from any displacement of fossil products.
These shortcomings are demonstrated in the UK study, which
relied on the Renewable Energy Directive (which also counts
in Norway) prior to its 2015 reform to measure and compare
emissions. Doing so gives a cradle-to-grave carbon footprint
of biogas/biomethane from seaweed to be 0.064kg CO2/MJ
and bioethanol 0.077kg CO2/MJ, compared to petrol at 0.0838
kg CO2/MJ (Aumônier et al., 2012). This means the emission
savings of seaweed biogas/biomethane on petrol is 24% and
bioethanol just 8%, neither of which would meet emission
savings requirements of the EU Renewable Energy Directive.
As the EU legislative framework on bioenergy is currently
under review and set to become stricter, it should be stressed

that these numbers could change as Europe gradually moves
toward a more comprehensive measurement of emissions
and method to qualify (marine) biofuels vis-à-vis alternatives.
Recommendation
Give high priority to an encompassing, transparent and longterm bioenergy policy framework.

Resource value chain impacts
Cascading or prioritised use is a central principle of bioenergy,
involving an evaluation process in which every single part of
the resource is prioritised for use in a way which best preserves
its intrinsic value. For instance: the stem of a tree should be
used for building, with only leftover chippings used for power.
As seaweed can also be used for food, feed, medicine, paper and
fertiliser as well as a range of substitute fossil products besides
fuel, including plastics, cosmetics and textiles, we need to be smart
about its use in an advanced biorefining industry. The cascading
use principle must therefore be part of the wider marine bioenergy discussion from the very beginning. A roadmap for full utilisation of the seaweed components would be needed and could
involve a number of actors, from policy makers to industry and
supporting instruments such as Enova and Innovasjon Norge.
Recommendation
Develop a method for determining the cascading use of seaweed that best preserves the feedstock’s intrinsic value.

Figure 3 Life cycle assesment of seaweed biofuel

Table 1 Comparison between land-based and ocean-based biomass
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a seaweed biorefining industry

Biorefining is a way to optimise use of biomass resources
which can also deliver a wider range of more cost-competitive products. Today most, if not all, other uses for seaweed
are of higher monetary value than using it for energy. For the
first commercial seaweed producers in Europe, starting with
the highest value products is essential to survival. This means
the bulk of today’s seaweed is being used for food, feed, nutritional supplements and in pharmaceutical applications.
However, with the aviation sector facing no other decarbonisation options than biofuels, the market value of using seaweed
for biofuel is not reflecting what should be the demand. Seaweed
biofuels must therefore receive some incentive for the industry
to develop and should be dedicated for use in sectors such as
aviation, which currently face no other decarbonisation options.
Recommendation

1. The business case

The economic challenges related to the currently highcosts of growing, harvesting, preserving/storing and
pre-treating the seaweed coupled with inadequate demand

2. The incentives
Largely unreliable national and EU-level bioenergy policies with unclear sustainability criteria, unpredictable market size and unmoving industry actors

3. The fuel conversion pathways
While technological challenges of producing seaweed biofuels
are minor, optimisation will be needed and an additional cost
for upgrading any biofuels to jet-grade fuels taken into account.

With no other decarbonisation options, the aviation industry
will receive priority for the limited sustainable biofuels available, and will in turn invest in developing capacity for biofuel
production and use.

Tackling these challenges will demand the creation of
an advanced biorefining industry, loosely modelled
on existing refining industries that take an overarching, holistic approach to seaweed production and use.

There will be several drivers for marine biofuels demand in the
immediate to short term:

Recommendation

•

Increasing demand for energy with increasing human
population

•

Detrimental environmental effects of fossil fuels

•

Concomitant legislative restrictions phasing out and/or
increasing cost of fossil fuels

•

Restrictions on land-based biofuels production due to
competing demands, primarily protection of arable land
for food production

•

Societal shift to circular economy, integrated solutions and
shared infrastructure industries that are highly conducive
to marine biomass production

And in particular for the aviation sector:
•

Growing pressure for the sector to reduce its rapidly
increasing climate impact

•

Overall fuel demand growth as the aviation sector expands (may be somewhat dampened by electrification of
other sectors)

•

Increased availability of marine biofuels from improving
production technologies, infrastructure and logistics for
large-scale production

•

International trade enlarging markets for marine biofuels,
which in turn progresses bureaucratic hurdles such as
standardisation and sustainability certification.

Meanwhile, there are challenges which must be overcome to deliver seaweed biofuels. These are expanded upon in later sections, but can be summarised as:
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Establish an advanced biorefining industry which optimises
seaweed value extraction.
At present, the majority of commercially produced seaweed is used
for human consumption as bio-actives or food, or to the established global alginate industry, since this is the most economically
profitable. Today there are a number of other applications than
energy or fuel which will give seaweed producers higher earnings.
Seaweed biofuel production is today the product with the
lowest earning potential for seaweed producers, in spite of
the huge market potential from the climate-driven need in
sectors like aviation. Typical prices garnered for seaweed
range from €1000/kg for bioactives in the pharmaceutical industry to just €0.5/kg for energy carbohydrates (see figure).
The goal must therefore be to implement incentives, reduce costs and to increase the profitability of seaweed
production for energy purposes. Because the other uses
of seaweed garner such high value, overcoming the fragmentation of the seaweed value chain by establishing
an advanced biorefining industry, can help achieve this.
Thanks to its unique composition, seaweed is ideally suited for
biorefining. in the sense that there’s a multitude of value to
be extracted. Seaweeds are fast-growing plants and are rich in
high-quality ingredients, such as hydrocolloids, sugars and proteins. By distinguishing between – and using all – the easily extractable sugars for fuel and more recalcitrant structures like alginate, the seaweed biomass can be more fully used than it is today
while developing more and diversified revenue streams. An advanced biorefinery would be designed to make best possible use
of both the seaweed components’ inherent and economic value.
The location of a seaweed biorefinery will be of high importance
and should be aimed at tackling two key challenges. First, the location must be near the seaweed harvesting site. This can eliminate

Table 2 Commercial actors related to seaweed in Norway
logistical challenges and reduce the costs associated with storage and transport, while keeping life cycle emissions down. Second, the biorefinery facility must be large and flexible enough to
process bulk amounts of seaweed at harvest point, while having the option of processing alternative feedstocks outside the
limited seaweed harvest season, so as to maintain profitability.
One option to explore, especially given Norway’s extensive offshore expertise, is transportable floating biorefineries which could be moved to relevant areas throughout the
year. Several options could be looked at, including self-contained, barge-like structures or making use of existing offshore infrastructures currently servicing the petroleum sector.
Recommendation
Invest in collaborative pilot-scale biorefining projects at especially suitable locations or moveable floating facilities.

The business case
The seaweed industry is emerging in Europe, with Norway
among the leading countries alongside the UK, Ireland and
France, followed by Iceland, Denmark, Sweden and Spain.
Each country is highly specialised, but the production of biofuels from seaweeds is not yet taking place on a commercial
scale anywhere. Overcoming some concrete challenges in
the production phases holds the potential to dramatically improve cost profiles and open a potentially huge new industry.

Area
Salmon farming today covers an approximate 1000km2 of
the total 819,620km2 area of the Norwegian Exclusive Economic Zone. Using about the same area for seaweed cultivation has been estimated to hold the potential to create an
industry worth NOK40 billion in 2050 (Skjermo et al., 2014).
Recommendation
Increase seaweed production volumes via more and wider
industry players, develop the markets and attain economies of
scale.
Naturally not all of this area is available or suitable for seaweed
cultivation. There are currently 18 different companies that have
received a license to operate seaweed plants in Norway in 26 different locations on the west coast from Rogaland to Nordland
(Akvakulturregisteret, Fiskeridirektoratet). Of these, 4-6 will
operate a form of IMTA, making optimal use of available area.
Recommendation
Optimise area use through licencing policy by encouraging
integration of all possible platforms, such as fish farming and
offshore wind, with seaweed cultivation.
Overall, these projects cover 880 hectare (2.2km2) and
are expected to produce between 9,858-15,316t seaweed. There are another six applications totalling 142
hectare that are currently under consideration at the
Norwegian Ministry of Trade, Industry and Fisheries.
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Harvesting
Today’s harvesting methods remain highly labour-intensive and involve ships and tractors, a variation of cutting or
suction systems, cabling of ropes and other growth surfaces
with manual cleaning and sorting. The industry could be said
to have remained labour intensive due to its predominance
in low-cost Asian countries. This reliance, however, locks
the industry into outdated methods and thereby accounts
for much of seaweed’s emissions and currently high costs.
Though alternatives such as electrified ships exists and innovative companies like Seaweed Energy Solutions are creating new cultivation solutions like the Seaweed Carrier
(SES, 2015), their up-take needs to be sped-up. Efficient
harvesting and handling needs to be further developed to
suit demands and cost levels in Norway and Western countries. Furthermore, such investment could be an opportunity for a growing supply market for the maritime sector.
Recommendation
Roll-out optimal growth structures, mechanised and electrified
maintenance and harvesting.
Seasonality heavily impacts the supply of seaweed in two ways:
chemical composition (mainly carbohydrate and protein content)
and risk of spoilage due to epizoic organisms growing on the
algae. Due to sesonality in available nutrients and sunlight, both
needed for photosynthesis and growth, the carbohydrate content in Laminaria and Saccharina (kelps) lies between 40-70 % of
the dry weight39. Variations between 5-32% carbohydrates in dry
weight have been observed over the course of a year for Laminaria
digitata (oarweed) and between 17-23% of dry weight in the period June-September for Ulva (sea lettuce) (Agostini et al. 2015).
Ideal harvest for seaweed would generally be later in the summer
or even in the autumn when it has had more time to grow and photosynthesise. However, increased presence of other fauna later
in the season can cause shading that reduces growth, increases
nutrients competition and deterioration of the seaweed blades.
This leads to ever growing chances of crop loss, leaving the window of opportunity for harvest essentially quite small. Though
growing season varies at large with geography and seaweed species, with increasing knowledge and experience seaweed production could be performed with increasing lengths of season.
Recommendation
Play to geographical strengths regarding seaweed’s seasonality
and consider safeguards for producers, as exist in agriculture,
for seasonal sensitivity of seaweed production.
Sunlight is more available in southern Norway, where Bellona
and Lerøy’s Ocean Forest facility harvested its first seaweed in
May of this year. To ensure stability of supply for downstream
actors such as biorefineries, seaweed should be produced along
the entire coast so that one could for example refine harvested
seaweed from different parts of the coast throughout the year.

Preservation and storage
Preservation concerns the prevention of rotting or other spoilage of the seaweed after harvest and before refining.
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With seaweed’s high water content, rotting must be halted
rather quickly after harvesting or the seaweed must be directly refined. The latter option, however, relies on adequate
refining capacity in close proximity and at a scale which
can cope with the fact that pretty much all the seaweed will
be harvested at once. This is not yet available in Norway.
Producers in Norway today rely on storing the harvested seaweed in siloes or in the sea at the dock or using chemicals
like formaldehyde. Preservation and storage methods have a
huge impact on which end-products will be available. Common preservation methods, such as formaldehyde, inhibit
the fermentation process and are therefore not an option for
bioethanol production. Drying the seaweed is highly energy intensive and would, again in the case of bioethanol, be counter-productive as water is needed for the fermentation process.

Pre-treatment
Pre-treatment consists of mechanical, acid and/or enzymatic
breakdown of the cell-walls of the carbohydrates in the seaweed
before refining. This is done to optimize yield. The low or virtually non-existent lignin-content of seaweed reduces the need
for the costly process of breaking down these compounds. But
seaweed faces a particular set of challenges of its own, including
high nitrogen content and alkaline metals which can inhibit the
anaerobic digestion or fermentation process to make biofuels.
Challenges with this process relate to recovering/recycling the
expensive enzymes that were used and adapting the process to
suit the different seaweed species’ varying carbohydrate content.
Pre-treatment by rinsing or soaking the seaweed in water and/
or weak acid can remove a significant portion of the mineral matter (magnesium, potassium, sodium (salt) and calcium)
(Chen et al. 2015). Another way to overcome this challenge is
by co-digestion, for instance straw or waste paper, which has
been shown to deliver higher biogas yields (Chen et al. 2015).
Marine bi-products and waste from fisheries, aquaculture and
fish processing constitute 870,000t a year in Norway, some
of which is already made to biogas (Björnsdóttir et al. 2016).
Recommendation
Research pre-treatment, preservation and storage methods in
a way that takes the sought end-product, in this case biofuels,
into account.

The incentives
The main challenges to a wide deployment of marine biofuels are not technical, but commercial and political. Today
the market alone largely steers the development of the seaweed industry in Norway: there are few public instruments,
no long-term plans and little reflection on the industry’s role
and potential in a climate-progressive Norwegian economy.
Bringing seaweed biofuels to market will require concerted effort along the entire value-chain, demanding more
strategic collaboration between the involved sectors.
Comparatively low levels of R&D spending in marine/aquaculture qualify the sector as ‘low-tech’, contrary to the sector’s
future important role. It furthermore fails to attract human and

capital investment, which would drive down costs, while perpetuating uncertainties regarding the role of marine biofuels.
Recommendation
Create forums for discussion first, among manufacturers,
buyers and policy makers across sectors from aquaculture to
energy and second, between aquaculture, offshore and refining
industries, to ensure learnings (especially regarding environmental impacts) are transferred to the seaweed industry.
If targeted action was taken, for example through specific R&D and innovation programmes and incentives to support production of marine biomass, in this case especially for energy purposes), Norway could become a world
leading exporter of high-value bioactives and biofuels in
addition to becoming a leading technology provider for
fully electrified and mechanised integrated aquaculture.
Recommendation
Create a society-wide understanding of the need for a national
effort to design a space for seaweed biofuels in the decarbonised economy.
At present and in short term the seaweed industry will naturally
prioritize high-value products like food and pharmaceuticals,
since these are economically more attractive and financially more
stable to produce. For the products that we know are essential
to combating climate change, yet remain lower-value, seaweed

producers need to be supported by long-term objectives.
Recommendation
Realize alternative fuels’ competitive footing by ensuring the
real cost of fossil fuels is reflected.
Access to sustainable feedstock at a competitive price, enough
funding for deployment (e.g. demonstration and “first-of-itskind” production plants) and a growing market demand are key
elements to develop the advanced marine biorefinery industry.
The aviation industry as to-be consumers of seaweed biofuels must invest in the capacity to produce and use such
alternative fuels. They can expand airport facilities for alternative jetfuel blend supply, as has been done at Oslo Airport Gardermoen where as of January this year biojetfuel is
in the fuel blend, contribute to R&D resources for seaweed
producers and establish longer-term agreements between
airlines, operators, seaweed producers and biorefineries.
On the political side, quantity-based mandates for bioenergy have shown to come at the cost of quality, driving investment in easy yet environmentally unsound biofuel options.
Any such quantitative mandates for marine biofuels can
therefore not be said to be a sound option at this stage. Other tools that have proven effective however, such as phasing
out fossil subsidies and taxing fossil fuels so they are more in
line with the true cost of their use, should be swiftly applied.

Figure 4 Brown saweed composition and values
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CONVERSION TO JETFUEL

Seaweed biofuels relies on much the same technology that exists in the land-based biofuel industry. But an
additional challenge facing the use of biofuels in aviation is the high quality and safety standard requirements.

Recommendation
Research the potential of combining biochemical and thermochemical conversions to optimize yields.

Important properties for aviation fuels are:
•

High tolerance of low temperatures

•

Low risk of explosion

•

High octane (indicating a slow-burning and therefore
more energy efficient fuel – energy density of Jet 1 is
43MJ/l, compared to gasoline at 33MJ/l, ethanol at 20
and butanol at 30)

•

Few contaminants

The international fuel specification committee (2014 ASTM
D4054 Standard Practice for Qualification and Approval of New Aviation Turbine Fuels and Fuel Additives) has
developed a standardised process to assess the suitability of aviation fuel alternatives, checking the fuel or fuel additive’s suitability with current systems and infrastructures.
Five jetfuel production pathways are currently approved for
commercial use (2015 ASTM D7566 Standard Specification for
Aviation Turbine Fuel Containing Synthesised Hydrocarbons):

Fermentation for bioethanol or butanol
Seaweed’s high carbohydrate content is the primary reason for choosing the bioethanol pathway. However, the percentage of sugars which may be released from the total carbohydrate content in seaweed through fermentation will
vary depending on the species in question and the hydrolytic
(breaking down of the chemical bonds in water) treatment.
The chemical composition and properties of ethanol and
butanol are highly different from those of jetfuel: higher volatility, lower energy content (ethanol 40% and butanol 23% lower than jetfuel), and a lower flash point.
Experimental
testing
of
brown
seaweeds
indicates yields of 7.0-9.8g/l from 50g/l sugar after 40
hours of microbial fermentation (Kim et al., 2011).
The estimated cost of seaweed bioethanol is about US$0.50/
kg (dry weight), which is significantly higher than current corn ethanol at about US$0.16/kg (dry weight) (Chen
et al., 2015). Fermentation faces higher costs than anaerobic digestion in the need to buy expensive enzymes for
pre-treatment. Optimization and selection of enzymes suitable to seaweed bioethanol production is therefore needed.

•

Fuels from hydroprocessing of vegetable oil and animal
fats (HEFA/HVO) – approved <50% blending ratios

•

Synthetic iso-paraffin (SIP) fuels obtained from the conversion of sugars – approved <10% blending ratios

•

Fischer-Tropsch (FT) fuels obtained from biomass (BTL)
– approved <50% blending ratios

Research the best pre-treatments and find enzymes particularly
suited for seaweeds to maximise bioethanol yields.

•

Fischer-Tropsch Synthetic Kerosene with Aromatics

•

Alcohol-to-Jet Synthetic Paraffinic Kerosene (ATJ-SPK)
(approved 2016)

Making it biojetfuel: Needs to be upgraded to Jet A-1 via
de-oxidized and further processed via Alcohol-To-Jet (ATJ),
which converts the shorter carbon chain alcohols like butanol to the longer C8-C16 alkanes of jet kerosene. All
ATJ steps are well known and transferable from the petrochemical industry. ATJ Synthetic Paraffinic Kerosene (ATJSPK) is now approved as a new aviation fuel (AIN, 2016).

While HEFA is the most pursued alternative to supply significant amounts of biofuel for aviation as it generally uses
first generation feedstocks, the most promising alternative is
widely assumed to be FT-fuels. Aviation fuel has been produced with FT-technology from coal for more than 50 years.
The process can utilize most types of fossil and organic materials and produces the bi-products biodiesel, bionaphtha
and different chemicals in addition to heat (Rambøll, 2013).
Today’s research and pilot-scale production of seaweed biofuel
employs existing conversion routes applied for first and second
generation biofuels. Two biochemical pathways stand out with
the most established potential: fermentation for ethanol or butanol and anaerobic digestion for biogas/biomethane. Some novel
research suggests thermochemical pathways such as gasification
for syngas and liquefaction for bio-oil also hold potential. Research is also looking into the options of applying a combination of methods to extract the most energy from the feedstock.
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Recommendation

Anaerobic digestion for biogas
The productivity and digestibility of seaweed to produce biogas/biomethane has been established by researchers over
decades (Chynoweth, 2002). Biogas can be upgraded to biomethane by separating CO2 and removing sulphurous components and results in properties comparable to natural gas.
Anaerobic digestion (AD) is a biological decomposition process which happens naturally where there is little or no oxygen. Microorganisms ‘eat’ the organic matter, thereby producing methane and carbon dioxide. Seaweed has shown
to undergo a more complete hydrolysis than land-based
crops thanks to its high carbohydrate and low lignin content.

Potential biomethane yields range between 0.08-0.40m3
of CH4/kg VS, depending on the species (Chen et
al., 2015; Allen et al., 2015; Montingelli et al., 2015).
Challenges include finding the optimal chemical composition and C/N ratios for AD, as toxic compounds can affect
the structure of the bacterial community that is active at each
state of the digestion process. Co-digestion with other substances, like cow manure or straw, could counter-act this.
Recommendation
Research the optimal ratios and compositions for AD, including co-digestion options, inoculum selection, screening for
marine bacteria that are efficient at methanisation, optimal
temperatures and designs of the digester.
Many cities have buses running on biogas, which has primarily been
produced from human and animal waste. Biogas or biomethane
is an alternative to Liquid Natural Gas (LNG) and Compressed
Natural Gas (CNG) fuels. Biojetfuel from municipal waste is already being made and used, with US airline United Airlines last
year negotiating a long-term supply agreement and buying a $30
million share in Fulcrum BioEnergy, while British Airways has
joined with Solena Fuels to build a biofuel refinery near London’s Heathrow Airport to be completed by 2017 (REN, 2015).

Making it biojetfuel: The Fischer-Tropsch (FT) process
can upgrade the biogas to jetfuel. It can be performed on all
feedstocks which contain hydrocarbons, whether fossil, waste
or biomass, is well-known and widely applied. The FT-process uses a catalyser (e.g. iron, depends on the gas’ composition and desired end-product) to convert carbon monoxide and hydrogen to liquid hydrocarbons. The FT-process is
conducive to biorefining as it can yield products besides the
paraffin (for jetfuel), including heat, electricity and chemicals.

Hydrothermal liquefaction for bio-oil
HTL involves using water at super-critical temperatures (200-400°C), and high pressure of 10-25MPa
in the presence of a catalyst such as zeolite or alkali salts (Na2CO3 or KOH), for at least 60 minutes.
There has been far more research into HTL with microalga
than seaweed, where the research is at experimental, batch-level
studies only. But HTL is promising for seaweed as it does not
require drying but the seaweed can be directly processed as wet,
thereby bringing drying pre-treatment and energy costs down.
Making it biojetfuel: The bio-oil produced can be stabilized and
upgraded to various hydrocarbon biofuels, including gasoline and
jetfuel (Handler et al., 2014; Bennion et al., 2015; Fortier et al., 2014).

SEAWEED BIOFUEL RESEARCH PROJECTS

EU Horizon2020-funded MacroFuels is the most recent initiative which specifically aims to produce advanced biofuels (specifically ethanol, butanol, furanics and biogas) from seaweed. The project also tackles central issues like enhancing seaweed yields by developing a rotating crop scheme for cultivation, improving pre-treatment and
storage and performing an integral techno-economic, sustainability and risk assessment of the entire seaweed to biofuel chainAnother Horizon2020-funded biorefining research project MAB3 (ended March 2015) cultivated seaweed in Denmark and the Faroe Islands
for ethanol, butanol and biogas in co-production with protein, amino acids and other value-added products. The project showed that a combined
ethanol production and subsequent protein enrichment of the solid residue (an ingredient in fish feed) was achieved by simple yeast fermentation of Laminaria Digitata without any pretreatment. A conversion rate of nearly 80% of the fermentable sugars to ethanol was obtained.
The completed BioMara research programme estimated a seaweed bioethanol production potential of 7,571 litres per acre (0.4 hecatre) per year.
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EUROPEAN INCENTIVES
Recommendation
Develop long-term market conditions and incentives, at least till 2030, that give predictability of investment to those who bet on the seaweed business
The EU Renewable Energy Directive (RED) sets a binding 20% target for gross energy consumption from renewable
sources by 2020, with a sub target of 10% in transport. This
will be largely met by biofuels, even with a cap on first generation biofuels set (due to sustainability concerns) at 6% of the
10% target. Incentives such as multiple counting exist for second and third generation biofuels to make up at least 0.5% of
the 10%. Under the current RED the greenhouse gas savings
required for biofuels to count toward achieving the targets are
35%, increasing to 50% on 1 January 2017 for existing installations and 60% from 1 January 2018 for installations that start
producing biofuels after 1 January 2017 (Deane et al., 2015). As
the greenhouse gas emissions savings profile of marine/third
generation biofuels are likely to be considerably better than
those of first and second generation biofuels, this trend will
gradually strengthen the incentives to invest in marine biofuels.

The next Renewable Energy Directive II (REDII) is currently being developed for the period after 2020, to deliver the EU
agreed target of at least 27% renewable energy end-use by 2030.
It is expected to be presented by the European Commission by
the end of 2016, after which it will probably take about a year
to be negotiated through the European Parliament and Council.
A new biofuel sustainability criteria policy is also expected from the European Commission in 2016/7.
The Fuel Quality Directive (FQD) sets a 6% target for reduction from 2010 levels of greenhouse gas emission intensity from all energy used in road transport and non-road
mobile machinery for 2020 compared to 2010 (Deane et al.,
2015). Although it does not cover aviation, its driving biofuel development for road is expected to have knock-on effects for development of aviation biofuels. Any strengthening of the FQD will likewise strengthen this effect.
A European Commission White Paper on Transport sets out an aim to reduce dependence on imported oil, cut CO2 emissions from transport by 60% by 2050
and sets out an ambition to achieve 40% use of sustainable
low carbon aviation fuels (European Commission, 2011).
The EU Emission Trading System (ETS) encompasses civil
aviation, alongside the energy and industry sectors. In the EU
ETS, airlines must apply for a certain number of emission allowances (EUAs) based on the production they had in 2010,
and must reduce their emissions or buy allowances for excess
emissions. Originally, all flights within and to/from the EU/
EEA countries were to be included, flights within Norway and
international flights between Norway and other EU / EEA
countries are thus covered, but the industry was granted a compromise to only cover flights internally in the EU/EEA for the
period 2013-16. This year the EU is expected to propose a way
forward for aviation in the ETS. Aviation biofuels meeting the
sustainability criteria of the RED are exempted from obligations under the ETS and they can contribute to the 6% target set
by the FQD to reduce greenhouse gas intensity of fossil fuels.
The Effort Sharing Decision regulates emissions in the
non-ETS sectors, which includes transport more broadly. Targets set here will be a driver of innovation in biofuels. The
ESD is currently under review for attaining the 2030 targets.
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The Alternative Fuels Infrastructure Directive (AFI) largely
focusses on electrification but acknowledges that aviation, for
the time being, relies on drop in biofuels to reduce CO2 emissions. In its scarce addressing of biofuels, despite its centrality
for aviation, this Directive has likely been heavily impacted by
the protracted debate in Europe on first (and second) generation
biofuels sustainability. A later debate on this will no doubt benefit from the nuance provided by growing marine opportunities.
The European Commission’s Advanced Biofuel Flight
Path was introduced in 2011 in collaboration with aviation (AirFrance-KLM, Airbus, British Airways, Lufthansa) and biofuels
industry (Neste Oil, Biomass Technology Group, UOP, Swedish Biofuels). It sets a target of 2.06Mt of oil equivalent annual production of sustainable jet grade biofuel for commercial
use by 2020. This is equivalent to about 4% of European and
1% of global jetfuel consumption in 2020 (Deane et al., 2015),
recalling that current biofuel use in aviation is about 0.05%.
For context: in 2013 approximately 13Mt biofuels were consumed in all forms of transport in Europe(Deane et al., 2015).
The Advisory Council for Aviation Research and Innovation in Europe pursues a goal of 50% CO2 emission reduction target per passenger kilometre by 2020
compared to 2000 levels (note that this target is therefore independent of traffic growth) (Deane et al., 2015).

NORWEGIAN INCENTIVES
Norwegian domestic aviation is subject to a CO2 tax
which in 2016 is NOK 1.08 (roughly €1) per liter jetfuel or 423 NOK / ~€40 per t of CO2 (+ 10 % VAT).
The government is currently working on a comprehensive
National Transport Plan for the period up to 2030, which
has collected input from the Norwegian transport authorities including Avinor and is due to be published in 2017.
Recent national strategies related to the bioeconomy
and biorefineries include the national strategy SKOG22
(2015), which covers the future use of Norwegian forests
and use of woody biomass for the bioeconomy, and the
comparable HAV21 for marine resources (2011). The National Strategy for the Bioeconomy in Norway is being finalized in 2016. An important feature will be a central office across the different relevant ministries for cross-sectoral
coordination. Input from several actors has been gathered.
A National Strategy for Biotechnology covers the central
technological aspects of relevance for the Bioeconomy and
there is also a National Cross-sectoral Biogas Strategy (2014).
These national strategies are reflected in several programmes
of the Research Council of Norway: BIONÆR (Sustainable Innovation in Food and Biobased Industries); ENERGIX

(Large-scale programme for energy research); HAVBRUK
(Aquaculture – An Industry in Growth); BIOTEK2021 (Biotechnology for innovation). A regional policy is also implemented by the Research Council of Norway to promote the
use of more research in regional development activities.
Another important step is the establishment of a Norwegian
Biorefinery Laboratory (NorBioLab) as part of Norway’s national strategy for research infrastructure 2012–2017, which is referred to in the Norwegian Roadmap for Research Infrastructure.
In 2015 the government established a new Norwegian Institute
for Bioeconomy Research (NIBIO), which will be Norway’s
largest institute specifically dedicated to bioeconomy research.
Innovasjon Norge will in 2016 dedicate NOK20 million to biogas pilot projects. Other funding bodies supporting development of the Norwegian bioeconomy include Enova and a number of regional networks/clusters.
Norway already harbours highly-relevant expertise for a
seaweed biorefining industry:
World-leading alginate and fucoidan production (FMC Biopolymer AS)
World-leading aquaculture and fisheries industry, with expertise in added-value product generation for food, feed and
pharmaceutical sectors
Experience with enzymatic processes from lignocellulosic biofuel production (Borregaard AS) and other pre-treatment
(Cambi AS, TMP, CTMP)
Research community dedicated to discovery and development
of industrial enzymes for biomass conversion (NMBU,
SINTEF, UiB, UiT, NOFIMA)
Experience with biochemical conversion technologies from
biogas on both land-based and marine residues (Cambi
AS, Biokraft AS)
Research and collaboration on thermochemical conversion for
alternative aviation fuels (Avinor cooperation, Norwegian
Research Council projects)
A research community on seaweed cultivation, gasification
and Fischer-Tropsch synthesis (BIOFORSK, SINTEF,
NTNU)
Modelling and engineering dedicated to bioprocess up-scaling
and process integration for biorefining (SINTEF, NMBU,
NTNU)
An offshore industry with leading actors in infrastructure
development
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SUMMARY OF RECOMMENDATIONS

For researchers

Ensure a more complete understanding of the role of
bioenergy in combating climate change and in particular
that of marine resources like cultivated seaweeds.

Optimise area use through licencing policy by encouraging integration of all possible platforms, such as fish
farming and offshore wind, with seaweed cultivation.

Dedicate more research to evaluate both positive and
negative local environmental impacts from commercial
scale seaweed production, including effects on nutrient
availability and phytoplankton abundance, organic wastes
(eroded seaweed tissue) and biodiversity impacts.

Play to geographical strengths regarding seaweed’s seasonality and consider safeguards for producers, as exist
in agriculture, for seasonal sensitivity of seaweed production

Undertake life cycle emission studies based on real-world
pilot and eventually large scale seaweed-for-energy cultivation.
Prioritise research and investment into the currently most
carbon intensive stages of seaweed production, namely production of cultivation equipment and harvesting
methods.
Dedicate more research into increasing the yield and energy value of seaweed biofuel, particularly by optimising
harvesting times, processing, digester performance and
conversion pathways.
Develop a method for determining the cascading use of
seaweed that best preserves the feedstock’s intrinsic value
Research pre-treatment, preservation and storage methods in a way that takes the sought end-product, in this
case biofuels, into account.
Research the potential of combining biochemical and
thermochemical conversions to optimize yields
Research the best pre-treatments and find enzymes
particularly suited for seaweeds to maximise bioethanol
yields
Research the optimal ratios and compositions for AD, including co-digestion options, inoculum selection, screening for marine bacteria that are efficient at methanisation,
optimal temperatures and designs of the digester

Create forums for discussion first, among manufacturers,
buyers and policy makers across sectors from aquaculture to energy and second, between aquaculture, offshore
and refining industries, to ensure learnings (especially
regarding environmental impacts) are transferred to the
seaweed industry.
Create a society-wide understanding of the need for a
national effort to design a space for seaweed biofuels in
the decarbonised economy
Develop long-term market conditions, at least till 2030,
that give predictability of investment to those who bet
on the seaweed business
With no other decarbonisation options the aviation
industry will receive priority for the limited sustainable
biofuels available, and will in turn invest in developing
capacity for biofuel production and use
Realize alternative fuels’ competitive footing by ensuring
the real cost of fossil fuels is reflected.

For producers and consumers
Always aim for integrated seaweed production, for instance by sharing offshore infrastructure like wind farms
and cultivating seaweed around fish farms, as well as processing, for instance by using other facilities’ excess heat.
Establish an advanced biorefining industry which optimises seaweed value extraction

For policy makers

Invest in collaborative pilot-scale biorefining projects at
especially suitable locations

Any increase in biofuel use should be exclusively third
and fourth generation, whereas first and second generation should be phased out and curbed.

Increase seaweed production volumes via more and
wider industry players, develop the markets and attain
economies of scale (

Give high priority to an encompassing, transparent and
long-term bioenergy policy framework

Roll-out optimal growth structures, mechanised and electrified maintenance and harvesting
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