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Abstract
Soy protein concentrate (SPC) is a key ingredient in fish feed and most of it originates from Brazil. However, the Brazilian soy
industry has reportedly resulted in significant environmental problems including deforestation. Consequently, new sources for
protein are investigated and protein extracted from farmed seaweed is considered an alternative. Therefore, we investigate how
seaweed protein product (SPP) can compete against SPC as a protein ingredient for fish feed. The study uses the positioning
matrix, cost analyses involving the power law, and uncertainty analysis using Monte Carlo simulations, and key research
challenges are identified. The initial finding is that, with the emerging seaweed industry, the cost of producing SPP is too high
to be competitive for fish feed applications. To overcome this challenge, two solutions are investigated. First, substantial
investments in cultivation and processing infrastructure are needed to accomplish scale, and a break-even scale of 65,000 tonnes
is suggested. The second but more promising avenue, preferably in combination with the former, is the extraction of seaweed
protein and high-value seaweed components. With mannitol and laminaran as co-products to the SPP, there is a 25–30%
probability of a positive bottom line. Researches on extraction processes are therefore a necessity to maximize the extraction
of value-added ingredients. Over time, it is expected that the competitive position of SPP will improve due to the upscaling of the
volume of production as well as better biorefinery processes.
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Introduction

With an increasing world population and rising living stan-
dards, food systems are under increasing pressure and utiliz-
ing the oceans has arguably become more important.

Aquaculture is therefore expected to increase in impor-
tance, and the global amount of farmed fish is currently at
about 80.1 million tonnes (FAO 2019a) out of which approx-
imately 1.4 million tonnes of farmed fish was produced in
Norway in 2018 (Statistics Norway 2018). The Norwegian

aquaculture industry consumes approximately 1.8 and 1.9
million tonnes of fish feed in 2018 and 2019, respectively
(Directorate of Fisheries 2020). Additionally, 70% of the soy
imported to Norway is used in fish feed production and salm-
on feed from Norwegian producers contains about 19% soy
protein (Aas et al. 2019). Unfortunately, approximately 90%
of the soy protein concentrate (SPC) used comes from Brazil
(Lundeberg 2018), and soy production in Brazil has come at
the large expense of deforestation, and according to Siegle
(2009), over the past two decades, 300 million hectares of
tropical forests has been felled globally as a result of soybean
production.

To meet this challenge, one of the ways to better utilize the
oceans is through the production of seaweed for food and feed
ingredients. In 2017, seaweed production reached 32.6million
tonnes worldwide (wet weight), of which aquaculture pro-
duced 31.7 million tonnes (FAO 2019a). Seaweed farming
in Europe is still small-scale (FAO 2019a). Several initiatives
and ongoing projects involving both research and commercial
actors within the North Atlantic region, particularly in
Norway, are aiming at developing cultivation and biorefinery
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processes for various applications (Stévant et al. 2017a). A
Norwegian seaweed industry relying on the use of
cultivated-seaweed biomass is today emerging and attracting
investors from various sectors.

A noticeable link between the current large-scale fish
feed industry and the nascent seaweed industry is to utilize
the seaweed as ingredients in fish feed. Seaweed extracted
protein could potentially reduce the use of SPC used in fish
feed, thereby combating deforestation, resource depletion,
and significant GHG emissions associated with soybean
production (Castanheira and Freire 2013; Raucci et al.
2015). Hence, the environmental case for using more sea-
weed as protein source at the expense of SPC could be
considered. There is today no report on how this change
can be achieved in an economically sustainable way.
Therefore, the main objective of this paper is to explore
how seaweed can become a protein source for fish feed at
a scale interesting to the Norwegian aquaculture industry,
and for that purpose the following questions are addressed:
(1) is there a strategic position where seaweed can compete
successfully against SPC, and (2) what will be the econom-
ics for such a position?

Replacing SPC with seaweed requires access to a com-
parable seaweed protein product. In the remainder of the
paper, this seaweed product is simply referred to as sea-
weed protein product (SPP) echoing the FAO standard
term “vegetable protein products (VPP)” as a general term
used to describe various protein products with different
protein contents (FAO 2019b). Further, strategic analyses
require the use of reasoning and the integrative literature
review’s approach. The purpose is “…to create initial and
preliminary conceptualizations and theoretical models,
rather than review old models. This type of review often
requires a more creative collection of data, as the purpose
is usually not to cover all articles ever published on the
topic but rather to combine perspectives and insights from
different fields of research traditions” (Snyder 2019). Our
approach is therefore conversational, a method often asso-
ciated with social sciences and detailed more in “The ap-
proach.” Since it lacks the stringency of a method, we find
it more correct to call it merely an “approach.” With this
approach, the first step is to understand the market. Then,
known physical challenges associated with seaweed farm-
ing are discussed in “The challenges of seaweed farming.”
These two first steps are crucial since they are matters of
physical realities and therefore set important ramifications
for the economic estimates. In “Strategic analysis of SPP
versus SPC,” we develop the strategic analysis including a
discussion on the strategic implications for the expansion
and sustainable establishment of a Norwegian seaweed in-
dustry. In “Closure and future work,” we relate the results
from our analysis to guide future research towards the de-
velopment of the seaweed industry in Norway.

The approach

In strategic analyses, the concept of “parity” is crucial. It is
also addressed in our study to discuss the competition of SPP
versus SPC. According to Porter (1985, p. 13), “parity implies
either an identical product offering to competitors, or a differ-
ent combination of product attributes that is equally preferred
by buyers.” Thus, comparing prices directly is not meaningful
unless the products are identical in relevant aspects. SPP will
belong to the low end and large volume part of the market. At
the time of our study, the Norwegian seaweed industry is still
low volume and caters only to the higher priced food and
niche markets.

Large-scale implies commodities as food, feed, and energy
as end products with much lower prices compared with the
high-end products for human consumption as food, pharma-
ceuticals, and cosmetical products. Since we are focusing on
the lower end of the market, production costs are an important
topic to explore to build up a strategy for the development of
the seaweed industry in Norway. Our strategic analyses there-
fore focus on costs, economic value, and unpreventable phys-
ical constraints including any other foreseeable limitations on
such industry.

SPP as produced today has a much lower protein con-
tent than SPC which implies that the actual competitive-
ness of SPP will rely heavily on its content of other chem-
ical compounds as well. SPP must therefore differentiate
itself from SPC to avoid competing directly on price. This
evaluation is based on positioning thinking, or the strategy
framework of Porter (1985), which belongs to the position-
ing school in strategy. The positioning matrix in
“Positioning SPP from SPC” is therefore a key tool of
our study.

Since the seaweed industry is still a nascent industry and
the scale contemplated in our case study does not exist yet, we
lack data normally required in a typical economic analysis.
We will therefore conduct a high-level comparative analysis
between SPP and SPC. The losses in accuracy of this ap-
proach, compared with a comprehensive economic analysis,
advocated by Emblemsvåg (2003), are considered acceptable
since the future of SPP as fish feed ingredient depends on its
competitiveness to SPC and not on its absolute cost per se but
rather the costs and differentiators compared with SPC.
Furthermore, both the cost and value are estimated using judg-
ment and simple techniques discussed in detail in
“Comparative value chain analysis” because at this early stage
of developing a seaweed protein industry, many details are
unknown. This also means that some detailed issues related
to the production of biological material are ignored as long as
they are considered to have negligible impact on the results of
our study. Essentially, the paper operates at a conceptual level
and the degree of correctness we seek is in the order of
magnitudes.
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The challenges of seaweed farming

Seaweed farming presents challenges that would need to be
addressed while performing the strategic analyses of produc-
ing SPP as an SPC replacement in fish feed. As SPC, SPP will
need to be considered a commodity and large-scale production
must be investigated to achieve competitiveness. Harvested
seaweed decomposes rapidly and therefore must be processed
rapidly (Stévant et al. 2017b; Stévant et al. 2018). In addition,
the best areas reported for seaweed farming in Norway are
offshore (Broch et al. 2019). However, there is different un-
derstanding of the term “offshore” (Buck et al. 2018). As they
note, although the term “offshore” suggests a given distance
from the shoreline, this does not apply in many cases, espe-
cially when exposed conditions may be found within 1–2 km
from shore. Buck et al. (2018) therefore propose a definition
where “exposed” is the key word. Consequently, in this paper,
the size of the farms contemplated in our scenarios is large and
we will define offshore as in the oil and gas industry. We
therefore define “offshore” as being in the open, fully exposed
ocean.

The first of these challenges (i.e., scale) is a premise for the
strategy formulation, whereas the latter two—location and
logistics—are constraints that a successful strategy must con-
sider. In the following sections, these constraints are
discussed.

The location of seaweed farms

Location is an important issue because concentration of the
aquaculture industry has already caused major environmental
problems in coastal areas (Holmer 2010), and local commu-
nities have increasingly expressed negative opinions about the
extent of aquaculture activities in Norway. Fortunately, nutri-
ents are more abundant and in stable quantity offshore, and
industrial effectiveness of seaweed production can arguably
only be sustained where nutrients are abundant. Industrial ef-
fectiveness is an absolute necessity for any commodity, in-
cluding SPP. Moving offshore is therefore a requirement in
the long-term perspective. Offshore locations also escape is-
sues related to area use along the coastline and stakeholder
conflicts related to multi-uses of the same area. An operation
at a truly industrial scale will consequently only become pos-
sible if the technical challenges of offshore production condi-
tions, such as waves, currents, storms, and mooring, can be
solved cost effectively.

Norway has sovereignty over its large economic zone of
819,620 km2 with many highly productive “upwelling” areas.
This makes the country capable of locating seaweed biomass
production offshore. Another option is to exploit possible nu-
trient surplus in the proximity to salmon farms utilizing the
concept of integratedmultitrophic aquaculture (IMTA), which
is reported to result in higher yield of seaweed biomass

(Handå et al. 2013). The choice of the species of macroalgae
is crucial, not only for protein content but also for the length of
the harvesting season and when they can be harvested during
the year. Production yields for Saccharina latissima, as report-
ed by Broch et al. (2013), are a possible yield of 75 tonnes
fresh weight per ha in 4 months (February to June) or about
170 tonnes fresh weight per ha in 10 months (August to June).
Thus, seaweed farming on a scale equivalent to that of the
current area used for salmon aquaculture (approximately 800
km2) will result in about 10 million tonnes wet weight (WW)
of seaweed biomass production annually on average.
Consequently, the chosen macroalgae has significant design
implications for the logistics as discussed next.

The logistics of seaweed farming

Many strategic as well as logistical challenges are primarily
driven by the rapid microbial decomposition of seaweed once
harvested (Enriquez et al. 1993). However, storage under con-
trolled conditions, such as the use of refrigerated seawater
tanks, results in no significant loss of quality in S. latissima
after storage for up to 22 h (Stévant et al. 2017b). Therefore,
we can assume that the seaweed can maintain quality for up to
12–15 h after harvesting without any treatment. From this, we
can directly infer that to maintain quality, seaweed must either
be harvested close to the processing facility or treated onboard
the vessel if the distance to the processing facility exceeds a
few hours by ship.

In Norway, the harvesting season today takes place within
a limited time frame (approximately 4–6 weeks for kelp),
setting standards for efficient processing strategies (Stévant
et al. 2017b). The rapid decay of harvested seaweed creates
requirement for a rapid and large capacity to process the bio-
mass to preserve quality. Since we need at least 300,000 t of
seaweed for SPP production to be on a scale similar to SPC,
we have in reality only one option for such an operation. After
harvest, the seaweed must be immediately treated onboard of
a ship with sufficient scale and treatment capabilities. The
vessels (at least the ones processing the seaweed) must there-
fore be large enough to take advantage of the economies of
scale benefits and the costs of processing equipment.

Thus, the ideal solution is an offshore seaweed farm sup-
ported by larger vessels for harvesting and treatment while
under transport to a processing facility. Furthermore, due to
the short season of harvesting, the vessels need to be multi-
purpose to facilitate alternative usage the rest of the year.
Otherwise, the share of the fixed costs will be unnecessarily
high per operational hour or amount harvested. Co-location
with offshore fish farms might be beneficial, as argued by
Buck and Langan (2017), but this is not included in this study
as the technology for this solution will require significant in-
novations which are not yet developed.
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The only treatment processes that are practical/possible on-
board a vessel, are ensilaging (fermentation) or freezing.
Drying technologies available at the time of the study would
be both too space and time consuming. Ensilage implies use of
acids in ships, which normally trigger expensive design solu-
tions due to rules and regulations (especially when consider-
ing the case of IMTA and co-production of seaweed on a
salmon farm). Thus, freezing on board seems to be the better
option and large-scale technology is already today available as
it is an established technology in many industries. Freezing
also allows for continued storage on land in freezers, which is
necessary since the biorefinery will not have the capacity to
process everything at once and leveling the production
throughout the year is crucial for the profitability of the
biorefinery. Given this set-up, the costs of freezing and frozen
storage were included in the calculation of the costs.

Strategic analysis of SPP versus SPC

This analysis consists of a positioning analysis and a compar-
ative analysis of cost and values (see “Positioning SPP from
SPC” and “Comparative value chain analysis”). From this, we
can argue the best solution in “Discussion—how SPP can
outcompete SPC and the research implications.”

Positioning SPP from SPC

Positioning is based on two dimensions for advantage (cost
and differentiation) in two scopes: narrow and broad.
Following Porter (1985), this results in four competitive posi-
tions, or generic strategies, as illustrated in Fig. 1. Note that
since SPC is a commodity providing mainly proteins, it has a
narrow scope and cost focus as generic strategy. SPC is
defined by the FAO (2019b) as vegetable protein products
from soy, having more than 65% and less than 90% of protein
content on a dry weight basis. However, according to
Norwegian official import statistics as well as Brazilian SPC

product fact sheets, it is evident that SPC used for fish feed in
Norway contains less than 65% protein, most likely in the
range of 60–64%. Thus, there is no consensus to rely on, so
in this paper we have chosen the FAO definition as the basis of
our models and defined SPC as a product with a protein con-
tent of 65%.

If SPP does not add any other value than proteins, it will
fall into the same position (SPP 1). Nevertheless, SPP contains
other ingredients that producers of fish feed may be willing to
pay for. As such, SPP has a differentiator over SPC placing
SPP into the SPP 2 position. The differentiation will impact
the cost structure, and we have identified three major sources
of differentiation:

1. Protein content and amino acid profile of SPP versus SPC
2. Ingredient value of SPP versus SPC
3. Environmental impact of SPP versus SPC

These differentiators will now be discussed in subsequent
sections. Then, in “Discussion—how SPP can outcompete
SPC and the research implications,” we discuss whether SPP
can improve its position with increased R&D focus on these
differentiators. That means that SPP must achieve parity over
SPC or better.

Protein content, amino acid profile, and ingredient value
of SPP vs SPC

Protein-rich macroalgae meal is a promising alternative to soy
meal, which is currently the main protein source in the animal
feed sector (Lum et al. 2013; Ytrestøyl et al. 2015). Protein
quality of a food product is often assessed by its contents and
composition of essential amino acids (EAAs) compared with
the needs of the animal or, in some cases, by its chemical
score. The chemical score equals the lowest value returned
when calculating the ratio between each EAA in the food
protein and the corresponding EAA in a reference protein
proposed by FAO/WHO (see Harper 1981). Proteins of ani-
mal source usually have a chemical score of 1.0, whereas plant
proteins normally range from 0.4 to 0.6. Mæhre et al. (2014)
find that the chemical scores of the algae ranged from 0.75 to
1.0, which indicate that the protein quality of algae is superior
to most terrestrial plants. Several macroalgae species have a
dry matter crude protein content of approximately 50%, which
is higher than soybeans (44%), and the amino acid profile
appears to be well balanced and comparable with soybeans
(Polprasert 2007).

In fact, the combination of protein content and quality
makes algae, especially red algae such as Palmaria palmata,
a superior supplement to corn and wheat in fish feed. Due to
volume requirements, we have selected S. latissima, as our
model seaweed species, since it is the only seaweed cultivated
in relatively large volumes in Norway. This species has a

Fig. 1 Positioning matrix for the fish feed ingredients industry using SPC
as reference
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protein content of approximately 10%, according to (Aasen
2018), which is the number we have used in this paper in our
analyses. The protein content of soy is, however, much higher
(approximately 240 g kg−1) than that in macroalgae (Mæhre
et al. 2014), and direct substitution of SPC will therefore not
be feasible.

The combination of beneficial compounds and compounds
possessing potential health risks is evident in several of the
analyzed species in this project, such as high arsenic and io-
dine content. Even though the arsenic is organic, and arguably
harmless, regulations complicate the utilization. This implies
that extraction of single classes of compounds, such as pro-
teins, minerals, and/or fatty acids, for use as ingredients for
feed production would be a better approach as this avoids
unwanted compounds in the fish feed. Clearly, much research
remains to be done in this field. For this paper we therefore
focus primarily on a few selected classes of compounds.

Environmental impact as s differentiator for SPP over SPC

Even though measures have been taken to improve the
sustainabil i ty of soy production, Lundeberg and
Grønlund (2017) argue that a reduction in the use of soy
is the only way to stop or reduce deforestation driven by
soy production in Brazil. To make this happen, importing
countries must become more self-sufficient in producing
protein-rich biomass. Protein production based on seaweed
can be a good alternative as no agricultural area is needed
to grow this type of biomass. The Norwegian and German
governments have financially been supporting the
Brazilian rainforest initiatives to halt deforestation, but
with little results, partly due to the increased need in soy-
bean for their national production. On the contrary, defor-
estation has increased (Boffey 2019) and it seems more
prudent to spend funds at developing a local seaweed in-
dustry and thus reduce import of protein for fish feed
production.

Another important environmental benefit from cultivat-
ing seaweed is the sequestration of nutrients and CO2 from
the water (Seghetta et al. 2017). The sequestration of nu-
trients is even higher when cultivation happens in connec-
tion to fish farms as in an IMTA configuration (Beltran
et al. 2017), where some of the excess nutrients from the
fish farms are incorporated by the algae. When it comes to
the processing of the seaweed, the literature focuses on
drying technology whereas the investigation of SPP pro-
duction in this study will focus on freezing technology.
Hence, we have yet no reliable estimates concerning the
environmental impact of the freezing technology. This is
also a challenge concerning costs and will be discussed
further in our study.

Comparative value chain analysis

The next step is to determine the economic cost position of
SPP compared with SPC, and then in “Discussion—how SPP
can outcompete SPC and the research implications,” we eval-
uate the total competitive situation of SPP compared with
SPC. Analyzing the economics of a value chain, which does
not yet exist at the scale that the case study considers, is not a
straightforward process, and there are several possible ap-
proaches other than the one discussed by Emblemsvåg
(2003). However, due to the lack of data this approach had
to be simplified to an order-of-magnitude accuracy. From the
discussions in earlier sections, we performed a number of
simplifications as discussed next.

Comparing the costs of SPP value chain to SPC value chain

To perform the economic analyses, we must make two
additional assumptions. First, the scale of the biorefinery
for seaweed must be similar to the biorefineries existing
today for soy products to achieve economies of scale ef-
fects, and second, the processes in the biorefineries are
considered equivalent. Hence, we can use the cost data
from SPC as an approximation. SPC is sold with low mar-
gin and prices have large annual fluctuations of perhaps up
to 50% (Holtermann and Pettersen 2019). We have there-
fore assumed that it will over time be traded at roughly 1
US$ per kg SPC in line with data from Holtermann and
Pettersen (2019). This is just an indication of the required
cost level of the biorefinery for the SPP to avoid major cost
differentials compared with SPC.

Since the value chain in our case study does not yet exist at
the scale that the case study needs to consider, we have to
construct our data using various sources of information. Our
starting point is an analysis, shown in Table 1, that demon-
strates that with a 600 ha seaweed farm (6,000,000 m2) the
cost for seeding materials, cultivation, and harvesting is about
1.1 EUR kg−1 dry matter (Chapman et al. 2014). These esti-
mated costs are still too high compared with SPC, sold typi-
cally at 1 US$ kg−1. In addition, in the calculation of a pro-
duction cost at 1.1 EUR kg−1 dry matter, the biorefinery costs
necessary to achieve SPP are still to be added. Furthermore,
these data are relatively old but were the only data available at
the time of our study. We estimated that with a compounded
inflation in Norway since 2014 to year-end 2019 of merely
15%, the age and the source of the data have less impact on the
final result than the scaling issues discussed next.
Furthermore, between 2014 and the time of this study, the
development of seaweed production did not come from in-
creased farm size, but mostly from an increased number of
farmers. In addition, the Monte Carlo simulations will largely
eliminate the issues concerning the inaccuracy of the data.
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Today, no industrial scale biorefinery exists to extract pro-
tein from seaweed in Norway. Therefore, in this study, we are
assuming that the costs of refining soybean flour to SPC are
similar to the costs of refining dry seaweed to SPP and take
into account that SPC normally costs 2 to 2.5 times more to
process than soybean flour (Berk 1992).We can thus infer that
the cost of soybean flour is about 0.40 US$ kg−1, which im-
plies that the costs of soybean flour is about 40% cheaper than
that of dried seaweed and that SPP will cost about 2.8 times
more than SPC (2.5 EUR kg−1). Assuming that the drying
process and the biorefinery costs will increase linearly with
increased production is a conservative approach, and there-
fore, the cost for SPP can probably be reduced further by
scaling.

From Table 1, we see a rapid decline (78%) in cost when
scaling seaweed farms from 20 to 600 ha. Scaling processes
are not linear due to the fact that costs are both variable and
fixed, so we cannot observe the same scaling effects for the
next 30-fold increase due to the Law of Diminishing Returns
in Economics. To understand the cost implications for a large-
scale operation, we must extrapolate the quantity of SPP to
large scale.

Several formulas can be used in various stages of designing
plants in general (Tsagkari et al. 2016). Since SPP
biorefineries have not yet been built, the accuracy of the esti-
mates to use is in the “order of magnitude,” as ANSI
(American National Standards Institute) denotes it. One tech-
nique used for estimating the effects of scaling on cost data is
the power law technique first proposed byWilliams Jr (1947).

According to Tsagkari et al. (2016), it is frequently used due to
its capability of extrapolating data from one scale to another.
The calculation is expressed by Eq. 1:

C1

C2
¼ S1

S2

� �p

*t ð1Þ

where C1 is the investment cost for providing a certain scale
(S1). Similarly, C2 is the investment cost for providing a cer-
tain scale (S2). This approachwill give an investment estimate,
which can be used to estimate depreciations. The operating
costs and the total costs (depreciations plus operating costs)
can then be estimated further. The factor t is a correction factor
for handling differences in date, location, pressures, tempera-
tures, and materials of construction, which do not apply in our
case so far. Thus, we set the correction factor t to 1. The
exponent p, however, is important for our project because it
directly impacts the effects of scaling on the costs.

Table 2 shows value ranges for common types of
biorefineries. Due to the character of seaweed being some-
thing in between solids and liquids, we find a p in the lower
range of 0.7–0.9 to be most appropriate. We use 0.75 in the
calculations.

From Table 3, we can estimate that depreciation costs and
other equipment-related costs constitute about 30% of operat-
ing costs for the crop seedling, cultivation, and harvesting
part. This is likely to change as scale grows. Since the num-
bers are relatively smaller than the ones used for the
biorefinery and they are unavailable at the time of our study,

Table 1 Costs for farmed seaweed from genetics through harvesting from the Hortimare case. Source: Chapman et al. (2014)

Costs: genetics and crop/seedling materials (EUR) Costs: cultivation and harvesting (EUR)

Market size (ha) 20 600 Market size (ha) 20 600
Yield (dry weight m−2) 1.5 2.0 Yield (dry weight m−2) 1.5 2.0

Hatching (reproduction materials) 0.50 0.60

Labor costs production 1.03 0.10 Labor costs production 0.52 0.32

Overhead management 0.74 0.12 Overhead management 1.33 0.23

Labor costs associated with R & D 0.67 0.19

Seasonal labor 0.08 0.03 Seasonal labor (including boat) 0.38 0.19

Laboratory equipment 0.22 0.02 Equipment (incl. substrates) 0.20 0.12

Hatchery equipment (Norway) 0.28 - - -

Maintenance 0.06 0.01 Maintenance 0.10 0.03

General and administrative costs 0.14 0.01 General and administrative costs 0.15 0.03

Transportation costs (car) 0.11 0.01 Transportation costs (car) 0.10 0.03

Insurance 0.02 0.00 Insurance 0.10 0.01

Rental costs laboratory (Norway) 0.17 0.01 Rental costs laboratory (Norway) - 0.01

Rental costs laboratory and office (The Netherlands) 0.20 0.01

Depreciation (laboratory equipment) 0.09 0.02 Depreciation (machinery. boat. installation) 0.51 0.14

Total (EUR m−2) 3.79 0.53 Total (EUR m−2) 3.88 1.72

Total (EUR kg−1 dry weight) 2.53 0.27 Total (EUR kg−1 dry weight) 2.59 0.86
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the power law was used with the typical p of 0.6, a technique
often called six tenth rule for rough estimates (Cheali et al.
2015).

The portion of investment costs are also likely to change
since a large seaweed farm requires larger vessels and infra-
structure, whereas the required manpower may be similar to
smaller seaweed farms due to more industrial processes.
Hence, 30% investment was estimated as too low for this
magnitude of scale of a new industry known to bemore capital
intensive. An increase of 40% investment is therefore pro-
posed. In addition, the vessel cost must be added and it re-
quires 10 million EUR in investment depreciated over 10
years. Using multi-purpose vessels would be highly beneficial
as they could fill other functions outside the seaweed harvest-
ing season.

When it comes to estimating the cost structure of a large
biorefinery, data are even more limited. As a proxy with sim-
ilar order of magnitude, we will use the study from Haque
et al. (2014) on biorefineries for converting switch grass

feedstock to cellulosic ethanol as a reference. Haque et al.
(2014) reported that the operations costs are 260 US$ m−3

for a facility of handling 189 dam3 year−1 (189,000 m3 year−1)
had an investment cost of 379 million US$. Assuming 15
years depreciation, this converts to 133 US$ m−3 in deprecia-
tion. Thus, total costs are roughly 400 US$ m−3 out of which
33% is investment related. Annualized capital costs are a little
higher than the 20% rule of thumb, used by Cheali et al.
(2015). However, this technique is utilized in cases with very
large scale. Hence, 30% investment for the refineries may be a
realistic assumption.

Table 3 presents the confirmed production numbers from
one of the pioneer seaweed farms in Norway, previously stud-
ied by Chapman et al. (2014), and extended here to include a
small scale biorefinery to produce SPP. These data are used to
estimate the cost in the right order of magnitude with results
for the biorefinery as shown in lower part of Table 3.

It is also important to note that our study considers that 1 kg
SPP contains only 10% protein whereas SPC contains about

Table 3 Comparative cost analysis for conceptual study of producing SPP on a similar scale as SPC

Crop seedling, cultivation and harvesting Hortimare scale Crop seedling, cultivation and harvesting Large scale

Area 1 6000 m2 Area 2 12,500,000 m2

Yield 2.00 kg m−2 Yield 2.00 kg m−2

Scale 1 12,000 kg Scale 2 25,000,000 kg

Investment cost to total costs 1 30% Investment cost to total costs 2 40%

Operating cost at scale 1 0.86 EUR kg−1 Operating cost at Scale 2 0.04 EUR kg−1

Annual operating costs 1 10,320 EUR year−1 Annual operating costs 2 1,008,571 EUR year−1

Investment costs 1 3096 EUR year−1 Investment costs 2 403,428 EUR year−1

Initial investment 1 30,960 EUR Initial investment 2 4,034,284 EUR

Biorefinery Hortimare Biorefinery Large scale

Scale 1 12,000 kg Scale 2 25,000,000 kg

Investment cost to total costs 1 30% Investment cost to total costs 2 30%

Operating cost at scale 1 2.50 EUR kg−1 Operating cost at scale 2 0.37 EUR kg−1

Annual operating costs 1 30,000 EUR year−1 Annual operating costs 2 9,251,035 EUR year−1

Investment costs 1 9000 EUR year−1 Investment costs 2 2,775,311 EUR year−1

Initial investment 1 90,000 EUR Initial investment 2 27,753,105 EUR

Total cost 3.36 EUR kg−1 Total cost 0.41 EUR kg−1

Table 2 Typical values of exponent p for common biorefineries. Source: Tsagkari et al. (2016)

p Biorefinery type Phase
type

Cost items
(Free-On-Board; Incoterms, 2000)

> 1.0 Piping

0.9–1.0 Seed crushing units Solids Multiple fermenters or other equipment items, catalysts,
chemicals, civil works, construction

0.7–0.9 Grains to bioethanol, lignocellulosic biomass-to-ethanol, renewable
diesel, biomass-to-ethanol (by gasification)

Crushers, compressors, electrostatic precipitators

0.6–0.7 Oil to biodiesel Liquids Blowers, pumps, crystallizers, pressure vessels

0.3–0.6 Gas Agitators, conveyors, dryers, filters, shell-tube heat
exchangers, jacketed reactors, horizontal tanks
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60–64%. At the same time, 1 kg protein from SPC costs about
1.8 US$ kg−1 or about 1.5 EUR kg−1. This conversion is based
on the EUR/US$ exchange rate in the DNB currency calcula-
tor1 at the time of analysis (16 January 2018) which was
1.2226. Furthermore, SPP costs about 4.3 EUR kg−1or more,
which is 3 times more expensive than SPC. As a conclusion,
SPP produced under the prerogatives of our study is not com-
petitive against SPC as a protein source for fish feed on a cost
basis even on a large, industrial scale. The competitiveness of
seaweed biomass over soya biomass as a protein source for
fish feed must therefore arise from the added value from other
chemical compounds in seaweed.

Value of SPP compared with SPC

The major cost driver in feed production is the price of raw
material (Ernst and Young 2017). Marine-sourced ingredients
such as fish meal or fish oil are commodities with fluctuating
and seasonal supply patterns, which, combined with a fast-
growing fish-farming industry which demands more feed,
has resulted in fluctuating and increasing prices. Although
substitutes such as SPC experience price volatility, prices
(and quality) are far more stable in comparison to marine-
sourced ingredients.

Micro-ingredients inclusion (in feed) is marginal compared
with macro-ingredients (e.g., proteins, fats) but are crucial in
feed formulas. From Table 4, we find that some micro-
ingredients are highly valuable and it is interesting that many
of these could also be key biproducts in a SPP production.
Yet, to understand the way these seaweed biproducts, their
future value, the quantities that can be extracted and related
production costs needs to be identified. As no data are easily
available today, neither costs nor outcome was included in our
economic model but represents a potential uncaptured upside
to our modeling.

In Table 5, we present some market value estimates from
2011 that were used when calculating the likely market value
of the SPP. We focused on two products already on the
market—laminaran and mannitol—as value differentiating
chemical compounds in the SPP (in addition to protein), the
value calculations are shown in Table 6. To make it compara-
ble to SPC, we have scaled the unit calculation to 6.0 kg, since
6.0 kg SPP contains the same amount of protein as 1 kg SPC.
This gives a production cost of 2.46 EUR. In these 6.0 kg of
SPP, there are 0.8 kg of laminaran and 0.7 kg of mannitol.
Given the price levels in Table 5, this gives a value of 0.29
EUR for the laminaran and 1.08 EUR for the mannitol, re-
spectively, as shown in Table 6.

Including the value of proteins, this gives a value of 1.91
EUR produced at a cost of 2.46 EUR. This gives a return on

sales (ROS) of − 29%,whichmeans negative profitability. For
SPC, the ROS is about 0%. Hence, SPP is at a disadvantage
but this is not the conclusion per se because other components
must be considered including the uncertainty of all the data
used in the modeling.

We investigated uncertainty impacts the results using the
approach described in Emblemsvåg (2003). To identify the
drivers of uncertainty, we ran Monte Carlo simulations with
50,000 trials using ± 10% triangular uncertainty distributions
for all the variables in the model. When it comes to estimating
the impact of the uncertainty, we used ± 20% triangular un-
certainty distributions. This significant amount of uncertainty
is due to all the sources of uncertainty in the modeling
concerning both the available data and the crudeness of the
power law.

The results from these simulations demonstrate that in the
alternative where SPP is determined solely by its protein con-
tent (alternative 1, which consists of the “protein” line in
Table 6), the production will currently be unprofitable.
However, when the SPP price includes the three different
ingredients, as indicated in Table 6, the results become far
more promising as shown in Fig. 2.

As mentioned, the deterministic ROS is − 29%, but from
the uncertainty distribution in Fig. 2, we see that this approach

1 See https://www.dnb.no/bedrift/markets/valuta-renter/kalkulator/
valutakalkulator.html

Table 4 Micro-ingredient market prices per February 2018. Source:
Storaa (2018)

Ingredient Price (EUR kg−1)

A-500 155.0

B1-vit. 64.0

B2-vit. 55.0

B6 58.0

Biotin 19.0

Calpan 50.0

D3-500 49.0

E-50% 12.0

Folin 40.0

K3-vit. 17.7

Copper 1.9

Lysin HCL 1.3

Lysin sulfate 70% 0.7

Magn. 50% 0.3

Manganese 0.8

MCP 0.4

Methionin 2.4

MGP 0.5

Niacin 6.0

Threonin 1.4

Tryptophan 14.0

Valin 4.9

Zinc 1.8
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has a realistic chance of becoming profitable. More specifical-
ly, the probability of going break-even or better, i.e., a positive
ROS, is between 25 and 30%. Besides, if we deterministically
test the model with an assumption that the scale of the
biorefinery is larger than 65,000 t per year of frozen seaweed,
the ROS > 0.9% or close to 0%. This implies that the deter-
ministic break-even point is about 65,000 t per year of frozen
seaweed for a seaweed biorefinery. It is important to note that
the seaweed will lose some weight during harvesting as water
will run off towards the process of freezing the seaweed. The
amount is unclear at the moment since neither ship design nor
technologies are solved. Hence, the aforementioned 65,000 t
cannot be interpreted as wet weight.

The driving factors of these results can be obtained from the
analysis of variance (ANOVA) from the Monte Carlo simula-
tion results. Two large, dominant factors of the competitiveness
of the SPP were identified: the protein content of the SPC and
the scaling effect of the facility. The protein content of SPC is
important because the economic difference is partly driven by
the difference in protein content between SPC and SPP.

More knowledge about factors influencing the protein con-
tent (Sharma et al. 2018) of seaweed is necessary for an in-
creased protein yield, while upscaling of the farm area is ab-
solutely possible to influence. Based on the high-value com-
pounds presented in Table 5, the SPP can become competitive
against SPC from a scale of 65,000 t per year of frozen

seaweed and above. Furthermore, increasing the yield of the
protein extraction process from the seaweed could also be a
limiting factor at present, and a factor that could be improved
in the future.

Discussion—how SPP can outcompete SPC and the
research implications

From our analyses, we find that the key determinant factors
for SPP to compete against SPC include:

1. Scale of the biorefinery is crucial. Sufficient supply of
seaweed needs to be secured to ensure the biorefinery
can produce at full, or close to full, capacity. The
biorefinery should have an annual capacity of at least
65,000 t of frozen seaweed.

2. Large scale is required for offshore seaweed farms or
IMTA sites from where the seaweed will be gathered by
large, multipurpose vessels with sufficient freezing capac-
ity. The frozen seaweed will then be transported to the
biorefinery and stored to secure a 24/7 operation.

Table 5 Components from brownmacroalgae: S. latissima and L. digitata and resultingmarket value after biorefinery. Source: Holdt andKraan (2011)

Component Application Market value (EUR t−1) Percent in kelp dw Value in dry kelp (EUR t−1)

Protein Fish feed 1400 15 210

Mannitol Food 1500 12 180

Phycocolloids Food 3000 23 690

Laminaran Food. pharmacy 350 14 49

Fatty acids (PUFA) Food 1250 4 50

Polyfenols Anti-oxidant 20,000 0.5 100

Iodine Food. pharmacy 25,000 0.4 100

Fucoxanthin Pigment.
antioxidant

200,000 0.05 100

Fucoidan Pharmacy 8000 5 400

Fig. 2 ROS (%) for SPP being sold as indicated in Table 6, i.e.,
alternative 2

Table 6 The value model for SPP

Chemical
composition
of SPP

Fraction
in dry
weight

Component-
value (EUR
kg−1)

Mass in
6 kg SPP
(kg)

Cost
6 kg
SPP
(EUR)

Value in
6 kg SPP
(EUR)

SPP 100% 6.00 2.46

Protein 10% 0.90 0.60 0.54

Laminaran 14% 0.35 0.84 0.29

Mannitol 12% 1.50 0.72 1.08

Sum 36% 2.46 1.91
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3. The prices and amounts of extracted laminaran and man-
nitol during the biorefinery processes are crucial for the
economic results.

4. The investment costs for the large-scale biorefinery are
also important. A carefully designed process for
extracting the right fractions in the most cost-effective
manner is crucial.

5. The higher the protein content of the SPP, the more com-
petitive SPP will be against SPC.

These key factors will be issues to address in future re-
search. Much research is concerning dried seaweed or sea-
weed meal, and such approaches can be interesting for high-
end usage. However, due to costs, it has limited potential for
industrial scale usage such as being used as ingredient for fish
feed. Research should focus more on providing a SPP that can
outcompete SPC and focus on building and operating large-
scale biorefineries that would extract high-value compounds
at a high yield.

Closure and future work

Under current economic conditions and those of the fore-
seeable future, SPC seems to have a stronger competitive
position to SPP even if we solve the issues addressed in
“Strategic analysis of SPP versus SPC,” although our study
offers alternative avenues for research that can alter this
conclusion.

A key driver could be as The Economist (2017) notes: “The
problem with afforestation and BECCS is that the plants in-
volved need a huge amount of land. The area estimated ranges
from 3.2 million square kilometers (roughly the size of India)
to as much as 9.7 million square kilometers (roughly the size
of Canada). That is the equivalent of between 23% and 68% of
the world’s arable land.” Hence, the land used for growing
SPC today may have to be used for other purposes, at least a
major portion of it. This may result in regulatory changes that
will change the entire competitive landscape for SPP versus
SPC. Therefore, to bring forth changes more rapidly, govern-
ments should perhaps persuade the fish feed industry to im-
plement the change for example by rerouting the funds spent
at reducing deforestation in Brazil and/or through regulations
on the account of the environmental performance of the ingre-
dients used in fish feed.

Such incentives may bring forward seaweed in the short
term and contribute in the scale-up of its production volume.
Finally, close collaboration between research institutions and
industry to increase the quantity and pace of knowledge trans-
fer would also be fundamental in rapidly developing an indus-
trial scale seaweed aquaculture in Norway. With a lower en-
vironmental footprint, SPP ought to become a more attractive
source of protein for the fish feed industry going forward.
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