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Abstract The bioeconomy utilizes living organisms and processes them to produce
of food, fuel, fine chemicals, and other substances.Macroalgae (seaweed) are promis-
ing feedstocks for energy and chemical products while sequestering carbon. A few
species are already used as food products or supplements. There is a need formethod-
ologies for economic and policy analysis of novel bioeconomy technologies, taking
into account environmental side effects and physical and economic uncertainties.
Farmers growing cellulosic energy crops face significant revenue uncertainty due to
both production and price uncertainties. The literature reports a wide range of growth
rates for macroalgae and the few business case studies showmixed results in terms of
production frontier and profitability considerations. This paper contributes to existing
literature on ex-ante assessment of algae-based biofuel production. The study points
at both the scientific and economic challenges that require multidisciplinary effort
to develop viable technologies, cost-effective harvesting equipment/techniques and
processing facilities, and supporting infrastructure, as well as to, create the markets
for novel, sustainably produced goods.
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1 Introduction

The bioeconomy provides a possible solution for the demand to natural resources
by substitution of the unrenewable resources with resources derived from biomass
[13]. The bioeconomy consists of complex supply chains that include biomass pro-
duction, transportation, conversion into products at biorefineries, and distribution.
One of the major challenges is developing economic decision-making tools to assess
novel biotechnologies that incorporate the complex multi-level systems including
environmental implications and uncertainties about feedstock production, refining
technologies, markets, and policies.

Alternative biomass supply can come from micro- and macroalgae. Microalgae
have been the focus of intense research in the last 50 years. However, cost-effective
cultivation, harvesting and dehydration difficulties currently prevent broad scale,
sustainable microalgae technologies implementation [22]. Marine macroalgae, also
ranked among the most efficient photosynthetic organisms on earth, bear valuable
chemical compounds [17]. In a parallel vein, in the recent years, macroalgae have
been considered a “third or even fourth generation” biofuel feedstock [34].

The rapidly developing technology for cultivating and refining Macroalgae
(mainly red, green and brown algae – seaweed groups) draw the attention of biolo-
gists (e.g. [24]) and bioengineers (e.g. [8, 20, 36, 52]). Macroalgae, which contain
very little lignin and do not compete with food crops for arable land or potable water,
have stimulated renewed interest as additional candidates for future sustainable food,
platform chemicals and fuel (biofuel) feedstocks.

However, to date macroalgae still account for only a tiny percent of the global
biomass supplywith ∼ 17 × 106 wetweight (WW) ton ofmacroalgae in comparison
to 16 × 1011 tons of terrestrial crops, grasses and forests [42, 43, 46].

Concerns over net energy balance, potable water use, environmental hazards, and
processing technologies call into question the potential for terrestrial biomass such
as cereals crops and lignocellulose biomass to provide efficient sustainable answers
to future food and energy challenges [19].

At the same time, an expanding body of evidence has demonstrated that marine
macroalgae can provide a sustainable alternative source of biomass for food, feeds,
fuel and chemicals generation [3, 33, 57, 58]. Lehahn et al. [34] identified the “poten-
tial reserves” analogue of near offshore macroalgae for biofuels. Their calculation
suggests that near-future technologically and economically deployable areas, associ-
ated with up to 100m water depth, and 400Km distance from the shore, can provide
109 dry weight (DW) ton per year, which is equivalent to 18 EJ1 of energy.

There are several properties of macroalgae, which make them attractive feedstock
for biofuels and high value chemicals (Table1). First, macroalgae grow faster than
terrestrial plants [8, 18, 27]. Second, macroalgae do not occupy arable land and do
not consume fresh water [16], if cultivated offshore; thus they do not compete with
traditional food agriculture [10, 21]. Third, macroalgae normally contain no or less
lignin, eliminating the energy intensive lignin removal step in pre-treatment processes

1Exajoule.
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Table 1 Advantages and limitations of macroalgae feedstock for biofuels (comparing to 1st
generation biofuels)

Advantages Limitations

Off-shore cultivation – no competition for land
and potable water

Higher quantities of ash/salt, sulfur, and
nitrogen

Rapid growth Higher bromine and iodine content

Low content of lignin Higher water content

Uptake of inorganic nutrients Higher, metal and halogens content

Higher photosynthetic efficiency Lower heating values (same as for wood chips)

Potential for long lines of co-production

[4, 9]. The high carbohydrate content of macroalgae also makes them suitable for
bioconversion into platform chemicals and biofuels molecules such as methane [36],
hydrogen [47], syngas [52], ethanol [27], n-butanol [44], 2,3-butanadiol [37], etc.

Yet, the economic analyses of macroalgae as energy feedstock are scarce [20, 30].
Roesijadi et al. [46] highlighted the need for advances throughout the supply chain,
and called for a detailed assessment of environmental resources, cultivation and har-
vesting technology, conversion to fuels and high value chemicals, connectivity with
existing energy supply chains, and the associated economic and life cycle analy-
ses in order to facilitate evaluation of this potentially important biomass resource.
Moreover, no decision making frameworks addressing the economic challenges of
introducing and commercializing these technologies are identified in the literature.
The literature suggests that more quantitative understanding of the economics is
essential for the development of the industry [28, 49]. The aim of this study is to
investigate macroalgae utilization practices in present, and to characterize the key
challenges for profitable macroalgae-based industry in the future. The study investi-
gates the opportunities, advantages, limitations and other issues encountered to this
emerging industry. The paper is structured as follows. In the next section macroalgal
biomass as potential natural resource for a variety of outputs is presented. Section3
compares five representative research studies to illustrate current state of the art of
the macroalgae technological feasibility. Stylized profitability analysis is presented
in Sect. 4. To conclude the paper, the key challenges of macroalgae utilization are
discussed in Sect. 5.

2 Macroalgae Industry

Macroalgae have been harvested throughout the world as a food source and as a
commodity for the production of hydrocolloids for centuries. Increasingly, seaweed
is cultivated rather than collected from the wild. According to FAO statistics, the
share of wild seaweed in global seaweed production fell from 28% in 1980 to 4.5%
in 2010. This declining share reflects both the increased volume of cultivated seaweed
and an absolute decrease in wild seaweed tonnage [56]. Currently the industry of
macroalgae cultivation is mainly concentrated in Asia [24].



4 R.R. Palatnik and D. Zilberman

2.1 Seaweed Chemical Composition

Chemical composition of macroalgae species is significantly different from terres-
trial plants (Table2). They include lower contents of carbon, hydrogen, and oxygen
and higher contents of nitrogen and sulfur than that of land-based, lignocellulosic
biomass. Macroalgae nearly absent lignin [30], as opposed to ∼ 16% lignin in the
case of corn stover [20]. And, the seaweed grows more rapidly than terrestrial crops
due to higher efficiency of photosynthesis.

These characteristics of macroalgae have economic implications on both private
and external costs and benefits of macroalgae-based feedstock utilization.

2.2 Energy

Over the years, many researchers have examined biofuel production from various
types of macroalgae. Conversion factors of green seaweed to energy products, as
reported in the literature, are summarized in Table3.

Importantly, macro alga is a promising source for renewable energy production
since it can fix the greenhouse gas (CO2) by photosynthesis [8]. The average pho-
tosynthetic efficiency is about 5% [2] - much higher than that of terrestrial biomass
(1.8-2.2). Dissolved inorganic nutrients like nitrogen, phosphorous and carbon are
taken up by macroalgae, helping to alleviate eutrophication in seas and oceans [17].

Table 2 Potential of green seaweed biorefineries (gr per Kg of DW)

Protein fraction 262

Fatty Acids 21.1

Glucose 113

Rhamnose 90

Xylose 29

Galactose 70

Ash 173

Table 3 Green macroalgae-based energy potential

Biomass DW derived product Conversion factor Reference

Ethanol [gm−2] 0.14 (0.03–0.23) Nikolaisen, et al. 2008

Buthanol 0.03–0.06 [57]

Ethanol 0.03–0.23 [57]

Acetone 0.01–0.02 [44, 57]

Methane[m3/tonDW] 10–96 [3]

Protein[gm−2] 0.18 [1, 57]

Energy [K Jm−2] 19 [59]

(Source Lehahn et al.[34])
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Table 4 Macroalgae-based protein potential

Market
segments

Products segments Total available
market ($’B)

Serviceable
available
market ($’B)

Serviceable
obtainable
market ($’M)

Pharma Gene expression
systems

$5B $2.5B $50M

Cosmetics Skin anti-aging and
anticCellulite

$100B $1B $10M

Food Macro algae food $6B $1B $6M

Protein ingredients $18B $7.2B $30M

Meat substitute $3.6B $1B $20M

Carbohydrates
ingredients

$500B $1B $20M

Feed Aquaculture feed $5.1B $700M $6M

Protein animal feed $70B $30B $10M

Agriculture Fertilizers $175B $240M $3M

2.3 Food and Proteins

Apart from biofuel, macroalgae have a potential for additional end uses [20].
Macroalgae can be used to co-produce food and high value chemicals2 (Table4).
Hochman and Zilberman [23] report that the food industry of macroalgae is esti-
mated to generate $5 billion a year, a further $600 million is estimated to have been
generated from hydrocolloids extracted from the cell wall of the macroalgae at an
average value of about $10,900 a ton.

Protein market is assessed as $100B with a growing rate of 4.5%. From it protein
feed market is about $70B and growing 5% per year (Table3). The protein food
ingredients market is $18B, while in the USA alone it is $4.5B with a growing rate
of 8–9%. Plant protein ingredient marker is assessed globally at $5.4B, with $2B
in the USA and a growing rate of 8%. The main factors for plant protein market
growth are industrial farming (20% growth in 5years in USA), population growth
1.3%, increasing nutritional and food safety requirements, and consumers’ health-
consciousness. An increase of 29% in high protein products was reported (DuPont,
USDA, Martec, Euromonitor). Moreover, protein from macroalgae can supplement
the soybean. Today, owing to its high protein content, the soybean is probably the
single most important protein crop in the world. From 2005 to 2010 soy USA protein
market doubled. The demand for plant proteins is expected to continue to grow and so
the environmental pressure due to the industrial agriculture and growing vegetarian

2Carrageenan, mannitol, agar, laminarin, mannan, ulvan, fucoidin, and alginate, carbohydrates,
(mannitol has a lower calorific value, and has been found to be effective as a sweetener in various
food product and pharmaceutics). Extracted algin quickly absorbs water (200–300times its own
weight) and thus is effective as an additive in dehydrated products, as well as the paper and textile
industries. It has also found use as a food thickener and stabilizer.
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population. In 2005 the vegetarian food market reached $1.2B sales in the US alone.
Meat substitutes sales reached $326M in the US and $2B in Europe at the end of
2009.

The use of macroalgae as a potential source of high value chemicals and in the
rapeutic purpose has engrossed its commercial interest on macroalgae. For example,
the most diversely used macroalgae derivative with substantial worldwide sales is
Agar. The highest-value derivative of agar is called agarose and is used in a microbi-
ological genetic-engineering application. Furthermore, macroalgae have shown to
provide a rich source of natural bioactive compounds with antiviral, antifungal,
antibacterial, antioxidant, anti-inflammatory, hypercholesterolemia and hypolipi-
demic and anti-neoplasteic properties [51].

Another example is Carrageenan - a gelling agent extracted from red seaweeds.
It can be used as an emulsifier, a binder, or for suspension and stabilization in a
remarkably wide range of products in the food processing, pharmaceutical and cos-
metic industries. As an approved food additive, carrageenan is used worldwide to
enhance dairy and meat products; it also has a variety of applications ranging from
toothpaste to pet food. According to FAO statistics, world carrageenan seaweed farm-
ing production increased from less than 1 million wet tonnes in 2000 to 5.6 million
wet tonnes in 2010, with the corresponding farmgate value increasing from USD72
million to USD1.4 billion [56].3

In the next section we present the schematic structure of off-shore macroalgae
cultivation and biorefinery, in order to define key drivers for the profitable production
process.

2.4 Production Structure of Macroalgae

Macroalgae based production consists of several processes, each may be affected by
a specific technology or input. Figure1 schematically outlines the key milestones of
macroalgae to biochemicals’ production. Cultivation, harvest and transportation are
plant based decisions, whereas pretreatment and conversion are subject to refining
technology.

Anaerobic digestion, fermentation, transesterification, liquefaction and pyroly-
sis can convert algal biomass into proteins and sugars that can result into food,
chemicals and biofuels. At each stage of the production process the investor should
decide between various options that ultimately affect the irreversible (sunk) and vari-
able costs of the production, the productivity, and the output, therefore affecting the
total profitability. The configuration of baseline production characteristics should be
defined according to available resources and best technologies (e.g. [25, 30, 56].
In addition to the production cost, the value of seaweed products when reaching

3Valderrama et al. [56] present an overview of trade trends of carrageenan in the 2000s.
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Fig. 1 Overview of macroalgae cultivation and processing

end users may also reflect the expenses on research and development (R&D), for-
mulation, marketing, etc. [56]. Specific information on these aspects is generally
lacking.4

3 Case-Studies of Macroalgae Feasibility Analysis

In order to illustrate current state of the art of themacroalgae technological feasibility
we compare five recent representative research studies summarized in Table5. Cases
I and II focus on techno-economic (TEA) analysis of cultivation of macroalgae,
Case III provides a TEA of the biorefinery for macroalagae-based biofuels, Case
IV focuses on the cost-benefit analysis (CBA) of an experiment-based cultivation of
macroalgae as well as the biorefinery for macroalagae-based biofuels, while Case
V presents the life cycle analysis (LCA) of the system that includes cultivation and
processing.

4Composed based on Konda et al. [30] and Ghadiryanfar et al. [20].
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Case I – TEA Cultivation [11]
This report, prepared in the framework of the European project EnAlgae, attempts

to supply a transparent cost - revenue estimation for Laminaria digitate (brown
seaweed) cultivation in North Western Europe (UK, Ireland, France and the
Netherlands). The cultivation process is split up in the cultivation of plant mater-
ial (culture strings with juvenile sporophytes) in a hatchery for 3–5 months and the
on-sea production of seaweed biomass, where after growing out for 5–6 months the
biomass is harvested in the spring. The detailed cost break includes among others
sea aquaculture license. The study reaches a rather high price for macroalgae at the
aquafarm gate required to cover production costs.
Case II – Cultivation [56]

This report, prepared for FAO, performs a cost-benefit analysis of carrageenan
seaweed farming in four developing countries, accounting for about 90% of world
cultivation of carrageenan seaweed in 2010: Indonesia, the Philippines, Solomon
Islands, and the United Republic of Tanzania. It presents data on costs and revenues
from actual cultivation of Kappaphycus and Eucheuma (red seaweed species) and
supply chains in place. The cultivation is observed most of the year with 4 to 8
cycles of 45days. Even though most of the 23 case studies revealed profitability,
defining conditions for profitable production proved difficult. No distinct patterns
in the productivity of different farming systems are detected, neither in terms of
production per unit of cultivation line, nor in terms of production per unit of farming
area. The authors claim that the direct comparison of the productivity of two farming
systems may reflect mostly the differences in their farm locations (e.g. temperature,
weather condition, and water quality) that affect the growth rate of seaweed and the
number of growing cycles (as two primary factors determining the productivity).
Case III – TEA of Biorefinery [30]

The research presents a TEA of a simulated macroalgae biorefinery for
fermentation-derived sugars, and specifically ethanol with co-production of alginate.
This study does not assess the cultivation process. Instead, it assumes (rather low)
feedstock price of $50–100/MT of DW for brown seaweed Saccharina latissima. The
laboratory-based conversion technology is scaled-up to simulate the fermentation-
derived products from macroalgae at an industrial-scale facility with 2000 MT/day
dry biomass processing capacity. The cost structure is largely based on the study by
the National Renewable Energy Laboratory (NREL) on the production of ethanol
from corn stover [25], modified for the processing of macroalgae and its products.
Results suggest the minimum ethanol selling price (MESP) in the range of $3.6–
8.5/gal. For production of chemicals, sugar prices were in the range of 21–47/lb or
16–40/lb with macroalgae priced at $100/MT and $50/MT, respectively.
Case IV – CBA of Cultivation and Biorefinery [31, 32]

This study performs a CBA for bioethanol production using biomass of Ulva
rigida (green seaweed species), co-cultured with fish in an intensive offshore aqua-
culture unit. This report takes into consideration offshore seaweed cultivation during
summer and uses an ethanol production technology that is devoid of pre-treatments.
Co-production of ethanol and Dried Distillers Grains with Solubles (DDGS) is con-
sidered. Growth yields in the off shore experiments in Israel are extrapolated to
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project large-scale production volumes. The economic analysis is performed using
costs from studies by NREL [25]. The costs associated with the by-product sub-
process are based on figures of dry-grind corn processing. For profit calculation, the
study assumes prices for ethanol and DDGS according to the U.S. Department of
Agriculture (USDA), (79/dry ton of U. rigida. and -630/dry ton of U. rigida respec-
tively) and asks what production volume reaches profitability. The authors claim that
only large scale production shows economic viability.
Case V - LCA of Cultivation and Biorefinery [48]

The study performs a comparative life cycle assessment of the offshore seaweed
cultivation for the production of biorefinery feedstock. The biomass is converted into
three products: bioethanol, liquid fertilizer and protein-rich ingredient for fish feed.
The system represents Danish conditions with Laminaria digitata (brown seaweed
species) average productivity of 10 Mg WW/ha and harvested in summer. There are
no costs reported, but the authors adapt the designof cornstover bioethanol production
by NREL [25] to model energy consumption in the industrial scale seaweed based
biorefinery with bioethanol production using separate hydrolysis and fermentation.
The results of this study show that the base case provides a net reduction in climate
change factors. However, for the base case the research reports an increase in human
toxicity that is seven times greater than the system can deal. The study indicates that
the hotspot in the value chain is the biomass productivity.

Table5 synthesizes the representative studies from developed and developing
countries that employ different cultivation and conversion technologies, and allows
to draw several general conclusions:

1. Not all macroalgae are the same: Various macroalgae species (different colors)
allow for different outputs. A critical decision in the offshore biomass produc-
tion for biofuels is the species choice [17]. For example, different macroalgal
species could be chosen for their production of low-cost fuel in combinationwith
high value compounds and/or bioremediation applications, where an excess of
nutrients can be converted in biomass for harvest and economic goods. Thus
the entrepreneur needs first to decide what outputs to produce and then what
seaweed species to use as feedstock.

2. Feedstock production uncertainties: Even though production uncertainties are
inherent in agriculture, farmers growing cellulosic energy crops face significant
revenue uncertainty. Important constrains include light, temperature, nutrients,
current velocity, and also the capability to resist the harsh conditions such as high
waves and extreme currents in offshorewaters. Nitrogen has often been indicated
as the primary limiting factor for seaweed growth; however, phosphorusmay also
limit production in some systems [17]. Other environmental factors negatively
affecting the performance of seaweed farming include grazing by fish or other
organisms and rising sea temperatures, which could slow seaweed growth [26].
Literature reports a wide range of growth rates for macroalgae. In the FAO study
(Case II) the growth rate varies between 0.2 to 10.86% per day for red seaweed,
while Korzen et al. [31, 32] (Case IV) reach 15% of average daily growth for
green seaweed.
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3. Processing technology uncertainties: The biorefinery yields present awide range
as well. The upper value can be ten times larger than the lower one (Tables2 and
5), significantly affecting the potential profitability of the process.

4. Variability of DW/WW ratio: Dry weight to wet (fresh) weight ratio of macroal-
gae is another parameter which values vary significantly (from 1/9 to 1/3,
Table5).

5. Price uncertainties: should be analyzed in several aspects – price uncertainties
that faces the farmer, price uncertainties of feedstock for biorefinery, and the price
uncertainty of competitive outputs (backstop technology). A seaweed industry
that contains many small-scale pricetakers is especially prone to boom-bust
cycles. For example, the strong demand fromChina drove the price of dry cottonii
in the Philippines from USD900/tonne in 2007 to almost USD3 000/tonne in
2008 causing the Philippines production to double from 1.5 million tonnes (wet
weight) in 2007 to 3.3 million tonnes in 2008. The “seaweed rush” lasted only
one year – the price dropped to USD1 300/tonne in 2009 [26]. Generally, when
strong demand for dry seaweeds drives up the price, seaweed farmers tend to
increase their planting efforts and/or harvest immature crops. However, if the
price is low, seaweed farmers tend to reduce production, which creates sourcing
difficulties for the local processors. On the other hand, processors would tend to
reduce demand as prices rise by substituting cheaper alternatives [38]. A likely
result would then be supply exceeding demand and consequently a collapse in
price.

6. The price and cost assumptions in the academic literature should be treated cau-
tiously and verified against actual data, as prices vary over time and may expe-
rience sudden picks or drops. For instance, actual or assumed price to farmer in
Table5 varies from $50/MT of DW to $10,000/MT.

7. Production functions: The studies’ effort to evaluate future costs of the process
that is currently availablemostly in small (lab) scale is remarkable and should not
be underestimated. However, the studies mostly lack (or do not report) a struc-
tured production function that leads to a cost function. The common assumption
is a linear approximation.

8. Single cost sources: All the studies that assessed biorefinery used the conve-
niently available calculation module on large-scale ethanol production from
cornstove by NREL [25]. Indeed, the popularity of this research signals that
more up-to-date studies with a transparent open-source tool would increase our
understanding of the economic viability of the novel biorefinery technologies.

9. Developed versus developing: In contrast to aquaculture in the developed coun-
tries, carrageenan seaweed farming in Asia has minimum capital and technolog-
ical requirements and, as such, produces feedstock at competitive prices.

10. Supply chain: there are established supply chains for seaweed used for food pro-
duction [56]. Supply chains for biorefinery processing are still to be developed.
Contract uncertainties may occur due to asymmetric information [12]. That is,
the innovator may not observe the ability of and effort being devoted by the
contracted supplier.
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11. Value of environmental amenities: Even though intuitively macroalgae based
biofuel is cleaner than fossil fuels, the environmental advantages still require
more investigation. Seaweeds could improve the benthic ecosystem, and
sequester carbon, thereby offering the potential for carbon credits. Seaweed
grown on rafts can also become an attractive haven for fish. Other positive envi-
ronmental externalities of seaweed farming include an alleged positive attitude
towards conservation of local marine habitats, and some evidence that overex-
ploitation of the fisheries has been reduced in some countries, because farmers
have less time or inclination to fish. However, negative externalities should not be
overlooked. For instance, disease is a major problem in the cultivation process,
which not only discourages farmers but also contributes to supply uncertainty for
processors. Ice-ice disease is a common disease that affects carrageenan seaweed
farming worldwide. Primarily because of perennial ice-ice outbreaks, cottonii
cultivation in Zanzibar (the United Republic of Tanzania) declined from over
1000 tonnes in 2001 to almost zero in 2008 [56]. In addition, introduced sea-
weed that do not become viable culture species could turn into an environmental
nuisance [41].

4 Profitability of Macroalgae Cultivation

In order to demonstrate the general conclusions outlined in Sect. 3 above, we provide
the profitability analysis for Case II – cultivation and food production (carrageenan)
in major macroalgae farming countries and compare the results with the economic
indicators of the seaweed cultivation in Europe – Case I.

4.1 The Analytical Framework

The economic performance of seaweed farming is determined by its economic costs
and benefits. The main economic costs include capital, material inputs and labour.
The economic benefits can be measured by the revenue and cash flow generated by
seaweed production. Profit is an indicator of the net benefit, which measures trade-
offs between benefits and costs. Various performance indicators (e.g. productivity,
efficiency and profitability) are used to compare the economic costs and benefits.

In order to determine the economic feasibility of macroalgae -based production
process, an assessment of Net Present Value (NPV) using operational revenues and
costs, as well as capital costs, which are all linked to varying production volumes, is
performed.

Let all expenses at point t be denoted with C(t) and all returns with B(t). An
investment into macroalgae utilization process is profitable if it provides a positive
NPV, meaning the discounted sum of expenses and returns is positive:
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N PV =
T∑

t=0

(B(t) − C(t)) q−t , (1)

where q−t = (1 + i)−t is the discount factor, i is the annual rate of return. At the
breakeven point (zero profit condition), total costs should be equal to total revenues.
In terms of Eq. (1) it means:

T∑

t=0

B(t)q−t =
T∑

t=0

C(t)q−t . (2)

Minimal selling price (MSP) or breakeven sale price is an additional economic
indicator that represents the zero-profit threshold i.e. the price that covers the costs per
unit of production. It is estimated as the annual cost of capital per unit of production
plus the variable cost per unit. In Sect. 4.2 we use the economic tools to characterize
the profitability conditions of different case studies.

4.2 Profitability of Carrageenan Seaweed

What can we learn from existing seaweed cultivation practices? In order to answer
this question, we analyze the data from 13 case studies from largest carrageenan sea-
weed farming countries: The Philippines, Indonesia, Tanzania and Solomon Islands.
The four case-study countries accounted for about 90% of world cultivation of car-
rageenan seaweed in 2010 [56]. Common characteristics of red algae cultivation in
these developing countries are summarized in Table6. The cultivation of fresh sea-
weed is usually conducted by a number of small-scale, independent seaweed growers.
Various cultivation practices are in place and can be typed into: off-bottom, floating
ramp and floating line. The lifespan of cultivation farm commonly lasts from 2 to
5years. Fresh seaweeds decompose quickly after harvest. Sun-drying remains the
main (if not the only) option in practice. The industry standard for the maximum
moisture content of dry cottonii is 38–40%. Post-harvest treatment is usually done
by seaweed growers.

The physical capital needed for carrageenan seaweed farming usually includes
farming systems, vessels, shelters, drying facilities, and miscellaneous equipment
or tools. Figure2 presents capital efficiency measured in terms of initial investment
in US$ per km of cultivation line and yield reported in each of the case studies as
annual productivity of cultivation line in tonne of DW per km.

Evidently, more capital does not insure a higher yield. Based on the case stud-
ies from developing countries, Fig. 2 provides a rough approximation for marginal
productivity of capital reflecting its diminishing nature. The capital investment per
km of cultivation line is lower in case studies with higher production. Similarly, no
cultivation technique (off-bottom, floating raft or line, etc.) is observed to be themost
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Fig. 2 Capital efficiency: initial investment and yield per km of cultivation line

Fig. 3 Profitability frontier

efficient. Possible explanation is that in addition to capital and cultivation technique
there are other major growth affecting factors, such as seasonality and inclement
weather. Nevertheless, we are in early stages of investigation of the technology and
much more information is needed to reach solid conclusions.

Figure3 presents the breakeven price equivalent to MSP and defined in Eq. (2),
and the annual productivity per km of cultivation line. Higher break-even price
is addressed to more sophisticated and/or commercialized farms. In this case the
breakeven price is the minimal farm gate price for profitable cultivation. Accord-
ingly, the trend line is a stylized profitability frontier indicating of the lower limit for
market prices for unprocessed seaweed. All the case studies in the developing coun-
tries had positive profits (Fig. 4), ranging from USD89 per tonne of dried seaweed to
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Fig. 4 Yield, break-even price and the profit

Fig. 5 Yield and break even price in the case studies in developing countries and Northern Europe

USD842/tonne. Macroalgae price is the key factor affecting profit. The profit margin
(i.e. the ratio of profit to farm revenue) of most of the cases exceeded 50%.

To compare, the yield reported in the Case I – EnAlgae project for the North
Western Europe [11], is within the middle of the range of the Case II studies (Fig. 5).
However, the break-even price, as we calculated based on the EnAlgae project, is
on average 10 times higher than the annual costs in the case studies collected in the
developing countries. Given cost differences, developing countries may be able to
sustain algae production systems with lower yields.

The difference in costs is explained by a short production cycle, low capital
requirement, and relatively simple farming technology in developing countries (Case
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II) versus the North-Western Europe (Case I). Macroalgae cultivation and post-
harvest treatment as reported for North-Western Europe are labour – intensive activ-
ities entailing relatively high amounts of initial capital and laboratory costs.

5 Summary and Discussion

In this work we discuss the economic opportunities and challenges of macroalgae
utilization. The study outlines the state of the art of technological and economic
abilities of macroalgae cultivation and conversion. The focus onmacroalgae is driven
by the fact that being cultivated off-shore, they do not compete for scarce land and
potable water. In addition, recent developments in bio-refinery show the potential
to produce not only food and coloring, but also sugars for biofuels, proteins, and
high value chemicals. Evidently, carrageenan seaweed farming, has evolved into a
successful commercial endeavor in a number of tropical countries endowed with
clear, unpolluted intertidal environments and protected beach locations.

Nevertheless, several major challenges should be taken into consideration for suc-
cessful macroalgae economy. First, the rate of macroalgae growth and the conversion
factors – two key parameters in productivity- show a wide range of values and there-
fore have a major effect on cost effectiveness of the technology. Macroalgae growth
depends on saturation kinetics by light intensity, ambient dissolved inorganic nutri-
ent concentrations and temperature [7]. Cultivation uncertainty is exacerbated by
stochastic weather, seasonal variability between regions, within years and between
years. The biomass productivity is themain constraint against being competitive with
other energy and protein producing technologies [48].

Previous studies suggested to combine macroalgae cultivation with other sea
related economic activities [5, 6, 29, 31, 32, 39]. Co-management with other off-
shore systems like wind farms and fisheries to increase economic and environmental
benefits, and to diversify the revenue sources should be considered.

Another way to diversify revenue is the co-production in the stage of feedstock
conversion (to e.g. biofuels and food). The variation in shares of co-products between,
for example, butanol-acetone, ethanol and methane as well as protein, may affect
substantially the net benefits of the production process. More research on the key
aspects of co-production that leads to increased profitability of biorefinery is crucial.

Next, investments in macroalgae utilization are risky not only due to the uncer-
tainty in feedstock cultivation, but also in processing technology, contracting, and
demand. Considering uncertainty is most pertinent when a new processing technol-
ogy, such as new biofuel refining technology, is invented. Design of a sustainable
biorefinery, which will generate sustainable food, fuels and chemicals is a complex
task and is largely influenced by local raw material supplies, advances in multiple
technologies and socio-economic conditions [15]. In addition, comprehensive scien-
tific studies on the question whether the novel bio-refinery can increase the yield by
the order of 10 in a rigid manner to assure profitable process should be undertaken.
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Decisions about the scale of operation and the division of supply of inputs between
in-house and external operations are key in the design of a basic supply chain [12].
These decisions are affected by the investors financial situation, the political and
social system, the technology available, etc. The strategy about the capacity of
feedstock plant as well as the refinery may change over time; the innovator may
experiment by starting at small scale. Once the production system is established, the
innovator may either expand operations or reach out to cooperatives to provide it with
inputs. Therefore, more research on economies of scale in macroalgae cultivation
and refinery is crucial for industry establishing.

Investments in production capacity or consumption infrastructure are also suscep-
tible to market uncertainties from, for example, fluctuations in energy prices [45] and
demand uncertainty that is often associated with new product introduction. Similarly
to traditional crops, the price paid to seaweed farmers is determined in part by the
complexity of the supply chain and partly by the quality of the macroalgae. But,
crops destined for conversion into bio-fuels have prices determined in large part by
the ethanol market, which is linked to the volatile gasoline market [54].

Energy crop price volatility is likely to be aggravated as ethanol shifts in and out
of status as a cost-effective fuel substitute for gasoline, based on the relative prices of
petroleum and corn grain, the leading current ethanol feedstock in the United States.
More investigation on the impact of output price variability on technology adoption
decisions is essential.

Price volatility is also compounded by the absence of relevant, reliable and timely
production statistics andmarket intelligence. Unlike for some agricultural commodi-
ties such as coffee or tea, there are no organized markets to provide benchmarking
international prices for seaweed [53]. Unavailability of reliable information is espe-
cially detrimental to uninformed seaweed farmers who are at the lowest end of the
seaweed value chain and often forced to accept whatever price is offered.

Moreover, it is essential to identify the fuel that may provide higher value than
the ethanol, as of now, maclaogae-based bioethanol cannot compete corn-ethanol or
sugar cane based ethanol. To generalize, rather than competing with existing goods,
the scientific challenge can be the investigation of the potential to utilize macroalgae
for unique foods, high value chemicals and fuels.

Besides, the transparency andmultidisciplinary interactionwill increase the learn-
ing curve and will make macroalgae production more structured and efficient. Alter-
native specifications for biorefinery and cultivation processes in a transparent way
would allow replication and induce the improvement of methodologies. The multi-
disciplinary effort is required for improving the knowledge of production and cost
functions to lead to establishing of economic models.

Not less important is the uninvestigated effect the mass cultivation of offshore
macroalgae might have on the environment. On the one hand, the transition from
small to big scale macroalgae cultivation involves direct and external effects that
may completely reshape the process. On the other hand, if macroalgae-based bio-
fuel crowds-out the use of fossil fuels and crop-based bioethanol, it mediates the
environmental externalities, as well as negative effects on agricultural supply and
land use [60]. Further analysis on macroalgae external costs and benefits is required
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for an accurate policy intervention. The analysis on the technological prospects of
macroalgae biorefinery should evaluate the social net benefit too. Consequently, the
recommendation upon optimal fuel mix is to be based on social (vs. private) costs.
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