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Abstract Macroalgal biomass has been considered as a pro-
spective feedstock for biofuel production as, among other
benefits, it is an abundant source of renewable sugars and its
growth does not require arable land, fresh water, or intense
care. Successful commercial deployment of macroalgae-based
biorefineries, however, depends on their economic viability at
industrial scales. A key objective of this study was to carry out
a detailed technoeoconomic analysis (TEA) of a macroalgae
biorefinery to understand the economic potential and cost
drivers of macroalgae as a feedstock for the production of
biofuels and biochemicals. Ethanol was used as a representa-
tive macroalgae-derived product, given the wealth of public
information available to model this option, and the analysis
was extended to biomass-derived sugars in order to explore
the production of other fermentation-derived chemicals. Sen-

sitivity analysis was performed on various cost drivers, such
asmacroalgae price, yield, solids loading, and enzyme loading
during hydrolysis. With a feedstock price of $100/MT, de-
pending on the maturity of the other key process parameters
(i.e., yield, solids loading, and enzyme loading), the minimum
ethanol selling price (MESP) was observed to be in the range
of $3.6–8.5/gal and reduced to $2.9–7.5/gal with macroalgae
priced at $50/MT. 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. Given the chal-
lenging economics of the macroalgae biorefinery, coproduc-
tion of alginate was used to show the importance of multiple
revenue sources, though issues regarding market saturation
continue to arise when dealing with products of disparate mar-
ket sizes.

Keywords Macroalgae biorefinery . Technoeconomic
analysis (TEA) . Advanced biofuels . Alginate extraction .
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Abbreviations
CapEx Capital expenditure
IRR Internal rate of return
MESP Minimum ethanol selling price
MSP Minimum selling price
Mgal Million gallons
OpEx Operating expenditure

Introduction

Nonedible sources of biomass, both terrestrial and marine, are
generally considered as advantaged feedstocks for the produc-
tion of next-generation biofuels and chemicals as they do not
compete with the primary food supply chains. Unlike terres-
trial biomass (e.g., lignocellulosic biomass), marine-based
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macroalgae (also known as seaweeds) do not require arable
land or fresh water for cultivation. Due to structural differ-
ences, the photosynthetic efficiency of seaweeds is, on aver-
age, about three to four times that of the terrestrial biomass (7
vs 2 %, respectively [1, 2]). Macroalgae grows more rapidly
resulting in higher primary production rates in the order of 30–
83 dry MT/ha/year as opposed to 3–30 dry MT/ha/year in the
case of crops such as maize, sugarcane, corn stover, or poplar
[2–5]. Given the diversity and abundance of macroalgae [2]
and the richness of their carbohydrate content, these aquatic
organisms are a relatively abundant source of renewable car-
bon that could be productively tapped for the production of
renewable fuels and chemicals. The numerous macroalgae
species found worldwide are broadly classified into three
groups: brown, red, and green. Brown seaweed is the single
largest macroalgae resource and is considered to be one of the
most likely contenders for the production of biofuels and
chemicals [2]. The brown macroalgae are particularly attrac-
tive for fermentation-derived products due to their high con-
tent of carbohydrates and near or full absence of lignin.

Despite these advantages, the commercial viability of
macroalgae-based biorefineries depends on the economic per-
formance of the processes that are involved in the conversion
ofmacroalgae to biofuels and/or chemicals at industrial scales.
In this regard, technoeconomic analysis (TEA) can help un-
derstand the economic potential and identify cost drivers as-
sociated with these processes. While many studies concerning
the economics of lignocellulosic biorefineries have been pub-
lished (e.g., [6–9]), pertinent studies on macroalgae
biorefineries are scarce. A preliminary analysis carried out
by Pacific Northwest National Laboratory [2] identified the
maximum allowable seaweed feedstock price to be $28/MT
(dry), in order to produce ethanol at $2.2/gal or less, which
was at the lower end of the estimated seaweed production cost
range ($21–112/MT depending on the type of species and
cultivationmethod employed). The study highlighted the need
for advances throughout the supply chain (especially

macroalgae production cost reduction), but specific cost
drivers were not identified. A recent TEA study [10] has fo-
cused on biogas production from macroalgae in a small
community-scale facility.

The main objective of our study was to carry out a detailed
TEA of the production of fermentation-derived products from
macroalgae at an industrial-scale facility with 2000 MT/day
dry biomass processing capacity. We focused on determining
the economic potential and cost drivers of a macroalgae-based
biorefinery and investigated specific opportunities to improve
the overall biorefinery economics. We used ethanol as a rep-
resentative biofuel and extended the analysis to macroalgae-
derived sugars to include the potential production of biochem-
icals and other biofuels. Lastly, we explored the possibility of
using alginate as a value-added coproduct to improve the eco-
nomic performance of the biorefinery.

Materials and Methods

Feedstock Composition

Saccharina latissima (also known as Laminaria saccharina),
a brown seaweed, is used as a model feedstock in this study.
Primary carbohydrates in the brown macroalgae are as fol-
lows: laminarin (a polysaccharide of glucose), mannitol (a 6-
carbon sugar alcohol), and alginate (the salt form of alginic
acid, which in turn is a linear polymer of mannuronic acid and
guluronic acid). Given the seasonal variation in the composi-
tion of seaweed [11], averaged data of three macroalgae sam-
ples obtained from different harvests (Dec 2011, Jul 2011, and
Aug 2011 [12]) was used in our analysis (after adjusting for
moisture, see next paragraph). The representative composition
of the brown algae and lignocellulose are given in Fig. 1. On a
dry basis, about two thirds of the macroalgae feed is composed
of carbohydrates (with half of it being alginate) and the rest is
ash/salt. Compared to lignocellulosic biomass, the main

Fig. 1 Representative composition (dry basis) of brown macroalgae (S. latissima) and lignocellulosic biomass (corn stover)
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differences include the absence of lignin (as opposed to ~16%
lignin in the case of corn stover) and much higher quantities of
ash/salt (i.e., 35% inmacroalgae vs 5% in corn stover).While
the absence of lignin favors the use of macroalgae, the pres-
ence of a significant amount of salts may pose a challenge for
this feedstock. Downstream processes, such as enzymatic hy-
drolysis and fermentation, must operate at high salinity be-
cause removing salts through washing results in loss of sugars
(e.g., [12]), increases fresh water usage and incurs additional
costs for wastewater treatment [13]. Furthermore, Scullin et al.
[12] observed that the washing results in a higher alginate to
glucan ratio (compared to unwashed samples), which in turn
increased viscosity and reduced sugar yield [12]. For these
reasons, the macroalgae feedstock was assumed to arrive at
the plant gate unwashed.

Moisture Content in the Delivered Feedstock at the Plant Gate

Water content is another issue that must be addressed, as fresh-
ly harvested brown seaweed typically contains 80–90%water
[2]. Dewatering may not be necessary as the downstream op-
erations (such as fermentation, anaerobic digestion, or even
hydrothermal liquefaction) have high tolerance or requirement
for water. However, dewatering may be important as a method
to increase shelf-life and reduce the associated transportation
costs [14]. Harvested brown seaweeds are generally stored for
several hours (or even days), prior to dispatch/delivery, at
ambient temperature [14]. In the case of brown algae, ambient
storage is not considered as a problem as they are resistant to
microbial degradation due to the polyphenols present. During
this period, natural dewatering takes place and the moisture
content decreases. Dewatering to about 20–30 % water

content has been noted to have a stabilizing effect and is ben-
eficial for transportation. Further drying is generally energy
and labor intensive [13] and is usually not practiced. For the
purposes of this study, it was assumed that the delivered feed-
stock at the plant gate contains ~25 % moisture (e.g., after
natural dewatering during ambient storage at the harvesting
site and during transportation to the biorefinery).

Macroalgae-to-Ethanol Biorefinery Configuration

In order to perform a biorefinery-wide TEA, a process model
was developed in SuperPro Designer [15]. The model was
largely based on a recent study by the National Renewable
Energy Laboratory (NREL) on the production of ethanol from
corn stover [8], modified for the processing of macroalgae and
its products. A simplified block flow diagram of the
biorefinery is shown in Fig. 2. The biorefinery was modeled
to represent an industrial-scale facility and processes 2000
MT/day of dry macroalgae. As shown in Fig. 2, ethanol pro-
duction from macroalgae involves four major consecutive
steps: feedstock handling, hydrolysis, fermentation, and prod-
uct recovery. Due to the absence of lignin (Fig. 1), it was
assumed that pretreatment was not needed as suggested by a
previous study [3]. Polysaccharide components (i.e., laminar-
in and alginate) were converted into their monomeric form in
the enzymatic hydrolysis section; the resulting hydrolyzate
was sent to the fermentation section. All the fermentable
sugars (i.e., the reducing sugars from laminarin and alginate,
together with mannitol) were cofermented to ethanol. The
resulting ethanol broth then entered the product recovery sec-
tion. Product recovery was composed of a distillation column
(i.e., preconcentrator), a rectifying column, and a molecular

Fig. 2 Simplified representation
of the macroalgae-to-ethanol
biorefinery (the red crossing
represents the absence of
pretreatment, which would
otherwise be present in a regular
lignocellulosic biorefinery)
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sieve system, which together produced ethanol of >99.6 %
purity. Stillage from the bottom of the preconcentrator was
processed in a filter press to separate the thin stillage (rich in
water) from the solid cake.

In addition to the sections discussed above, there are two
auxiliary sections: wastewater treatment (WWT) and cogene-
ration (or utility). The auxiliary sections were closely integrat-
ed with the other sections in the plant. The thin stillage from
the product recovery section, together with the used water
from other parts of the biorefinery, was processed in the
WWT section, where most of the solids were digested in an
anaerobic digester based on previous findings [13, 16]. Biogas
and sludge from the WWT section, together with the solid
cake from the product recovery section, were utilized as fuel
in the steam boiler in the cogeneration section to meet the
steam needs of the biorefinery. The cogeneration section was
designed such that the plant was self-sufficient with respect to
steam. In scenarios where the steam produced by burning the
process solid residues and biogas was not sufficient, natural
gas was purchased from external sources to meet the overall
steam demand of the biorefinery. Excess steam was used in a
multistage turbo generator to produce electricity; this electric-
ity was used for the process needs and any surplus electricity
was sold to the grid.

Base Case Macroalgae-to-Ethanol Biorefinery Model
Specifications

Given the uncertainty in several process and economic param-
eters, a base case was first established as discussed below.
This base case model was used to identify the key cost drivers,
and a detailed sensitivity analysis was then carried out to un-
derstand the impact of these cost drivers on the overall
biorefinery economics. The baseline values of these key pa-
rameters were estimated based on the literature:

& Feedstock price: As discussed earlier, the original samples
used to estimate the feedstock composition in this study,
though dried and stored, contain small amounts of mois-
ture (6.6 wt% on average). Hence, unless otherwise stated,
the price of feedstock in this study is based on the
macroalgae with 6.6 wt% moisture content. Furthermore,
the feedstock price in this study represents the delivered
price of macroalgae at the plant gate. Depending on the
type of macroalgae and cultivation method, the production
costs could vary in the range of $21–120/MT of
macroalgae. The delivered price would be higher due to
the additional costs involved for harvesting, cleaning (e.g.,
removal of debris), processing (e.g., milling or shredding,
drying, etc.), and other supply chain logistics (e.g., collec-
tion, transportation, storage, delivery, etc.). Currently, for
macroalgae feedstock, most of these aspects are either not
yet established or not commonly available. In the case of

corn stover feedstock, for instance, these additional costs
would add up to about 1.5 times as much as the production
cost itself [8]. Given these considerations, the base case
feedstock price was assumed to be $100/MT.

& Yield: In this study, this term is used to represent the
Bpercent of the theoretical overall yield,^ with the maxi-
mum theoretical yield from feedstock to product being
normalized to 100 %. For example, at 100 % yield, every
kilogram ofmacroalgae (with 6.6 wt%moisture) produces
0.58 kg of sugars in the hydrolysis section and, subse-
quently, 0.31 kg of ethanol in the fermentation section.
Typically, the achievable yield in practice depends on sev-
eral factors related to hydrolysis (e.g., enzyme type and
loading, operating conditions, etc.) and fermentation (e.g.,
microorganism employed, pathway modifications, etc.).
While the maximum reported yield for brown algae is
about 80 % [17], the yield can be affected significantly
depending on the aforementioned factors, in addition to
the composition of the incoming feedstock. The effect of
the seasonal variation in composition can be significant:
one study showed that fermentation yield could be
dropped to as low as 28 % [11]. In this study, we assumed
a 50 % yield for the base case scenario. This value was
realized with an average polysaccharide conversion of
67 % in the hydrolysis reactor (i.e., laminarin and alginate
to monomeric sugars) and with an average sugars-to-
ethanol conversion of 67 % in the fermentation reactor.

& Solids loading: This refers to the wt% of solids in the
hydrolysis reactor. Due to the viscous nature of alginate,
which is present in significant quantity in brown algae (see
Fig. 1), a high solids loading (>5 %) would result in a
highly viscous solution [11], which could in turn have a
detrimental impact on sugar yield and increase the
pumping and agitation power requirements. At low solids
loadings, viscosity and inhibitor concentration are low
thus facilitating a higher sugar yield. In addition, high
solids loadings result in high salinity (e.g., 75 g/L at
20 % solids loading), which is not favorable for commer-
cial enzymes and microbes (e.g., [3]). In the base case
scenario, a relatively low 5% solids loading was assumed.
For comparison, lignocellulosic biomass biorefineries are
typically designed to operate at ~20 % solids loading [8].

& Enzyme loading: Based on previous studies [12, 17, 18],
for the base case scenario, an enzyme loading of 20 mg/g
of hydrolysable polysaccharides (i.e., laminarin and algi-
nate) was used. Based on a previous study, an enzyme
price of $10.14/kg of protein was assumed [19].

Macroalgae-to-Sugars Process Configuration

The macroalgae biorefinery was modified (i.e., by removing
the fermentation and ethanol recovery/purification sections) to

Bioenerg. Res. (2015) 8:1046–1056 1049



evaluate the economic potential of macroalgae as a feedstock
to produce fermentable sugars for production of fuels or
chemicals. To be clear, the idea was not to produce sugar as
an end-product that can be sold in the sugar market, but rather
to determine the economic value of sugars in the hydrolyzate
stream, relative to other alternatives (e.g., sugars from sugar-
cane, corn syrup, etc.) that could be used as substrates for
fermentation-based products. Subsequently, there was no sug-
ar recovery/purification section downstream of the hydrolysis
section. In order to accommodate for the fact that not all
sugars in the hydrolyzate are assimilated by the fermenting
microbes to the same extent, the price of sugars was computed
on the basis of effective fermentable sugars in the hydrolyzate.
In other words, similar to the base case macroalgae-to-ethanol
biorefinery discussed above, for the base case macroalgae-to-
sugars platform, only 67 % of the total sugars present in the
hydrolyzate were assumed to be Bconvertible^ if there were a
fermentation section downstream of hydrolysis, because the
macroalgae sugars are not fungible to sucrose or glucose.

Coproduction of Alginate and Ethanol in the Macroalgae
Biorefinery

Alginate was explored as a coproduct to understand the eco-
nomic value of adding this revenue stream to the biorefinery
operation. Unlike laminarin, which is a storage polysaccha-
ride, alginate is a structural polysaccharide in brown algae. It
was assumed that the alginate in the feedstock is present as
calcium alginate (Ca(alg)), as this is more prevalent compared

to other alkali salt forms [20]. The previously described
biorefinery model (i.e., macroalgae-to-ethanol) was modified
by adding an alginate extraction process prior to hydrolysis.
Through this process, food-grade alginate is assumed to be
extracted in sodium alginate form (Na(alg)), which is the more
widely used/sold form compared to other alkali salt forms
[21, 22].

A detailed alginate extraction process, involving multiple
steps, was modeled (Fig. 3) based on pilot-scale experiments
reported in the literature [20, 23–25]. Briefly, macroalgae was
first soaked in a formalin solution for 12 h and then washed
with acid (HCl). The preprocessed biomass was then stirred in
a hot alkali solution (Na2CO3). Over a period of 2 h, insoluble
Ca(alg) transformed into soluble Na(alg) resulting in a thick
slurry. To facilitate removal of the insoluble solids via filtra-
tion, the slurry was diluted with a large quantity of water. The
solution was sent through a rotary vacuum filter and the res-
idue was removed from the top and sent to the hydrolysis
section where laminarin and residual alginate, together with
mannitol, were assumed to be processed into ethanol (which
was shown to be technically feasible [26]), using the
macroalgae-to-ethanol biorefinery configuration discussed
above. The filter extract solution (i.e., Na(alg) with
99.5 wt% water), was processed through a series of chemical
treatments (using CaCl2, NaOCl, HCl, and Na2CO3) and wa-
ter removal operations (i.e., metal screening and belt press) to
obtain Na(alg) in a paste form. The Na(alg) paste was further
dried in a rotary dryer to reduce the moisture content to about
10 wt%. Using this extraction process, an overall yield (i.e.,

Fig. 3 Block flow diagram of the
alginate extraction process

1050 Bioenerg. Res. (2015) 8:1046–1056



ration between the alginate extracted in the product and the
alginate present in the feed, w/w) of 88 % was assumed [25].

Cost Analysis For the TEA, the purchase, installation, and
maintenance costs of major pieces of equipment, costs of la-
bor, utilities, and raw materials (except feedstock) were based
on previous technoeconomic studies [6–8, 27–29]. The refer-
ence year was updated to 2012 and, accordingly, the costs
were adjusted using the Chemical Engineering Plant Cost In-
dex (CEPCI) and inflation data. The financial assumptions
and the economic analysis were taken from previous studies
[27, 29]. In line with these studies, the results were reported in
terms of the minimum ethanol selling price (MESP; in case of
sugars and alginate, minimum selling price (MSP), was re-
ported)—i.e., the selling price obtained from a detailed cash
flow analysis corresponding to an internal rate of return (IRR)
of 10 %.

Results and Discussion

Macroalgae-to-Ethanol Biorefinery—Base Case Analysis
and Cost Drivers

In order to assess the economic viability of macroalgae as a
feedstock for fermentation-based products, we began by ana-
lyzing the production of ethanol. From the detailed TEA, the
MESP for the base case was $8.5/gal, emphasizing the need
for further technological advances. A detailed breakdown of
the total annual operating cost (AOC) is given in Fig. 4. From
this, it can be seen that the key cost contributors include the
feedstock, hydrolysis enzymes, natural gas, and facility-
dependent (mostly capital) costs. The facility-dependent costs
include depreciation, maintenance, and insurance—in other
words, this component represents the costs related to capital

expenditure (CapEx), directly or indirectly. Based on this
analysis and our previous experience, we decided to further
explore the effect of the solids loading, yield, feedstock price,
and enzyme loading on the MESP through sensitivity analy-
sis. Firstly, the solids loading affects the facility-dependent as
well as the utility operating costs. Systems with low solids
loadings (as in the base case) are dilute, thus requiring rela-
tively larger equipment in almost all sections of the plant (i.e.,
hydrolysis, fermentation, product recovery, and WWT). Such
systems also consume more utilities to move, mix, heat, and
cool various process streams and for product recovery. Sec-
ondly, the yield affects almost all cost contributions, because
at lower yields the production costs are incurred to obtain
lower revenues. Thirdly, the feedstock price that can be se-
cured to operate the biorefinery is subject tomuch speculation,
and hence, this parameter was further studied. Lastly, enzyme-
related costs are both significant and uncertain. Even though
both enzyme price and usage can alter this cost contribution,
the price was fixed in this study at $10.14/kg of protein [7] and
enzyme loading was studied during sensitivity analysis.

Sensitivity Analysis (Macroalgae-to-Ethanol Biorefinery)

TEA of several scenarios was carried out to understand the
impact of innovation on the MESP. These include the scenar-
ios with technological advances affecting the individual cost
drivers previously described (i.e., solids loading, yield, feed-
stock price, and enzyme loading) as well as an Baggregate
scenario^ to evaluate the collective impact of advances in all
these fronts. The cost drivers were all studied at varying feed-
stock price because of the particular uncertainty and weight of
this parameter. The MESP values obtained from these scenar-
ios are given in Fig. 5. From this analysis, it can be seen that
the MESP for the base case was in the range of $6.5–10.5/gal
as the feed price changes from $0 to $200/MT. While the

Fig. 4 Breakdown of annual
operating cost (AOC) for the base
case macroalgae-to-ethanol
biorefinery
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delivered feed price cannot be zero in practice, the intention of
including this data point was to understand the challenge as-
sociated with factors other than the feed price. For example, a
base caseMESP of $6.5/gal at $0/MTmacroalgae emphasizes
the importance of developing technologies related to the pro-
cess itself. If the feed price were to be fixed at $100/MT (as in
the base case), the MESP would vary in the range of $3.6–8.5/
gal depending on the other parameters (i.e., yield, solids load-
ing, and enzyme loading). Other observations that can be
drawn from this sensitivity analysis (5) are discussed below:

& Impact of feedstock price: Overall, every $50/MT increase
(or decrease) in the feed price, increases (or decreases) the
MESP by $0.6–1.0/gal depending on the yield range stud-
ied (50–80 %).

& Impact of yield improvement: Similar to the base case, the
overall yield of 80 % was achieved by assuming an aver-
age conversion of 87% in both the hydrolysis and fermen-
tation reactors. The improvement in yield (from 50 to
80 %) reduced the MESP by $1.8–3.0/gal depending on
the feed price. The MESP, however, remained more than
$4.5/gal in this scenario. Another interesting observation
was that the impact of the feed price is reduced at higher
yield (i.e., the line is flatter than for other cost drivers).
Furthermore, even at zero feedstock price, the yield has an
impact on the MESP because at higher yields,
nonfeedstock costs are Bamortized^ over a larger number
of product units (in this case, ethanol gallons).

& Impact of solids loading improvement: The improvement
in the solids loading (from 5 to 20 %) reduced the MESP
by $2.7/gal irrespective of the feedstock price. In other
words, this parameter was found to be as significant as
the yield for reducing theMESP. This is because the solids
loading significantly affects both the CapEX and OpEX.
In fact, around half of the MESP benefit came from the
reduction in CapEX: compared to the base case, the im-
proved solids loading reduced the AOC by $102 million,
of which $53 million was due to the lower facility-

dependent costs alone. Despite this advancement, the
MESP remained above $4/gal in our analysis, even at
20 % solids loading.

& Impact of enzyme loading improvement: As the enzyme
loading decreased (from 20 to 10 mg/g of hydrolysable
polysaccharides), the MESP was reduced by $0.8/gal.

& The aggregate scenario: If all the advances were to be
simultaneously implemented, the MESP would be re-
duced by about $4.3–5.5/gal compared to the base case,
depending on the price of macroalgae. Overall, even with
all these advances, the MESP was $3.6/gal at $100/MT
macroalgae.

Even if all the advances of the aggregate scenario are im-
plemented and have the effects described above, the feed price
would have to be $26/MTor lower to ensure that the MESP is
below $2.5/gal (equivalent to the average market price of eth-
anol during 2012–2013 [30]). Based on a recent study [10],
however, the cultivation cost itself could be $54/MT (€40/
MT), suggesting that the delivered price is likely to be much
higher than $26/MT. The high cost of macroalgae could be
partly due to the energy intensity of its production. For in-
stance, a detailed life cycle energy analysis [31] suggested that
macroalgae production (cultivation and harvest) was the most
energy intensive step and consumes about 30 % more energy
than the total energy required in all the steps involved in the
conversion of macroalgae to ethanol.

Furthermore, it was assumed that all the parameters can be
independently manipulated, which is not necessarily true. For
instance, as the solids loading increases, yield may drop (e.g.,
[32, 33]) or higher enzyme loading may be necessary to retain
yield. Due to the lack of such experimental studies in the
literature, possible interactions among these parameters are
ignored in this study. Other factors could not be considered
in the present study due to lack of data. For example, com-
pared to lignocellulosic biomass, the sulfur and nitrogen con-
tent in macroalgae is relatively high [2], which may increase
the production cost through gas cleaning units in the boiler

Fig. 5 Impact of macroalgae
price, yield, solids loading, and
enzyme loading on MESP of
macroalgae-to-ethanol
biorefinery
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flue gas. Any acid added to the hydrolysis reactor (to regulate
pH) and any base added subsequently (for neutralization)
would not only incur higher raw material costs, but also add
to the already-high salt concentration, which may impact the
fermentation (e.g., [3]). In practice, the MESP values are like-
ly to be higher than the values in this study, emphasizing the
economic challenge facing the biorefinery.

The above discussion highlights the importance of multiple
and concerted technology advances if macroalgae-based eth-
anol were to be economically viable. Improving the yield,
solids loading, etc. are challenging goals on their own merits,
and even more so because they must be accomplished in the
context of high salinity and viscosity (due to high salt and
alginate content, respectively). In other words, while the ab-
sence of lignin makes macroalgae an attractive feedstock for
biorefineries, the presence of significant amounts of salts and
alginate poses additional challenges. The significant amount
of salts present in macroalgae results in high salt concentra-
tions especially at high solids loading; for instance, at 20 %
solids loading, the salt concentration in the hydrolysis section
was 75 g/L, which is about two times that typically in seawa-
ter. It has been previously shown that high salt concentrations
negatively impact cell growth, sugar conversion rates, and
ethanol productivity [3, 34]. Furthermore, increased viscosity
at high solids loading is likely to have a detrimental impact on
sugar yield (e.g., [33]). Innovation on this front could involve
development of the thermophilic enzyme cocktails, which
could facilitate hydrolysis at sufficiently high temperature,
thereby reducing viscosity (which otherwise is a significant
challenge).

Prospects for Macroalgae-Based Fermentation-Derived
Products

The analysis implied that the production of ethanol from
macroalgae is unlikely to compete with the ethanol produced
from other sources (i.e., the ethanol sold today in the

marketplace). However, many other biochemicals can be pro-
duced by fermentation of the sugars present in the macroalgae,
and these may present an opportunity for the use of the feed-
stock. In other words, an ethanol-producing biorefinery may
not be a good representative candidate scenario in determining
the potential of macroalgae as a biomass feedstock, either
because the ethanol production cost is inherently high or be-
cause the revenue provided by ethanol cannot cover the cost of
production (or both). With that in mind, we investigated the
competitiveness of macroalgae-derived sugars, which can be
used as a proxy to determine whether a generalized
fermentation-based process would be economically favorable
compared to the processes based on other sugar sources (e.g.,
glucose, sucrose, lignocellulosic biomass hydrolyzate,
etc.).The MSP values for the two scenarios, i.e., base case
and aggregate (corresponding to the scenarios discussed in
macroalgae-to-ethanol section) are given in Fig. 6.

TheMSP of sugars derived in the base case scenario was in
the range of ¢33–62/lb depending on the macroalgae price
($0–200/MT). With the aggregate scenario, on the other hand,
the MSP dropped to ¢12–31/lb. Depending on the maturity of
the advances made with regard to the sugar yield, solids load-
ing, and enzyme loading, theMSP ranged from ¢21 to 47/lb at
$100/MT macroalgae or ¢16–40/lb at $50/MT of
macroalgae—this compares favorably to current market price
of sugars at~¢17/lb [35]. Historically, while there have been
significant fluctuations, the sugar price has largely remained
downwards of ¢20/lb over the last 10 years, except during
2010–2012 period when it increased to a level of ¢25–30/lb
or more. In other words, depending on the market conditions
and the advances made with the macroalgae-to-sugar technol-
ogies, macroalgae may be an economical renewable feedstock
for production of fermentation-derived chemicals. It must be
emphasized, however, that the economic viability of the de-
scribed macroalgae-to-sugar platform does not necessarily
translate into a profitable biorefinery, as this would still require
viable and scalable downstream technologies (e.g., for product

Fig. 6 Minimum selling price
(MSP) of fermentable sugars
derived from macroalgae
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recovery) that result in products with the desired level of pu-
rity. The analysis presented here only provides a reference
point that can be used to compare with the sugars derived from
other feedstocks. Furthermore, not all microbial pathways uti-
lize sugars in the same way, and thus the yield and by-product
formation would have to be studied after the product of inter-
est is chosen. In all, these factors point to the need to consider
full processes for each chemical to be studied, which is at
present limited by the amount of data available in the
literature.

Coproduction of Alginate and Its Impact on Process
Economics

A key reason behind the challenging economics of
macroalgae-based biorefineries is the lack of industrial micro-
bial technologies that could facilitate efficient and economical
fermentation of alginate, which is present in significant
amounts in brown algae, thereby severely lowering the
achievable yields in practice (e.g., [17]). On the other hand,
alginate, by itself, is widely used in the textile and food indus-
tries as a thickening agent [21, 22] and coproducing alginate in
a macroalgae-to-ethanol biorefinery could improve overall
process economics. For instance, a recent study [36] highlight-
ed the importance and favorable economic impact of alginate
extraction within the context of a small-scale biogas facility.
Hence, the impact of coproduction of alginate on the process
economics was investigated and is discussed in the following
section, using the ethanol biorefinery (aggregate scenario) as a
basis for analysis.

Cost Comparison of Coproduction of Alginate and Ethanol

An economic comparison between biorefineries with and
without alginate coproduction is given in Fig. 7. It can be seen
that coproduction of alginate requires significantly more cap-
ital not only because of the additional equipment needed for
extraction but also because of the significant amount of water
used for filtration in this process, which has a ripple effect on
other sections. For example, the additional water used

increased the CapEx of the WWT and utility sections. In ad-
dition, alginate extraction required a significant amount of
chemicals (including Na2CO3, CaCl2, NaOCl, HCl, and for-
malin), which increased not only the raw material cost but,
subsequently, the waste treatment costs as well. The enzyme
cost contribution was less in the alginate coproduction scenar-
io as alginate was extracted prior to hydrolysis, which reduced
the amount of enzyme required. However, the added costs of
chemicals and natural gas needed to fuel the utility section
more than offset the cost savings due to the reduced enzyme
requirement and subsequently increased the total cost of raw
materials. All these factors explain the significant increase in
the AOC of the scenario with alginate coproduction.

Impact of Alginate Coproduction on Macroalgae-to-Ethanol
Biorefinery

If the market supply of alginate expands, it is expected that the
alginate price would drop, potentially threatening the revenues
from coproduction. Therefore, we analyzed the MSP of algi-
nate that would make the biorefinery competitive by fixing the
price of ethanol at $2.5/gal (equivalent to average market price
in 2012–2013 [30]). For the alginate coproduction scenario,
the MSP of alginate was $3.1/kg. The total revenues for both
the scenarios are shown in Fig. 7. As seen here, due to the
alginate, the total revenue in the coproduction scenario was
significantly higher and compensates for the additional costs
incurred.

By comparison, the current market price of alginate is in
the range of $14–30/kg (based on a quote from an industrial
source) and has historically remained high (i.e., $9–12/kg dur-
ing the 1999–2009 period [21]). This implies that the alginate
supply can expand and remain competitive if prices remain
above~$3.1/kg, which would open other uses for this chem-
ical. Even if the alginate extraction yield drops from 88 to
50 %, the MSP of alginate would remain relatively low, at
~$5.0/kg. In other words, coproducing alginate in a
macroalgae-to-ethanol biorefinery can in principle improve
the overall biorefinery economics and the ethanol production
can be made economically viable.

Fig. 7 Cost breakdown and
revenues of ethanol-only scenario
and alginate coproduction
scenario
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While alginate coproduction seems to improve the profit-
ability of the biorefinery modeled, with the expansion of the
technology, market saturation of alginate will become an is-
sue. The amount of alginate that would be produced from a
single biorefinery is in the range of 130,000–220,000 MT/
year (depending on alginate extraction yield, 50–88 %), while
the global demand for alginate is about 26,500MT/year (2009
estimate[21]). In other words, the alginate production capacity
of a single biorefinery far exceeds the global demand (by
about five to eight times), resulting in a market with an excess
supply of alginate. It could be argued that novel uses of algi-
nate may increase the future demand for this chemical and
help absorb some of the excess supply. However, given that
the market growth for alginate has been sluggish in the recent
past (with an annual increase of 1.5 % during 1999–2009
period [21]), the prospect of a significantly bigger future mar-
ket is unlikely to trigger the capital investments required for
coproduction at all but very small scales.

Conclusions

In this work, a detailed process model for a macroalgae-based
biorefinery was built and an extensive scenario-based TEA
was carried out for three main configurations: (1)
macroalgae-to-ethanol biorefinery, (2) macroalgae-to-sugars
platform, and (3) coproduction of alginate in the context of a
macroalgae-to-ethanol biorefinery. Based on the TEA of base
case macroalgae-to-ethanol biorefinery, the MESP was $8.5/
gal, with costs notably influenced by the macroalgae price, the
overall yield, the solids loading in the process and the enzyme
loading during hydrolysis. To bring the MESP to a competi-
tive level of $2.5/gal or less, multiple advances (i.e., ≥80 %
yield, ≥20 % solids loading, ≤10 mg/g enzyme loading) need
to be realized simultaneously and in conjunction with a feed-
stock price of less than~$26/MT. Given the challenging eco-
nomics of a macroalgae-to-ethanol biorefinery, the economic
feasibility of fermentation-derived chemicals from
macroalgae was investigated using a macroalgae-to-sugar
platform as a proxy. On this front, depending on the techno-
logical parameters and advances in the macroalgae-to-sugar
processes (especially in terms of sugar yield, solids loading,
and enzyme loading during hydrolysis), fermentable sugars
derived from macroalgae may offer an economically viable
platform for the production of chemicals under market condi-
tions wherein the price of sugars is high (>¢25–30/lb).
Though the macroalgae-to-sugars platform is economically
favorable, efficient, scalable, and economical downstream
technologies (i.e., microbial fermentation and product recov-
ery/purification) are still required for macroalgae-derived
chemicals to be cost competitive with chemicals produced
from petroleum. While the coproduction of alginate was ob-
served to improve the overall economics of the biorefinery, the

expected production of alginate from a single biorefinery (i.e.,
130,000–220,000 MT/year) was far greater than its global
demand (i.e., 26,500 MT/year). This observation notwith-
standing, the analysis highlighted the potential advantage of
producing a portfolio of chemicals, as long as market satura-
tion issues are considered.While the observations made in this
study are specific to the species studied (S. latissima), our
models are flexible and can be easily tuned to investigate the
economic potential of the other macroalgae species and other
conversion technologies. The model that served as the basis in
this study is available for noncommercial use through our wiki
(http://econ.jbei.org/).
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