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Abstract

Sargassum biomass, a brown macroalgae species whose proliferation in the Atlantic and
Caribbean has caused significant environmental and economic challenges, is rapidly
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becoming a bioeconomy opportunity through the abundance of biomass. The unique
chemical composition and functionalized structural polymers (e.g. alginates and fucoidan
polysaccharides) differ significantly from typical biomass sources, requiring custom and
sequential conversion processes. We establish here an integrated process and techno-
economic analysis for processing Sargassum biomass, through hydrolysis into monomeric
constituents for biological conversion. Extensive mass and energy balance analysis shows
that the valorization of residual solids is a prerequisite for economic viability, and key cost
drivers include process scale, feedstock price, preservation, and acid concentration for
effective release of organics and fermentable sugars. The recalcitrant nature of the
polymers presents unique challenges to this feedstock, necessitating a custom approach
to maximize the value recovery from the biomass. We demonstrate release of over 50% of
the entrained saccharides into a fermentable sugar stream, enabling downstream
conversion by halophilic oleaginous yeast into lipids for oleochemicals or fuels. Optimizing
each stage, from preservation and pretreatment to biocatalysis and residue utilization, is
critical to transforming Sargassum from a coastal nuisance into a valuable resource for
biomaterials and bioenergy production.

1. Background

Sargassum is a brown macroalgal species that has bloomed in the tropical northern
Atlantic, including the Caribbean Sea and wider Gulf region, with increasing abundance in
recent years." The estimated biomass appearing annually in the Great Atlantic Sargassum
Belt is over 20 million tonnes and potentially up to 38 million tonnes,? and estimates of
beach-cast Sargassum are several million tonnes in Puerto Rico alone. This inundation of
coastal communities causes significant economic and environmental impacts, reduced
access to beaches and ports, and lowers yields for fisheries in Caribbean coastal
communities. Nuisance beached Sargassum has spurred investments into operations to
clean and remove Sargassum at an estimated ~$250k per mile of shoreline per year in
direct disposal costs (but much less if collected before it washes ashore)*® to the local
municipality or landowners. The estimated cost impacts of Sargassum blooms on local
economies on shorelines of Florida, Puerto Rico, and the U.S. Virgin islands sum to a total
of $7.6 B per year,® not including impacts in Mexico or other Caribbean islands which also
have significant issues with Sargassum cleanup.”® Coastal communities bear these
substantial costs purely as waste management burdens with no added value, creating a
clear opportunity to recover useful energy products from the biomass while alleviating a
persistent burden on coastal regions.



While the large volumes of Sargassum from the tropical Atlantic Ocean present a huge
challenge for coastal communities, they are also promising as a biomass resource. The
abundance of biomass represents a significant opportunity for advanced chemicals and
fuels, holding an estimated 6.0-11.4 million tonnes of carbon annually.>® An analysis by
Marx et al. indicated that Sargassum could be harvested in the Atlantic ocean at scales of
up to 6.3 million wet tonnes per year (nearly 1 million dry tonnes/year at a solids content of
14.3%).'° Despite this apparent abundance, large-scale harvesting faces logistical and
ecological constraints. Blooms are unpredictable, varying in space, time, and volume,
making the establishment of a permanent solution challenging. Additionally,
environmental regulations tied to the potential for disturbing ecosystems present hurdles
to large scale harvesting.' Alternatively, biomass can be harvested after washing ashore;
however, collecting beach-cast Sargassum yields lower volumes and also introduces
contamination in the biomass, limiting its utility for centralized conversion facilities.'? Many
anticipated commercial uses of Sargassum require a thorough understanding of the
biomass composition and quality and how the material changes after arriving on beaches
orin transit.™

A variety of product applications for the biomass have been identified, spanning across
industries for bioenergy, food, agriculture, bioremediation, pharmaceuticals, and
biomaterials.’ These products may result from extraction of individual constituents (e.g.,
alginates, fucoidans, pigments), biological conversion of carbohydrates (e.g., ethanol,
biogas, lipids, bioplastic precursors), or valorization of residual solids (e.g., biomaterials,
bioremediation, fertilizer, or biochar).

Among the available biomass conversion strategies, developing strategies to maximize the
recovery of monomeric sugars remains an attractive proposition to valorize the otherwise
waste biomass. One of the most widely studied approaches because of its operational
simplicity and relatively low capital cost is acid hydrolysis, where strong acids such as
H,SO, and HCl have been the most extensively used for seaweed hydrolysis.™"” Acid
pretreatment effectively hydrolyzes storage polysaccharides such as laminarin while
partially disrupting seaweed cell wall structures, thereby improving sugar accessibility
while also offering potential for reduction heavy metals present in the biomass.'? Several
studies have adopted a sequential acid pretreatment and enzymatic hydrolysis strategy to
enhance monomeric sugar release from Sargassum,'®2° with thermal acid hydrolysis
further improving yields.?"?2 Additionally, emerging strategies have also been explored for
Sargassum, such as a mild pretreatment approach involving redox-assisted processing
conducted by He et al. which showed improved yields compared to conventional
pretreatment.?



Microbial conversion has proven promising in conversion of hydrolyzed saccharides,
including limited work on the fermentation or bioconversion of Sargassum to products
such as bioactive components,?* ethanol,?*> butanol,'” polyhydroxybutyrate,’ or biogas.*
Lipid production via oleaginous yeasts offers a promising bioconversion route due to their
capacity to utilize diverse carbon sources;?® however, the utilization of Sargassum presents
significant metabolic hurdles to this process. Beyond its diverse sugar profile, Sargassum
accumulates high ash and salt concentrations, which can inhibit yeast metabolism and
important hydrolytic enzymatic activities. Lipid conversion from Sargassum sugars has
been demonstrated with solid-state fermentation using Yarrowia lipolytica.?” This process
was used to both hydrolyze and release the saccharides to immediately produce lipids,
with highest activity demonstrated on residual biomass after alginate extraction, reaching
titers of 0.35 g/L lipids from a total sugar (monomeric and oligomeric) titer of around 7 g/L.
The activity on whole biomass after various treatments proved to be much more
challenging, indicating recalcitrance of the biomass. There are no other published
examples of using oleaginous yeast with Sargassum-derived monosaccharides,
underscoring the need for bioconversion research, and in particular organisms capable of
metabolizing complex monomeric and oligomeric saccharides in a halophilic environment,
while funneling this metabolism to valuable co-products.

Techno-economic analyses of various Sargassum biorefinery concepts have been
published, often employing recovery of a high-value product (e.g., alginate, fucoidan,
pigments, or phenols) to demonstrate economic viability'>?-3! alongside commodity
products such as fuels. For example, Dussan et al. presented an approach of extracting
high-value alginate and fucoidan prior to anaerobic digestion to biomethane,®' while
Thompson et al. showed that viability of electricity generation via anaerobic digestion was
challenging unless also selling residual solids into high-value international fertilizer
markets.?® Marx et al. presented a unique exception, outlining a hydrothermal liquefaction-
based approach which did not employ high value coproducts, albeit at higher biorefinery
scales than are considered here. Across all examples, no dedicated report is available on
tracking the specific Sargassum saccharide utilization through an integrated conversion
process accompanied and informed by a thermodynamically rigorous techno-economic
analysis (TEA).

To address these knowledge gaps, we present the first systematic evaluation of integrated
Sargassum biorefining that demonstrates (1) reliable biomass storing methods, (2) an
pretreatment approach that is scalable and applicable to continuous processing in a
biorefinery setting, and (3) continuous biological conversion of biomass into lipid
intermediate precursors, while (4) developing a rigorous techno-economic framework for
the conversion to fuels and products in a commercial-scale biorefinery.



2. Methods

2.1: Sargassum biomass sourcing

Sargassum biomass (~110 kg) was collected in Puerto Rico along the Southern coast,
during an inundation event in late summer of 2023, frozen and shipped to NLR. After the
thawed biomass was thoroughly mixed, representative samples were collected for
compositional analysis and solids assessment. The thawed biomass was processed with a
screw press (Vincent Corporation, FL), set at 15 psi (103 kPa) or 40 psi (276 kPa), generating
a pressate (liquid product generated during pressing operations of wet material) and
residual solids. A total of 34 kg of wet material was processed, generating 14.7 kg of
residual solids and 18.5 kg of liquid pressate.

2.2: Biomass compositional analysis

All compositional analyses were performed on lyophilized biomass derived from
representative samples of the large shipment described above, following previously
documented and published procedures summarized here briefly.3?= For moisture content,
an aliquot of the sample was dried at 40° C for 2 days and a percent moisture was
determined.*® All subsequent values were determined on a moisture-free (dry weight)
basis. Dry oxidation (ashing) overnight at 575°C was performed on the oven dried sample
to determine the ash content of the biomass.3® Protein content of the biomass was
calculated based on elemental nitrogen content determined via combustion CHN-
analysis, and multiplied by 4.92 as a macro-algae specific N-to-protein conversion factor.*’
For carbohydrate content, a two-step sulfuric acid hydrolysis was used to hydrolyze the
polymeric forms of carbohydrates in whole biomass into monomeric subunitsin a
hydrolysate. The monomers in the analytical hydrolysate and in the pressate liquid were
then quantified by high performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD).343® The separation and detection method used to
characterize the biomass follows a minor deviation from the published procedure; after
hydrolysis, samples were filtered through 0.2 pm nylon filters. Additional details are
provided in the Supplemental Information.

2.3: Screw press biomass densification and particle size reduction

A total of approximately 110 kg of frozen, wet Sargassum feedstock was divided into two
groups: 46 kg were kept frozen to serve as a control, while the remaining 64 kg were thawed
overnight and subsequently dewatered using a Vincent screw press. Two different
pressures were applied to the screw tip, resulting in two distinct dewatered Sargassum
samples and two distinct pressate liquids.



Dewatering and particle size reduction was completed via a continuous dewatering
Vincent screw press. The press operates by a screw rotating inside a stainless-steel screen
and forcing the liquid through pores. The screw has a graduated pitch with interrupted
flighting to maximize dewatering and prevent co-rotation when paired with resistor teeth.
The pressed cake moisture content is controlled by a discharge cone, actuated by an air
cylinder providing an additional level of dewatering control. The air cylinder’s pressure is
controlled manually and can be set to pressures up to 40 psi. The pressate liquid is
collected separately from the pressed solids and analyzed for monomeric saccharides as
described in 2.2.

Following processing in the screw press, optional secondary particle size reduction was
completed via a 12” mechanical disk refiner. The disk refiner is equipped with a 5 hp motor
and type C2976 NH plates on the stationary and rotating disks operating continuously.
Motor speed is controlled via variable frequency drive, and the gap is manipulated
manually. The clearance between the rotating and stationary disks can be adjusted based
on the output material property requirements of the refining process. A 0.03-0.05 mm gap
size was selected for Sargassum processing. Approximately 2 kg of wet solids were
processed through the continuous disk refiner at 50 Hz motor speed and recovered at the
outlet. No liquid stream was generated during disk refiner operation; however, some liquid
was lost to vaporization as the disk refiner generates significant heat during operation.

2.4: Preservation at small scale

Triplicate sterile 50 ml plastic syringes were packed with 10-15 g 40 psi pressed 2x washed
Sargassum biomass treated with 3% (dry weight basis) 72% H,SO,, adding 5 ml of
deionized water per syringe to facilitate acid integration. To create an anaerobic
environment, the material in the syringe was pressed with the plunger to complete
compaction and sealed with a Luer-Lok cap. Syringes were incubated in a dark 30°C
incubator and sacrificially sampled at To and three months incubation. The entire syringe
was lyophilized for carbohydrate composition.

2:5: Pretreatment optimization: time, temperature, and acid concentration

Small-scale microwave pretreatment experiments were executed in sealed 10 mL
microwave pressure vials with self-sealing septa. A 20-point parameter optimization sweep
was conducted on pressed Sargassum biomass (Table S-1). A microwave digester (CEM,
Discover) was used to screen pretreatment conditions. A response surface, Central
Composite Design (CCD) with three factors (time, temperature, and acid loading) featured
factorial, axial, and replicated center points to provide insight into the behavior of the novel
feed while limiting the burden on experimental set. Agitation was provided by stir bars to
ensure homogenous heating and prevent the formation of any hot spots during hydrolysis.



Sulfuric acid (10% w/w) was added to the reaction according to the experimental design
and well-mixed prior to processing. Following the 20-point CCD, three reaction conditions
were down-selected for confirmation of pretreatment conditions (Table S-2).

Larger-scale pretreatment was conducted in a 2-gal stirred tank Parr Series 4552 Floor
Stand Reactor with temperature control via direct high-pressure steam injection. Reactants
were added into a 1.75-gal Hastelloy insert and placed in the Parr reactor at 100 rpm. High
pressure steam was added to reach the desired temperature set point and held at temp +/-
2°C for the desired residence. Steam was vented and the pretreated slurry was quenched
in an ice bath. Solid-liquid-separation was conducted first through a cotton fabric for a
coarse filtration followed by vacuum filtration through a 0.2-micron filter to provide clarified
liquor for fermentation.

2.6: Bioconversion

Cutaneotrichosporon oleaginosum (ATCC 20509) was used for bioconversion experiments
due to its wide substrate profile and superior lipid production.®® Bioreactor experiments
were performed in Sartorius Q-plus, 0.5 L bioreactor, outfitted with a MidGee, 0.2 pm,
hollow fiber filter (Cytiva Cat# CFP-2-E-MMO01A). Once inoculated to an initial OD of 0.8, the
reactor was run in a discontinuous, fed-batch mode. Briefly, once carbohydrates were
consumed, the reactor broth was circulated through the hollow fiber filter at approx. 30
mU/min with trans membrane pressure maintained via a needle valve at approximately 3 psi
(21 kPa). Approximately 2/3™ of the spent media was expelled as permeate, while cells
were retained in the reactor. Fresh media of the same volume as the permeate was then
fed to the reactor and the batch reaction continued.

The substrate for this work was comprised of 75% by volume clarified acid hydrolysate and
25% by volume pressate. In the clarified hydrolysate, glucose was supplemented to 3.5 g/l
to represent anticipated levels of glucose released via enzyme treatment currently being
researched. This was then pH adjusted to pH 6.5 with solid Ca(OH), and subsequently
sterile filtered to remove excess Ca(OH), and CaSO, formed during neutralization. Finally,
this was combined with 25% volume sterile filtered pressate (containing 12 g/L mannitol).

2.7: Techno-economic analysis

Techno-economic analysis (TEA) was carried out consistent with approaches taken in
previous assessments of microalgae conversion;**° a process model of a commercial
scale conversion facility, builtin Aspen Plus, is used to generate a mass and energy
balance of the process, which informs capital and operating costs in a discounted cash
flow rate of return (DCFROR) analysis. The DCFROR determines the minimum selling price
of the primary product required to maintain a 10% internal rate of return over the lifetime of
facility. Here, we designate the residual solid coproduct as the primary product, asitis the



main revenue driver, and use the minimum solid selling price (MSSP) as the main TEA
metric. A list of financial assumptions used in the DCFROR is included in Table S-3.

2.7.1: Feedstock Availability and Cost

The base case in this analysis assumes that biomass is harvested by dedicated ocean
vessels, allowing for adequate collection scales and lower costs compared to off-shore
farming. Sargassum is harvested from the floating mats within 40 km of shorelines. A feed
scale of 3.0 million wet tonnes per year (1,306 dry tonnes/day) is assumed for the TEA,
approximately half of the scale assumed by Marx et al. for ocean-harvested Sargassum,°
though we emphasize that feedstock availability is a key uncertainty for the analysis.

The harvesting cost of biomass is equally uncertain and depends highly on the distance
boats must travel to the bloom. We have estimated that pelagic biomass could be
harvested at $195/dry tonne (see additional details in the Supplemental Information).
Other colleagues at Princeton University have estimated lower costs for a floating facility,
on the order of $5/wet tonne ($35/dry tonne).*' This estimate has not yet been published in
peer-reviewed form; we report it here as an illustrative lower bound pending independent
verification. Alternatively, oceanic harvest of Sargassum near beach communities could
warrant a credit in scenarios where harvest of oceanic Sargassum reduces the cost burden
of beach cleanup. Here, we assume a biomass cost of $195/tonne (delivered to the dock)
and add a ground transportation cost of $58/tonne, calculated based on a trucking cost of
$3.43 per truck-mile,*? a truck volume of 100 cubic yards (76.5 m®),*® and an average
transportation distance of 50 miles (80.5 km); resulting in a feedstock cost of $253/tonne
delivered to the conversion facility. Given the wide range in estimates for feedstock
availability and cost, these are further investigated in the sensitivity analysis section.

2.7.2: Seasonality and Preservation

Regardless of the harvesting method, Sargassum availability is seasonally variable due to
fluctuations in temperature and solar intensity. In addition to seasonal variability, there is
significant monthly variability in the amount of biomass that is available for processing,
likely due to weather patterns in the regions that are prone to Sargassum blooms. The ratio
of the maximum monthly rate to the average annual rate in Puerto Rico ranged from 2.9 to
12 during the years 2011-2023 (mean = 4.85, median = 4.43; see Figure S-1).** Seasonal
variability increases the capital cost burden of a biorefinery, as conversion operations must
be sized for peak feedstock availability, leading to underutilization of equipment during
periods of lower biomass availability. Alternatively, biomass can be stored throughout the
year to mitigate seasonal variability. Here, we have included biomass diversion and
preservation with sulfuric acid in peak months to ensure a consistent flow of biomass
throughout the year. Biomass flow by month is modeled according to the average annual



availability profile from data referenced above.** Storage occurs after pressing, so that the
pressate is always utilized immediately, while solids may be diverted to storage in peak
months. A dry matter loss (DML) of 5% is assumed, a conservative assumption consistent
with experimental observations.

2.7.3: Biomass Conversion Approach

The biomass conversion approach represented in Figure 1 was selected based on the
experimental results presented here. A summary of the assumptions used in the process
model is presented in Table S-4. These assumptions are generally reflective of targeted
performance which has been deemed to be reasonably achievable with optimization but
has not been demonstrated experimentally in an integrated manner. Where applicable, the
demonstrated experimental parameters are also included in Table S-4.

The conversion approach begins with an initial densification step via screw press, which
yields an aqueous pressate containing soluble sugars and uronic acids (sent directly to
bioconversion), and residual solids at 20% solids (experimental work achieved higher
solids content on the order of 24%; however, we have modeled a lower value of 20% here to
ensure pumpability). Following the screw press, solids are washed and a portion of the
solids may be diverted to seasonal storage to mitigate the seasonality of Sargassum
blooms, depending on the time of year. In preservation, biomass is subjected to a sulfuric
acid loading of 0.03 w/w dry biomass, assumed to contribute to the total acid loading of 0.2
w/w in pretreatment following storage. In seasons with low Sargassum availability, biomass
is withdrawn from storage to maintain a constant flow rate of biomass.

In all seasons, the biomass then proceeds to dilute acid pretreatment to yield further
solubilization of sugars and uronic acids. The aqueous stream is then separated with a
vacuum belt filter press before proceeding to aerobic bioconversion alongside the
pressate. Following bioconversion to lipids by ATCC 20509, the lipid-enriched product
stream is subjected to another milder dilute acid pretreatment*>*® and solvent extraction to
isolate lipids. Unconverted Sargassum solids from the first pretreatment step also undergo
solvent extraction to maximize lipid yield. Lipids are saponified to reduce impurities and
sold as a renewable lipid feedstock for biofuels or bioproducts at a price of $1100/tonne.

The residual solids from solvent extraction are dried and sold as a generic solid coproduct.
The biomass may be suitable for use as a soil amendment if challenges associated with
salts and heavy metals can be managed,*’-*° which might fetch a value of $20-100/tonne
based on typical bulk compost values (or potentially higher if more aligned with premium
seaweed fertilizer products). Alternatively, the solids may be used as a supplemental
aquaculture®®®' or animal feed®? (assuming mitigation of concerns associated with
contaminants are addressed); estimates for value as a fish feed are approximately



$400/tonne®, and displacement of soybean meal may warrant a selling price of $275-
550/tonne based on historical market values.

These solids may also be suitable for use as a co-feed in producing partially bio-based
thermoplastics ($900/tonne, aligned with the assumed value of residual microalgae solids
destined for thermoplastic co-feeds®*%°*); however, this has not been verified experimentally
and may be challenging based on the relatively low protein, high cellulose, and high
aromatics content of the residual solids. Other potential higher-value applications include
further conversion of the residual solids to biochar or graphite, leveraging the high content
of polyaromatic components (quantification of this fraction is identified here as a priority
for future work); however, these are out of scope for this analysis.
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Figure 1. Process flow diagram for the conversion process modeled in the TEA.

3. Results & Discussion

3.1: Sargassum biomass composition

A custom compositional analysis approach was developed for Sargassum. Sargassum is
rich in polysaccharides, like alginates (uronic acid polymers), sulfated fucans, and glucans
of unique structure . The polysaccharides are embedded in a biomass matrix alongside a
polyphenolic residue that resembles terrestrial biomass lignin. The compositional analysis
was conducted on the original (non-pressed) Sargassum, as well as the solids pressed at
15 psi and 40 psi, covering ash, fatty acid methyl esters (FAME), protein (nitrogen by
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combustion), and CHN (see Table 1; carbohydrate and uronic speciation data are provided
in Table S-5 and Table S-6). Additionally, the corresponding pressates from 15 and 40 psi
were analyzed for monomeric and total carbohydrates (including polymeric forms released
after further hydrolysis) and uronic acids (Table S-7). In both the original biomass and
pressed solids, glucose and mannitol are the primary carbohydrates, while the pressate is
dominated by mannitol (accounting for 99% of the carbohydrates), with only trace
guantities of other sugars and uronic acids detected. Pressing the original sample ledto a
slight reduction in ash content, decreasing by 4% in the 40 psi sample. Ash-free data for
the pressed solids show a minorincrease in carbohydrates and uronic acids following
pressing.

Table 1: Overview of biomass composition of Sargassum, expressed on a dry weight basis,
data are mean * stdev of triplicate composition measurements for each treatment,
comparisons shown are for (1) freshly harvested and frozen Sargassum, (2) biomass after
milling for size-reduction and washing, and (3) solids retained after pressing harvested
biomass (both 15 and 40 psi pressure pressing is shown)

Sample ID Ash FAME  Protein  Carbohydrates Uronic Sum C(%) H(%) N(%)
(%) (%) (%) (%) acid (%) (%)
Fresh 36.1+ 096+ 6.18=% 16.09 + 0.56 15.74+ 75.08% | 26.94+ 3.34= 1.26%
Sargassum 1.00 0.01 0.37 0.51 1.31 0.69 0.13 0.08
(frozen)

Wet-Milled 13.66+ 127+ 3.97= 19.89+0.25 294+ 68.18+ | 39.57+ 4.88+ 0.81=+
and washed 0.07 0.04 0.15 0.68 0.74 0.07 0.04 0.03
Pressed Solids 32.07+ 1.02% 5.71+ 14.89+1.27 17.74+ 65.72+ | 31.36+ 3.88+x 1.16%

(15 psi) 1.03 0.02 0.26 2.13 2.70 0.70 0.14 0.05
Pressed Solids 28.54+ 0.99+ 6.25% 15.52+0.74 19.12+ 7041+ | 31.76+ 3.89x 127+
(40 psi) 2.38 0.04 0.55 1.75 3.09 0.45 0.11 0.11

3.2: Densification and mechanical refining

Initial biomass conditioning was completed by densification via Vincent screw press and
12"’ disk refiner, which both condensed the biomass and reduced the particle size
distribution (Figure 2). Pressing increased the solids content from 14.3% to 24-27%,
substantially reducing the amount of water introduced into the pretreatment and
downstream processes (Table 2). Additionally, the bulk density increased by up to 2.6-fold.
The pressing operation also produced a stream of pressed liquor containing nearly 10 g/L of
mannitol, which is suitable for fermentation.

To create industrially relevant conditions for downstream operations, the biomass was
added wet after mechanical refining; however, the biomass heterogeneity (specifically, a
*4% variation in solids content) added uncertainty to measurements used within the
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dataset and complicated downstream calculations. This phenomenon is commonly
observed when treating and converting wet biomass and was addressed by measuring
variation of dry matter of the biomass and considering this variation in the TEA sensitivity
analysis.

Densification and mechanical refining provide methods of homogenization that can
improve feed consistency and density of the biomass material, improving its capacity to be
stored and reducing the burden on transportation of feeds. This allows for a more reliable
feedstock, leading to positive cascading effects on several downstream processes. Itis
also important to note that there is no significant loss of carbohydrates or uronic acid in
either process; the intrinsic value of the feed is improved by removing unnecessary water
and improving particle size for downstream needs. Naturally, increased severity comes
with a trade-off in energy consumption; while screw pressing is implemented in all
scenarios, milling is considered as an optional step and investigated further in TEA
sensitivity analysis but was left out of experimental validation work.
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Figure 2: Visual representation of biomass (L to r) as received, after screw press
densification, and after milling for further particle size reduction

Table 2: Summary of screw press mass balance of pressate and pressed solids, along with
solids content and estimated bulk density. To maximize solids recovery from the screw
press, 200-500g of ice was passed through the system post-processing to displace any
residual material from the press. Discrepancies in final mass balance can be reconciled by
the added water in this mass recovery step.’

12



Pressing Starting Final Pressed  Pressate (kg) Solids (%) Bulk density
Pressure (psi) material wet solids (kg) (g/L)
(kg)
n/a 64 n/a n/a 14.3% 259
15 30.36 17.86 12.8 23.7% 620
40 34.04 14.78 18.45 27.0% 678

3.3: Preservation of biomass compositional quality

To rapidly test dry matter loss over the duration of up to three months of biomass storage, a
scaled down preservation method was developed. Conditioning the biomass with acid
(sulfuric acid, 3% w/w) and dropping pH < 4 was the most effective method at preserving
the biomass and the composition with at most a 1.1% dry matter loss as calculated after
biomass incubation and lyophilization in syringe set up (Table S-8). This indicates that a
pre-incubation at low pH was able to stabilize the biomass and protect against biomass
degradation.

3.4: Pretreatment to release monosaccharides

To understand how Sargassum polysaccharides can be released, we pretreated small
guantities of biomass with either acid (H.SO.) or base (NaOH), heated the biomass
between 140 °C and 170 °C between 15 and 30 min, and tracked the hydrolysis of
monomeric saccharides, both neutral sugars and uronic acids (Figure S-2). The results
indicate that hydrolysis effectiveness is primarily driven by acid concentration and time
and temperature of incubation. Base pretreatment did not release appreciable quantities
of monomers and was not investigated further.

Glucans like laminarin are highly recalcitrant to acid pretreatment, and require increased
severity, which simultaneously accelerates degradation of more labile polymers like
alginate and fucoidan. Higher acid loading and elevated temperature were shown to
increase monomeric sugar yields, and longer pretreatment times further enhance sugar
release (Figure 3). ANOVA results indicate that acid loading (p = 0.0005) has a more
significant effect on monomeric sugar yield than temperature (p =0.16) or time (p = 0.24).
In contrast, uronic acid recovery favors higher acid loading at lower temperatures, likely
due to its thermal instability. ANOVA analysis shows that acid concentration (p = 0.0081) is
more influential than temperature (p = 0.30) and time (p = 0.76). Additionally, prolonged
pretreatment leads to increased degradation of uronic acids. These trends highlight a
trade-off in optimizing pretreatment conditions: conditions that maximize monomeric
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sugar yield may compromise uronic acid recovery. Therefore, the optimal pretreatment
strategy should be determined based on the relative content of monomeric sugars and
uronic acids in the biomass, as well as their respective conversion efficiencies in
downstream fermentation processes.

Carbohydrate (%) Carbohydrate (%) Carbohydrate (%)

Acid (%)

145 150 155 160

Uronic acid (%) Uronic acid (%)

Acid (%)

150 155 160 145 150 155 160 150 155 160 165 7o

Temperature (°C) Temperature (°C) Temperature (°C)

t=15min t =30 min t =45 min

Figure 3: Response surface of monomeric sugar (A, B, C) and uronic acid (D, E, F) yields as
calculated from pretreatment experiments at 10 mL scale in a microwave at different
pretreatment times

The central composite design (CCD) experimentation at the 10 mL scale reveals several
intrinsic phenomena related to extracting monomeric sugars and uronic acids from
Sargassum via dilute acid pretreatment. These experiments were useful for comparative
analysis of pretreatment approaches; however, due to the heterogeneity of Sargassum as a
feed, scaling up the sample size of a reaction to 35 mL vessels offers more insight into
reaction efficacy and further derisks the overall process as scales are increased. Based on
the Response Surface Methodology results, three pretreatment conditions were selected
for evaluation in a 35 mL reactor to minimize the impact of biomass heterogeneity. As
shown in Table S-9, the monomeric sugar yield increased with temperature and residence
time, reaching ~70% at 170 °C for 45 min. However, under these conditions, the uronic acid
yield was the lowest (5.7%), resulting in a combined monomeric sugar and uronic acid yield
of 34.9%. At a shorter pretreatment time (15 min) with the same acid loading and
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temperature, the monomeric sugar yield decreased to 61.5%, while the uronic acid yield
increased to 18.8%, leading to a slight improvement in the combined yield (38.3%). Thus,
increasing the biomass loading appears to mitigate the effects of biomass heterogeneity in
the 35 mL reactor, as evidenced by the low variation (<4.4%).

Data collected from microwave reactions informed the selection of an acceptable
pretreatment condition for scale up to the 1 kg scale. Balancing the need for effective
hydrolysis against the formation of potential fermentation inhibitors (HMF, furfural, etc.), a
pretreatment condition of 160°C, 5/1 w/w (DCW/sulfuric acid), 23.5% dry matter content,
and a residence time of 30 minutes was selected for 1 kg scale pretreatment. To mitigate
pH buffering, the biomass was washed with water to remove ~50% of ash. Ultimately,
yields in the 2-Gal Parr were consistent with prior 10-mL observations. The recalcitrant
nature of biomass persisted and was potentially negatively affected by a modified heating
method, direct steam injection. Direct steam injection is known to dilute the product
significantly, approximately 75% dilution. As previously stated, the dry matter variation in
the feed material must be accounted for in sugar and uronic acid recovery sensitivities. A
4% standard deviation in dry matter, corresponds to a ~16% variation in process
carbohydrate recovery. Variation in dry matter can be improved by improved
homogenization via mechanical refining and dewatering as seen with increased screw
press severity and disk refining.

3.5: Bioconversion of monosaccharides

Microbial conversion has proven promising in conversion of hydrolyzed saccharides to
lipids, which form the basis of chemical and fuel pathways. The organism selected for this
work, C. oleaginosum, was selected for its broad substrate utilization profile as well as
history of robust intracellular lipid production® and was shown to utilize most
monosaccharides present in Sargassum. As Sargassum hydrolysate is a relatively dilute
carbon stream (containing approximately 18 g/L total monomeric carbohydrates, Table 3),
the addition of yeast peptone (YP) increased the monosaccharide uptake rates. The lipid
accumulation and titer was higher without YP, approximately 3x more lipid was
accumulated intracellularly, however, with the dilute carbon source, overall yields
remained low (Table S-10).
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Table 3: Saccharide concentration in hydrolysate-based fermentation media for C.
oleaginosum, along with utilization efficiency (%) after 44 hrs, in the presence or absence of
yeast extract and peptone (YP) additives. N = triplicate cultures

) Qo 2
o 3 2 2 [) T § g
n =] g o n [= o (=]
o © o c 0 o o =
S S 3 5 > 5 3 z
— — (] e o
= s o 3 x E 2 5
Sargassum
4.56 1.03 0.93 1.45 0.96 3.2 1.2 4.8
hydrolysate
. +0.21 +0.05 +0.06 +0.07 +0.04 £0.12 +0.05 +0.19
media (g/L)
3.2 100.0 100.0 99.0 100.0 0.0 87.1 100.0
no YP (%)
+5.56 +0.00 +0.00 +0.08 +0.00 +0.00 +0.72 +0.00
40.5 100.0 100.0 100.0 100.0 25.8 85.6 100.0
+YP (%)

+5.89 +0.00 +0.00 +0.00 +£0.00 *£2.92 +0.34 +£0.00

To understand its value as a stand-alone feed stream, we used the pressate as a sole
saccharide source (Table S-10). The mannitol in the pressate was completely utilized within
48 hours without the need for supplemental nutrients and, as seen before when 0.1x YP
was added, FAME content was dramatically lowered.

Sargassum hydrolysate was tested in a bioreactor to provide better process control (Figure
4). In this experiment, C. oleaginosum exhibited diauxic growth with a clear preference for
glucose. Once glucose was depleted, mannitol, galactose, mannose, xylose, and
glucuronic acid were all quickly utilized. While these secondary saccharides were present,
utilization rates of fucose and mannuronic acid were rapid. However, a second phase
inflection occurred, slowing down fucose and mannuronic acid when co-utilization of
mannitol, galactose, mannose, xylose and glucuronic acid was no longer possible. This
suggests that without these sugars, energy or redox requirements are not well met and the
cells are not as capable of metabolizing these more difficult carbohydrates. Guluronic acid
was minimally utilized even in the presence of first- and second-tier monosaccharides.

16



39

30+

(gL)

15

Carbohydrates

10 F

os b

—r
00 =5
1 1 1 1
B0 100 120 140
Time (Hrs)
—— Mannitol —O— Arabinose Glucose —tr— Guluronic
Fucose —{— Glucosamine Mannose = Glucuronic
Rhamnose Galactose Xylose = Mannuronic

—{O— Galactosamine

ODB00; FAME %
8
T

15

10

1 L 1 1 L 1 | 1
L] 20 40 &0 & 00 120 140

Time (hrs)

FAME (%) == ODAwg =0~ FAME (g/L)

Figure 4: (A) C. oleaginosum monosaccharide utilization in mock hydrolysate representing
Sargassum hydrolyzed carbohydrates, and (B) growth (OD600), lipid content (%) and
concentration (g/L).

The dilute nature and low carbon content (and C:N ratio) of the hydrolysate causes low lipid
content of the biomass (30+£2.06% DCW), and titer and yield (2.0+0.15 g/L, 0.095+0.007 g/g
yield). These bioconversion metrics (titer, rate, yield) on Sargassum-derived hydrolysate
and pressate are challenging primarily due to low concentrations of fermentable sugars in
the current hydrolysates. Concentration of these feed streams would increase overall
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salinity of the feed stream and could impact C. oleaginosum physiology, shown to
attenuate growth at salinity levels of 35 ppt and above (data not shown).

To address the challenges of a dilute feed stream and that lipid accumulation occurs
intracellularly, we opted for biological concentration in the form of fed-batch style
fermentation with a cell-recycle system (Figure S-3, Table S-11). Leveraging the intracellular
accumulation of lipid product, a hollow fiber filtration system was employed to retain cells
within the bioreactor while removing spent medium, similar to a repeated batch. The
bioreactor was initially operated in standard batch mode; upon complete

carbohydrate utilization, a peristaltic pump circulated the culture through the filter. A small
pressure differential enabled the removal of spent medium while retaining the cells in the
reactor. Once the reactor volume was sufficiently reduced, fresh medium was added and
fermentation resumed. This cycle was repeated multiple times. Using this approach,

a portion of the lipid containing biomass could be periodically harvested for lipid recovery
while maintaining high productivity due to elevated cell densities.

The cell recycle system offers several advantages over established fermentation modes.
Unlike conventional batch processes, it avoids reduced productivity associated with

low initial cell density. Although repeated batch systems retain some biomass,

a substantial fraction is typically lost during medium exchange, leading to decreased
productivity between cycles. Compared with fed-batch operation, which is constrained by
reactor volume and requires termination upon reaching capacity, the cell-recycle approach
enables extended operation without such limitations. In continuous fermentation, medium
is replaced at a constant rate, which can limit substrate utilization under diauxic growth
conditions due to insufficient residence time, thereby reducing yields. In contrast, the cell-
recycle strategy allows complete substrate utilization prior to medium removal. On
average, conversion rates of 0.02 £ 0.002 g/L/hr and yields of 0.11 = 0.01 g/g were observed,
matching batch bioconversion performance while enabling a more efficient overall batch
time.

3.6: Techno-economic analysis

The experimental results described informed the mass and energy balance of a conceptual
integrated process. The sequential operations were simulated in Aspen Plus, and the
resulting process model was used to estimate the overall cost and energy implications of
each modular process unit in an extensive TEA. The facility design centered around
production of lipids from Sargassum, which was successfully demonstrated
experimentally. These lipids have value as fuel precursors and may also warrant higher
values due to a high fraction (45%) of polyunsaturated fatty acids, which are useful
feedstocks for polymer synthesis.>**¢ However, despite this value, the TEA indicated that
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lipid revenues were not high enough to support the costs for biomass harvesting and
conversion in isolation, and that the bulk of revenue (>90%) would have to come from a
coproduct derived from the residual solids. Thus, the primary metric of the TEA is the value
that this solid coproduct must be sold at to attain a 10% internal rate of return for the
facility (defined as the minimum solid selling price, MSSP). Potential applications for the
residual solids are discussed further below and include soil amendments, aquaculture and
animal feeds, and thermoplastics.

The results of the base case TEA, summarized in Table 4, indicate a MSSP of $942/tonne.
The large scale of the proposed facility necessitates a significant total capital investment of
$866 million and high annual operating expenditures of $186 million, most of which are
variable costs. As detailed in Figure 5; raw materials account for a large portion of the
MSSP ($652/tonne, 69% of the total; also see Table S-12). The most significant contributors
are the Sargassum feedstock ($348/tonne, 37%), acid and base consumption in
pretreatment ($121/tonne, 13%), wastewater treatment costs ($74/ton, 8%) and natural
gas consumption ($70/tonne, 7%). Fixed operating costs contributed an additional $58/ton,
6% of the total MSSP (Table S-13)

Capital costs contributed a total cost of $304/tonne (32% of the total) to the MSSP, with
primary contributors including fermentation operations (47% of CAPEX) and solid
dewatering and drying (26% of CAPEX); additional CAPEX details are provided in Table S-14.
In contrast, revenue credits from coproducts were modest. The renewable lipid product
produced provided a modest MSSP credit (-$50/ton), though was much less than the
combined cost of the fermentation and lipid extraction operations. This suggests that
significant improvements to the fermentation operation are needed to justify it
economically. Electricity co-produced by the facility also provided a credit (-$22/ton), a
byproduct of the high natural gas usage required for solid drying (51% of total heat), solvent
recovery (27% of total heat), and pretreatment (19% of total heat).

The MSSP associated with the base case indicates challenging economics for the
Sargassum biorefinery when considered alongside the market values of its potential
applications, including soil amendments, aquaculture and animal feed operations, and
thermoplastics (here, we intentionally limit coproduct applications to those with
significantly high market volume in order to support large-scale Sargassum valorization).
One challenge associated with Sargassum in these applications is the presence of heavy
metals, which can have detrimental consequences for soil amendments*’° and feed.*?
Heavy metal content may be partially remediated by the washing and processing
operations of the biorefinery; however, this has not yet been quantified. If these challenges
can be addressed, the residual solids may be suitable for these applications,*”485%51 put
the associated product values are generally lower than the required MSSP (<$100/tonne for
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soilamendments and <$500/tonne for feed and aquaculture applications). One potential
market which could fetch higher values ($800-$1000/tonne) is thermoplastics, as has
shown promise microalgae.**% The chemical makeup of the residual Sargassum solids
may limit its use in this technology pathway, though other bioplastic technologies may
serve as higher-value, scalable applications suitable for supporting the biorefinery concept
described here; in particular, the high proportion of alginate in Sargassum presents a

significant opportunity.’-°8

Table 4. Key TEA results for the base case.

Value Units

Minimum Solid Selling Price $942 $/tonne
Solid yield 630 kg/tonne biomass
Lipid yield 8.5 gal/tonne biomass
Total capital investment $866 MM $
Variable operating costs $244 MM $/yr
Fixed operating costs $21 MM $/yr
Average fuel & coproduct revenue $365 MM $/yr
Revenue breakdown:

Fuels 5.0% %

Solid Coproduct 92.9% %

Electricity 21% %
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Feedstock: $348 -

Pretreatment and Conditioning: $165

Fermentation: $189 -

Lipid Extraction and Cleanup: $-1

Protein/Residual Processing: $100 -

Combined Heat and Power: $27
e Raw Materials, Catalyst, & Waste
mmm FElectricity Use

I Fixed Costs

mmm Capital Recovery Charge
BN Coproduct

Utilities & Storage: $94 -

. | . \
-$80 $0 $a0 $180 $270 $360
Cost contribution ($/tonne)

Figure 5. Cost breakdown of the MSSP by processing area and cost category.

Sensitivity analyses were also conducted to further elucidate key cost drivers and
assumptions for the biorefinery. First, two known cost drivers (scale and feedstock cost)
were modified together to show cost implications over a wide range of variations (Figure
6A); following this, we consider a broader list of variables and theirimpact on the MSSP
(Figure 6B).

The impact of scale on process economics is very significant, with large scales (on the
order of 1 million wet tonnes/year [435 dry tonne/day] or greater) required for MSSP to
approach the market values of the potential coproducts for the biorefinery. For scales
below this value, the MSSP sharply increases to untenable values unless selling into
exceptionally high-value markets. Feedstock cost also has a pronounced impact on
economics; a feedstock price of $35/ton (reflecting a nominal cost of Sargassum delivered
to a floating biorefinery*') lowers the MSSP of the base case scale to $642/tonne (though
noting that this cost does not reflect the increased capital and operating expenditures that
would be associated with a floating facility). Alternatively, a higher feedstock cost of
$419/tonne (reflecting the average cost for the first 50 million dry tonnes/year of farmed
macroalgae as reported in the 2023 Billion Ton Study *°) makes economics significantly
more challenging, with MSSPs greater than $1000/tonne even for the highest plant scales
considered.
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Figure 6. (A) Sensitivity analysis of plant scale and feedstock cost on minimum fuel selling
price. Point values for the base case (3 MM wet tonne/year) and an estimate of biomass
available around Puerto Rico (2 MM wet tonne year) are shown on the line for the base
case. (B) Tornado plot depicting the sensitivity of MSSP to key process parameters.
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Beyond scale and biomass cost, which are the most significant cost drivers as shown in
Figure 6B, we conducted a single-point sensitivity analysis on other key variables. An
alternative scenario considering fermentation of the pressate only (forgoing pretreatment
and lipid extraction of Sargassum biomass) showed potential to reduce costs by nearly
$300/tonne, highlighting the high cost of pretreatment and fermentation. This is further
emphasized by cost sensitivity to pretreatment acid loading and fermentation productivity.
Improving these variables could reduce biomass costs by $59-83/ton, while conservative
assumptions could increase it by $114-166/ton. Thus, significant improvements could be
made in process economics by focusing on valorization of the pressate in isolation, which
allows for isolation of nearly 50% of carbohydrates and uronics without costly pretreatment
and extraction operations.

Preserving biomass to ensure consistent, year-round operation is a key enabler of
economic feasibility. As the sensitivity analysis shows, omitting preservation would require
oversizing the facility for peak summer months while it sits idle in winter, leading to
underutilized capital and a substantial MSSP increase of over $200/ton. However, if
preservation is successfully implemented, dry matter loss is not as strong as a cost driver,
with a 30% loss resulting in a cost increase of only $77/ton.

The economic impact of the other variables considered was lower, but still notable.
Inclusion of a size reduction step (as represented by an increased feedstock cost of
$49/tonne, based on processing costs for cornstover®) resulted in an MSSP increase of
$67/tonne. Wastewater treatment contributed significant costs; a variation of +50%
resulted in an MSSP change of £$38/ton. The lipid selling price had a similar impact; a
higher value of $2200 per tonne of lipids would reduce the MSSP by $51/tonne, while a
more conservative value of $500 per ton would increase it by $28/ton. Pretreatment
conversion efficiency was not a major cost driver within the bounds of the experimentally
demonstrated deviation, changing biomass price by less than $36/ton in either direction.
Notably, increased pretreatment conversion has an inverse impact on MSSP, because
revenue obtained from conversion to fuels is less than that obtained from unconverted
solids. Finally, variation solids content after pressing had very limited impact on MSSP
(<$7/tonne).
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4. Conclusions

The results presented here provide an integrated biorefinery framework specifically tailored
to Sargassum seaweed. The process concept we experimentally demonstrated includes
initial processing of harvested Sargassum biomass, preservation of biomass quality for
long-duration storage, and bioconversion to lipids. The Sargassum biomass was initially
condensed through pressing, which generated a higher density, lower ash content, and
ultimately more stable material. The process for monomeric sugar conversion is initiated
by acid pretreatment to release over 60% of the carbohydrates as monomers, with the
suitability of microbial conversion of these monomers to high-lipid feedstocks. We then
explored the suitability of historically-deployed microorganisms for fermenting the unique
suite of macroalgae sugars to lipid precursors and were able to narrow down to candidate
species with demonstrated effective utilization of algae-specific saccharides.

The data obtained were used to establish a rigorous process model of a commercial scale
process, which informed a detailed TEA. The analysis identified a cost-competitive
biorefinery concept which hinges on producing a high-value solid coproduct alongside
renewable lipids and procuring a preservable Sargassum feedstock at sufficient scales.

While we demonstrated feasibility of a biorefinery approach for Sargassum conversion to
fuels and products, the systematic assessment of preservation, pre-processing,
pretreatment, and fermentation also identified challenges that should be addressed in
future work: (1) the lack of full characterization of the biomass, specifically the unknown
nature of the polyphenolic residues of the cell walls; (2) the high buffering capacity of the
biomass that necessitates high acid loading to achieve hydrolysis; (3) the recalcitrant
nature of glucans, which limits hydrolysis yields and microbiological conversion yields—
introducing a critical tradeoff where increased pretreatment severity improves
carbohydrate recovery but degrades uronic acids; (4) the bioconversion and challenging
microbial metabolism of fucose and uronic acids; and (5) the application of the residual
solids as demonstrated high quality bioproduct application. Despite these challenges, this
study provides a systems-level framework for the valorization of pelagic Sargassum,
shifting the paradigm from a costly waste management challenge to a potential
bioeconomy feedstock.

Declarations

Ethics approval and consent to participate

Not applicable.

24



Consent for publication

Not applicable.

Availability of data and materials

The datasets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.

Competing interests

The authors declare that they have no competing interests.

Funding

This work was carried out as part of the US. Department of Energy’s Office of Critical
Minerals and Energy Innovation (CMEI)-funded Advanced Products and Energy from
Sargassum (APES). This work was authored in part by the National Laboratory of the
Rockies for the U.S. Department of Energy (DOE), operated under Contract No. DE-AC36-
08G028308. Funding provided by Department of Energy Office of Critical Minerals and
Energy Innovation. This work is authored in part by Fearless Fund (fearlessfund.org),
supported and monitored by the U.S. Department of Energy under the Advanced Research
Projects Agency- Energy Award No. DE-AR0000927. The views expressed in this article do
not necessarily represent the views of the DOE or the U.S. Government. The U.S.
Government retains and the publisher, by accepting the article for publication,
acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable,
worldwide license to publish or reproduce the published form of this work, or allow others
to do so, for U.S. Government purposes.

Authors' contributions

MW, ABL, TD, SVW, JL, RN, EN, AM, and LL drafted the manuscript. ABL, TD, JL, RN, EK, XC,
and JK performed the experiments. SVW conducted the physical sample and statistical
analyses. MW conducted process modeling and techno-economic analysis. JK and LL led
initial funding procurement, and LL served as the principal investigator of the project. CL

and GG acquired the biomass feedstocks and provided technical expertise on Sargassum.
AM contributed the biomass harvesting cost assumptions. All authors have read and
approved the final manuscript.

References

(1) Wang, M.; Hu, C.; Barnes, B. B.; Mitchum, G.; Lapointe, B.; Montoya, J. P. The Great
Atlantic Sargassum Belt. Science 2019, 365 (6448), 83-87.
https://doi.org/10.1126/science.aaw7912

25



(10)

(11)

(12)

(13)

Barnes, B. B.; Xie, Y.; Chuanmin, H. Outlook of 2025 Sargassum Blooms; Optical
Oceanography Lab at USF College of Marine Science, 2025.
https://optics.marine.usf.edu/projects/SaWS/pdf/Sargassum_outlook_2025_bulletin0
5_USF.pdf

Machado, C. B.; Marsh, R.; Hargreaves, J. K.; Oxenford, H. A.; Maddix, G.-M.; Webber,
D. F.; Webber, M.; Tonon, T. Changes in Holopelagic Sargassum Spp.
Biomass Composition across an Unusual Year. Proc. Natl. Acad. Sci. U.S.A. 2024, 121
(23). https://doi.org/10.1073/pnas.2312173121

Louime, C.; Fortune, J.; Gervais, G. Sargassum Invasion of Coastal Environments: A
Growing Concern. American Journal of Environmental Sciences 2017, 13 (1), 58-64.
https://doi.org/10.3844/ajessp.2017.58.64

Chikani-Cabrera, K. D.; Fernandes, P. M. B.; Tapia-Tussell, R.; Parra-Ortiz, D. L.;
Hernandez-Zarate, G.; Valdez-Ojeda, R.; Alzate-Gaviria, L. Improvement in Methane
Production from Pelagic Sargassum Using Combined Pretreatments. Life 2022, 12 (8),
1214. https://doi.org/10.3390/1life12081214

Jin, D.; Wang, A.; Dalton, T. Economic Impacts of Sargassum Events in Puerto Rico,
USVI, and Coastal Florida. Harmful Algae 2025, 150, 102996.
https://doi.org/10.1016/j.hal.2025.102996

Rodriguez-Martinez, R. E.; Torres-Conde, E. G.; Jordan-Dahlgren, E. Pelagic Sargassum
Cleanup Cost in Mexico. Ocean & Coastal Management 2023, 237, 106542.
https://doi.org/10.1016/j.ocecoaman.2023.106542

Oxenford, H. A.; Cox, S.-A.; van Tussenbroek, B. |.; Desrochers, A. Challenges of
Turning the Sargassum Crisis into Gold: Current Constraints and Implications for the
Caribbean. Phycology 2021, 1 (1), 27-48. https://doi.org/10.3390/phycology1010003
Gouvéa, L. P;; Assis, J.; Gurgel, C. F. D.; Serrao, E. A.; Silveira, T. C. L.; Santos, R.;
Duarte, C. M.; Peres, L. M. C.; Carvalho, V. F.; Batista, M.; Bastos, E.; Sissini, M. N.;
Horta, P. A. Golden Carbon of Sargassum Forests Revealed as an Opportunity for
Climate Change Mitigation. Science of The Total Environment 2020, 729, 138745.
https://doi.org/10.1016/j.scitotenv.2020.138745

Marx, U. C.; Roles, J.; Hankamer, B. Sargassum Blooms in the Atlantic Ocean - From a
Burden to an Asset. Algal Research 2021, 54, 102188.
https://doi.org/10.1016/j.algal.2021.102188

US EPA, O. Management Methods for Sargassum Inundation Events (SIEs).
https://www.epa.gov/habs/management-methods-sargassum-inundation-events-
sies (accessed 2025-10-21)

Fagundo-Mollineda, A.; Freile-Pelegrin, Y.; Vasquez-Elizondo, R. M.; Vazquez-Delfin,
E.; Robledo, D. Sargassum: Turning Coastal Challenge into a Valuable Resource.
Biomass 2026, 6 (1), 9. https://doi.org/10.3390/biomass6010009

Peniche-Pavia, H. A.; Tzuc-Naveda, J. D.; Rosado-Espinosa, L. A.; Colli-Dula, R. C.
FTIR-ATR Chemometric Analysis on Pelagic Sargassum Reveals Chemical
Composition Changes Induced by Cold Sample Transportation and Sunlight
Radiation. JAppl Phycol 2024, 36 (3), 1391-1405. https://doi.org/10.1007/s10811-023-
03167-w

26



(14) Khambhaty, Y.; Mody, K.; Gandhi, M. R.; Thampy, S.; Maiti, P.; Brahmbhatt, H.;
Eswaran, K.; Ghosh, P. K. Kappaphycus Alvarezii as a Source of Bioethanol.
Bioresource Technology 2012, 103 (1), 180-185.
https://doi.org/10.1016/j.biortech.2011.10.015

(15) Kostas, E. T.; White, D. A.; Du, C.; Cook, D. J. Selection of Yeast Strains for Bioethanol
Production from UK Seaweeds. JAppl Phycol 2016, 28 (2), 1427-1441.
https://doi.org/10.1007/s10811-015-0633-2

(16) Meinita, M. D. N.; Marhaeni, B.; Winanto, T.; Setyaningsih, D.; Hong, Y.-K. Catalytic
Efficiency of Sulfuric and Hydrochloric Acids for the Hydrolysis of Gelidium Latifolium
(Gelidiales, Rhodophyta) in Bioethanol Production. Journal of Industrial and
Engineering Chemistry 2015, 27, 108-114. https://doi.org/10.1016/j.jiec.2014.12.024

(17) Dussan, K.; Huijgen, W. J. J.; de Vrije, T.; van der Wal, H.; Capella, H.; van Doorn, J.;
Lopez-Contreras, A. M.; van Hal, J. W. Biorefinery of Red Seaweed Palmaria Palmata
for Production of Bio-Based Chemicals and Biofuels. Algal Research 2024, 82,
103608. https://doi.org/10.1016/j.algal.2024.103608

(18) Azizi, N.; Najafpour, G.; Younesi, H. Acid Pretreatment and Enzymatic Saccharification
of Brown Seaweed for Polyhydroxybutyrate (PHB) Production Using Cupriavidus
Necator. International Journal of Biological Macromolecules 2017, 101, 1029-1040.
https://doi.org/10.1016/j.ijbiomac.2017.03.184

(19) Ge, L.; Wang, P.; Mou, H. Study on Saccharification Techniques of Seaweed Wastes for
the Transformation of Ethanol. Renewable Energy 2011, 36 (1), 84-89.
https://doi.org/10.1016/j.renene.2010.06.001

(20) Borines, M. G.; de Leon, R. L.; Cuello, J. L. Bioethanol Production from the Macroalgae
Sargassum Spp. Bioresour Technol 2013, 138, 22-29.
https://doi.org/10.1016/j.biortech.2013.03.108

(21) Ra, C. H.; Jeong, G.-T.; Shin, M. K.; Kim, S.-K. Biotransformation of 5-
Hydroxymethylfurfural (HMF) by Scheffersomyces Stipitis during Ethanol Fermentation
of Hydrolysate of the Seaweed Gelidium Amansii. Bioresource Technology 2013, 140,
421-425. https://doi.org/10.1016/j.biortech.2013.04.122

(22) Sunwoo, I.; Kim, Y.; Kim, J.; Cho, H.; Jeong, G.-T. Optimization, Scale-Up, and
Economic Analysis of the Ethanol Production Process Using Sargassum Horneri.
Fermentation 2023, 9 (12), 1004. https://doi.org/10.3390/fermentation9121004

(23) He, B.; Zheng, X.; Wang, K.; Liang, W.; Jia, L.; Sun, J.; Coseri, S.; Zhu, X. A Mild and
Efficient Pretreatment Strategy for the High-Value Utilization of Cellulose Derived from
Sargassum Spp. International Journal of Biological Macromolecules 2025, 306,
141339. https://doi.org/10.1016/j.ijjbiomac.2025.141339

(24) Paredes-Camacho, R. M.; Gonzalez-Morales, S.; Gonzalez-Fuentes, J. A.; Rodriguez-
Jasso, R. M.; Benavides-Mendoza, A.; Charles-Rodriguez, A. V.; Robledo-Olivo, A.
Characterization of Sargassum Spp. from the Mexican Caribbean and Its Valorization
through Fermentation Process. Processes 2023, 117 (3), 685.
https://doi.org/10.3390/pr11030685

(25) Enquist-Newman, M.; Faust, A. M. E.; Bravo, D. D.; Santos, C. N. S.; Raisner, R. M.;
Hanel, A.; Sarvabhowman, P.; Le, C.; Regitsky, D. D.; Cooper, S. R.; Peereboom, L.;
Clark, A.; Martinez, Y.; Goldsmith, J.; Cho, M. Y.; Donohoue, P. D.; Luo, L.; Lamberson,

27



B.; Tamrakar, P.; Kim, E. J.; Villari, J. L.; Gill, A.; Tripathi, S. A.; Karamchedu, P.; Paredes,
C. J.; Rajgarhia, V.; Kotlar, H. K.; Bailey, R. B.; Miller, D. J.; Ohler, N. L.; Swimmer, C.;
Yoshikuni, Y. Efficient Ethanol Production from Brown Macroalgae Sugars by a
Synthetic Yeast Platform. Nature 2014, 505 (7482), 239-243.
https://doi.org/10.1038/nature12771

(26) Meesters, P. A. E. P.; Huijberts, G. N. M.; Eggink, G. High-Cell-Density Cultivation of the
Lipid Accumulating Yeast Cryptococcus Curvatus Using Glycerol as a Carbon Source.
Applied Microbiology and Biotechnology 1996, 45 (5), 575-579.
https://doi.org/10.1007/s002530050731

(27) Gordillo Sierra, A. R.; Amador-Castro, L. F.; Ramirez-Partida, A. E.; Garcia-Cayuela, T.;
Carrillo-Nieves, D.; Alper, H. S. Valorization of Caribbean Sargassum Biomass as a
Source of Alginate and Sugars for de Novo Biodiesel Production. Journal of
Environmental Management 2022, 324, 116364.
https://doi.org/10.1016/j.jenvman.2022.116364

(28) Thompson, T. M.; Ramin, P.; Udugama, |.; Young, B. R.; Gernaey, K. V.; Baroutian, S.
Techno-Economic and Environmental Impact Assessment of Biogas Production and
Fertiliser Recovery from Pelagic Sargassum: A Biorefinery Concept for Barbados.
Energy Conversion and Management 2021, 245, 114605.

(29) Ramirez-Partida, A. E.; Garcia-Cayuela, T.; Amador-Castro, L. F.; Alper, H. S.; Carrillo-
Nieves, D. Towards a Biorefinery Processing Sargassum Seaweed: Techno-Economic
Assessment of Alginate and Fucoidan Production through SuperPro Designer®
Process Simulation. Environmental Technology & Innovation 2024, 34, 103587.

(30) Flores-Mendoza, O.; Lopez-Arenas, T. Simulation and Evaluation of Processing
Technologies for the Valorization of Sargassum. Processes 2025, 13 (6), 1916.

(831) Dussan, K.; Birgersson, P. S.; Luzzi, S.; Aarstad, O. A.; Cobussen-Pool, E.; Koster, T.;
Wray, H. E.; Aachmann, F. L. Harnessing Sargassum Inundation Biomass: Biobased
Products versus Energy Valorisation. Algal Research 2026, 93, 104488.
https://doi.org/10.1016/j.algal.2025.104488

(832) Laurens, L. M. L.; Van Wychen, S.; Pienkos, P. T.; Harmon, V. L.; McGowen, J.
Harmonization of Experimental Approach and Data Collection to Streamline Analysis
of Biomass Composition from Algae in an Inter-Laboratory Setting. Algal Research
2017, 25, 549-557. https://doi.org/10.1016/j.algal.2017.03.029

(83) Van Wychen, S.; Laurens, L. M. L. Determination of Total Lipids as Fatty Acid Methyl
Esters (FAME ) by in Situ Transesterification - Laboratory Analytical Procedure ( LAP) -
Https://Www.Nrel.Gov/Docs/Fy160sti/60958.Pdf; 2015.

(34) Van Wychen, S.; Laurens, L. M. L. Determination of Total Carbohydrates in Algal
Biomass - Laboratory Analytical Procedure ( LAP ) -
Https://Www.Nrel.Gov/Docs/Fy160sti/60957.Pdf; Golden, CO, 2015.

(85) Templeton, D.; Quinn, M.; Van Wychen, S.; Hyman, D.; Laurens, L. M. L. Separation
and Quantification of Microalgal Carbohydrates. Journal of Chromatography A 2012,
1270, 225-234.

(36) Van Wychen, S.; Laurens, L. M. L. Determination of Total Solids and Ash in Algal
Biomas - Laboratory Analytical Procedure ( LAP ) -
Https://Www.Nrel.Gov/Docs/Fy160sti/60956.Pdf; Golden, CO, 2015.

28



(87) Lourenco, S. O.; Barbarino, E.; De-Paula, J. C.; Pereira, L. O. da S. O. da S.; Lanfer
Marquez, U. M.; Lourenco, S. O.; Marquez, U. M. L. Amino Acid Composition, Protein
Content and Calculation of Nitrogen-to-Protein Conversion Factors for 19 Tropical
Seaweeds. Phycol. Res. 2002, 50 (3), 233-241. https://doi.org/10.1046/j.1440-
1835.2002.00278.x

(38) Shaigani, P.; Awad, D.; Redai, V.; Fuchs, M.; Haack, M.; Mehlmer, N.; Brueck, T.
Oleaginous Yeasts- Substrate Preference and Lipid Productivity: A View on the
Performance of Microbial Lipid Producers. Microb Cell Fact 2021, 20 (1), 220.
https://doi.org/10.1186/s12934-021-01710-3

(89) Wiatrowski, M.; Klein, B. C.; Davis, R. W.; Quiroz-Arita, C.; Tan, E. C. D.; Hunt, R. W.;
Dauvis, R. E. Techno-Economic Assessment for the Production of Algal Fuels and
Value-Added Products: Opportunities for High-Protein Microalgae Conversion.
Biotechnology for Biofuels and Bioproducts 2022, 15 (1), 8.
https://doi.org/10.1186/s13068-021-02098-3

(40) Wiatrowski, M.; Davis, R. E. Algal Biomass Conversion to Fuels via Combined Algae
Processing (CAP): 2020 State of Technology and Future Research; NREL: Golden, CO,
2021; p NREL/TP-5100-79935. https://www.nrel.gov/docs/fy210sti/79935.pdf

(41) Kite-Powell, H.; Roberson, L. Personal Communication: Biomass Harvest Cost for a
Floating Biorefinery, Personal Communication.

(42) Leslie, A.; Murray, D. An Analysis of the Operational Costs of Trucking: 2025 Update;
American Transportation Research Institute, 2025.

(43) U.S. Environmental Protection Agency. Waste Transfer Stations: A Manual for Decision
Making; 2002.

(44) Hu, C. Personal Communication: Amount of Sargassum in Peurto Rico, 2024.

(45) Kruger, J. S.; Cleveland, N. S.; Yeap, R. Y.; Dong, T.; Ramirez, K. J.; Nagle, N. J.; Lowell,
A. C.; Beckham, G. T.; McMillan, J. D.; Biddy, M. J. Recovery of Fuel-Precursor Lipids
from Oleaginous Yeast. ACS Sustainable Chem. Eng. 2018, 6 (3), 2921-2931.
https://doi.org/10.1021/acssuschemeng.7b01874

(46) Sanchezi Nogué, V.; Black, B. A.; Kruger, J. S.; Singer, C. A.; Ramirez, K. J.; Reed, M. L.;
Cleveland, N. S.; Singer, E. R.; Yi, X.; Yeap, R. Y.; Linger, J. G.; Beckham, G. T. Integrated
Diesel Production from Lignocellulosic Sugars via Oleaginous Yeast. Green Chem.
2018, 20 (18), 4349-4365. https://doi.org/10.1039/c8gc01905¢c

(47) Abdool-Ghany, A. A.; Blare, T.; Solo-Gabriele, H. M. Assessment of Sargassum Spp.
Management Strategies in Southeast Florida. Resources, Conservation & Recycling
Advances 2023, 19, 200175. https://doi.org/10.1016/j.rcradv.2023.200175

(48) Abdool-Ghany, A. A.; Pollier, C. G. L.; Oehlert, A. M.; Swart, P. K.; Blare, T.; Moore, K.;
Solo-Gabriele, H. M. Assessing Quality and Beneficial Uses of Sargassum Compost.
Waste Management 2023, 171, 545-556.
https://doi.org/10.1016/j.wasman.2023.09.030

(49) Adderley, A.; Wallace, S.; Stubbs, D.; Bowen-O’Connor, C.; Ferguson, J.; Watson, C.;
Gustave, W. Sargassum Sp. as a Biofertilizer: Is It Really a Key towards Sustainable
Agriculture for The Bahamas? Bull Natl Res Cent 2023, 47 (1), 112.
https://doi.org/10.1186/s42269-023-01087-w

29



(50)

(51)

(52)

(55)

(56)

(57)

(62)

Susanto, A.; Kohbara, J.; Pratiwy, F. Effectiveness of Sargassum Meal as Feed Additive
on Growth Performance of Nile Tilapia, Oreochromis Niloticus. Aquaculture Science
2018, 66, 25-31. https://doi.org/10.11233/aquaculturesci.66.25

Ang, C.-Y.; Yong, A. S. K.; Azad, S. A.; Lim, L.-S.; Zuldin, W. H.; Lal, M. T. M. Valorization
of Macroalgae through Fermentation for Aquafeed Production: A Review.
Fermentation 2021, 7 (4), 304. https://doi.org/10.3390/fermentation7040304
Gonzalez-Meza, G. M.; Elizondo-Luevano, J. H.; Cuellar-Bermudez, S. P.; Sosa-
Hernandez, J. E.; Igbal, H. M. N.; Melchor-Martinez, E. M.; Parra-Saldivar, R. New
Perspective for Macroalgae-Based Animal Feeding in the Context of Challenging
Sustainable Food Production. Plants 2023, 12 (20), 3609.
https://doi.org/10.3390/plants12203609

Maisashvili, A.; Bryant, H.; Richardson, J.; Anderson, D.; Wickersham, T.; Drewery, M.
The Values of Whole Algae and Lipid Extracted Algae Meal for Aquaculture. Algal
Research 2015, 9, 133-142. https://doi.org/10.1016/j.algal.2015.03.006

Wiatrowski, M.; Klein, B.; Do, T. N.; Ou, L.; Cai, H.; Carlson, N.; Davis, R. Technology
Case Study: Techno-Economic and Life Cycle Analysis for Microalgae Conversion
Pathways to Fuels and Products; NREL/TP-5100-91854; National Renewable Energy
Laboratory: Golden, CO, 2025. https://www.nrel.gov/docs/fy250sti/91854.pdf

Dong, T.; Dheressa, E.; Wiatrowski, M.; Pereira, A. P.; Zeller, A.; Laurens, L. M.; Pienkos,
P. T. Assessment of Plant and Microalgal Oil-Derived Nonisocyanate Polyurethane
Products for Potential Commercialization. ACS Sustainable Chemistry & Engineering
2021, 9 (38), 12858-12869.

Dong, T.; Schutter, S.; Zhang, C.; Kruger, J. Non-Isocyanate Polyurethane from
Vegetable and Microalgal Oils. 2023. https://doi.org/10.1039/BK9781837671595-
00092

Nagarajan, D.; Senthilkumar, G.; Chen, C.-W.; Karmegam, N.; Praburaman, L.; Kim, W.;
Dong, C.-D. Sustainable Bioplastics from Seaweed Polysaccharides: A
Comprehensive Review. Polymers for Advanced Technologies 2024, 35 (8), e6536.
Mohammed, A.; Gaduan, A.; Chaitram, P.; Pooran, A.; Lee, K.-Y.; Ward, K. Sargassum
Inspired, Optimized Calcium Alginate Bioplastic Composites for Food Packaging.
Food Hydrocolloids 2023, 135, 108192.
https://doi.org/10.1016/j.foodhyd.2022.108192

Langholtz, M. H.; Brandt, C.; Clark, R.; Cook, H.; Curran, S.; Davis, M.; De La Torre
Ugarte, D.; Efroymson, R.; Field, J.; Hellwinckel, C.; others. 2023 Billion-Ton Report: An
Assessment of US Renewable Carbon Resources. 2024.

Lin, Y.; Roni, M. S.; Burli, P. H.; Hartley, D. S.; Thompson, D. N. Herbaceous Feedstock
2021 State of Technology Report; INL/EXT-21-64635-Rev000; Idaho National
Laboratory (INL), Idaho Falls, ID (United States), 2021.
https://doi.org/10.2172/1908668

Van Wychen, S.; Laurens, L. M. L. Total Carbohydrate Content Determination of
Microalgal Biomass by Acid Hydrolysis Followed by Spectrophotometry or Liquid
Chromatography; 2020; Vol. 1980. https://doi.org/10.1007/7651_2017_106

Van Wychen, S.; Rowland, S. M.; Lesco, K. C.; Shanta, P. V.; Dong, T.; Laurens, L. M. L.
Advanced Mass Balance Characterization and Fractionation of Algal Biomass

30



Composition. Journal of Applied Phycology 2021, No. 0123456789.
https://doi.org/10.1007/s10811-021-02508-x
(63) Fearless Fund. Fearless Fund. https://www.fearlessfund.org (accessed 2026-06-02)

31



Supplemental Information

Biomass Compositional Analysis

Monomeric sugars (mannitol, fucose, rhamnose, glucosamine, arabinose, galactosamine,
galactose, glucose, mannose, xylose, and ribose) released during hydrolysis were injected
onto and analyzed on a Dionex ICS-5000+, HPAEC-PAD system equipped with a PA-1
column (Dionex #035391) and guard cartridge (Dionex #043096) set to 35°C. The column
was washed at 1 mL/min for 10 min at 200mM NaOH then equilibrated for 30 min at 14mM
NaOH, after which a 20 min isocratic run at 14mM NaOH separated the carbohydrates,
which were detected by a pulsed amperometric detector (PAD). To separate four uronic
acids (galacturonic, guluronic, glucuronic, and mannuronic), the following gradient was
utilized: 10-minute pre-run column flush with 200mM NaOH, 20-minute pre-run
equilibration with 1TmM sodium acetate/100mM NaOH at 17% (remainder 18.2 megaohm
water), and a 10-minute run with the 17% 1mM sodium acetate/100mM NaOH (remainder
18.2 megaohm water) 6752 Whole biomass transesterification of lipids to fatty acid methyl
esters (FAME) was performed to quantify the lipid content as FAME *.

Biomass Harvest Cost Assumptions

Fearless Fund®® (Fearlessfund.org) designed a scalable process to harvest floating
Sargassum natans and Sargassum fluitans, that formed the basis of the estimated
collection cost of $195/DMT. This collection cost is expected to decrease over time and is
associated with an energy ratio, defined as the energy output to energy input, of 10:1. The
harvest location for the TEA is the Great Atlantic Sargassum Belt (GASB), which extends
across the subtropical Atlantic from West Africa through the Caribbean, including Puerto
Rico and the US Virgin Islands. The GASB offers the potential for large scale macroalgae
production without the need for macroalgae farming infrastructure. The biomass is
distributed across the system without containment, so the team designed a process by
which to maximize the floating macroalgae’s habitat provision at sea and harvest near
shore (within 25 miles, or 40.2 km) to minimize economic and ecosystem impacts from
beaching biomass harmful to local economies.

The team developed and tested a predictive model using remote sensing, winds, currents,
and growth as inputs, which was then used for a techno-economic analysis (TEA) which
estimated the cost per dry metric tonne of Sargassum biomass. The model was based on
data on biomass mat structure and methods to efficiently collect the biomass for energy
purposes, and analyzed biomass quantities across the Caribbean. The Fearless Ocean
Energy from Macroalgae (OEM) model was used to predict the path of floating biomass for
efficient and lowest cost harvest. The model incorporates satellite imagery, wind, currents
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and growth to locate and plot trajectory over time and space. The model predicts location
over three (3) days horizon after which accuracy declines, and the location and harvest
distance to shore is included in the overall cost calculation. Validation of the forecasting
model was conducted using remote sensing and high-resolution georeferenced location
data using sea surface drifters (SSD’s) to track mats and train the model.

Techno-economic Analysis (TEA) basis for Sargassum harvesting

The season is defined as a 5-month period starting 3 months before the cycle peak, with
seasonal harvest determined as a function of a selected home port. The location of
maximum mass flux within a 10 nautical mile (18.5 km) range of the port is found based on
the mass flux in the peak month of each year. The range is extended to find suitable
locations for harvest if the flux is insufficient close to port. Operational testing
characterized bycatch and defined potential mitigation strategies to traverse regulatory
challenges associated with bycatch.

As the maximum flux forecast is given with 11 km resolution, booms are used to gather half
of the biomass passing through the maximum flux location. The same operation is carried
out for the location with the second highest mass flux within the given range of the home
port. The harvest vessel waits at the home port until one of the boom sets has
accumulated adequate biomass, and travels to harvest that location area. Harvest with a
conveyor-type system occurs at 120 MT/hr, and biomass is baled to a density of 230 kg/m3.
The unconfirmed state of the art near shore harvest rate is 60 MT/hr. Scaling the equipment
up for offshore harvest is expected to increase the harvest rate up to 180 MT/hr.
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Supplemental Tables and Figures

Table S-1: Details of pretreatment conditions for central composite design (CCD) statistical
experiment in 10 mL microwave reactor tubes.

. Temperature . .
Time DCW/Acid ratio
(°C)
1 45 170 10.00
2 15 170 5.00
3 15 170 10.00
4 30 155 6.67
5 30 155 6.67
6 45 140 10.00
7 30 155 6.67
8 30 155 6.67
9 45 170 5.00
10 30 155 6.67
11 4.77 155 6.67
12 30 180 6.67
13 30 155 15.17
14 30 155 6.67
15 55.2 155 6.67
16 30 155 4.27
17 15 140 5.00
18 45 140 5.00
19 15 140 10.00
20 30 130 6.67

Table S-2. Details of pretreatment conditions for 35 mL microwave pretreatment conditions

Scale Time . .
Temp . DCW/acid ratio
(min)
155 35mL 30 6.67
170 35mL 15 5
170 35mL 45 5
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Table S-3. Financial assumptions and design basis used for the TEA model.

Financial Assumption

Value

Plant life
Plant throughput

Costyear dollar
Capacity Factor
Discount rate
General plant depreciation
General plant recovery period
Steam plant depreciation
Steam plant recovery period
Federal tax rate
Financing
Loan terms
Construction period
First 12 months’ expenditures
Next 12 months’ expenditures
Last 12 months’ expenditures
Working capital

Start-up time
Revenues during start-up
Variable costs during start-up

30 years

3 million wet tonnes of
Sargassum per year
2020

90%

10%

MACR

7 years

MACR

20 years

21%

40% equity

10-year loan at 8% APR
3 years

8%

60%

32%

5% of fixed capital
investment

6 months

50%

75%
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Figure S-1. Average profile of annual Sargassum available in Puerto Rico.** Monthly profile is
applied to an assumed biomass availability of 3 MM wet tonne/year (1,306 dry tonne/day
average). Raw flow rate is depicted by the bars; blue bars represent pressate, which is
always used immediately, while yellow bars represent the pressed solids, which are
partially stored in peak seasons. The consistent flowrate to conversion, after a 5% dry
matter loss of stored material, is shown as a dashed green line.

Table S-4. Process parameters used in the base case process model. Experimentally
demonstrated values are also shown for comparison.

Base
Input Experimental Case Units
Sargassum Harvesting
wet
Feed scale 3,000,000 tonnes/year
dry
429,000 tonnes/year
dry
1,306 tonnes/day
Feedstock cost 253 $/drytonne
At dock 195 $/dry tonne
Ground transportation 58 $/drytonne
Harvested solids content 14.3% 14.3%

Composition
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Carbohydrates 19.9% 19.9% % dry weight
Uronics 29.4% 29.4% % dry weight
Lipids 1.3% 1.3% % dry weight
Protein 4.0% 4.0% % dry weight
Ash 13.7% 13.7% % dry weight
Other 31.7% 31.7% % dry weight
Densification
Solids content of densified
biomass 23.6% (+4.6%) 20.0% %
Carbohydrates to liquid 48.7% 48.7% %
Uronics to liquid 48.1% 48.1% %
Preservation
w/w dry
Acid loading’ 0.03 0.03 biomass
Dry matter loss 1.1% 5% % dry weight
Acid Pretreatment
w/w dry
Acid loading 0.2-1.0 0.2 biomass
Solids loading 24%-27% 20% wt%
Temperature 155-175 155 °C
Residence time 15-60 minutes 30 min
41.5% (33.9-
Carbohydrate hydrolysis 52.5%) 41.5% %
24.1% (19.7-
Uronic hydrolysis 30.5%) 24.1% %
14.6% (12.2-
Protein hydrolysis 18.2%) 14.6% %
Hydrolysate Fermentation
ATCC
Organism ATCC 20509 20509
Lipid productivity 0.010-0.026 0.026 g/L/hr
Lipid yield 0.05-0.12 0.070 g/g sugar
Time 48 48 hours
Yeast composition
Lipids 10% % dry weight
PUFA (3+ double bonds) 45.3% 45.3% % of lipids
Other (<3 double bonds) 54.7% 54.7% % of lipids
Protein 50% % dry weight
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Carbohydrate 30% % dry weight

Ash 5% % dry weight

Other 5% % dry weight
Yeast Pretreatment

w/w dry
Acid loading 0.05 biomass
Solids loading 20% wt%
Temperature 155 °C
Residence time 30 min
Carbohydrate hydrolysis 80% %
Protein hydrolysis 50% %
Lipid Extraction
3-stage

Configuration agitation
Lipid extraction yield 96.0% %

' Acid used for preservation is included in the total acid loading for pretreatment and is not

considered a separate input

Table S-5. Carbohydrate speciation for (1) freshly harvested and frozen Sargassum, (2)

biomass after milling for size-reduction and washing, and (3) solids retained after pressing

harvested biomass (both 15 and 40 psi pressure pressing is shown). All values are reported
on a dry weight percent basis. <log = monomers were present but below limit of
quantitation; N/D = monomer was not detected.

— (]
o E £
— @ & 3 S & )
o o o [4+] o [h) 17}
£ 8 E 3 g 8 g 2 2 g 3
S o ® % K e % S s 2 3
s T x 02 X o o o > 2 &=
Fresh Sargassum (frozen) 538 252 <log <log <loq <loq 075 6.31 0.65 0.47 N/D
Wet-Milled andwashed  <loq 4.51 <log <log <log <log 1.1 12.2 1.08 1 N/D
Pressed Solids (15psi) 2,51 2.89 <log <log <log 0.14 09 7.13 0.76 056 N/D
Pressed Solids (40 psi)  2.48 3.04 <log <log <log 0.14 095 7.54 0.82 0.56 N/D

Table S-6. Uronic speciation for (1) freshly harvested and frozen Sargassum, (2) biomass

after milling for size-reduction and washing, and (3) solids retained after pressing harvested

biomass (both 15 and 40 psi pressure pressing is shown). All values are reported on a dry

weight percent basis. <loq = monomers were present but below limit of quantitation; N/D =

monomer was not detected.
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Galacturonic Guluronic? Glucuronic Mannuronic?

Fresh Sargassum (frozen) <loq 5.43 2.02 8.3
Wet-Milled and washed <loq 9.65 3.76 15.99
Pressed Solids (15 psi)  <loqg 5.73 2.88 9.13
Pressed Solids (40 psi)  <loq 6.29 3.06 9.77

2 Guluronic and mannuronic were quantified using the galacturonic calibration
curve and then applying a correction factor for the difference in response

Table S-7: Compositional Analysis of pressate liquid, after using screw press to increase
density of Sargassum biomass (data shown as the mean = stdev of duplicate analyses
when available)

Sample ID Monomeric Total Monomeric Total Uronics
Carbohydrates  Carbohydrates  Uronics mg/ml  mg/ml
mg/ml mg/ml
15 psi Pressate  9.33 9.82+0.16 0.09 0.18 £0.00061
40 psi Pressate  9.64 9.77 £0.02 0.10 0.20 +0.00302

Table S-8: Dry matter loss of 3% sulfuric acid-treated Sargassum after 3 months in
anaerobic syringe apparatus at 30°C. Roughly 1% of dry matter was lost during the
incubation period, and % carbohydrates and % uronics were unchanged, indicating
successful preservation of the biomass and its composition.

To 3 months
% carbohydrates 19.3 20.4+0.5
% uronics 33.1 33.0%£0.5
% dry matter loss 0.0 1.1x0.1
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Figure S-2: Hydrolysis yield of Sargassum biomass (g/g uronic acids or sugars) when
treated with acid or base following conditions listed in the x-axis labels.

Table S-9: Summary of pretreatment of Sargassum conditions (time, temperature and acid
ratio, along with hydrolysis yields)

Time DCW/acid Carbohydrate
(min) ratio yield yield

Uronic acid
PT Method Temperature

Microwave 155 30 6.67 36.5%+4.1% 13.5% *2.3%
Microwave 170 15 5 61.5%+4.2% 18.8% *2.1%
Microwave 170 45 5 69.6% +3.4% 5.7%*4.4%
Parr 160 30 5 41.5% 24.1%
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Table S-10: Lipid accumulation, measured as FAME on Sargassum hydrolysate and

pressate in the presence or absence of yeast peptone (YP) nutrient addition, shown as titer

(g/L), %DW of the harvested biomass, and yield (g/g total saccharides).

FAME Lipid Yield
g/L %DW g/g
Hydrolysate no YP 0.70 16.86 0.041
Hydrolysate +YP 0.48 5.66 0.028
Pressate no YP 1.2+0.05 20.5+0.01 0.094
Pressate +YP 0.5+0.04 7.6+0.14 0.039

Time (hrs)

—{— Fucose == Glucose —— Xylose Glucuronic acid =+ Mannitol
Galactose —f— Mannose == Guluronic acid —#— Mannuronic acid

Figure S-3: Illustration of saccharide utilization of Sargassum hydrolysate over 6
consecutive feeding cycles of a fed-batch reactor with a continuous cell recycle set up

Table S-11: Overview of lipid yield, rate(productivity), titer for each of the consecutive
feeding cycles of the continuous cell recycle system.

Batch Feed 1 Feed 2 Feed 3 Feed 4 Feed 5
% FAME 16 18 17 17 19 54

&
Mannitol (g/L}
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Titer (g/L) 1.2

Yield (g/g) 0.09
Rate (g/L/hr) 0.026
Period (min) 45
Period Rate

(g/L/hr) 0.026

1.7
0.09
0.018
45

0.011

1.7
0.00
0.012
43

0.000

2.2
0.06
0.011
40

0.000

2.3
0.01
0.010
46

0.002

12.9
0.22
0.041
76

0.133

Table S-12. Summary of raw material costs and relative contributions to MSSP for the base

case TEA.

Contribution

Cost to MSSP
Raw Materials (2020%) Unit ($/tonne)
Sargassum Feedstock $253 $/tonne 348.0
Sulfuric Acid $128 $/tonne 27.7
NaOH (pretreatment) $569 $/tonne 93.6
Ammonia $453 $/tonne 1.6
Diammoniam Phosphate $392 $/tonne 8.5
Hexane $1,379 $/tonne 9.8
Ethanol $2.53 $/gal 8.5
NaOH (saponification) $569 $/tonne 1.3
Phosphoric acid $910 $/tonne 2.5
Natural gas $4.10 $/MMBTU 70.3
Process Water $0.37 $/tonne 6.1
Waste Treatment
Wastewater $0.48 $/kg organic 74.2

removed
Value

Products (2020%)
Lipids $1,100 $/tonne -50.5
Electricity to grid $0.0572 $/kWh -21.5

Table S-13. Summary of annual fixed costs for the base case TEA. Maintenance costs are
calculated as 3% of inside battery limits (ISBL) costs. Property insurance and taxes are

calculated as 1% of the fixed capital investment.
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Fixed Operating Costs

$/year

Labor and Supervision
Total Salaries
Labor Burden (90%)

Other Overhead
Maintenance

Property Insurance and
Taxes

Total Fixed Costs

$1,621,147
$1,459,033

$12,242,512

$5,774,259

$21,096,951

Table S-14. Summary of capital expenditures for the base case TEA.

Process Area

Installed Cost

Pretreatment and Conditioning

Fermentation

Lipid Extraction and Cleanup

Protein/Residual Processing
Combined Heat and Power
Utilities & Storage

Total Installed Equipment Cost

Added Direct + Indirect Costs
(% of TCI)

Total Capital Investment (TCI)

$55,132,000
$206,778,000
$31,125,000
$115,049,000
$27,554,000
$8,507,000

$444,145,000

$422,134,000
48.73%

$866,279,000
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