Sunwoo et al. Bioresources and Bioprocessing (2026) 13:35 Bioresources

https://doi.org/10.1186/540643-026-01038-z . .
and Bioprocessing

Check for
updates

Integrated sustainable valorization

of seaweed (Ulva ohnoi) biomass into food-
grade ingredients with year-round cultivated
feedstock

In-Yung Sunwoo', Taeho Kim', Yong-Kyun Ryu', Won-Kyu Lee', Junseong Kim', Eun-Jeong Koh', Yeon-Ji Lee' and
Woon-Yong Choi'**

Abstract

Via efficient, scalable, and climate resilient processes, seaweed biorefineries can advance cleaner production,
delivering nutrient-rich ingredients with relatively lower land and freshwater requirements. Here, a land-based Ulva
ohnoi platform that integrates optimized outdoor tank cultivation, pH-shift protein extraction with dual-product
valorization, scale-aware techno-economic analysis (TEA), and a climate-scenario emulator was developed and
evaluated. Year-round cultivation yielded a pooled feedstock with carbohydrate and protein contents at 46.6% and
26.8%, respectively, and under optimal conditions, protein yield was 10.30% DW. Further, the protein content of
cultivated Ulva protein (CUP) was 47.64%, with bound amino acids showing predominance (96%), implying food-
grade utility. pH-shift extraction also improved in-vitro pepsin digestibility to 68.08%. The total dietary fiber content
of CUP residue (CUPR) was 40.59%, with insoluble dietary fiber (31.59%) showing predominance, supporting the
applicability of CUPR in improving gastrointestinal tract function. TEA revealed strong economies of scale for the
platform. The 10,000-kg production model outperformed the 100- and 1,000-kg production models, with gross
margin, Return On Investment (ROI), and Internal Rate of Return (IRR) at 78.56%, 110%, and 66.02%, respectively,
and a payback time of only 0.91 years. Based on site-specific regression analysis (R*=0.884), protein yield increased
with temperature but decreased with rainfall, and further warming increased mean protein yield, while higher-
emission pathways introduced rainfall-driven volatility, necessitating strategies for sustaining performance under
climate variability. Overall, the use of the Ulva platform showed a broad growth temperature window as well as
rapid acclimation for U. ohnoi, implying resilience even under global warming conditions and increasing weather
variability.
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Graphical abstract
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Transitioning food systems toward resource-efficient and
low-impact production is central to achieving cleaner
production and establishing a circular bioeconomy. Blue
foods are increasingly being recognized as efficient levers
for reducing the environmental footprint of nutritious
diets and alleviating terrestrial agriculture-related pres-
sure on land, freshwater, and fertilizers use (Tigchelaar
et al. 2022). Further, multiple studies have shown that
blue foods, including seaweeds, can provide essential
nutrients with a lower average footprint than most ter-
restrial animal-source foods. Thus, they represent prom-
ising inputs for sustainable diets and bio-based industries
(Pandey 2025).

Among seaweeds, green macroalgae are unique owing
to their rapid growth, high carbohydrate and protein
contents, and suitability for biorefinery concepts aimed
at valorizing multiple fractions and minimizing waste
(Mendoza et al. 2018; Waqas et al. 2024). Compared with
land-crop cultivation, seaweed farming can save substan-
tial amounts of freshwater as it does not require arable
land. Regardless, its environmental performance is driven
by the production platform used and integrated pro-
cesses (Khan et al. 2024). Syntheses of recent life-cycle
assessment (LCA) and techno-economic analysis (TEA)
studies have shown that although offshore and nearshore
farms avoid costs related to aeration and pumping, they
are associated with vessel-, gear-, and weather-exposure-
related costs. Conversely, land-based tanks are advanta-
geous in that they allow centralized operation and tight
utility control. Regardless, their economic and environ-
mental outcomes largely depend on energy sources, aera-
tion set-points, and nutrient management.

Among macroalgae, Ulva species are suitable for bio-
refinary concepts owing to their eurythermal tolerance
and rapid acclimation, which confer competitive robust-
ness under warming conditions and weather variability.
Additionally, across taxa and strains, Ulva species sustain
high growth and photosynthetic rates over a wide range

elevated growth at warm regimes. Specifically, U. ohnoi
shows optimal growth at 20-25 °C and U. lactuca shows
thermal tolerance at 26—28 °C (Veenhof et al. 2024). Ulva
species also show tolerance to short-term salinity and
light perturbation; thus, they strategically present as a
robust feedstock for cleaner production biorefineries in a
warming and variable climate (Simon et al. 2022).
pH-shift processing (alkaline solubilization followed by
acidic precipitation) has emerged as a practical strategy
for extracting and concentrating Ulva proteins, with a
previous study reporting efficient solubilization and pre-
cipitation at pH 12 and 2, respectively (Juul et al. 2021).
However, yields remain sensitive to operating parameters
(e.g., solid-liquid ratio, extraction time, and pH window)
and upstream biomass quality, implying the need for
end-to-end optimization and scale-aware assessment.

Climate change, which alters temperature regimes
and induces precipitation extremes, influences coastal
cultivation via salinity dilution, turbidity variation, light
limitation, and operational risks (Veenhof et al. 2024).
According to the sixth assessment (AR6) framework of
the Intergovernmental Panel on Climate Change (IPCC),
warming as well as increases in the frequency and inten-
sity of heavy precipitation events are expected, particu-
larly under higher-emission pathways. Therefore, it is
necessary to translate these climate impacts into site-
specific yield risks and assess the feasibility of year-round
production (Maulu et al. 2021).

In this study, we developed and evaluated a land-based
Ulva cultivation-conversion platform that aligns with
cleaner production principles. Specifically, we optimized
inoculum density and aeration requirements for outdoor
tanks and conducted year-round cultivation to charac-
terize seasonal Ulva biomass in terms of composition.
We also employed pH-shift protein extraction to obtain
cultivated Ulva protein (CUP) concentrate and valo-
rized residual solids (CUPR) as a dietary fiber ingredi-
ent. Product quality indicators (e.g., amino acid profile,
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digestibility, and fiber fractions), which are of relevance
to food-grade streams, were also quantified. Additionally,
TEA was performed across scales to identify cost and
resource-use drivers, and an empirical climate-sensitivity
model with shared socioeconomic pathway (SSP) scenar-
ios was integrated to assess sustainability and resilience
under future temperature-precipitation trajectories.
Therefore, by coupling multi-product valorization with
scale-aware TEA and climate scenario risk, the findings
of this study may provide actionable evidence for scalable
and low-waste seaweed bioprocessing, advancing the
establishment of a circular blue food-based bioeconomy.

Materials and methods

Cultivation optimization

Species acquisition, site description, and taxonomic
verification

In January 2024, U. ohnoi thalli were collected from Shin-
yang Beach (Jeju, Republic of Korea; 33° 25’ 52" N, 126°
55’ 31" E) under low-tide conditions and gently rinsed
onsite with ambient seawater to remove sediments and
epiphytes. Next, they were placed in sterile polyethylene
bags, and within 2 h, transported in insulated containers
to our research facility for taxonomic identification fol-
lowing previously reported criteria and workflow (Sun-
woo et al. 2025) and subsequent culturing.

Cultivation optimization

Given that it is challenging to control external factors,
such as irradiance and ambient temperature for outdoor
systems, our optimization efforts focused on control-
lable operational variables. First, we evaluated the effects
of inoculum density (1.5-6.5 g L™}, fresh weight) and (ii)
aeration on the growth of Ulva biomass, with aeration
at 100.0 L min~! provided via perforated lines using a
blower (H&H Tech, Gimhae, Korea). The “aeration off”
system, which served as the control received no forced
aeration. Each condition was run for 30 days in a 100-L
tank under flow-through operation at 20 °C, and unless
otherwise specified, the treatments were performed in
triplicates (n=3). Further, the treatments were randomly
assigned to the tanks to minimize position-related bias.
The primary response was specific growth rate (SGR, %
day™!), computed based on fresh weight at inoculation
(W) and fresh weight at harvest (W) over duration, T
(days) according to Eq. (1).

SGR (%, day™") =100 x In (Wg/W;) /T (1)

Year-round production

The outdoor Ulva biomass cultivation system

U. ohnoi was cultivated in semi-cylindrical acrylic tanks
(working volume, 100 L) installed outdoors at the Jeju
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facility. The tanks were operated in the flow-through
mode and were continuously supplied Jeju lava seawater
to maintain steady-state conditions. Further, exchange/
turnover settings were held constant across the dif-
ferent treatments, and unless specified otherwise, the
treatments were performed under natural daylight and
ambient photoperiod conditions.

Year-round cultivation schedule and operations

Using the optimal settings obtained as described in sec-
tion “Cultivation optimization’, year-round produc-
tion from January to December 2024 was assessed. The
tanks were inoculated on the first day of each month,
while harvesting was performed on the last day of each
month, and throughout the experimental period, the sys-
tem remained outdoors in the flow-through mode. The
temperature and salinity of the system were measured
in-situ at least weekly using a handheld multiparameter
meter (YSI 556 MPS; Yellow Springs Instruments, Yellow
Springs, OH, USA). Concurrent ambient air temperature
data for the nearest shoreline station were obtained from
the Korea Meteorological Administration (KMA) and
used for comparison.

Harvest, post-harvest handling, and sample preparation

At the end of each month, Ulva biomass was harvested
using a circular fine-mesh net (approximately 60 cm in
diameter; mesh size 0.5-1 cm), collected from the cul-
ture system, drained, gently rinsed with distilled water,
and blotted to remove surface moisture before weigh-
ing. For compositional analysis, the biomass was dried in
a far-infrared dryer (Garea, Siheung, Korea) at 50 °C for
72 h, thereafter milled using a domestic blender (Shinil,
Cheonan, Korea), and stored in airtight containers at
room temperature (20 °C) until analysis to determine
crude protein, lipid, ash, dietary fiber, mineral, and heavy
metal contents following official AOAC methods (AOAC
1970). These analyses were performed by Chungnam
National University.

Protein and dietary-fiber extraction

Preparation of Ulva biomass samples

U. ohnoi biomass samples harvested over a period of
12 months were pooled on an equal-mass basis to pre-
pare representative composite cultured U. ohnoi (CU)
samples. Seasonal composites were also prepared to
assess analytical reproducibility (n=3 per season), and
unless specified otherwise, the CU samples were pre-
pared and extracted in independent triplicates (n=3).
The protein extracts obtained from the CU samples
under optimized conditions were denoted CUP (cultured
Ulva protein), while the residual solid from the protein
extraction process was denoted CUPR (cultured Ulva
protein residue).
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Reagents and instrumentation

Analytical-grade HCI and NaOH, sodium phosphate buf-
fer, and a BCA Protein Assay Kit (Thermo Fisher Scien-
tific, Seoul, Republic of Korea) were used for extraction.
pH was monitored using a calibrated two-point bench
pH meter (pH 4.00/7.00/10.00 buffers verified). Centrifu-
gation was performed at 8000 x g for 10 min at 4 °C fol-
lowed by lyophilization at —50 °C using a condenser. The
resulting specimen was frozen and stored at — 20 °C until
subsequent analysis.

Optimization of pH-shift solubilization

To identify the optimal pH for protein solubilization,
10-g CU samples was suspended in 100 mL water (1:10
w/v) and the pH was adjusted to target values spanning
pH 2-12 at 0.5-1.0 pH-unit steps. Next, the prepared
suspensions were stirred for 90 min at room temperature,
and the resulting supernatant samples were recovered
via centrifugation (8,000x g, 10 min), immediately neu-
tralized to pH 7.0, and assayed for soluble protein con-
tent using the BCA Protein Assay Kit. The pH with the
highest soluble protein yield was then employed in sub-
sequent process optimization. Finally, the soluble protein
yield of the processed U. ohnoi biomass was calculated
according to Eq. (2).

Soluble protein yield (%)
= Soluble protein concentration after extraction (2)
(ng/ml) /CU protein content (pug/ml) x 100

A two-factor response surface design based on Minitab
v14 (Minitab LLC., Centre County, PA, USA) was also
employed at a fixed pH to optimize protein solubilization
as a function of the solid-liquid ratio (S/L, 1:8.79-1:51.21
w/v) and extraction time (47.57-120 min). Additionally,
central composite design (k=2) with 13 runs, including
center points, was used, with the fitted quadratic model
as shown in Eq. (3).

2 2 2
Y =P+ BiXi+ Y BuXi+Y. Y BiXiX; (3)
i=1 i=1

i=1 j=i+1

where Y represents solubilized protein content, and
X; and X; represent coded factors for S/L and time,
respectively.

pH-shift precipitation for recovery of CUP

For protein recovery from the solubilized phase, the
post-extraction supernatant at pH 12 was adjusted to
several trial pH values (pH 2-12) to determine the maxi-
mum precipitation amount. After adjustment to each
pH condition, samples were maintained at 4 °C over-
night and thereafter centrifuged at 8000x g for 10 min.
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The resulting pellets were then frozen at —20 °C and
lyophilized. Finally, overall protein yield and dry mat-
ter yield were determined according to Eqgs. (4) and (5),
respectively.

Drymatter yield(%) 4
= Drymassof CUP(g)/Drymass of CU(g) x 100 (4)

Owverall protein yield(%) 5
= Proteinmassin CUP(g)/Proteinmassin CU(g) x 10 )

Preparation of CUPR

After protein solubilization and phase separation, the
solid residue was immediately neutralized to pH 7.0 and
rinsed three times with deionized water (10 volumes for
each round of rinsing) to remove soluble salts and carry-
over proteins. Thereafter, the residue was gently pressed,
frozen at - 20 °C, and lyophilized. Dried CUPR was then
milled (<500 pm) and stored in airtight containers at
room temperature until subsequent analysis.

Composition profiling

Crude protein, total dietary fiber (TDF), and soluble as
well as insoluble dietary fiber fractions (SDF and IDF,
respectively) were quantified using the enzymatic gravi-
metric method (AOAC 1970). Further, total and free
amino acids were quantified as previously reported
(Sunwoo et al. 2025). Specifically, total amino acid (AA)
was quantified via 6 N HCI hydrolysis (130 °C, 24 h)
and HPLC using the Agilent 1200 system (C18, OPA/
EMOC detection, UV 338 nm; Agilent Technologies,
Santa Clara, CA, USA), while free AA were quantified via
perchloric/metaphosphoric acid extraction followed by
analysis using a Dionex Ultimate 3000 system (Dionex,
Sunnyvale, CA, USA) under chromatographic conditions
as described in previous studies (Marasinghe et al. 2024).
Recovery yields were calculated according to Eq. (6) as
follows:

Dietary fiber recovery(%) 6
=TDF massin CUPR(g)/Drymassof CU(g) x 100 ©)

Techno-Economic Analysis (TEA)

Process modeling and TEA were conducted using Super-
Pro Designer v10.0 (Intelligen, Inc., Scotch Plains, NJ,
USA). All related calculations were performed in the
batch mode, with discrete production campaigns sched-
uled over a 1-year operation period. Cost data for sea-
weed tank infrastructure were obtained from published
reports and supplier quotations, and regional utility
tariffs were applied to estimate water-related operating
costs. Where industrial-scale data were estimated using
SuperPro Designer, which employs built-in cost models
derived from standard chemical engineering economic
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correlations, vendor data, and industry-standard ref-
erences. These costs were automatically scaled to the
specified equipment sizes and operating conditions using
established cost-scaling relationships. Further, unless
otherwise stated, financial data were expressed in USD.
The modeled system encompassed land-based U. oknoi
cultivation in outdoor tanks, harvesting and dewater-
ing, pH-shift protein extraction (alkaline solubilization
to acidic precipitation) to yield CUP, recovery and the
conditioning of residual solids (CUPR) as a dietary fiber
ingredient, and on-site utilities. The functional unit for
TEA was 1 year of plant operation at specific amount
of biomass production (100-, or 1,000-, and 10,000-kg),
normalized per kg of dry biomass and per kg of saleable
product (CUP or CUPR) for comparison.

Scenario-based sustainability assessment

Monthly cultivation data were compiled for Gujwa-
eup (Jeju Island, Republic of Korea) from March 2023
to December 2024 (n=22). The response variable was
monthly U, ohnoi biomass yield (g L™!) and the predictors
were monthly mean air temperature (°C) and monthly
total precipitation (mm) obtained from the Gujwa-eup
meteorological station of the KMA. To quantify the
effects of temperature and precipitation on U. ohnoi
yield, multiple linear regression fitting was realized using
ordinary least squares according to Eq. (7).

Ulva; = By + p1Temp; + B2 Rain; + €; (7)

where Ulva; represents yield (g L™!) in month i, Temp,
represents monthly mean air temperature (°C), and Rain;
represents mean monthly precipitation (mm). Parameter
significance was further assessed via ¢-tests (a=0.05) and
overall model fit was evaluated based on R* values and the
E-test for the joint null. Additionally, regression assump-
tions were assessed according to the following residual
diagnostics: normality (Q-Q plots/Shapiro-Wilk test),
homoscedasticity (residuals vs. fitted/Breusch—Pagan
test), and independence (Durbin—Watson test). Multicol-
linearity was determined using variance inflation factors
(VIF), with the conventional alert threshold set at VIF > 5.
For climate-scenario projections, estimated model coeffi-
cients were subsequently used as emulators. All the anal-
yses were performed in R software (R Core Development
Team, Vienna, Austria).

Future climate inputs followed the AR6 framework of
the IPCC for SSPs, namely, SSP1-2.6, SSP2-4.5, SSP3-7.0,
and SSP5-8.5, using KMA datasets, comprising annual
mean temperature change (AT, °C) and precipitation
change (AP, %) for 2021-2100. To ensure consistency
with our monthly cultivation records, scenario data were
further aggregated into decadal means and mapped to
the site using a delta change approach.
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Statistical analysis

All statistical analysis were performed using SPSS soft-
ware v23.0 (SPSS Inc., Chicago, IL, USA). Significant dif-
ferences between groups were determined via one-way
analysis of variance (ANOVA) followed by Duncan’s mul-
tiple range test. All the experiments were performed in
triplicates and data were presented as the mean +SD of
three independent tests, with P<0.05 considered statisti-
cally significant.

Results and discussion

Optimal cultivation settings

To stabilize productivity considering the variability of the
outdoor environment, we focused on optimizing control-
lable operational parameters, namely, inoculum density,
which determines early growth kinetics and self-shading,
and aeration, a first-order driver of gas exchange and
mixing (Fig. 1).

Across the tested inoculum densities (1-5 g L™}, 20 °C,
30 days), higher values generally resulted in higher
final biomass concentrations (Fig. 1A). Specifically, we
increased total biomass loading mechanically and com-
pared SGR values (% d!) to identify a biologically and
operationally efficient set-point. Thus, an inoculum den-
sity of 4.5 g L™! was identified as optimal, with the SGR
peaking at 8.60% day™!, implying faster compounding
growth relative to lower or higher inoculum densities.
Densities below this optimal value resulted in slower
exponential growth and lower end-of-run biomass,
while those approaching the upper bound exhibited self-
shading and potential nutrient and light limitations as
expected. In subsequent run, this optimal inoculum den-
sity was employed to ensure a balance between produc-
tivity and controllability.

Further, as shown in Fig. 1B, quantifying the effect of
aeration at the optimal inoculum density (4.5 g L™!) on
30-day performance showed that aeration increased final
biomass concentration by 67% and SGR by 25% (from
35.54 to 59.44 g L™! and 6.89 to 8.60% day”!, respec-
tively). These gains are consistent with the improved
gas exchange, better boundary-layer mass transfer, and
more uniform light exposure associated with mild mixing
(Revilla-Lovano et al. 2021). From an operational stand-
point, these significant improvements suggested that
aeration is a first-order lever for controlling throughput
in outdoor flow-through tanks, for which actively control
irradiance and ambient temperature is challenging.

Furthermore, within the applied operational win-
dow, inoculum density was primarily responsible for the
observed initial growth kinetics, whereas aeration served
as a first-order lever for mass transfer and gas exchange,
and together, these two factors determined end-of-run
productivity. These findings are consistent with previous
reports that aeration enhances CO, delivery, O, stripping,
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and boundary-layer mixing in Ulva tanks, increasing bio-
mass vield and nitrogen uptake, while excessive stocking
enhances self-shading and resource limitation, lowering
SGR (Msuya and Neori 2008). These mechanisms have
also been observed across Ulva species and scales, from
100-L tanks to pilot land-based ponds (Revilla-Lovano et
al. 2021), and align with CFD/experimental evidence that
aeration improves frond motion and light—dark cycling
(Filip et al. 2024).

Year-round fed-batch cultivation in outdoor tank

The inoculum-aeration set-point established based on
the100-L trials (4.5 g L™! inoculum density with aeration
at 100.0 L min~") was scaled to 1.5-t outdoor tanks oper-
ated based on a monthly fed-batch schedule, with har-
vesting at the end of each month immediately followed
by re-inoculation to 4.5 g L™! (Fig. 2). For this larger sys-
tem, the 30-day mean biomass concentration and SGR
were 39.08 g L ™! and 5.87% day~!, respectively, lower than
the 59.44 g L' and 8.6% day !, respectively, obtained
for the 100-L tank. This decline in performance may be
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attributed to the effects of non-biological scale-up in
outdoor settings, such as diminished volumetric light
availability, lower specific gas input, and rainfall-induced
turbidity (Mabeau and Fleurence 1993). Notably, a mean
SGR of approximately 4.00% day™' was reported in a
previous study using tanks of a similar scale (Gadberry
et al. 2018). Thus, an SGR of 5.87% day™! for the large-
scale system represents a cultivation performance con-
sistent with favorable TEA. Biomass production was also
influenced by seasonality, with the highest monthly yield
observed in August—September owing to high tempera-
tures. However, in June and July, rainfall events hindered
growth owing to light and nutrient limitations and salin-
ity-related perturbations resulting from runoff, despite
the consistently high air and water temperatures charac-
teristic of these months. These findings align with previ-
ous reports that Ulva growth and biochemical traits vary
seasonally and are strongly influenced by temperature,

T. W.T.
Biomass
Protein
Lipid
Fiber
Ash
Carbohydrate
Dietary fiber
Calcium
Phosphorus
Sodium
Potassium
Magnesium
Iron
Copper
Manganese
Zinc
Cobalt
lodine
Lead

Arsenic
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light availability, and salinity, and that declines in salinity
and turbidity pulses can limit biomass growth (Jansen et
al. 2022).

Pearson correlation analysis (Fig. 3) showed a very
strong positive correlation between seawater tempera-
ture and biomass concentration, whereas rainfall showed
a negative correlation with biomass concentration in
several warm months (e.g., March and July). Mechanis-
tically, rainfall lowered system resistance via freshening
and increased turbidity, limiting underwater irradiance
and resulting in immediate yield loss. Although Ulva
species are highly resilient and can rapidly recover and
competitively take over, rainfall remained detrimental to
their biomass output. These dynamics are consistent with
reported mechanisms for constraining coastal primary
producers, including opportunistic Ulva species (Bews et
al. 2021).

Biomass

Salinity Rain

Fig. 3 Heatmap of Ulva biomass composition under changing environmental conditions (T, Temperature, W.T.: Water temperature). The heatmap dis-
plays values ranging from —1 to 1, with red representing positive values close to 1 and blue representing negative values close to—1
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Monthly data (n=12) for the harvested biomass
showed mean protein and dietary fiber contents of
26.72+4.45% DW (CV 0.17) and 35.66 +4.73% DW (CV
0.13), respectively, indicating suitable product-quality
stability for food-grade stream applications. Specifically,
protein content exhibited consistent negative correla-
tions with air temperature (r= -0.21), seawater tempera-
ture (r=-0.21), and precipitation (r= -0.10), indicating
a tendency toward lower protein levels under warmer
and wetter conditions, whereas salinity showed a positive
correlation (r= +0.25), suggesting relatively higher pro-
tein contents under more saline conditions. In addition,
the correlation heatmap revealed a moderate negative
association between crude protein and dietary fiber con-
tents (r=-0.31), pointing to a compositional trade-off
within the biomass. In warmer months, relatively higher
carbohydrate and dietary fiber contents and lower pro-
tein levels were observed, consistent with seasonal meta-
bolic shifts in macroalgal biomass composition, including
Ulva species, which are known to exhibit enhanced pho-
tosynthate accumulation under higher temperatures and
variable nitrogen availability (Jansen et al. 2022; Kamal
et al. 2023). Conversely, biomass collected during cooler
months showed higher protein and lipid fractions, sup-
porting the feasibility of targeted harvesting when spe-
cific ingredient profiles are desired. Although these
relationships do not imply intentional control, they indi-
cate that Ulva biomass produced under varying outdoor
environmental conditions may naturally favor either pro-
tein- or fiber-enriched compositions.

The mineral (Na, K, Mg, Ca, Fe, Cu, Mn, Zn, and Co)
contents of the biomass samples were within the ranges
reported for Ulva species (Rupérez 2002; Circuncisio et
al. 2018). As is typical for Ulva species, the collected bio-
mass samples showed higher Na than K contents, with
their Na/K ratios > 2. Public health guidelines emphasize
lowering dietary Na while increasing K such that the
Na/K ratio is approximately 1:1 (Guideline 2012). In this
regard, it has been demonstrated that freshwater washing
can lower the Na/K ratio to 1.2—1.7 (Queirés et al. 2021).
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Thus, for certain food applications, it is necessary to
employ washing and soaking steps to reduce Na content.

The contents of Pb, As, Hg, and Cd contents of the col-
lected Ulva biomass samples were all below international
thresholds, with Cd below the detection limit. Addition-
ally, although harmonized maximum levels (MLs) for sea-
weed foods are still being developed, the MLs obtained in
this study met or were all below current EU-set MLs for
seaweed-based food supplements.

Seasonal outdoor cultivation was therefore treated as
a driver of complementary biomass composition rather
than a variable for single-component optimization.
Accordingly, biomass harvested over 12 months was
pooled to generate a representative composite feedstock,
which was subsequently used to evaluate the integrated
valorization of protein via alkali solubilization—acid
precipitation and dietary fiber recovery from the resid-
ual fraction. This integrated perspective reinforces the
potential for complementary feedstock utilization, in
which protein-rich fractions are prioritized for extraction
while fiber-enriched residues are valorized as co-prod-
ucts rather than being regarded as process losses.

Protein recovery and valorization of residual fiber in CUPR
Protein recovery

The carbohydrate, moisture, ash, dietary fiber, and pro-
tein contents of the pooled year-round U. ohnoi biomass
(CU) were 46.6%, 7.4%, 18.9%, 33.1%, and 26.8%, respec-
tively. Screening at pH 6-12 identified alkaline condi-
tions (pH 12) as optimal for solubilization, with the dry
matter yield at this pH reaching 30.80% (Fig. 4A). This
observation can be attributed to protein unfolding and
charge effects, which enhance solubility and mass trans-
fer under alkaline conditions (Harnedy and FitzGerald
2013; Vilg and Undeland 2017).

Thirteen runs based on the employed response sur-
face design (Eq. 3) yielded a quadratic model as follows:
Y = —389.746 + 105.392X; + 48.166X; — 2.113X7—
0.289X7 4 0.188X;X;, with R*=97.3%. Notably, the
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3D response surface identified S/L=1:29.08 (w/v) and
92 min as optimal conditions (Fig. 4B) for obtaining the
maximum soluble protein concentration (2.94 mg/mL)
and maximum biomass solubility (31.96%). From Fig. 4C,
it is evident that contours showed a stronger response
to S/L than to time, implying that protein extraction
was more sensitive to S/L than to the duration of extrac-
tion and explaining the predominance of mass-transfer
constraints. Therefore, in soluble protein extraction, it
is necessary to prioritize solvent volume, mixing, and
solid handling over extraction time. This conclusion
aligns with seaweed extraction practices, during which
S/L ratios of 1:10-1:30 (w/v) are frequently employed.
Further, larger amounts of solvents generally improved
protein vyield, but increase beyond a certain threshold
resulted in yield declines. Similar yield ceilings and gains,
valuable for quantifying energy yield trade-offs in scale-
up, have been reported in a previous study employing
homogenization or double-screw pressing (Juul et al.
2021).

Following solubilization at pH 12, protein precipitation
from the CU extract showed clear pH dependence, being
favorable under acidic pH conditions (Table 1). Specifi-
cally, the highest protein content and dry-matter yield of
the precipitate (47.64% and 21.63%, respectively) were
observed at pH 2 (overall protein yield=10.30%). Pre-
cipitate protein content and dry-matter yield were lower
at pH 4 (39.01% and 18.43%, respectively) than at pH 2.
Similarly, the overall protein yield at pH 4 (7.19%) was
30% lower than that at pH 2, and protein precipitation
was poor at pH 6 and negligible at pH 8. This trend indi-
cated that the precipitation region, close to which protein
solubility is minimized, lies at ~pH 2. Thus, aggregation
and settling were maximized, whereas increasing the pH
toward neutral or alkaline conditions increased solubil-
ity and suppressed precipitation. Specifically, final CUPR
protein contents at pH 2, 4, 6, and 12 were 11.84%, 8.26%,
1.21%, and 0.08% of the initial amount, respectively, con-
firming that pH 2 was optimal for protein precipitation.
Consistent with this observation, several studies have
also reported acidic pH ranges as optimal for precipita-
tion, with typical maximum attainable protein yields of
5-9% obtained for pH-shift extraction-only processes
(Juul et al. 2021; Vega-Gdémez et al. 2024; Harrysson et

Table 1 pH-dependent protein precipitation yield from CU

Precipitation Protein of Dry-matter Overall

(extraction at pH 12) precipitation yield (%) protein
(%) yield

(%)

pH 2 47.64 21.63 10.30

pH 4 39.01 1843 7.19

pH 6 2146 4.87 1.05

pH8 18.25 0.38 0.07
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al. 2019). However, with additional unit operations, such
as ultrasound and pulse electric field pretreatment as
well as optimized washing, yields of up to 20-30% can be
attained.

Additionally, the protein content of CUP under opti-
mal conditions was 47.64% DW (476.4 g kg™!), with
constituent (bound) amino acids (443.02 g kg™!) show-
ing predominance at 96%. This observation suggested
a low non-protein nitrogen content. Free amino acids
only accounted for 2.74% (13.03 g kg™') of the total CUP
protein content, suggesting minimal hydrolytic damage
owing to pH-shift extraction. The obtained amino acid
profile also showed predominance for acidic amino acids
(Glu 66,349; Asp 54,052 mg kg™') and branched-chain
amino acids (Val 28,003; Leu 31,443; Ile 19,607 mg kg™),
implying nutritional functionality. In-vitro pepsin digest-
ibility (0.2%) also improved from 49.45% (CU) to 68.08%
(CUP), comparable to the 60-75% range frequently
reported for algal proteins and above typical cereal base-
lines (~70%). This observation supports the possibility of
valorizing Ulva biomass as food and feed via blue food
pathways.

Feasibility assessment of CUPR as dietary fiber

The feasibility of valorizing CUPR as food-grade dietary
fiber was assessed. Reportedly, Ulva proteins are intracel-
lular and can be solubilized via chemical treatment, while
their cell walls contain water-soluble ulvan, insoluble cel-
lulose, and other glucans (Kidgell et al. 2019). Accord-
ingly, after protein extraction, insoluble fibers generally
concentrate as solids (CUPR), whereas a portion of ulvan
may partition into the aqueous phase unless retained via
ionic crosslinking or subsequently precipitation.

The TDF content of CUPR was 40.59 + 0.87% DW, with
the proportions of IDF and SDF at 31.59% and 7.52%,
respectively. The near-closure of IDF+SDF = TDF sug-
gested good analytical mass balance under the AOAC
enzymatic gravimetric framework for fiber, which allows
the quantification of TDF and its soluble and insoluble
fractions after sequential enzymatic digestion and pre-
cipitation (McCleary and McLoughlin 2023).

The high proportion of IDF is beneficial for typical
physical gastrointestinal functions, such as stool bulking,
shortened transit, and laxation via water binding and the
mechanical stimulation of the mucosa, effects that are
well documented in the literature and form the basis of
regularity claims for fiber-enriched foods (El-Salhy et al.
2017). In contrast, SDF contributed to viscosity and fer-
mentability, which both moderate postprandial glycemia
and lipidemia. Meta-analyses and randomized controlled
trials have consistently indicated that SDF lowers glyce-
mic response and improves selected cardiometabolic
markers (Miiller et al. 2018). Therefore, the CUPR pro-
file, when formulated to deliver an adequate SDF dose,
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supports bowel function, while providing ancillary meta-
bolic benefits.

In addition to its generic fiber effects, ulvan, the hall-
mark sulfated polysaccharide of Ulva species, has been
implicated in microbiota modulation, short-chain fatty
acid (SCFA) generation, and anti-inflammatory signal-
ing in preclinical models (Flérez-Fernandez et al. 2023).
A recent study involving Ulva australis (formerly Ulva
pertusa) provided evidence in this regard, associating
ulvan intake with improved bowel movement and motil-
ity, plausibly via SCFAs, which downregulate NF-«xB and
IL-1f (Koh et al. 2024). Although human confirmatory
trials are still needed, these mechanisms position CUPR
as a functional fiber ingredient.

The in-vitro pepsin digestibility of CU (49.45%) was
higher than that of CUPR (38.34%). The most common
and accepted definition of dietary fiber is any plant edible
part or a similar carbohydrate that is resistant to diges-
tion and absorption in the small intestine. Systematic
reviews of several trials have indicated that fiber supple-
mentation can lower ad libitum energy intake, with the
effect size influenced by the fiber type, dose, and food
matrix (Lattimer and Haub 2010). In practice, predomi-
nantly insoluble matrices, such as CUPR, contribute to
volume and oral effort. Thus, combining them with mod-
est amounts of viscous SDFs enhances fullness and post-
meal control in diet-style products.

Based on the compositional characteristics of CUPR
obtained after protein recovery, it presents advantages
as a dietary fiber ingredient in applications emphasiz-
ing laxation, regularity, and stool bulking, while allowing
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flexibility for SDEF-targeted formulation strategies when
glycemic endpoints are of interest. Therefore, from a
cleaner production perspective, valorizing CUPR along-
side the protein stream supports dual-product gen-
eration, thereby improving raw material efficiency and
reducing process-derived waste.

TEA outcomes and cost drivers

A simplified flowchart of the land-based Ulva biorefin-
ery used for TEA in this study is shown in Fig. 5. The
harvested seaweed was routed through a washing step
(P-1) before loading into the outdoor cultivation tank
(P-5), where inoculum density and low-pressure aera-
tion were controlled to ensure monthly Ulva harvest.
After harvesting, the biomass was subjected to a sec-
ond washing step (P-3). Thereafter, the effluent is dis-
carded, while the washed biomass (CU) was dried (P-4)
and milled (P-2) to obtain CU powder. Then, for protein
extraction and recovery, the CU powder was dispersed
in an agitated reactor (P-6), with the pH adjusted to 12
using NaOH to solubilize proteins. Subsequently, slurry
was removed using a decanter/centrifuge (P-7), while
the solubilized protein phase (supernatant) was trans-
ferred to an acid precipitation reactor (P-8) to induce
protein precipitation. Next, centrifugation (P-9) was
performed to recover the protein curd, which was then
dried (P-10) to yield food-grade proteins. The insoluble
solids retained at P-7 (CUPR) were further dried (P-12)
and used as dietary fiber. Batch scheduling was optimized
to avoid equipment idle time and maintain a monthly
fed-batch cadence. Operating costs were dominated by
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downstream unit operations rather than by minor utili-
ties. Further, with scheduling optimization and recov-
ery loops sized according to the design throughput, the
baseline operating expenditure (OPEX) profile was tech-
nically and commercially plausible and showed consis-
tency with an intensification-driven land-based tank
configuration.

Additionally, to quantify economies of scale based on
a fixed process design, we simulated three production
scales as shown in Table 2. At 100-kg production, rev-
enue (8.00 million USD-yr™!) trailed OPEX (11.03 mil-
lion USDyr™'), with the gross margin, ROI, and NPV
at —37.8%, —8.2%, and —31.8 million USD, respectively,
implying negative unit economics (unit cost 719,806
USD vs. unit revenue 522,517 USD). Further, at 1,000-
kg production, gross margin, ROI, and NPV increased
to 25%, 20.4%, and 6.30 million USD, respectively, with
IRR at 4.9% and the payback at 4.9 years, considering
conservative pricing. Notably, at 10,000 kg, all indica-
tors improved markedly with gross margin, ROI, NPV,
IRR, and payback time at 78%, 110%, 274.0 million USD,
66.02%, and 0.91 year, respectively. These findings high-
lighted the commercial viability of the platform once
fixed overheads are amortized over a higher through-
put. Overall, the economic performance of the platform
improved with scale, consistent with established econo-
mies of scale in seaweed aquaculture and macroalgae bio-
refineries and comparative TEA/LCA literature on scale
sensitivity and cost floor shaping feasibility (Coleman et
al. 2022; Mendoza et al. 2018). These results collectively
demonstrate the quantitative potential for achieving a
commercial threshold through economies of scale. All
assumptions were grounded in literature data, supplier
quotations, and established engineering scaling laws.
While the absolute economic indicators may vary under
different market or cost scenarios, the profitability tran-
sition trend observed across the 100 — 1000 — 10,000 kg
scales remained robust. This pattern is consistent with
scale-sensitivity analyses reported in macroalgae biore-
finery and aquaculture techno-economic literature, sup-
porting the overall feasibility of cost reduction through
process intensification and capacity expansion.

Table 2 Economic assessment across biomass production scales

Biomass production (kg/ 100 1,000 10,000
month)

Investment ($) 17,810,530 20,767,302 40,504,438
Annual operating cost ($/yr) 11,027,107 11,903,528 18,697,798
Total annual revenues ($/yr) 8,004,734 15,930,669 87,201,669
Gross margin (%) —37.76 25.28 78.56

ROI (%) -824 2040 11033

NPV at 7.00% ($) —31,787,529 6,279,463 273,969,736
Payback time (yr) - 49 0.91

IRR (%) - 11.17 66.02
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A direct techno-economic comparison with open-
water cultivation was not performed, as land-based
and offshore systems differ fundamentally in scale, risk
profile, product specification, and system boundaries.
Reported production costs for offshore seaweed culti-
vation vary widely across regions, with literature values
ranging approximately from 190 to 2790 USD per dry
ton, depending on capital intensity, line and seeding
costs, labor inputs, and yield assumptions (Kite-Powell
et al. 2022). However, offshore systems are inherently
exposed to environmental variability, including storms,
biofouling, grazing pressure, and fluctuating nutrient
availability, which can lead to variable yields and incon-
sistent harvest quality, thereby increasing the effective
cost per usable ton. stability issues, structural failure,
storm losses, and standby vessel costs (Lian et al. 2024).
These factors can dominate OPEX and capital expen-
diture (CAPEX) and introduce cash-flow volatility for
sea-based production. Therefore, in the literature, the
application of robust mooring and a line design and tak-
ing into account the financial risk associated with weather
downtime have been emphasized. In terms of energy and
climate, sea-based farms often score lower than land-
based farms, which however, can perform competitively
when grids are low-carbon and tanks are integrated with
waste-nutrient streams (Eikenbusch 2024), underscoring
the importance of employing context-specific designs to
ensure cleaner production.

In contrast, land-based cultivation enables tight control
over growth conditions, reduced contamination risk, and
stable product specifications. These attributes are partic-
ularly advantageous for ingredient-oriented applications,
where consistency and quality can support higher selling
prices per ton, even if production costs are higher on a
mass basis. Additionally, land-based production elimi-
nated vessel use and marine infrastructure, centralized
operation, and enabled tight control over process con-
ditions. These features provided a free-cost headroom
for multi-product valorization (e.g., protein and fiber)
and helped stabilize product quality and yield. Regard-
less, tradeoffs included higher on-site electricity/thermal
loads, siting and permitting requirements, and biosecu-
rity/effluent management. Therefore, under favorable
conditions, land-based tanks can approach or outper-
form sea-based footprints. However, under unfavorable
conditions, environmental impacts can escalate, neces-
sitating renewable energy integration, heat and solvent
recovery, and the adoption of a climate-aware design.

Climate-scenario impacts

Based on scaled-up TEA results, we examined how pro-
jected climate variability might alter biomass yield as well
as process economics by quantifying the sensitivity of
Ulva production to temperature and rainfall. Via multiple
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linear regression, air temperature and rainfall were iden-
tified as key predictors of monthly Ulva biomass yield (g
LY. The fitted model based on Eq. (4) was as follows:
Ulva=55.94+1.44x (Temp, °C)—0.0372x (Rain, mmy),
with R?=0.884 and the overall F-test P<0.001, indicating
a strong explanatory power and supporting the statisti-
cal validity and predictive use of the model in subsequent
scenario analyses.

At the observed mean conditions (temperature,
18.53 °C; precipitation, 199 mm), the model predicted
a biomass yield of 75.3 g L™\, Further, maintaining pre-
cipitation at 199 mm and increasing temperature to
28.9 °C increased the predicted biomass yield to 90.3 g
L~'. Conversely, maintaining temperature at 18.53 °C and
increasing precipitation to 403 mm resulted in a decline
in the predicted biomass yield to 67.7 g L™!. Under high-
temperature and precipitation conditions (28.9 °C and
403 mm, respectively), the predicted biomass yield was
82.6 g L, implying that warming and heavier rainfall
positively and negatively affected biomass yield, respec-
tively. This conclusion is consistent with rainfall-driven
salinity dilution, increases in turbidity, and decreased

light availability as previously documented for coastal
macroalgae, including Ulva species (Martins et al. 2001).

To assess the sustainability of Ulva biomass production
under a changing climate, we coupled site-specific regres-
sion with temperature and precipitation trajectories
representative of Coupled Model Intercomparison Proj-
ect Phase 6 (CMIP6) SSPs, namely, SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5, as summarized in the IPCC AR6
framework, with the projected climate-driven impacts
on biomass production illustrated in Fig. 6. Notably,
increases in heavy precipitation intensity and frequency
are expected over most land areas under higher emission
scenarios, implying greater rainfall variability relative to
future means.

In SSP1-2.6 (low forcing), modest warming resulted
in a gradual increase in Ulva biomass yield, while pre-
cipitation variability resulted in comparatively moderate
effects, suggesting stable and scalable cultivation under
this low-carbon emission pathway. In SSP2-4.5 (inter-
mediate), warming resulted in incremental yield gains;
however, mid-century rainfall variability introduced
intervals of muted growth. Further, in SSP3-7.0 (high),
stronger warming expanded the positive contribution
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of temperature on biomass yield, widening the modeled
yield envelope, while concurrent increases in precipita-
tion extremes increased the frequency of rain-limited
months. Furthermore, in SSP5-8.5 (very high), the stron-
gest warming resulted in the largest mean increase in
predicted biomass yield as well as the greatest volatility
owing to heavier and more frequent precipitation events,
consistent with the IPCC AR6 framework. Operationally,
this very high temperature increased stability risk even as
mean biomass yield increased.

Overall, our model indicated that warming increased
Ulva biomass yield, whereas rainfall, acting as a coun-
tervailing stressor via light and salinity mechanisms,
characteristic of coastal systems, limited growth. In
low-emission pathways (SSP1-2.6), reliable cultivation
appeared attainable under current practices. However,
in high-emission pathways (SSP5-8.5), although higher
mean yields were possible, greater rainfall variability and
extremes necessitated adaptive control measures (e.g.,
salinity buffering, turbidity management, and the estab-
lishment flexible harvest windows) to maintain year-
round productivity. These results collectively outline the
plausible trajectories of Ulva productivity and the prin-
cipal climatic risk factors under future scenarios. While
the findings are model-based and should be interpreted
considering the simplified representation of environmen-
tal drivers and the lack of field validation, the qualitative
implications remain robust, highlighting the importance
of adaptive design and operational resilience.

Extending this perspective, the regression-based cou-
pling with CMIP6 climate scenarios developed in this
study provides a simplified yet mechanistically inter-
pretable framework for assessing the climate sensitiv-
ity of Ulva cultivation systems. The model revealed a
consistent climatic response structure—characterized
by a positive temperature—productivity relationship and
a negative rainfall-productivity relationship—offering
a foundational dataset for the development of climate-
resilient cultivation and control strategies. Although
absolute quantitative outcomes may vary across regions
and temporal scales, the overall pattern (temperature-
positive, rainfall-negative) aligns with numerous prior
observations in macroalgal ecophysiology. Accordingly,
this study establishes a meaningful hypothesis-driven
framework for future experimental validation and adap-
tive system design under variable climate conditions.

Conclusion

In this study we developed and evaluated a land-based
Ulva biomass production platform in terms parameter
optimization, scale-aware TEA, and climate-scenario
risk assessment, focusing on the composition of protein
yields. Our findings highlighted this platform as an inte-
grated and cleaner production pathway for land-based
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Ulva biomass production with high-yield pH-shift pro-
tein recovery and residual fiber utilization. Specifically,
under the optimized conditions (alkaline solubilization
at pH 12 followed by acidic precipitation at pH 2, with
S/L=1:29 for 92 min), protein extraction yield reached
10.30%, while protein integrity was largely preserved
(bound amino acids=96%) and in-vitro digestibility
increased to 68.08%. Further, based on dry-weight mea-
surements, the TDF content of residual solid after solubi-
lization (CUPR) was 41%, with the IDF fraction showing
predominance. These findings supporting the use of
CUPR as dietary fiber as well as its regularity applica-
tions, and highlight an avenue for expanding revenue
via dual product valorization. TEA showed clear econo-
mies of scale. Notably, production at 10,000 kg-month™
showed strong economic viability, with gross margin,
ROI, NPV, IRR, and payback at 78.6%, 110%, 274 million
USD, 66.02%, and 0.91 year, respectively. Importantly,
utilities constituted a minor share of the operating cost,
establishing a headroom for quality assurance and fiber
valorization. Further, temperature positively affected
Ulva biomass yield, which was however inhibited by
rainfall, and climate scenario analysis identified SSP1-
2.6, a low emission pathway, as suitable for stable, scal-
able Ulva biomass production, whereas SSP5-8.5, a very
high emission scenario, although offering a higher mean
yield, resulted in greater volatility, necessitating adaptive
measures, such as renewable power, salinity buffering,
turbidity management, and flexible harvesting windows,
to maintain annual throughput. Overall, by minimizing
resource intensity via strict water and aeration control,
valorizing co-products to reduce waste, and proactively
planning for climate variability, our proposed platform
advances circular bioeconomy objectives and delivers
a higher output per unit resource input with improved
profitability at scale.
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