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Abstract

Increasing Sargassum accumulation across the Gulf of America and the Caribbean has
raised environmental, economic, and public health concerns for coastal communities.
As Sargassum decomposes, it can impair tourism, aquatic ecosystems, and air quality,
highlighting the need for valorization strategies that convert collected Sargassum into useful
products. This study evaluates two carbon-product pathways: Case 1, direct pyrolysis of
dried Sargassum at 600.00 °C for 30 min; and Case 2, hydrothermal pyrolysis, in which
wet Sargassum was hydrothermally carbonized at 220.00 °C for 30 min before pyrolysis.
Process configurations, stream balances, capital costs, manufacturing costs, net present
values (NPVs), and breakeven selling price sensitivity analyses were compared. It was seen
that Case 1 outperformed Case 2, breaking even in year 5 and achieving a year 12 NPV
of over 9.60 million USD, whereas Case 2 never broke even and had a year 12 NPV of
—66.04 million USD. A breakeven cost sensitivity analysis showed that Case 1 was sensitive
to the Sargassum acquisition cost, while Case 2 was sensitive to the hydrothermal reaction
temperature. These results indicated that while direct pyrolysis was economically favorable
under the modeled assumptions, hydrothermal pyrolysis could become competitive with
additional environmental incentives or carbon credits.

Keywords: biochar; economic assessment; hydrothermal pyrolysis; process design; pyrolysis;
Sargassum

1. Introduction

Brown macroalgae, commonly known as Sargassum, has become a persistent coastal
management problem across the Caribbean, the Gulf of America, and the state of Florida,
USA, with negative consequences regarding public health, fisheries, navigation, and
tourism [1,2]. When large accumulations of Sargassum decompose near shore, there
are large releases of hydrogen sulfide, ammonia, and other gases that pollute coastal air
quality and adversely affect nearby communities” economic activities, such as tourism and
aquatic industries [1]. As a result, Sargassum is no longer viewed solely as a seasonal
biomass, but increasingly as a recurrent waste-management challenge that requires the
interception and treatment of Sargassum [2]. This recurring influx has also intensified
interest in waste management strategies that can reduce shoreline impacts while creating
opportunities for downstream utilization of Sargassum.

Conventional management of Sargassum has relied primarily on near-shore collection,
beach removal, hauling, and landfill disposal [3,4]. However, these practices are logistically
complex and increasingly expensive due to Sargassum being a wet, saline, heterogeneous
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biomass that often contains entrained sand and debris such as shells and small organ-
isms [5]. Regional assessments in the Gulf of America and near the Caribbean have shown
that the cleanup costs can be substantial [6,7]. In Mexico, cleanup costs have been reported
at approximately 19.00 to 85.00 USD m~3, with annual cleaning costs of roughly 0.30 to
1.50 million USD km ™! [5]. In the state of Florida, USA, Miami-Dade County reported an
annual cost of about 35.00 million USD to collect, transport, and landfill Sargassum [1].
These reports highlight why simple removal and disposal strategies are difficult to sus-
tain and why valorization pathways, which reduce transport and disposal burdens, are
becoming increasingly more attractive.

Among potential valorization processes, thermochemical conversion is particularly rel-
evant for Sargassum because it can convert heterogeneous biomass into carbonaceous solids
and combustible gases in short residence times, with relatively compact equipment [8,9].
The resulting products can also serve as a stream of revenue, as they have established ap-
plications in soil improvement, adsorbents, and environmental remediation, highlighting a
value beyond traditional waste disposal [10]. For Sargassum, the most meaningful process
comparison is between direct pyrolysis and hydrothermal pyrolysis, where hydrothermal
pyrolysis in this study refers to a two-stage process consisting of hydrothermal carboniza-
tion followed by pyrolysis. Direct pyrolysis is a dry thermal conversion process in which
the feed is typically dried before entering a nitrogen-swept pyrolyzer, yielding a solid car-
bonaceous product known as biochar [11]. It benefits from a simple reactor configuration
and near-atmospheric pressure, but it generally requires the partial drying of the feedstock
before thermal conversion [12-14]. By contrast, hydrothermal pyrolysis uses water as the
reaction medium to make hydrothermal biochar or H-biochar and can accept wet feed as a
slurry, making this pathway a favorable process for wet biomass because it operates in hot
compressed water and avoids complete pre-drying before primary conversion. However,
this introduces pressure-rated equipment, liquid handling, and downstream solid-liquid
separation requirements [15-17].

The suitability of either process is also shaped by the chemical and mineral charac-
teristics of the Sargassum [18]. Sargassum typically exhibits a high ash content, elevated
inorganic salt content, and variable moisture composition, all of which can affect reactor
fouling, corrosion risk, downstream gas and solids handling, product quality, ash man-
agement requirements, and overall operating cost [19-21]. In a drying-intensive process
such as direct pyrolysis, moisture removal is a primary economic challenge; in a wet-
processing pathway such as hydrothermal pyrolysis, dissolved salts and minerals can
shift the economic burden towards slurry handling, liquid recycle, and pressure-rated
equipment [22,23]. These feedstock-specific features mean that the most suitable process
cannot be identified from generic biomass literature alone and must instead be evaluated
within a process-specific design framework.

Previous studies have demonstrated the technical feasibility of converting Sargassum
into biochar and H-biochar. Farobie et al. demonstrated that Sargassum can be converted
into biochar through pyrolysis, while Lu et al. showed that hydrothermal processing of wet
seaweed can produce H-biochar [17,24]. Gonzélez-Fernddez et al. and Jafarian et al. further
indicated that Sargassum-derived solids can be used as value-added adsorbent materials,
underscoring the broader potential for both energy and environmental applications [13,25].
However, the available economic assessments remain limited, and existing studies have
generally focused on broad simulation frameworks rather than on experimentally anchored
assessments with a common throughput basis [13,26]. The novelty of the present work
lies in developing a comparative, experimentally grounded process design and economic
assessment of two thermochemical pathways on a common throughput basis.
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In this study, direct pyrolysis was designated as Case 1 and operated at a reaction
temperature of 600.00 °C with a holding time of 30 min under inert nitrogen conditions.
Hydrothermal pyrolysis was designated as Case 2, where hydrothermal carbonization
was performed at 220.00 °C for 30 min, followed by pyrolysis at 600.00 °C for 30 min,
under inert nitrogen conditions. A common wet feed throughput was applied, and the
cases were compared using experimentally measured yield data, process-specific moisture
assumptions, and standard process-design economic metrics, including total capital cost,
annual manufacturing cost, net present value (NPV), return on investment (ROI), and a
breakeven selling price sensitivity analysis. The central purpose was not only to identify
which process was more economically favorable under the modeled assumptions but also
to explain the results in terms of interactions among moisture handling systems, liquid
recycling systems, product yield, reactor complexity, and financial assumptions.

2. Materials and Methods
2.1. Study Basis and Process Boundary

The economic assumptions summarized in Table 1 were included to define the com-
mon design and financial basis for comparing direct and hydrothermal pyrolysis. Similar
processes, such as hydrothermal carbonization (HTC) alone, hydrothermal liquefaction
(HTL), and activated carbon production, were not included as separate cases because they
represent different product targets and economic boundaries rather than the two solid-
carbon pathways. HTC alone produces hydrochar rather than a thermally upgraded
biochar-like product, while HTL primarily targets liquid bio-crude and would require oil
recovery and upgrading assumptions that are not directly comparable with solid biochar
revenue [27]. Similarly, activated carbon production was treated as a downstream upgrad-
ing pathway rather than a primary conversion case because it requires additional physical
or chemical activation steps and would place the product in a higher-specification adsorbent
market, with different revenue assumptions, equipment boundaries, and product-quality
specifications [28]. Therefore, direct pyrolysis and hydrothermal pyrolysis were selected
for comparison because both pathways produce solid carbonaceous products, allowing the
economic effect of each process to be evaluated on a comparable product basis.

To be consistent with similar studies in the literature, a 12-year plant life was modeled
at 330.00 operating d yr~! and 7920.00 operating h yr~—!, accounting for unexpected down-
time and maintenance [29]. This created a basis for comparing capital recovery, discounted
cash flows, hourly stream flows, annual feed consumption, product generation, utility
demand, and manufacturing costs. Both processes were evaluated on a common wet-feed
basis so that the differences in economic performance could be attributed to process con-
figuration rather than to inconsistent throughput assumptions and were derived from the
National Oceanic and Atmospheric Administration’s (NOAA'’s) assessment of the annual
amount of Sargassum that the Gulf of America receives [30]. As seen in Table 1, the modeled
feed rate was 1525.50 wet t d !, equivalent to 63,562.50 kg h~! under continuous 24 h d !
operation. Fresh, washed Sargassum was experimentally found to have a moisture content
of 82.00 wt%, and it was assumed in this study that all Sargassum was fresh and washed
prior to entering both processes and had the same moisture content throughout. Using
this moisture content, the feed rate was determined to be 11,441.30 dry kg h—!. As shown
in Table 1, working capital was estimated to be 15.00% of the annual labor and material
cost and was determined based on similar studies found in the literature [29]. This was
included as a basis assumption for both processes, as commercial operations require funds
tied up in labor, raw materials, and early operating needs before revenue is fully recovered
and are dependent on the needs of the given process [31]. Similarly, the annual interest
rate, tax rate, selling-price escalation, and operating-cost escalation were estimated at 4.50%
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of the initial investment, 20.00% of the annual income, 3.50% of the market value, and
2.00% of the annual manufacturing costs, respectively [29,32]. These were similarly derived
based on studies found in the literature and were included as a basis assumption to move
the analysis beyond a static cost comparison and into a project-level cash-flow framework
that reflects financing burden, after-tax performance, increasing market value, inflation,
and rising operating costs over time [31]. The market value of the products, biochar and
H-biochar, was assumed to be the same and was set at a comparable, literature-derived
value of 100.00 USD t~!. This assumption was used to isolate the effect of process con-
figuration, capital cost, utilities, and product yield on the economic performance, rather
than introducing an additional product-quality premium that was not experimentally
quantified in this study. Product quality metrics such as BET surface area, pore structure,
adsorption capacity, ash content, and inorganic contaminant concentrations can strongly
influence the final market value of biochar-derived materials; however, these properties
are application-specific and were not measured as part of the present study’s boundary to
maintain a consistent economic comparison between the two processes [33]. In addition,
the Sargassum acquisition cost was fixed at 2.00 USD t~! [32]. Both values were set as fixed
parameters for both processes to highlight the differences in the process configurations
and their associated effects on process economics. Natural-gas and nitrogen cost values
were set at 0.13 USD m 2 and 755.00 USD t~!, respectively, based on similar studies in
the literature and were used as a basis assumption because the modeled processes both
require inert operation and process heat, which directly influence the annual manufacturing
costs [29,33]. The labor cost was evaluated to be 54,858.00 USD yr~! per operator and was
based on the average salary for a waste management employee; it was included in the basis
assumptions to represent staffing requirements for continuous operation. The cost year
was specified to ensure that all economic results were consistently reported, and for this
study, the 2024 USD basis was chosen. Together, these assumptions create a transparent
boundary for the analysis, allowing differences in capital cost, manufacturing costs, net
present value (NPV), and breakeven selling price to be interpreted as consequences of the
process design rather than inconsistent economic inputs.

The model boundary begins with fresh, washed, raw Sargassum entering the process-
ing system and ends with recovered solid product, waste, or ventilation streams leaving
the system. This study was designed as a techno-economic assessment rather than a full
life-cycle assessment; therefore, environmental factors such as greenhouse gas emissions,
avoided landfill impacts, nutrient discharge, and long-term carbon sequestration potential
were not monetized in the baseline model. Additionally, collection logistics, transport from
offshore interception to the processing system, feedstock storage, detailed gas cleanup,
product certification, and carbon-credit verification were outside of the primary model
boundary. These factors are nevertheless important for Sargassum valorization because the
feedstock’s high moisture content directly affects transportation, drying energy require-
ments, process water handling, and disposal-related emissions. These exclusions define the
present study as a process-to-process comparison based on conversion, product recovery,
and screening-level economics. In addition, the wet-feed basis was retained in this study to
reflect the practical management challenge faced by coastal communities, where collected
Sargassum is typically handled as a high-moisture biomass rather than as a dry feedstock.
However, the results should be interpreted as a process-level economic assessment within
the defined system boundaries rather than as a comprehensive environmental optimization
of Sargassum management pathways.
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Table 1. Economic assumptions and corrected unit basis used for comparative Sargassum assessment.

Parameter Value Unit Basis Classification References
Plant life 12.00 yr Literature [29]
Operating days per year 330.00 dyr! Literature [29]
Operating time per day 24.00 hd-! Literature [29]
Annual operating hours 7920.00 hyr! Derived This study
Wet Sargassum feed rate 1525.50 td1! Scen? r10—baseq, 1nf9rmed by [30]
regional loading literature
Wet Sargassum moisture Scenario-based and
& 82.00 wt% literature feed [24,34]
content L
characterization
Working capital 15.00 o of annual l'a bor plus Literature [29]
raw material cost
Annual interest rate 4.50 % yr’1 Literature [29]
Tax rate 20.00 % yr’1 Literature [32]
Selling-price escalation 350 % yr-1 Literature [29]
after year 2
Operating-cost escalation 2.00 % yr—1 Literature [29]
Biochar value parameter 100.00 USD t ! Literature Val'ue used fgr [32]
cross-comparative screening
Sargassum acquisition cost 2.00 USD t~! Scenario assumption This study
Nitrogen cost 755.00 UsD t! Literature [32]
Natural-gas cost 0.13 USDm™3 Literature [29]
Labor wage 54,858.00 USD yr~! per operator Literature wage salary [35]
Cost year 2024.00 yr Reporting basis This study

2.2. Experimental Yield Inputs and Conversion Conditions

Process-specific solid yields were used to translate laboratory-scale conversion behav-
ior into process-scale product flow. For this analysis, fresh Sargassum was obtained from
Melbourne, Florida, USA, and rinsed to remove any sand and debris. For Case 1, Sargassum
was dried overnight at 105.00 °C before being pyrolyzed at 400.00, 600.00, and 800.00 °C
in a horizontal MTI series tube furnace (OTF~1200X-S-HPCVD) (Richmond, CA, USA),
with a holding time of 30 min and a nitrogen flow rate of 1.00 L min~!. After pyrolysis, the
biochar was allowed to cool to room temperature under ambient conditions. This resulted
in direct pyrolysis producing a baseline biochar yield of 68.39 + 1.96, 64.45 &+ 1.00, and
51.91 & 1.06 dry wt%, respectively, which agreed with values found in the literature [36,37].
The model reaction temperature for Case 1, used in this study, was 600.00 °C, while the
other reaction temperatures, 400 and 800 °C, were retained for the reaction temperature
sensitivity analysis.

For Case 2, Sargassum was hydrothermally carbonized in a 600.00 mL Parr reactor
(Moline, IL) using the method described in the literature [14]. In short, the reactor was
loaded with fresh, washed Sargassum and deionized (DI) water until a slurry with a 1:10
solid-to-water ratio was achieved. The moisture content of Sargassum was measured to
be 82.00%, which agreed with previous studies [14]. The Sargassum was hydrothermally
carbonized at 180.00, 220.00, and 260.00 °C for 30 min. The reactor was then quenched
using a water bath, and the pressurized gas was vented into a fume hood. The resulting
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carbonized Sargassum was separated from the process liquid by vacuum filtration and
then dried overnight at 105.00 °C. Once dried, the carbonized Sargassum was converted
into H-biochar using a horizontal MTI series tube furnace (OTF~1200X-S-HPCVD) (Rich-
mond, CA, USA) at 600.00 °C, using a holding time of 30 min, as well as a nitrogen flow
rate of 1.00 L/min. This methodology was derived from the literature and resulted in
hydrothermal pyrolysis producing a baseline H-biochar yield of 39.76 & 0.79, 36.91 £ 1.15,
and 36.31 + 1.22 dry wt%, respectively, which also agreed with values found in the litera-
ture [36-39]. The model hydrothermal reaction temperature for Case 2 used in this study
was 220.00 °C, while the other hydrothermal reaction temperatures, 180.00 and 260.00 °C,
were retained for the reaction temperature sensitivity analysis.

2.3. Case 1: Direct Pyrolysis Process Description

Direct pyrolysis was defined in this study as the thermal decomposition of dried
Sargassum biomass under an inert nitrogen atmosphere to produce biochar, condensable
vapors, and non-condensable gases. In this model, the process was represented as a dry
thermochemical pathway, with the dominant front-end burden being moisture removal.
The process flow diagram is shown in Figure 1, and the associated stream mass balance
table is shown in Table 2.

Flue Gas
Pyrolysis

) gas
Q Pyrolysis gas
[ =
Rl
Rl
Dryer

Sargassum —@—'

Cyclone

Pyrolyzer

0

Coarse Biochar

Biochar Fine Biochar
Hopper

Figure 1. Process flow diagram for Case 1: direct pyrolysis of Sargassum.

Table 2. Stream mass balance of Case 1’s direct pyrolysis of Sargassum.

Stream Stream Type Main Components F(Eg"vhlfi)tf Temperature (°C) Pressure (Bar)
1 Feed Raw Sargassum 63,562.50 25.00 1.00
2 Vent Moisture and Flue Gas 52,121.25 105.00 1.00
3 Feed Dried Sargassum 11,441.25 25.00 1.00
4 Feed Nitrogen 10.00 25.00 1.00
5 Feed Biochar and Pyrolysis Gas 11,451.25 600.00 1.00
6 Product Course Biochar 7005.19 600.00 1.00
7 Recycle Pyrolysis Gas 407.74 25.00 1.00
8 Vent Pyrolysis Gas 3669.63 25.00 1.00
9 Product Fine Biochar 368.69 25.00 1.00
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As seen in Figure 1, the system begins with raw Sargassum entering the dryer via
stream 1 at a rate of 63,562.50 kg h~! under standard atmospheric conditions. Because the
feed has a high moisture content, the dryer removed 52,121.25 kg h™! of evaporated
moisture and flue gas in stream 2. This step concentrated the feed in stream 3 into
11,441.25 kg h~! of dry Sargassum. This dry Sargassum was then sent to a pyrolysis
unit, where nitrogen was supplied in stream 4 at a rate of 10.00 kg h™! to maintain inert
conditions and prevent oxidation of the Sargassum during thermal conversion. After the
reaction, a combination of airborne biochar and pyrolysis gas moved to a cyclone/dust
collector unit in stream 5, while coarse biochar was moved to a hopper in stream 6. Based
on the literature, 95.00% of the biochar was assumed not to be airborne, resulting in stream
6 containing 7005.19 kg h~! of biochar product, while stream 9 produced 368.69 kg h~! of
fine biochar product [40]. These two streams were treated as saleable biochar and assumed
to have the same market value in this study. The gas handling after pyrolysis was inten-
tionally simply designed, based on the literature, with 407.74 kg h~! of the pyrolysis gas
recycled back to the pyrolyzer in stream 7, resulting in 3669.63 kg h~! of gas being vented
as pyrolysis gas in stream 8 [41].

2.4. Case 2: Hydrothermal Pyrolysis Process Description

Hydrothermal pyrolysis is defined in this study as a two-stage process in which wet
Sargassum is first hydrothermally carbonized, and the recovered carbonized solid is then
dried and pyrolyzed to form H-biochar. This process is designed to exploit the wet-feed
compatibility of hydrothermal processing while still producing a thermally upgraded solid
product. Figure 2 shows the process flow diagram, while Table 3 provides the associated
stream mass balance.

Make up DI water
9 Heat

Exchanger

Flue gas

Flue gas

Sargassum

L[~

Filter Press
Dryer

kil

Wastewater
Treatment

m 1 1
{2 o o= §

AN

Biochar Carbonized Biomass

Hopper

Cyclone Pyrolyzer

Coarse H-Biochar R |

Figure 2. Process flow diagram for Case 2: hydrothermal pyrolysis of Sargassum.

As seen in Figure 2, the process begins with the same raw Sargassum feed rate as
Case 1: 63,562.50 kg h~! at atmospheric conditions. DI water was then added in stream
2 at a rate of 3111.56 kg h™!, as well as recycled process liquid from the front of the
process, to form a 1:10 solid-to-liquid slurry. The combined slurry flow was found to
be 125,853.75 kg h~! in stream 3 and was pressurized to 2.00 bar in order to be pumped
to a heat exchanger in stream 4. Once in the heat exchanger, the slurry was preheated
to 180.00 °C and pressurized to 10.00 bar in stream 5. This was necessary in order to
maintain a liquid-phase reaction environment and avoid uncontrolled vaporization. Once
preheated, the slurry underwent hydrothermal carbonization in a reactor at 220.00 °C
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and 23.20 bar. After the reaction, the reactor contents were passed back through the heat
exchanger to recycle heat, then cooled and depressurized to 40.00 °C and 1 bar. After
being cooled and depressurized, the solid and liquid fractions were separated, resulting
in 115,499.42 kg h~! of process liquid and 8886.99 kg h~! of wet carbonized Sargassum in
streams 9 and 10, respectively. Using literature, it was assumed that 95.00% of the liquid
needed for hydrothermal activation was recycled process liquid, which meant that about
51.20% of the process liquid could be recycled, leaving the remaining 59,176.69 kg h~! to
be sent to a wastewater treatment facility for processing [42].

Table 3. Stream mass balance of Case 2’s hydrothermal pyrolysis of Sargassum.

Stream  Stream Type Main Components Flow Rate (kg/h): Temperature (°C)  Pressure (Bar)
1 Feed Raw Sargassum 63,562.50 25.00 1.00
2 Feed DI Water 3114.56 25.00 1.00
3 Feed Sargassum Slurry 125,853.75 25.00 1.00
4 Feed Sargassum Slurry 125,853.75 25.00 2.00
5 Feed Preheated Slurry 125,853.75 180.00 10.00
6 Feed Carbonized Biomass Slurry 125,853.75 220.00 23.20
7 Feed Carbonized Biomass Slurry 125,853.75 40.00 1.00
8 Vent Flue Gas 1467.34 25.00 1.00
9 Recycle Process Liquid 11,5499.42 40.00 1.00
10 Feed Wet Carbonized Biomass 8886.99 40.00 1.00
11 Waste Process Liquid 56,322.73 40.00 1.00
12 Recycle Process Liquid 59,176.69 40.00 1.00
13 Recycle Process Liquid 59,176.69 40.00 1.10
14 Vent Moisture and Flue Gas 2050.84 105.00 1.00
15 Feed Carbonized Biomass 6836.15 25.00 1.00
16 Feed Nitrogen 10.00 25.00 1.00
17 Feed H-Biochar and Pyrolysis 6846.15 600.00 1.00
Gas
18 Product H-Biochar 4011.55 600.00 1.00
19 Vent Pyrolysis Gas 2492.29 25.00 1.00
20 Recycle Pyrolysis Gas 131.17 25.00 1.00
21 Product H-Biochar 211.13 25.00 1.00

The wet carbonized Sargassum was dried at 105.00 °C, removing 2050.84 kg h~! of
moisture and flue gas in stream 14, while 6836.15 kg h~! of dried carbonized Sargassum
was sent to a pyrolyzer in stream 15. In the pyrolyzer, nitrogen was supplied in stream 16 at
a rate of 10.00 kg h~! to maintain inert conditions and prevent oxidation of the Sargassum
during thermal conversion, as in Case 1. After the reaction, a combination of airborne
H-biochar and pyrolysis gas moved to a cyclone/dust collector unit in stream 17, while
coarse H-biochar was moved to a hopper in stream 18. Based on the literature, 95.00% of the
H-biochar was assumed to not be airborne, resulting in stream 18 containing 4011.55 kg h~!
of H-biochar, while stream 21 produced 211.13 kg h~! of fine biochar [40]. As in Case 1,
these two streams were treated as saleable H-biochar and assumed to have the same market
value in this study. The gas handling was intentionally simply designed, based on the
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literature, with 131.17 kg h~! of the pyrolysis gas recycled back to the pyrolyzer in stream
20, resulting in 2492.29 kg h~! of gas being vented as pyrolysis gas in stream 19 [41].

2.5. Economic Model, Capital Cost Basis, and Manufacturing Cost Basis

The economic model was developed to translate the experimental conversion yields
and process-flow assumptions described in the previous sections into process-specific
capital costs, annual manufacturing costs, and cash-flow inputs. As previously mentioned,
Cases 1 and 2 were evaluated using the same wet feed rate, annual operating time, plant
life, cost year, product-value basis, labor assumption, tax rate, and interest rate so that
differences in economic performance could be attributed to the process design rather than
inconsistent economic inputs.

The capital cost estimate was performed at a screening level using equipment sizes
derived from stream mass balances and process flow diagrams and applied to the module-
costing approach presented by Turton et al. [31]. By following Turton et al.’s methodology,
the capital cost was estimated with an accuracy range of —25.00% to +40.00%, as best
described in the literature [32]. In this method, the purchased base cost of each item of
the equipment was first calculated from its primary design parameter using Equation (1),
where C3 is the base purchase cost for carbon-steel equipment at ambient pressure; A is the
primary equipment sizing parameter; and Kj, K, and K3 are equipment-specific, unitless
cost constants obtained from the literature [31]. In this study, the equipment-specific K-
values and bare-module factors for each unit were taken from the equipment costing tables
in the literature and are presented in Table 4.

logC?; = Ky + Kplog(A) + K3 [log(A)}2 1)

Table 4. Sizing and cost modifiers for Cases 1 and 2.

Case Equipment Size Size Unit K; K> K3 Cost Modifier (FBM)

Conveyor 1 0.67 m? 4.06 0.26 0.16 -

68.17 m? 3.56 0.11 —0.08 1.25

Case 1 6.40 m? 3.56 0.11 —0.08 2.60

Dust collector 0.25 m> 3.63 —0.50 0.04 0.00

Conveyor 2 0.05 m? 4.06 0.26 0.16 2.86

114.92 m? 3.50 0.45 0.11 2.86

37.02 m?3 471 —0.55 0.00 1.38

Positive Displacement Pump 15.63 kW 348 0.14 0.14 3.24

Heat Exchanger 258.05 2 4.83 -0.85 0.32 3.29

CSTR Reactor 24.68 m? 4.11 —047 0.00 4.00

Filter Press 60.28 2 428 —0.65 0.07 1.65

Case 2 3.75 kW 3.39 0.05 0.15 3.24

9.90 m? 3.56 0.12 —0.08 1.25

10.09 m? 3.56 0.12 —0.08 1.25

Dust Collector 2.19 m? 3.63 —0.50 —0.04 2.86

65.81 m? 3.50 0.45 0.11 2.86

Conveyor 1 0.50 m? 3.61 0.27 0.20 1.10

Once the base purchase cost was obtained, the bare module cost of each unit was
obtained from Equation (2), where Cgy; is the bare module cost of the equipment item
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jr Cg is the base purchase cost obtained from Equation (1), and Fpy; is the bare module
factor [29].

Com;j = CpFpm,j 2)

The fixed capital investment (FCI) was estimated in Equation (3) by summing the
bare module costs and adding general fees, contingency, and auxiliary costs [31]. These
fees were estimated to account for 3.00%, 15.00%, and 50.00% of the bare module cost,

respectively [43].

FCI =Y Cpm,+0.03)_ Cpp,j+0.15)  Cpa,j +0.50)_ Cppsj (3)
j j j j

Once the FCI was obtained, the working capital (WC) was estimated using Equation (4),
where Cqy, represents annual operating labor costs and Crpy represents the annual raw
material costs. The WC investment was assumed not to depreciate and was also recovered
in the plant’s cash flow in the final year. This was observed to be standard practice
and in accordance with the literature [32]. In the presented cases, the raw material term
corresponds to the effective Sargassum acquisition and handling costs, estimated at a
competitive 2.00 USD t~!, while the finished biochar and H-biochar product was assumed
to have a market value of 100 USD t~1 [44].

WC = 0.15(FCI + Cor + Crum) 4)

This allowed the total capital investment (TCI) to be calculated in Equation (5) by
adding Equations (3) and (4) [31].

TCI =FCI+WC 5)

All cost estimations were normalized to the 2024 USD using Equation (6), where Cppp4
is the updated cost in 2024 USD, Cj,g is the original reference cost obtained from literature,
and CEPClI is the Chemical Engineering Plant Cost Index for the corresponding year [31].

CEPCI
Co024 = Chpse (2024)

CEPClypee ©)

The annual cost of manufacturing, COMy, was estimated using Equation (7), where
Cy is the annual utility cost, Cyr is the annual waste treatment or disposal cost, Crys is the
annual raw material cost, and Cqy, is the annual operating labor cost [31]. According to the
literature, 18.00% of the FCI should be allocated to general plant maintenance, with other
cost multipliers used to accurately account for fluctuating or indirect costs [43]. In this
study, the manufacturing cost includes utilities, raw materials, labor, and fees for all cases.

COM,; = 0.18FCI +2.73Cor + 1.23(Cyy + Cwr + CrMm) (7)

2.6. NPV, RO, and Breakeven Selling Price Sensitivity Analysis

After the capital and manufacturing costs were established, the economic model
was extended to annual revenue, after-tax cash flow, net present value (NPV), return
on investment (ROI), and a breakeven selling price sensitivity analysis. These metrics
were included to answer the central economic question: not only which process required
lower capital investment, but also which process could recover its capital and annual costs
through the sale of solid products over the 12-year plant life.
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The annual revenue for each case was calculated using Equation (8), where Ry is the
annual revenue in year k, m,, is the annual biochar or H-biochar production rate, top is
the annual operating time, and P, is the market value of the biochar or H-biochar [31].

Ry = mchartoppchur (8)

The annual taxable net profit (NP) was then calculated using Equation (9), where dy is
depreciation in year k [31].
NPy = Ry — COM, — di )

Using the value obtained from Equation (9), the after-tax net profit (ANP) was then
determined from Equation (10), where t is the tax rate [31].

ANP; = NP, — tNP; (10)

The annual cash flow (Fy) was then calculated using Equation (11), which promptly
yielded Equation (12) by substituting in Equations (9) and (10).

F. = ANP +d; (11)

F. = (Ry —COMy; —di)(1 +t) +dy (12)

The net present value (NPV) was then calculated over the project life using
Equation (13), where i is the annual interest rate, and n is the project lifetime. A posi-
tive NPV was taken to indicate an economically favorable project, while a neutral NPV
(NPV = 0) was taken to correspond to the breakeven condition [31]. The return on in-
vestment (ROI) was used as a secondary profitability metric and was calculated using
Equation (14).

n
NPV = —TCI+ Y F(1+i)* (13)
k=1
Y R —TCI
ROI = == === %100 (14)

A deterministic one-factor-at-a-time sensitivity analysis was used to identify which
assumptions most strongly controlled the breakeven selling price. The breakeven selling
price was chosen because it provided a direct measure of the minimum product value
required for each process to recover its capital and operating costs over the 12-year plant
life [39]. The breakeven selling price was calculated by setting the NPV = 0 and substituting
in Equations (8) and (12) in order to solve for P,,. Six different process parameters were
taken into consideration, including Sargassum acquisition cost, price of natural gas, price
of nitrogen, interest rate, tax rate, and reaction temperature. In each sensitivity analysis,
one parameter was changed to a lower sensitivity bound (LSB) or higher sensitivity bound
(HSB), while the remaining variables were held constant. This approach was selected as a
screening-level method to identify the individual variable with the greatest influence on
the breakeven selling price and overall process economics.

3. Results and Discussion
3.1. Process Design and Mass-Balance Comparison

The stream mass balances highlighted in Tables 2 and 3 provide the first indication of
the process-level difference between Cases 1 and 2. Although both processes were evaluated
using the same raw Sargassum feed rate, the two process configurations distribute mass,
water, and recoverable solid product differently. These differences are important because
the economic performance of each process is controlled not only by the reaction temperature
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or product yield but also by the amount of material that must be dried, pumped, recycled,
vented, separated, or treated as waste [45].

For Case 1, 63,562.50 kg h~! of raw Sargassum entered the process, and 52,121.25 kg h~*
was removed during the drying stage as evaporated moisture and flue gas. As a result, only
11,441.25 kg h~! of dried Sargassum was sent to the pyrolysis unit. This demonstrates that
the main process burden for direct pyrolysis occurs at the front end of the process, where the
high moisture content of the Sargassum must be removed before thermal conversion [46].
Once dried, however, the process remains comparatively simple, consisting primarily of
nitrogen-swept pyrolysis, gas—solid separation, limited gas recycle, and biochar recovery.
The combined modeled biochar product rate was 7373.88 kg h~! when the coarse and fine
product streams were combined.

Case 2 began with the same Sargassum feed rate but generated a substantially larger
internal process flow because the wet Sargassum was converted into a slurry and combined
with recycled process liquid. The slurry reached 125,853.75 kg h~! before hydrothermal
treatment, which was nearly twice the raw Sargassum feed rate. After hydrothermal
treatment and solid-liquid separation, 115,499.42 kg h™! of process liquid was recovered,
with 59,176.69 kg h~! being recycled and 56,322.73 kg h~! purged as a wastewater stream.
The final combined H-biochar production rate was 4222.68 kg h~!, which was about 57.00%
lower than the biochar product rate from Case 1. Therefore, Case 2 required greater internal
liquid handling while producing less final solid product under the modeled assumptions.

This comparison explains the economic structure evaluated in the following sections.
Direct pyrolysis concentrates its process burden in the drying step, but the remaining
flowsheet is relatively compact and produces a higher final solid product flow [47,48]. In
contrast, hydrothermal pyrolysis reduces the need for complete front-end drying before the
first conversion step, but it introduces slurry preparation, pressurization, heat exchange,
hydrothermal reaction, process-liquid separation, process-liquid recycling, and wastewater
purging [47,49]. Therefore, the economic comparison should be interpreted as a flowsheet-
level comparison rather than simply as a comparison between two reaction chemistries.
Under the current model assumptions, it can be seen that the process with fewer unit
operations and higher final product recovery has a structural economic advantage.

3.2. Capital and Manufacturing Cost Comparison

The capital and manufacturing cost results further demonstrated that the economic
separation between the two processes was driven primarily by process architecture and
material-flow requirements. As shown in Table 5, Case 1 required a total capital cost of
250,015.00 USD, whereas Case 2 required 587,254.00 USD, nearly twice the total capital cost
of Case 1. This difference is consistent with the process comparison previously discussed
because Case 2 requires additional equipment for slurry preparation, pumping, heat
exchange, pressurized hydrothermal reactions, solid-liquid separation, process-liquid
handling, and downstream drying [50]. In contrast, Case 1 was consistent with a direct dry
thermochemical process in which the major equipment requirements are associated with
drying, solid feeding, gas—solid separation, and biochar handling.

The dominant capital cost category also differed between the two processes. In Case 1,
solid handling and storage accounted for 79.13% of the total capital costs, which reflects
the importance of feeding, recovering, and storing solid material in a dry thermochemical
process. In Case 2, reactor systems accounted for 59.27% of the total capital costs, which
reflects the higher cost of hydrothermal processing at elevated temperatures and pres-
sures [51]. This distinction is important because it shows that the hydrothermal process
does not simply add a wet pretreatment step but rather changes the overall structure of
the process [38]. Although hydrothermal processing can accept wet Sargassum as a slurry,
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the benefit was seen to be offset by the need for pressure-rated equipment and additional

liquid-phase processing [52].

Table 5. Capital and annual manufacturing cost comparison for Cases 1 and 2.

Case 1 Case 2
Total capital cost (USD) 250,015.00 587,254.00
Capital Cost Dominant equipment or group Solid Handling Reactor Systems
Share of total capital (%) 79.13 59.27

Annual utility cost (USD yr‘l) 2,302,822.31 6,911,529.63
Raw material cost (USD yr‘l) 1,066,626.00 3,040,012.80

Labor cost (USD yr—1) 221,671.10 221,671.10
Fixed-charge (USD yr‘l) 1,234,068.65 2,778,051.48
Total manufacturing cost (USD yr’l) 4,825,188.07 12,951,265.01
Manufacturing Cost Dominant burden Raw Material Cost Utility Costs

The annual manufacturing cost results in Table 5 showed an even larger separation
between the two cases. Case 1 required about 4.83 million USD yr~!, while Case 2 required
12.95 million USD yr~!, making the annual manufacturing cost of Case 2 approximately
2.68 times higher than that of Case 1. As seen previously, the dominant manufacturing
burden stemmed from the fundamental difference between Cases 1 and 2. In Case 1, the
manufacturing cost was primarily associated with the Sargassum acquisition costs and
the energy required to dry the high-moisture feedstock prior to pyrolysis. In Case 2, the
higher manufacturing costs were largely driven by liquid-phase processing requirements,
including makeup water demand, process-water recycle, wastewater purge, and wastewa-
ter treatment. This accounted for Case 2 costing about 8.12 million USD yr~! more than
Case 1 to operate despite having lower energy costs than Case 1. The energy costs for Case
2 were lower than Case 1 because hydrothermal processing reduced the front-end drying
burden within the wet-processing loop. Nevertheless, the energy savings in Case 2 were
outweighed by the costs associated with liquid handling [50,53]. Labor costs were identical
in both cases, confirming that the manufacturing cost separation was primarily driven by
process-specific material flows and process complexity rather than staffing assumptions.
Therefore, the higher annual manufacturing costs of Case 2 reflect the cumulative economic
burden of water management and multi-step processing, while the lower costs of Case 1
reflect its simpler dry thermochemical configuration despite being more energy-intensive
than Case 2.

3.3. NPV Analysis over the 12-Year Plant Life

The NPV results provide the clearest project-level comparison between the two pro-
cesses because they combine the effects of the capital investment, annual manufacturing
cost, product revenue, tax rate, interest rate, and the time value of money, as seen in Figure 3.
As seen in Figure 3, Case 1 began with a year-0 NPV of —3.59 million USD and remained
negative until it became positive during year 5, reaching 0.57 million USD. By year 12,
Case 1 reached a final NPV of 9.62 million USD. This transition from negative to positive
NPV indicates that direct pyrolysis recovered its initial investment early in the plant life, as
visually seen in Figure 3, and generated a comparably large cumulative economic return
under the modeled assumptions.
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Figure 3. The NPV values for Cases 1 and 2 over a 12-year plant lifespan.

Case 2 was not profitable over the 12-year life span under the current modeled as-
sumptions. The hydrothermal pyrolysis process began with a year-0 NPV of approximately
—4.41 million USD and remained negative through year 12. The process had a year 12 NPV
value of —66.04 million USD. This is a direct result of the lower solid-product yield not
being able to generate enough product revenue to offset the higher annual manufacturing
costs. These elevated manufacturing costs were driven by the added liquid handling
requirements of the hydrothermal stage, including water addition, slurry processing, liquid
separation, and wastewater management.

The separation between the two NPV curves demonstrates that the economic ad-
vantage of Case 1 was not caused by a single cost category but by the combined effect
of a simpler process design, lower capital costs, lower annual manufacturing costs, and
higher final solid-product recovery. In contrast, Case 2 was burdened by a lower H-biochar
output and the additional costs associated with slurry handling, pressurized hydrothermal
treatment, process-liquid recycle, wastewater purge, and downstream drying. Therefore,
the NPV analysis supports the broader interpretation of direct pyrolysis being the more eco-
nomically favorable process design under the modeled assumptions, while hydrothermal
pyrolysis would require additional incentives such as avoided disposal costs, environmen-
tal credits, or carbon-credit revenue streams to become competitive [32,54].

3.4. Breakeven Selling Price Sensitivity Analysis

The breakeven selling price provides a direct measure of the product value required for
each process to recover its total project cost over the modeled 12-year plant life. Under the
current modeled assumptions, the baseline breakeven selling prices were mathematically
calculated to be 99.82 and 457.78 USD t~! for Cases 1 and 2, respectively. This result
strengthens the economic separation between the two processes. Under the assumed
biochar value parameter of 100.00 USD t~!, direct pyrolysis would remain below the
assumed selling price, while hydrothermal pyrolysis would require either a higher-value
product evaluation and avoided-disposal credit, or an additional stream of revenue from
environmental incentives to reach the same level of economic attractiveness [39]. The
breakeven analysis additionally indicates that Case 1 is not only the lower-cost process but
also the one with the greatest margin between the modeled product value and the required
selling price [29].

Among the sensitivity parameters, the Sargassum acquisition cost remained one of
the most important economic drivers. This was expected because the feedstock costs are
applied to the full wet Sargassum feed rate, whereas revenue is generated only from the
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recovered solid product. As seen in Table 6 for Case 1, if a tipping fee of 25.00 USD t !
was collected, this would decrease the breakeven selling price to 17.20 USD t~!, while
increasing the acquisition cost to 25.00 USD t~! increased the breakeven selling price
to 343.68 USD t~!. This reveals that because the raw Sargassum is processed at a high
wet-mass throughput, increasing the Sargassum acquisition cost would strongly affect the
product selling price required to recover the annual costs for Case 1. For Case 2, the same
trend was observed in Table 6, where the Sargassum acquisition cost fluctuated from a
tipping fee of 25.00 USD t~! to a Sargassum acquisition cost of 25.00 USD t~!, resulting in
the breakeven costs for Case 2 ranging from 70.53 to 883.63 USD t~!. These results highlight
that if Case 2 were to receive some economic benefits, such as a tipping fee, the process
could be competitive with Case 1.

Table 6. Sensitivity parameters used to determine breakeven cost ranges and the associated low and
high breakeven costs.

Case Sensitivity Baseline LSB HSB Base Breakeven LSB Breakeven HSB Breakeven
Parameter Scenario Value Value Cost ($/Tonne) Cost ($/Tonne) Cost ($/Tonne)
Feedstock Cost
Case 1 (USD t-1) 2.00 —25.00 25.00 99.82 17.20 343.68
Cost of Natural
Case 1 Gas (USD m_3) 0.13 0.11 0.18 99.82 94.43 121.37
Case1  Price of Nitrogen 755.00 500.00 1000.00 99.82 99.39 100.23
(USD til) . . . . . .
Case 1 Interest Rate (%) 450 4.00 5.50 99.82 98.86 101.88
Case 1 Tax Rate (%) 20.00 15.00 30.00 99.82 98.55 100.53
Case 1 Reaction 600.00 400.00 800.00 99.82 85.78 123.93
Temperature (°C)
Feedstock Cost
Case 2 USD tfl) 2.00 —25.00 25.00 457.78 70.53 883.63
Cost of Natural
Case 2 Gas (USD m,g,) 0.13 0.11 0.18 457.78 453.61 47451
Price of Nitrogen
Case 2 1 755.00 500.00 1000.00 457.78 457.04 458.50
(USDt™ %)
Case 2 Interest Rate (%) 4.50 4.00 5.50 457.78 453.87 466.27
Case 2 Tax Rate (%) 20.00 15.00 30.00 457.78 452.59 460.73
Case 2 H-Reaction 220.00 180.00 260.00 457.78 392.77 1309.24

Temperature (°C)

The reaction temperature also produced a process-specific sensitivity response and was
most clearly seen in Figure 4. For Case 1, when the reaction temperature was varied from
400.00 to 800.00 °C, the breakeven cost ranged from 85.78 to 123.93 USD t~!. This indicated
that, by increasing the pyrolysis temperature, the breakeven cost would also increase
because the solid product yield would decrease at higher temperatures [29]. For Case 2, the
hydrothermal reaction temperature was adjusted between 180.00 and 260.00 °C, resulting
in breakeven costs of 392.77 and 1309.24 USD t~!, respectively. The much larger, higher-
temperature response in Case 2 was due not only to a decrease in the solid product yield
but also to increased process requirements associated with the higher reaction temperature,
including higher capital and manufacturing costs [39]. Financing and tax assumptions
had a much smaller but still meaningful effect on the breakeven selling price. It was
observed that when the interest rate changed between 4.00 and 5.50%, the lower interest
rate increased the amount of future cash flow and thus decreased the breakeven selling
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prices of Cases 1 and 2 to a respective 98.86 and 453.87 USD t~1 while a higher interest
rate reduced the amount of profit and thus led to higher breakeven selling prices of 101.88
and 466.27 USD t~! for Cases 1 and 2, respectively. The tax rate had less effect than the
Sargassum acquisition cost, but when it changed from 15.00% to 30.00%, the breakeven cost
changed by about 1.00% in both cases. In addition, it was seen that when varying factors
like the price of natural gas and nitrogen, to a respective 0.11 and 0.18 USD m~3 and 500.00
to 1000.00 USD t !, the breakeven cost for both cases changed by less than 3.00%.

=LSB ®HSB Case 1 @ ®LSB " HSB Case 2 ®)
Reaction Temperature | H-Reaction Temperature |
Tax Rate Tax Rate
Interest Rate Interest Rate
Price of Nitrogen Price of Nitrogen
Cost of Natural Gas (| Cost of Natural Gas
Feed stock Cost Feed stock Cost |
-100% -50% 0% 50% 100% 150% 200% 250% -100% -50% 0% 50% 100% 150% 200%

Figure 4. Sensitivity analysis showing change in breakeven price of product with respect to baseline
breakeven costs for (a) Case 1 and (b) Case 2.

Overall, the sensitivity analysis showed that the economic feasibility of Sargassum-
derived biochar production is primarily determined by the feedstock-cost structure, product
yield, and reaction temperature rather than by utility and financial fluctuations. The analy-
sis also showed that Case 1 had a wider economic margin under the modeled assumptions,
while Case 2 relied on additional value mechanisms, such as higher selling points and
landfill credits. It should be noted that while this approach provides a strong screening
method for identifying the individual variables with the greatest influence on the breakeven
selling price and overall economics, it does not fully capture interaction effects among
process parameters. In practical operation, several variables are expected to be coupled; for
example, feedstock moisture influences drying duty, transportation burden, and effective
dry solids throughput, while hydrothermal reaction temperature can simultaneously affect
carbon yield, utility demand, process-water generation, and downstream pyrolysis perfor-
mance. Therefore, the sensitivity results should be interpreted as local economic responses
around the baseline case rather than as a complete multivariable uncertainty analysis

3.5. Practical Implications and Future Recommendations for Sargassum Valorization

The present study indicated that direct pyrolysis was the more favorable near-term
process under the modeled assumptions, but the literature suggests that, in future studies,
process comparisons should be interpreted in terms of product quality and end-use readi-
ness rather than by the process economics alone [55,56]. From this study, it was seen that
the economic advantage of direct pyrolysis stems from its simpler process design, lower
capital and manufacturing costs, and higher final biochar production rate. However, future
studies would benefit from additional chemical validation, as Sargassum has been reported
as a saline, mineral-rich marine biomass that can accumulate metals, metalloids, and other
micropollutants, with arsenic repeatedly identified as a key downstream-use concern in
reviews and regulatory discussions [1]. The potential use of Sargassum-derived biochar
for traditional biochar applications, such as soil amendment applications, should be inter-
preted cautiously. For example, although properties such as elevated ash, soluble salts, and
inorganic constituents may provide agronomic value in some contexts, they may also limit
direct soil application if electrical conductivity, salinity, pH, heavy metals, arsenic, or other
regulated contaminants exceed protocol-quality thresholds. This limitation is economically
significant because product eligibility strongly affects the attainable selling price. If the
Sargassum-derived biochar does not meet application quality requirements because of salts,
ash, metals, or arsenic, the product may require additional washing, blending, stabilization,
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or redirection to a lower-value market. These additional treatment and certification require-
ments would increase operating costs and could reduce the effective product value. This
makes procurement certification central to commercialization, with standards such as the
International Biochar Initiative (IBI) and the European Biochar Certificate (EBC) guidelines
crucial for commercialization and future experimental work [57,58].

Other Sargassum and marine-biomass studies suggest that environmental protection
technologies are a more realistic market pathway than traditional biochar applications [56].
Raw Sargassum biomass has been evaluated for heavy-metal uptake from water, including
lead and cadmium removal, and the literature has shown that Sargassum can remove heavy
metals from stormwater runoff, although performance depends on competing ions and
organic matter [59]. Thermochemical conversion can further expand these applications.
Poo et al. reported that biochar produced from marine macroalgae, including Sargas-
sum fusiforme, showed a strong potential for heavy metal removal, while Devrajani et al.
demonstrated arsenic removal using modified biochar derived from Sargassum polycys-
tum [60,61]. These studies support practical applications for the biochar produced in this
study and also suggest that other economic factors could be applied, such as increased mar-
ket value and environmental credits, depending on the specific application. Future work
can incorporate this by combining an economic assessment with a life-cycle assessment
and product performance testing.

Hydrothermal pyrolysis was less favorable in the current model, but the broader
literature suggests that its future may be in wet-feed compatibility, product engineerability,
and process-liquid valorization rather than in baseline H-biochar production alone [62]. Hy-
drothermal carbonization has been widely studied as a process for processing wet biomass
without complete front-end drying, and macroalgal-specific studies have shown that H-
biochar can exhibit enhanced adsorption capabilities, which are typically recognized as
having a higher market value than traditional biochar applications [52]. The process liquid
has also been recognized as a valuable resource in recent reviews, such as those done by Xu
et al. and Spagnuolo et al., which show that, when coupled with additional processes such
as anaerobic digestion, the process liquid can be recovered for nutrients and biodegrad-
able organic matter [51,63]. That said, the literature also acknowledges that inhibitory
compounds and additional treatment costs can limit the performance and that future ex-
perimental and economic studies should compare disposal only, recycle-and-treatment,
anaerobic digestion, and nutrient-recovery scenarios, while also adding benefits for landfill
disposal, beach cleaning, and environmental credits [64,65]. Additionally, while this study,
as well as similar studies in the literature, focus on one-factor-at-a-time sensitivity analysis,
the economic outcome of Sargassum valorization may change significantly when multiple
unfavorable or favorable parameters occur simultaneously. For example, a high-moisture
feedstock combined with higher natural gas prices would amplify the cost penalty of direct
pyrolysis, whereas lower hydrothermal reaction temperatures combined with improved
solid yield could improve the economic performance of hydrothermal pyrolysis. Future
work should apply a multivariable sensitivity analysis, factorial design, Monte Carlo simu-
lation, or response surface modeling approach to quantify the interactions among feedstock
moisture, product yield, reaction temperature, energy price, capital costs, wastewater han-
dling, and product value. Under the expanded study framework, hydrothermal pyrolysis
would become a competitive research pathway despite its flowsheet complexity.

4. Conclusions

This study developed a comparative study of two Sargassum-derived biochar pro-
cesses, based on common throughputs and economic frameworks. Case 1, direct pyrolysis,
was economically favored over Case 2, hydrothermal pyrolysis, under the modeled as-
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sumptions. Direct pyrolysis had a lower total capital cost of 250,015.00 USD compared to
hydrothermal pyrolysis, which had a total capital cost of 587,254.00 USD. Case 1 also demon-
strated stronger profitability, with an annual manufacturing cost of 4.83 million USD yr—!,
breakeven occurring in year 5, a year-12 NPV of 9.62 million USD, and a baseline breakeven
selling price of 99.82 USD t~!. In comparison, Case 2 had a higher annual manufacturing
cost of 12.95 million USD yr~!, remained economically unfavorable over the 12-year plant
life with a year-12 NPV of —66.04 million USD, and required a breakeven selling price of
457.78 USD t 1.

The economic advantage of direct pyrolysis resulted from a comparatively simpler
process architecture and higher final product flow. Hydrothermal pyrolysis provided
wet-feed compatibility but introduced slurry handling, pressure-rated reactor systems,
process-liquid recycle and wastewater disposal. These additions increased capital and
manufacturing costs while reducing the final H-biochar production compared with di-
rect pyrolysis.

A one-factor-at-a-time sensitivity analysis showed that the Sargassum acquisition
cost and reaction temperature were the most important economic drivers, while financial
and utility costs had a negligible impact. The results suggest that future commercial
feasibility will depend strongly on feedstock logistics, avoided disposal costs, product
quality, and application-specific biochar pricing. Although hydrothermal pyrolysis was less
economically favorable under the baseline assumptions, it remains a promising research
pathway if measurable advantages, such as higher product value, nutrient recovery, salt
management, or reduced environmental impact, can offset its higher process complexity in
future research.
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