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Abstract

This study presents the first comprehensive investigation of direct supercritical water
oxidation (SCWO) of microalgae biomass integrated with photobioreactor oxygen recov-
ery for sustainable energy production. Laboratory-scale experiments were conducted
on Nannochloropsis gaditana at optimized conditions (650 ◦C, 24 MPa, 1 min residence
time), achieving extraordinary conversion efficiency of 99.99% at biomass concentrations
as low as 0.5 wt%. Process simulation using Aspen Plus demonstrated that this inte-
grated photobioreactor-SCWO system can recover oxygen produced during photosynthe-
sis, reducing compressor energy demands by 10–15% compared to conventional air-fed
systems. The coupled system achieved net thermal power outputs of 47–66 kW from a
1 kg/min microalgae feed at 5–10 wt% biomass concentration, corresponding to an overall
system thermal efficiency of approximately 18%. CO2 recovery via mono-ethanolamine
absorption enabled 70–80% carbon cycle closure, while simultaneous nutrient recycling
through the aqueous phase supports sustainable circular economy principles. This coupled
photobioreactor-SCWO process represents an efficient pathway for energy recovery from
wet microalgae biomass, eliminating the energy-intensive drying requirement (typically
60–70% of conventional processing energy) and achieving complete mineralization of or-
ganic compounds. The system demonstrates technical and energetic viability for scaling to
pilot demonstration scale.

Keywords: supercritical water oxidation; photobiobioreactor; renewable energy; process
simulation; novel process

1. Introduction
Recent policies aimed at tackling Earth’s global warming, as well as at preserving

its resources, stimulate the development of new technologies based on renewable energy
sources. Microalgae could become one of Earth’s renewable fuels, provided that suitable
technologies are developed for efficient use of their energy content. These microorganisms
are widely regarded as a key feedstock for third-generation biofuels and bioenergy. Their
high photosynthetic efficiency, exceptionally rapid growth rates, often up to an order of
magnitude faster than terrestrial plants, and capacity to grow on non-arable land without
competing with food production make them a highly promising alternative energy re-
source [1–3]. These microorganisms can be cultivated across variable climates, on marginal
non-arable lands, and even in contaminated waters. They possess several distinctive char-
acteristics that make them strong candidates for biofuel production. Many photosynthetic
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microalgal species exhibit exceptionally high lipid accumulation, with some achieving
lipid content exceeding 50% of their dry weight. Their capacity to grow in diverse environ-
ments, including wastewater, polluted waters, and low-quality land, provides considerable
operational flexibility. Furthermore, recent studies have demonstrated that microalgae
can efficiently capture CO2 while simultaneously contributing to wastewater treatment,
offering a dual environmental benefit [4,5].

Energy production from microalgae can be achieved through several processing routes,
including: (i) biochemical conversion, which produces alcohols through fermentation or
methane and hydrogen through anaerobic digestion; (ii) thermochemical conversion, aimed
at generating fuel gas via microalgae gasification; (iii) bio-oil production through pyrol-
ysis or hydrothermal liquefaction; (iv) chemical conversion for biodiesel production via
lipid transesterification; and (v) direct combustion, used to generate electricity through
conventional power-generation cycles [6]. Recent advances have shown that integrated
biogas production from both intact algal biomass and lipid-depleted residues can achieve
substantial energy recovery, with some processes achieving 98.2% fatty acid methyl ester
(FAME) content meeting EU biodiesel standards [7]. In this sense, revolutionary advances
in genetic engineering, particularly CRISPR-Cas9 technology, have transformed microalgae
biofuel production. Recent developments include CRISPR-modified strains optimized for
enhanced lipid yields, with some engineered strains achieving up to 85% reduction in
non-productive metabolic pathways. The development of comprehensive genome engi-
neering toolboxes for species like Nannochloropsis oceanica has enabled multiplexed genome
editing, targeting three sites simultaneously in a single transformation. These genetic
modifications have successfully enhanced lipid accumulation, optimized photosynthetic
efficiency, and improved stress tolerance in cyanobacteria and microalgae [8,9]. Despite
substantial progress in strain improvement, cultivation strategies, and conversion tech-
nologies in recent years, current assessments continue to identify production cost as the
primary barrier to commercial deployment. Algal fuels generally remain more expen-
sive than fossil diesel when evaluated without substantial co-product revenues or policy
incentives. Representative techno-economic analyses estimate modeled algal biodiesel
costs at approximately 2–3 USD per liter for both integrated and standalone production
systems, which remains above conventional diesel price benchmarks under recent market
conditions [10,11]. The conventional pathway for microalgae energy conversion, involving
cultivation, harvesting, drying, and thermochemical conversion, incurs substantial capital
and operational costs dominated by the energy-intensive drying step, which typically
consumes 60–70% of the total processing energy [12,13]. This economic burden has his-
torically limited the commercial viability of microalgae biofuels. At this moment, in fact,
no commercial microalgae-based biofuel production exists at present, but only activity
largely confined to pilots, demonstrations, and R&D programs rather than established
fuel markets [14].

Microalgae are typically produced as a wet biomass with water contents of up to
99.5%, necessitating substantial improvements in current harvesting, dewatering, and
oil-extraction technologies. Processing such wet feedstock, containing between 80% and
more than 99% water, requires highly efficient harvesting methods [15,16] and energy-
intensive drying prior to thermal conversion, two steps that can consume 30–50% of the
total energy input [17–19]. In contrast, direct combustion is feasible only for biomasses with
moisture contents below 50% [20]. Most common harvesting methods include (quite costly)
sedimentation (sometimes eased by an additional flocculation step), centrifugation, and
filtration [21]. Dehydration of biomass can be performed by spray-drying, drum-drying,
freeze-drying, or sun drying [22]. Because of the high-water content of algal biomass,
sun-drying is unsuitable, while spray-drying is economically impractical for low-value
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products. Consequently, the dilute nature of harvested microalgae significantly increases
dewatering costs, further undermining the economic viability of microalgae-based fuels [1].
To mitigate the penalty imposed by high moisture content, hydrothermal liquefaction has
been advanced as a wet-processing route that converts algal slurries directly to biocrude
and thereby circumvents energy-intensive thermal drying [23,24]. Without entering into
the merit of a detailed comparison between different processes, Table 1 reports some of the
technologies proposed in recent literature.

Table 1. Comparison between proposed technologies for the energy conversion of microal-
gae biomass.

Technology Operating
Conditions Efficiency Advantages Disadvantages Ref.

Hydrothermal
Liquefaction (HTL)

280–350 ◦C,
10–20 MPa

Variable
(35–60% with

energy recovery)

Low
temperature, low

corrosion,
handles wet

biomass

Lower
conversion rates,

produces
aqueous

byproducts, and
complex

downstream
processing

[25–27]

Anaerobic
Digestion (AD)

35–40 ◦C,
ambient pressure

~25–35%
(Biogas

efficiency)

Low
temperature,

simple
technology,
biosolids
recovery

Slow kinetics
(30–60 days

retention), lower
energy density

output, and
methane

emissions

[28–30]

Lipid
Extraction
+ Biodiesel

25–100 ◦C,
ambient pressure

~25–35%
(Biodiesel
efficiency)

Established
technology,
food-grade

glycerol
byproduct

Requires drying
(68% of energy
cost), low lipid

content in many
species, and only

works for
lipid-rich strains

[31]

Direct
Combustion

850–1000 ◦C,
ambient pressure

~30%
(Thermal
efficiency)

Simple
technology,
immediate

energy recovery

High moisture
content (70–90%),

low energy
density requiring
drying, and dust

generation

[32]

Classic
Gasification

700–900 ◦C,
ambient pressure

~35–40%
(Syngas

efficiency)

Produces syngas
for flexible use,

with lower
drying

requirements

Incomplete
conversion, tar
formation, and

complex gas
cleanup systems

[32]

In this context, Supercritical Water Gasification (SCWG) could be a plausible tech-
nology for microalgae conversion to produce high heating value product gases [33].
Stucki et al. [34] proposed catalytic conversion of spirulina to methane-rich gas, using
a ruthenium catalyst. Haiduc et al. [35] proposed a closed-loop system for the production
of bio-methane via catalytic hydrothermal gasification of microalgae, where nutrients,
water, and CO2 are recycled. Their results show that a significant limitation of catalytic
gasification is the need to remove algal biomass heteroatoms prior to gasification, in order
to avoid catalyst poisoning. Brown et al. [36] in their study, proposed the liquefaction of mi-
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croalgae biomass at low temperatures, aimed at producing bio-oil, which was investigated.
Guan et al. [37] investigated the gasification of Nannochloropsis sp. at higher temperatures
(up to 550 ◦C) in the absence of catalysts, while Caputo et al. [38] studied continuous
mode gasification of Nannochloropsis gaditana at 660 ◦C, with or without alkali catalysts.
Chakinala et al. [39] gasified Chlorella vulgaris in quartz capillaries with or without catalysts
to assess the effects of reaction time and temperature. Nurdiawati et al. [40] proposed
a novel system that produces H2 from microalgae SCWG, followed by conversion to a
liquid organic hydrogen carrier. Another integrated process proposed by Aziz [41] consists
of supercritical water gasification SCWG of microalgae, followed by combustion of the
produced syngas in a combined cycle for power generation.

Another well-known hydrothermal process is Supercritical Water Oxidation (SCWO) [23].
In SCWO, an oxidant (typically air or pure O2) is introduced to the reaction medium to
achieve complete oxidation of dissolved organic matter, converting it to carbon dioxide,
water, and inorganic salts [42]. In SCWO, an oxidant (typically air, pure O2, or hydrogen
peroxide) is introduced into the reaction medium to achieve complete oxidation of dis-
solved organic matter. Other product gas is constituted by nitrogen, in case air is employed,
and excess O2 [43]. In those conditions, a distinctive advantage of SCWO, compared to con-
ventional combustion, is its low operating temperature (T < 800 ◦C, typically 600–650 ◦C),
which prevents the formation of nitrogen oxides (NOx) and dioxins that are characteristic
byproducts of high-temperature incineration [44,45]. Acid substances such as HCl, H2SO3,

and H3PO4 remain dissolved in the liquid water that forms when the supercritical mixture
exiting the reactor is cooled down, and therefore do not pollute the remaining effluent
gas [23]. Moreover, in these conditions, phosphorus-containing compounds typically pre-
cipitate as inorganic phosphates, which can be recovered as solid byproducts [33]. SCWO
achieves extraordinary oxidation efficiency, converting organic matter with removal rates
of 99.9% or greater, even exceeding 99.99% in some applications [42,46] whilst operating at
remarkably short residence times typically ranging from 30 to 180 s. This rapid reaction ki-
netics is enabled by the elevated temperature and complete homogeneous phase conditions,
eliminating mass transfer limitations inherent to multiphase systems [42]. The process is
strongly exothermic, and careful heat integration design can recover a substantial fraction
of the reaction heat for feed preheating and power generation [47,48]. Recent studies have
tested SCWO on diverse high-moisture biomass feedstocks, including sewage biosolids,
food processing waste, and agricultural residues, achieving a practically complete miner-
alization even of the most resistant organic pollutants, such as per- and polyfluoroalkyl
substances (PFAS) [49,50]. When oxygen recovery systems are integrated, total treatment
costs can be reduced by approximately 18.8% through exploitation of the differential sol-
ubility of oxygen and carbon dioxide in high-pressure water [51]. Li et al. in 2024 [52]
demonstrate that fractional oxygen injection, auxiliary fuel co-oxidation, and hydrothermal
flame-assisted degradation can achieve removal rates exceeding 99% at 550 ◦C with just
1 min residence time and 100% oxidation coefficient. These characteristics position SCWO
as a particularly attractive technology for treating concentrated aqueous organic wastes,
including biosolids, industrial wastewater, and hazardous chemical solutions that are
otherwise difficult or costly to process by conventional methods.

While the SCWG of microalgae is well-established in the literature, the SCWO of
microalgae, by contrast, is substantially less documented in the scientific literature, and
applications specifically targeting complete oxidation of microalgae biomass for integrated
energy recovery remain largely unexplored in the peer-reviewed literature. In this work,
the direct oxidation of microalgae in supercritical water is proposed as a possible route for
thermal energy recovery. Lab-scale experiments were performed by changing microalgae
concentration in order to demonstrate microalgae SCWO feasibility. On the basis of the
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encouraging experimental results obtained, a novel, reliable process scheme is proposed
that integrates an upstream microalgae photobioreactor with downstream SCWO and
energy recovery via a steam turbine. A conceptual design for the new process is proposed,
and the SCWO process is simulated by means of AspenPlus® for process development and
energetic self-sustainability assessment. The proposed integration of wet-state processing
via supercritical water oxidation, combined with photosynthetic oxygen recovery and CO2

recycling, addresses these cost drivers through process intensification and resource closure.

2. Materials and Methods
Microalgae Nannochloropsis Gaditana was purchased in powder form from Algaspring

BV. The algae composition provided by the supplier and confirmed by elemental analysis
performed by us is reported in Table 2.

Table 2. Nannochloropsis Gaditana main characteristics and composition.

Main Characteristics

Dry mass, wt% 95
Key component C9H16NO4

Cells average diameter 2–3 µm (sphere shaped)
Lower heating value, LHV [MJ/kg] 20

Composition, wt%

Proteins 38
Lipids 32

Carbohydrates 12
Ash 1 14

1 Obtained by elemental analysis. Ashes are made of K, Ca, P, Fe, Mg, Na, Zn, and S.

The lower heating value of 21.7 MJ/kg was adopted for process simulations. Exper-
iments were carried out by means of the custom-built continuous lab-scale plant shown
in Figure 1.

 

Figure 1. Schematic illustration of a lab-scale supercritical water oxidation system. C-101 = air
compressor, P-101 = slurry membrane pump, R-101 = SCWO reactor, E-101 = cooling bath, E-102 = air
cooler, T-101 = gas/liquid separator.

The main components of the process were a pump and compressor, a down-flow
reactor, a cooling bath, a back-pressure valve, and a liquid/gas separator. The down-
flow reactor consists of a straight tubular pipe made of Inconel 625 with I.D. = 35 mm,
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L = 520 mm, and V = 500 mL (Separex S.A.S, Champigneulles, France). Heating was
provided through large electric band heaters wrapped around the reactor outer wall, and
the reactor was insulated in a rock wool chamber. Temperature was measured by means of
two thermocouples, one located in the middle of the reactor and the other at the reactor
outlet. To obtain the operating pressure (25 MPa), pure water was continuously pumped
(diaphragm pump Milton Roy Europe, Pont-Saint-Pierre, France) while regulating the back
pressure (back pressure valve, 0.1–414 bar, Pressure-tech, Glossop, England) and heating
the system to 650 ± 0.3 ◦C. Once both temperature and pressure had achieved the desired
values, air started being fed to the reactor through a micro metering valve. Air flow rate
was measured through a gas flow meter (Bronkhors EL-FLOW Select, Veenendaal, The
Nederland) connected to a PC for monitoring its dynamics. The average air flow introduced
in the reactor was in excess by 5.0 ± 2.5% with respect to the stoichiometric amount required
for oxidation. When pressure and temperature were stabilized, the water fed to the system
was replaced by microalgae slurry, while the outlet gas flow rate and composition were
monitored at regular time intervals (10 measurements per second). The microalgae slurries
at mass concentration in the range 0.057–1 wt% were carefully prepared by weighing the
amounts of dry microalgae powder and pure water. Slurry was fed by means of a volumetric
pump that sucked from a stirred vessel, agitated by a high-speed impeller that ensured
microalgae suspension and slurry homogeneity throughout the vessel. After leaving the
reactor, the supercritical water mixture was immediately cooled by means of a cold bath
and an air cooler and then expanded to atmospheric pressure into a glass separator through
the back pressure valve. The exiting gas flow rate was measured by a gas flow meter, and
its composition was monitored by means of an on-line fast-response electronic combustion
analyzer (DE.CO.STA S.R.L, detection limits: O2 = 0.1–20.9% volume, CO = 0–4000 ppm,
CO2 > 0.1% volume). The flow rate was regulated through a pneumatic needle valve with
downstream pressure regulation (Pneumadyne, Inc., Plymouth, MN, USA). Liquid residue
was intermittently collected from the separator bottom and analyzed by means of a Total
Organic Carbon Analyzer (Shimadzu, Kyoto, Japan, TOC-L CSH/CSN, detection limit:
4 µg/L) and an Agilent (Santa Clara, CA, USA) Cary 60 UV-Vis spectrophotometer (room
temperature, 1.5 nm fixed spectral bandwidth). The main parameter monitored was total
organic carbon (TOC). The efficiency of the oxidation process was expressed in terms of
TOC removal, which is defined by Equation (1).

TOC removal [%] =

(
1 − TOC

TOC0

)
·100 (1)

where TOC0 and TOC (mg/L) are the total carbon concentrations in the feed and effluent
streams, respectively.

3. Results
3.1. Experimental Results

As no data on microalgae oxidation were available in the open literature, before
simulating the new process scheme, oxidation of microalgae SCWO experiments were per-
formed in the lab-scale reactor, with the aim of verifying oxidation feasibility and assessing
the effects of slurry concentration and residence time on TOC conversion. Experiments
were performed at different microalgae concentrations, ranging from 0.057 to 1 wt%, and
repeated twice. It was not possible to process slurries with higher concentrations due to
the onset of flow instabilities, which were caused by the small diameter of the inner section
of the tubing. A typical oxidation run lasted 10 h, including heating up the reactor and
washing at the end of the experiment. This relatively long run time allowed verifying the
reliability of the plant for continuous operation. Residence time was varied in the range
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1–5 min by changing the total flow rates (slurry and air) fed to the reactor. Reactor pressure
and temperature were set at 25 MPa and 650 ◦C on the basis of preliminary tests and
the literature data [53], showing that under such conditions, SCWO efficiency is already
high. Results are summarized in Table 3, where the effects of microalgae concentration
and residence time on TOC removal are reported. As can be observed, oxidation is already
effective at a microalgae concentration of 0.5 wt%, with a TOC removal efficiency higher
than 99.9% at all residence times. Efficiency increases to values exceeding 99.99% when
the slurry concentration is 1 wt%. Efficiency increases above 1 min residence time, but
the efficiency difference between 3 and 5 min is small. When microalgae concentration is
too low, as in the case of 0.057 wt%, oxidation efficiency drastically falls. The reduction in
efficiency at low concentrations is likely due to the slowdown of oxidation kinetics due to
the lower temperatures within the reactor. In such conditions, a residence time increase
from 1 to 5 min only improves efficiency from 94 to 97%. Microalgae concentration at the
exit of the photo-bioreactor is thus a limiting factor of the SCWO. SCWO can be effective
starting from a microalgae concentration of about 0.5 wt%, which is, however, a value
frequently achieved in production plants [15]. For photo-bioreactors working at lower
concentrations, direct oxidation is not efficient. In these cases, a mild harvesting step, aimed
at increasing the biomass concentration, would be required prior to oxidation.

Table 3. Microalgae supercritical water oxidation results at 25 MPa and 650 ◦C.

Microalgae Slurry
Concentration Residence Time [min] Slurry Flow

Rate [mL/min] Air Flow Rate [g/min] TOC
Removal, %

wt% TOC [mg/L]

1.0 4633 5 6.1 0.48 99.996 ± 0.083
1.0 4633 3 10.2 0.80 99.995 ± 0.083
1.0 4633 1 30.7 2.40 99.990 ± 0.061
0.5 2316 5 6.3 0.25 99.982 ± 0.087
0.5 2316 3 10.5 0.41 99.986 ± 0.087
0.5 2316 1 31.5 1.24 99.955 ± 0.061

0.057 264 5 6.5 0.03 97.100 ± 0.042
0.057 264 3 10.8 0.05 95.500 ± 0.041
0.057 264 1 32.4 0.15 94.400 ± 0.038

3.2. Process Simulation Results

After performing the experimental tests, the oxidation process was simulated by
using the commercial software Aspen Plus version 8.8. The Peng-Robinson equation
of state was selected for thermodynamics calculations, as it is a proven method in the
range of temperatures and pressures of interest here [15]. The feed streams, water, and
air were modeled using conventional components, whose thermophysical data are stored
in the Aspen Plus database. Other components added to the simulation were all those
compounds that we expect to be formed in the combustion reactions. To preliminarily
validate the simulation scheme, the first case analyzed involved the supercritical water
oxidation (SCWO) of a water stream containing 2 wt% hexane, as previously investigated by
Cocero et al. [47]. Their work focused on the energy balance of the process, demonstrating
that the excess heat generated during SCWO could be efficiently recovered through turbine
integration. The good agreement obtained between our simulation results and those
reported by Cocero et al. confirmed the reliability of the developed model and encouraged
its application to the treatment of a microalgae suspension as feedstock. The process flow
diagram of the simulated system is presented in Figure 2.
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Figure 2. Flowsheet of the simulated SCWO plant for the treatment of 4 wt% Nannochloropsis
Gaditana suspension.

The input is made of three streams: a stream (NG) of Nannochloropsis Gaditana of
1 kg/min (dry basis), a stream of pure water (WATER), and a stream of air (AIR), whose
flow rate is determined by combustion stoichiometry plus 5% in excess. Nannochloropsis
Gaditana stream was modeled using solid non-conventional components that are considered
heterogeneous solids. Preliminarily, the biomass flow (NG) passes through a decomposer
unit (DECOMP), which is a fictitious unit that has the function to split up the algae into
their constituent elements (N2, S, H2, O2, C, Cl2, water, and ash) in order to allow the
simulator to manage the oxidation reaction. The physical properties needed to represent
these components in terms of a set of identifiable constituents were taken from Sanchez-
Silva et al. [54]. After decomposition, the NG stream flows through a CYCLONE, used to
separate the ashes (ASH) from the main current (IN-REACT) that will react in the reactor.
In this manner, in the simulation, the oxidation reactor operates with clean streams in the
absence of solids. It must be pointed out that the decomposer and the associated cyclone
are fictitious units that are not present in the real process. For this reason, in Figure 2, these
are reported as enclosed in a dotted square. The stream WATER is pumped to an operating
pressure of 25 MPa. Then, this aqueous stream passes through a pre-heater to reach a
temperature close to 375 ◦C. Air is compressed to 25 MPa in a multistage compressor (C)
with intercooling. Cooling is avoided at the last stage, in order to have a hot air stream at
the reactor entrance. A polytropic efficiency of 0.9 and a mechanical efficiency of 0.8 were
assumed for the air compressor. The SCWO reactor (R) is an equilibrium reactor modeled
on the basis of the minimization of Gibbs free energy. This method has been shown to be
reliable by various authors [47,54]. Based on a user-defined list, the reactor block calculates
the chemical species that are present at equilibrium for the given temperature and pressure,
by minimizing the Gibbs free energy. The first simulation was performed by considering the
reactor as being adiabatic and working at a pressure of 25 MPa and a temperature of 686 ◦C.
This last value was chosen considering the experimental results and the literature data
and represents an optimal compromise point where (1) outlet gas enthalpy is maximized
for efficient steam cycle coupling, (2) organic conversion remains >99.9% (validated by
experimental data at 650 ◦C), and (3) material stress remains within acceptable limits.
Reactor outlet (OUT-R), a supercritical mixture made of water and oxidation products
(mainly CO2 and N2), is divided into two streams: S1, which accounts for 77% of OUT-R, is
sent to the heat recovery section. This is simulated by a heat exchanger (H) that preheats
the water stream prior to sending it to the reactor (WATER-IN). The remaining portion
(S2) is expanded into a turbine (T) from the pressure of 25 MPa to 0.1 MPa. An isoentropic
efficiency of 0.72 and a mechanical efficiency of 0.9 were assumed for the turbine. The
OUT-H stream is expanded in a valve from 25 MPa to 0.1 MPa. Once mixed with the output
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stream coming from the turbine (OUT-T), it is sent to a gas–liquid separator, operated
at a pressure of 0.1 MPa and 84 ◦C. In the simulated flow sheet, the power involved in
the various process units is reported (as kW) along with the pressure and temperature
conditions of the various streams. Pumping and compression work is considered positive,
and the work extracted from the turbine is considered negative. The reactor has zero heat
duty because it is considered to be adiabatic. The power required by the DECOMP block
is not taken into consideration in the power balance, because it has been inserted in the
process scheme only to allow the process simulator to manage the microalgae stream. Net
power (Wnet) that can be gained from the process is expressed by:

Wnet = Wp + Wc + Wtot (2)

where Wtot is the total power at the turbine shaft < 0; Wc is the power absorbed by the air
compressor > 0; and Wp > 0 is the power absorbed by the water pump > 0.

On the basis of a low heating value (LHV) of 20 MJ/kg of NG, it was found that 4 wt%
is the minimum concentration needed to obtain zero net work. Indeed, at this concentration
the net power produced by the turbine equals the power required for pumping and
compression, according to the balance:

Wnet = Wp + Wc + Wtot = 12 + 87 − 99 = 0 kW (3)

In Table 4, the operating conditions and the compositions of the simulated streams are
reported. According to the simulation results, the gas stream at the exit of the process (VAP)
contains mainly CO2, N2, O2, and water. Although the simulator predicts the presence
of a small amount of HCl in the gas outlet, it has been experimentally proven that HCl
is separated in the liquid [23] and therefore exits with the LIQ stream. In addition, the
practical absence of CO in the VAP stream shows that the oxidation reaction should be
complete and clean. The outlet stream from the reactor (OUT-R) contains noxious SO2

and SO3, which will be found, after the gas–liquid separation, in the form of acids, which
are oxidation products of the reaction. After separation, sulfuric products are, however,
obtained in a liquid state in the form of water dissolved acids in the stream LIQ, whereas
the gas phase is substantially free from SO2 and SO3.

Table 4. Operating conditions and stream compositions of the SCWO of NG at 4 wt%, simulated
according to the scheme reported in Figure 2.

NG AIR-C WATER-
IN

OUT-
DEC

IN-
REACT OUT-R S1 S2 OUT-M VAP LIQ

Mass Flow (kg/min) 1 6.33 23.47 1 0.93 30.73 23.76 6.98 30.73 11.14 19.59
Mass Enthalpy (kW) 118 17 4976 52 −51 5010 3873 1137 6334 1240 5094

N2 (kg/min) 0 4.85 0 0.06 0.06 4.91 3.79 1.12 4.91 4.90 0.01
WATER (kg/min) 0 0 23.47 0.2 0.2 24.2 18.71 5.49 24.2 4.65 19.50

O2 (kg/min) 0 1.47 0 0.19 0.19 0.13 0.1 0.03 0.13 0.13 0
S (kg/min) 0 0 0 0.01 0.01 0 0 0 0 0 0

H2 (kg/min) 0 0 0 0.06 0.06 0 0 0 0 0 0
Cl2 (kg/min) 0 0 0 0.02 0.02 0 0 0 0 0 0
HCl (kg/min) 0 0 0 0.03 0.02 0.01 0.02 0.01 0.03 0.03 0
CO2 (kg/min) 0 0 0 0 0 1.45 1.12 0.33 1.45 1.43 0.02

Sulf. Acid (kg/min) 0 0 0 0.01 0.01 0.01 0.01 0 0.01 0 0.01
ASH (kg/min) 0 0 0 0.07 0 0 0 0 0 0 0

Mass vapor fraction - 1 0 0.35 0.38 1 1 1 0.36 1 0
Mass solid fraction 1 0 0 0.46 0.42 0 0 0 0 0 0

T (◦C) 25 187.3 385 25 25 686 686 686 686 83.6 83.6
P (bar) 1 250 250 1 1 250 250 250 250 1 1
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4. Discussion
In order to analyze the oxidation process energy balance, simulations were performed

for a fixed microalgae flow rate of 1 kg/min (dry basis), by varying the algal biomass
concentration in the range 5–10% by weight. In Figure 3, the power associated with the
flow sheet of Figure 2 and the net power of the process are reported as a function of
algae concentration. As expected, the net power recovered in the process increases its
absolute value while increasing algae concentration in the feed stream. Indeed, as the algae
concentration increases, higher temperatures of the OUT-R stream are achieved, which
leads to a larger power recovery in the turbine.

As reported in Figure 3, temperatures at the turbine entrance increase from 738 to
945 ◦C. In addition, compression work is constant because the stoichiometric air flow does
not change, due to the fixed biomass inlet rate, and moreover, there is a lower energy
demand from the pump, as the water flow decreases while increasing algae concentration.
It is therefore possible to obtain a net power of 23 kW by processing 1 kg/min microalgae
at a concentration of 10 wt%. This concentration should be considered as the highest
value for process viability for two reasons: (i) larger slurry concentrations would entail
practical difficulties for pumping, and (ii) temperatures higher than 1000 ◦C would be
reached, which are hardly compatible with material resistance and cost. For these reasons,
processing microalgae at 10 wt%, seems an optimal choice from an application view-
point. However, this relatively high microalgae concentration is not achieved in present
autotrophic photobioreactors, in which the outlet biomass concentration is typically in
the range 0.4–4 wt% [55]. As a consequence, in order to apply the proposed SCWO, a
mild harvesting step, aimed at increasing broth culture concentration to 10%, is required.
In order to skip the separation of water from microalgae before SCWO, high-cell-density
cultures (HCD) operating either in photoautotrophic or heterotrophic conditions could
be considered. In fed-batch heterotrophic cultures, the achievable concentration has been
proven to reach 10–15 wt%. Fed-batch crops are the most effective techniques to achieve
high biomass concentrations in a short time and in a controlled manner. One study on
the heterotrophic cultivation of Chlorella vulgaris in aerated fed-batch fermenters in the
presence of urea, nitrogen, and glucose as carbon source and energy, reports cell densities
up to 11.7 wt% [56]. Although the high microalgae concentrations that can be achieved
by cultivation in heterotrophic systems are compatible with direct post-treatment with
SCWO in a regime of relatively high-power generation, photoautotrophic reactors offer
some features in terms of sustainability and process integration that can be exploited in
order to increase the efficiency of SCWO. The main feature of photoautotrophic systems is
the production of pure oxygen during the photosynthesis process of biomass. According to
the photosynthesis reaction:

6H2O + 6CO2 + hν → C6H12O6 + 6O2 (4)

where six moles of oxygen are generated per mole of biomass, corresponding to nearly 1 kg
of oxygen per kilogram of biomass. A practical integration strategy for SCWO involves
recovering the oxygen produced in the photobioreactor, thereby supplying a portion of the
oxidant needed for microalgae oxidation directly from the photosynthesis process. This
approach reduces the energy demand of the compressor, as the volumetric flow rate of gas
to be treated is lower than in the baseline air-fed case. Additionally, the reduced nitrogen
content in the oxidant stream leads to higher reaction temperatures.
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Figure 3. Power and maximum temperature obtained in the simulation of the NG SCWO as a function
of feed stream microalgae concentration. NG flow rate = 1 kg/min. Wc = air compression power;
Wp = water pumping power; Wnet = net power of the process.

This approach has been implemented in a process configuration that integrates
SCWO with a photobioreactor featuring two key innovations compared with conven-
tional microalgae cultivation systems: a top-evacuated air-lift design and a CO2 recov-
ery/recycling section based on a monoethanolamine (MEA) absorption–desorption cycle.
The photobioreactor is described in detail by Marotta et al. [57]. The proposed combined
SCWO/photobioreactor scheme is represented in Figure 4, where the oxygen produced
in the photo-bioreactor has been included in the process along with the CO2 absorption
unit and MEA recovery unit. The practical significance of this coupled system lies in the
recycling of both energy carriers and nutrient inputs: oxygen recovered from photosynthe-
sis reduces oxidant costs, while CO2 recovered from SCWO oxidation closes the carbon
cycle, together minimizing external resource requirements and improving overall system
economics. The photobioreactor section may be summarized as follows:

- External loop air-lift section: In the riser, the liquid stream exiting the photobioreactor
ascends together with a CO2 gas flow introduced through an appropriate sparger.
Gas–liquid separation occurs in the degasser, after which the gas-free liquid descends
through the downcomer and is recirculated to the photobioreactor tubes.

- CO2 recovery/recycle section: The low-pressure gas stream exiting the air-lift degasser
consists primarily of CO2, O2, and water vapor. This stream is introduced at the
bottom of a packed absorption tower, while an MEA–water solution is fed from the
top. Oxygen passes through the column and is withdrawn at the top using a vacuum
pump. The CO2-rich solvent is then directed to solar thermal panels, where it is
heated to approximately 100 ◦C; at this temperature, the absorbed CO2 is released at a
pressure adequate for recycling back to the air-lift after cooling. The regenerated hot
MEA-H2O solution is subsequently cooled and returned to the CO2 absorption tower.

- O2-rich stream: an almost pure oxygen stream is recovered at the outlet of the vacuum
pump. This oxygen can be considered a valuable co-product of microalgae cultiva-
tion, with production rates on the order of 1 kg O2 per kilogram of algal biomass.
The purified oxygen stream can then be directed to the compressor for use in the
SCWO process.
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Figure 4. Schematic representation of the combined photobioreactor/SCWO process for the direct
oxidation of microalgae with oxygen produced by photosynthesis.

The production of algal biomass can be described as a series of process units compris-
ing cultivation in which the algal biomass is grown to a dilute concentration of 0.1–0.26 wt%
and a series of harvesting and dewatering steps. In our case, primary harvesting, also
called thickening, in which the concentration is increased up to 10 wt% is sufficient to
reach the goal of our process. A review of various harvesting processes and their energy
consumption is presented by Weschler et al. [58]. Tangential flow filtration (TFF) seems
capable of reaching the desired concentration of 10 wt% with reasonably low energy con-
sumption. Indeed, as reported by Weschler et al. [58], TFF has a specific consumption of
0.2 KWh/m3. On this basis, we have calculated that reaching a concentration of 10 wt% for
a slurry of 3520 kg/h consumes 39.2 MJ/h, which is equal to 3.2% of the heating value of
the microalgae treated in one hour. In Figure 5, the new flowsheet adopted for the ASPEN
simulation of the SCWO with enriched air is reported. With respect to the previous case,
the air flow was decreased by a quantity equal to the oxygen produced by microalgae in the
photobioreactor. In this way, the compressor input is divided into two streams: one is made
of pure oxygen (1 kg/min produced in the microalgae production process), and one is air.
The flow rate is regulated in order to have a 5% O2 excess with respect to stoichiometric
requirements. The simulation was performed for the three algae concentrations as in the
previous case (5, 7.5, and 10% by weight), in order to assess the net power obtained while
increasing biomass concentration.

Figure 5. Flowsheet of SCWO enriched air with O2 partly produced by microalgae. Base case with
5 wt% NG concentration and dry biomass flow rate of 1 kg/min.
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In Figure 6, the power associated with the various process units of the flow sheet
in Figure 5 and the total and net power of the process are reported as a function of
algae concentration.
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Figure 6. Power that can be obtained by SCWO, fed with air enriched by a photobioreactor produced
O2, of NG at various concentrations. NG flow rate = 1 kg/min. Wc = air compression power;
Wp = water pumping power; Wnet = net power of the process.

In Figure 7, the power that can be obtained performing algae SCWO with air is plotted
together with that obtainable with enriched air. As can be seen, employing enriched air is
always advantageous at all algae concentrations, with energy productions ranging from
47 to 66 kW for an NG stream of 1 kg/min. This improvement is due to a decrease in the
compression work, which in the second case is only 40 kW versus 87 kW in the first scheme,
and to the temperature increase in the OUT-R stream.
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Figure 7. Net power that can be obtained by performing SCWO of NG at various concentrations with
air or air enriched with O2 produced by photosynthesis. NG flow rate = 1 kg/min.

Apart from net power, thermal efficiency is another important parameter necessary
to evaluate the process. The efficiency of the process has been calculated as the ratio
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between the power that enters the reactor and the net power obtained at the turbine shaft.
Particularly, the net efficiency of the process can be expressed according to the formula:

E f f iciency % =
Wnet

LHV ·mass f low rate
·100 (5)

where
Wnet is the net power, and LHV is the low heating value of NG. Assuming a LHV of

20 MJ/kg and 1 kg/min as the flow rate of microalgae, the power that enters the system is
equal to 362 kW at all concentrations, while the efficiency increases as shown in Figure 8,
due to the increase in net power.
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Figure 8. Efficiency of the SCWO process as a function of microalgae concentration in the feed. NG
flow rate = 1 kg/min. The base case with air and with enriched air are represented.

These efficiency values have been estimated on the basis of the process simulation
shown in Figure 4 and do not take into account the energy consumption related to photo-
bioreactor operation. Higher efficiencies could be reached if the operation were carried out
at microalgae concentrations higher than 10% by weight. In this case, however, an efficient
and reliable pumping method for microalgae slurry would need to be developed.

5. Conclusions
This study introduces, to the best of the author’s knowledge, for the first time, the

direct oxidation of microalgae in supercritical water as an efficient pathway for energy
recovery. Laboratory tests confirm that complete oxidation of microalgal biomass can be
achieved at 650 ◦C and 25 MPa with a residence time as short as one minute, a regime
representing rapid and near-total conversion. Complementary process simulations indi-
cate that integrating a supercritical water oxidation (SCWO) system with an advanced
photobioreactor and oxygen recovery loop enables the conversion of microalgal energy
to turbine-grade mechanical power at an overall efficiency of approximately 18%. This
benchmark is competitive with other renewable energy conversion systems and high-
lights the technological promise of SCWO for valorizing wet algal biomass while utilizing
closed-loop oxygen cycles to enhance sustainability and resource utilization. Recent studies
suggest that supercritical water pathways are well-suited for wet feedstocks like microalgae,
eliminating costly drying stages and promoting efficient, high-rate energy conversion. A
comprehensive techno-economic analysis comparing capital costs, operating expenses,
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energy integration potential, and lifecycle environmental impacts with conventional mi-
croalgae conversion technologies could represent an interesting follow-up study, since
the technical foundation provided by this work creates a strong starting point for such
economic modeling.
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