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Microalgae are increasingly investigated as renewable feedstocks for thermochemical biofuel production due
to their rapid growth, high productivity and ability to be processed in wet form. Within the framework of the
Horizon Europe project FUELGAE, hydrothermal liquefaction (HTL) is explored as a key conversion pathway
enabling the direct transformation of wet microalgal biomass into energy-dense biocrude. However, the resulting
product typically contains significant amounts of oxygen- and nitrogen-containing compounds, limiting its direct
use as a fuel. Catalytic hydrotreatment is therefore required to improve stability, reduce heteroatom content and
enhance fuel properties. In this context, the present work investigates the HTL of different microalgal feedstocks
and the subsequent catalytic upgrading of both whole biocrude and extracted lipid fractions.

HTL experiments were conducted at reaction temperatures between 300 and 360 °C and residence times of
15-60 min in a stirred high-pressure batch reactor in order to evaluate the effect of process severity on product
distribution and biocrude characteristics. The distribution of gas, aqueous phase, solid residue and biocrude was
quantified for Chlorella vulgaris, Nannochloropsis sp., and carbohydrate-depleted residual biomass, allowing
assessment of the influence of biochemical composition on conversion pathways. Particular attention was given
to the relationship between operating conditions and carbon partitioning among phases. The produced biocrudes
were characterized by GC-MS, elemental analysis and thermogravimetric analysis to determine molecular
composition, heteroatom content and volatility profiles, providing insight into feedstock-dependent chemical
transformations during liquefaction. The overall HTL methodology is schematically presented in Figure 1.
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Figure 1. Hydrothermal liquefaction process methodology

As a subsequent upgrading step, catalytic hydrotreatment (HDT) is being implemented in a continuous small-
scale TRL3 pilot plant at CERTH, bridging laboratory-scale HTL production with pilot-scale catalytic processing.
The main objective is to investigate the influence of key operating parameters (temperature, pressure, liquid hourly
space velocity (LHSV) and H2/oil ratio) on conversion efficiency, product yields and fuel quality indicators. The
parametric study aims to evaluate deoxygenation and denitrogenation performance as well as hydrogen
consumption under continuous-flow conditions. In addition to whole-biocrude upgrading, lipid fractions derived
from Chlorella vulgaris are also considered for hydrotreatment, enabling comparative evaluation between isolated
lipid streams and the more complex biocrude matrix, thereby clarifying the role of non-lipid components in
catalytic upgrading behavior.

For Chlorella vulgaris, HTL experiments were performed at 300—-360 °C (30 min, 1:20 solid-to-liquid ratio),
revealing a clear temperature-dependent product distribution. Biocrude yields ranged between 30.96 and 32.43
wt.% (dry basis), with optimal performance observed at 320-340 °C. Increasing temperature reduced the aqueous-
phase yield from 48.57 to 43.21 wt.% and decreased biochar formation from 10.25 to 9.21 wt.%, while gas yield
increased significantly from 10.22 to 15.79 wt.% (Figure 2). This shift indicates enhanced biomass
depolymerization and progressive carbon transfer toward gaseous products under higher severity conditions.
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The produced biocrude exhibited high energy density, with HHV values between 36.92 and 37.48 MJ/kg.
Elemental analysis showed carbon content exceeding 76 wt.% and increasing with severity (76.48 — 77.53 wt.%),
while nitrogen content ranged from 4.31 to 4.43 wt.% at higher temperatures. Hydrogen content remained
relatively stable (~9.5 wt.%), whereas oxygen content showed a decreasing trend with severity. These results
indicate progressive deoxygenation and partial denitrogenation during HTL, although significant nitrogen remains
incorporated in the oil phase.

Gas analysis confirmed CO- as the dominant gaseous product. CO: concentration initially increased due to
intensified decarboxylation reactions and subsequently declined at higher severity, coinciding with increased
hydrocarbon gas formation. Methane was the predominant hydrocarbon detected, with minor quantities of ethane
and propane and trace levels of butanes, pentanes and heavier hydrocarbons. GC-MS analysis revealed that the
biocrude is dominated by fatty acids and their derivatives (~64%), including oleic acid, n-hexadecanoic acid and
linolelaidic acid. Nitrogen-containing compounds, primarily amides (e.g., hexadecanamide and 9-
octadecenamide), accounted for approximately 17% of the identified fraction, while long-chain hydrocarbons and
related compounds comprised roughly 12%. Minor contributions from aldehydes and heterocyclic species were
also detected. The predominance of lipid-derived compounds confirms efficient liquefaction of triglyceride
fractions, while the presence of amides reflects protein conversion pathways.
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Figure 2. Products distribution of Chlorella Vulgaris HTL

Therefore, the compositional characteristics of the produced biocrude directly define the requirements for
subsequent catalytic upgrading. Despite its high carbon content and elevated HHV, the biocrude contains
significant nitrogen levels (4.40 wt.%), originating from protein-derived compounds and reflected in the presence
of amides identified by GC-MS. Additionally, the dominance of fatty acids and unsaturated long-chain compounds
necessitates hydrogenation, hydrodeoxygenation and hydrodenitrogenation reactions to improve fuel stability,
reduce heteroatom content and increase hydrocarbon selectivity. The increasing gas formation observed at higher
HTL severity further indicates that upstream conditions influence downstream hydrogen demand and catalyst
performance.

The transition from batch HTL production to continuous catalytic upgrading introduces additional process
complexity, particularly with respect to residence time control, hydrogen availability and catalyst stability. The
ongoing hydrotreatment campaign in the TRL3 continuous pilot plant is designed to systematically evaluate the
influence of operating temperature, pressure, liquid hourly space velocity (LHSV) and H/oil ratio on carbon
conversion, phase distribution and hydrocarbon selectivity. Particular emphasis is placed on understanding how
the high nitrogen content and fatty acid—rich composition of the biocrude influence hydrogen consumption and
reaction pathways under steady-state conditions. In parallel, hydrotreatment of isolated lipid fractions from
Chlorella vulgaris is being investigated under comparable conditions, enabling direct comparison between
simplified lipid feeds and the more complex whole-biocrude matrix. This comparative approach allows
differentiation between reactions governed by triglyceride-derived species and those associated with protein-
derived nitrogen compounds, providing insight into catalyst demand and upgrading efficiency under continuous
operation.
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