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Abstract: Triacylglycerides (TAGs) produced via the syngas fermentation of biogenic residues and
wastes were evaluated as a potential feedstock for advanced road transportation, aviation, and
maritime drop-in fuels via hydroprocessing technology. Due to the limited availability of TAGs, a
simulated feedstock (SM TAGs) was utilized by blending various commercial oils, simulating the fatty
acid composition of TAGs. At first, the simulated feedstock and the real TAGs were hydrotreated on a
TRL 4 (technology readiness level) pilot plant to evaluate the potential of the SM feedstock to simulate
the TAGs based on product quality. The hydrotreatment technology was evaluated and optimized on
a TRL 4 plant. The research was further extended to a TRL 5 hydrotreatment plant with the optimum
operating window for scaling up the technology. The resulting product was fractionated on a batch
fractionation unit under vacuum to separate the jet and diesel fractions. The produced fuels were
analyzed and evaluated based on the aviation Jet A1, EN590, EN15940, and marine diesel DMA
specifications. The results show that the TAG composition was successfully simulated via a blend of
vegetable oils. In addition, the hydrotreatment of the real TAGs and simulated feedstock resulted in
similar-quality liquid products. The technology was successfully scaled up on a TRL 5 unit, leading
to advanced, high-quality aviation and diesel drop-in fuels from TAGs, while the reaction pathways
of hydrotreating can be controlled via the operating parameters of pressure, temperature, and Hj /oil
ratio. The hydrotreatment process’s optimum conditions were 13.8 MPa pressure, 643 K temperature,
1 h~! liquid hourly space velocity (LHSV), and 5000 scfb hydrogen-to-oil ratio. Finally, a storage
stability study of the hydrotreated liquid product showed that it can be stored for more than 6 months
at ambient conditions without any noticeable changes to its properties.

Keywords: microbial oil; advanced fuels; hydrotreatment; biogenic residues; triacylglycerides; fuel
stability assessment

1. Introduction

Triglycerides are characterized as suitable raw materials for high-quality fuel produc-
tion. However, depending on the choice of the triacylglyceride source, the implementation
of biofuel technology can have different economic and social outcomes [1]. First-generation
biofuels were produced from fresh vegetable oils such as soybean, peanut, sunflower,
palm, coconut oil, etc. However, the production cost of these types of lipids is high, and
their availability is unstable due to the market competition. Furthermore, the increase in
fresh-oil demands for biofuel production has led to an increase in food prices, leading
to the well-known debate “Food versus Fuel” [2]. To that aim, the use of nonedible oils
was promoted to face the drawbacks of fresh, edible oils. Nonedible oils are rapeseed,
jatropha, and jojoba, while residual lipids (waste cooking oils), as well as animal fats from
slaughterhouses, are also feedstocks for biofuels production. Thus, the exploration of alter-
native feedstocks and processing technologies is gaining interest in rendering biofuels or
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hybrid fuel production [3]. However, the aforementioned feedstocks are characterized by
quantity limitations. As a result, recently, microalgae were found to constitute a promising
feedstock for biofuels production [4,5], particularly in combination with genetic modifica-
tion strategies that aim to enhance lipid productivity [6]. Another promising lipid-based
feedstock is from microbial oils. Microbial oils can be produced via the fermentation of
carbohydrate and protein fractions, which are rich in oil/fats, starch, and proteins, after
the enzymatic hydrolysis of food wastes from restaurants. Microbial systems are more
controllable, economical, and scalable for biorefining to renewable, advanced fuels and
chemicals [7,8]. Microbial lipids are rich in storage lipids (mainly triacylglycerols, TAGs),
making them an excellent feedstock for biofuel production. Due to the wide availability
of this feedstock, local or centralized biorefineries could be developed in all countries for
biofuel production. It is easily observed that the choice of feedstock affects the economic
and social outcome. Thus, the minimization of the economic and social cost is the main
factor that affects progress in biofuel technology. Therefore, the development of new
technological pathways utilizing such feedstocks is being explored.

A very promising technology for the production of biofuels is catalytic hydroprocessing [9].
In particular, the catalytic hydroprocessing of lipids is focused on producing a high-quality
biofuel that is compatible with the existing fossil fuel infrastructure. Hydroprocessing is
a widespread technology commonly employed for the upgrading of fossil-based streams
in a typical petroleum refinery. The current technology consists of two steps: one catalytic
hydrotreatment step that produces normal paraffins, and one catalytic isomerization step
that leads to a mixture of n- and iso-paraffins. The produced biofuels are also referred to as
“renewable or advanced fuels” instead of “biodiesel”, which is a term usually reserved for FAME
(fatty acid methyl ester). Catalytic hydroprocessing has already been applied for the production
of HVOs (hydrotreated vegetable oil) fuels from vegetable oils, animal fats, and waste cooking
oils [10]. However, the technology has to be focused on the nonfood sources of triglycerides
that are produced sustainably. The optimization of lipid-producing species via blending or
genetic modification can improve fuel performance [11]. An alternative feedstock is a microbial
oil, containing biogenic residues and wastes, that is rich in lipids, mainly in triacylglycerols
(TAGsS), rendering it an excellent-quality feedstock for biofuel production without competing
with edible oils and food production; however, today, there are limited studies in the literature
that have investigated the catalytic hydroprocessing of microbial oils to renewable, advanced
fuels, especially for the aviation and marine sectors. More specifically, there are two current
studies in the literature to the best of the authors” knowledge. Carmona-Cabello et al. [8] studied
biodiesel production using microbial lipids derived from food waste discarded by catering
services utilizing transesterification technology, which leads to first-generation FAME biodiesel,
presenting many drawbacks compared to hydrogenated fuels. Furthermore, Liu et al. [12]
investigated the catalytic hydrodeoxygenation of methyl stearate and microbial lipids to diesel-
range alkanes over a Pd/HPA-SiO, catalyst, while the experiments were performed on a small
autoclave reactor of 15 mL capacity.

In this context, this research is focused on filling this gap in the literature by inves-
tigating the hydrotreatment of microbial oils in advanced aviation and marine biofuels,
utilizing a TRL 5 hydroprocessing pilot plant, intending to scale up the process towards
commercialization.

This study explores the hydrotreatment of a new type of microbial oil, derived from
a two-step biological route and utilizing renewable hydrogen for catalytic reactions. The
main challenge that the current manuscript is trying to address is the investigation of
commercial catalysts and optimizing the hydrotreating process where the desired bioliquids
(jet-like and diesel-like advanced fuels) will be produced. Towards this direction, the
hydroprocessing technology was tested and optimized in the first phase, at a lab-scale
TRL 4 hydrotreatment plant. In the second phase, the research was extended to a TRL 5
hydrotreatment plant targeting the production of larger volumes of hydrotreated products.
In parallel, the storage stability of the hydrotreated products was evaluated via a 6-month
study to identify the optimal storage conditions. In the last phase, the total organic liquid
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product was fractionated in a batch distillation unit, aimed at the separation of jet and diesel
fuel fractions. The resulting renewable advanced drop-in fuels were evaluated and their
properties were compared with the specifications of Jet Al [13], DMA marine diesel [14],
ENG590 [15] for road transport diesel, and EN15940 for paraffinic HVO fuels [16]. As a
result, this paper is trying to fill the gap in the literature of hydroprocessing microbial oils,
targeting the production of advanced renewable drop-in fuels at a high TRL level.

2. Materials and Methods
2.1. Experimental Scope and Procedure

As was already mentioned, this study explores the hydrotreatment of a new type of
microbial oil (TAGs), derived from a two-step biological route utilizing renewable hydrogen
for the catalytic reactions. The hydroprocessing technology was tested and optimized in
the first phase, at a lab-scale TRL 4 plant. However, due to the limited TAGs availability for
the larger quantities of biofuel production in the TRL 5 hydrotreatment plant, a simulated
feed microbial TAGs feed (SM TAGs) was developed, utilizing four commercial vegetable
oils. Thus, the first target is to compare the SM TAGs with the real TAGs, and, secondly,
to investigate the effect of the process operating parameters on product quality. The
two reactors from the TRL 4 plant were operated in parallel mode. The same catalytic
system was loaded in both reactors; however, in reactor A, the feedstock was the real TAGs
from microbial oil, while the feedstock of reactor B was the SM TAGs. Similar operating
conditions were applied in both reactors. To that aim, the efficiency of the SM TAGs to
simulate the real TAGs was explored. In total, five conditions were investigated to optimize
the technology for high jet and diesel fuel yields. The operating window is presented
in Table 1. The effect of reaction temperature, LHSV (liquid hourly space velocity), and
reaction pressure was investigated in terms of product quality. During the research, daily
product samples were collected from each reactor for analysis. Each condition lasted three
days on stream (DOS) to achieve good catalyst stabilization. The stabilization of the catalyst
performance for each condition was evaluated by analyzing the sulfur content of the daily
liquid products.

Table 1. Tested operating window.

Temperature (K)  Pressure (MPa) LHSV (h- 1) H,/Oil Ratio (scfb)

Condition 1 663 13.78 0.5 5000
Condition 2 663 13.78 1 5000
Condition 3 643 13.78 1 5000
Condition 4 643 13.78 0.5 5000
Condition 5 643 10.34 0.5 5000

In the next phase, the research was extended by scaling up the process on a TRL 5
hydrotreatment plant, targeting the production of larger volumes of hydrotreated products
utilizing the SM TAGs and the optimum operating window, as obtained from the TRL 4
plant experiments. In the last phase, the total organic liquid product from the TRL 5 unit
was fractionated in a batch distillation unit aimed at the separation of jet and diesel fuel
fractions. The resulting advanced fuels were evaluated and their properties were compared
with the specifications of Jet A1, DMA marine diesel, EN590 for road transport diesel, and
EN 15940 of paraffinic HVO fuels.

2.2. Feeds and Catalyst

For the current research, a microbial oil was explored as a potential feedstock for the
production of advanced aviation and diesel fuels. The production of microbial oil was
performed via several steps. The initial feedstock was biogenic residues; more specifically,
they were waste straw and waste bark. In the first step, these biogenic residues were
converted to syngas (CO, CO,, and Hy) via a dual fluidized bed (DFB) gasifier (prior to this,
the feedstock was prepared into pellets). The final result of this thermochemical process is
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a syngas stream. In the second step, the syngas was converted by a two-stage fermentation
process to liquid products in the form of microbial oil consisting of triacylglycerides. For the
first syngas fermentation step, the bacterial strain of Moorella thermoacetica was utilized
for acetate production. For the second fermentation step, involving the production of TAGs
via aerobic fermentation of acetate, the strain of Yarrowia lipolytica was utilized. After TAG
production, a purification step, for the separation of TAGs from the oleaginous yeast, was
necessary. The extraction of TAGs was performed via dewatering, mechanical/enzymatic
treatment, concentration, and purification. The extracted TAGs constitute the feedstock of
the current research. Moreover, oleaginous yeasts were genetically modified to convert the
acetate derived from the first stage into C14 and C16-18 TAGs. The production of microbial
oil is described in detail by Detsios et al. [17].

However, due to the limited microbial oil availability for the production of larger
biofuel quantities at the TRL 5 hydrotreatment plant, an SM feed was developed to simulate
the microbial oil. It is well known that vegetable oils consist of TAGs with different chain
lengths depending on the source of the oil. A wide range of vegetable oils was reviewed to
simulate the fatty acid composition of microbial oil. Four commercial vegetable oils were
selected: palm oil, flaxseed o0il, olive oil, and pumpkin oil. These oils were selected due
to their appropriate chain lengths and their widespread availability in the Greek market,
where this research was conducted. The fatty acid composition of the microbial oil and
commercial vegetable oils is presented in Table 2.

Table 2. Free fatty acid composition of TAGs and various commercial vegetable oils.

Acids  Formula Units M‘“(rT":gsl)Oﬂ Palm Oil  Flaxseed Oil  Olive Oil  Pumpkin Oil
Lauric  CI120  wt% 0.00 021 0.00 0.00 0.00
Myrisic  C14:0  wit% 0.00 0.95 0.04 0.00 0.07
Palmitic ~ C16:0  wit% 24.00 4195 546 11.63 9.80
Palmitoleic ~ C16:1  wt% 3.00 0.00 0.00 0.00 0.00
Stearic  CI80  wt% 14.00 321 355 152 5.60
Oleic  CI81  wit% 48.00 40.36 24.08 7431 30.59
Linoleic  C182  wt% 9.00 10.20 15.13 8.90 52.23
Linolenic ~ C183  wt% 2.00 023 49.08 0.64 0.08
Arachidic  C20:0  wt% 0.00 0.46 0.28 0.69 0.42

To identify the best mix of commercial oils that would simulate the composition of
the microbial oil (based on the FFAs chain length) as closely as possible, a mathematical
solver from Microsoft Excel software (Office 2019 Professional) was employed. Based on
the mathematical solver, the optimum blend that can simulate the TAGs of microbial oil
is 42.89 wt% palm oil, 3.44 wt% flaxseed oil, 30.75 wt% olive oil, and 22.92 wt% pumpkin
seed oil.

To identify the accuracy of the solver and also to examine how close the free fatty
acid composition of the SM feed is compared to the real microbial TAGs, the fatty acid
composition of the blend was analyzed and compared with that of the microbial oil. Figure 1
presents the free fatty acid composition of the microbial oil (TAGs) compared to the SM
feed. It can be observed that the blended feed matches almost 80% of the composition
of the real microbial oil TAGs. The prepared blended feed can almost perfectly simulate
the two main acids of microbial oil TAGs, the palmitic acid and the oleic acid, with an
error very close to the detectable limits of the measurement. From the above analysis, it
can be observed that the SM feed that was created from a blend of various commercial
vegetable oils has an acceptable free fatty acids composition that could properly simulate
the composition of the microbial TAGs. From now on, the SM feed will be called SM TAGs,
while the raw microbial oil will be called TAGs.
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Figure 1. Free fatty acid composition of the TAGs and the SM TAGs.

The properties of both TAGs and SM TAGs are presented in Table 3. It can be observed
that the SM TAGs’ properties are similar to the properties of the real TAGs. More specifically,
the densities of the two feedstocks are very similar, approximately ~0.91 g/mL. In addition,
the elemental composition of the two feeds is very similar in terms of carbon, hydrogen,
oxygen, and sulfur content. The sulfur content from both feeds is below 100 wppm; more
specifically, for TAGs it is 65.4 wppm and for SM TAGs it is 2.84 wppm. However, the
sulfur of the SM TAGs increased from 2.84 wppm to 854.1 wppm, and for the TAGs, it
increased from 65.4 to wppm to 863.3 wppm during the experiments, due to the addition
of the DMDS (dimethyl-disulfide), as the instructions from the catalyst provider demand a
S content higher than 700 wppm (DMDS is added to increase the sulfur content of the feed
when sulfided catalysts are utilized). DMDS was selected as a hydrogen sulfide source,
which, in an industrial application, can be partially substituted by H,S recovered from
the off-gas of conventional hydrotreating processes [18]. In addition, the nitrogen content
from the SM TAGs was 9.3 wppm, while that from the TAGs was 87.6. To that aim, TBA
(tetra-butyl-amine) was added to the SM TAGs feed to increase the nitrogen content to
match that of the real TAGs. Thus, the nitrogen content of the SM TAGs was increased from
9.3 wppm to 83.2 wppm with the addition of TBA. Furthermore, the higher heating value
(HHV) is close to 40 M] /kg for both feedstocks. The total acid number (TAN) presents some
deviations between the two feedstocks. Additionally, the mass recovery curve (distillation
curve) of the two feedstocks indicates that they consist of heavy molecules that must be
hydrocracked to produce jet and marine diesel-range hydrocarbons.

Table 3. TAGs and SM TAGs properties.

Properties Units TAGs SM TAGs

Density at 288 K g/mL 0.9159 0.9188

Sulfur wppm 65.4 2.84
Sulfur + DMDS wppm 863.3 854.1
Hydrogen wt% 11.75 11.86
Carbon wt% 75.37 76.90
Nitrogen wt% 87.60 83.20
Oxygen wt% 12.86 11.15
Water dissolved wt% 0.373 0.026

TAN mgKOH/g 32.21 0.51
Viscosity at 315 K cSts 46.24 35.46
H/C ratio - 0.155 0.154
O/C ratio - 0.170 0.137
HHV * MJ/kg 40.01 40.82

Simulated distil. curve

IBO K 611 697

10 K 667 862

30 K 871 873

50 K 877 879

70 K 883 884

90 K 894 887

95 K 901 888

FBP K 1012 976

* Heating value was calculated based on [19].
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For the current investigation, a commercial catalytic system was explored, consist-
ing of four different catalysts. Both reactors were loaded with the same catalytic system.
The loading plan of the reactors from top to bottom is as follows: 10% v/v HDO (hy-
drodeoxygenation) catalyst, 30% v/v HDT (hydrotreating)-saturation catalyst, 10% v/v
HDO catalyst (similar to first zone), 40% v/v dewaxing-isomerization catalyst, and 10% v/v
hydrocracking catalyst. All catalysts utilized in the study are commercial. Consequently, no
further details can be provided due to a nondisclosure agreement (NDA) signed with the
catalyst company supplier. All catalysts were mixed with glass beads as an inert material
to maintain the desired LHSV. The presulfiding procedure was performed according to the
instructions of the catalyst provider, utilizing LAGO (light atmospheric gas oil) with DMDS.

2.3. Storage Stability Study

The hydrotreated product of TAGs (from condition 3) was stored for 6 months in a
metal container under a shed at ambient conditions in order to evaluate its stability over
time. The weather conditions during storage were mild (average annual temperature
~292 K, moisture content ~53.4 wt%). Samples were taken on a monthly basis and their
stability was studied by analyzing the water content (WC), TAN, viscosity (at 313 K), and
density (at 288 K). Before sampling, the container was shaken to ensure homogeneity.

2.4. Testing Infrastructure
2.4.1. Hydroprocessing Equipment (TRL 4)

For this study, the experiments from the hydrotreatment optimization and SM TAGS
evaluation were carried out in a small-scale pilot hydroprocessing plant (TRL 4), which
is schematically depicted in Figure 2. This unit is a small industrial system designed to
generate data on system behavior, which are used in the design of larger facilities.

To vent

N, T Hy— b

recycle (high pressure)
(for blanking)
Q

P-1

Gas
product

H_ T

Lo
o (high pressure)

To vent

Liquid
product

Gas
product

RX-1

Liquid
product

Figure 2. Simplified diagram of the hydroprocessing pilot plant TRL 4 at parallel mode.

The current unit consists of two reactors that can operate either in series or in parallel
mode. For the purposes of the current study, the unit was operated in parallel mode. Each
stainless-steel reactor operates continuously and consists of six independent heating zones,
sustaining the desired temperature profile within the reactor. The volume of each reactor
is ~300 mL, with an inlet diameter of 17.48 mm and a length of 1.289 m. Each reactor is
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equipped with six independent thermocouples that are placed inside a thermowell and
are used to control the reactor temperature profile. The hydrogen flow is monitored via
high-pressure flow controllers. More specifically, two hydrogen flow controllers for each
reactor keep the hydrogen flow of the unit constant. In the case of the liquid feed flow, two
high-pressure piston pumps are used, one for each reactor. Additionally, there is a spare
pump available to serve as a backup during the maintenance of the main pumps. Liquid
feeds are stored in two feed tanks (one for each reactor). Both feed tanks can be heated up
to 373 K, while there is also a recycling line to maintain the homogeneity of the feed. The
liquid feed is mixed with the hydrogen before the reactor. The products exit the reactor and
pass through a low-pressure temperature (at 308-313 K) separator for the phase separation.
There are two separators, one for each reactor. For the measurement of the gas product
flow rate, the unit is equipped with a wet test meter. The gas products are analyzed via
an online common Agilent 7890 series gas chromatograph analyzer. The liquid feed flow
capacity of the unit is from 60 mL/h to 200 mL/h, depending on the catalyst volume and
the desired LHSV.

2.4.2. Hydroprocessing Equipment (TRL 5)

The optimized technology was further scaled up in a TRL 5 hydrotreatment plant
utilizing the SM TAGs, rendering reliable large-scale research operation data. The pilot
plant is schematically depicted in Figure 3 and includes two stainless-steel continuous
downflow fixed-bed reactors operating in series (with an available volume of 555 cm? each,
28 mm inside diameter and 955 mm length). The temperature control of the reactors is
performed via five independent inlet thermocouples. Similar to the smaller TRL 4 unit, the
hydrogen flow is controlled via two gas flow controllers, while the liquid feed is monitored
via a high-pressure piston pump. The product exits the first reactor and enters the second
downflow reactor. The products from the second reactor pass through a high-pressure, low-
temperature separator where the liquid products are separated from the gas products. The
flow of the gas products is measured via a wet test meter device, while their composition is
measured via an off-line Agilent 7890 series gas chromatograph analyzer. The liquid feed
flow capacity of the TRL 5 unit is from 250 mL/h to 600 mL/h, depending on the catalyst
volume and the desired LHSV. It should be noted that the same catalytic system as that of
the TRL 4 plant was utilized.

b, 2
(high pressure) Gas
Product
to vent
HP
:\fl2 o ooyl Separator
£
P-1

o

RX1 RX2 Liquid

Product
Figure 3. Simplified diagram of the hydroprocessing pilot plant TRL 5.

2.4.3. Fractionation Equipment

For the fractionation of the total organic liquid product obtained from the TRL 5
hydrotreatment plant, a batch fractionation unit of CERTH was employed. The simplified
plot from the batch fractionation unit is presented in Figure 4. The current unit is a batch
distillation unit with a minimum capacity of 10 L and a maximum capacity of 20 L per
batch. The operation is based under vacuum conditions and can reach up to 638 K. The
unit consists of the feed tank with a capacity of 30 L, the fractionation column, and the
liquid product flask with a capacity of 20 L.
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Figure 4. Simplified diagram of the batch fractionation unit.

2.5. Analysis

Liquid and gas product samples were collected on a daily basis and analyzed in the
analytical laboratory of CPERI/CERTH. In the TRL 4 unit, the gaseous products were
analyzed online via an online GC 7890 Agilent analyzer (Agilent, St. Clara, CA, USA) that
enables accurate estimation of the hydrogen consumption during oils hydrotreatment. On
the other hand, the gaseous products from the TRL 5 unit were analyzed offline on the same
GC 7890 Agilent analyzer (Agilent, St. Clara, CA, USA). In the case of the liquid products,
several analyses were performed. A density measurement was performed according
to ASTM D-4052 (DMA4500, Anton Paar GmbH, Grez, Austria) [20]. The simulated
distillation curve of the liquid products was measured via ASTM D-7169 (6890N, Analytical
Control, Rotterdam, Netherlands) [21]. The content of carbon and hydrogen was estimated
according to the LECO ASTM D-5291 method (LECO CHN-628, St. Joseph, MI, USA) [22].
The sulfur content was determined using an XRFS analyzer via ASTM D-4294 (Lab-X35008S,
Oxford Instruments, High Wycombe, UK) [23]. The oxygen concentration was indirectly
calculated via difference, assuming a negligible concentration of all the other elements
in the measuring liquid sample. The dissolved water content was found via the ASTM
D-6304 (831 KF coulometer) [24] and ASTM E-203 (795 KFT Titrino) [25] depending on
the type of the sample. The total acid number (TAN) was calculated via the ASTM D-
664 (685 Dosimat/751 GPD Titrino, Metrohm Ltd., Herisah, Switzerland) [26]. Kinematic
viscosity was determined via the ASTM D445 (TV 2000/ AK PMT, Tamson Instruments,
Biesmijk, The Netherlands) [27]. The Cetane index on the products was measured via the
ASTM D-976 [28], oxidation stability via the ISO EN-15751 [29], and pour point via the
ASTM D-97 [30].

The high heating value (HHV) was estimated according to Equation (1), provided by
Channiwalla and Parikh, 2002 [19], and is given below:

M
HHV (k;) = 0.3491C + 1.1783H — 0.10340 — 0.0151N + 0.1005S @)
where C, H, O, N, and S, represent the corresponding elemental (wt%) composition on a
dry basis.

3. Results
3.1. Simulated Feedstock Evaluation

The first step of the current investigation is to evaluate the efficiency of the SM TAGs
to simulate the real TAGs and, secondly, to optimize the hydroprocessing operation. To that
aim, the two feedstocks were tested on the same five operating conditions (Table 1). This
section presents the results from both TAGs and SM TAGs products after hydroprocessing.
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A very important analysis in order to evaluate the products” quality after hydrotreatment is
the mass recovery curve analysis, which is presented in Figure 5. The results show that the
mass recovery curve of the TAGs products and the SM TAGs products are almost similar.
This shows that the hydroprocessing of the SM TAGs can lead to similar-boiling-range
hydrocarbons with the hydroprocessing of the real TAGs. Furthermore, it can be observed
that an increase in the LHSV from 0.5 h™! (condition 1) to 1 h™! (condition 2) leads to
heavier hydrocarbons in the organic liquid products. The higher LHSV means that the
liquid flow is higher and, thus, the reaction time is lower. A reduction in reaction time
leads to fewer hydrocracking reactions and, finally, to a heavier product than jet and diesel
fuel. In addition, the LHSV also affects the reactor volume; higher LHSV requires smaller
reactors and, thus, investment cost. As a result, condition 2 is preferable compared to
condition 1 as it can lead to higher jet and diesel fuel yields and also it requires half the
catalyst and reactor size compared to condition 1. The yields of jet and diesel fuel for
condition 1 are 36 and 15 wt%, respectively, while for condition 2 they are 43 and 35 wt%,
respectively. Similar jet yields from the hydrotreatment of palm oil were observed by
Lin et al. [31] and also by Xu et al. [32], who examined the production of aviation fuels via
the hydrogenation of waste triacylglycerides.

TAGs Feed = ====- SM TAGs feed TAGs Cond. 1

TAGs Cond. 2

TAGs Cond. 4 TAGsCond.5 = ====- SM TAGs Cond. 1

————— SM TAGs Cond. 2 SM TAGs Cond. 3 ====:SM TAGs Cond. 4 SM TAGs Cond. 5
00

101
v/
____'
.
i

,?f Diesel range

Jet range

TAGs Cond. 3

-Gasoline range

Temperature (K)

0 10 20 30 40 50 60 70 80 90 100
Mass recovery curve (wt%)

Figure 5. Mass recovery curves of the TAGs and SM TAGs products.

The effect of reaction temperature was investigated via the conditions 2 and 3. The
reaction temperature of condition 2 was 663 K, while for condition 3 it was 643 K. From
the mass recovery curves (distillation curves) of conditions 2 and 3, it can be observed
that the reduction in operating temperature has led to fewer cracking reactions and, thus,
heavier hydrocarbons in the products, confirming the results from various studies that have
tested the hydrotreatment of lipid-based feedstocks targeting aviation fuel production [33].
The jet and diesel yields from condition 3 are 33 and 64 wt%, respectively. In general,
the higher the operation temperature, the quicker the catalyst deactivation; in addition,
higher temperatures require higher energy demands. From the above results, it is easily
noticeable that condition 3 is preferable. In order to further improve the process, the
LHSV was reduced in condition 4, at the same time keeping the temperature at 643 K.
It can be observed that the reduction in the LHSV from 1 h! to 0.5 h~! led to more
hydrocracking reactions as the retention time increased. However, lower LHSVs demand
bigger reactors and,, thus higher investment costs for the same unit capacity. Finally, in
order to test the effect of the reaction pressure, the pressure was reduced to 10 MPa in
condition No. 5, at the same time keeping the temperature at 643 K and the LHSV at0.5h~!.
Based on the results of Figure 5, the reduction in the reaction pressure does not strongly
influence the mass recovery curve of the products. A minor effect of operating pressure
on product quality was observed also by Feng et al. [34], who studied the hydrotreatment
of oleic acid, targeting the production of aviation-fuel-range alkanes at different reaction
temperatures and operating pressures. Similar results were also observed by Li et al. [35],
who investigated the production of aviation kerosene via one-step hydrotreatment of
jatropha oil in a high-pressure fixed-bed reactor.



Energies 2024, 17, 3854

10 of 20

To evaluate the efficiency of the SM TAGs to simulate the real TAGs, the density and
cetane index were also compared in Figure 6. The results show that the products from both
feedstocks have identical densities, confirming in that way the efficiency of the SM TAGs to
simulate the real TAGs in terms of product density. In the case of the cetane index, which
shows the quality of the fuel during the combustion process, the two feedstocks present
very similar values.
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Figure 6. Density and cetane index of the TAGs and SM TAGs products.

The last two parameters that were evaluated during the process are the hydrogen con-
sumption and the organic yields (Figure 7). As can be noticed, the hydrogen consumption
presents some deviations between the two feeds. More specifically, the hydroprocessing
of the TAGs required less hydrogen compared to the hydroprocessing of the SM TAGs.
This deviation in hydrogen consumption can be explained by the small differences in the
free fatty acid composition between the TAGs and the SM TAGs. The SM TAGs consist
of 10 wt% more linoleic acid (C18:2) that consists of double bonds, while the TAGs have
almost 10 wt% more stearic acid (C18:0) with no double bonds (Figure 1). For that reason,
the hydrogen consumption for the hydroprocessing of SM TAGs is higher compared to
the hydroprocessing of the TAGs. This is because the double bonds present in linoleic
acids require additional hydrogen to break. However, the hydrogen consumption that is
presented here is just an indication and cannot be considered as an absolute value because
it is affected by several factors such as the hydrogen determination in the liquid feed and
products. The organic yields from the products of both feeds are also presented in Figure 7.
It is easily noticeable that the hydroprocessing of both feeds can lead to similar organic
yields, confirming, once again, the ability of the SM feed to simulate the real TAGs.
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Figure 7. Hydrogen consumption and organic yields from the TAGs and the SM TAGs products.
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3.2. Operating Process Evaluation

The results up to now have shown that in terms of distillation curve and hydrogen
consumption, condition No. 3 is the optimum one as it presents the highest jet and diesel
fuel yields with an average hydrogen consumption. However, before concluding which
operating window is the optimum one, further data analysis is important. To that aim,
the gas product analysis from all conditions is presented in Table 4, presenting useful
information about the reaction pathways during the hydroprocessing. According to the
detailed feed properties analysis, both the TAGs and the SM TAGs present high oxygen
content; more specifically, the oxygen content for the TAGs is 12.8 wt%, while for the SM
TAGs it is 11.2 wt%, due to the oxygenate compounds that are contained in both feedstocks.

Table 4. Gas product analysis.

TAGs SM TAGs
Conditions Conditions
1 2 3 4 5 1 2 3 4 5
Hydrogen 88.612 88.597 90.828 93.067 90.605 81.276 86.807 89.792 89.263  88.567

Methane 2132 1586 1.025 1.174 1.118 4151 2484 1461 2242 1.642
Propane 2862 2756 2323 1.778 2.575 5.095  3.645 2966  3.222 3.343
Isobutane 0.000 0.576 0.110  0.000 0.200 0.000 0.644 0.078  0.151 0.306
N-Butane 0.788 0476 0.127  0.106 0.138 1.103  0.439 0.068 0.114 0.203
Isopentane 0521 0.854 0294 0.082 0.106 0816  0.394 0.082  0.095 0.173
N-Pentane 0.261 0450 0.187  0.047 0.064 0397  0.222 0.064  0.056 0.086

Carbon dioxide 0.112 0517 0596  0.140 0.580 0322 0.763 0.796  0.370 0.801
Carbon monoxide  0.000 0.037 0.034  0.000 0.041 0.025  0.048 0.044 0.024  0.049

Nitrogen 0.055 0.050 0.045 0.041 0.060 0.054 0.052 0050 0.055 0.050
Ethane 0.404 0.000 0.000  0.000 0.000 0412 0.000  0.000  0.000  0.000
Cé6+ 0.262 0479 039  0.190 0.167 0355 0437 0352 0187  0.180

There are three main types of reactions that remove the oxygen content from the lipids:
the hydrodeoxygenation reactions that result in the formation of water as an aqueous
second phase in the liquid product (Equation (4)); the decarboxylation reactions, where the
oxygen is removed as carbon dioxide in the gas products (Equation (3)); and, finally, the
decarbonylation reactions, where the oxygen content is removed via carbon monoxide in
the gas products (Equation (2)). However, additional reactions occurred during the process,
such as the methanation (Equations (5)—(7)) and the water gas shift reaction (Equation (8)).
The suggested reactions according to the literature are presented below [36].

R — CH; — COOH + H; — R — CHj3 + CO + H,O (decarbonylation) ()

R — CH; — COOH — R — CHj3 + CO; (decarboxylation) 3)

R — CH,; — COOH + 3H; — R — CH; — CHj3 + 2H,0 (hydrodeoxygenation)  (4)
CO + 3H; ++ CHy + HpO (methanation 1/3) (5)

2CO + 2H; +» CHy + CO; (methanation 2/3) (6)

CO; + 4H; +» CH; 4 2H,0 (methanations 3/3) (7

(

CO;, + H; < CO + H,0 (water gas shift) 8)

~

In general, the gas product consists mainly of unreacted hydrogen, some gas hy-
drocarbons such as methane, propane ethane, butane, etc., and also contains some small
amounts of CO and CO;. These results are in agreement with previous studies in the
literature, where the hydroprocessing of lipid-based feedstocks was investigated, such
as palm oil [31], soybean [32], animal fats [36], waste cooking oil [37], etc. According to
the gas product analysis, carbon monoxide and carbon dioxide are present in the gases,
showing that the oxygen is removed via the decarboxylation and decarbonylation reactions.
Furthermore, the presence of the second aqueous phase on the liquid products confirms
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that the oxygen is also removed via the hydrodeoxygenation reactions. Furthermore, the
formation of methane confirms the presence of the methanation reactions. Increasing the
LHSV from 0.5 h~! in condition 1 to 1 h~! in condition 2 leads to an increase in the carbon
dioxide percent; at the same time, there is also some carbon monoxide production, while
the methane content is reduced. This shows that the reduction in the retention time leads to
fewer methanation reactions (5), (6), and (7). The second aqueous phase is reduced during
condition 2, which means that there are fewer reactions during the process, while the
carbon monoxide and the carbon dioxide are not transformed to methane via methanation.
These results confirm that the increase in LHSV reduces the reaction time of the feed on
the catalyst, leading to fewer hydrotreating reactions, which can be also confirmed by the
hydrogen consumption plot (Figure 7), where the hydrogen consumption during condition
2 is lower compared to condition 1. Moving to the third condition, the temperature is
reduced from 663 K (condition 2) to 643 K (condition 3), while the LHSV is kept constant
at 1 h~!. In general, the lower reaction temperature in the hydrotreating process leads
to milder reactions and, thus, lower hydrogen consumption, which is also confirmed by
Figure 7. Furthermore, from the gas product analysis, it can be observed that the methane is
reduced further, showing that the higher temperatures favor methanation reactions. As the
methane content is reduced, the carbon monoxide and carbon dioxide content are increased,
which means that less carbon monoxide and carbon dioxide react with the hydrogen to
form methane via Equations (5) to (7). Reducing the LHSV at 0.5 h~! at 643 K leads to more
methanation reactions (5), (6), and (7), as the carbon monoxide and the carbon dioxide react
with the hydrogen, leading to a higher methane production. In addition, the hydrogen
consumption is also increased. Furthermore, propane production has also increased. The
propane originates from the glycerol backbone of triglycerides [38]. Finally reducing the
pressure from 13.78 MPa (condition 4) to 10.34 MPa (condition 5) leads to the reduction in
hydrogen consumption. Less methane and propane are produced in condition 5 compared
to 4, while the content of carbon dioxide and carbon monoxide in the gas products is
increased. This is expected, as the higher pressure favors hydrotreatment reactions. In
general, the target of the hydrotreatment is to break the heavy molecules of the feedstock
and also to remove the heteroatoms (sulfur, nitrogen, and oxygen) from the feedstock, but
at the same time to avoid the production of hydrocarbons in the gas products (e.g., the
methane and propane). The carbons determined/identified on the gas products are carbon
losses from the liquid fuel products. Based on this analysis, the lower methane and propane
formation is observed in condition 3, which has an average hydrogen consumption and
high jet and diesel fuel yields. To that aim, condition 3 can be selected as the optimum one.
As condition 3 was selected as the optimum one, a GC MS analysis was performed on
the products from both feedstocks, the TAGs and the SM TAGs, and the results are presented
in Figure 8. As can be observed, both products consist mainly of paraffins and iso-paraffins.
More specifically, the product from TAGs consists of 73.64 wt% paraffins and 24.84 wt% iso-
paraffins, while the product from SM TAGs consists of 65.20 wt% paraffins and 33.11 wt%
iso-paraffins. These results are very close between the two products. Furthermore, it
can be observed that the free fatty acids from both feedstocks were converted to light
hydrocarbons, confirming the successfulness of the hydrotreatment technology.
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Figure 8. GC MS analysis of the TAGs and SM TAGs products hydrotreatment (condition 3).
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3.3. TRL 5 Scale-Up—Production

The experiments performed on the TRL 4 unit showed that the SM TAGs can simulate
the TAGs with high accuracy, leading to similar organic liquid products. Furthermore, the
prescreening test showed that the optimum operating window for the hydrotreatment of
the TAGs and the SM TAGs is condition 3 at 643 K, 13.78 MPa, 1 h—1, and 5000 scfb. In
the next phase, the current findings were extended to a higher-scale unit TRL 5, while the
same catalytic system was loaded, utilizing the SM TAGs as a feedstock (due to the limited
availability of TAG quantities). The production run on the TRL 5 unit lasted 33 days in a
stream of continuous operation. The total liquid product that was collected consisted of the
organic and the aqueous phases. The aqueous phase was mechanically removed via gravity.
Table 5 presents an average mass balance from the unit operation. It is easily observed that
the mass closure is 97%; this is due to the measurement errors from the different analytical
instruments that were used to calculate the mass flows between the products and the feed.
However, for a TRL 5 pilot plant, the 97% mass closure is very high. Furthermore, it can
be observed that from 1 g of feed, 0.87 g of organic product is produced, as the aqueous
phase is approximately 10% v /v of the total liquid product. The organic phase of all days
on stream was blended, leading to a total organic liquid product of approximately 300 L.

Table 5. Average mass balance of TRL 5 hydrotreatment plant.

Units Mass Flows
Liquid feed g/h 344.5
Hydrogen feed g/h 30.7
Liquid organic product g/h 299.8
Aqueous liquid product g/h 33.3
Gas product g/h 314
Mass balance % 97.1

The operation of the TRL 5 unit, as well as the catalyst life, was monitored via the
sulfur content on the daily products. Figure 9 presents the sulfur content of all products
during the experiments, also including the max limits of EN590 and EN15940 for the
road transport market diesel and the paraffinic fuels, respectively, for comparison reasons.
According to the results of sulfur content, the catalyst life as well as the operation of the
unit were constant during the 33 days of run. In general, the sulfur content in the products
was very low and below the max limits of EN590 and EN15940 specifications. No DP was
observed during the operation, nor was there any coke formation on the catalyst. These
results are important, confirming the scaling up of the tested technology to TRL 5 and
moving the proposed technological approach closer to commercialization.
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Figure 9. Sulfur content with DOS.

The total liquid product from the TRL 5 HDT plant (~300 L) was fractionated in a
batch fractionation unit, as described in Section 2.4.3, in order to separate the jet from the
diesel fraction. Particularly, the jet fraction range is from 473 K to 573 K, while the diesel
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fraction range is from 573 K to 633 K. It should be noted here that the diesel-range fraction
can also range from 473 K to 633 K, including the jet fraction, if the target is only the diesel
fuel production. The fractionation of the 300 L hydrotreated product was completed via
several runs. The fractions were blended in two different barrels, one for the jet fuel and
one for the diesel fraction. In the last phase of the study, two samples were collected, one of
each fraction, to be analyzed and compared with the fuel specifications.

The mass recovery curve from the two fractions is presented in Figure 10A for the jet
fuel and in Figure 10B for the diesel fuel. The jet fraction (Figure 10A) consists of 90 wt%
jet-boiling-range hydrocarbons, 5 wt% lighter-boiling-range hydrocarbons in the gasoline
range, and 5 wt% heavier-boiling-range hydrocarbons in the diesel range. In the case
of the diesel fraction, it seems that the diesel fraction from 573-633 K is 74 wt%, while
there is 1 wt% heavier-, 23 wt% jet-, and 2 wt% gasoline-range hydrocarbons. However,
it should be noted that sometimes when the targeted product is only the diesel fraction,
the range can be considered from 473 to 633 K, also including the jet fraction on the diesel
part. Considering this, the diesel fraction consists of 97 wt% diesel-, 1 wt% heavier-, and
2 wt% gasoline-range hydrocarbons. In general, the fractionation of the total organic liquid
product was successful. In the next step, the two fractions were evaluated and compared
with the fuel specifications, as presented in Table 6. More specifically, Table 6 presents the
Jet Al specs for aviation fuels, the EN590 specs for road transport market diesel, the DMA
specs for marine diesel fuel, and the EN15940 specs for HVO paraffinic fuel, also including
the results from the jet and diesel fractions of the current study. As far as the jet fraction is
concerned, all the measured properties fulfill the Jet Al specifications. More specifically, the
density is similar (775 kg/ m?) to the minimum value for the Jet Al specs, viscosity is lower
(2.53 mm?s~!) than 8 mm?s~!, the sulfur content is much lower (0.0004 wt%) compared to
the Jet Al specs (0.3 wt%), the flash point is much higher (391 K) compared to the minimum
value for Jet Al specs (>311 K), and the calorific value is higher (46.37 MJ/kg) compared to
the minimum value for Jet Al specs (>42.8 MJ/kg). In general, the jet fraction produced
during the study can be characterized as a high-quality advanced aviation fuel that can be
used as an improver additive (drop-in fuel) in fossil jet fuel.

The diesel fraction was compared with the DMA specifications for marine fuels and
with the specifications of the EN590 for the fossil market road transport diesel, as well as
with the specifications of the EN15940 for HVO paraffinic fuels. The reason is that the diesel
fraction presents better properties compared to the fossil counterparts. More specifically,
the produced diesel fraction has a much higher calorific value (46.37 MJ/kg) compared to
the road transport diesel EN590 (43.8 M]/kg). Furthermore, the cetane number is much
higher (78.9) than the DMA and the EN590 (>40) specifications, but also higher compared
to the minimum value of the EN15940 for paraffinic fuels (>70). The viscosity fulfills
the requirements from all types of diesel fuels (EN590, EN15940, and DMA); in addition,
the flash point is really high, approximately ~391 K, while, finally, the most important
parameter, the sulfur content, is below 5 wppm, fulfilling even the strictest requirements
of the EN15940 (<5 wppm). Based on these findings, it is evident that the diesel fraction
is a high-quality advanced drop-in diesel fuel that can be used either as a road transport
substitute or as a blending component improver for fossil diesel fuel. Additionally, it is
suitable for use as a high-quality bunker fuel or as an additive to improve the quality of
commercial marine diesel.
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Figure 10. Mass recovery curves (shown with the black color straight lines are the ranges for the fossil
diesel, the jet, and the gasoline): (A) for the aviation fraction (the blue color line presents the curve
for the aviation/jet fraction) and (B) for the marine diesel fraction (the brown color line presents the
curve for the marine diesel fraction).
Table 6. Specifications for the Jet A1, the EN590 for market road diesel, the DMA for marine diesel,
the EN15940 for paraffinic HVO fuels, and from the jet and diesel fraction of the study.
Properties Units Jet A1 Specs ]gll\issz(l) g;:i DMgplz/i:rine HVSOp 25;940 Jet Fraction Diesel Fraction
Density at 288 K kg/m3 775-840 820-845 <890 765-800 775 785
Viscosity at 313 K mm?s~! <8* 1.9-4.1 2.0-6.0 2-45 2.53 2.53
Cetane number - - >40 >40 >70 - 78.9
Oxidation stability gm? - <25 <25 <25 - -
Aromatics v/v% <25 - - <1.0 0.0 -
S content wt% <0.3 <0.0005 <15 <5 0.0004 0.0004
Flash point K >311 >325 >333 >323 373 391
Lubricity at 333 K pm - <520 <520 - - -
Ash wit% - <0.01 <0.01 <0.01 - -
Water and sediment v/v% - <0.05 - - - 0.0028
Calorific value MJ/kg >42.8 43.8 - - 46.93 46.37
Carbon residue wit% - - <0.3 <0.3 - -

* Viscosity for jet fraction is measured at 253 K.
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3.4. Storage Stability Study

For the stability study, the product derived from the TRL 4 experiments with TAGs
was selected (optimum condition 3). During storage, the product remained transparent,
while solids were not formed. The results are presented in Figures 11 and 12, showing the
product stability over time. The TAN variation over time is negligible, pointing to limited
oxidative variations. Moreover, the other monitored properties did not present a noticeable
difference, further verifying the product’s stability while maintaining its quality. Therefore,
it can probably be inferred that the TAGs hydrotreated products are stable and their storage
is feasible for a maximum period of 6 months, whereas regular monitoring of their quality
characteristics is suggested.
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Figure 11. WC and density of the TAGs hydrotreated products during storage.
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Figure 12. Viscosity and TAN of the TAGs hydrotreated products during storage.

4. Discussion

The current manuscript aimed to investigate the production of advanced renewable
drop-in fuels from the hydroprocessing of microbial oils (TAGs) up to the TRL 5 scale.
The studies in this research field are limited mostly to batch reactors or low TRL pilot
plants. Thus, this research is focused on filling this gap in the literature by providing useful
operation data up to TRL 5, which would help to move the technology one step closer to
commercialization. To that aim, in the first phase of the research, the optimization of the
hydrotreatment technology was studied on a TRL 4 continuous operation hydrotreatment
pilot plant where the upgrading of the TAGs was investigated via several operating con-
ditions. The TAGs were successfully converted to 65-73 wt% n-paraffins and 24-33 wt%
iso-paraffins. In accordance with the findings, the reduction in the operating temperature
leads to less cracking reactions and thus heavier hydrocarbons in the products, confirming
the results from various studies that have tested the hydrotreatment of lipid-based feed-
stocks targeting aviation fuel production [33]. Furthermore, a minor effect on the product
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quality was observed from the changes in the reactor pressure. These results are is in
agreement with other studies that have investigated the hydrotreatment upgrading of tria-
cylglycerides to advanced fuels [34,35]. As far as the LHSV is concerned, it was found that
the reduction in the LHSV from 1 h™! to 0.5 h~! has led to more hydrocracking reactions as
the retention time was increased. However, the lower LHSVs demand bigger reactors and
thus higher investment costs for the same unit capacity. The optimum operating window
was noticed at 643 K, 13.78 MPa, 1 h—! and 5000 scfb, leading to a product that consists of
jet- and diesel-range hydrocarbons. The findings are in accordance with previous studies
that that have investigated the conversion of other lipid-based feedstocks that present
similar characteristics with the TAGs [8,12,31-35].

In the next phase, the target was to scale-up the process on a TRL 5 continuous
operation hydrotreatment pilot plant. Nevertheless, due to the limited TAGs availability, the
feedstock was simulated via a blend of four commercial oils (42.89 wt% palm oil, 3.44 wt%
flaxseed oil, 30.75 wt% olive oil, and 22.92 wt% pumpkin seed oil). The analysis of the two
feeds showed that the blended feed matches almost 80% of the free fatty acid composition
of the real TAGs. Therefore, it can be assumed that the prepared blended feed can almost
perfectly simulate the two core FFAs of the microbial oil TAG, the palmitic acid and the oleic
acid, with an error close to the detectable measurement limits. According to the properties,
the two feedstocks present similar results. The density, the elemental composition, and
the simulated distillation curve are very similar between the two feedstocks; only the
total acid number presents some deviations. To investigate the efficiency of the simulated
feed (SM TAGs) to simulate the real TAGs, both feeds (TAGs and SM TAGs) were tested
over several operating hydrotreatment conditions. The hydrotreatment results showed
that similar-quality liquid products can be produced from both feedstocks. However, the
hydrogen consumption of the SM TAGs was higher compared to that of the real TAGs.
The reason is that the SM TAGs consist of 10 wt% higher amount of linoleic acid (C18:2)
that consists of double bonds, while the TAGs have almost 10 wt% higher stearic acid
(C18:0) with no double bonds. Thus, the hydrogen consumption for the SM TAGs is higher
compared to the TAGs, in order to break the higher number of the double bonds present in
linoleic acids.

In the last phase, the process was scaled up on a TRL 5 pilot plant, utilizing 300 L
from the SM TAGs. The resulting total liquid product was a two-phase liquid consisting of
the organic and the aqueous phases. The aqueous phase was separated from the organic
phase via gravity. The organic phase was further inserted in a batch fractionation unit to
separate the jet from the diesel fraction. Additionally, the organic phase of the products
was also examined in terms of storage assessment, exhibiting noticeable stability over
the 6-month storage period at ambient conditions, as verified by the monitoring of its
qualitative properties. The two fractions (jet and diesel) were analyzed and compared with
the Jet A1 specifications for aviation kerosene, the DMA specifications for marine diesel,
the EN590 specifications for road transport diesel, and the EN15940 specifications for the
HVO paraffinic fuel. The results showed that the diesel fraction is characterized by a higher
cetane number (78.9) and higher heating value (46.37 MJ/kg) compared to the commercial
fossil diesel (cetane number: >40, HHV: 43.8 MJ/kg), exhibiting improved combustion
performance on diesel car engines [39]. In addition, the fact that the produced advanced
diesel fuel is paraffinic and iso-paraffinic can lead also to emission benefits, compared to
fossil diesel, during its combustion in diesel car engines [40]. In general, the produced
advanced diesel fraction is a high-quality fuel that can be used either as a road transport
substitute or as a blending component improver for the fossil diesel fuel. But, it can also be
used as a high-quality bunker fuel or as an improver for commercial marine diesel.

In the case of the jet fraction, this was compared with the specifications for Jet Al.
All the properties measured in the manuscript fulfill the Jet Al specifications. The most
important property for aviation fuels is the freezing point, which, according to the Jet Al
specs, should be —313 K. However, the freezing point of the advanced jet fraction was not
measured as the laboratory is not equipped with the required analytical instrument for the
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freezing point analysis. In general, according to the results, the jet fraction produced during
the study can be characterized as a high-quality advanced aviation fuel that can be used
either as a drop-in fuel in the fossil jet or as an improver additive. In general, the technology
was successfully scaled up to TRL 5, rendering the research closer to commercialization.
However, further research is required on the process optimization and TAG testing at plants
higher than the TRL 5 level prior to the commercial application of the technology.

5. Conclusions

This study was aimed at the production of advanced road transport, maritime, and jet
fuels via hydrotreating of microbial oil utilizing green H2. In the first step, the hydrotreat-
ment technology was evaluated and optimized on a TRL 4 plant. The results showed that
the optimal hydroprocessing conditions are 13.78 MPa pressure, 643 K temperature, 1 h~!
LHSV, and 5000 scfb H; /oil ratio. In the next step, the process was scaled up on a TRL 5 hy-
drotreatment plant. Due to the limited TAGs availability, a simulated feedstock was created
by blending various commercial oils to simulate the TAGs FFAs composition. According to
the findings, the microbial oil FFAs composition was effectively simulated via a blend of
four commercial oils, including 42.89 wt% palm oil, 3.44 wt% flaxseed oil, 30.75 wt% olive
oil, and 22.92 wt% pumpkin seed oil. The hydrotreating of the real microbial oil and the
simulated feed rendered similar-quality liquid products. As a result, the simulated TAGs
were utilized in the TRL 5 plant. The technology was successfully scaled up in the TRL 5
hydrotreatment plant, leading to 300 L of organic liquid product. In addition, according to
the storage stability study, the organic liquid product exhibited noticeable stability over the
6-month storage period at ambient conditions, while its quality was not deteriorated. In
the next step, the 300 L of the organic liquid product was successfully fractionated on a
batch fractionation unit, leading to the separation of the diesel and jet fractions. The diesel
fraction was compared with the specifications of the EN590 for road transport diesel, of the
DMA for marine diesel, and of the EN15940 for HVO paraffinic fuels. The results underline
that the diesel fraction is a high-quality advanced diesel fuel that can be utilized either as a
road transport or maritime substitute or as a blending component improver for fossil diesel
fuel. Finally, the jet fraction was compared with the specifications for the Jet Al, and the
results showed that it is a high-quality advanced aviation fuel that could be utilized as a
drop-in fuel in fossil jets or even as an improver additive.
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Abbreviation

CERTH Centre for Research & Technology Hellas
CPERI  Chemical Process & Energy Resources Institute
DFB Dual fluidized bed

DMDS  Dimethyl-disulphide

DOS Days on stream

Dp Drop pressure

FAME  Fatty acid methyl ester
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GC Gas chromatograph

HDO Hydrodeoxygenation

HDT Hydrotreating

HHV Higher heating value

HVO Hydrotreated vegetable oils
LAGO Light atmospheric gas oil
LHSV Liquid hourly space velocity
NDA Nondisclosure agreement
SMTAGs Simulated triacylglycerides
TAGs Triacylglycerides

TAN Total acid number

TBA Tetra-butyl-amine

TRL Technology readiness level
WC Water content
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