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A B S T R A C T   

Biocrude oil from hydrothermal liquefaction (HTL) demonstrates promise as a supplement to the transportation 
fuel supply. However, its poor chemical (heteroatom content, energy content), physical (viscosity, density), and 
thermal (boiling point distribution, cetane value, cold-flow properties) characteristics limit commercial appli
cation. This study investigated the potential for the biocrude oil distillates derived from the mobile, pilot-scale 
HTL conversion of food waste to serve as a transportation fuel (gasoline, diesel, jet fuel) blendstock. Distillation 
increased the H:C (4.2–13.7%), decreased the O:C (5.5–93.5%), decreased the N:C (6.0–39.0%), and augmented 
the HHV (4.1–21.3%) compared to the biocrude oil, leading to values of 1.97, 0.003, 0.004, and 52.0 MJ•kg−1, 
respectively. These values were similar to the H:C (1.65, 1.94, 2.02), O:C (0.02, ~0, ~0), N:C (0.0002, 0.002, 
0.002), and HHV (50.0, 53.1, 53.4 MJ•kg−1) values of gasoline, diesel, and Jet A fuels, respectively. With respect 
to the physical properties, distillation decreased the density (23.8–30.5%) and viscosity (99.5–99.9%), while the 
acidity either increased or decreased depending on the distillation temperature. Despite the benefits of distil
lation, blending is still required due to the poor N:C, viscosity, and acidity of the distillates. Theoretical blending 
calculations determined that blending with Jet A was the most favorable blendstock, amounting to deviations of 
63.3–316.6% with the Jet A fuel when the distillate proportion ranged from 10 to 50%.   

1. Introduction 

The accumulation and mitigation of food waste has become an 
increasing point of interest for developing and developed nations alike. 
The U.S. Environmental Protection Agency estimates that 31% of the 
overall food supply is wasted, and approximately 94% of the food that is 
thrown away ends up in either landfills or incineration facilities [1,2]. 
These treatment methods suffer from a variety of drawbacks. Landfilling 
produces a leachate that necessitates dilution with large volumes of 
water to reach discharge standards [3]. A previous study noted that 
diverting food waste away from landfills could reduce environmental 
methane emissions by 9% while only leading to a 1% decline in energy 
production potential due to the inefficiency of harvesting methane [4]. 
As for incineration, due to the high moisture content of food waste, this 
processing technique is energy intensive, and it can release toxic air 
emissions and concentrated inorganic waste [5]. Thus, new techniques 

need to be explored that can utilize food waste to produce value-added 
products with minimal deleterious environmental impacts. 

Hydrothermal liquefaction (HTL) is a thermochemical conversion 
process that converts high moisture feedstocks into biocrude oil and 
other value-added products. Typically, HTL is conducted in batch-type 
reactors (10–100 mL) at temperature and pressure conditions below or 
near the critical point of water (374 ◦C, 22 MPa) [6–8]. Previous studies 
have documented the successful batch conversion of food waste. Chen 
et al. demonstrated that biocrude oil derived from food waste exhibited 
a low ignition temperature, low burnout temperature, and a high 
combustibility index. This signified that biocrude oil derived from food 
waste was more combustible compared to biocrude oil derived from 
other feedstocks [9]. It should be noted that the biodegradability of food 
waste makes anaerobic digestion a formidable challenger to HTL treat
ment technology. Previous studies demonstrated large methane yields 
(0.1–0.9 m3•(kg volatile solids)-1) from the conversion of food waste. 
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However, the high content of protein and lipids in food waste can lead to 
inhibitory levels of ammonia and long chain fatty acids, cause foaming 
due to surface active materials or surfactants, and limit the system sta
bility and economic viability of this treatment measure [10]. In addition, 
although the process energy input of HTL and upgrading (3.2 MJ•kg−1) 
for the conversion of food waste was greater than anaerobic digestion 
(0.7 MJ•kg−1), the energy recovery ratio was higher (HTL and 
upgrading: 0.8, anaerobic digestion: 0.1–0.6), and the emissions were 
similar (HTL and upgrading: 0.2 kg CO2•kg−1, anaerobic digestion: 0.1 
kg CO2•kg−1) [11]. A previous study combining HTL and anaerobic 
digestion systems to develop a power-to-gas framework for the valori
zation of waste noted that from a techno-economic vantage point, 
anaerobic digestion accounted for a lower capital and operating cost 
($255 million and $21 million•year−1, respectively) than HTL ($484 
million and $80 million•year−1, respectively) [12]. However, the mar
ket for providing a renewable source of sustainable aviation fuels (SAF) 
via thermochemical conversion of food waste brightens the economic 
prospects of HTL technology relative to anaerobic digestion [13]. 
Despite the potential of HTL technology, several drivers still limit the 
fuel quality and upscale potential of this processing technology. 

Aierzhati et al. demonstrated that the conversion of food waste 
model compounds led to a variability in the biocrude oil yield ranging 
from 2 to 79%, a heating value ranging from 32.7 to 40.4 MJ•kg−1, and 
an energy recovery ranging from 17.2 to 75.1%. However, the content of 
oxygen and nitrogen still remained very high, amounting to 11.6–17.1 
wt% and 0.2–8.7 wt%, respectively [14]. In addition to problems asso
ciated with oxygen- and nitrogen-containing derivatives, the success of 
food waste thermochemical conversion is limited to batch processing, 
and very few studies have achieved the conversion of food waste at the 
pilot-scale [15]. Thus, despite the inherent benefits of HTL conversion, 
the high heteroatom content and lack of scalability still need to be 
addressed before biocrude oil derived from HTL can achieve its com
mercial potential. 

Distillation can isolate heteroatom-containing compounds. Pederson 
et al. determined that distillation separated complex chemical moieties 
into smaller groups that contain similar chemical structures. Further
more, Pederson et al. found that light oxygenates distilled out into the 
lighter fractions, leading to ketones and other non-aromatic oxygenates 
being segregated to fractions with a boiling point below 250 ◦C [16]. 
Hoffman et al. found that fractional distillation caused the carbon con
tent in biocrude oil derived from hardwood to increase from 83.9 to 
88.2 wt%, the nitrogen content to decrease from 0.4 wt% to an unde
tectable level, and the oxygen content to decrease from 5.3 to 0.6 wt% 
[17]. Taghipour et al. also reported that fractional distillation influenced 
the physical properties of light and heavy biocrude oil distillates. It was 
concluded that fractional distillation decreased the viscosity by 
approximately 80% and 15% in the lightest and heaviest distillate 
fraction, respectively. Moreover, the density decreased in the lightest 
fraction by about 15%, and the density increased in the heaviest fraction 
by approximately 3% [18]. Despite the incorporation of fractional 
distillation to augment the physical and chemical properties of biocrude 
oil derived from HTL, no previous studies have directly compared the 
composition and properties of biocrude oil distillates to convention fuels 
(gasoline, diesel, and jet fuel) to better understand the future potential of 
combined HTL and upgrading technology to achieve a blendstock that 
can be sold on the market. 

This study aims to systematically assess various physical, chemical, 
and thermal properties of the distillate fractions derived from the pilot- 
scale HTL conversion of food waste and assess the potential for biocrude 
oil distillates to be utilized as a blendstock (mixture of traditional fuels 
with HTL-derived fuel). The goals of this study are threefold: (1) Isolate 
compounds into groups of distillates using batch-scale distillation; (2) 
Investigate the physical, chemical, and thermal changes caused by 
distillation using instrumental and empirical methodology; (3) Compare 
and contrast groups of biocrude oil distillates with conventional fuel 
sources (gasoline, diesel, jet fuel) to determine the applicability of the 

different fractions towards transportation fuel production and assess 
blending potential. 

2. Materials and methods 

2.1. Feedstock and materials 

The food waste feedstock was collected from a food processing plant 
in Champaign, IL. Upon collection, the food waste sample was homog
enized using a commercial blender and mesh sieve with a wire spacing 
of approximately 5 mm (No. 4 mesh) to ensure a uniform particle size 
distribution and avoid clogging the reactor. Samples were stored in a 
fridge (4 ◦C) until experiments were conducted. 

Unleaded gasoline was obtained from a local gas station in Cham
paign, IL. Off-road diesel (untaxed diesel, dyed diesel) was obtained 
from a local gas station in Champaign, IL. Jet A fuel was obtained from 
Willard Airport at the University of Illinois at Urbana-Champaign 
(Savoy, IL). The characteristics of the biocrude oil and base fuels are 
presented in Table 1. 

2.2. Pilot-scale hydrothermal liquefaction 

Pilot-scale HTL experiments were conducted in a continuous 30 L 
plug flow reactor (Snapshot Energy, LLC; Champaign, IL) [19,20]. Pic
tures and a representative piping and instrumentation design of the 
mobile, pilot-scale HTL system are provided in the Supplementary ma
terials (Fig. S1, Fig. S2). HTL reactions were conducted at an average 
temperature of 280 ◦C, an average pressure of 10 MPa, and an average 
residence time of 60 min. The feedstock flow rate was maintained at 0.5 
L•min−1. The reactor system was composed of Schedule 40 stainless 
steel pipe with an inner pipe diameter of 1.9 cm. Nitrogen was then used 
to pressurize the system to prevent water from boiling. The feedstock 
was first pumped through the system using a diaphragm pump (Milton 
Roy high pressure pump; model MCHBG1-8FPEODM1SEST11NN22) 
with a check valve on both the inlet and outlet. A pulsation dampener 
charged with nitrogen was incorporated to absorb the impact of the 
pump stroke and lower the intensity delivered to the reactor. Subse
quently, the feedstock was pre-heated by entering the cold side of the 
heat exchanger until it reached the main reactor inlet. Upon entering the 
reactor core, the feedstock was heated to the reaction temperature by 
semi-circular heaters connected in a ring. The converted product then 
left the reactor and entered the hot end of the heat exchanger where it 
was cooled to below 100 ◦C. Finally, the HTL product was pumped to the 
back pressure regulator and released into product collection tanks which 
was controlled by a reference pressure regulator and a metal diaphragm. 
The biocrude oil naturally phase separated from the aqueous phase. 
Therefore, the products were isolated by decanting without the incor
poration of extraction solvents. A detailed and comprehensive descrip
tion of the mobile, pilot-scale HTL system is available in the 
Supplementary materials. 

2.3. Distillation 

Distillation was conducted by adapting methods in previous reports 
[11,21]. Distillation experiments were conducted under atmospheric 
pressures. The experimental setup for atmospheric pressure distillation 
is presented in Fig. 1A. An additional diagram of the distillation unit is 
provided in the Supplementary materials (Fig. S3). Each distillation 
experiment involved loading biocrude oil into a 500 mL round-bottom 
flask. Approximately 20 g of 5 mm diameter glass beads (Fischer Sci
entific, Catalog Number: 11–312-10C) were added to the flask to facil
itate mixing and allow the liquid to boil more calmly, thereby 
preventing the oil from violently leaving the flask and entering the 
fractional distillation column. Glass wool was wrapped around the flask 
and the column to reduce heat loss. A J-type thermocouple with a 
stainless-steel sheath was inserted into the top of the column to measure 
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the temperature of the vapor leaving the flask and entering the 
condenser. The flask was then heated with a 1,000 mL analog magnetic 
stirrer heating mantle (BIPEE, Model Number: 98–2-B-1000). The 
heating rate was set at approximately 2.5 ◦C•min−1 to ensure adequate 
separation of the different distillate fractions. 

Regarding the specific equipment utilized for the distillation unit in 
this study, a 30 mm straight connecting adapter with a joint size of 20/ 
40 (Chemglass, CG-1007–01) was affixed to the round bottom flask. An 
additional 24/40 joint size adapter (Chemglass, CG-1022–01) with a 
side inner joint angle of 75◦ that connected the straight adapter to 
connect the round bottom flask to the condenser unit. Upon volatiliza
tion of the biocrude oil, the vapor distillate passed through the adapters 

and into a 200 mm water-jacketed condenser unit (Chemglass, CG- 
1230–09) which was cooled by circulating tap water (25 ◦C) through the 
condenser unit. The condensed material was then dripped into a 20 mL 
graduated cylinder by passing through a take-off adapter (Chemglass, 
CG-1050–01) bent at a 105◦ angle. Approximately 15 g of distillate 
material was collected per distillate group. The remaining material in 
the flask after fractional distillation concluded was the distillate residue. 
In total, 14 groups of distillates were obtained in sequence (Fig. 1B). All 
physical, chemical, and thermal properties of the distillates were 
measured within one week after being recovered at avoid any changes 
associated with instability. 

2.4. Analysis of products 

Proximate analysis of the HTL food waste feedstock was conducted 
by Midwest Laboratories. The crude protein (AOAC 990.03) crude fat 
(AOAC 945.16), lignin (AOAC 973.18), and ash (AOAC 942.05) were 
experimentally determined according to methods established by the 
Association of Official Agricultural Chemists (AOAC) [11]. The acid 
detergent fiber and neutral detergent fiber were determined according 
to Ankom Technology standard methodology (A2000). The proximate 
and ultimate analyses of the food waste feedstock are presented in the 
Supplementary materials (Table S1). 

Elemental analysis of the oil and solid product was conducted uti
lizing a CE440 element analyzer (Exeter Analytical; North Chelmsford, 
MA). The oxygen content was calculated by difference. The higher 
heating value (HHV) of the biocrude oil samples was calculated based on 
Dulong’s formula [22]. 

The chemical characterization of the biocrude oil samples was con
ducted via gas chromatography mass spectrometry (GC–MS) (Agilent 
Technologies; Santa Clara, CA). A 2 μl sample was injected in split mode 
into a system comprised of three components: an Agilent 6890 chro
matograph, an Agilent 5973 mass detector, and an Agilent 7683B auto- 
sampler. A 60 m ZB-5MS column was employed for analyte separation 
with a nominal diameter of 0.32 mm and a film thickness of 0.25 μm. 
The injection temperature was set at 250 ◦C, and the oven temperature 
was initially set at 70 ◦C and then ramped at 5 ◦C•min−1 to 300 ◦C. The 
source temperature was set at 230 ◦C, and the electron ionization 
voltage was set at 70 eV. Spectra were scanned from 30 to 800 m/z, and 
the characterization of individual peaks were determined by comparing 
mass fragmentation patterns of the peak to the NIST (NIST08) database. 
All GC–MS data was normalized by the internal standard: 0.5 uM pen
tadecanoic acid. The detailed analytical procedure for GC–MS was 
previously described in the literature [23]. 

The mass distribution and average molecular weight of the chemical 
components in the biocrude oil were analyzed via matrix-assisted laser 
desporption/ionization time of flight mass spectrometry (MALDI-TOF- 
MS). MALDI-TOF mass spectra measurements were conducted using a 
Bruker Autoflex Speed LRF instrument (Bruker Scientific Instruments; 
Germany) with dual microchannel plate detectors for both linear and 
reflectron modes. In accordance with the manufacturer’s instructions, 
MALDI-TOF was used with Flexcontrol software 3.0 (Bruker Daltonics) 
for the automatic acquisition of mass spectra in the reflectron positive 

Table 1 
Elemental characteristics of the biocrude oil and base fuels.  

Sample Carbona Hydrogena Nitrogena Oxygena,b HHV (MJ•kg−1) H:Cc O:Cc N:Cc 

Biocrude Oil 76.60 ± 0.05 10.99 ± 0.24 0.62 ± 0.02 11.81 ± 0.16 42.85 ± 0.35 1.74 ± 0.02 0.12 ± 0.01 0.0067 ± 0.0002 
Gasoline 85.80 ± 0.14 11.66 ± 0.31 0.03 ± 0.01 2.53 ± 0.44 49.98 ± 0.56 1.65 ± 0.02 0.020 ± 0.002 0.00022 ± 0.00003 
Diesel 86.67 ± 0.01 14.02 ± 0.01 0.24 ± 0.01 ~0d 53.13 ± 0.01 1.94 ± 0.01 ~0d 0.0023 ± 0.0001 
Jet A 85.87 ± 0.12 14.45 ± 0.03 0.23 ± 0.01 ~0d 53.43 ± 0.01 2.02 ± 0.01 ~0d 0.0023 ± 0.0001  

a Value determined based on dry weight percentage (wt.%). 
b Calculated by difference. 
c Value calculated on a molar basis. 
d Value below detection limit of element analyzer; therefore, value was estimated at approximately 0 wt%. 

Fig. 1. Biocrude oil distillation experimental setup (A). Picture of the biocrude 
oil (left), 14 distillate groups (middle), and distillate residue (right) (B). 
Distillation mass recovery curve with respect to temperature (C). The points 
represent the finished elution of the given group. Four points were documented 
before the completion of the first group to ensure consistent heating and uni
form elution over time. 
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mode within the range 150 to 1500 Da. The acceleration voltage was +
19 kV, and ions were measured in reflectron mode. Trans-2-[3-(4-tert- 
Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was 
used as the matrix reagent. Samples used for MALDI-TOF-MS analysis 
involved the addition of l μl of liquid product and 10 μl of the matrix 
solution, then 1 μl of this mixture (10 mg•mL−1) was placed on the 
MALDI target plate for subsequent testing before being mixed with the 
matrix. 

Functional group characterization was determined via Fourier 
transform infrared spectroscopy (FTIR). Sample spectra were obtained 
using a Thermo Nicolet Nexus 670 spectrophotometer in transmission 
mode under atmospheric conditions. Prior to sample analysis, the 
spectra were normalized and calibrated in order to minimize deviations 
associated with background measurements. A smart multi-bounce 
combination kit for liquids and solids (ThermoFischer Scientific, Cata
log Number: 00282XX) was incorporated for obtaining the spectra of the 
sample with an IR source and KBr as the beamsplitter. The analyzed 
spectral range was 800–4000 cm−1. All samples were collected with a 
resolution of 2 cm−1 and 40 total scans. The detailed analytical pro
cedure for GC–MS was previously described in the literature. 

Thermal properties and distillate temperature ranges were con
ducted via thermogravimetric analysis (TGA). Approximately 10–20 mg 
of sample was placed in a quartz crucible. The crucible was the trans
ferred to a platinum pan and delivered to the Cahn TherMax 500 TGA 
system. Samples were heated from room temperature up to 650 ◦C at a 
ramp temperature of 10 ◦C•min−1 while under a nitrogen flow rate of 
22 mL•min−1. The calculated cetane index (CCI) was determined using a 
standard test method incorporated a four variable equation (ASTM 
D4737-10) [24]. The calculated flash point (CCF) was determined using 
a standard method involving recovery temperatures (ASTM D7215-16) 
[25]. The recovery temperatures were determined via TGA. It should 
be noted that since the CCI equation does not consider the addition of 
cetane improvement additives, the CCI is equal or less than the true 
cetane number of the fuel. A high CCI (maximum 100) indicates that the 
auto-ignition characteristics of the tested fuel are like that of a reference 
fuel (cetane). Thus, the higher the value, the better the auto-ignition 
characteristics. The CCF is an important fuel characteristic because it 
prevents storage and transportation of fuels. Thus, keeping storage 
temperature below the CCF ensures that the mixture of air and fuel 
vapors remains below the flammability limits [26]. 

The acidity (total acid number) of the samples in this study were 
determined via color-indicator titration according to standard methods 
(ASTM D974-12) [27]. In short, reagent grade p-Naphtholbenzein 
(Fischer Scientific, CAS: 145–50-6) was utilized as the indicator solution 
and placed in an Erlenmeyer flask. The oil sample was then dissolved in 
the indicator solution. KOH was then titrated into the indicator/sample 
solution using a 50 mL graduated buret in 0.1-mL subdivisions. When 
the end point was reached (determined via indicator color change from 
orange to green–brown), the amount of KOH added per gram oil was 
utilized to determine the total acid number. The kinematic viscosity of 
the oil samples was determined using a Cannon-Fenske routine 
viscometer at 20 ◦C according to standard methods (ASTM D446-12) 
[28]. Vacuum was used to draw the sample through the bulb of the 
viscometer to a point 5 mm above the timing mark. Subsequently, 
vacuum was released, and the sample could flow by gravity. The amount 
of time (to the nearest 0.1 s) required for the leading edge of the 
meniscus to pass from the first timing mark to the second timing mark on 
the viscometer was recorded, and the time in tandem with the approx
imated constant for calibration was used to determine the kinematic 
viscosity (mm2•s−1) of the sample. The density was determined using a 
2-mL glass Gay-Lussac bottle with an outside diameter of 0.67 in (Core- 
Palmer, EW-34580–40) [29]. 

3. Results & discussion 

3.1. Distillation curves 

The distillation curve is presented in Fig. 1C. The initial boiling point 
(IBP) of the biocrude oil using the distillation setup in this study was 
84.0 ◦C. The IBP was defined as the average temperature at which the 
first drop of condensate was measured in the collection flask. This value 
was similar to the IBP of green jet fuel (104.3 ◦C), which was derived 
from the thermocatalytic cracking of crude palm oil [30]. The relatively 
low IBP could have been attributed to the presence of moisture and light 
oxygenates. The light naphtha distillate temperature region (<100 ◦C) 
only comprised 1.6% of the mass balance, which was identical to the 
results for the fractional distillation of oil derived from aspen wood 
liquefaction [16]. The final boiling point (FBP) of the biocrude oil using 
the distillation setup in this study was 274 ◦C. As shown in Fig. 1C, from 
the initial collection of the condensed distillate to ~ 200 ◦C, the tem
perature to mass fraction collected was nearly linear, accounting for 
only 4.8% of the total mass balance. Exceeding a temperature of ~ 
233 ◦C led to a nearly vertical trend, with only slight deviations 
(±6.7 ◦C) in the average distillation temperature over this region. The 
reason for the stagnant temperature was because the energy associated 
with the temperature could not overcome the intermolecular forces 
holding these compounds together until these compounds were vapor
ized. This signified the presence of an abundance of compounds between 
the temperatures of 233–239 ◦C which accounted for a mass fraction of 
~28.7%. A similar trend was observed at 257–273 ◦C, which accounted 
for 28.6% of the mass fraction. These trends could have been attributed 
to the presence of saturated and unsaturated fatty acid derivatives, 
which have boiling points within this temperature range. 

Overall, 66.9% of the biocrude oil was recovered up to a maximum 
temperature of 274 ◦C, amounting to a distillate residue fraction of 
13.0%. These values are in line with previous studies which found that 
distillation could extract 62–67%, 70–73%, and 61% of the total bio
crude mass from the oil derived from HTL and pyroloysis of Spirulina sp., 
Tetraselmis sp., and rice husk, respectively [31,32]. However, it should 
be noted that 20.1% of the mass fraction was not recovered, which could 
have been attributed to insufficient cooling of the vapor leading to the 
escape of gas over the long fractional distillation time (~112 min). 
Vacuum distillation should be utilized in future studies to overcome 
thermal changes when distillation temperatures exceed 250–300 ◦C and 
therefore recover a greater amount of biocrude distillates. The detailed 
information regarding the fractional distillation temperature, mass 
fractions, elution times, and categorization of the 14 distillate fractions 
are presented in the Supplementary materials (Table S2). 

Fig. S4 demonstrates the consistency of the fractional distillation 
process. There was a nearly linear relationship between the cumulative 
mass collection and the fractional distillation time, signifying a stable 
temperature ramp during the fractional distillation process and that 
thermal degradation could have been avoided. A previous study also 
noted the distillate volume fraction of biocrude oil derived from 
glycerol-assisted liquefaction of swine manure increased almost linearly 
from 10% to 90% as the temperature increased [33]. 

3.2. Elemental composition 

Fig. 2 and Fig. S5 provide an illustration of the carbon, oxygen, ni
trogen, hydrogen, and energy contents and balances of the fractional 
distillates. From the data presented in Fig. 2, fractional distillation was 
able to effectively recover the carbon and hydrogen within the distillate 
fractions, and the content of oxygen greatly reduced. The nitrogen 
content did not markedly decrease compared to the biocrude oil. The 
elemental content graphs bolster the idea from the mass recovery curve 
(Fig. 1C) that there is a demarcation between two groups of distillate 
fractions with similar properties (light distillates: 1–6; medium distil
lates: groups 7–14). 
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Regarding the oxygen content (Fig. 2A), the first distillate fraction 
(11.1%) had a very similar oxygen content as the original biocrude oil 
feedstock (11.8%); however, the oxygen content then decreased rapidly 
to 7.1% as the fractional distillation temperature increased to 239 ◦C 
(group 6). The high oxygen content in the first few groups could have 
been attributed to oxygen-containing low molecular weight moieties or 
moisture. A previous study noted that despite dewatering of oil, reaction 
water can be formed through condensation reactions at elevated tem
peratures and subsequently condense in the condenser unit and elute 
into the sample vials [34]. This also supports the reason for the low IBP 
of the biocrude oil. Thereafter, for subsequent groups (groups 7–14) the 
oxygen content was noticeably lower, amounting to oxygen contents 
ranging from 0.3 to 2.1%. It should be noted that approximately 66.6% 
of the total oxygen mass in the biocrude oil was not recovered, since only 
6.8% of the mass was accounted for in the distillate residue (Fig. S2). 
This signifies that most of this element was lost through the escape of 
distillate gas. Volatilization of these compounds could have occurred. 
This could have been avoided by incorporating a longer condenser unit, 
a greater flow rate of cold water, or by employing a recirculation unit to 
maintain well-controlled cooling [35]. 

As for the carbon content, nearly all the carbon mass was recovered 
in either the distillate fractions or in the distillate residue (91.9%). The 
carbon content trends were the inverse of the oxygen content trends; 
however, the changes were not as drastic. The carbon content slowly 
increased from 76.2% to 79.4% as the fractional distillation temperature 
increased (group 1 and group 6, respectively). The carbon content then 
increased and remained relatively stable for groups 7–14, amounting to 
a total content ranging from 83.8 to 85.9%. Notably, the carbon content 
in the distillate residue was quite high, reaching a value of 90.4% 
(Table S3). This could signify that there could be many high molecular 
weight constituents (boiling point >274 ◦C) remaining in the distillate 
residue that could be further extracted by thermochemical 

hydrocracking. 
Regarding the nitrogen content, distillation did not impact the con

tent of nitrogen in the various distillates. Thus, the nitrogen compounds 
were evenly distributed amongst all the 14 distillate cuts despite the 
increase in the fractional distillation temperature. The nitrogen content 
ranged from 0.4 to 0.6% among all distillate samples. Notably, the ni
trogen content was much higher in the distillate residue in comparison 
to the distillate fractions, amounting to up to 0.9% in the residue. In 
total, the nitrogen content only conservatively decreased in comparison 
to the nitrogen content of the biocrude oil (0.6%). The distillate residue 
accounted for 23.6% of the nitrogen distribution, while all distillate 
fractions collectively accounted for 54.3%. Thus, the composition of the 
distillate residue contained a variety of high molecular weight nitrogen- 
containing compounds. 

Finally, the hydrogen content displayed a similar trend as the carbon 
content. The cumulative hydrogen content among the 14 distillates 
linearly increased as the distillation temperature increased. Further
more, the distillate residue only had a minimal hydrogen content, ac
count for a total distribution of 3.9%, which was drastically lower than 
the hydrogen content of the distillate fractions (12.3–13.7%). This sig
nifies that the residue could be composed of unsaturated cyclic or acyclic 
hydrocarbons. 

The elemental contents of the fractional distillates were used to 
create a Van-Krevelen diagram (Fig. 3). From the data presented in 
Fig. 3A, the light distillates (groups 1–6) had both a high O:C ratio and 
N:C ratio, amounting to 0.067–0.11 and 0.0054–0.0065, respectively. 
The values of the light distillates had properties that were more similar 
to the HTL biocrude oil; however, distillation led to a lower O:C 
(5.5–42.1%), N:C (6.0–21.6%), and an increased HHV (4.1–11.2%) 
compared to the biocrude oil for the light distillate fractions. However, 
an even more notable difference was observed for the medium distillates 
(groups 7–14). The change in the N:C (24.9–39.0%), O:C (83.5–97.5%), 

Fig. 2. Oxygen (A), carbon (B), nitrogen (C), and hydrogen (D) content of the biocrude oil distillates. R represents the distillation residue.  
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and HHV (18.9–21.3%) were even more apparent for the medium dis
tillates, and the quality of the biocrude oil for these groups was more 
similar to conventional fuel sources (Jet A and gasoline). However, a 
significantly greater reduction in the N:C ratio is still needed in order to 
be comparable to all conventional fuel sources. 

Fig. 3B demonstrates similar trends as previously discussed. Notably, 
the light distillates had a higher H:C ratio (1.9–2.0) in comparison to 
gasoline (1.6) and a comparable value to that of both diesel and Jet A 
(1.9–2.0). These results are similar to those presented in a previous 
study which demonstrated that low temperature distillates had a higher 
H:C (1.8–1.9) in comparison to the high temperature distillates 
(1.3–1.5) [36]. The data presented indicates that subsequent hydro
treating is needed for the high temperature distillates, and hydro
deoxygenation is needed for the low temperature distillates to achieve a 
Jet A or diesel product. Despite the low nitrogen content in the biocrude 
oil, additional denitrogenation is still needed for all distillates and is a 
limiting factor for the commercialization of biocrude oil. 

3.3. Chemical characterization 

Fig. 4 demonstrates the distribution of chemical compounds for the 
distillates and base fuels. From the distribution of chemicals, it is clear 
that the high H:C ratio in the light distillates was attributed to the 

presence of long-chain fatty acid derivatives (38.6–48.7%). For 
example, fatty acids such as hexadecanoic acid, pentadecanoic acid, and 
decanoic acid were prevalent in the light distillates, but they were only 
sparsely detected in the medium distillates. The increased presence of 
olefins in the medium distillates (36.7–42.1 wt%) also further verifies 
the reason for the decrease in the H:C ratio as the fractional distillation 
temperature increased. Thus, the primary chemical constituents that 
were impacted by fraction fractional distillation were carboxyl groups, 
compounds containing units of unsaturation, and hydrocarbons. 

With respect to the base fuels, benzene derivatives (toluene, ethyl
benzene, xylene, etc.) accounted for a large fraction of the relative 
weight distribution (52.8–91.5%). It should be noted that the base fuel 
composition can vary widely because these fuels are a blend of several 
refinery streams [37]. Thus, the chemical composition and additives 
may differ from region-to-region. The high benzene derivative content 
can be attributed to the inclusion of additives to improve the cetane and 
octane number of the fuels [38,39]. Notably, the biocrude oil shared 
similarities with the gasoline fraction, but it contained fatty acids in lieu 
of saturated hydrocarbons. However, it should be noted that GC–MS 
only provides a qualitative distribution of compounds with boiling 
points below the GC–MS oven temperature (300 ◦C); thus, the gamut of 
chemical compounds present in the biocrude oil cannot be elucidated by 
GC–MS alone [40]. 

Regarding the olefins, Table S4 depicts the impact of distillation on 
the composition of the unsaturated hydrocarbon compounds. Notably, 
the distribution of decene, dodecene, and tridecene (C10-C13 com
pounds) increased as the fractional distillation temperature increased. 
Conversely, the distribution of heptadecene and octadecene (C17-C18 
compounds) generally increased and then decreased as the fractional 
distillation temperature increased. In general, the diversity of olefins 
remained the same for both light and medium distillates, but the con
centration of each species tended to increase transitioning from the light 
to medium distillates. The most abundant olefin (heptadecene) domi
nated between groups 2–4 (fractional distillation temperature range: 
225–248 ◦C), accounting for 51.4–60.0% of the olefin fraction and 
10.2–16.0% of the total biocrude oil fraction. 

Table S5 demonstrates the impact of fractional distillation on fatty 
acid derivatives. From the data, the content of the fatty acid derivatives 
initially increased and then decreased substantially. Notably, fatty acids 
were concentrated in the light distillates, accounting for 38.6–48.7% of 
the total biocrude oil content. Decanoic acid, pentadecanoic acid, hex
adecenoic acid, octadecanoic acid, and octadecenoic acid accounted for 
up to 73.2–84.7% of the fatty acid derivatives and occupied up to 
28.3–41.2% of the total biocrude oil content. Considering the vast 
market for natural fatty acids, subsequent studies should be conducted 

Fig. 3. Van Krevelen diagram of biocrude oil distillates and base fuels.  

Fig. 4. GC–MS results for the biocrude oil distillates and base fuels.  
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to isolate the fatty acid derivatives in the light distillate region. This can 
be done by conducting subsequent distillation experiments or sequential 
distillation with greater temperature control to better isolate the fatty 
acids from the other compounds in the distillate fractions. Column 
chromatography could also be another interesting method to isolate 
polar and non-polar compounds thereby isolating fatty acids from the 
bulk of the material [41]. Fatty acids are not beneficial for incineration, 
because they could lead to corrosion of the engine [21]. Thus, the light 
distillates need subsequent decarboxylation or neutralization to be 
directly applied as a transportation fuel. The fatty acid content 
decreased substantially from a maximum of 48.7% in group 4 to a 
minimum of 2.3% in group 8. Thus, subsequent studies should focus on 
isolating or converting the fatty acids depending on the end use case 
(chemicals or fuel). 

Finally, regarding hydrocarbons (Table S6), the content increased as 
the fractional distillation temperature increased, accounting for a min
imum of 22.1% in the light distillates and a maximum of 48.1% in the 
medium distillates. Thus, the medium distillates demonstrate great 
promise as serving as a hydrocarbon fuel source. Under the presumption 
that the olefin fraction is converted to saturated hydrocarbon through 
catalytic hydrogenation, the saturated hydrocarbons could represent 
between 84.5 and 88.0% of the total biocrude oil weight fraction. Sub
sequent model compound studies should be conducted to optimize the 
conversion of olefins to hydrocarbons. Since these fractions only 
demonstrate a minimal composition of other chemical species, it is likely 
that catalytic hydrogenation will not be impeded (sintering, coking, 
etc.). 

The FTIR results help to bolster the findings provided by the GC–MS 
analysis (Fig. 5). There were a few primary changes in the FTIR curves as 
the fractional distillation temperature increased. First, the peak at 
~1710 cm−1 greatly diminished as the fractional distillation tempera
ture increased. Peaks at this wavenumber are generally associated with 
C = O stretching, which could be indicative of the presence of conju
gated aldehydes/ketones [42]. This peak could be associated with the 
presence of fatty acid derivatives, which demonstrated that as the 
distillation temperature increased, the presence of these compounds 
diminished. This agrees with the GC–MS results. Another notable feature 
was the increased presence of the ~1450 cm−1 peak. This peak is typi
cally associated with C–H bending, which could indicate the increased 
presence of saturated carbon compounds. This is significant because the 
base fuels all have a pronounced peak at ~1450 cm−1. 

The MALDI results demonstrate the weight distribution of com
pounds in the distillate fractions and base fuels (Fig. 6). From the data 
presented in Fig. 6A, as the distillation temperature increased, the 
average molecular weight decreased. Specifically, the molecular weight 
decreased from a maximum value of 503.5 Da to a minimum of 321.9 Da 

as the distillation temperature increased. Thus, the low temperature 
distillates had an average molecular weight similar to biocrude oil 
(533.2 Da) and the high temperature distillates had an average molec
ular weight closer to the base fuels (247.5–278.2 Da). The polydispersity 
index is also presented in Fig. 6A. This value indicates the heterogeneity 
of the sizes of molecules in a mixture. A value of 1 signifies a perfectly 
homogeneous size distribution of molecules. As the distillation tem
perature increased, the polydispersity index decreased from 1.5 to 1.3, 
indicating a more homogeneous size distribution. Although distillation 
was able to enhance the homogeneity of the extracted compounds (light 
distillates: 1.5, medium distillates: 1.3–1.4) compared to the biocrude 
oil (1.6), but it was still not able to achieve a near-uniform distribution 
as presented in the base fuels (1.1–1.2). 

From the results in Fig. 6B, the variety of weights was vast at the 
beginning of distillation, but the values slowly started to center around 
200–400 Da as the distillation temperature increased. This data 
bolstered the GC–MS results which indicated the accumulation of satu
rated/unsaturated hydrocarbons and fatty acids with molecular weights 
that fall within this range (Table S4, Table S5, and Table S6). Specif
ically, for group 1, only 12.0% of the compounds had a molecular weight 
ranging from 200 to 300 Da. Thus, the accumulation of compounds 
>500 Da attributed to the higher molecular weight of the initial distil
lates and the accumulation of compounds in the 200–400 Da as the 
temperature increased lowered the average molecular weight. 

3.4. Physical properties 

Fig. 7 demonstrates the impact of distillation on the physical prop
erties of the biocrude oil distillates. In general, the viscosity initially 
increased as the distillation temperature increased from 3.2 mm2•s−1 to 
a local maximum of 4.5 mm2•s−1. Thereafter, the viscosity decreased to 
a global minimum of 1.5 mm2•s−1 and then increased steadily. The 
change in the viscosity can be explained by the intermolecular forces 
governed by the composition of the distillates. The concentration of fatty 
acids in the initial distillation groups could have led to increased 
hydrogen bonding and dipole–dipole interactions, which could have 
increased resistance to flow. Subsequently, the depleted presence of 
intermolecular forces decreased the viscosity. Finally, as the distillation 
temperature increased, the relative concentration of saturated com
pounds and olefins increased, which could have enhanced London 
dispersion forces, resulting in a higher resistivity to flow in the last 
distillates. Another factor attributed to the change in the viscosity could 
be the change in the concentration of branched aliphatics, a change in 
the overall length of aliphatics, and fewer intermolecular reactions as 
the number of compounds in the distillates decreased [29]. The viscosity 
of the biocrude oil was 983.9 mm2•s−1, demonstrating that distillation 
significantly decreased the viscosity. In comparison to the base fuels, 
most low temperature and high temperature distillates had a similar 
viscosity to diesel (4.1 mm2•s−1). However, groups 6–9 had a viscosity 
much more similar to Jet A fuel (2.0 mm2•s−1). The high viscosity of 
groups 1–5 is supported by the MALDI results which demonstrated that a 
significant portion of the compounds had a molecular weight greater 
than 400 Da (31.2–51.4%). 

Distillation temperature demonstrated an obvious effect on the 
acidity. The high acidity of the first 5–6 distillate groups was attributed 
to the presence of an abundance of fatty acid derivatives, which was 
supported by the GC–MS results. The acidity first increased from 150.0 
up to 207.3 mg•g−1. Thereafter, the acidity content continued to fall and 
remain at a level ranging from 0.0 to 9.4 mg•g−1. Upon reaching a 
temperature of ~240 ◦C, all the fatty acids were distilled, thereby 
leading to the subsequent distillates having a substantially less acid 
content. The acidity of the base fuels ranged from 12.4 to 28.8 mg•g−1. 
Thus, the acidity of the first few groups needs to be substantially reduced 
to comply with fuel standards. This could be achieved through various 
upgrading processes, including hydrodeoxygenation, hydro
decarbonylation, esterification, or cracking reactions [11,43]. Fatty acid 

Fig. 5. FTIR spectra comparison between representative biocrude oil distillates 
(groups 1, 4, 7, 10, and 14) and base fuels. 
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Fig. 6. Average molecular weight and polydispersity index of the distillates and base fuels (A). Relative abundance of distillates and base fuels at different weight 
distributions for the distillates and base fuels (B). 

Fig. 7. The impact of distillation on the viscosity and acidity of the biocrude oil distillates and base fuels.  

Table 2 
Empirical calculation of thermal properties of distillates and base fuels based on thermogravimetric analysis.  

Sample # T5 (◦C) T10 (◦C) T25 (◦C) T50 (◦C) T75 (◦C) T90 (◦C) CCIa CFP (◦C)b 

1  69.81  91.79  133.14  170.28  198.17  225.75 23.63 −2.57 
2  86.44  113.42  157.09  190.36  213.61  231.67 23.20 10.16 
3  87.00  113.95  158.02  192.16  216.41  235.11 23.67 10.37 
4  82.37  109.79  156.05  192.46  217.32  234.43 25.44 7.56 
5  82.78  109.12  154.08  191.15  216.75  233.38 25.55 7.60 
6  77.05  97.86  133.99  169.43  195.70  211.68 26.85 2.00 
7  60.05  79.43  116.37  157.23  185.82  200.33 31.39 −8.81 
8  72.26  93.59  132.67  172.71  199.36  212.85 43.14 −0.74 
9  64.12  84.47  122.44  162.14  189.04  202.60 28.61 −5.68 
10  94.88  123.45  171.10  209.28  232.76  245.16 37.36 15.75 
11  79.00  106.08  153.04  197.16  244.98  239.24 36.51 5.41 
12  98.74  131.31  185.90  232.31  260.45  274.75 41.15 19.76 
13  92.84  123.48  176.89  229.23  262.47  278.81 39.43 15.24 
14  84.15  110.32  158.36  209.21  245.18  263.89 29.88 8.32 
Residue  236.86  264.84  497.63  –  –  – – 115.61 
Biocrude Oil  236.96  257.45  297.34  389.11  427.14  464.55 ~0c 113.40 
Gasoline  34.64  40.28  54.34  70.64  84.75  94.10 48.50 −28.93 
Diesel  102.7  120.32  148.57  77.18  200.98  218.18 21.24 18.28 
Jet A  81.16  95.67  118.39  140.92  159.63  170.77 18.95 2.95  

a The calculated cetane index (CCI) was determined according to ASTM D4737-10. 
b The calculated flash point (CFP) was determined according to ASTM D7215-16. The initial boiling point (IBP) of each distillate was assumed to be the temperature 

when 0.5% of the organic matter volatilized according to thermogravimetric results obtained via TGA. 
c Value below limit for CCI equation. Value assumed to be 0. 
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derivatives are the reason for the high acidity of biocrude oil (64.9 
mg•g−1), and distillation could be an effective method to reduce acidity. 

3.5. Thermal properties 

TGA was incorporated to determine fuel properties based on the 
boiling point distribution and recovery temperatures. These techniques 
were adapted from empirical evidence derived from fuel property cor
relation assessments [44,45]. Table 2 presents the recovery tempera
tures, calculated cetane index (CCI), and calculated flash point (CFP) of 
the distillate fractions and base fuels. The recovery temperatures pre
sented in the table are indicative of the temperature where a certain 
percentage of the fuel was volatilized. For example, a T10 value of 100 ◦C 
indicates that at 100 ◦C 10% of the fuel weight was volatilized. From the 
data presented in Table 2, the recovery temperature, CCI, and CFP all 
tended to oscillate as the fractional distillation temperature increased, 
first increasing slightly, decreasing, and then finally increasing to 
maximum values. The improved CCI could be attributed to the separa
tion of the distillate residue, which contained chemical compounds 
recalcitrant to vaporization, which can be observed due to the high T10 
and T25 values of 264.8 ◦C and 497.6 ◦C, respectively. Similar to the 
GC–MS results, there was a clear demarcation between the light and 
medium distillates. The CCI of the former was 23.2–26.9 while the range 
of the latter was 29.9–43.1. All distillates showed marked increases in 
the CCI compared to biocrude oil. However, it should be noted that the 
light distillates had a similar CCI with that of diesel and Jet A, whereas 
the medium distillates had a similar CCI to gasoline. Despite the rela
tively lower values of CCI for the light distillates, cetane enhancers 
(nitrates, nitroalkanes, etc.) can be added to achieve the cetane number 
of gasoline fuel, which is a common industry practice [46]. As for the 
CFP, both light and medium distillates demonstrated significant de
creases (-2.6–19.8 ◦C) in comparison to biocrude oil (113.4 ◦C). This 
could be directly attributed to the separation of the distillate residue, 
which was composed of unsaturated, high molecular weight, nitrogen- 
and oxygen-containing compounds with a CFP value of 115.6 ◦C. 

3.6. Fuel quality correlation and blending potential 

Fig. 8 illustrates a correlation plot demonstrating the relationship 
among the different fractional distillation variables. The strength of the 
correlation is indicated by the size and color of the circles. Notably, the 
distillation temperature was positively (R2 ≥ 0.7) correlated with the 
carbon content and energy content. In addition, fractional distillation 
temperature was strongly negatively correlated with the oxygen con
tent, N:C, O:C, and H:C. Thus, as the distillation temperature increased, 
the oil compounds contained less heteroatoms, had an increased carbon 
content, yet also became more unsaturated. A lower oxygen content, 
acidity, fatty acid content, N:C, and O:C ratios led to a depressed energy 
content, whereas an increased content of saturated fatty acids, carbon, 
and hydrogen content augmented the energy content of the distillates. 
It’s also interesting to note that the average weight of the compounds in 
the oil was positively correlated with the content of oxygen and nitrogen 
in the biocrude oil, indicating the presence of melanoidin derivatives, 
Maillard compound derivatives, and high molecular weight nitrogen- 
and oxygen-containing functional groups could have contributed to the 
high molecular weight of the oil [47]. Moreover, the polydispersity 
index was inversely correlated with the distillation temperature, indi
cating the homogeneous nature of the oil distilled at higher 
temperatures. 

With respect to the oil physical properties, the acidity content of the 
biocrude oil was positively correlated with the oxygen, O:C, and fatty 
acid composition and inversely correlated with the carbon content, en
ergy content, and the presence of saturated fatty acids, indicating that 
the total acid content was related directly to the presence of fatty acids. 
The density was also inversely proportional to the carbon and hydrogen 
content, indicating that the presence of heteroatoms and unsaturated 
compounds tended to increase the density of the biocrude oil. Moreover, 
the density was strongly correlated with the viscosity, indicating that a 
denser oil was also more resistant to flow. Finally, the viscosity was 
slightly correlated with the decrease in the hydrogen content, indicating 
that unsaturation resulted in a lesser flow resistance. 

Regarding the CCI, a high-quality fuel was correlated to the carbon, 
hydrogen, energy, saturated hydrocarbon, and olefin content. 

Fig. 8. Correlation between distillation response variables.  
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Furthermore, the presence of heteroatoms (oxygen, nitrogen, N:C, O:C, 
acidity, etc.) all contributed to a low CCI, indicating that a higher 
fractional distillation temperature favored the formation of a fuel with a 
higher CCI. CFP did not demonstrate a strong correlation with any of the 
other variables besides viscosity. 

Fig. 9 synthesizes the data presented in this study and demonstrates 
the quantitative difference and blending potential between the light 
distillates (groups 1–6) and medium distillates (groups 7–14) relative to 
the three base fuels. A positive value signifies a value higher than the 
base fuel, and a negative value signifies a value lower than the base fuel. 
The blending percentages were defined as weight percentage of distillate 
to weight percentage base fuel. The blending areas were determined by 
taking the median value of the poorest fuel characteristic and assuming 
different blending ratios with the base fuel. Notably, some characteris
tics of the distillates only slightly deviated from the base fuels: H:C 
(-11.2–20.7%), HHV (-16.5–6.2%), density (-8.0–26.4%), polydispersity 
index (11.6–34.3%). However, many characteristics deviated from the 
base fuels by more than 100% compared to the base fuels: N:C 
(80.6–2,490.5%), viscosity (-28.4–756.5%), acidity (-100.0–1,573.4%), 
average molecular weight (15.7–103.4%), and CFP (-379.3–633.9%). 
Thus, supplanting conventional fuels with HTL-derived fuels is not 
feasible, and blending with the base fuel is necessary to ensure that the 
blended fuel retains properties similar to the base fuel. Most notably, the 
fractional distillates deviated least with Jet A, amounting to 10%, 25%, 
and 50% blending ratios that only deviated from Jet A by as much as 

±63.3%, ±158.3%, and ±316.6%, respectively. Thus, distillates derived 
from the pilot-scale HTL of food waste demonstrate potential to form a 
Jet A blendstock. However, blends with gasoline were not as promising, 
amounting to deviations with the base fuel as high as ±214.7%, 
±536.8%, and ±1,073.6% for a 10%, 25%, and 50% blend, respectively. 
Thus, additional processing is necessary to improve the physical and 
chemical characteristics to even achieve a blended fuel that is compa
rable to gasoline. 

4. Conclusions 

This study demonstrated that biocrude oil derived from the mobile, 
pilot-scale HTL conversion of food waste could be successfully distilled 
into light (groups 1–6) and medium (groups 7–14) distillate fractions at 
atmospheric pressure. Fractional distillation effectively separated the 
asphaltenes (boiling point > 300 ◦C), thereby augmenting the quality of 
the biocrude oil distillates. Results demonstrated that distillation 
resulted in fractions of biocrude oil that were chemically (H:C, HHV, 
average molecular weight), physically (density), and thermally (CCI, 
boiling point distribution) similar to gasoline, diesel, and Jet A fuel. 
However, even with significant blending, the N:C, viscosity, and acidity 
were still high. Blending with unconventional fuels holds promise to 
bolster the supply of transportation fuels. Specifically, blending of the 
distillates with Jet A between 10 and 50% was the most encouraging 
among the fuels, thereby demonstrating potential for the combined 

Fig. 9. Comparison of base fuels with bio
crude oil distillates. L represents the light 
distillates (groups 1–6), and M represents the 
medium distillates (groups 7–14). HHV rep
resents the higher heating value, CCI repre
sents the calculated cetane index, CFP 
represents the calculated flash point, MW 
represents the average molecular weight, 
Poly represents the polydispersity index, and 
BP represents the 99% boiling point distri
bution. The 10%, 25%, and 50% blending 
regions were determined based on the me
dian poorest characteristic of each fuel, and 
these regions signify that all characteristics 
would fall within this range upon blending.   
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pilot-scale HTL and fractional distillation process to be retrofitted with 
current petroleum technology. Blending with diesel and gasoline with 
the distillates in this study did not demonstrate as favorable of results. 
Additional thermocatalytic processing techniques (hydrotreating, hy
drocracking) are needed to increase the blending ratio of distillates and 
further meet the standards and specifications of conventional fuels. 
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