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Featured Application: The application of fatty acids distillation products as fuel allows the substi-
tution of heavy fuel oil and decreases the use of fossil fuels. As a result, it reduces CO2 emissions,
and is a way to obtain sustainable energy transition.

Abstract: Liquid biofuels are of special interest due to the possibility of their application as a substitute
for fossil liquid fuels. The necessary step is to investigate the possibility of bio-fuel application in
terms of its properties and similarities to fossil liquid fuels (e.g., crude oil, heavy fuel oil, diesel).
The properties and combustion performance of heavy fuel oil (HFO) and products of the fatty acids
distillation residues (FADR) were analyzed in this study. The application of animal-fat-delivered fuels
is fully suggested in the literature. Nevertheless, the investigations focused on the raw materials or
their transformation into diesel. The novelty of this paper is the utilization of FADR as a substitute for
HFO. The utilization of FADR allows the use of this material as a feedstock to obtain valuable products
(fuel) and avoids generating waste after animal fat processing. The experimental investigations were
carried out using a technical-scale 150 kWth combustion chamber. FADR can be recognized as a
substitute for HFO due to its beneficial calorific properties and viscosity. Other beneficial effects are
the significantly lower emission of SO2 (lower than 1 ppm) and PAHs (i.e., 355 µg/m3

n) during the
combustion of FADR. Finally, the application of FADR requires less energy demand for fuel heating
and pressurization.

Keywords: animal fats; fatty acids; heavy fuel oil; bio-liquids; combustion; NOx

1. Introduction

The energy system transition to CO2-neutral requires the change and diversification
of energy sources. One of the possible ways is to apply biomass-derived fuels [1]. Within
different options, liquid biofuels are of special interest due to their similarities with fuels
obtained using crude oil processing [2,3]. According to the definition presented by Kupczyk
et al. [4] “liquid biofuels constitute a fuel category, which includes substances made of
raw materials of organic origin—biomass or biodegradable fractions of waste” [4]. One
considered option is the application of animal waste (e.g., fats) as a feedstock to produce
valuable fuels [5]. Another motivation to use this waste as an energy feedstock is the large
amount of this material produced per year [6,7]. According to the Statistics Poland Statistical
Yearbook of Agriculture [8], in 2020, the production of meat from slaughtered animals was
337,180 thousand tonnes and 5246 thousand tonnes in the world and Poland, respectively.
In Poland, the production of fats from slaughter was 403 thousand tonnes in 2021, whereas
the consumption of fats from slaughter was 204 thousand tonnes in 2021 (p. 305 in [8]).
The production of animal fat not intended for human consumption, AFN, was 1,351,955.3

Appl. Sci. 2023, 13, 13233. https://doi.org/10.3390/app132413233 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app132413233
https://doi.org/10.3390/app132413233
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-6406-1668
https://orcid.org/0000-0003-3863-1863
https://orcid.org/0000-0002-1374-0556
https://doi.org/10.3390/app132413233
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app132413233?type=check_update&version=2


Appl. Sci. 2023, 13, 13233 2 of 17

in EU 27 and 102,279.9 in Poland [9]. It was estimated that biodiesel from animal fat
achieves nearly 80% fossil CO2 reduction compared with 30% for soya [7]. Animal fats are
considered a feedstock for biodiesel production [5,7] and different chemical products [6,7].
Rosson et al. [6] listed six groups of potential applications that are related to the specific
treatment processes. They mentioned (1) biodiesel production using transesterification,
(2) paraffinic fuel production using catalytic cracking, hydrogenation, and isomerization,
(3) production of hydrocarbon N-/O-heterocycles using pyrolysis, (4) emulsified biofuel
production using microemulsion, (5) blended biofuel production using direct mixing of
animal fats, and (6) bioliquid production using direct use and purification process. Brahma
and colleagues [10] presented a review paper on biodiesel synthesis from various mixed
oils. They discussed (inter alia) different types of reactors for biodiesel synthesis. Animal
fat can be used in the process of biodiesel production followed by the distillation process as
a key step [5]. There is a common idea that any organic material, specifically carbohydrates,
proteins, and fats, could be converted into crude oil [11]. It should be underscored that
within animal fat production, some parts of this material cannot be used for food production.
They are included in the waste group if a reasonable way of application is not presented. In
the literature, this part of the animal part is called the Animal By-products Not Intended for
Human Consumption, ABNIHC [12], or animal fat not intended for human consumption,
AFN [7]. These materials can be used as a feedstock for fuel production. In such a way, this
step is desired in the waste management hierarchy [13]. Namely, the direct application of
fat waste as a fuel or its utilization as feedstock in the production of fuels and/or valuable
chemicals increases the waste management level from the disposal level to the recovery
or recycling level. There are different strategies for waste treatment to obtain valuable
products. One of the possible ways is thermo-chemical treatment, including such processes
as hydrothermal treatment [11,14], distillation [5], and thermal treatment [3,15].

There are investigations on the application of animal fats as a fuel in stationary
combustion chambers. Alonso et al. [9] presented the combustion AFN and co-combustion
of AFN with other liquid fuels in a 26.7 kW boiler (fuel consumption 1.86 kg/h). Lezsovits
and Könczöl [16] presented the combustion of animal fat using a rotary cup-type burner in
a 4 MWth boiler. They compared the results with the combustion of heavy fuel oil. They
observed lower NOx emission (164 ppm referred to as 3 vol% O2) compared with HFO
combustion (295 ppm referred to as 3 vol% O2). The nitrogen content in animal fat and
HFO was 0.35 w.% and 0.3 w.%, respectively. Alonso et al. [12] presented the combustion of
Animal By-products Not Intended for Human Consumption (ABNIHC) in a technical-scale
combustion chamber. Bondera et al. [17] investigated the combustion of animal fats from
bovine and swine mixed with liquid hydrocarbons in a 55 kW boiler. The concentration
of animal fat in a mixture was up to 30% by mass. The addition of animal fat caused
slightly lower emission of NOx. Wasielewski and Głód [18] presented the combustion of
the fatty acids distillation residues (FADR) and the heavy fuel oil (HFO) in a 4.5 MWth
nominal capacity boiler. A slight decrease in NOx emission and a significant decrease in
SO2 emission were observed. Lazaroiu and colleagues [19] presented the combustion of
animal fats and other biofuels (i.e., vegetable oils and solid biomass). Animal fat waste was
provided by the leather industry. The experimental tests were carried out using a diesel
engine and pilot boiler (Multiplex CL 50 model, manufactured by Thermostahl Company).
The blends of diesel and animal fat (10–30% by mass) were applied as a fuel. Very low NOx
emission values, with a mean of 26 ppm, were obtained. Emission of CO was in the range
of 920–3640 ppm.

The application of animal-fat-delivered fuels is fully suggested in the literature. Nev-
ertheless, the efforts focused on the application of raw fats or their processing products
into biodiesel. The utilization of heavy fractions after fat distillation is poorly reported
in the literature. Especially the technical-scale experience of fuel feeding, combustion
performance, and emission of gaseous pollutants should be investigated. Thus, this paper
aims to fill this knowledge gap. The possibility of heavy fuel oil, HFO, substitution is
suspected and fully recommended due to the possibility of CO2 emission reduction.
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2. Materials and Methods
2.1. Material

The heavy fuel oil, HFO, and the products of the fatty acids distillation residues
(FADR) were applied as a fuel. FADR was obtained during the processing of the animal
fats. In the first step, the fats were filtered in the presence of diatomaceous earth. Next,
the material was processed in the hydrolysis reactor at a temperature of 250 ◦C and a
pressure of 55 bar. In this process, there was separation in a glycerol–water solution and
the fatty acids were obtained. Next, the fatty acids were distilled and the heavy fraction
products (>C18, as c.a. 5–8% by mass of total products) were applied. This material is
a viscous, oily substance with a dark color and a peculiar and characteristic smell. The
ultimate analysis was performed using a LECO TrueSpec (LECO, St. Joseph, MI, USA)
CHN analyzer and a LECO SC 632 analyzer (LECO, USA). The heating value was analyzed
using the LECO AC500 (LECO, USA) apparatus. The ignition temperature was determined
using the Marcusson method. The liquid fuel sample was placed in an open vessel and it
was heated up (rate of 3 ◦C/minute). The gaseous fuel flame was approaching the liquid
fuel sample within the temperature increase of 1 ◦C until ignition of the liquid fuel volatiles
occurred [20,21]. Density was determined using aerometric analysis at a temperature of
60 ◦C. The viscosity of the liquid fuel sample was determined using an Engler viscometer.
The viscosity measurement was conducted at a shearing velocity of 500 1/s.

2.2. Combustion Test

The combustion tests were carried out using a technical-scale combustion chamber
(height of 3.4 m and internal diameter of 0.6 m), which was used in previous research [22].
The three main parts of the installation are the combustion chamber with burners, a
high-temperature precipitator, and an exhaust gas cooling system. The schematic of the
experimental setup is presented in Figure 1. The combustion chamber is equipped with four
burners: (1) main burner (gaseous, liquid, or pulverized), (2) additional gaseous burner,
(3) pilot burner (gaseous), and (4) radial burner. Burners (1)–(3) are situated at the top cover
of the combustion chamber. The radial burner is situated in the cylindrical wall (close to
the top zone) of the chamber. The maximum possible liquid fuel feed to the main burner is
14 kg/h. The system of liquid fuel consists of the fuel tank, fuel pipes, valves system, and
pump. The temperature of liquid fuel was controlled using heating elements. The maxi-
mum possible temperature of liquid fuel is 250 ◦C. A dust separator (DS) is equipped with
ceramic elements. The particles were removed from the DS using pressurized air impulses.
The maximal admissible temperature of flue gas in the DS zone is 600 ◦C. The heating of
the combustion chamber was performed using a natural gas burner and the burner was
switched to liquid fuel burner. The average natural gas flow rate (during the heating period)
was 6.5 m3/h (input power ~65 kW). The flame structure was observed using an inspection
hole (window) placed at the top part of the chamber. The temperature in the combustion
zone was measured at three points of the chamber: 958 mm (top zone, TT), 1258 mm (central
zone, TC), and 1508 mm (bottom zone, TB) from the top cover of the chamber. The flue gas
was continuously analyzed for CO2 (0–45 v.%), CO (0–6000 ppmv), H2O (0–30 v.%), NO
(0–1000 ppmv), N2O (0–200 ppmv), NO2 (0–200 ppmv), SO2 (0–6000 ppmv), C4H10 (bu-
tane; 0–500 ppmv), C7H8 (toluene, 0–200 ppmv), CHOH (formaldehyde; 0–50 ppmv) using
an FTIR analyzer (GASMET DX4000), and O2 (inlet and outlet), which was measured using
a paramagnetic analyzer (Oxymat 61) and a zirconium sensor analyzer (AMS Analysen).
The measurement uncertainty of the presented analyzers was estimated at below 2% of the
total measuring range.

As in our previous research [23], PAHs were analyzed using the application of a
measurement system, including an externally heated glass filter and a set of tubes, includ-
ing XAD-2 resin and active carbon. The captured organic matter in the glass filter and
tubes were processed using extraction (ASE 350 provided by DIONEX) in the presence
of acetone and methylene chloride. Solvents were evaporated using RAPIDVAP appara-
tus provided by Labconco, and the next TOC was determined. Finally, the quantitative
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analysis of 16 PAHs was carried out using a gas chromatograph and a flame ionization
detector (Trace-GC provided by Thermo Scientific, Waltham, MA, USA). A total of 16 PAH
emissions included the following compounds: naphthalene, acenaphthylene, acenaph-
thene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene,
chrysene, benzo (b + k) fluoranthene, benzo(e)pyrene, benzo(a)pyrene, beryline, bibenzo(a,
h) anthracene + indeno (1, 2, 3) pyrene, and benzo(g, h, i) perylene.
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Figure 1. Scheme of a technical-scale installation used for combustion of liquid fuels. MB—main
burner (liquid fuels: FADR and HFO), PB—pilot burner (fuel: natural gas), PA—primary air,
SA—secondary air, W—water for cooling, I—combustion chamber, II—dust separator, III—exhaust
gas cooler, IV—chimney, V—exhaust gas sampling point, VI—O2 measurement in raw exhaust gas.
Reprinted from [24] (upon permission of Elsevier, License Number 5656340853661).

2.3. Uncertainty Analyses

Uncertainty analyses were presented according to the procedure presented in the
previous literature [20]. It is known that the relative (∆A) and the absolute (δA) uncertainty
of a considered parameter A are related by Equation (1)

∆A = (δA/A) × 100% (1)

It can be assumed that for measured parameters A and B, the rules for the uncertainty
calculation are described by Equations (2)–(5).

(A ± δA) + (B ± δB) ∼= (A + B)± (δA + δB), (2)

(A ± δA)− (B ± δB) ∼= (A − B)± (δA + δB), (3)

(A ± ∆A)× (B ± ∆B) ∼= (A × B)± (∆A + ∆B), (4)

(A ± ∆A)/(B ± ∆B) ∼= (A/B)± (∆A + ∆B). (5)

Moreover, if the final parameter Q is obtained by the multiplication of measured
parameter A and number N, Q = N × A, then the absolute uncertainty of Q is described by
Equation (6):

δQ ≈ |N| × δA (6)
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Moreover, if the measured parameter A is changed in time due to stochastic variation
(i.e., fluctuation in a certain average value), then the final value of absolute uncertainty
of an analyzed parameter, δA, includes the uncertainty related to the measuring system
δAmeasuring and the uncertainty related to the measured parameter fluctuation δAfluctuations.
Thus, in such cases, the δA is calculated from Equation (7)

δA =
√

δA2
f luctuations + δA2

measuring (7)

Based on these rules, the uncertainty was calculated from the equations presented
below, in terms of the following parameters:

• energy density:

∆Ed, LHV = ∆ρ + ∆LHV (8)

∆Ed, HHV = ∆ρ + ∆HHV (9)

• the energy for fuel heating and fuel pressurization:

∆Eheat =
δTf uel + δTroom

Tf uel − Troom
× 100% (10)

∆Epressur = ∆p + ∆ρ (11)

• nominal fuel feed:

.
∆m100kW = ∆LHV (12)

• power loss:

∆Ploss =
.

∆m100kW +
δEheat + δEpressur

Eheat + Epressur
× 100% (13)

The relative and absolute uncertainty of analyzed parameters are presented in Table 1.

Table 1. The relative and the absolute uncertainty of analyzed parameters.

Parameter FADR HFO

Absolute Uncertainty Relative Uncertainty Absolute Uncertainty Relative Uncertainty

Density, kg/m3 1 0.11 1 0.1
HHV, kJ/kg 87 0.22 87 0.2
LHV, kJ/kg 120 0.33 120 0.3

C, w.% 1 1.31 1 1.16
H, w.% 0.50 4 0.54 4
N, w.% 0.05 6 0.03 6
S, w.% 0.05 31 0.05 8

Ash content, w.% 0.04 14 0.04 6
Ignition temperature, ◦C 1 0.4 1 0.4

E density (LHV), GJ/m3 0.142 0.4 0.146 0.4
E density (HHV), GJ/m3 0.155 0.4 0.156 0.4

Eheat, kJ/kg 2.85 3 5.13 3
Epressur, kJ/kg 10.8 1.8 6.4 1.0
Etotal, kJ/kg 13.7 1.9 11.5 1.4

Ploss, kW 0.044 2.3 0.033 1.7
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3. Results and Discussion
3.1. Fuel Properties

The results of the basic properties are presented in Table 2. FADR and HFO have
similar properties in terms of calorific value and density. The calorific value (i.e., lower
heating value, LHV) of FADR is around 86.7% of the value for HFO. A similar tendency
was observed by Xiu et al., who concluded that the higher heating value, HHV, of liquefied
oil from swine manure was 36.05 MJ/kg, which is about 90% of that of heavy fuel oil
(40 MJ/kg) [11]. Nevertheless, due to the higher density of FADR (i.e., 882 kg/m3 at
60 ◦C) compared with HFO (i.e., 864 kg/m3 at 60 ◦C), the energy density of FADR (i.e.,
32.298 GJ/m3 (from LHV)) is 88.5% of the value for HFO (i.e., 36.505 GJ/m3 (from LHV)).
The comparison of the energy density (GJ/m3) based on HHV for different fuels is presented
in Figure 2. The value of FADR energy density is similar to the values for diesel, gasoline,
micro wax, and crude oil. The lower viscosity of FADR (i.e., at 60 ◦C 0.0255 Pa·s) was
observed compared with HFO (i.e., at 60 ◦C 0.057 Pa·s). In this case, lower viscosity is
an added value in terms of lower energy demand on the compression. It is known that
there is a recommended limit of viscosity for nozzle application. Too-high viscosity causes
the creation of liquid filaments instead of a spray at the nozzle outlet and increases fuel
pump consumption [25]. In this research, the recommended limit of viscosity is 100 mm2/s.
Nevertheless, according to our experimental observations, the good-enough atomization
of liquid fuel was observed for kinematic viscosity lower than 20 mm2/s (calculated
from dynamic viscosity and estimated density). At this value of viscosity (for FADR
temperature in the range of 70 ◦C) and proper pressure, efficient atomization was observed
at a nozzle diameter of 0.5 mm (see Table 3). Lezsovits and Könczöl [16] mentioned that
the recommended nozzle viscosity for atomization of liquid fuels (i.e., animal fat and HFO)
was in the range of 7–10 mm2/s. Alonso et al. [12] reported the maximum viscosity at the
nozzle in the range of 50–118 mm2/s. A comparison of the kinematic viscosity of selected
liquid fuels (i.e., HFO and fat-delivered fuels) as a function of temperature is presented in
Figure 3. It can be noticed that HFOs have significantly higher values of kinematic viscosity;
thus, this fuel should be heated up to a certain temperature (usually 100 ◦C) to obtain a
proper value of viscosity. It is known that the viscosity (at 20 ◦C) of commercial liquid
fuels (i.e., biodiesel, diesel, E15, and gasoline) was in the range of 0.79–8.34 mm2/s [26].
Alonso et al. [12] noticed that the kinematic viscosity of animal by-products not intended
for human consumption (ABNIHC) was 51.97 mm2/s and 9.06 mm2/s for 40 ◦C and
100 ◦C, respectively.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 6 of 17 
 

Ploss, kW 0.044 2.3 0.033 1.7 

3. Results and Discussion 
3.1. Fuel Properties 

The results of the basic properties are presented in Table 2. FADR and HFO have 
similar properties in terms of calorific value and density. The calorific value (i.e., lower 
heating value, LHV) of FADR is around 86.7% of the value for HFO. A similar tendency 
was observed by Xiu et al., who concluded that the higher heating value, HHV, of liq-
uefied oil from swine manure was 36.05 MJ/kg, which is about 90% of that of heavy fuel 
oil (40 MJ/kg) [11]. Nevertheless, due to the higher density of FADR (i.e., 882 kg/m3 at 60 
°C) compared with HFO (i.e., 864 kg/m3 at 60 °C), the energy density of FADR (i.e., 32.298 
GJ/m3 (from LHV)) is 88.5% of the value for HFO (i.e., 36.505 GJ/m3 (from LHV)). The 
comparison of the energy density (GJ/m3) based on HHV for different fuels is presented 
in Figure 2. The value of FADR energy density is similar to the values for diesel, gasoline, 
micro wax, and crude oil. The lower viscosity of FADR (i.e., at 60 °C 0.0255 Pa·s) was ob-
served compared with HFO (i.e., at 60 °C 0.057 Pa·s). In this case, lower viscosity is an 
added value in terms of lower energy demand on the compression. It is known that there 
is a recommended limit of viscosity for nozzle application. Too-high viscosity causes the 
creation of liquid filaments instead of a spray at the nozzle outlet and increases fuel 
pump consumption [25]. In this research, the recommended limit of viscosity is 100 
mm2/s. Nevertheless, according to our experimental observations, the good-enough at-
omization of liquid fuel was observed for kinematic viscosity lower than 20 mm2/s (cal-
culated from dynamic viscosity and estimated density). At this value of viscosity (for 
FADR temperature in the range of 70 °C) and proper pressure, efficient atomization was 
observed at a nozzle diameter of 0.5 mm (see Table 3). Lezsovits and Könczöl [16] men-
tioned that the recommended nozzle viscosity for atomization of liquid fuels (i.e., animal 
fat and HFO) was in the range of 7–10 mm2/s. Alonso et al. [12] reported the maximum 
viscosity at the nozzle in the range of 50–118 mm2/s. A comparison of the kinematic vis-
cosity of selected liquid fuels (i.e., HFO and fat-delivered fuels) as a function of temper-
ature is presented in Figure 3. It can be noticed that HFOs have significantly higher values 
of kinematic viscosity; thus, this fuel should be heated up to a certain temperature (usu-
ally 100 °C) to obtain a proper value of viscosity. It is known that the viscosity (at 20 °C) 
of commercial liquid fuels (i.e., biodiesel, diesel, E15, and gasoline) was in the range of 
0.79–8.34 mm2/s [26]. Alonso et al. [12] noticed that the kinematic viscosity of animal 
by-products not intended for human consumption (ABNIHC) was 51.97 mm2/s and 9.06 
mm2/s for 40 °C and 100 °C, respectively. 

 
Figure 2. The comparison of energy density, GJ/m3, based on the HHV, data from this study, and 
[22,27]. 

Figure 2. The comparison of energy density, GJ/m3, based on the HHV, data from this study, and [22,27].



Appl. Sci. 2023, 13, 13233 7 of 17

Table 2. Basic properties of the fatty acids distillation residues, FADR, and heavy fuel oil, HFO.

Parameter FADR HFO

Density (60 ◦C), kg/m3 882 864
Ignition temperature (open vessel), ◦C 227 250

LHV, kJ/kg 36,619 42,251
HHV, kJ/kg 39,914 45,222

Energy density, Ed, LHV, GJ/m3 (from LHV) 32.298 36.505
Energy density, Ed, HHV GJ/m3 (from HHV) 35.20 39.07

Ash content, w.% 0.28 0.36
C, w.% 76.6 86.1
H, w.% 12.45 13.61
N, w.% 0.85 0.56
S, w.% 0.16 0.62
Cl, w.% <0.005% <0.005%

Distillation beginning, ◦C 98 168
to 235 ◦C 1.9 2

235–270 ◦C 1 1.8
270–300 ◦C 3 2.4
300–330 ◦C 52.5 5.5
330–360 ◦C 35.9

Distillation residue, % 31.9 47.5
Distillation loses, % 9.7 4.9

Viscosity, Pa·s, at temperature
30 ◦C 0.1954
40 ◦C 0.0541
50 ◦C 0.136
60 ◦C 0.0255 0.057
70 ◦C 0.034
80 ◦C 0.0142 0.0244
90 ◦C 0.0189
100 ◦C 0.0152

Table 3. The flow characteristic of FADR by nozzle, temperature of 70 ◦C.

Pressure Flow Rate Expected Input Power, kW Visual Evaluation of Atomization

kPa kg//h kW

Nozzle 1 mm
56 1.1 11 Droplets
67 1.3 13 Compact flow
82 4.9 50 Compact flow

112 11 112 Compact flow
150 17 173 Compact flow
165 19.5 198 Compact flow
168 20 203 Compact flow
195 off the scale Compact flow

Nozzle 0.5 mm
385 7.4 75 Compact flow
429 8.2 83 Compact flow
470 9.3 95 Compact flow
502 9.9 101 Compact flow with spontaneous droplets
512 10.2 104 Fine droplets
528 10.3 105 Ultra-fine droplets and fog-like flow
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The required viscosity in terms of temperature is directly related to the energy de-
mand on the fuel transportation and the efficient atomization behind the nozzle spray.
The specific heat capacity of animal fat is very close to the specific heat capacity of
diesel fuel [37]. At a temperature of 293K and pressure of 0.1 MPa, the heat capacity
of diesel is 1.9 kJ/kgK [38,39]. The average specific heat of crude oil is in a similar range
of 2.2 kJ/kgK [40]. The properties of micro wax were taken from [22,41,42] (heat capac-
ity [41,42] cp at a level of 2.5 kJ/kgK). The specific heat of HFO was assumed on a similar
level. The energy demand on fuel transportation has two specific parts: (a) the energy
necessary to heat the fuel up to a certain level of enough viscosity; and (b) the energy related
to the pressurization of the fuel before its introduction to the nozzle. It is assumed that the
energy demand refers to the mass of fuel (i.e., kJ/kg); thus, the energy for fuel heating and
fuel pressurization were calculated according to Equations (14) and (15), respectively:

Eheat = cp

(
Tf uel − Troom

)
, kJ/kg (14)

Epressur =
p
ρ

, kJ/kg (15)

The sum of Eheat and Epressur is defined as Etotal.
When nominal fuel feed

.
mnominal, kg/s at 100 kWth, power is calculated from Equation (16)

.
m100kW =

100
LHV

(16)

Then power loss, Ploss, kW is (Equation (17))

Ploss =

.
m100kW(

Eheat + Epressur
) (17)

The nominal feed of analyzed fuel at 100 kWth power was in the range of 8.25–9.83 kg/h.
Nominal fuel feed

.
mnominal , in the case of FADR (i.e., 9.83 kg/h) was higher compared with

the value for HFO (i.e., 8.52 kg/h). This was due to the lower calorific value of FADR (i.e.,
LHV 36619 kJ/kg) compared with HFO (i.e., LHV 42251 kJ/kg). It should be underscored
that the assumption of nominal power at 100 kWth is very useful, since the power loss
is easily transformed into %. The results of energy and power loss due to the demands
on fuel transportation and heating are presented in Figures 4 and 5. It can be noticed
that in almost all cases the total energy demand varies in the range of 320–806 kJ/kg of
combusted fuel, and the more significant component is from the pressurization demand
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(i.e., in the range of 273–635 kJ/kg). This range is consistent with the values presented by
Alonso et al. [12], who reported the required energy in the range of 180–540 kJ/kg of fuel
feed (0.05–0.15 kWh/kg) depending on burner technology. In one case, the energy demand
was significantly higher due to the higher value of the pressurization component. Namely,
Bondrea et al. [17] reported the necessary pressure for atomization at the level of 14 bar.
The lowest energy demand (i.e., Etotal 320 kJ/kg) was observed by Lasek et al. during micro
wax combustion [22]. Except for the Bondrea et al. [17] study, the power loss is less than
2% (i.e., in the range of 0.73–1.94%). It is less than 2 kWth for the nominal input power
of 100 kWth. Except for the Bondrea et al. [17] study, the required pressure of fuel was in
the range of 219–635 kPa. The flow characteristics of FADR by nozzle (diameter of 1 mm
and 0.5 mm) are presented in Table 3. It is clear that in the case of this study, the nozzle
with a diameter of 1 mm was not efficient due to the too-high value of flow rate, as well as
the inefficient atomization quality. The good-enough parameters were obtained using a
0.5 mm nozzle. At a pressure of 528 kPa, the FADR flow rate was in the range of 10.3 kg/h,
which is referred to as 105 kW of input power. Lezsovits and Könczöl [16] reported that the
spray formation of animal fat was satisfactory at a pre-heating temperature of 60–95 ◦C;
nevertheless, during the experimental run they kept the temperature at a level of 94–96 ◦C.
Alonso et al. [9] recommended a higher pressure of fats after the pump (i.e., 10–30 bar);
whereas, in the case of this study, it was 5.26 bar.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 17 
 

demands on fuel transportation and heating are presented in Figures 4 and 5. It can be 
noticed that in almost all cases the total energy demand varies in the range of 320–806 
kJ/kg of combusted fuel, and the more significant component is from the pressurization 
demand (i.e., in the range of 273–635 kJ/kg). This range is consistent with the values 
presented by Alonso et al. [12], who reported the required energy in the range of 180–540 
kJ/kg of fuel feed (0.05–0.15 kWh/kg) depending on burner technology. In one case, the 
energy demand was significantly higher due to the higher value of the pressurization 
component. Namely, Bondrea et al. [17] reported the necessary pressure for atomization 
at the level of 14 bar. The lowest energy demand (i.e., Etotal 320 kJ/kg) was observed by 
Lasek et al. during micro wax combustion [22]. Except for the Bondrea et al. [17] study, 
the power loss is less than 2% (i.e., in the range of 0.73–1.94%). It is less than 2 kWth for the 
nominal input power of 100 kWth. Except for the Bondrea et al. [17] study, the required 
pressure of fuel was in the range of 219–635 kPa. The flow characteristics of FADR by 
nozzle (diameter of 1 mm and 0.5 mm) are presented in Table 3. It is clear that in the case 
of this study, the nozzle with a diameter of 1 mm was not efficient due to the too-high 
value of flow rate, as well as the inefficient atomization quality. The good-enough pa-
rameters were obtained using a 0.5 mm nozzle. At a pressure of 528 kPa, the FADR flow 
rate was in the range of 10.3 kg/h, which is referred to as 105 kW of input power. Lezso-
vits and Könczöl [16] reported that the spray formation of animal fat was satisfactory at a 
pre-heating temperature of 60–95 °C; nevertheless, during the experimental run they kept 
the temperature at a level of 94–96 °C. Alonso et al. [9] recommended a higher pressure of 
fats after the pump (i.e., 10–30 bar); whereas, in the case of this study, it was 5.26 bar. 

 
Figure 4. Power loss due to demands on fuel transportation and heating, data from [16,17,22,36], 
assumed nominal power 100 kWth. 

 
Figure 5. Energy per fuel mass loss due to demands on fuel transportation (Epressur) and heating 
(Eheat), data from [16,17,22,36]. 

FADR has a significantly lower sulfur content, which is directly related to the lower 
SO2 emission. Nitrogen content in FADR is higher (i.e., 0.85 w.%) compared with HFO 
(i.e., 0.56 w.%). It is known that nitrogen content in fuels influences NOx emission. This 
issue will be discussed in the Emissions section. 

Figure 4. Power loss due to demands on fuel transportation and heating, data from [16,17,22,36],
assumed nominal power 100 kWth.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 17 
 

demands on fuel transportation and heating are presented in Figures 4 and 5. It can be 
noticed that in almost all cases the total energy demand varies in the range of 320–806 
kJ/kg of combusted fuel, and the more significant component is from the pressurization 
demand (i.e., in the range of 273–635 kJ/kg). This range is consistent with the values 
presented by Alonso et al. [12], who reported the required energy in the range of 180–540 
kJ/kg of fuel feed (0.05–0.15 kWh/kg) depending on burner technology. In one case, the 
energy demand was significantly higher due to the higher value of the pressurization 
component. Namely, Bondrea et al. [17] reported the necessary pressure for atomization 
at the level of 14 bar. The lowest energy demand (i.e., Etotal 320 kJ/kg) was observed by 
Lasek et al. during micro wax combustion [22]. Except for the Bondrea et al. [17] study, 
the power loss is less than 2% (i.e., in the range of 0.73–1.94%). It is less than 2 kWth for the 
nominal input power of 100 kWth. Except for the Bondrea et al. [17] study, the required 
pressure of fuel was in the range of 219–635 kPa. The flow characteristics of FADR by 
nozzle (diameter of 1 mm and 0.5 mm) are presented in Table 3. It is clear that in the case 
of this study, the nozzle with a diameter of 1 mm was not efficient due to the too-high 
value of flow rate, as well as the inefficient atomization quality. The good-enough pa-
rameters were obtained using a 0.5 mm nozzle. At a pressure of 528 kPa, the FADR flow 
rate was in the range of 10.3 kg/h, which is referred to as 105 kW of input power. Lezso-
vits and Könczöl [16] reported that the spray formation of animal fat was satisfactory at a 
pre-heating temperature of 60–95 °C; nevertheless, during the experimental run they kept 
the temperature at a level of 94–96 °C. Alonso et al. [9] recommended a higher pressure of 
fats after the pump (i.e., 10–30 bar); whereas, in the case of this study, it was 5.26 bar. 

 
Figure 4. Power loss due to demands on fuel transportation and heating, data from [16,17,22,36], 
assumed nominal power 100 kWth. 

 
Figure 5. Energy per fuel mass loss due to demands on fuel transportation (Epressur) and heating 
(Eheat), data from [16,17,22,36]. 

FADR has a significantly lower sulfur content, which is directly related to the lower 
SO2 emission. Nitrogen content in FADR is higher (i.e., 0.85 w.%) compared with HFO 
(i.e., 0.56 w.%). It is known that nitrogen content in fuels influences NOx emission. This 
issue will be discussed in the Emissions section. 

Figure 5. Energy per fuel mass loss due to demands on fuel transportation (Epressur) and heating
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FADR has a significantly lower sulfur content, which is directly related to the lower
SO2 emission. Nitrogen content in FADR is higher (i.e., 0.85 w.%) compared with HFO (i.e.,
0.56 w.%). It is known that nitrogen content in fuels influences NOx emission. This issue
will be discussed in the Emissions section.

3.2. Combustion Test

The results of combustion performance in terms of temperature inside the combustion
chamber, air flow rate, and fuel flow rate, as well as the liquid fuel overpressure behind the
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pump, are presented in Table 4. The examples of time-dependent results are presented in
Figures 6 and 7. The combustion of FADR and HFO was stable; nevertheless, during the
initial period of liquid fuel combustion (i.e., 17:30) the flow rate of FADR was initially very
high. After this period, the flow rate of FADR was stabilized and the temperature inside
the combustion chamber was kept at a certain level of 1000 ◦C. The fraction of secondary
air in the total sum of air was in the range of 20–22%.

Table 4. Main process parameters during combustion of FADR and HFO.

FADR HFO

Parameter Unit Aver. ±
The temperature in the chamber, top zone ◦C 1028 15 1070 9

The temperature in the chamber, middle zone ◦C 1006 15 985 2
The temperature in the chamber, bottom zone ◦C 1007 9 890 2

The temperature in the chamber outlet (after heat exch.) ◦C 748 6 550 3
Temperature of liquid fuel at burner inlet ◦C 70 <1 110 <1

Primary air flow rate Nm3/h 105 1 70 1
Secondary air flow rate Nm3/h 30 <1 18 <1

Liquid fuel flow rate kg/h 10.6 0.4 5.27 0.21
Liquid fuel overpressure behind the pump kPa 542 8 549 4
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3.3. Emission

Figures 8–10 present the concentration of selected compounds in the flue gas as a
function of time. The period of 16:30–16:45 represents the combustion of natural gas. At
17:30, the liquid fuel was introduced (please compare with Figure 7). In the starting period
(ignition, flow stabilization), the emission of carbon monoxide and hydrocarbons was very
high. After the unstable period, the emission came back to a stable level. This period was
used to evaluate the average values of the emissions, presented in Table 5. The emission
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was compared with the values obtained by other research groups. It should be underscored
that the emission of SO2 was significantly decreased, and the emission of NOx was a little
increased during the combustion of FADR. The lower emission of SO2 was caused by the
limitation of sulfur content in the fuel, which is a main parameter influencing SO2 emission.
A decrease in SO2 (from 1180 ppm to 40 ppm) and NOx (from 201 ppm to 126 ppm) due
to a decrease in S- and N-fuel content was observed by Park et al. [43], who presented the
CFD modeling and experimental results of HFO and bioliquid, BL (a blend of palm oil, its
residue, and animal fat), combustion in a 400-MWe power boiler. Fuel-N content in HFO
and BL was 0.46 w.% and 0.19 w.%, respectively. Sulfur content in HFO and BL was 2.04 w.%
and 0.04 w.%, respectively. A similar phenomenon was observed by Park et al. [44].
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Apart from fuel NO, NOx primarily originates from thermal NO and prompt NO [45].
The emission of NOx during the combustion of liquid fuels is a complex process influenced
by different factors. The difference in the NOx emissions between non-food fat-type
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fuels, NF1 and NF2, in investigations by Alonso et al. [9] was caused (inter alia) by the
significant difference in N-content. Namely, N-content in NF1 and NF2 was 0.16 w.%
and 0.05 w.%, respectively; nevertheless, during the combustion of liquid fuels, N-fuel
content is not the only factor that influences NOx emission. Some comparisons of the
experimental results of liquid fuel combustion confirm that the increase in N-fuel content
did not increase NOx emission in all cases. For example, Lezsovits and Könczöl [16]
noticed lower emission of NOx during the combustion of animal fat (164 ppm referred to
as 3 vol% O2) compared with HFO combustion (295 ppm referred to as 3 vol% O2), despite
the higher N-content in animal fat (i.e., 0.35 w.%) compared with HFO (i.e., 0.3 w.%). Lehto
and colleagues [46] explained that the total NOx is a combination of thermal and fuel-
bound nitrogen mechanisms. In some cases, lower flame temperature significantly reduces
the emission of NOx. Darbandi et al. [47] noticed that the emission of NOx during HFO
combustion can be significantly influenced (in the range of 300–450 ppm) by the change in
air distribution, swirl ratio of secondary air (0.5–1.4), mean droplet size (25–150 µm), and
fuel injection velocity (20–120 m/s). Among the other crucial effects, Rebola and Costa [48]
listed the atomizing air-to-fuel mass ratio (AFR), secondary air swirl number (Ss), air
staging, burning using methane and propane as secondary fuels, and fuel atomization
using mixtures of air and methane. Bazooyar et al. [49] concluded that an “increase in
the combustion pressure leads to more uniform combustion (better vaporization and
propagation of fuel in the chamber) and the formation of high-quality sprays (smaller
droplet size, deep penetration of sprays in chambers). This contributes to high local
temperatures and disappearance of fuel local rich zones”. The study by Bazooyar et al. [49]
included the combustion of biodiesel and petrodiesel in utility power plant boilers. They
noticed that the contribution of the percent of thermal and prompt NO into total NO varied
by a wide range. For example, the contribution of thermal NO changed in the range of
16–73% when combustion pressure changed in the range of 8–22 bar. Wu et al. [50] noticed
significantly higher NOx emission (473 ppm, 3% O2) during the combustion of HFO using a
1.4 MWth experimental rig. The experimental setup included a regenerator–burner system
with highly preheated combustion air at 1200 ◦C and a furnace temperature at the level of
1300 ◦C. Thus, despite moderate N-content (i.e., N 0.21 w.%) and due to the thermal-NOx
mechanism, the NOx emission was higher compared with the combustion of HFO at a
similar or higher level. Figure 11 presents the comparison of the NOx emission as a function
of N-fuel content. The data were divided into two main groups: heavy fuel oils, HFO,
and bio-liquid fuels. The relationship between the emission of NOx and nitrogen content
in combustion fuels is a complex issue. An overall conclusion from the data collected in
Table 5 is that the concentration of NO during the combustion of liquid fuels is in the range
of 31–432 ppm (ref. to 3 v.% O2). Increase in NOx emission was also observed when diesel
was substituted by biodiesel in diesel engines [51].
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Table 5. Comparison of the emission of gaseous pollutants during the combustion of heavy fuel oil and bio-liquid fuels.

Fuel Type and Scale of the Facility Emissions O2 in Gases, % Emissions (Calculated on 3% O2) Ref.

FADR 150 kW tech-scale combustion chamber CO 55 ppm; NO 98 ppm; SO2 < 1 ppm 5 CO 64 ppm; NO 114 ppm; SO2 < 1 ppm This study
HFO 150 kW tech-scale combustion chamber CO 26 ppm; NO 68 ppm; SO2 133 ppm 7.9 CO 35 ppm; NO 90 ppm; SO2 176 ppm This study

Blend of diesel (60 w.%)
and FF (40 w.%) 26.7 kW boiler CO 198 ppm; NO 27 ppm 5.4 CO 228 ppm; NO 31 ppm [9]

Blend of diesel (60 w.%)
and NF1 (40 w.%) 26.7 kW boiler CO 634 ppm; NO 98 ppm 5.1 CO 718 ppm; NO 111 ppm [9]

Blend of diesel (60 w.%)
and NF2 (40 w.%) 26.7 kW boiler CO 62 ppm; NO 28 ppm 4.9 CO 69 ppm; NO 31 ppm [9]

AF rotary cup type burner in 4 MWth boilers. CO 1 ppm; NO 124 ppm 7.4 CO 1 ppm; NO 164 ppm [16]
BL 400-MWe power boiler NO 126 ppm, SO2 40 ppm 1 NO 113 ppm, SO2 36 ppm [43]

ABNIHC category 1 technical-scale combustion chamber CO 50 ppm; NO 56 ppm 9.8 CO 80 ppm; NO 90 ppm [12]
ABNIHC category 2 technical-scale combustion chamber CO 32 ppm; NO 22 ppm 11 CO 58 ppm; NO 40 ppm [12]

FADR 4.5 MWth nominal capacity boiler CO 4 ppm; NO 118 ppm; SO2 16 ppm 5 CO 5 ppm; NO 139 ppm; SO2 18 ppm [18]
HFO 4.5 MWth nominal capacity boiler CO 6 ppm; NO 148 ppm; SO2 288 ppm 5 CO 7 ppm; NO 173 ppm; SO2 337 ppm [18]

HFO

1.4 MWth experimental rig. The
heavy-fuel-oil-fired regenerator-burner

system with the 1200 ◦C highly preheated
combustion air, furnace temp 1300 ◦C

NO 394 ppm 6 NO 473 ppm [50]

HFO 325 MW boiler NO 398 ppm 4.4 NO 432 ppm [47]
HFO 400-MWe power boiler NO 201 ppm, SO2 1180 ppm 0.125 NO 173 ppm, SO2 1017 ppm [43]
HFO rotary cup type burner in 4 MWth boilers. CO 36 ppm; NO 279 ppm 4 CO 38 ppm; NO 295 ppm [16]

FADR-fatty acids distillation residues, HFO-heavy fuel oil, FF-food fat, NF1-non-food fat type 1, NF2-non-food fat type 2, BL-a blend of palm oil, its residue, and animal fat,
ABNIHC-animal by-products not intended for human consumption, AF-animal fat.
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The emission of polycyclic aromatic hydrocarbons (PAHs) during the combustion of
HFO, FADR, and micro wax [22] is presented in Table 6. It was observed that in both cases
of alternative fuels (i.e., FADR and micro wax), the total emission of PAHs (355.5 µg/m3

n
and 198.5 µg/m3

n) was lower compared with the value in the case of HFO combustion
(i.e., 810.4 µg/m3

n). Lasek et al. [22] concluded that during the combustion of HFO,
the average value of PAH emission was 488 µg/m3

n; nevertheless, the highest emission
was in the range of 3530 µg/m3

n. PAHs are created using the incomplete combustion of
organic material, and the main factors influencing the value of emission are the type of
fuel and additive, air pollution control devices, combustion control, and performance (air
distribution, temperature, residence time, etc.). During the combustion of FADR, the highest
values of emission (i.e., in the range of 50 µg/m3

n) were observed for acenaphthylene,
acenaphthene, fluorine, phenanthrene, and anthracene. In the case of fluoranthene, pyrene,
and benzo (b + k) fluoranthene, the emission was in the range of 20–30 µg/m3

n. The
emission of the rest of the compounds was less than 5 µg/m3

n. It is also worth underscoring
the low emission of benzo(a)pyrene during the combustion of FADR (i.e., 0.73 µg/m3

n).
The emission of benzo(a)pyrene during the combustion of HFO was significantly higher
(i.e., 30.6 µg/m3

n). The reduction in PAH emissions from diesel engines was observed
when diesel was substituted with biodiesel [51].

Table 6. Concentration (µg/m3
n) of polycyclic aromatic hydrocarbons (PAHs) in dry flue gas

(ref to 3% O2).

Compound Emission

HFO FADR Micro Wax Data from [22]

naphthalene 8.5 10.9 2.1
acenaphthylene 10.2 57.4 2.0
acenaphthene 12.6 49.8 1.0

fluorene 14 48.2 5.0
phenanthrene 72.2 53.5 12.2

anthracene 34.2 50.6 1.7
fluoranthene 75.4 29.2 9.7

pyrene 81.4 26.2 4.8
benzo(a)anthracene 15.1 3.5 1.0

chrysene 9.5 1.4 13.3
benzo (b + k) fluoranthene 30.5 20.7 110.6

benzo(e)pyrene 290.3 0.55 1.0
benzo(a)pyrene 30.6 0.73 22.7

perylene 11.5 2.8 8.2
bibenzo(a, h) anthracene + indeno (1,2,3) pyrene 98.4 0.02 1.8

benzo(g, h, i)perylene 16 0.04 1.4
Total PAHs 810.4 355.5 198.5

4. Conclusions

The properties and combustion performance of heavy fuel oil, HFO, and the products
of the fatty acids distillation residues, FADR, were analyzed in this study. It was observed
that FADR can be considered as a substitute for HFO due to the similarity in calorific as
well as physical properties (density and viscosity). It is worth underscoring that FADR
includes significantly lower sulphur, which is directly related to the lower SO2 emission.
On the other hand, FADR calorific value (LHV 36,619 kJ/kg) is lower compared with the
HFO (LHV 42,251 kJ/kg); nevertheless, due to the higher density of FADR (i.e., 882 kg/m3

at 60 ◦C) compared with HFO (i.e., 864 kg/m3 at 60 ◦C), the energy density of FADR (i.e.,
32.298 GJ/m3 (from LHV)) is 88.5% of the value for HFO (i.e., 36.505 GJ/m3 (from LHV)).
FADR is characterized by the lower energy demand on heating up fuel and pressurization
(i.e., 710 kJ/kg) compared with the value for HFO (i.e., 806 kJ/kg). It was caused by
the required lower pressure after the fuel pump, as well as lower temperature to obtain
the required viscosity. The combustion performance of HFO and FADR was stable. The
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emission of NO during the combustion of FADR (i.e., 114 ppm at 3% O2) was slightly
higher compared with the emission during the combustion of HFO (i.e., 90 ppm at 3%
O2). Finally, lower emission of PAHs was observed during the combustion of FADR (i.e.,
355.5 µg/m3

n) compared with the emission of HFO (i.e., 810.4 emission µg/m3
n). Thus,

due to the many benefits related to the FADR application, future work should contain the
analysis of FADR utilization as a fuel in energy systems.
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