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Abstract: Air pollution with particulate matter from transport sources is a serious problem in terms
of air quality and its impact on human health. The article attempts to test the emitted particles from
piston engines in terms of their physical properties and chemical composition. The research test
objects were a diesel engine with Euro 5 emission class and a petrol engine, which was a part of the
scooter drive system. The conducted research consisted in the analysis of the number, mass, and
volume of particles, as well as chemical analysis, using the methods: Fourier Transform Infrared
Spectroscopy (FTIR), Scanning Electron Microscope with Energy Dispersive Spectroscopy (SEM-EDS),
and Evolved gas analysis (EGA). The diesel engine emitted particles in the range of 50–120 nm. With
the increase in the engine load, the specific emission of particulate matter increased. In the case of
a gasoline engine running without load, the emission of particles smaller than 30 nm was mainly
observed. Increasing load of the gasoline engine resulted in an increase in both the concentration of
particles and their diameter (average diameter to 90 nm). FTIR analysis showed higher black carbon
content in the case of the sample taken from the diesel engine. In order to carry out a more detailed
chemical analysis, the EGA and SEM methods were used. On their basis, the chemical composition of
particles was presented, and a greater ability to agglomerate of a gasoline engine particles was found.

Keywords: combustion engines; particles emissions; chemical composition; SEM-EDS; FTIR

1. Introduction

Air quality has improved significantly in European cities over the past 20 years. The
emission of sulfur oxides was mainly reduced: ~80%, nitrogen oxides: ~46%, non-methane
volatile organic compounds: ~44%, particles with a diameter lower than 2.5 μm and 10 μm:
30% [1]. Nevertheless, European society is exposed to air pollution by PM2.5 and O3 at
levels significantly exceeding the WHO limit values for the protection of human health [1].
This is related to premature mortality [2], estimated at 4.5 million deaths worldwide and
approximately 0.5 million in Europe annually [3]. WHO, on their official website, states
that 91% of people live in the area where air quality levels exceed WHO limits [4]. WHO,
in Reference [5], says that the level of PM2.5 does not have a significant influence on human
health in long-term time if it is 10 μg/m3 per year. Today, according to the official data
presented by WHO, the level of PM2.5 in all European countries is 25 μg/m3 per year
(except Switzerland, where it is 10 μg/m3 per year) [6].

Exposure to particles with diameter less than 2.5 μm for several hours may result
in cardiovascular-related mortality. Long-term exposure (e.g., several years) increases
the risk of cardiovascular mortality, can cause pulmonary inflammation, and reduces
life expectancy in the more vulnerable segments of the population by several months to
several years [7,8]. Atmospheric pollution with particles emitted by combustion engines
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adversely affects human health. Particles smaller than 1 μm in diameter can cause various
diseases, especially heart and lung diseases, and related deaths. The worsening of disease
is associated with the long-term effects of particles in the environment. They contribute
to diseases, such as asthma and bronchitis. They are also one of the causes of heart
arrhythmias and heart attacks. The most serious problems arise from the interaction of fine
particles. People with heart and lung diseases, the elderly, and children have the lowest
resistance to the negative effects of particulate matter. In impact analysis of air pollution on
humans, in addition to common diseases, one should consider human cognitive abilities.
Some scientists argue that air pollution negatively affects cognitive performance [9–11].
It was found that there are significant negative relationships between air pollutant exposure
and cognitive function, especially PM2.5 exposure and long-term exposure. Additionally,
it was found that the effect of PM on cognitive traits differs depending on the characteristics
and attributes of the exposed person [12].

One of the main sources of particulate matter emissions in cities is road transport,
especially vehicles with internal combustion engines (ICE), which are one of the main
sources of particles emissions smaller than 1 μm [13,14]. Particles emissions emitted
by compression ignition engines are from 6 to 10 times higher than emitted from spark
ignition engines [15]. According to European Automobile Manufacturers Association
(ACEA) Report for 2019, in European Union, 41.9% of passenger cars, 91.2% of light
commercial vehicles and 98.3% of medium and heavy commercial vehicles were diesel
vehicles [16]. The average retirement age of diesel cars in 2012–2013 was 14.0 years, and
it increased by almost 12% since 2006. Lifetime mileage of diesel cars was approximately
208,000 km, based on data from 2012–2013 [17].

Particulate matter is one of the four main pollutants emitted by diesel engines, along
with carbon monoxide (CO), nitrogen oxides (NOx), and hydrocarbons (HC). Particulate
matter in internal combustion engines mainly arises as a result of incomplete combustion of
hydrocarbons contained in the fuel and also from lube oil [15]. More than 90% of particles
emitted by diesel engine are smaller than 1 μm, and most of the particles are between
15 and 40 nm in diameter [15,18]. Size distribution of particles emitted from diesel engines
is bimodal, with mainly nucleation and accumulation mode [19]. There are many factors
that influence the amount of particulate emissions from diesel engines. These are, among
others: the age of the engine, the properties of the fuel supplying the engine, the level of
maintenance of the vehicle and the driving style, environmental conditions, and the exhaust
gas treatment technology used, but also the amount of oil scraped into the combustion
chamber through the piston rings [14,20]. In order to reduce particulate emissions from
internal combustion engines, particulate filters, such as the diesel particulate filter (DPF),
are used. To function properly, filters used in diesel engines require periodic regeneration,
which allows to remove accumulated solid particles. The efficiency of particle reduction for
a properly functioning diesel particulate filter is about 95% [21]. In 2009, Europe established
a new EURO 5 standard, and, since then, DPF is mandatory in new diesel cars [22]. In 2011,
a new EURO 5b standard came into force for light passenger and commercial vehicles,
which set a limit for the number of particles of 6 × 1011 per km, and was the first limitation
of particles number [23]. The last established standard is EURO 6d, which has been in force
since January 2021, but the limits for particles number and mass have not changed since
EURO 5. As a diesel particulate filter is mandatory on new cars, many users of diesel cars
remove the DPF to avoid the cleaning costs [22]. As a result of the removal of the DPF, the
car no longer meets the applicable standards and is very harmful to the environment in
terms of particulate matter. In many European countries, removal of DPFs is forbidden
and punished with high fines [22,24].

One of the solutions to reduce pollutant emissions in cities is to completely ban or
limit the entry of vehicles that do not meet the relevant standards. Currently, there are Low
Emission Zones (LEZs) in many countries, such as Italy, Spain, France, Germany, Belgium,
and others, where the most polluting vehicles are regulated [25]. More and more countries
are considering a permanent ban on diesel and gasoline cars to favor electric cars. Thirteen

2



Energies 2021, 14, 8556

countries and several regions and cities announced ICE car bans until 2045 [26,27]. For
this reason, development and researches of new technologies and trends in powertrains is
inevitable. Currently, there are few configurations of electric powertrains: Plug-in Electric
Vehicle (PEV), Plug-in Hybrid Vehicle (PHEV), Battery electric vehicle (BEV), and Extended-
Range Electric Vehicle (EREV) [28–30]. Thanks to an electric or hybrid drive system, that
does not generate exhaust gases during use, it is possible to reduce greenhouse gases and
other harmful exhaust gas compounds arising during combustion in a conventional engine.
While electric cars still need electricity, which, in many countries, is produced from fossil
fuels, reduction of harmful exhaust gas compounds emission is not so significant as it can
be when electricity is produced from renewable energy sources [31]. However, another
alternative for combustion engines is the Hydrogen Powered Vehicle (FCV), which use
hydrogen fuel, that can be produced from zero-emission energy source [31]. Alternative
powertrains can be considered as a relatively quick solution for reduction of harmful
emission from road transport in countries with well-developed infrastructure for electric
cars, while, in many countries, the main barriers will be the lack of charging infrastructure,
insufficient or lack of information and promoting programs on the national level, and also
high price for electric powertrains [30].

The other problem of PM is the influence of the chemical composition on the human
health. There are many questions and problems that concern the analysis of the chemical
composition of the PM:

1. Very complex composition of PM: many organic and inorganic compounds were
found in PM up-to-date [32,33].

2. Very small amount of the compounds that are at the limit of the detection of the known
nowadays techniques (e.g., benzo(a)pyrene present at PM2.5 was found equal to
15.4 ng/m3 per year in the Polish city of Katowice).

3. Many factors influence human health, and it is extremely hard (even impossible) to
prove that the higher level of some particular compound is dangerous.

4. Because of the small amount of PM, the measurements are performed in the long
term. Most often, the chemical composition of PM is assessed in the measurements
at least collected in a day, mostly one month, or year. Thus, most often, the concrete
hazardous compound present in PM can be assessed in the long term, and what is
important for the risk for human is the time of exposure that is extremely (not possible)
to assess as it will be very variable and dependent on many factors (e.g., weather,
humidity).

Generally, WHO states that the largest sources of PM emission are solid fuel, house-
holds, and transport.

In this paper, the authors take into account the transport factor and assess the influence
of the engine type, the conditions of its work on PM amount emission, and chemistry. Com-
pared to other studies that have been carried out in the past few years, this article includes
both particulate matter data analysis obtained from the particles analyzer, but also three
different chemical analyzes: Fourier Transform Infrared Spectroscopy (FTIR), Scanning
Electron Microscope with Energy Dispersive Spectroscopy (SEM-EDS), and Evolution Gas
Analysis (EGA), while most research focuses on only one chemical analysis [34–36]. The
authors of this paper verify the hypothesis of whether the type of engine and its work
conditions influence/does not influence the chemistry of PM and this chemistry difference
are/are not significant. Moreover, this paper gives a brief answer as to what technique can
be adequate for quick and accurate PM chemistry studying.

2. Materials and Methods

2.1. Test Engine, Fuels, Operating Schedule

One of the tested engine was a compression ignition engine made by FCE Powertrains.
The main parameters of this engine are presented in Table 1. The arrangement of the
cylinders is in line with the Double Overhead Camshaft. The engine is fueled with diesel
fuel and meets the EURO 5 standard. The engine has Common Rail direct injection
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system. The engine also has anelectronically controlled Exhaust Gas Recirculation valve,
the operation of which is aimed at reducing the emission of harmful compounds in the
exhaust gas. The EGR valve directs some of the exhaust gas from the exhaust system to
the engine’s intake system, thereby lowering the temperature in the combustion chamber
and slowing down the combustion process. This allows the emission of nitrogen oxides to
be reduced. The engine is also equipped with an oxidation catalytic converter and Diesel
Particulate Filter.

Table 1. Engine’s parameters.

Parameter Value

Engine type Diesel engine
Capacity 1.3 dm3

Power 55 kW for 4000 rpm
Torque 190 Nm for 1750–2500 rpm

Number of cylinders 4
Number of valves 16

Piston stroke 82 mm
Cylinder diameter 69.6 mm
Compression ratio 17.0:1

The second tested engine was a spark ignition four-stroke engine with a capacity of
0.05 dm3 used in motor scooter. The engine is fueled with unleaded gasoline 95. Diesel en-
gines were tested on an engine dynamometer test cell equipped with a brake AMX-210/100.
The maximum power of the brake is 100 kW, maximum torque is 240 Nm, and the rotation
speed is 10,000 rpm. The tests were based on the engine load characteristics, which consist
of assessing the change in basic engine parameters, depending on its load at constant
crankshaft rotation speed. The tests were made for three rotation speeds: 1800, 2100, and
2400 rpm. For every rotation speed, at least seven engine loads were tested, from 15 Nm to
135 Nm, in steps of 20 Nm. The exception is the test for 2100 rpm, when the regeneration
of DPF has become apparent, and, for this rotation speed, the number of tested loads is
8 points.

In the case of the petrol engine, the research was conducted differently. Due to the fact
that the engine was mounted on a scooter, it was necessary to use a chassis dynamometer
for two-wheelers. Due to the above fact, it was only possible to carry out tests for the
qualitative determination of whether the engine was under load or not.

2.2. Apparatus and Procedures
2.2.1. PM Emissions

Particulate matter concentration was measured with an Engine Exhaust Particle Sizer
(EEPS 3090 analyzer, Shoreview, MN, USA). EEPS enables performance of the particle size
distribution for discrete range of particle diameters, from 5.6 nm to 560 nm. The exhaust
gases are directed to the device via dilution system and temperature maintenance system.
The pre-filter collects particles larger than 1 μm in diameter that are outside the measuring
range devices [37,38].

During the tests, the number concentration of particles in the exhaust gas was mea-
sured by EEPS, and the particulate matter sample was collected separately on the filter.
The filter used in test was a Glass Fiber Filter 37 mm. For the diesel engine, the EEPS probe
was behind the diesel particulate filter, while the Glass Fiber Filter was in front of diesel
particulate filter. The filter was placed in a separate pipe in which the pump drew in the
exhaust gases from the exhaust system. For the petrol engine, the EEPS probe and the
filter were in the exhaust of the motor scooter, and the filter also was between the exhaust
system and the pump, which drew the exhaust gases in to pass them through the filter.
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2.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of PM adsorbed on the filter were collected using Vertex 70, produced by
Bruker, Billerica, MA, USA. The PM adsorbed on filter without any treatment were analyzed
by use of the Attenuated total reflection (ATR) technique. The PIKE MIRacle™ accessory
with diamond crystal was used. The measurements were performed at a resolution of
0.5 cm−1 in the wavenumber range 4000–400 cm−1.

2.2.3. Scanning Electron Microscope with Energy Dispersive Spectroscopy (SEM-EDS)

The morphology of the filters was investigated using a scanning electron microscope
ULTRA PLUS (ZEISS, Oberkochen, Germany). The quantitative X-ray microanalysis of the
materials was performed by the energy-dispersive spectrometry method using an X-ray
spectrometer (Quantax 400, Bruker, Billerica, MA, USA).

2.2.4. Evolved Gas Analysis (EGA)

Evolved gas analysis combining differential scanning calorimetry (DSC) and ther-
mogravimetry analysis (TG) (STA 449 F1 Jupiter apparatus from Netzsch GmbH, Selb,
Germany) was conducted to determine the thermal decomposition of filters. Simultane-
ously, to the thermal decomposition of filters, the analysis of released gases took place using
a mass spectrometer (QMS 403 Aeolos, from Netzsch GmbH, Selb, Germany). The mea-
surements were carried out in synthetic air (10 cm3/min) at heating rate of 10 ◦C/min over
a temperature range of 25–1200 ◦C. The QMS was operated with an electron impact ionizer
with an energy of 70 eV. The mass/charge (m/z) ratio was recorded in the range 2–200 amu
during the measurements. For the experiment purpose, the biopsy tool was used to cut
circular shape from the filter. In the test, 3 of those shapes were measured stacked on each
other. The initial total sample weight taken for experiment was approximately 6 mg.

3. Results

3.1. Particle Number Emission Indices

The average PM number emission indices (EIN) and their associated error bars were
calculated from EEPS data, as provided in Figure 1, for the different rotation speed. The
average EIN for 1800 rpm decreased from 1.9 × 1015 to 9.3 × 1013 particles per kilogram of
fuel as the engine torque increased from 15 to 55 Nm. From a 55 Nm average, EIN increased
to 5.9 × 1015 for 95 Nm, which was the highest EIN for 1800 rpm. The figure shows that,
in comparison to the other rotation speeds, 1800 rpm had the highest EIN values over the
entire range of engine torque. For 2100 rpm rotation speed, EIN values decreased from
8.9 × 1013 to 6.8 × 1013 particles per kilogram of fuel as the engine torque increased from
15 to 115 Nm. About torque equal to 144 Nm regeneration of DPF (diesel particulate filter)
has become. It caused an increase of EIN value from 6.9 × 1013 to 4.9 × 1014 particles
per kilogram as the engine torque increased from 115 to 144 Nm. The average EIN for
2400 rpm is after regeneration of DPF; thus, the average values of particles per kilogram of
fuel are significantly lower than for 1800 and 2100 rpm. The values of EIN decreased from
1.9 × 1013 to 1.0 × 1013 as the engine torque increased from 15 to 135 Nm.

3.2. PM Mass Emission Indices

The PM mass emission indices (EIM), under various test conditions, were calculated
from the EEPS measurements. Figure 2 shows the effect of rotation speed and engine
torque on the EIM. Similar to particle number emission indices, the mass emission indices
in comparison to other rotation speeds are the highest for 1800 rpm rotation speed in the
entire range of engine torque. For 1800 rpm, the average EIM decreased from 1.14 × 103 to
3.0 × 10 milligrams per kilogram of fuel as the engine torque increased from 15 to 55 Nm.
After that point, it increased to the highest value of 1.23 × 103 for 95 Nm. For 2100 rpm
rotation speed, the EIM decreased from 6.06 × 10 to 7.73 milligrams per kilogram of fuel as
the engine torque increased from 15 to 75 Nm. From this point, it increased to 2.94 × 102 for
144 Nm, while the regeneration of DPF started. PM mass emission indices for rotation speed
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2400 rpm were the lowest from all tested rotation speeds because of the DPF regeneration.
The average value of EIM decreased from 6.75 to 2.91 milligrams per kilogram of fuel as
the engine torque increased from 15 to 135 Nm.

 

Figure 1. Particle number emissions index (EIN) versus torque. Error bars represent single standard deviation.

Figure 2. PM mass emission index (EIM) versus torque. Error bars represent one standard deviation.

3.3. Particle Size Distribution

The data recorded by the EEPS was averaged for the same engine torque and then
converted to differential number-based (dEIN/dlogDp) and differential volume-based
(dEIV/dlogDp) particle size distributions. Figure 3 represents example plots of dEIN/dlogDp
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and dEIV/dlogDp under different engine torques for rotation speed 1800 rpm (Figure 3a,b),
2100 rpm (Figure 3c,d), and for 2400 rpm (Figure 3e,f).

  
(a)  (b)  

  
(c)  (d)  

  
(e)  (f)  

Figure 3. Differential particle number emission index (EIN) and differential particle volume emission index (EIV) PSDs:
(a) EIN PSD for 1800 rpm; (b) EIV PSD for 1800 rpm; (c) EIN PSD for 2100 rpm; (d) EIV PSD for 2100 rpm; (e) EIN PSD for
2400 rpm; (f) EIV PSD for 2400 rpm.

For rotation speed 1800 rpm, the particles formed in the accumulation mode dominate;
thus, number-based PSD exhibited a single mode log-normal distribution. EIN and EIV

7
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was the highest for the last engine torques (95, 115, and 135 Nm), but also for the first tested
engine torque (15 Nm).

For 2100 rpm, mostly, the particles formed in the accumulation mode dominate. When
the torque reached the point of 144 Nm, regeneration of DPF started; thus, for 148 Nm,
the particles formed in nucleation mode dominate. Particle number emission index before
regeneration of DPF is the highest for first tested torque (15 Nm) and for the last tested
engine torque before DPF regeneration (115 Nm). After DPF regeneration started, the EIN
is the highest for 148 Nm. Particle volume emission index before DPF regeneration is the
highest for 15 Nm, and, for 144 Nm, when the regeneration happened.

PSD for 2400 rpm shows number emission index and volume emission index after
regeneration of DPF. Number-based PSD exhibited a multimodal log-normal distribution.
The particles formed in accumulation mode dominated, but there were also particles
formed in nucleation mode. In addition, peak of accumulation mode was higher than
nucleation mode. The highest EIN and EIV for almost all particles diameters was for
the three first tested engine torques (15, 35, and 55 Nm). The center of nucleation and
accumulation peaks mostly decreased as engine torque increased. The median of change in
average particle number and mass emission compared to 1800 rpm rotational speed was,
respectively, 99.0% and 99.4%.

Figures 4–6 show the measurements results of particulate matter from the scooter in
two phases: idling and under an average load on a chassis dynamometer. Figure 4 shows
the dimensional distribution of particles. During idling, particles with a diameter of about
10 nm dominate, reaching the maximum value of 4.5 × 105. The engine load caused the
dimensional distribution to shift to the right, towards larger particles. Thus, the dominant
diameter is approximately 80 nm. In addition to increasing the mean particle size, an
increase in the concentration of the particles number was noted, reaching 1.3 × 106 for the
diameter dominating in the distribution.

 
Figure 4. Particle number distribution obtained for scooter.

Figure 5 shows the mass distribution of particles. During idling, a trimodal mass
distribution was noted. The largest share in the emitted mass particles is represented by
particles with diameters greater than 50 nm. A significant share is attributed to particles
with a diameter of approximately 10 nm, which results from their dominant number in
the dimensional distribution. The engine load significantly changed the mass distribution
to the unimodal one. It shows that over 95% of the emitted mass of particles were caused
by particles with a diameter of 30–200 nm. Additionally, a significant increase in mass
concentration was noted.

8
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Figure 5. Particle mass distribution obtained for scooter.

Figure 6 shows the volume distribution of particles. When the engine is idling, the
majority of the emitted volume of particles correspond to particles with a diameter of about
10 nm, the number of which is the largest. Particles with diameters of 30–200 nm also have
a significant share in the emitted volume. In the case of engine operation under load, it
was found that particles with diameters of 30–200 nm are responsible for the vast majority
of the generated volume of particles.

 
Figure 6. Particle volume distribution obtained for scooter.

3.4. FTIR ATR of PM Adsorbed on Filter

ATR spectra of PM adsorbed on the filter are presented in Figure 7.
All adsorbed PMs collected from both engines (Diesel and petrol) possess carbon black:

a baseline sloping down to the right (%T display) as carbon black displays absorption over
the entire region from 4000 to 400 cm−1, and, when using the ATR technique, the effect
of carbon black becomes greater, with deeper light penetration at the long wavelength
(low wavenumber) end. The largest amount of carbon black is present at PMs emitted
from Diesel engine, both working with and without load and during cold start. Slightly
less carbon black is emitted in the case of an engine without load than with load. There
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are no evidence signals from alkanes or aromatic compounds; however, the weak signals
at ~2900 cm−1 at the range 1650–1400 cm−1 might be seen. It is larger for PM from the
Diesel engine than petrol engine. The signals at ~2300 cm−1 and ~2100 cm−1 can be from
nitryl compounds or alkanes, and they are stronger in the case of PMs from the Diesel
engine than petrol engine. During the cold start of engine, more carbon black is emitted
that is stronger for the Diesel engine than petrol engine. To summarize, the PMs from
different engines, and working under the different conditions, emitted PMs that differ in
the chemical composition.

 

Figure 7. FTIR ATR spectra of PM adsorbed on filter from Diesel and petrol engine.

FTIR technique showed similarity and difference of the PM chemistry coming from
the different engines and during their different work; however, this does not give an
exact answer about the chemical composition of PM. More detailed and sophisticated
methods must be applied. For this reason, in this study, the EGA technique was used. The
aforementioned techniques were used in this research to investigate the thermal behavior
of the filters and, at the same time, to examine the gasses released during thermal treatment.
As a reference sample, the pure filter was investigated, and the results are shown in Figure 8.

3.5. Evolved Gas Analysis (EGA)

It can be seen in Figure 8a that decomposition of the pure filter is gradual with the total
weight loss of approximately 10 wt.%. Analysis of released gasses during decomposition
showed presence of CO2 m/z = 44 and moisture m/z = 18 (Figure 8b, Table 2), where the first
signal was present from approximately 200 to 600 ◦C, and second one from approximately
200 to 900 ◦C, respectively.

The results for petrol engine are shown in Figure 9. From the room temperature up
to approximately 600 ◦C, exothermic combustion of the filter is visible (Figure 9a). This
process is associated with ~8 wt.% mass loss and release of some organic compound/s
(C2H2S or C2H5CHNH2 (m/z = 58) and water (Table 2)).
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(a) (b) 

Figure 8. EGA results for the pure filter, where: (a) presents DSC-TG signals, and (b) shows QMS registered signals.

Table 2. Volatile ions released from filters identified by QMS during thermal analysis process.

Registered Mass
(m/z)

Chemical Formula
Registered Mass

(m/z)
Chemical Formula

18 H2O 45
CH3CHOH,
CH2OCH3,

CH2CH2OH, COOH

22 doubly charged
molecular ion, CO2

2+. 46 NO2

43 C3H7, CH3C=O 58 C2H2S
CH3-CO-CH2

+H

44 CO2, CH3CH-NH2

On the other hand, the examination of the filter from the Diesel engine shows similar
behavior (Figure 10), but different gasses emitted were registered. From the room temper-
ature up to approximately 600 ◦C, strong exothermic event on the DSC curve is visible,
followed by less intense exothermic peek in the range from 600 to 700 ◦C. In this tempera-
ture range, the biggest weight loss of the sample was registered (~11 wt.%). This weight
loss very likely is observed due to emission and decomposition of organic compounds
collected on the filter. There is also some moisture contribution, as well (Table 2).

3.6. Scanning Electron Microscope with Energy Dispersive Spectroscopy (SEM-EDS)

More in-depth information was obtained using SEM-EDS that makes it possible to
study the elementary analysis of the PM. Figure 11 shows morphology of the PM for diesel
end petrol engines. It can be seen that particles deposited on the Diesel engine fibers are
smaller, and their amount is lower (Figure 11a,b) than in case of petrol engine (Figure 11c,d).
PM from the petrol engine showed more agglomerations. SEM observations in AsB mode

11



Energies 2021, 14, 8556

showed different weight of the collected contaminations (heavier particles shines). EDS
analysis described below reveals that shining objects are iron particles.

 

 
(a) (b) 

Figure 9. EGA results for petrol engine, where (a) presents DSC-TG signals, and (b) shows QMS registered signals.

 

(a) (b) 

Figure 10. EGA results for Diesel engine, where (a) presents DSC-TG signals, and (b) shows QMS registered signals.
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(a) (b) 

(c) (d) 

  
(e) (f) 

Figure 11. SEM images for Diesel engine in SE2 mode (a), and AsB mode (b); petrol engine (scooter) in SE2 mode (c), and
AsB mode (d); pure filter in SE2 mode (e) and AsB mode (f).
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The example of EDS area chosen from SEM micrographs for the Diesel and petrol
(scooter) engine is shown in Figure 12.

  
(a) (b) 

  
(c) (d) 

Figure 12. SEM micrographs for (a) Diesel engine and (b) petrol engine (scooter), showing area of EDS analysis. Elemental
analysis for (c) Diesel and (d) scooter.

SEM-EDS analysis enabled to quantitatively assess the elemental analysis of PMs from
the Diesel and petrol engine (Table 3). EDS analysis indicates that the main component
of PMs from both engines is carbon (most probably from organic compounds originated
from combustion process). The small amount on the pure filter is the effect of covering
the filter by very thin layer of carbon (6 nm) before SEM-EDS imaging. The amount of
oxygen is similar to the pure filter in the case of the Diesel engine, and it is significantly
smaller for the petrol engine: this phenomenon can be the effect of covering filter fibers by
carbon agglomerates in the case of the petrol engine and more distracted particles in the
case of Diesel engine that do not stick the filter fibers. This phenomenon is also present in
the case of Na, Ca, Si, Al, and Mg. Surprisingly, sulfur is present in the case of PMs from
both engines, on a similar level that can come from some engine parts/oils. Only for PMs
for Diesel engine was Fe noticed.
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Table 3. Elemental Analysis of filters from Diesel and petrol engines.

Elemental Composition for Diesel Engine
Elemental Composition for

Petrol Engine
Elemental Composition for

Pure Filter

Element Mass Norm. (%)
Abs. Error
(1sigma) %

Mass Norm. (%)
Abs. Error
(1sigma) %

Mass Norm. (%)
Abs.Error

(1sigma) %

Carbon 45.72 8.98 41.69 7.12 9.28 1.75
Oxygen 38.48 5.19 28.95 4.96 43.75 5.09
Sodium 3.65 0.39 5.83 0.48 7.46 5.09
Silicon 6.16 0.44 18.63 0.98 26.11 1.03

Calcium 0.84 0.09 2.86 0.15 1.43 0.09
Iron 18.02 0.91 Not detected Not detected Not detected Not detected

Sulfur 0.16 0.05 0.15 0.05 Not detected Not detected
Aluminum 0.38 0.07 0.90 0.09 2.88 0.16
Magnesium 0.38 0.08 0.77 0.09 Not detected Not detected
Potassium Not detected Not detected 0.22 0.05 2.43 0.11

To compare these results with other available studies, it can be seen that, in research
of Güney and Aladag [39], where gasoline-fueled vehicles were tested in terms of chemical
analysis of particulate matter; in particular, SEM analyses show that PM is formed by
solidification and agglomeration [39]. In this publication, the SEM analysis also showed
that PM from gasoline engines shows more agglomerations, which was mentioned in point
3.6. In research of Güney and Aladag, the EDS analysis allowed for indicating 20 elements
of PM: C, F, N, Na, O, Mg, Br, Si, Hg, S, P, Pb, Ca, Cr, Mn, Fe, Ni, Co, Cu, and Zn [39].
Some of the elements were also detected in SEM-EDS analysis in this paper, which is
shown in Figure 12 and Table 3. Yang et al. [40] investigated the chemical composition of
fine particulate matter emitted by gasoline and diesel vehicles, and this research showed
that the most dominant components of PM2,5 for the Diesel and gasoline vehicle were
carbonaceous species [40]. Research of Yang et al. also investigated that the top five metal
elements in PM2,5 were Na, Ca, Fe, Zn, and Al, which also can be confirmed by studies of
Cheung et al. [41] and Hao et al. [42].

4. Conclusions

The article presents the results of the analysis of the physical properties and chemical
composition of particles emitted by a diesel and gasoline engine. The research focused not
only on data obtained from particulate matter analyzer but also related to the chemical
analysis of particulate matter from the tested engines, which allowed for comparing
chemical composition and properties of particles emitted from diesel engine and petrol
engine. There were three chemical analyses: Fourier Transform Infrared Spectroscopy,
Scanning Electron Microscope with Energy Dispersive Spectroscopy, and Evolution Gas
Analysis, which is a very extended analysis compared to the available studies. The diesel
engine was mounted on an engine dynamometer; therefore, it was possible to analyze it in
depth. In the case of the petrol engine, it was mounted on a scooter; therefore, a chassis
dynamometer was used. The diesel engine emitted particles in the range of 50–120 nm.
With the increase in the engine load, the specific emission of particulate matter increased.
Increasing the load also resulted in an increase in the specific emission of the number and
mass (particles per kilogram of fuel burnt). Additionally, the tests included the results
before and after regeneration of the diesel particulate filter. In the case of a gasoline engine
running without load, the emission of particles smaller than 30 nm was mainly observed.
Increasing load of the gasoline engine resulted in an increase in both the concentration of
particles and their diameter (average diameter to 90 nm).

Particles emitted from the Diesel and petrol engine differ in the size, number, and the
chemical composition. PMs emitted from the Diesel engine are smaller, and more carbon
black is emitted than in the case of petrol engine. It is a huge challenge to study the exact
composition of PMs collected on the filters. Very accurate techniques were used in this
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paper, and it is possible to estimate the PMs chemical composition. EGA, SEM-EDS, and
FTIR results show the differences of PMs chemical composition emitted from the Diesel
and petrol engine. It can be concluded that PMs emitted from petrol engine agglomerate.
The chemical composition is similar; however, for the Diesel engine, more carbon black is
emitted. In case of both engines, sulfur compounds are observed.

On the basis of the conducted experimental studies, the following conclusions can
be presented:

1. All adsorbed particulate matter collected from the Diesel and petrol engine contain
carbon black. Carbon black shows absorption in the entire area from 4000 to 400 cm−1,
and, when using the ATR technique, the effect of carbon black becomes greater with
deeper light penetration at the long wavelength end.

2. The largest amount of carbon black is present at particulate matter emitted from the
Diesel engine, both working with and without load and during cold start. Slightly
less carbon black is emitted in the case of an engine without load than with load.

3. There are no evidence signals from alkanes or aromatic compounds; however, the
weak signals at ~2900 cm−1 at the range 1650–1400 cm−1 might be seen. It is larger
for PM from the Diesel engine than the petrol engine.

4. It can be seen that particles deposited on the Diesel engine fibers are smaller, and their
amount is lower, than in case of petrol engine. PM from the petrol engine show more
agglomerations.

5. The main component of PM from both engines is carbon, which most likely comes
from organic compounds derived from the combustion process.

6. The amount of oxygen is similar to the pure filter in the case of the Diesel engine, and
it is significantly smaller for the petrol engine: this phenomenon can be the effect of
covering filter fibers by carbon agglomerates in the case of the petrol engine and more
distracted particles in the case of Diesel engine that do not stick the filter fibers. This
phenomenon is also present in case of Na, Ca, Si, Al, and Mg.

7. Sulfur is present in particulate matter from both engines on the similar level.
8. Fe was noticed only for particulate matters from the Diesel engine.
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Abstract: Nowadays oxy-fuel combustion of coal and biomass is the most promising option for the
reduction of CO2 emissions from power plants. In this paper, emissions of NOx (NO, NO2, N2O and
their precursors, such as NH3 and HCN), SO2 and CO during conventional and oxy-fuel combustion
of three kinds of biomass (agro, woody and energy crop) and a reference coal are presented and
discussed. Combustion tests were conducted at 850 ◦C in the laboratory-scale circulating fluidized
bed (CFB) reactor in air and O2/CO2 atmospheres. A FTIR spectrometer was used to measure
instantaneous concentrations of all pollutants in the flue gas. Emissions of SO2, N2O and CO for the
combustion of biomass in all atmospheres were lower than those for the combustion of reference
coal. It was found that oxidation of nitrogen species released with volatile matter was responsible
for high emissions of NOx during combustion of biomass fuels in air and mixtures of O2 and CO2.
The lowest NO emissions for tested fuels were detected in oxy-21 atmosphere (21% O2/70% CO2).
Oxy-combustion of biomass in O2/CO2 mixtures at 30% and 40% O2 caused a decrease in emissions
of N2O and CO while NO and SO2 emissions increased. The results of this study show that the tested
biomass fuels are ideal renewable energy resources both in conventional and oxy-fuel conditions
with a minor potential for environmental pollution.

Keywords: oxy-combustion; circulating fluidized bed; wheat straw; Salix viminalis; Scots pine;
renewable energy sources; NOx; SO2; CO; CO2

1. Introduction

Utilization of fossil fuels, mainly coal, for power generation is associated with emis-
sions of large quantities of carbon dioxide—a greenhouse gas responsible for global warm-
ing and climate change. As the world will still depend on coal for several decades to
come, it is necessary to develop technologies such as carbon capture and storage (CCS) to
significantly reduce emissions of CO2 and avoid negative consequences of global warm-
ing. Among CCS technologies, oxy-fuel combustion emerges as a technically feasible and
cost-effective option for the reduction of CO2 emissions from coal-fired power plants [1–3].
When combined with co-firing of biomass—a renewable carbon-neutral fuel—it can offer
negative CO2 emissions [4–6].

In an oxy-fuel combustion system, fuel is burned in a mixture of oxygen and recycled
flue gas. As molecular nitrogen is eliminated from the oxidizing medium, the flue gas
consists mainly of CO2 and water vapor. Partial recirculation of flue gas is necessary to
control the combustion temperature in the boiler. Substituting recycled flue gas for N2 in
the oxidizing medium leads to a smaller exhaust gas stream, higher boiler efficiency and
lower NOx emissions [3].

Nowadays, pulverized coal (PC) combustion is the dominant technology of heat and
power generation in utility and industrial sectors. However, circulating fluidized-bed (CFB)
combustion gains popularity, particularly for the utilization of low quality, high-ash coals,
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and discards. Today, high-efficiency, utility CFB units with supercritical steam parameters
and electric outputs up to 600 MW are available commercially. Fluidized bed combustion
is also considered the best available co-firing technology [4,7–9]. Co-firing of coal and
biomass in an oxy-CFB boiler has been demonstrated at the 30 MWth scale at Fundación
Ciudad de la Energía (CIUDEN) in Spain [10,11].

In the case of oxy-combustion, CFB boilers have a few advantages over PC counter-
parts. The combustion temperature in oxy-CFB systems can be controlled by cooling (in an
external heat exchanger) and recycling a part of circulating solid particles. This reduces
the stream of recirculated flue gas and makes an oxy-CFB boiler smaller, more efficient,
and cheaper. Due to lower combustion temperature, oxy-CFB units can meet NOx and SOx
emission limits without additional de-NOx and de-SOx systems. Moreover, the oxy-CFB
technology does not require sophisticated burner and fuel feeding systems.

A significant progress has been made in the case of oxy-combustion in PC boilers.
However, to date, only a few studies have been published on combustion or co-combustion
of biomass and coal in oxy-fuel fluidized-bed combustors. Some few among them are
devoted to the formation and emissions of pollutants such as NOx, SO2 and CO.

Carbon dioxide storage/sequestration requires a gas stream with 95% or more CO2
purity. To achieve that a CO2 processing unit (CPU) is employed for drying, cleaning
and compression of the exhaust gas. The presence of impurities affects the design and
energy consumption in the CPU. The impurities of interest are O2, N2 and Ar supplied
by the ASU and related to the purity of oxygen produced and excess O2 used in the oxy-
combustion system. They also include NOx, SO2 and other N- and S-containing gases such
as HCN, NH3, COS and H2S. Therefore, the knowledge on pollutant formation and their
concentration in the flue gas is of crucial importance for the proper design of the CPU and
assessment of its performance and cost.

In this study, combustion tests of three kinds of biomass (agricultural, woody and
energy crop) and a reference coal were carried out in the laboratory-scale CFB reactor at
850 ◦C. Concentrations of NOx (NO, NO2, N2O and their precursors, such as NH3 and
HCN), SO2 and CO were measured online during conventional and oxy-fuel combustion.
The main objective was to assess the influence of oxidizing atmosphere and composition of
tested biomass on the formation mechanism and emissions of pollutants. A comparison
with emissions from bituminous coal can be useful to determine emission levels in the case
of co-firing coal and biomass.

The study revealed that oxidation of nitrogen species released with volatile matter
was responsible for high emissions of NOx during combustion of biomass fuels in air
and mixtures of O2 and CO2. Emissions of SO2, N2O and CO for the combustion of
biomass in all atmospheres were lower than those for the combustion of reference coal.
Oxy-combustion of biomass in O2/CO2 mixtures at 30% and 40% O2 caused a decrease in
emissions of N2O and CO while NO and SO2 emissions increased.

2. Literature Review

This short literature review is devoted to pollutant emissions from oxy-combustion
of biomass fuels in fluidized-bed systems. The only exception is the study by Gao and
co-workers [12] that was carried out in a TG-MS system with algae Chlorella vulgaris, a
promising biofuel for “green” electricity generation.

Tan and co-workers [13] conducted oxy-combustion co-firing tests with different coals
and wood pellets in the CanmetENERGY 800 kWth CFB combustor (406 mm ID). The
fraction of cofired biomass was in the range 20–50%wt. The combustion characteristics,
pollutant and trace metals emissions were measured at O2 concentration in the combustion
gas between 24 and 25%vol. The authors concluded that the addition of wood pellets did
not have a significant influence on combustion conditions. Emissions of NO were in a
narrow range of 14–20 ng/J of heat input. All tests were carried out with the addition of
limestone at the Ca/S ratio of 3. Emissions of SO2 varied from 35 to 95 ng/J of heat input.
Concentrations of CO were stable and below 200 ppm when the O2 concentration in the
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flue gas exceeded 3.5%. In all tests, the NO and SO2 emission rates were below limits set by
Canada and the UE.

Duan and co-workers [5] investigated NO emissions during oxy-fuel co-firing of
biomass (rice husk, wood chips and dry wood flour) and bituminous coal in a 10 kWth
CFB combustor (65 mm ID, 2.3 m height). The ratio of biomass in the fuel blend was in
the range 0–100%wt. All tests were carried out at the same conditions—bed temperature
850 ◦C, excess oxygen 5% and primary O2 fraction 0.7. In the case of single fuel combustion,
NO emissions were in the range 56–195 mg/m3

n and they were greater for biomass fuels
with the highest value observed for rice husk and the lowest for wood chips. Oxy-fuel
combustion produced less NO than combustion in air. The conversion of fuel-N to NO
increased with increasing H/N mass ratio in tested fuel. In the case of co-firing biomass
and coal, NO emissions increased with increasing fraction of biomass in the fuel blend for
all biomass fuel tested under air and oxy-fuel conditions.

Lupiáñez and co-workers [14] studied oxy-combustion of anthracite and corn stover
blends in a laboratory-scale bubbling fluidized bed combustor (203 mm ID, 2.5 m height)
with thermal input around 30 kW. Combustion tests at bed temperatures 850–900 ◦C in
air and 30/70% mixtures of O2 and CO2 were carried out with 80/20 blends (on energy
basis) of coal and biomass. In two tests, limestone was added for the in situ SO2 capture
at the Ca/S molar ratio of 2.5. Measurements of the flue gas composition revealed that
emissions of SO2 (corrected to 6% O2 and normalized to mg/MJ) were in the range from
105 (oxy-combustion at 870 ◦C) to 906 mg/MJ (air combustion at 860 ◦C). These emissions
were related to the chlorine content in corn stover; the higher the Cl content in corn stover
the lower the SO2 emission. The desulphurization efficiency exceeding 80% was achieved
with limestone addition. Emissions of NO were not influence by the Cl in corn stover
and they were in the range from 68–172 mg/MJ. According to the authors, the expected
reduction in NO emissions during oxy-firing was not observed, owing to the higher excess
of O2. Finally, it was concluded that the influence of coal/biomass ratio on NO emissions
was negligible. The catalytic activity of limestone and higher O2 excess were responsible
for the larger conversion of fuel-N to NO during oxy-combustion tests.

In the subsequent studies [15,16] Lupiáñez and co-workers investigated the influence
of limestone on gaseous emissions during oxy-combustion of lignite and corn stover in the
fluidized-bed combustor described in the previous paper. The author founded that the SO2
capture was influence by the limestone type and fragmentation of its particles. Emissions
of SO2 decreases with the Ca/S ratio and bed temperature. On the other hand, emissions of
NO increased with Ca/S ratio and the presence of calcined limestone in the bed. They were
more influenced by the excess of O2 and CO concentration in the bed than by the biomass
share in the blend or chlorine content in the fuel.

Pu and co-workers [17] studied the influence of oxygen concentration in the oxidizing
medium (O2/CO2 mixture with O2 concentrations in the range 21–40%) on NO emissions in
a lab-scale bubbling fluidized-bed combustor at 850–950 ◦C. Combustion tests were carried
out with 2 g samples of anthracite and anthracite blended with 10–30%wt. of pine powder.
At 900 ◦C, the conversion rate of fuel-N to NO increased with increasing O2 concentration
from 40.4% to 42.6% in the case of anthracite and from 35.1% to 41.2% in the case of 20%
pine powder blend. Tests with 35% O2/65% CO2 at different temperatures revealed a
slight increase in NO emissions with increasing temperature in the case of anthracite. The
opposite trend was observed for the blend containing 20% pine powder. The total NO
emission was reduced from 12.48 mg at 850 ◦C to 11.46 mg at 950 ◦C which corresponded
to a 3.4% decrease in the fuel-N conversion to NO. The influence of pine powder fraction in
the blend was studied at 950 ◦C with 35% O2 in the O2/CO2 mixture. It was found that
the addition of pine powder reduced the NO emission and fuel-N conversion to NO. The
fuel-N conversion decreased from 42.9% in the case of anthracite to 37.8% in the case of
blend containing 30% pine powder.

Wang and co-workers [18] investigated nitrogenous gas (NO, N2O, HCN) emissions
from co-combustion of coal and biomass (corn straw and wheat straw) under oxy-fuel
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conditions with 50% oxygen concentration in the oxidizing medium. Tests were carried
out in a 100 kW CFB combustor with blends containing 30% biomass and in atmospheres
containing O2/CO2 and O2/recycled flue gas mixtures (RFG) at temperatures 800–900 ◦C.
As expected, the NO and N2O emissions increased with increasing excess oxygen in the
oxidizing medium. Tests with different fractions of corn straw in the fuel (10, 20 and
30%) revealed an increase in emission factors of NO, N2O, HCN by 241, 238 and 249%,
respectively. The results of tests with coal and wheat straw at 800 and 900 ◦C showed that
the NO emission factor increased slightly with increasing temperature. On the other hand,
the emission factors of N2O and HCN were lower at 900 ◦C than those at 800 ◦C.

Sher and co-workers [19] studied the influence of the oxidizing medium (air, O2/N2/CO2
mixtures) on gaseous emissions and temperature profile during combustion of miscanthus,
straw pellets and wood pellets in a 20 kWth fluidized-bed combustor. The authors observed
a significant decrease in CO emissions for all three fuels when O2 concentration in the oxy-
fuel medium exceeded 25%. Emissions of NO decreased with increasing O2 concentration
in the oxy-fuel medium and at 30% O2 they were like those for combustion in air. It was
found that NO concentrations in the flue gas are related to the nitrogen content in the fuel
tested.

Varol and co-workers [8] investigated oxy-fuel combustion of high-sulfur lignite and
wood pellet blends (up to 60%) in a laboratory-scale (100 mm ID, 5.1 m height) CFB
combustor. The main objective of their study was to determine the effect of biomass share
on NOx, SO2 and CO emissions. The results showed that increasing biomass share in the
fuel blend had a negligible influence on NOx emissions. Emissions of CO decreased slightly
with an increase in biomass share. Concentrations of SO2 in the flue gas were related to the
sulfur content in the fuel and they decreased with increasing biomass share in the blend.

Nguyen and co-workers [20] studied SO2, NO and CO emissions during co-combustion
of lignite and wood pellets (50–100%wt. share in the fuel) in an oxy-fuel 100 kWth test
facility. All tests were carried out with 25% oxygen in the oxidizing medium. An increase in
biomass share caused a decrease in NO, SO2 and CO concentrations from 19.2 mg/MJ (cor-
rected to 6% O2 in the flue gas) to 16.1 mg/MJ, 92.8 mg/MJ to 25.0 mg/MJ, and 7.5 mg/MJ
to 5.5 mg/MJ, respectively. The authors concluded that oxy-combustion of pure biomass
can lead to negative CO2 emissions of, approximately, −647 g/kWth.

Gao and co-workers [12] investigated pollutant formation during air and oxy-fuel
combustion of microalgae Chlorella vulgaris and its blends with Chinese lignite in a TG-MS
(thermogravimetry coupled with mass spectrometry) system. The presence of microalgae
in the fuel blend during combustion in air resulted in lower emissions of CO2, CO and
NO2, but in enhanced formation of NO, COS and SO2. Similar trend was observed in the
case of oxy-fuel combustion of microalgae/lignite blends.

The main conclusions of the conducted review are summarized in Table 1.

Table 1. A summary of the literature review.

Reference
Test Facility

and
Conditions

Fuels Tested
Composition of

Oxidizing
Medium

Emissions
Reported

Remarks

Tan et al. [13]

CFB, 800 kWth,
~900 ◦C,
limestone,
Ca/S = 3

Wood pellets,
different coals,
fraction of biomass
in blends
20–50%wt.

O2/CO2 mixtures,
24–25% O2,

recycled flue gas

NOx, SO2, CO,
CO2, O2

The addition of biomass did
not have a significant
influence on combustion
conditions. Emissions of
NO, SO2 and CO below the
EU limits (200 ppm).
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Table 1. Cont.

Reference
Test Facility

and
Conditions

Fuels Tested
Composition of

Oxidizing
Medium

Emissions
Reported

Remarks

Duan et al.
[5]

CFB, 10 kWth,
850 ± 10 ◦C

Rice husk, wood
chips, dry wood
flour, bituminous
coal, biomass/coal
ratio 0–100%wt.

Air, 70% O2/30%
CO2 mixture

NO, NO2, CO,
CO2, O2, SO2

For single fuel combustion,
emissions of NO were
higher for biomass (the
highest for rice husk) than
for coal. Oxy- combustion
produced less NO than
combustion in air. NO
emissions increased with
increasing fraction of
biomass in the fuel blend for
all biomass fuels in air and
oxy-fuel conditions.

Lupiáñez
et al. [14]

BFB *, 50 kWth,
850–900 ◦C,
limestone,
Ca/S = 2.5

Corn stover,
anthracite, biomass
fraction in blend
0.2 (on energy
basis)

Air, 30% O2/70%
CO2 mixture

NO, CO, CO2, O2,
SO2

No reduction in NO
emissions during oxy-firing
was observed. Influence of
coal/biomass ratio on NO
emissions was negligible.
Emissions of SO2 higher in
air than in oxy-combustion.

Lupiáñez
et al. [15,16]

BFB *, 50 kWth,
850–925 ◦C,
limestone,
Ca/S ratio: 2.5,
4, 6

Corn stover, lignite,
biomass fraction in
blend 0.1 and 0.2

Air, 35% O2/65%
CO2, 30% O2/70%

CO2

NO, SO2, CO, CO2,
O2, HCl

Emissions of NO increased
with increasing Ca/S ratio.
They were more influenced
by the excess O2 and
concentration of CO than by
the biomass share in the fuel
blend.

Pu et al. [17] BFB *,
850–950 ◦C

Pine powder,
anthracite, biomass
fraction in blend
0–30%wt.

21–40% O2, CO2
NO, NO2, CO,
CO2, O2, SO2

Concentration of NO
increased with increasing
initial concentration of O2 in
the oxidizing medium.
Addition of pine powder
reduced the NO emission in
the test at 950 ◦C with 35%
O2 in the O2/CO2 mixture.

Wang et al.
[18]

CFB, 10 kWth,
800–900 ◦C

Corn straw, wheat
straw, coal, 30%
biomass in blend

50% O2/50% CO2,
50% O2/50%

recycled flue gas

NO, N2O, CO,
CO2, O2, HCN

NO and N2O emissions
increased with increasing
excess O2. An increase in
the fraction of corn straw in
the fuel blend caused an
increase in emission factors
of NO, N2O, and HCN.

Sher et al.
[19]

BFB *, 20 kWth,
800 ◦C

Miscanthus, straw
pellets, wood
pellets

Air, O2/N2/CO2
mixtures:

21/22/57%,
24/25/52%,
27/28/45%

NOx, CO, CO2, O2

Emissions of CO and NO
decreased with increasing
concentration of O2 in the
oxy-fuel medium. At 30%
O2, emissions of NO were
like those for combustion in
air.
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Table 1. Cont.

Reference
Test Facility

and
Conditions

Fuels Tested
Composition of

Oxidizing
Medium

Emissions
Reported

Remarks

Varol et al.
[8]

CFB, 850 and
915 ◦C,
limestone,
Ca/S = 2

Wood pellets,
high-sulphur
lignite, fraction of
biomass in blend
up to 60%

25, 30% O2, CO2
NOx, SO2, CO,

CO2

Increasing biomass share in
the fuel blend had a
negligible influence on NOx
emissions. Emissions of CO
and SO2 decreased with
increasing fraction of
biomass in the fuel blend.

Nguyen et al.
[20] CFB, 100 kWth

Wood pellets,
lignite, fraction of
biomass in blend
50–100%wt.

21–29% O2, CO2 NO, SO2, CO

An increase in biomass
share caused a decrease in
NO, SO2 and CO
concentrations.
Oxy-combustion of pure
biomass can produce
negative CO2 emissions of,
approximately,
–647 g/kWth.

Gao et al.
[12]

TG-MS **,
non-isothermal
tests,
20–800 ◦C,
heating rates
5–15 K/min

Microalgae
Chlorella vulgaris,
lignite, 50/50
blends

21% O2/79% N2,
21% O2/79% CO2

CO, CO2, COS,
NO, NO2, SO2

The presence of microalgae
in the fuel blend during
combustion in air resulted
in lower emissions of CO2,
CO and NO2 but in
enhanced formation of NO,
COS and SO2. Similar trend
was observed during
oxy-combustion.

* BFB—bubbling fluidized-bed combustor, ** TG-MS—thermogravimetric analyzer with mass spectrometer.

3. Materials and Methods

3.1. Fuel Tested

Wheat straw (agricultural biomass), willow (Salix viminalis, energy crop biomass) and
Scots pine (woody biomass) were used as primary fuels, and a Polish bituminous coal,
combusted in CFB boilers, was chosen as the reference fuel.

The moisture content in biomass fuels was determined with the use of the oven-drying
method, based on the PN-EN ISO 18134. The ash content of the biomass samples was
determined in accordance with PN-EN ISO 18122, whereas PN-EN ISO 18123 standard was
used to assess the volatile matter content. Elemental analyzers Truespec CHN Leco and
SC-144DR Leco were used to determine the hydrogen, carbon, sulfur and nitrogen contents.
The proximate and ultimate analyses and higher heating value (HHV) of the tested fuels
are presented in Table 2.
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Table 2. Proximate and ultimate and higher heating value of the tested biomass and coal.

Wheat Straw Salix viminalis Scots Pine Bituminous Coal [21]

Proximate analysis (air-dry basis), wt.%
Moisture (M) 8.4 6.9 7.0 8.7
Ash yield (A) 6.1 1.4 0.6 18.9

Volatile matter (VM) 68.3 76.3 76.8 26.8
Fixed carbon (FC), (by difference) 17.2 15.4 15.6 45.6

Higher heating value (HHV), MJ/kg 17.84 18.20 18.90 22.75

Ultimate analysis (dry, ash-free basis), wt.%
Carbon (C) 50.20 49.60 50.90 73.30

Hydrogen (H) 5.80 6.00 5.70 4.30
Sulphur (S) 0.08 0.03 0.01 2.30

Nitrogen (N) 0.80 0.30 0.10 1.10
Chlorine (Cl) 0.15 0.01 0.01 0.70

Oxygen (O), (by difference) 42.97 44.06 43.28 18.30

3.2. Experimental Setup and Procedure

Conventional and oxy-fuel combustion experiments were carried out in a 12-kW,
electrically heated lab-scale CFB combustor, which has been described in detail in refer-
ences [21–23]. Here, only the experimental conditions are briefly mentioned. All experi-
ments were carried out at temperature 850 ◦C in air (base case) and mixtures of O2/CO2
with O2 concentrations in the range from 21% to 40%vol. The names given to the different
oxy-fuel atmospheres, oxy-21, oxy-30 and oxy-40, are related to the O2 concentration in the
oxy-fuel mixture fed to the combustor, i.e., 21, 30 and 40%vol., respectively.

Silica sand (particles below 400 μm) to a mass of 0.3 kg constituted the fluidized bed.
The gases (O2 and CO2) to make up gas mixtures are supplied from cylinders to a mixer
and then transferred via a preheater directly into the combustion chamber. Flow rates of
gases are controlled by valves and measured by rotameters. During air and oxy-combustion
experiments, the superficial gas velocity was kept at a constant level of about 5 m/s.

A small sample of fuel (0.5 g) was fed into the combustion chamber (riser) for each
test. Sorbent was not used to capture SO2 during all tests. The biomass and coal samples
were in the form of spherical pellets. The detail method of pellet making is explained by
Kosowska-Golachowska et al. [24] and Kijo-Kleczkowska et al. [25]. Concentrations of NO,
NO2, N2O, SO2, CO and other compounds (HCN and NH3) in the flue were measured
online (with frequency of 1 Hz) by a FTIR spectrometer (Gasmet DX-4000). The maximum
error of these measurements was less than 2%. The time period for each test was set 3 s.
Each test was repeated minimum three times to guarantee a relative standard deviation of
less than 5%. This methodology has been successfully used in our previously studies on
pollutant emissions during combustion of sewage sludge [21] or lignite and bituminous
coal [22].

4. Results and Discussion

Biomass combustion both in air and oxy-fuel atmospheres proceeds through several
stages, namely drying, devolatilization, ignition and volatile matter combustion, char com-
bustion and agglomeration of ash [7,22,23]. A detail report on all these stages, temperature
profiles and visualization during oxy-combustion of wheat straw and Salix viminalis can be
found in [22,23], respectively.

Volatile matter and oxygen contents in the biomass samples are significantly higher
than those in the bituminous coal whereas the ash yield and HHV are lower than those
in coal (see Table 1). The contents of S, N and Cl in biomass are lower than those in coal,
which indicates that the tested biomass fuels are ideal renewable energy resources with a
minor potential for environmental pollution.
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In this section, emissions of NOx (NO, NO2, N2O and their precursors, such as NH3
and HCN), SO2 and CO during conventional and oxy-fuel combustion of three kinds of
biomass and a reference coal are presented and discussed.

4.1. Conventional Combustion
4.1.1. NO, NO2 and N2O Emissions

Nitrogen oxides (NOx), such as NO, NO2 and N2O, are main contributor to air pollu-
tion [26]. The mechanism of NOx formation in conventional air-fired combustion includes
thermal, prompt and fuel-N NOx. Thermal and prompt NOx formation occurs at high
temperatures, usually above 1400 ◦C, that are typical for pulverized fuel combustion. In
fluidized-bed combustion, contributions of thermal and prompt mechanisms to the total
NOx emissions are negligible.

Fuel nitrogen oxides are formed through oxidation of N-containing species in the
fuel (fuel-N), which are released during devolatilization (volatile-N) and char oxidation
(char-N) stages. At typical fluidized-bed combustion temperatures (below 900 ◦C), fuel-N
is the dominant source for NOx formation. Although char is an important intermediate
for NOx formation, the behavior of volatile-N is a dominating factor in the case of burning
fuels with high-volatile matter contents such as biomass [27].

Figure 1 shows the time-resolved emissions of NO and N2O during air-CFB combus-
tion of all tested fuels. Nitrogen oxide was the dominant N-containing pollutant and no
NO2 was detected during tests in air. This finding is consistent with the results obtained
by Liu et al. [28]. The highest NO concentrations (Figure 1a) were detected during the
volatile matter combustion. The highest NO concentrations were approximately 75 ppm
and 60 ppm for wheat straw and Salix viminalis, respectively. The lowest NO emissions
were measured for the reference coal despite its highest nitrogen content. This observation
can be attributed to the lower volatile matter content in coal and lower temperature during
the volatile matter combustion compared to biomass fuels.

(a) NO (b) N2O 

 

Figure 1. Impact of fuel type on the instantaneous NO (a) and N2O (b) concentrations during air
combustion.

Nitrous oxide emissions (Figure 1b) were about four times lower than NO emissions,
which indicates that fuel-N was more inclined to undergo conversion to NO than to N2O
during combustion in air. The N2O formed, compared to NO, was also more readily
reduced to N2 by char or CO [27,28]. The highest N2O concentrations were approximately
15 ppm for wheat straw, while the lowest for Scots pine what was attributed to the nitrogen
content in biomass fuels.

Hydrogen cyanide, HCN, and ammonia, NH3, are major precursors for the formation
of NOx during combustion of solid fuels containing nitrogen. There is a consensus that the
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conversion of fuel-N to nitrogen oxides proceeds through these intermediates [29]. The
instantaneous concentrations of HCN were below 3 ppm and NH3 was not detected during
air combustion of tested fuels.

Figure 2 shows the influence of fuel type on the total emissions of NO and N2O during
combustion in air. In the case of whet straw, NO accounts for approximately 75% of the
total NOx emitted and N2O for remaining 25%. For Salix viminalis and Scots pine, these
figures are 85% and 15%, and 72% and 28%, respectively. In the case of bituminous coal, the
fraction of NO in the total NOx is much lower, approximately 40%, and N2O accounts for
remaining 60%. As coal contains less volatile matter than biomass fuels, high emissions of
N2O can be attributed to oxidation and reduction reactions at the surface of char particles.

Figure 2. Effect of fuel type on the total NO and N2O concentrations during air combustion. Vertical
bars represent standard deviation.

The split of NO and N2O emissions between volatile-N and char-N oxidation during
air-combustion of wheat straw is shown in Figure 3. Oxidation of volatile matter accounts
for approximately 80% of total NO formed and char oxidation contributed only 20%. In the
case of N2O, contributions of volatile-N and char-N are similar and are approximately 51%
and 49%.

Figure 3. The instantaneous concentrations of NO and N2O during air-combustion of wheat straw.

Oxidation of volatile-N was responsible for 75% of the total NO formed for Salix
viminalis, 85% for Scots pine and 65% for coal (Figure 4). Volatile-N contributed 48% to
the total N2O formed during combustion of Salix viminalis and 32% during combustion of
Scots pine and coal.
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(a) NO (b) N2O 

Figure 4. Effect of fuel type on NO (a) and N2O (b) concentrations during air combustion. Vertical
bars represent standard deviation.

4.1.2. SO2 Emissions

In the air-combustion process, the sulfur contained in the fuel is oxidized mostly to
SO2 with only a small fraction converted to SO3 [2]. Biomass fuels contain much less
sulfur than coals, therefore, their combustion or co-combustion with coal produces lower
emissions of SO2 [7,8,30]. Figures 5 and 6 show the time-resolved concentrations of SO2
and the total SO2 emissions for tested fuels. Emissions of SO2 from combustion of the
tested biomass were much lower than those from the combustion of coal. The highest
instantaneous concentrations of SO2 were observed during combustion of volatiles and
they were approximately 58 ppm for coal and less than 9 ppm for biomass fuels.

Figure 5. The instantaneous concentrations of SO2 during air combustion.

Sulphur dioxide is formed through oxidation of sulfur-containing species in the fuel
(fuel-S), which are released during devolatilization (volatile-S) and char oxidation (char-S)
stages (Figure 6). Oxidation of volatile-S was responsible for 60–65% of the total SO2 formed
for biomass fuels and for only 30% in the case of coal.
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Figure 6. Effect of fuel type on the total SO2 emissions during air combustion. Vertical bars represent
standard deviation.

4.1.3. Emissions of CO

Figure 7 shows carbon monoxide emissions during air combustion of tested fuels. The
instantaneous concentrations of CO for the combustion of biomass fuels were much lower
than those for the combustion of reference coal. This can be attributed to the lower carbon
content (Table 2) of biomass fuels. Release times of CO were 130–140 s for biomass and
much longer, approximately 650 s, for coal. The highest CO emissions were detected during
the combustion of char, both for biomass and coal. During air-combustion, the highest
instantaneous concentration of CO were approximately 22 ppm and 19 ppm for coal and
wheat straw, respectively.

Figure 7. Effect of fuel type on the instantaneous CO concentrations during air combustion.

4.2. Oxy-Fuel Combustion
4.2.1. NOx Emissions

Figures 8 and 9 show the time-resolved emissions of NO and N2O during oxy-fuel
combustion of all tested fuels. During oxy-combustion, the highest NO emissions were
detected during the volatiles combustion after 14 s for Scots pine (Figure 8c), 21 s for
wheat straw (Figure 8a) and willow (Figure 8b), and 28 s for coal (Figure 8d). The lowest
NO concentrations in a flue gas were observed during combustion in 21% O2/79% CO2
environment for all fuels, due to the lower temperature of fuel particle [23,24]. During oxy-
21 combustion of wheat straw (Figure 8a), the highest NO concentration was approximately
50 ppm and it was 25 ppm lower than that in air combustion (Figure 1a). Concentrations
of NO increased with increasing O2 content in the O2/CO2 mixture. The highest NO
concentrations were detected in 40% O2/60% CO2 atmosphere and were approximately
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95 ppm and 75 ppm for wheat straw and Salix viminalis, respectively. The maximum value
of NO concentration for wheat straw was about twice as high in oxy-40 than that in oxy-21.

(a) Wheat straw (b) Salix viminalis 

 
(c) Scots pine (d) Coal 

Figure 8. The instantaneous concentrations of NO during oxy-combustion of tested fuels.

Emissions of N2O were significantly lower in comparison with NO emissions. Nitrous
oxide was formed simultaneously with NO, which implies that formation of N2O proceeded
by direct oxidation of fuel nitrogen rather than by the reduction of NO. The highest N2O
concentrations were detected during volatile matter combustion in the oxy-21 atmosphere.
The highest value of N2O concentration, approximately 18 ppm, was observed for the
combustion of wheat straw (Figure 9a). As the oxygen concentration in O2/CO2 atmosphere
increased, N2O concentrations decreased. The lowest N2O emissions (below 5 ppm) were
observed for oxy-combustion of Scots pine, the fuel with the lowest nitrogen content.

Emissions of NO2 were only detected during char combustion in oxy-21 atmosphere.
The highest instantaneous NO2 concentration did not exceed 6 ppm for coal and 4 ppm for
wheat straw. Figure 10 shows total NO, N2O and NO2 emissions during combustion in the
oxy-21 atmosphere. Total emissions of NO2 were approximately 20 ppm and 10 ppm for
coal and wheat straw, respectively. This finding is consistent with the results obtained by
Lasek et al. [31].
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(a) Wheat straw (b) Salix viminalis 

 
(c) Scots pine (d) Coal 

 

Figure 9. The instantaneous concentrations of N2O during oxy-combustion of tested fuels.

Figure 10. Total emissions of NO, N2O and NO2 during combustion in oxy-21 atmosphere. Vertical
bars represent standard deviation.

Figure 11 shows the split of NO and N2O emissions between volatile-N and char-N
oxidation during burning of biomass fuels and coal in all atmospheres. Oxidation of volatile
matter accounts for approximately 75% of total NO formed and char oxidation contributed
25% for wheat straw in the oxy-21 atmosphere while for coal 40% and 60%. Combustion of
wheat straw in the oxy-40 atmospheres caused oxidation of volatile-N for approximately
60% of total NO formed, and char oxidation contributed 40% for wheat straw (68% and
32% for Salix viminalis; 80% and 20% for Scots pine; 60% and 40% for coal).
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(a) air (b) oxy-21 

 
(c) oxy-30 (d) oxy-40 

Figure 11. Effect of oxidizing atmosphere on NO emissions during combustion. Vertical bars
represent standard deviation.

In the case of N2O (Figure 12), during oxy-combustion, contributions of volatile-N and
char-N are completely different than that in air-combustion. Oxidation of volatile matter
accounts for approximately 85% of total N2O formed, and char oxidation contributed 15%
for wheat straw and Scots pine in the oxy-21 atmosphere. (93% and 7% for Salix viminalis;
80% and 20% for Scots pine; 51% and 49% for coal).

Combustion of wheat straw in the oxy-40 atmospheres caused oxidation of volatile
matter for approximately 77% of total N2O formed and, char oxidation contributed 23% for
wheat straw (75% and 25% for Salix viminalis; 90% and 10% for Scots pine; 70% and 30%
for coal).

The influence of oxygen concentration in the O2/CO2 mixture on the total emissions of
NO is shown in Figure 13. As expected, emissions of NO increase with increasing O2 content
in the mixture, particularly for biomass fuels. The emission of NO also increased with the
particle temperature due to the decrease in CO emission. Higher particle temperatures
helped the oxidation of NCO to NO, too [29]. Moreover, higher concentration of O2 in the
riser enhance the combustion of volatile matter and char and lead to an increase in NO
formation. This remark has been confirmed by the results obtained by Czakiert et al. [32]
and Jankowska et al. [33].
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(a) air (b) oxy-21 

 
(c) oxy-30 (d) oxy-40 

Figure 12. Effect of oxidizing atmosphere on N2O emissions during combustion. Vertical bars
represent standard deviation.

Figure 13. Influence of oxygen concentration on the total emission of NO during oxy-combustion.
Vertical bars represent standard deviation.

The opposite trend can be observed for N2O emissions (Figure 14). As the oxygen
concentration in O2/CO2 mixture increases, N2O concentrations in a flue gas decrease,
mainly for coal.
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Figure 14. Effect of the oxygen concentration on the total emissions of N2O during oxy-combustion.
Vertical bars represent standard deviation.

Hydrogen cyanide is a main precursor of N2O formation. It should be mentioned
that HCN is a very toxic gas (approximately 20 times more toxic than CO) that already
affects human beings at ppm levels [31]. Higher concentrations of HCN were generated
during oxy-fuel combustion. Emissions of HCN were the highest in oxy-21 atmosphere,
particularly during char combustion. The highest instantaneous concentrations of HCN
did not exceed 6 ppm both for biomass fuels and coal. Similar results were reported in our
previous study [22] and by Lasek et al. [31].

The highest NH3 emissions were observed during combustion in oxy-30 and oxy-21
atmospheres. However, the instantaneous concentrations of NH3 were very low; they did
not exceed 3 ppm for all fuels. High concentrations of CO2 inhibited oxidation of HCN and
NH3 to NOx.

4.2.2. Emissions of SO2

The SO2 emissions during biomass fuels and coal combustion in various environments
are shown in Figure 15. The instantaneous SO2 concentrations during oxy-combustion
of biomass were much lower than those for the combustion of reference coal. The times
of SO2 release were 40–90 s for biomass and 380–580 s for coal in all O2/CO2 mixtures.
The highest emissions of SO2 were observed during the combustion of volatiles, for both
biomass and coal. Compared with air-combustion, burning both biomass fuels and coal in
oxy-21 atmosphere caused a minor increase in emissions of SO2. The highest SO2 emission
in oxy-21 mixture was approximately 62 ppm for coal. An increase in the oxygen inlet
concentration caused higher emissions of SO2. The highest SO2 emissions were detected in
oxy-40 atmosphere and was 86 ppm for coal. The highest concentrations of SO2 in oxy-40
for biomass fuels were 21 ppm, 13 ppm and 10 ppm for wheat straw, Salix viminalis and
Scots pine, respectively.
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(a) Wheat straw (b) Salix viminalis 

  
(c) Scots pine (d) Coal 

 

Figure 15. The instantaneous concentrations of SO2 during oxy-combustion of the tested fuels.

Figure 16 shows the influence of the oxygen concentration on the total emission of
SO2. It can be seen that an increase in the oxygen inlet concentration resulted in higher
SO2 emissions, particularly for coal. Combustion of wheat straw in the oxy-40 atmosphere
caused twice as higher emission of SO2 than that in oxy-21. A similar trend for coal and
biomass fuels during oxy-combustion was found in references [19,31,34,35].

Figure 16. Influence of the oxygen concentration on total emissions of SO2 during oxy-combustion.
Vertical bars represent standard deviation.
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4.2.3. CO Emissions

Concentrations of CO during oxy-fuel combustion are shown in Figures 17 and 18.
These results reveal a significant impact of the composition of oxidizing gas mixture on CO
emissions. Combustion of biomass or coal in the oxy-21 mixture caused a strong increase
in CO concentrations in comparison with air-combustion (see Figure 3). The highest CO
emissions were approximately 950 ppm and 760 ppm for wheat straw and coal, respectively.
This phenomenon can be explained by the influence of three chemical reactions [2,3,31,32]:
Boudouard’s reaction Equation (1), the reaction of CO2 with H radical Equation (2) and the
dissociation of CO2 Equation (3):

CO2 + C ↔ 2CO (1)

CO2 + H ↔ CO + OH (2)

CO2 ↔ CO +
1
2

O2 (3)

(a) Wheat straw (b) Salix viminalis 

 
(c) Scots pine (d) Coal 

 

Figure 17. Effect of oxygen concentration on the instantaneous CO concentrations during oxy-
combustion.
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Figure 18. Influence of the oxygen concentration on total emissions of CO during combustion of
biomass fuels. Open points represent combustion in air. Vertical bars represent standard deviation.

Reaction (1) seems to play a leading role in the conversion of CO under conditions
typical for fluidized-bed combustion [31]. As oxygen concentration increased, the emission
of CO was reduced. In oxy-40 environment, the highest CO emissions were three times
lower for biomass fuels than that in the oxy-21 mixture. The highest instantaneous CO con-
centrations were 760 ppm, 700 ppm and 465 ppm in oxy-21, oxy-30 and oxy-40, respectively.
The analogous trends were reported in references [31,36–38].

Moreover, the reduction of NO to N2 in the presence of an active char and higher
concentrations of CO is enhanced through the heterogeneous NO reduction reaction [37,39]:

CO + NO ↔ CO2 +
1
2

N2 (4)

According to results presented by Lupianez et al. [14–16], a high level of CO in the
flue gas is a result of incomplete combustion, which is a symptom of lower combustion
efficiency. Thus, in this case, the reduction of NO to N2 is a consequence of such deficiency
(Figure 19).

The results of this study show that the tested biomass fuels are ideal renewable
energy resources both in conventional and oxy-fuel conditions with a minor potential
for environmental pollution. According to the EU’s Large Combustion Plant Directive,
emission limits for NO (as NO2), SO2 and CO are 200 mg/m3

n (dry gas at 6% O2), and
20 mg/m3

n for particulate matter (fly ash). In the case of coal-fired CFB boilers, these limits
can only be met with De-NOx (selective non-catalytic reduction) and De-SOx (in situ SO2
capture) systems. Biomass fuels usually contain much less nitrogen, sulfur and mineral
matter than coals. Since the magnitude of NOx and SO2 emissions is strongly related to the
content of N and S in the fuel, a proper combination of combustion technique, operating
conditions, and biomass fuel can deliver a combustion system with significantly reduced
requirements for De-NOx and De- SOx systems or even eliminate them.

These experimental results can be used to optimize the combustion process of biomass
fuels in the CFB oxy-combustion technology. The data can also be useful in mathematical
modeling of biomass combustion both in conventional and oxy-combustion processes.
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(a) Oxy-21 

 
(b) Oxy-30 

 
(c) Oxy-40 

 
Figure 19. NO and CO (ppm) profiles during combustion of wheat straw under oxy-combustion.

5. Conclusions

Three kinds of biomass and bituminous coal were burned in a laboratory-scale CFB
combustor, and the influence of fuel type and oxidizing atmosphere on pollutant emissions
were studied. Pellets were burned in air and oxy-combustion environments (oxy-21, oxy-30
and oxy-40) at 850 ◦C. The major conclusions from this study are as follows:

1. The instantaneous emissions of SO2, N2O and CO for the combustion of biomass fuels
in all atmospheres were lower than those for the combustion of bituminous coal.
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2. The instantaneous NO concentrations for the combustion of biomass fuels in all
atmospheres were higher than those for the combustion of reference coal.

3. Oxidation of nitrogen species released with volatile matter was responsible for high
emissions of NOx during combustion of biomass fuels in air and mixtures of O2
and CO2.

4. The highest instantaneous emissions of all gaseous pollutant during combustion of
biomass fuels were observed for agro biomass (wheat straw) in both air and oxy-fuel
atmospheres.

5. The lowest emissions of all gaseous pollutant during combustion of biomass fuels
were observed for woody biomass (Scots pine) in both air and oxy-fuel atmospheres.

6. The lowest NO emissions and the highest N2O emissions for tested fuels were detected
in oxy-21 atmosphere owing to lower temperature of fuel particles.

7. The instantaneous CO emissions for the combustion of biomass in all atmospheres
were much lower than those for the combustion of reference coal.

8. Oxy-combustion of biomass or coal caused a significant increase in emissions of CO in
comparison with air-combustion. This observation can be attributed to CO2 + C(char)
reaction (the Boudouard reaction).

9. Combustion of biomass in oxy-30 or oxy-40 atmospheres causes an increase in SO2
and NO emissions and a reduction in of CO and N2O emissions.

10. Considering all pollutant emissions during oxy-combustion of biomass fuels, the
optimal atmosphere is oxy-30.
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Abstract: Heavy fuel oil has an energy density content comparable to distillate fuels but a very high
viscosity that necessitates extra heating before spray combustion inside a boiler. Heavy fuel oil is also
characterized by high asphaltenes, carbon residues, trace metals, such as vanadium and nickel, fuel-
bound nitrogen, and sulfur. Asphaltenes are heavy polycyclic aromatic compounds with embedded
heteroatoms and significantly affect the physico-chemical properties of heavy fuels; this makes them
very difficult to burn and leads to the formation of large cenospheres (lightweight, inert, hollow
spheres), due to an inefficient burning process. The primary goal of this study is to experimentally
investigate the influence of the asphaltene concentration on the combustion of HFO under a swirling
flame, finally reducing gaseous and solid pollution. We tested HFO samples containing asphaltene
concentrations of 4, 6, 8, 16, and 24 wt.%, prepared by blending the light oil of diesel and pure
asphaltenes with HFO. This work provides quantitative information about the effect of different
asphaltene contents on the fuel properties of viscosity, density, heating value, thermogravimetry with
air and N2, and swirling flame combustion characteristics, including the analysis of gaseous and solid
particle emissions. The results indicated that the high asphaltene content in the fuel was the critical
factor for the high viscosity and incomplete combustion and also increased the density of the fuel
sample. Reducing the asphaltene content in HFO improves its spray characteristics and combustion
performance and reduces the solid emissions containing sulfur and metal elements.

Keywords: heavy fuel oil; asphaltene; swirling flame; blend fuel; fuel characteristics; pollutant emissions

1. Introduction

As to the wide application of heavy fuel oil (HFO) in utility boilers, industrial furnaces,
and marine engines, the burning of HFO has been broadly tested in laboratory research and
engineering development. With the gradual reduction of conventional light and medium oil
resources, efficiently and economically recovering vast reserves of unconventional heavy oil
and asphalt has attracted increasing attention. HFO has an energy density content similar
to distilled fuel, but it has a very high viscosity and requires additional heating before spray
combustion in the boiler [1]. The specific characteristics of HFO are the high contents of
asphaltenes, carbon residues, trace metals, such as vanadium and nickel, and fuel-bound
nitrogen and sulfur. Asphaltenes are heavy polycyclic aromatic compounds with embedded
heteroatoms, making the fuel difficult to burn, and the inefficient combustion process leads
to the formation of large cenospheres (lightweight, inert, hollow spheres).

Asphaltenes are compounds in crude oil, heavy fuels (high-boiling and nonboiling
petroleum fractions), and oil sand bitumen. They are insoluble in n-alkanes (e.g., n-heptane)
and only soluble in aromatic solvents (e.g., toluene). Their chemical structures are still
not fully understood, so asphaltenes are characterized by their solubility class instead of
their chemical properties. Asphaltenes have a significant impact on the physicochemical
properties of heavy fuels and residues. It has been shown that asphaltenes are the most
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aromatic part of heavy fuels and, therefore, increase the viscosity of the fuel [2]. Thus, HFO
with high asphaltene content requires the adding of solvent or the preheating of the fuel to
improve fluidity. Asphaltenes in crude oil precipitate and deposit along the walls of the oil
reservoir, thereby clogging the oil well and causing flowline fouling problems. For all these
reasons, asphaltenes have been called ‘bad guys’ in petroleum fuels [3].

The well-referred results established by HFO combustion were to distinguish two
combustion stages. The first is the liquid phase of evaporating volatile substances, and, then,
the solid phase of oxidized coke, carbonaceous cenosphere particles formed during the
liquid phase. This liquid combustion stage is a complex process that involves heat and mass
transfer and chemical reactions, such as pyrolysis (thermal cracking) and polymerization.
The solid combustion phase occurs immediately after the liquid combustion phase and
forms a hollow shell cenosphere [4]. Most of the research on HFO combustion reported in
the literature was carried out using suspended [5–7] and falling droplet [8–10] techniques,
and many researchers used numerical simulations [11–13]. Elbaz et al. [7] studied the
formation and oxidation of heavy oil, HFO, and particles produced by the combustion of
droplets. They also used a scanning electron microscope (SEM) and an energy dispersive
X-ray (EDX) to analyze the microstructure of the particles. The study concluded that
the droplet ignition temperature is independent of the droplet size, but the liquid phase
ignition delay time and droplet life are proportional to the initial droplet diameter. Kwack
et al. [14] burned No. 6 fuel in a closed burner, observed the combustion residue through a
scanning electron microscope, and studied the qualitative relationship between the shape
of these particles and the temperatures to which they were subjected. Xu et al. [4] divided
the process of heavy oil droplet combustion into four steps: ignition delay, flame lifetime,
coke glowing delay, and coke ember time. Using the mixed oil of mixed heavy oil residue
(HOR) and diesel light oil (LO), they further analyzed their composition characteristics
in terms of oil composition and combustion conditions. They found that increasing the
temperature of the combustion chamber significantly reduced the ignition delay and the
coke luminescence delay, but hardly changed the flame lifetime. Ambalae et al. [15]
used a thermogravimetric analyzer (TGA) to obtain information on the pyrolysis and
combustion behavior of crude oil (Neilburg) and its asphaltenes. The study found that
asphaltenes contributed the most to coke formation among all saturated, aromatic, resin,
and asphaltene fractions. They analyzed the temperature rise of whole oil and asphaltenes
and conducted isothermal pyrolysis experiments to determine the temperature at which
coke formation was maximized. In addition, they obtained isothermal combustion curves
of coke derived from whole oil and asphaltenes. Atiku et al. [16] explored the mechanism
of forming fine particulate soot and cenospheres and studied the chemical structure of
petroleum asphaltenes through pyrolysis technology. Jameel et al. [17] used non-isothermal
thermogravimetric analysis (TGA) and Fourier transform infrared (FTIR) spectrometers
to study the pyrolysis and combustion of heavy oil in nitrogen and air, respectively, and
deeply understood the three stages of heavy oil combustion.

Some work has been conducted on the influences of oil compositions on HFO burning.
The effect of oil composition on HFO burning was studied by changing asphaltene con-
tent [5,18,19], sulfur [6,20], metal (vanadium) [21], viscosity [22,23], and fuel nitrogen [24].
The viscosity of HFO largely depends on the volume fraction, chemical structure, and
physicochemical properties of its asphaltenes. Asphaltenes are the most polar and heavi-
est components in HFO [25]. Fakher et al. [26] explained the main components of crude
oil and its relationship with asphaltenes and the methods for quantifying asphaltenes in
crude oils, showing more discussed models for asphaltene modeling, and mentioned the
chemistry used to characterize and study asphaltene analysis methods. In addition, they
also introduced the methods by which asphaltenes destroy oil recovery. The structure of
asphaltenes was studied through atomic force microscopy with atomic resolution imaging
and scanning tunnelling microscopy with molecular orbital imaging to study more than
100 asphaltene molecules [27]. Peng et al. [28] conducted experimental and theoretical
studies on the specific effects of asphaltene content on the viscosity of heavy oil at different
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temperatures. They determined four important parameters to characterize the reconstituted
heavy oil samples: solvation constant, shape factor, intrinsic viscosity, and maximum filling
volume fraction. The study showed, through the results of nonlinear regression, that the
state of asphaltene particles in heavy oil changed with the change of asphaltene content
and temperature, and this change greatly influenced the viscosity of heavy oil. Bartle [29]
showed that asphaltene reduced the ignition delay time of heavy oil but did not affect the
burning time of fuel droplets. The reduction in ignition delay was attributed to the volatiles
produced by the pyrolysis of asphaltenes.

The current work is dedicated to showing how blending asphaltene influences the
combustion of heavy fuel oil. The emission characteristics (gaseous emissions and par-
ticulate matter) of different asphaltene constituent oils were tested in the swirling flame
burning system, while the inspected parameters were mainly about coking characteristics.
This research used measurements to analyze blending fuel characteristics, combustion per-
formance, and pollution, considered necessary for future energy supplies using diversified
fuels. In this research, fuel samples with five different HFO blending fuels with asphaltene
mass fractions of 4%, 6%, 8%, 16%, and 24% were compared in swirling flame experiments.
Pure HFO containing 8% (by mass) asphaltenes was used as a basis for comparison. Low
asphaltene content fuel oils were prepared by blending HFO with diesel light oil, and extra
asphaltene was added to the HFO to produce high asphaltene oils. This work also intends
to illustrate how the mixing of asphaltenes affects the emissions of HFO combustion.

2. Methodology and Fuel Characterization

In general, the burning behavior of different HFOs could lead to the economic develop-
ment of energy systems with a wide range of fuel adaptability. Heavy crude oil’s chemical
and physical properties change dramatically from one reservoir to another. Nevertheless, it
is currently impossible to test all available HFO samples. In this regard, we recommend
that any heavy oil is essentially a mixture of heavy oil, asphaltene, and light oil (diesel).
Then, the critical oil characteristics, such as viscosity, density, volatility, asphaltene, and
sulfur content, can be adjusted by changing the HFO asphaltene and diesel oil ratio, which
determines the combustion characteristics of the oils. In this study, five different HFO
samples were prepared by blending HFO with diesel and pure asphaltenes, with asphaltene
mass fractions of 4%, 6%, 8%, 16%, and 24%, respectively, given in Table 1. Mixing HFO
changes the oil components so that the influence of asphaltene can be thoroughly analyzed.
Therefore, this constitutes the main objective of the study. The original HFO sample used in
this work featured 8% asphaltene in mass by the test standard IP 143, which was collected
from the Shoaiba power plant in Saudi Arabia, and detailed information about these HFO
properties can be found in Ref. [30].

Table 1. Properties of the fuel samples used in this study.

Fuel Oil Net Asphaltenes
(Mass %)

Composition (Mass %) Gross Calorific
Value (MJ/kg)

H/C Ratio (in Mole)
Article Article Article

4 50 50 0 45.7 1.68
6 75 25 0 43.4 1.61
8 100 0 0 42.8 1.54

16 91.3 0 8.7 42.5 1.51
24 82.6 0 17.4 42.3 1.47

As shown in Table 2, pure asphaltene was Chinese Standard No. 90 asphaltene, the
properties of which are similar to those extracted from HFO [20], and was applied to
blending fuel to ensure high asphaltene contents of 16% and 24%. The light oil used was a
commercially available diesel to produce low asphaltene content fuels of 4% and 6%. In
Figure 1, the asphaltene looked like pitch or soft bitumen at 27 ◦C, but it became of low
liquidity when the temperature rose to 67 ◦C [4]. Asphaltenes are a class of hydrocarbons
with heteroatoms (such as S, N, and O), only defined by their precipitation in nonpolar
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solvents (such as pentane, hexane, or heptane). Typical asphaltenes include: (a) aromatic
rings with alkyl chains up to C30, (b) Sulfur in the benzothiophene ring, (c) Nitrogen in
Pyrrole and Pyridine, (d) Porphyrin compounded with vanadium, nickel, and nitrogen-
containing pyrrole, (e) Ketones, carboxylic acids, phenols [31].

Table 2. Element compositions of the fuel samples.

Asphaltene Content in Fuel Samples

Elements Pure Asphaltene Elements Diesel Elements 4% 6% 8% 16% 24% Unit LOR Test Standard

Carbon (C) 84.9 85 85.2 85.3 85.1 84.5 85.2 Mass% 0.1 EPA 440.0
Hydrogen (H) 8.5 13 12.5 11.4 10.9 10.7 10.3 Mass% 0.1 EPA 440.0

Sulfur (S) 5.0 0 1.6 2.3 3.2 3.4 3.6 Mass% 0.1 ASTM D4294
Nitrogen (N) 0.6 0.2 0.2 0.4 0.4 0.4 0.4 Mass% 0.1 EPA 440.0

Metal
Vanadium (V) 455 - 20.6 39.4 34.2 74.1 82.2 mg/kg 0.2 IP 501–05

Nickel (Ni) 159 - 10.3 14.4 17.8 23.7 35.1 mg/kg 0.5 IP 501–05
Sodium (Na) 273 - 6.5 5.1 7.4 47.5 68.3 mg/kg 2.0 IP 501–05

Magnesium (Mg) 568 - 6.5 <5.0 <5.0 <5.0 46.8 mg/kg 0.1 ASTM D4951

 
(a) 

  
(b) (c) 

Figure 1. Asphaltene from heavy fuel oil and the morphology (a) Asphaltene from heavy fuel oil,
(b) Surface of asphaltene, (c) Cross-section of asphaltene.

Fuel viscosity is critical to fuel spray characteristics and further affects the combustion
performance. Viscosity is a measurement of the internal flow resistance of a fluid when it is
being deformed. A better understanding of the origin of the high viscosity of heavy oil can
help greatly in finding more effective and economical methods to recover heavy oil and
reduce the related capital and operating costs. Given this fact, after each blended heavy oil
sample was prepared, the viscosity of the fuel was determined by an electromagnetically
spinning viscometer (EMS-1000, KEM Kyoto Electronic Manufacturing Co., Ltd., Kyoto,
Japan), shown in Figure 2a,b. The viscosity measurement for the fuel sample was carried
out three times, and the average value of the three measured viscosity data was noted. The
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measurement repeatability accuracy (RSD) was 3%. In Figure 2a, the results showed that
when the tested temperature ranged from 20.0 ◦C to 200 ◦C and the asphaltene fraction
ranged from 4 to 24% (wt.%), the heavy oil sample behaved as a Newtonian fluid and
its measured viscosity varied in a vast range of 2–568 mPa.s. The viscosities for the five
samples decreased exponentially with increasing temperature. In Figure 2a, asphaltene
content in heavy oil played a decisive role at high viscosities, especially at low temperatures.
Notably, as shown in Figure 2b, for the viscosity of HFOs at 50 ◦C, the viscosity of fuel oil
with 24% asphaltene content was equal to 568 mPa.s, while the viscosity of fuel oil with 4%
asphaltene content was only 12 mPa.s at the same temperature, which was almost an order
of magnitude lower than that of heavy fuel oil with more than 8% asphaltenes. At a high
asphaltene content, the stably attractive interaction between asphaltene particles led to a
sharp increase in the viscosity of heavy oil. An increased asphaltene content accompanied
the higher viscosity due to the long-range hydrodynamic interactions between maltenes
and asphaltene matter [28]. Physically speaking, if solid particles or droplets are so densely
dispersed and packed that there is no free space for them to move, the viscosity of the
colloidal dispersion is close to infinity [23].

 
(a) (b) 

μ μ

Figure 2. Viscosity distribution of different asphaltene contents of HFO with temperature. (a) With
temperature variation. (b) Viscosity under 50 ◦C.

The viscosity of heavy oil can be significantly reduced at higher temperatures, espe-
cially at high asphaltene contents, as the interparticle interactions among the dispersed
asphaltene particles become weak. At a high-temperature range of 150 ◦C in Figure 2b,
the viscosities for the five fuel oils were insensitive to the asphaltene content, as the fuel
viscosity came to be relatively low above 100 ◦C. Since the distance between the asphaltene
particles was large enough, the interaction between them could be neglected under rela-
tively high-temperature conditions. In conclusion, asphaltene content determined the high
viscosity of heavy oil [25], and these detailed nonlinear reduction results showed that the
state of the asphaltene particles in the heavy oil changed with the asphaltene content and
temperature, and this change in the state had a significant influence on the viscosity of the
heavy oil.

The density of various asphaltene contents heavy oil samples was measured by an
electronic density meter (JN-300S/E, Shanghai Jenner Industrial Co., Ltd., Shanghai, China)
with a temperature range of 25 ◦C to 100 ◦C, as shown in Figure 3. The density of fuel
with a high asphaltene content was higher than that for the combination of HFO and light
oil. Asphaltenes are polar molecules. Due to their polar properties, they can be used
as surfactants to stabilize the interface between the oil molecules in the fuel. Therefore,
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asphaltenes may result in higher density by tightening the mixture. Under each viscosity,
the density basically decreased linearly with the increase of temperature, without a sudden
drop process like that of the viscosity. The rate and trend of density decline were essentially
constant. For example, as the temperature increased from 25 ◦C to 100 ◦C, the density
decreased by 7.2% in 4% asphaltene oil and by 7.3% in 24% asphaltene oil. However,
as shown in Figure 3b, the density trend was not linear with the variation in asphaltene
content. As the asphaltene content increased, the increase in density gradually became
slow. For example, the density increased by 8.2% from 4% to 8% asphaltene content fuel,
while it only increased by 2% from 8–24% asphaltene cotent fuel at 100 ◦C.

 
(a) (b) 

Figure 3. Density distribution of HFO with different asphaltene contents with temperature variation.
(a) Density with asphaltene content variation. (b) Density with temperature variation.

The heating values (gross calorific values) of HFO are reported in Table 1 and were
quantified by a Parr Instrument 6400 Automatic Isoperibol calorimeter. The heating values
of the HFO samples decreased with increasing asphaltene content, due to the high heating
value of light oil (diesel 46 MJ/kg). The highest value was up to 45.7 MJ/kg for the
4% asphaltene fuel, but no predictable linear trend was experienced. The heating value
decreased by nearly 8% from 4% to 24% asphaltene fuels. There was a shape decrease trend
occurring from 4% to 8% asphaltene fuels with a 6.8% reduction in the heating value, while
there was only a 1.2% decrease in the heating values as the fuel asphaltene content increased
from 8% to 24%. Notably, regarding the volumetric caloric value, the 24% fuel sample had
the highest value of 41,915 MJ/m3, due to the high-density characteristic of asphaltene.

In Figure 4, the thermogravimetric (TG) and differential thermogravimetric (DTG)
curves of five heavy fuel oils under nitrogen and air atmospheres were measured using a
Netzsch TG 209 F1Iris thermogravimetric analyzer, with a temperature rise rate of 5 ◦C/min.
In the nitrogen atmosphere, the pyrolysis of HFO is a complex process involving many
parallel reactions that coincide, due to the fuel’s highly distributed and multicomponent na-
ture. As the fuel is heated, it undergoes devolatilization, including evaporation, distillation,
and visbreaking. Due to the absence of oxygen, the HFO molecules decompose and release
different hydrocarbon species at different temperatures. As the temperature increases, the
rate of mass loss increases, and initially low boiling volatiles are given off, which results in
the first peak at approximately 120 ◦C [17].

48



Energies 2022, 15, 6156

 
(a) (b) 

Figure 4. TGA and DTG distribution of HFO with different asphaltene contents. (a) N2 atmosphere.
(b) Air atmosphere.

The low asphaltene content case of 4% had the highest mass loss rate in the first
peak of DTG due to the fuel blended with the light fuel of diesel, in which the rate of
light components was much higher than that in pure HFO. The high asphaltene content
case of 24% needed a higher temperature to reach the peak of DTG accompanying the
lowest mass loss rate in the first peak. With a further increase in temperature up to 250 ◦C,
the rate of mass loss briefly decreased because the bulk of the low boiling volatiles were
depleted. There is a second steep increase peaking at 425 ◦C, due to the release of high
boiling volatiles. The high asphaltene cases of 8% and 24% had the same higher mass loss
in this peak. Beyond 500 ◦C, no further apparent mass loss from the fuel was observed.
However, the high asphaltene case of 24% had the highest mass left, due to the effect of
asphaltene and the high rate of metal compositions in asphaltene. Clearly, the carbon
residues were also consistent with the changing trend of asphaltene content. This meant
that asphaltene was the origin for carbon formation; thus, the quantity of carbons formed
increased with increasing asphaltene content in the oil blend. This result further indicated
that the formation of cenospheres was caused by asphaltene during HFO combustion.

In addition, the thermogravimetric (TGA) level in the air condition also corresponded
to the asphaltene content in the fuel, shown in Figure 4b. Before the droplet was ignited,
the volatiles evaporated considerably. In Figure 4b, under air condition, two peaks were
induced by the combustion of low boiling point volatiles and high boiling point matter.
These profiles corresponded to those in N2 with similar temperature regions at approxi-
mately 120 ◦C and 450 ◦C. It was proven that the fuel components defined the combustion
process of HFO in air. The burning of HFO included both the combustion of flammable
volatiles and the burn-up of cenospheres and coke residue. Thus, there was no residue
after 500 ◦C in Figure 4b at the end of the test. The typical classified three reaction stages
can be identified, in Figure 4b, as LTO (low-temperature oxidation), FD (fuel deposition),
and HTO (high-temperature oxidation) [5,32]. As to the pure HFO (8% asphaltene) case,
LTO occurred at temperatures below 390 ◦C with three main processes. Below about
250 ◦C, the main gaseous products were hydrocarbons with saturated and unsaturated
C–H bonds, ascribed to the evaporation of low-boiling point hydrocarbons. Below about
340 ◦C, oxygen addition reactions occurred with alkyl radicals to generate hydroperoxides;
In the temperature range of 340 to 390 ◦C, the formation of hydroperoxide continued, and
the decomposition and isomerization reactions of the hydroperoxides were the dominating
reactions releasing carbonyl group, H2O, CO2, and CO. In FD between 390 and 460 ◦C,
oxygen-containing compounds produced during the LTO were consumed to produce coke
and through cracking or pyrolysis reactions. In HTO, at above 460 ◦C, the combustion
of the coke and solid residues formed in FD process was the dominating reaction. The
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organic matter was completely oxidized, producing water and carbon oxides along with a
production of sulfur and nitrogen oxides depending on the composition of the fuel.

Due to the specific characteristics of asphaltene, heavy fuel oil requires more time
and heat to be sufficiently combusted than light distillate oils, such as diesel. Therefore, a
swirling flame combustion system was applied to produce a turbulent jet diffusion flame
with high vortex stability to burn fuel efficiently [33], shown in Figure 5. The current burner
configuration involved relatively simple geometry but replicated many of the fundamental
swirling flame behaviors of real gas turbine combustors and boilers.

 
Figure 5. Experimental apparatus.

The swirling flow was generated by a swirl generator with air entering tangentially
and axially to cause a swirling air injection, which is referred to the burner of Driscoll [34,35].
The nozzle of Siphon (P/N 30609-2) was used to produce a spray specially designed for
viscous liquids. An R-type thermocouple (Pt/13%RhPt, Omega Engineering P13R-010) rake
was controlled by a linear translation to measure the radial flame temperature distribution.
For more detailed information about this experimental system, please refer to our previous
work in Refs. [30,36,37]. In Table 3, the experimental conditions for the five different fuel
samples were kept constant and provided with a swirling number of 19.2 calculated by
Equation (1):

Sg =
(Da − Dt)Da

2D2
t

(
Qt

Qt + Qa

)2
(1)

Table 3. Experimental Conditions.

Tangent Air (SLPM) Atomizing Air (SLPM) Axial Air (SLPM) HFOs (mL/min)

Flow rate 150 15 5 15
Temperature (◦C) 600 150 300 150

Swirling Number Sg 19.2

The axial and tangential air inlets were applied to control the swirl number. The axial
air stream entered through the bottom of the plenum, and its flow rate was Qa with diameter
as Da. The four tangential air inlets were oriented to the burner tube to impart the swirling
momentum with the flow rate represented as Qt and diameter of Dt. This condition was
selected based on the optimization work of the HFO combustion performance evaluation
in various swirling flows. We tested the performance of the HFO combustion, under
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various swirling flame conditions, for different global equivalence ratios, swirling numbers,
tangent, and axial airflow rates [37].

3. Results and Discussion

The in-flame temperature distribution of the centerline of the flame of the experiments
is given in Figure 6. The uncertainties are given as the standard deviation of the flame
temperature profiles. The low asphaltene content case of 4% had the highest temperature
distribution, ascribed to complete combustion performance due to the fine spray char-
acteristic (low viscosity and density) and high rate of the light components (in Figure 4)
of the fuel. In addition, the heating value of diesel (46 MJ/kg) was slightly higher than
that of pure HFO (42.4 MJ/kg). The high H level in 4% asphaltene content in Table 1 also
increased the temperature. The fuels with 6% and 8% asphaltene contents exhibited almost
the same level of temperature profiles, due to the similar fuel properties introduced in the
fuel characteristics investigation above, in Table 2. The fuel sample with 16% asphaltene
was in the state between 8% and 24% asphaltene conditions, which could be regarded
as the critical condition for sufficient combustion. The results of the gaseous and solid
particle emission in the next sections further confirmed that the 16% asphaltene was a
critical value for the acceptable concertation of high asphaltene fuel combustion in the
range of asphaltene contents in this study.

  
(a) (b) 

Figure 6. In-flame temperature measurements on the centerline of the flame. (a) Center flame
temperature profiles. (b) Average flame temperature.

The 24% asphaltene fuel oil had an obviously low-temperature distribution in compar-
ison to the other cases. Asphaltene is the main factor that induces incomplete combustion.
In the observation of the experiment of 24% asphaltene HFO, the fuel was very difficult
to combust, and the flame was very unstable during the experiment, which meant that
the heat could not accumulate well. The incomplete combustion of the high asphaltene
experiment could be ascribed to the following factors: (a) The density of the asphaltene was
higher than that of pure HFO, and the density of the high asphaltene fuel was higher than
that of pure HFO. In our experiment, the flow rates were constant in volume at 15 mL/min,
and more fuel entered the burner in the high asphaltene case, which brought about changes
in the global equivalence ratio, approaching the fuel-rich condition. (b) The high viscosity
of 24% asphaltene fuel inducing low-quality spray flow also made the combustion incom-
plete. (c) According to the results from our previous investigation on suspended droplet
experiments, the ignition delay time of high asphaltene content was higher than that of
low asphaltene fuel under the same droplet size [5]. Therefore, the high asphaltene fuel
droplets needed more time to be combusted.

In Figure 6a, before the droplet was ignited, the volatiles in the fuel needed to evaporate
first by absorbing a large amount of heat. These factors resulted in the relatively low
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temperature location in the root of the flame, especially for the 24% asphaltene case. In
Figure 6b, the average measurement flame temperature of fuel oils was subject to a linear
relationship with respect to the asphaltene content. This research might point to a viable
way to burn these residues by mixing them with low-viscosity and high-volatility fuels.
In this case, the burning characteristics of the blending fuels introduced in this work are
essential for technology development.

The flue gas emissions of the five different asphaltene content swirling flame experi-
ments are given in Figure 7. When a stable HFO swirl flame was obtained, a gas analyzer
(TESTO 350) was used to measure the gaseous emissions of CO, SO2, NOx, O2 and CO2 from
the top of the furnace in the overfire area, a method which has been widely applied to the
studies of pollutants measurement of combustion devices [38–40]. Each component’s gas
emission measurement result was averaged from the data within 10 min and normalized to
15% oxygen applying Equation (2) to eliminate the influence of the dilution air as:

C[@15%O2] = Cm (20.9 − 15)/(20.9 − O2%) (2)

where C[@15%O2] was the calculated concertation eliminating the dilution air effect, Cm
was the gaseous pollution measurement content [41]. The detailed measurement method
description, validation and uncertainties can be found in our previous work [30,37]. HFO
is characterized by a high asphaltene content (approximately 8% by mass), which leads to
incomplete combustion. Asphaltenes are also responsible for the high metal content of fuels
because of the presence of embedded heteroatoms. In Figure 7a, the general trend of the
CO and CO2 profiles rose with increasing asphaltene content. The Modified Combustion
Efficiency (MCE) was also calculated by CO2/(CO + CO2) to determine the combustion
efficiency at different asphaltene concentrations. The 24% asphaltene case had a high level
of oxygen (up to 13%) left which proved the incomplete combustion of high asphaltene
content experiment compared to the low asphaltene cases, which also resulted in the high-
level emission of CO. The CO emissions of 4% and 6% asphaltene case were higher than
that of the 8% asphaltene case, due to the higher carbon concentration in the 4% asphaltene
fuel sample, as shown in Table 1.

 
(a) (b) 

Figure 7. Gaseous emissions of fuel combustion with different asphaltene contents (a) CO and CO2.
(b) NOx and SO2.

NOx refers to oxides of nitrogen and can induce smog formation, acid rain, and ozone
depletion in the upper atmosphere. In Figure 7b, the trend of NOx decreased with the
increase in asphaltene content in the fuel, due to the declined average temperature profiles,
in Figure 6a, having a suppression effect on the combustion temperature of high asphaltene
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fuel. The formation of NOx can be classified into three mechanisms: thermal, prompt,
and fuel thermal. Thermal NOx is the dominant mechanism in combustion processes
above 1100 ◦C, which is common in most high-temperature heating applications [42].
In Figure 6b, the average flame temperature of low-asphaltene heavy oil (4%, 6%, 8%)
combustion was above 1100 ◦C, and its maximum temperature could reach 1125 ◦C, while
the average temperatures of the other two cases were below 1100 ◦C. Prompt NOx usually
predominates in fuel-rich conditions formed by relatively fast reactions between nitrogen,
oxygen, and hydrocarbon radicals. In our experimental study, the global equivalence ratio
of pure HFO (8% asphaltenes) was 0.91. Therefore, the combustion of low-asphaltene fuels
(4% and 6%) occurred under fuel-lean conditions, while the combustion of high-asphaltene
fuels was under fuel-rich conditions. Fuel NOx comes from the direct oxidation reaction of
organic-nitrogen compounds in the fuel. HFO contains a large amount of bound nitrogen
that increased as the asphaltene content increased, as shown in Table 1, with the maximum
value up to 0.431% in mass for the 24% case. The conversion of fuel-bound nitrogen to
NOx was between 15% and 100%. In general, the higher the conversion efficiency is, the
lower the nitrogen content in the fuel. Therefore, in this study, the mechanism of NOx
formation varied with the fuel asphaltene content. This was the reason for the high level of
NOx emissions from 6% and 8% asphaltene fuel combustion.

In Figure 7b, the trend of SO2 slightly increased with increasing asphaltene content
in the fuel. Additionally, SOx reactions may inhibit fuel NOx formation. The low SO2
emission in the 4% asphaltene experiment was caused by the low concentration of sulfur
in the fuel sample, as shown in Table 1. The incomplete combustion of high asphaltene
fuel of 24% was the reason for the low SO2 emission of the fuel, which also showed that
some residual fuel attached to the filter, as shown in Figure 8e. Sulfur oxide emission is a
critical problem with HFO combustion. The primary source of SOx comes from HFOs that
contain the highest sulfur, with 3.36% in 24% asphaltene fuel, as shown in Table 1. Notably,
in the five oil samples, the sulfur content in the fuel increased nonlinearly with the increase
in asphaltenes. The sulfur content decreased significantly after adding light oil, but by
adding pure asphaltene, the effect of increasing sulfur content was not pronounced, which
indicated that the source of sulfur in the heavy fuel oil was not all asphaltene. Sulfur dioxide
(SO2) tends to be the preferential product at higher temperatures, while sulfur trioxide
(SO3) is more likely to form at lower temperatures. Since most combustion processes are at
high temperatures, SO2 is the most common form of SOx emitted from systems containing
sulfur. According to the sulfur balance calculation, most sulfur comes to flue gas emissions
forming SO2 and SO3, and the remaining sulfur goes into the PM.

A comparison of the morphologies of five asphaltene samples is provided in Figure 8.
The cenospheres were obviously distinguished in the SEM measurement results. The
general characteristics of burning heavy oil droplets can be clearly identified, such as
micro-explosions, the formation of smoke and coke, and coke residue smoldering. Note
that combustion in the solid phase is actually carried out without flame generation [4]. For
coke formation, the cenosphere is where the evolution of volatile substances abruptly ends,
and the droplets collapse to form hard carbonaceous residues. Oils with 6%, 8%, and 16%
asphaltene morphology showed minimal shrinkage and formed large thin-walled coke
shells, similar in size to the original spray droplets.

In general, compared to the 8% asphaltene sample, the 4% asphaltene sample had
an accumulation distribution that was more powdery and more small particles but fewer
cenospheres, which could be ascribed to the small spray droplet size, fine spray, and good
combustion performance. In Figure 8e, the SEM result of 24% asphaltene illustrated the
incomplete combustion of the high asphaltene experiment in which the cenosphere and
filter fiber were all covered by unburned fuel. The relatively long ignition delay time of the
high asphaltene sample made the fuel absorb heat and vapor but not combust, and further
attached to the filter due to the cooling device above the filter.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 8. Morphology of the solid particle emissions from fuel combustion with various asphaltene
contents. (a) 4% asphaltene HFO. (b) 6% asphaltene HFO. (c) 8% asphaltene HFO. (d) 16% asphaltene
HFO. (e) 24% asphaltene HFO.
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Figure 9. Average size of the solid particle emission.

The averaged sizes of solid particles collected from the filter of the four experiments
measured by the Zetasizer Nano ZS90 are compared in Figure 9, except for the 24% one
because the particles of 24% fuel were all stuck on the filter and were hard to collect. Based
on the morphology of the 24% sample, we could not ascribe the increase in the deposition
rate in the particle emissions because a lot of fuel attached to the filter. For this reason, we
could not scrape the solid deposition on the filter from the sample of 24% asphaltene content
fuel, and it was also impossible to analyze the composition by ICP/ODS. The average size
of the particle increased with the increase in the asphaltene content of fuel, due to a strong
correspondence between the spray droplet size and the diameter of the cenosphere [30].
The size of 16% asphaltene fuel was nearly 23 times larger than that of the 4% asphaltene
case. The deposition rates are given in Figure 10. The low asphaltene experiment of 4%
had the lowest deposition rate, which could be ascribed to fine combustion and the low
metal compositions of a low level in the 4% asphaltene fuel sample.

Figure 10. Comparison of the deposition rate of HFO with different asphaltene contents.
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The components of solid particle emissions from the representative cases of 4%, 8%,
and 16% asphaltene experiments are compared in Table 4. The sulfur content in solid
particulates increased with increasing asphaltene content in the fuel. The high level of
metal components in the solid particle emissions corresponded to the composition of pure
asphaltene. High levels of sulfur and vanadium induced cold corrosion and hot corrosion
for burners, which are unacceptable for fuel applications. Thus, asphaltene caused the
formation of cenospheres. The TG diagrams of the blended oil combustion particles are
compared in Figure 11. Unlike the TGA results of the fuel in air, the TG results of the
particles after combustion were similar, indicating fine combustion performance with these
three asphaltene fuels.

Table 4. Analysis of the compositions of solid particle emissions.

Elements Units 4% 8% 16% LOR Test Standard

Carbon (C) Mass% 77 81 80 0.1 EPA 440.0
Sulfur (S) Mass% 2.6 3.9 5.4 0.1 ASTM D4294

Nitrogen (N) Mass% 0.8 0.6 0.7 0.1 EPA 440.0
Oxygen (O) Mass% 18 10 5 5.0 EPA 440.0

Metal Elements
Vanadium (V) mg/kg 802 798 3312 0.2 IP 501–05

 
Figure 11. TGA and DTG distribution of solid particle emissions.

4. Conclusions

This study introduces an experimental study on the specific effects of asphaltene con-
tent on the fuel properties and swirling flame combustion performance of heavy oil fuels
under five different asphaltene contents of 4%, 6%, 8%, 16%, and 24%. The analysis of the
properties of fuel samples with various asphaltene contents, including composition, density,
viscosity, heating value, and TG analysis, showed the importance of all fuel properties
that must be considered prior to implementation and combustion. The asphaltene content
determines the high viscosity of heavy oil. The viscosity of heavy oil can be significantly
reduced at higher temperatures, especially at high asphaltene contents, as the interparti-
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cle interactions among the dispersed asphaltene particles become weaker. The nonlinear
viscosity reduction result revealed that the state of the asphaltene particles in the heavy
oil varies with asphaltene concentration and temperature, and this change in state has
a significant impact on the viscosity of the heavy oil. Since blended light oil has a high
heating value, the heating values of the HFO samples drop as the asphaltene percentage
increases. The TGA and morphological studies showed that asphaltene is vital for ceno-
sphere formation during HFO combustion. The reduction in asphaltene percentage in HFO
enhances spray characteristics and combustion performance, as well as lowers particle
emissions, including those of sulfur and metal components, such as vanadium, avoiding
hot and cold corrosion on the burner’s surface. The mechanism of NOx formation varies
with the fuel asphaltene content, due to the different combustion performances. The 4%
asphaltene sample had an accumulation distribution that was more powdery and more tiny
particles but less cenospheres than the 8% asphaltene sample, attributed to the small spray
droplet size, fine spray, and efficient combustion. The high amount of metal components
in solid particle emissions corresponds to pure asphaltene compositions. As a result, as-
phaltene contributes to the formation of cenospheres. In general, the combustion emissions
of various asphaltene fuels are summarized by investigating the impact of asphaltenes
on the fuel properties and burning behavior of HFO blends. The research may indicate a
potential method of burning HFO by combining it with low-viscosity and high-volatility
fuels. In this instance, the combustion properties of the blending fuels proposed in this
study are critical for technological advancement, and the further achieving of low carbon
emission targets.
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Abstract: In recent years, global warming and climate change associated with emissions of CO2 from
fossil fuel-fired power systems are a big worry for authorities in many countries worldwide. The
utilization of biomass as an alternative, carbon-neutral fuel can reduce emissions of CO2 and other
greenhouse gases. Furthermore, the coupling of oxy-combustion of biomass with CO2 capture is an
option for carbon-negative power generation technology. In this study, emissions of NOx, SO2, and
CO from the air- and oxy-combustion of three energy crops (Miscanthus giganteus, Sida hermaphrodita,
and Salix viminalis) are presented and compared with emissions from other biomass fuels and
reference coal. Combustion tests in air and O2/CO2 mixtures were conducted in a 12-kW bench-
scale CFB combustor at 850 ◦C. Measurements of flue gas compositions were taken using an FTIR
spectrometer. In all tested atmospheres, emissions of SO2, N2O, and CO for biomass were lower than
those for the reference coal. The oxidation of volatile nitrogen compounds was behind high emissions
of NOx from biomass burned in air and O2/CO2 mixtures. The lowest concentrations of NO were
found in the 21% O2/70% CO2 mixture. Combustion in mixtures containing more oxygen (30% and
40% O2) led to a decrease in emissions of N2O and CO and an increase in emissions of NO and SO2.

Keywords: biomass; oxy-fuel combustion; fluidized bed; Miscanthus giganteus; Sida hermaphrodita;
Salix viminalis; wheat straw; Scots pine; bituminous coal

1. Introduction

Various human activities related to the use of fossil fuels such as electricity generation,
agriculture, and transport release large quantities of CO2 into the atmosphere. Carbon
dioxide as a greenhouse gas (GHG) is a major contributor to global warming. In the
transition to a low-carbon economy, i.e., in the next few decades, the world will still
be heavily dependent on fossil fuels as primary energy sources despite unprecedented
progress in solar and wind energy generation. Therefore, the utilization of advanced
systems for CO2 capture, utilization, and sequestration (CCUS) becomes vital to abate
emissions and lessen the impact of CO2 emissions on climate change. Coupling CCUS with
renewables should help to reach the 2 ◦C temperature rise limit recommended by the Paris
Agreement.

The contribution of biomass to global primary energy consumption is the largest
among all sources of renewable energy [1]. Biomass is carbon neutral because, unlike
fossil fuels, it is a part of the natural carbon cycle. Carbon dioxide released during the
combustion of biomass is absorbed by plants during their life cycles.

The basic characteristics of biomass as a fuel include moisture content, ash yield and
composition, carbon content, and higher heating value (HHV). Vassilev and co-workers [2]
reviewed the chemical composition of many biomass crops and found large variability
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in moisture content, ash yield, and types of inorganic matter (minerals) in raw materials.
However, the results of proximate and ultimate analyses when reported on a daf (dry,
ash-free) basis were in a narrow range.

Among various biomass sources, dedicated energy crops (non-food crops, mostly
perennial grasses, and fast-growing trees) are grown solely to provide renewable feedstock
for the generation of electricity and heat and the production of biofuels [3]. These high
biomass yield crops can be cultivated on marginal or reclaimed land; they are non-invasive
and have low water and fertilizer needs. Herbaceous energy crops, e.g., miscanthus and
switchgrass, can store approximately two times more CO2 per 1 hectare of cultivation than
woody crops such as poplar and willow.

Among CCUS technologies, oxy-fuel combustion is a promising process because it
uses almost pure oxygen instead of air and generates a high-purity stream of CO2 (95% or
more) that can be stored or utilized to produce carbon-based fuels or chemicals. Biomass
firing or co-firing in oxy-fuel systems integrated with CO2 capture can be considered a
carbon-negative technology.

Fluidized bed boilers, both stationary and circulating, are the best choice for firing
low-quality coals, refuse-derived fuels, and biomass [4–6]. The well-known benefits of
fluidized-bed combustion technology include high fuel flexibility and turndown ratio, low
emissions of NOx, and high availability. Today, circulating fluidized-bed (CFB) boilers
firing 100% biomass fuels are available commercially. Units at Konin (55 MWe) and Połaniec
(205 MWe) power plants in Poland [7], and the 299 MWe Tees unit in the UK (the largest
bio CFB in the world) [8], can be mentioned as examples.

Oxy-fuel CFB boilers are better than their pulverized-fuel (PF) counterparts. They do
not require sophisticated burners and fuel preparation and feeding systems. Because the
combustion temperature in oxy-CFB systems is lower than in PF units, oxy-CFB boilers
can meet current NOx and SOx emission limits without additional de-NOx and de-SOx
equipment. The combustion temperature can be controlled by cooling a part of the circulat-
ing particles in an external heat exchanger and recirculating them back to the combustion
chamber [9]. This allows for using higher initial O2 concentrations in smaller streams
of recirculated flue gas, which results in units with reduced dimensions, higher thermal
efficiency, and lower capital costs. Energy losses in oxy-fuel systems caused by air separa-
tion and CO2 purification systems working at high pressures can be reduced in oxy-CFB
units operating at elevated pressure. The latent heat in flue gases can be recovered and air
infiltration can be eliminated in pressurized systems, which can improve the purity of CO2
and reduce the cost of its capture [10,11].

Carbon dioxide utilization and storage require a gas stream with a concentration
of CO2 of 95% or more. The presence of impurities such as N2, O2, NOx, SO2, and
other N- and S-containing gases affects the design, energy consumption, and costs of the
CO2 processing unit (CPU). Knowledge of pollutant formation and their concentration is,
therefore, important for the design, performance, and cost of the CPU [12].

Several publications on the combustion of biomass in oxy-CFB systems are available
in the open literature. A few of them provide some information on emissions of NOx,
SO2, and other pollutants. The main observations drawn from these studies are presented
in Table 1.

In this study, combustion tests of three dedicated energy crops, namely miscant-
hus (Miscanthus gigantheus—a perennial gras with bamboo-like stems), Virginia mallow
(Sida hermaphrodita—a perennial forb native to the eastern U.S.), and basket willow
(Salix viminalis—a multi-stemmed shrub) were conducted in the bench-scale oxy-CFB
reactor at 850 ◦C. On-line measurements of NO, NO2, N2O, NH3, HCN, SO2, and CO
concentrations were taken during air- and oxy-fuel combustion. The influence of the chem-
ical composition of oxidizing gas and biomass fuels on the emissions of above-mentioned
pollutants was assessed. The results were compared to the emissions from wheat straw
(agricultural biomass), Scots pine (woody biomass), and bituminous coal (reference fuel).
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Table 1. Pollutant emissions from oxy-CFB combustion—a summary.

Reference
Test Facility

and Operating
Conditions

Fuels
Oxidizing
Medium

Emissions
Reported

Remarks

Tan et al.
[13]

CFB, 800 kWth,
~900 ◦C,

limestone,
Ca/S = 3

Wood pellets,
different coals,

fraction of
biomass in fuel

blends
20–50%wt.

O2/CO2
mixtures, 24–25%

O2, recycled
flue gas

NOx, SO2, CO,
CO2, O2

The addition of wood pellets did
not have a notable impact on the

combustion characteristics of tested
fuels. Emissions of NO (per unit of
energy (higher heating value) in the

fuel) were in the range of
14–20 ng/J, and emissions of SO2

varied from 35 to 95 ng/J. When the
O2 concentration in the flue gas
exceeded 3.5%, emissions of CO

dropped below 200 ppm.

Duan et al.
[14]

CFB, 10 kWth,
850 ± 10 ◦C

Rice husk, wood
chips, dry wood

flour, coal,
biomass fraction

in fuel
0–100%wt.

Air, 70% O2/30%
CO2 mixture

NO, NO2, CO,
CO2, O2, SO2

Emissions of NO were higher for
biomass fuels than for coal.

Oxy-combustion produced less NO
than combustion in air. NO

emissions in the air and oxy-fuel
atmosphere increased with an

increasing fraction of biomass in the
fuel blend.

Wang et al.
[15]

CFB, 10 kWth,
800–900 ◦C

Corn straw,
wheat straw, coal,
30% biomass in

fuel blend

50% O2/50%
CO2, 50%

O2/50% recycled
flue gas

NO, N2O, CO,
CO2, O2, HCN

NO and N2O emissions increased
with an increasing excess O2. An

increase in the fraction of corn
straw in the fuel blend caused an

increase in emission factors of NO,
N2O, and HCN.

Varol et al.
[16]

CFB, 850 and
915 ◦C,

limestone,
Ca/S = 2

Wood pellets,
high-sulphur

lignite,
biomass/lignite
ratio up to 60%

25, 30% O2, CO2
NOx, SO2,
CO, CO2

Increasing biomass share in the fuel
blend had a negligible effect on

NOx emissions. Emissions of CO
and SO2 decreased with an

increasing fraction of biomass in the
fuel blend.

Sung et al.
[17]

CFB, 30 kWth,
750–840 ◦C

Sewage sludge,
wood pellets

O2 with
recirculated

flue gas
CO, NO

The lowest concentrations of CO
(0.91%) and NO (14 ppm) were at

60% flue gas recirculation.

Nguyen et al.
[18]

CFB, 100 kWth,
845–905 ◦C,

flue gas
recirculation

Wood pellets,
lignite, biomass
fraction in fuel

blend
50–100%wt.

21–29% O2, CO2 NO, SO2, CO

An increase in biomass share
caused a decrease in NO, SO2 and

CO concentrations.
Oxy-combustion of pure biomass

can produce negative CO2
emissions of, approximately,

–647 g/kWth.

Moreno et al.
[19]

CFB, 200 kWth,
910 ± 10 ◦C,
835–852 ◦C,
limestone

Coal, wheat
straw, solid

recovered fuel

O2, recirculated
flue gas NOx, SO2, HCl

NOx emissions of 359 mg/MJth for
combustion of coal and

203 mg/MJth for co-combustion of
coal with biomass. Emissions of

SO2 were 1.9–2.0 mg/MJth.
Emissions of HCl were 1.8 mg/MJth
for tests with no wheat straw and

3.9 mg/MJth for combustion of
pure biomass.

While there are several publications on NOx emissions from the oxy-combustion of
coal, relevant publications on the oxy-combustion of biomass are scarce [20]. There are
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no studies in the open literature on pollutant emissions during oxy-CFB combustion of
energy crops such as Miscanthus giganteus and Sida hermaphrodita. This paper fills a gap
in this field. This manuscript provides a comparative analysis of pollutant emissions
during the combustion of energy crops and other fuels such as woody- and agro-biomass
and bituminous coal. So, in this respect, it is similar to our previous work [12]. The test
apparatus and methodology were the same to make sure the results can be compared.

2. Materials and Methods

2.1. Fuel Tested

Three different energy crops were selected for this study, Miscanthus giganteus,
Sida hermaphrodita, and Salix viminalis, all originating from plantations in Poland. Agricul-
tural biomass (wheat straw), woody biomass (Scots pine), and Polish bituminous coal were
used as the reference fuels; the results of their combustion tests were already presented
in reference [12]. Samples of tested fuels were milled and sieved to less than 0.2 mm for
proximate and ultimate analyses. The basic characteristics of these fuels are summarized
in Table 2. The ash yields for Miscanthus giganteus and Sida hermaphrodita are significantly
higher than that for Salix viminalis. The energy crops tested in this study are characterized
by a high content of volatile matter (VM). Their higher heating values (HHV) are in the
range of 17.5 to 18.2 MJ/kg, typical for biomass fuels. Contents of sulphur and nitrogen in
these crops are lower than in agricultural biomass (wheat straw) and coal. An additional
advantage of these energy crops is a very low content of chlorine (less than 0.1%).

Table 2. Characteristics of tested fuels.

Miscanthus
giganteus

Sida
hermaphrodita

Salix
viminalis

Wheat
Straw [12]

Scots Pine [12]
Bituminous

Coal [12]

Proximate analysis (wt.%, db)
Moisture 6.0 6.3 6.9 8.4 7.0 8.7

Ash 12.4 9.4 1.4 6.1 0.6 18.9
Volatile matter 75.8 76.7 76.3 68.3 76.8 26.8
Fixed carbon * 5.8 7.6 15.4 17.2 15.6 45.6

Higher heating value, MJ/kg 17.73 17.53 18.20 17.84 18.90 22.75

Ultimate analysis (wt.%, daf)
Carbon 46.02 44.78 49.60 50.20 50.90 73.30

Hydrogen 5.38 5.19 6.00 5.80 5.70 4.30
Sulphur 0.03 0.02 0.03 0.08 0.01 2.30
Nitrogen 0.15 0.08 0.30 0.80 0.10 1.10
Chlorine 0.08 0.01 0.01 0.15 0.01 0.70
Oxygen * 48.34 49.92 44.06 42.97 43.28 18.30

Note: db—dry basis, daf—dry, ash free, * by difference to 100%.

2.2. Experimental Apparatus and Procedure

The experiments were conducted in the 12-kW bench-scale test apparatus under
conditions similar to those experienced in a real CFB boiler at the Department of Thermal
Machinery at the Czestochowa University of Technology. The apparatus consists of a
combustion chamber (riser), a down-comer, a cyclone, and a loop-seal, and has been
described in detail in references [21–25]. In this section, only the experimental conditions
are briefly mentioned.

Mixtures of O2 and CO2 mixtures from gas cylinders were used to simulate the oxy-
fuel combustion conditions. The concentrations of oxygen varied from 21% to 40%vol. All
tests were carried out at a temperature of 850 ◦C without the addition of a sorbent for the
capture of SO2.

A 0.5 g sample of fuel was entered into the combustion chamber and burnt in the
fluidized bed consisting of silica sand and ash particles. All fuel samples were prepared as
pellets. The technique of pellets preparation is described in papers [23,24].
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The composition of flue gases during the air and oxy-fuel combustion was measured by
a portable FTIR spectrometer (Gasmet DX-4000) while O2 was measured using a zirconium
sensor analyzer (AMS Oxitrace). The volume fractions of NO, NO2, N2O, SO2, CO, and
other compounds were recorded every three seconds. The maximum error was less than 2%.
Each experiment was repeated thrice minimum to guarantee a relative standard deviation
below 5%.

In this study, temperature (850 ◦C), the superficial gas velocity (5 m/s), the mass of
the fuel sample (0.5 g), and the mass of the inert material (0.3 kg) were constant. Only
fuels and oxidizing atmospheres were different. Information collected during tests with a
single fuel particle is sufficient to compare the influence of the combustion atmosphere on
pollutant emissions. Our transient experiments with single biomass particles allowed us to
collect data on instantaneous concentrations of emitted pollutants. These results are useful
in assessing the behavior of biomass fuels in different combustion systems.

3. Results and Discussion

In this study, compositions of flue gases (NOx, SO2, and CO) during the air- and oxy-
combustion of energy crops and reference biomass fuels and bituminous coal are reported
and discussed.

3.1. Composition of Flue Gases during Air-Combustion

The effect of the fuel type on the instantaneous concentrations of NO, N2O, SO2, and
CO during combustion in air is shown in Figure 1. The shapes of NO curves (Figure 1a) are
similar for all energy crops, and their numerical values depend on the content of nitrogen
and VM in the fuel. The highest emission of NO, approximately 60 ppm, was recorded
for Salix viminalis. On the other hand, the lowest NO emission among all tested fuels was
measured for Sida hermaphrodita, which is associated with the lowest nitrogen content in
this fuel (see Table 2).

Emissions of N2O (Figure 1b) were much lower than emissions of NO. Two peaks
of N2O concentration were observed during the combustion of biomass fuels. The first
peak was seen during the combustion of VM and the second during the combustion of
remaining char. Emissions of N2O for energy crops did not exceed 8 ppm. The highest
emissions of N2O were recorded for wheat straw and the lowest for Sida hermaphrodita.

Nitrogen dioxide (NO2) concentrations were below the detection limit for all tested
fuels.

The concentration of SO2 (Figure 1c) from the combustion of coal was much higher
than that from the combustion of biomass. The highest value of the SO2 instantaneous
concentration was observed during the combustion of VM, and it was approximately
58 ppm. The highest SO2 emissions for biomass fuels were detected for wheat straw.
Concentrations of SO2 for energy crops were below 4 ppm. The lowest SO2 emission
among all tested fuels was measured for Sida hermaphrodita, which is associated with the
lowest sulphur content in this fuel (see Table 2).

Concentrations of CO in the flue gas during conventional combustion are shown in
Figure 1d. The highest values of CO emissions were noticed during the char combustion,
both for coal and biomass. The highest values of the instantaneous concentrations of CO
were 27 ppm and 25 ppm for Sida hermaphrodita and Miscanthus giganteus, respectively. The
release of CO lasted for 120–140 s for biomass, and 650 s for coal. Overall CO emissions
were much higher for bituminous coal, which is associated with a higher content of carbon.
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(a) NO (b) N2O 

  
(c) SO2 (d) CO 

  

Figure 1. Effect of fuel type on instantaneous concentration of pollutants during air-combustion.

3.2. Composition of Flue Gases during Oxy-Combustion

The effect of the oxidizing atmosphere on the instantaneous concentrations of NO for
all tested fuels is shown in Figure 2. The oxidizing atmosphere and type of fuel have a
large influence on NO emissions. Concentrations of NO increased with increasing initial O2
content in the O2/CO2 mixture. The highest values of NO concentrations were measured
in the 40%O2/60%CO2 atmosphere and the lowest in the 21%O2/79%CO2 mixture. This
is associated with the temperature of fuel particles [21]. A higher temperature of the fuel
sample causes higher emissions of NO [12]. Additionally, a higher concentration of O2
in the combustion chamber enhances the combustion of VM and leads to a rise in NO
formation. This finding has been also confirmed by the results presented in previous
papers [26,27].

The highest NO concentrations were observed in the combustion of VM, especially for
biomass fuels. The highest values of the instantaneous NO emissions in the oxy-combustion
of energy crops were detected for Miscanthus giganteus and the lowest for Sida hermaphrodita.
During combustion of Miscanthus giganteus in the 40%O2/60%CO2 atmosphere, the highest
value of the NO concentration was 80 ppm, and it was approximately 30 ppm higher than
that in the 21%O2/79%CO2 atmosphere (Figure 2b). The maximum amount of NO for
Sida hermaphrodita and wheat straw was approximately twice as high in the 40% O2 mixture
than that in the 21% O2 mixture. The highest instantaneous concentrations of NO during
air-combustion were similar to those in the 30%O2/70%CO2 atmosphere for Salix viminalis
and wheat straw. In other cases, combustion in the 30% O2 mixture caused higher emissions
of NO. The lowest emissions of NO during oxy-combustion were detected for the reference
coal due to the lowest VM content in this fuel.
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Figure 2. Effect of oxidizing atmosphere on instantaneous concentrations of NO for all tested fuels.
(a) Sida hemaphrodita. (b) Miscanthus giganteus. (c) Salix viminalis. (d) Wheat straw [12]. (e) Scots
pine [12]. (f) Bituminous coal [12].

Emissions of N2O in the air- and oxy-combustion for all tested fuels are shown in
Figure 3. Nitrous oxide concentrations were much lower in comparison with NO emissions.
N2O was formed at the same time as NO, which suggests that the formation of N2O was
proceeded by the direct oxidation of fuel-N instead of the reduction of NO [12]. The shapes
of N2O curves in air combustion are bimodal. The highest N2O emissions were detected
in the combustion of VM in the 21%O2/79%CO2 atmosphere. The highest value of N2O
concentration for energy crops, approximately 11 ppm, was observed for the combustion of
Miscanthus giganteus (Figure 3b). As the oxygen concentration in the O2/CO2 atmosphere
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increased, N2O concentrations decreased. The lowest N2O emissions (below 8 ppm) for
energy crops were observed for the combustion of Sida hermaphrodita both for air and
oxy-combustion.
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Figure 3. Effect of oxidizing atmosphere on instantaneous concentrations of N2O for all tested fuels.
(a) Sida hemaphrodita. (b) Miscanthus giganteus. (c) Salix viminalis. (d) Wheat straw [12]. (e) Scots
pine [12]. (f) Bituminous coal [12].

HCN and NH3 are the most important precursors of NOx formation. Higher concen-
trations of HCN were generated in oxy-fuel combustion. The highest emissions of HCN
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were observed in 21%O2/79%CO2, mainly in the combustion of char. However, the highest
values of the instantaneous HCN concentrations did not exceed 6 ppm for both energy
crops and reference fuels. Analogous findings were reported in our previous study [23] and
in reference [28]. The maximum ammonia emissions were observed during combustion
in the mixture of 30%O2 and 70%CO2, but the values of the instantaneous concentrations
were very low, below 3 ppm, for all samples. Large amounts of CO2 inhibited the oxidation
of NH3 and HCN to NOx [12].

Emissions of NO2 were noted during the combustion of char only in the 21%O2/79%CO2
mixture. The maximum values of NO2 concentration did not exceed 3 ppm for energy
plants. This observation is consistent with the results obtained in references [25,28].

Figure 4 shows the influence of the oxidizing atmosphere on concentrations of SO2 for
energy crops and reference fuels.
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Figure 4. Effect of oxidizing atmosphere on instantaneous concentrations of SO2 for all tested fuels.
(a) Sida hemaphrodita. (b) Miscanthus giganteus. (c) Salix viminalis. (d) Wheat straw [12]. (e) Scots
pine [12]. (f) Bituminous coal [12].
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The amount of SO2 formed during oxy-combustion of energy crops was much lower
than that for the reference coal. For all tested samples, the maximum values of SO2 were
detected for the VM combustion period. An increase in SO2 emissions was caused by an
increase in the inlet concentration of O2. The maximum value of SO2 for energy crops
was 16 ppm for Miscanthus giganteus in the oxy-40% atmosphere. However, the highest
SO2 concentration in the oxy-40% atmosphere was 68 ppm for coal. Oxy-combustion of
Miscanthus giganteus in the mixture of 40% O2 resulted in three times as high emissions of
SO2 than that in the mixture of 21% O2. Comparable results for biomass and fossil fuels are
reported in reference [28].

The effect of the oxidizing atmosphere on concentrations of CO during the combustion
of energy crops and reference fuels is shown in Figure 5.
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Figure 5. Effect of oxidizing atmosphere on instantaneous concentrations of CO for all tested fuels.
(a) Sida hemaphrodita. (b) Miscanthus giganteus. (c) Salix viminalis. (d) Wheat straw [12]. (e) Scots
pine [12]. (f) Bituminous coal [12].
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The charts show the great influence of the oxidizing atmosphere on the amount of
CO in exhaust gas. The oxy-combustion of energy crops in the mixture of 21% O2 and
79 CO2 caused a drastic increase in CO emissions compared to conventional combustion.
The maximum values of the instantaneous CO concentrations in the oxy-21% atmosphere
for energy crops were 650 ppm and 610 ppm, for Miscanthus giganteus and Sida hermaphrodita,
respectively. This phenomenon could be described by the impact of the following reac-
tions [12,28]:

CO2 + C ↔ 2CO (1)

CO2 + H ↔ CO + OH (2)

CO2 ↔ CO +
1
2

O2 (3)

The first reaction, called Boudouard’s reaction, appears to be predominant in the con-
version of carbon monoxide under characteristic conditions for fluidized combustion [12,28].
The amount of CO in the flue gases decreased with an increase in the initial concentration
of O2. During combustion in the mixture of 40% O2 and 60% CO2, the maximum values of
CO concentrations were thrice lower for Sida hermaphrodita and Salix viminalis than those in
the oxy-21% mixture. Similar trends for biomass fuels were reported in references [25,28].

4. Conclusions

Three energy crops and reference fuels (agricultural and woody biomass and bitumi-
nous coal) were combusted in a bench-scale CFB, and the effect of the oxidizing atmosphere
and fuel type on the composition of flue gases was studied. The most important conclusions
from our study are as follows:

1. Sida hermaphrodita is the most environmentally friendly energy crop for both air and
oxy-CFB combustion.

2. The instantaneous emissions of NO, N2O, CO, and SO2 for the combustion of energy
crops in O2/CO2 environments are lower than those for combustion of agricultural
biomass (wheat straw) and higher than those for combustion of woody biomass
(Scots pine).

3. The instantaneous NO emissions during the combustion of energy crops in all atmo-
spheres are higher than those of hard coal, which is due to the much higher content of
volatile matter in renewable fuels.

4. The oxidation of volatile nitrogen compounds is behind high emissions of NOx from
energy crops burned in air and O2/CO2 mixtures.

5. The highest values of the instantaneous concentrations of NO and N2O for energy
crops during oxy-combustion are observed for Miscanthus giganteus and during air-
combustion for Salix viminalis.

6. Combustion of energy crops in the oxy-21% atmosphere causes the lowest NO emis-
sions and the highest N2O emissions, which is associated with a lower temperature of
burning fuel samples.

7. Emissions of CO for the combustion of energy crops in all atmospheres are much
lower than those for the combustion of reference coal. It can be attributed to the higher
content of carbon in fossil fuel.

8. Combustion of energy crops in the mixture of 21%O2 and 79%CO2 results in a very
large increase in CO concentrations in the exhaust gas compared to
conventional combustion.

9. As the initial concentration of oxygen in the O2/CO2 mixture increases, emissions
of SO2 and NO increase even though emissions of CO and N2O decrease for energy
crops and reference fuels.

10. Considering all emitted pollutants, the optimal atmosphere for the oxy-CFB combus-
tion of energy crops should contain oxygen in the range of 21–30%vol.
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oxy-fuel combustion of sewage sludge in a circulating fluidized bed. Powder Technol. 2020, 371, 209–216. [CrossRef]
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Abstract: Pollutant emission standards and, in particular, those concerning particles from an internal
combustion engine (ICE) are becoming increasingly restrictive. Thus, it is important to determine the
main factors related to the production of particulate matter. In this article, the phenomenon of oil
sweeping by the blowby gases between the rings/piston/cylinder is investigated. First, a blowby
gas simulation model based on experimental results from a Turbocharged Gasoline Direct Injection
(TGDI) is developed. From this model, it is possible to characterise the amount of oil swept by the
blowby gases. This depends on the endgap position of both the compression and sealing rings. It
also depends on the intensity of the blowby flow rate, which is highest at low rpm and high load. At
1500 rpm and full load, this flowrate exceeds 25 mg.cycle−1. From this result, it is possible to quantify
the amount of oil swept by these gases as a function of the endgap position. For θrings = 180◦, the
quantity of oil swept rises to 20 μg.cycle−1 while for θrings = 30◦, this decreases to 6 μg.cycle−1.
The oil concentration of the blowby gas has a direct impact on the particulate emissions because
the oil concentration of the backflow gas is inversely proportional to the blowby gas flowrate. As
the backflow gases return to the cylinder, the oil oxidises and produces particles. Therefore, it is
essential to control the oil concentration of the backflow gases. In addition, the simulation model
shows the blowby flowrate becomes negative and decreases to −3.4 mg. cycle−1 in idle conditions.
The amount of oil swept by the blowby is no longer directed towards the oil pan, but towards the
piston crown. This phenomenon of oil storage of the piston crown in idle condition is proportional
to the duration of the idle time. In order to confirm these results, experimental tests are carried out
on a TGDI engine. It appears that when the idling time changes from 0 s to 7 s between two strictly
identical accelerations, the level of particulate emissions is multiplied by 1.3. When the idling time
changes from 0 s to 22 s between two strictly identical accelerations, the level of particulate emissions
is multiplied by 3. These results confirm the mechanism of oil storage at idle highlighted by the
simulation model.

Keywords: particle; oil; blowby; backflow; endgap; ring; gasoline; idle

1. Introduction

Human activities have an impact on the environment by producing large quantities of
greenhouse gases and polluting emissions. In the field of transport, the main pollutants
linked to internal combustion engines are CO, NOx, unburnt hydrocarbons, and particles.
The size of these particles can be less than a few tens of nanometers and therefore they can
penetrate the bronchial tubes, reach the pulmonary alveoli, and have adverse effects on
human health. It is therefore necessary to reduce particulate emissions from an internal
combustion engine. In Europe, the Euro 6d regulation limits these emissions to 6.1011 parti-
cles by km and 4.5 mg of particles by km with the Worldwide Harmonized Light Vehicle
Test Procedure cycle (WLTP) [1], for particles larger than 23 nm. The particle formation is
a complex mechanism. It consists of a solid part composed of carbon and hydrogen con-
taining a soluble organic fraction such as unburnt hydrocarbons, oxygenated derivatives
or polyclinic aromatic hydrocarbons (PAH), or containing non-organic elements, such as
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mineral derivatives or metallic residues [2]. A particle arises from the collision between
two PAH of pyrene (C16H10). This is called nucleation [3–8]. For internal combustion
engines, the main factor generating particulate matter is the high-temperature combustion
or pyrolysis of unburnt fuel [9]. Particle fluctuation at steady-state regimes was observed
by Thawko, et al., [10] on a gasoline engine and by Swanson, et al., [11] on a diesel engine.
Berthome, et al., [12,13] found variations in particulate emissions from a TGDI engine up
to 80% on strictly identical transients. Amirante, et al., [14] found that the predicted soot
particles mass was lower than experimental values and they suggested that other sources
than fuel combustion should be considered, such as oil consumption. The main source of
particulate emissions after unburnt fuel is oil consumption [15–18]. This consumption has
several origins, such as the expulsion of oil through the piston rings into the combustion
chamber, the evaporation of the oil film, and the transport of oil through the valve guides
or via the blowby gases [19–22]. During a transient, Berthome, et al., [12,20] determined
that 57% of the particulate emissions from an ICE were related to the variation of richness,
while 31% were related to blowby, and 12% to backflow.

Blowby gases formation:
Blowby and backflow gases therefore have a very significant impact on particulate

emissions. For example, an TGDI without blowby gases reintroduced at the intake emits
1.5 times less particle emissions than the same engine in normal configuration [20]. These
gases, resulting from combustion, pass through the labyrinths of the cylinder/piston, ring,
and grooves to the oil pan. These hot gases absorb oil droplets as they pass through the
cylinder. Most engines use an oil sump. This means that the oil falls back into the crankcase
by gravity after lubricating the components such as the crankshaft bearings, camshafts,
valves, turbocharger, etc. A pump immersed in this housing sucks the oil and delivers it
to the components to be lubricated after passing through the oil filter. With this oil falling
by gravity, as well as the spray lubrication of the cylinder walls and moving parts, an oil
mist is created which is partially absorbed by the hot gases of the blowby. If nothing is
done, the pressure in the lower crankcase increases and can lead to problems with sealing,
lubrication, etc. It is therefore necessary to evacuate these gases for the proper functioning
of the engine. Since the introduction of anti-pollution standards, these gases are no longer
released into the atmosphere but are reinjected at the intake. The oil in these gases must be
removed before re-introducing them into the intake manifold [23].

The blowby oil sweep phenomenon:
Min, et al., [24] found that the blowby gases had the particularity of sweeping the

oil stored between the compression and sealing rings of a piston. The position of the first
two rings, characterized by the position of the “endgap”, influences the flow rate and oil
concentration of the blowby gases [24–27]. Thirouard, et al., [28] deduce that the amount
of oil returned to the oil pan (Qoil) depends on the blowby flow rate (Qblowby) and the
position of the “endgap” of these rings (θrings), cf., Equations (1) and (2).

Qoil=Qblowby

(
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)
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μoil
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((
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with
C1 = Qblowby

μair
μoil

· 3

2π(hair)
2Rland

(2)

where Rland is the clearance between piston radius and cylinder radius, K1 and K2 constants
are mainly related to the engine speed, and hair is the clearance between the piston and
the cylinder.

A ring is a split elastic ring made mainly of steel. This endgap is necessary to counteract
thermal deformations that cause a ring dilatation. Depending on the chemical properties
of the ring, this cutting clearance is more or less important. When the endgaps of the
compression and sealing rings are opposite each other at 180◦, the blowby gases sweep over
the entire inter-ring area, see Figure 1a. This means that a maximum amount of oil stored
in this zone is redirected to the oil pan. This phenomenon is called “blow-down effect”.
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Figure 1. Oil removed by the blowby gas vs. endgap position of rings.

The gases, reintroduced into the cylinder during the next cycle, and which will pass
through this zone again in the other way via the backflow phenomenon, will be lightly
charged with oil and, consequently, the associated level of particles will be limited. On the
other hand, if the endgap positions are close, for example, 0◦, the area swept by the gases
will be very limited and there will be a lot of oil left in this area, see Figure 1b. The backflow
gases will then recharge with oil and redirect it to the cylinder, resulting in a higher particle
level in the next cycle. Nakashima, et al., [29] and Agarwal, et al., [30] measured very
significant variations in oil flow as a function of endgap position, up to 400% depending on
the piston design.

Rings dynamic behaviour:
The ring dynamic behaviour is a complex mechanism. A piston ring rises and falls

in its groove several times per cycle. This is due to the different forces it undergoes.
Tian, et al., [31] determined that the position of the ring depended on the gas pressure
upstream and downstream of the ring, inertial forces, frictional forces, the pressure distri-
bution on the side of the ring, and the contact surface of the ring on the cylinder. However,
under special engine conditions, that is to say under heavy load and for high rotational
speed, the first two rings can sometimes move radially inwards of the piston grooves and
allow unburned gases to pass directly into the oil pan via the scraper ring [32]. Tian [33]
and Chen [34] showed that this dynamic behaviour, called radial collapse, is very sensitive
to the pressure above the ring and to the tilt angle of the ring. When the ring collapses, it
generates more blow-by. Tian [31] demonstrated that it can be limited via the shape of the
rings. Rabuté and Tian [35] found out that blow-by is sensitive to the choice of ring materi-
als. Wroblewski and Koszalka [36] measured the influence of various anti-wear coatings on
frictional losses on the rings. Wroblewski and Iskra [37] demonstrated that the asymmet-
rical shape of the rings impacts the amount of oil scraped into the combustion chamber
during the compression and exhaust stroke. Zarenbin, et al., [38] studied the impact of
piston ring mobility on the blow-by gas and determined that the movements of the rings in
the grooves noticeably affect the gas escape into the crankcase. Turnbull, et al., [39] showed
that the power losses due to gas leakage can be more important than frictional losses.

There are various singularities in the dynamics of the rings, such as axial flutter
and radial flutter, but the one that most impacts the blowby phenomenon is rotational
movement. The rotation of the rings is due to two phenomena: micro-scratches in the
cylinder, and piston oscillations. In fact, the rings do not move back and forth in a radial
direction, but by reversing them in the cylinder bore, the piston changes its support from
one cylinder wall to the other if it is on the thrust or anti-thrust side. This occurs both
at Top Dead Center (TDC) of the piston and at Bottom Dead Center (BDC). This results
in a radial displacement of the ring in its groove. This leads to the rotation of the ring in
relation to the cross pass and the honing structure. Schneider, et al., [40] and Min, et al., [24]
measured ring rotation of up to 10 rpm. This depends on the load and engine speeds [41].
Thirouard, et al., [26] studied the impact of the position of the rings and the amount of oil
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in the space between the first two rings (Land 2). It appears that when the rings are free to
rotate, the amount of oil is very unstable, whereas it remains constant when they are locked
in rotation.

Blowby gas simulation:
In order to better characterise the quantity of oil swept by the blowby gases and its

impact on particle emissions, it appears necessary to create a simulation model of these
gases. The novelty of this article is that it is possible to quantify the amount of oil swept by
these gases from a simulation model and as a function of the position of the piston rings
and the engine operating points. The first part of this paper is devoted to the calibration
and analysis of the simulation model based on experimental tests, while the second part
refers to the analysis of a particular engine operating point that is idling.

2. Materials and Method

2.1. Description of Engine Bench

The tests were carried out on a three-cylinder spark-ignition engine. It is a tur-
bocharged direct-injection engine. Its characteristics are specified in Table 1. It was
braked by a dynamic HORIBA HT 250 bench managed by a SPARC control unit. The
engine was instrumented with type K temperature sensors, 0–3 bar static pressure sen-
sors, two Kistler type 4049B dynamic pressure sensors for the intake and the exhaust
(frequency = 60 kHz), one HBM type 40 torquemeter (frequency = 10 kHz), three AVL type
ZI33 in-cylinder pressure sensors (frequency = 150 kHz), and one ETAS ES430 air-fuel ratio
sensor (frequency = 2 kHz).

Table 1. Engine main features.

Engine Main Features Main Parameters of Piston Rings

Engine 4-stroke, TGDI, 3-cylinder Piston diameter 74.45 mm

Bore × Stroke 75 mm × 90.48 mm Ring 1 axial height 1.2 mm

Displacement 1199.9 cm3 Ring 2 axial height 1 mm

Valves 12 Ring 3 axial height 2 mm

Compression ratio 10.5: 1 Ring 1 end gap 0.2 mm

Maximum Power 96 kW @ 5500 rpm Ring 2 end gap 0.4 mm

Maximum Torque 230 Nm @ 1750 rpm Ring 3 end gap 0.2 mm

The INCA Software (version 7.1.10/3) controlled the engine ECU.
All the sensors were connected to a National Instrument fast acquisition box. The

STARS software from HORIBA made it possible to automatically control the dynamic bench,
and it could create different cycles. The PR-L804 fan from Dynair cooled the engine radiator,
and the Fumex FB110 fan cooled the intake heat exchanger. Both fans were controlled by
STARS software, which modified their rotation speeds according to the speed of the vehicle
during a cycle. This equipment created test conditions close to the real ones. The pollutant
emissions CO and HC were measured with a 3200 CAPELEC device, the NOx emission
with an ECM NOxCANt sensor, and particle emission with a Pegasor Particle Sensor (PPS).
The setup is shown in Figure 2.
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Figure 2. Experimental setup.

3. Blowby Simulation in Steady State

3.1. Building a Blowby Simulation Model

As a first step, it is necessary to model the blowby gases of the engine described in
Table 1. In this way, the Gamma Technology simulation software, GT-suite 2021, which
has a “RingPack” module (specially created to model piston/cylinder/ring friction and to
model the pressures and flows of gases circulating through the rings and piston grooves)
was used. Only a single cylinder simulation model was created. Indeed, the objective was
to create a simulation model of the phenomenon of oil scavenging by the blow-by gases
according to the value of the final gap of the first two rings of one of the cylinders of the
engine used. This single cylinder has all the technical characteristics of the engine used,
such as the cylinder and piston diameters, the length of the connecting rod, the depth,
height, and location of the piston grooves and the rings. Some of these characteristics are
shown in Table 1. The input parameters required for this model were the temperature
and pressure inside the cylinder during a cycle, see Figure 3. The latter was derived from
experimental tests, while the temperature was approximated by the extensive literature
on the subject. Indeed, temperature is a key factor, as it determines the proportion of an
object that expands according to its physical properties and, in particular, its coefficient
of expansion. Piston, ring and cylinder wall temperatures are proportional to the specific
power developed by the engine and therefore depend on the engine load and speed [42].
On a single-cylinder diesel engine at 25% load and a speed of 3600 rpm, Abril, et al., [43]
measured a compression ring temperature close to 200 ◦C during the combustion and
expansion phases. On a single-cylinder, spark-ignition engine at 75% load and 3500 rpm,
Thiel, et al., [42] determined that the temperature of the compression ring could reach
210 ◦C during these same phases. Husberg, et al., [44] found piston crown temperature
variations of up to 75 ◦C between 25% and 50% load on a single-cylinder diesel engine.
Taking all these elements into account, a coefficient of thermal expansion of the compression
ring equal to 1 × 10−5 K−1 with a maximum temperature of 250 ◦C at 6000 rpm in full
load is assumed. The temperature of the compression ring changes linearly with the
engine speed.
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Figure 3. Simulation model development with GT-suite.

Model calibration:
The model calibration was based on experimental tests perform by a car manufacturer

development department. These tests were carried out under full load and steady state
on an engine strictly identical to the one used, see Table 1. The blowby rate was measured
with an AVL 442 blowby meter. This device determines a flowrate from the measurement
of a pressure difference generated by the blowby gases through a change in cross-section
in the blowby gas intake duct. The results are displayed by the device in l.min−1 for a
pressure of 1000 mbar and a temperature of 25 ◦C [45], see Table 2.

Table 2. Blowby flow measurement for the engine at full load.

Engine speed (rpm) 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Qv (l.min−1) 31 52 51 52 51 49 49 49 51 49 47

Qm (mg.cycle−1) 24.1 26.9 19.9 16.2 13.2 10.9 9.51 8.46 7.92 6.92 6.08

Study of the position of the compression ring under full load
Considering only the axial motion of the ring and applying the fundamental principle

of dynamics, the equation is:

m
d2h
dt2

= Fp+Fi+Ffr+Foil+Fa (3)

where m is the ring mass. The oil film pressure forces (Foil) and adhesion forces (Fa) are not
significant compared to the intensity of the forces pressure forces (Fp), inertial forces (Fi),
and friction forces (Ffr) [46]. The position of the ring in the piston groove (h) is therefore
summarised by the variation of the forces shown in Figure 4. At low rotational speeds,
i.e., between 1500 rpm and 3500 rpm, the pressure forces, Fp, are greater than the inertial
forces, Fi, and therefore the compression ring remains in a low position in the piston groove
throughout the cycle. From 4000 rpm, the inertial forces take advantage over the pressure
forces Fp, which makes the ring move in its groove.
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Figure 4. Set of Forces supported by the ring.

When the cylinder pressure is lower than the crankcase pressure, the ring may move
in its groove. This is the case at 1000 rpm, since the pressure in the cylinder is lower than
the atmospheric pressure when the exhaust gases are removed.

Study of the position of the sealing ring under full load
The same analysis can be made on this ring and, given the lower pressures involved,

it moves axially at each cycle and whatever the rotation speed.
Simplification of the calibration
Usually, the endgap value of the sealing ring is much higher than that of the compres-

sion ring. In this case, it is twice as large (0.4 mm versus 0.2 mm). As a result, the blowby
gas flow is mainly related to the position of the compression ring (Ring 1). Between 1500
rpm and 3500 rpm, the compression ring stays fixed on its base. In this speed range, the
only possible path for the blowby gases is through the endgap of the compression ring.
Therefore, the calibration was focused on this speed range and then extended to the entire
engine speed range.

Analysis at 2000 rpm and full load
Figure 5 shows the simulation results at 2000 rpm and full load. The pressures between

the rings are visible in the upper and middle graphs. The pressure above the compression
ring (Land 1) is identical to the pressure in the cylinder. Its maximum is 77 bars at 400◦ CA.

Figure 5. Evolution of the pressures and axial positions of the piston rings at 2000 rpm and full load.
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The maximum pressure between the compression and sealing rings (Land 2) is 29 bars.
The pressure between the oil seal and scraper rings (Land 3) varies between 1025 mbar
and 1045 mbar, while the pressure in the crankcase was stabilised at 1025 mbar. From this
data and the inertial effects due to the speed of the piston displacement, it is possible to
characterise the axial evolution of the compression and sealing rings, which is visible on
the lower graph of Figure 5. As expected, the compression ring stays fixed on the lower
part of the groove during the whole cycle, while the sealing ring is in the upper position
of its groove during the end of the exhaust gas expulsion stroke and during the whole
intake stroke. Outside this range, it stays in contact with the lower part of its groove. The
evolution of the blowby flowrate can be seen in Figure 6. This one becomes significant
from the end of the compression stroke to the end of the expansion stroke. A maximum
was reached as 40◦ after TDC and amounted to 1.45 g.s−1. Finally, the cumulative blowby
flowrate for one cycle reached 20.26 mg.cycle−1. This result is very close to the experimental
tests where the cumulative blowby flowrate for this same operating point was measured
at 19.90 mg.cycle−1 (cf., Table 2). This simulation model allows us to better understand
the ring dynamics and to estimate the evolution of the pressures that prevail in this
ring/piston/cylinder area. Above all, thanks to the characterisation of the blowby flowrate
over a complete cycle, it is possible to determine which engine strokes are preponderant in
the phenomenon of oil sweeping towards the oil pan.

Figure 6. Evolution of blowby flowrate at 2000 rpm and full load.

Simulation over the entire engine load
From this model, and by adding different engine operating points performed on the

engine bench, it is possible to draw a complete map of the blowby flowrate as a function of
engine speed and engine load.

The result is shown in Figure 7. It is very clear that the flowrate is higher than 18
mg.cycle−1 in a restricted area, i.e., at low speed and high load. Conversely, outside this
zone, the flow rate remains below 12 mg.cycle−1.

3.2. Analysis of Oil Flow Carried by Blowby Gases

From these results and Equation (1), it is possible to determine the amount of oil swept
by the blowby gases as a function of the position of the rings. To do this, it is necessary
to estimate the amount of oil present in the Land 2. This quantity of oil depends on two
factors: the first is the thickness of the oil film deposited by the ring, which varies by a
few micrometers [47]. The second is the oil that is pumped out of the piston grooves and
back into this area. This quantity of oil depends on the engine load and inertial effects, e.g.,
the rotation speed. As an example, Thirouard [48] measured an oil film height of up to
40 μm at 3500 rpm and half load on a single cylinder spark ignition engine and 20 μm at
2800 rpm and low load on a single cylinder diesel engine. In order to quantify the results,

82



Energies 2022, 15, 8772

it is necessary to suppose an oil film height. The characteristics of the engine used are
close to a diesel engine, therefore the assumption of an oil film of 20 μm will be retained.
Figure 8 shows the amount of oil swept by the blowby gases at 1500 rpm for two endgap
positions with an assumed oil film height of 20 μm. When the endgaps of the first two
rings are opposite, i.e., at 180◦ (cf Figure 1a), the amount of oil swept by the blowby gases
is maximum and can reach 20 μg.cycle−1.

Figure 7. Blowby flowrate as a function of engine speed and load.

Figure 8. Quantity of oil swept by the blowby gases as a function of the endgap position at 1500 rpm.

Whereas if the endgaps are close, i.e., only 30◦ apart (cf., Figure 1b), the maximum
amount of oil swept by the blowby gases can be at best 6 μg.cycle−1 for the same blowby
flowrate. The same calculation can be made for each rotation speed, assuming an oil film
height. It is therefore very clear that the oil concentration of the blowby gases is directly
related to the position of the endgap and not only to its flowrate. The more oil is swept
by the blowby gases, the less oil is returned to the cylinder via the backflow gases. This
variable phenomenon linked to the rotation of the rings is difficult to predict and is the
reason for the variations in particle emissions linked to the oxidation of the oil on strictly
identical tests [49].

3.3. Influence of Blowby on Particulate Emissions at Idle

At no load, i.e., when decelerating or idling, the pressure inside the cylinder is very
low. The maximum pressure varies between 4 bars and 10 bars. Therefore, the blowby
flowrate is very low and the oil sweeping phenomenon described by Thirouard, et al., [26]
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(Equation (1)) is minimal. In Figure 9, the pressures between rings and the ring positions
evolving at idle speed over a complete cycle are shown from the simulation. The upper
graph represents the evolution of the pressures above the compression ring and below.
The evolution of the pressures between the oil seal and oil scraper rings visible in the
middle graph is approximately equal to the pressure in the oil pan, i.e., equal to 0.98 bar.
Compared to the graph in Figure 5 at 2000 rpm and full load, the difference is very
significant. The maximum pressure reaches 8 bars for Land 1 and 3.5 bars for Land 2. The
lower graph shows the evolution of the axial position of the first two rings in relation to
their respective lower grooves. During the intake stroke and most of the compression
stroke, the compression ring (Ring 1) stays on the upper axial part of its groove. At the end
of compression and expansion strokes, the ring stays on the lower part of its groove. Then,
at the end of expansion stroke and at the beginning of the expulsion of the exhaust gases,
the ring oscillates axially to come into contact with the upper part of the groove and finally
returns into contact with the lower part of the groove at around 540◦ CA and until the end
of the cycle. The sealing ring (Ring 2) evolves with the same trend as the compression ring
with an additional oscillation between 680◦ CA and 720◦ CA.

Figure 9. Evolution of pressures and axial positions of the piston rings at idle.

From above, it appears that the blowby flowrate seen in Figure 10 is very low and
reaches its maximum of 0.28 g.s−1 at 320◦ CA and then stabilises at around 0.18 g.s−1

during the remainder of the compression stroke and the beginning of the piston expansion.
During the expulsion of the exhaust gases, the blowby flowrate is close to 0. Then, due to
the low pressure inside the cylinder during the intake stroke, the flowrate is negative and
stabilises at around −0.15 g.s−1. During this period, gases from the oil pan are redirected
to the cylinder.

84



Energies 2022, 15, 8772

Figure 10. Evolution of blowby flowrate at idle.

In the end, the amount of blowby gas that passes through the piston to the crankcase
is zero since this accumulation is negative and amounts to −3.4 mg.cycle−1. This means
that the phenomenon is reversed and that the gases from the oil pan could be directed
towards the cylinder.

The oil sweeping effect is non-existent and the direction of the blowby flowrate tends
to retain and push the oil stored in Lands 1 and 2 back into the cylinder. In addition, the
compression and sealing rings oscillate two to three times per cycle within their respective
grooves, and this creates a phenomenon of pumping and expulsion of the oil from the
scraper ring to the crown of the piston via the sealing and compression rings. This phe-
nomenon, described in particular by Thirouard [48] and Yilmaz, et al., [50] is significant at
idle or low load.

Previous simulation results have shown that idling is conducive to an accumulation
of oil at the piston crown. During rapid acceleration, the sudden increase in pressure and
temperature in the cylinder will cause some of this oil to burn off, while some will be
returned to the crankcase via the blowby phenomenon. The duration of the idling time
between accelerations could have an impact on the amount of oil stored in the piston crown
and consequently on oil consumption and particulate emissions. It is therefore important
to study the impact of the duration of the idle time between two accelerations in order to
check whether this accumulation phenomenon revealed by our simulation model is real.
This is the subject of the following section.

4. Influence of Idling Time between Two Accelerations on Particulate Emissions

4.1. Setup

The tests were carried out on the engine mounted on a Horiba bench described in
Section 2.1. With this bench, it was possible to create some transients. In order to be close
to the real conditions of the “stop and start” system, an acceleration from idle to 2000 rpm
and 60 Nm in 5 s was selected. To reach this point, it was necessary to keep the accelerator
pedal pressed at 100% for about 2 s (part a, on the lower graph in Figure 11). Then, the
engine stayed at 2000 rpm and 60 Nm during 15 s (part b) before slowing down (part c)
and coming back in idle position (part d).

Three configurations were tested. For case 1, there was no idling time between two
accelerations. The engine slowed down to 750 rpm before accelerating for a new transient.
Case 2 consisted of an idling time of 7 s between two accelerations, while case 3 consisted
of an idling time of 22 s. The test conditions are presented in the Table 3 below.
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Figure 11. Cases description.

Table 3. Test conditions.

Pressure (mbars) Averaged Temperature (◦C)

Atmospheric Sample line
PPS Intake Cooling Oil Engine bench Exhaust Sample line

PPS

1013 1538 26 93 96 17 356 170

Figure 12 shows the evolution of engine speed, effective dynamic torque, in-cylinder
pressure, and intake manifold pressure, depending on the position of the accelerator pedal
during this transient.

Figure 12. Evolution of engine parameters during a transient.

The signal “accelerator position” represents practically the position of the engine
throttle, which means that it is in the fully open position for about 2 s before reaching
the requested point. In Figure 12 bottom right, the dynamic effective torque during this
transient is presented. The significant variations at the start are consequences of the
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important variations of the in-cylinder pressures between the cylinders. For example, for
one cylinder, the in-cylinder pressure may be 25 bars while it may still be 6 bars for another
cylinder (which is the idle in-cylinder pressure). This difference will generate a significant
variation of the engine torque.

Berthome, et al., [13] exposed that particulate emissions vary greatly from test to
test despite mastering both engine and bench parameters. It is, therefore, necessary to
accumulate data and to proceed with a statistician approach to get a trend out, and thus
evaluate the impact of the idling time between two transients. To obtain as much data as
possible, 100 accelerations (strictly identical from the point of view of the control and test
conditions) are carried out successively after reaching thermal stability and respecting a
time of idling between each test for each configuration. The demonstration of the similarity
of these transients is not the subject of this article and has already been validated in a
previous article by Berthome, et al., [13,20].

4.2. Particles Measuring Device

The particle measurement device used in this study was a “Pegasor Particles Sensor”
called a PPS, see Figure 2. The sample was not diluted, and this device measured the current
carried out by the particles. For that, the PPS uses the corona effect to ionize particles: a
corona discharge occurs when an electric current carried by a high voltage passes through
two electrodes separated by a neutral gas (air).

This electric arc creates positive ions that propagate towards the molecules of air. This
is called the ionization phenomenon. Then the ionized air mixes with the exhaust gases
containing particles. These particles absorb the positive ions. The mixture is thus composed
of free ions and ionized particles. An electric trap captures the free ions by maintaining a
positive voltage on its surface. This has the effect of pushing the positive ions towards the
external surface of the trap in order to discharge them. If the trapping voltage increases,
then the lighter ionized particles are absorbed by the trap. It is possible to choose a sample
of particles according to their size thanks to the choice of the trapping voltage. It can
vary from 0 V to 1000 V according to the manufacturer data [51]. A trapping voltage of
400 V was used to measure particles with a size above or equal to 23 nm. This trapping
voltage was selected because it corresponds to the minimum size required by the regulatory
standards [1]. This technology is very reactive because it performs measurements at the
frequency of 100 Hz. However, it is necessary to make the assumption of mean diameter,
standard deviation, and fractal dimension in order to determine the number and the mass
flow rate of the particles [52,53]. As particle emissions are higher during the transient
phases, this study is performed in such an operating mode. However, it is not possible to
know precisely the mean diameter of the particles, since it varies depending on the engine
load and rotation speed.

Therefore, in this article, a simple comparison of the current measured by the PPS was
made, because it is proportional to the particles emitted by the engine. This solution was
chosen because the acquisition frequency of the PPS is high and allows the measurement of
particle emissions during transients. Since a comparison will be made between the three
cases, a relative measurement is sufficient.

4.3. Test Results and Analysis

Figure 13 shows the evolution of the average current carried by the particles of
100 strictly identical transients and for each case. The blue dash dotted-line curve represents
the position of the accelerator pedal. At idle, the level of particulate emissions generated
by the engine is very low and amounts to about 1 pA. Then, during acceleration, the
current level rises sharply. In fact, to obtain rapid acceleration, it is necessary to increase the
equivalence ratio to counteract friction and especially inertial effects. These rapid variations
of equivalence ratio generate many particles reaching a maximum around 2.2 s. Then, from
2.5 s, the acceleration slows down, which favours stoichiometric conditions and therefore
generates fewer particles, and the current measured by the PPS decreases. Cases one and
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two have almost the same trends. The current peak reached 112 pA for case 1 and 149 pA
for case 2. However, case 3 is more important, and the current peak reached around 415 pA.

Figure 13. Evolution of particle emissions during the transient for each case.

The sum of current averaged for 100 transients (IntegI) for the three cases are shown
below, in Table 4. The percentage standard deviation (σ) is calculated from the standard
deviation of IntegI of 100 transients divided by the mean. For case 1, i.e., without an idling
phase, but only a deceleration phase between two transients (see part c Figure 11), the sum
of the current averaged per 100 transients is 105 pA. For case 2, with an idling phase of
7 s between two transients, the sum of the current averaged per 100 transients is 133 pA,
an increase of about 126% compared to case 1. For case 3, with an idling phase of 22 s
between two transients, the sum of the current averaged per 100 transients is 329 pA, an
increase of about 313% compared to case 1. The deviations between the three cases are
very large even though the transients are strictly identical (cf part 4-2). Since it is always
the same transients, the deviations in richness between each test remain very small and
are not the cause of these differences. The only fluctuating phenomenon is the idling time
between each acceleration. Consequently, it is the absence of oil sweeping by the blowby
gases and its duration that leads to an accumulation of oil towards the crown of the piston.
This oil is then projected towards the cylinder and is oxidised during strong acceleration,
causing a peak in particle emissions. Therefore, the oil accumulation on the piston crown is
proportional to the idling time between two accelerations. These experimental tests confirm
the results put forward by the blowby simulation model.

Table 4. Results.

Case Number
Idling Time

(s)
IntegI
(pA)

σ

(%)

1 0 105 13

2 7 133 15

3 22 329 16

5. Conclusions

The creation of a blowby simulation model based on a TGDI engine made it possible
to characterise the quantity of oil swept by these gases. This was performed at different
engine operating points and as a function of the endgap position of both the compression
and the sealing rings. Under full load at 2000 rpm, the quantity of oil swept can be as
high as 20 μg. cycle−1. At idle speed, the sweeping intensity is close to zero and there
is a phenomenon of oil storage on the piston crown. The experimental results confirmed
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this observation and showed that the quantity of oil stored on the piston crown depended
on the idling time. For example, the evolution of the idling time from 7 s to 22 s between
two strictly identical accelerations generated three times more particles. The new Euro 7
standard should limit particulate emissions to 3 mg.km−1 and 6 × 1011 particles.km−1 on
a WLTP cycle for particles >10 nm, instead of 23 nm previously. As there are eight idling
stages with a total duration of approximately 224 s in a WLTP cycle, this phenomenon
must be taken into account. At present, it is not possible to differentiate the oil pumping
mechanism by the piston rings from the oil sweeping mechanism by the blowby gases at
idle. A future study on a single-cylinder spark ignition engine will characterise the impact
of each mechanism.
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Nomenclature

m Kg Ring mass
h m Variation of axial ring position in the groove
Fp N Pressure forces
Fi N Inertial forces
Ffr N Friction forces
Foil N Oil film pressure forces
Fa N Adhesion forces
Qblowby m3.cycle−1 Blowby flow
μair Pa.s Dynamic viscosity of air
μoil Pa.s Dynamic viscosity of oil
θrings

◦ Angle formed between the endgap of the first two rings
Rland m Clearance between piston radius and cylinder radius
hair m Clearance between piston and cylinder
K1 and K2 - Constants mainly related to the engine speed
WLTP - Worldwide Harmonized Light Vehicle Test Procedure
PAH - Polycyclic Aromatic Hydrocarbon
TGDI - Turbocharged Gasoline Direct Injection
PPS - Pegasor Particles Sensor
TDC - Top Dead Center
BDC - Bottom Dead Center
ICE - Internal Combustion Engine
Land 1 - Space between the piston top and the first ring
Land 2 - Space between the first two rings
Land 3 - Space between the second and third ring

IntegI pA 1
n

n
∑
1

∫
IdI, avec n = test number

σ - Standard deviation
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Abstract: Comparative tests in air and oxy-fuel combustion were conducted in a 30 kWth circulating
fluidized bed (CFB) pilot plant for waste sludge combustion. General combustion characteristics
of the CFB, such as pressure profiles, temperatures along the bed, and flue gas composition, were
different under the air and oxy-fuel conditions. At the bottom and in the fly ash, alkali and heavy
metals had different distributions under the air and oxy-fuel combustion conditions. The particle size
distribution in fly ash from air combustion was dominated by coarse particles, over 2.5 μm in size,
whereas with oxy-fuel combustion, most particles were submicron in size, approximately 0.1 μm, and
a smaller quantity of coarse particles, over 2.5 μm in size, formed than with air combustion. Mass
fractions of Al, Ca, and K, below 2.5 μm in size, were found in the ashes from oxy-fuel combustion
and in higher quantity than those found in air combustion. Submicron particle formation from Cr, Ni,
Cu, and Zn in the fly ash occurred more during oxy-fuel combustion than it did in air combustion.

Keywords: waste sewage sludge; oxy-fuel combustion; circulating fluidized bed; particle size distri-
bution; alkali and heavy metals

1. Introduction

Recently, the need for waste to be converted to energy has emerged globally. Waste
sewage sludge is one of the renewable energy resources, and the amount of it has gradually
increased over the years in Korea, where it reached up to 20 million tons in 2020. Since
ocean dumping was prohibited after the international prohibition of waste sludge was
announced in 2012, technology to convert waste sludge to energy has developed as an
alternative disposal option.

The capacity of commercial fluidized bed combustion (FBC) plants for waste sludge
is between 50 and 300 tons per day. These commercial plants combust waste sludge by
utilizing air, generating much carbon dioxide, which is a greenhouse gas (GHG).

However, GHGs have become a worldwide issue, and converting waste, such as
sludge, biomass, and municipal solid waste, to energy has been identified as a secondary
source of GHG emissions, with fossil fuel combustion deemed a primary emission source.
To mitigate global warming, carbon capture and storage (CCS) technology was developed
to reduce GHGs, such as carbon dioxide, from anthropogenic emission sources. The effects
of GHGs on global warming are acknowledged worldwide; therefore, GHG emission
reduction has increased in importance.

Oxy-fuel combustion consumes a combination of oxygen greater than 95% in purity
and recycles flue gas, which is enriched with carbon dioxide. During oxy-fuel combustion,
a gas consisting primarily of carbon dioxide is generated that is ready for sequestration
without stripping of the carbon dioxide from the flue gas. Due to the different surroundings
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during combustion, the flue gas composition of oxy-fuel combustion should be different
than it is with air combustion [1].

In waste sludge combustion, the flue gas includes various air pollutants, such as ash,
heavy metals, sulfur oxide, and nitrogen oxide. Among these air pollutants, the behaviors
of ash and heavy metals are especially important because these compounds incur adverse
health effects and prevent economical operation by causing fouling of, and deposition
on, the boiler tube. There are numerous studies about the behavior of ash and heavy
metals during conventional waste sludge combustion [1,2]. Rink et al. [3] studied the
behavior of ash during sewage sludge combustion using a 300 kW bubbling fluidized
bed (BFB) combustor. According to this study, particle size distribution was different
along the height of the BFB combustor. This might have occurred because of different
particle formation mechanisms in each temperature region. In addition, particle shapes
were different at each sampling location, which were related to the particle formation
mechanism of heavy metals. Cenni et al. [4] investigated the recovery rate of heavy metals
in bottom ash, cyclone ash, and filter ash by blending sewage sludge with coal using a
500 kW pulverized fuel combustion chamber. This study indicated that the recovery rate
of metals tended to increase when the blending rate of sewage sludge increased due to a
flame temperature difference, in comparison with coal combustion. Latva-Somppi et al. [5]
studied ash deposition and size distribution from the combustion of sewage sludge with
wood by comparing BFB and CFB combustors. According to this study, sewage sludge
contained a high proportion of alkali metals, such as Al, Ca, Si, and K, which caused ash
deposition in the refractory liners and boiler tube. It was found that ash deposition did
not occur in the CFB combustor, due to the advantageous heat distribution of the CFB.
In addition, ash size in the CFB was smaller than it was in the BFB because the time for
particle growth from metals, which was the main cause of ash deposition, was shorter
than it was for the BFB. Lopez et al. [6] investigated metal partitioning in bottom ash
and fly ash in accordance with their volatility with variation in sludge mixture with coal
using a 90 kW BFB pilot plant. According to the study, Hg, Cd, Cu, and Pb in the fly
ash increased more significantly in the mixture of sludge with coal than in the coal alone,
whereas Cr, Ni, Mn, and Zn in the fly ash were less significant. In addition, Hg, Cd, Pb, and
Zn increased more in the fly ash than in the bottom ash, whereas Mn, Cu, Ni, and Cr were
not as significant, which was likely related to the volatility of the metals. Marani et al. [7]
studied the enrichment factor of metals, such as Cd, Cr, Mn, Ni, Pb, Ti, and Zn, in cyclone
ash and fly ash from sewage sludge combustion by chlorine content using a 250 kg/h CFB
pilot plant. According to the study, the concentrations of those metals were enriched more
in the fly ash than they were in the cyclone ash. Regarding the enrichment factor, Cd and Cr
increased as chlorine content increased, whereas other metals were not as significant, likely
due to the difference in the volatility of metals and formation of metal chloride compounds.
Amand and Leckner [8] studied mass balance of trace metals from co-combustion of sludge,
with coal or wood as the base fuel, by using a 12 MWth CFB boiler. The study indicated that
the trace metals in ash increased when wood was the base fuel as the sludge mixing rate
increased, whereas this trend was not present when coal was the base fuel. Regarding the
mass balance of trace metals in ash, volatile matter, such as Hg and Cd, was enriched in the
fly ash from a second cyclone and bag filter, but non-volatile matter, such as Mn, was evenly
enriched in the bottom ash and fly ash during co-combustion of coal and sludge. However,
non-volatile matter was enriched in the finest fly ash during co-combustion of wood and
sludge. Elled et al. [9,10] studied relative enrichment of volatile matter and non-volatile
matter at different sampling points, such as the bed ash, second cyclone ash, and bag-filter
ash, from co-combustion of wood and sludge. The study indicated that as the sludge mixing
rate increased, the enrichment rate of volatile matter increased more in the fly ash than it
did for the non-volatile matter in the fly ash. As mentioned above, there has been numerous
research works related to the behavior of ash and heavy metals during FBC incineration.
In summary, the studies concluded that the fate of trace elements was influenced by fuel
type, combustion facility type, and operating conditions (temperature, pressure, oxidizing
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environment, and ash formation). However, these studies were conducted mainly under
air combustion conditions and focused on co-combustion of sludge with coal or wood as
the base fuel using BFB combustion technology [11–15].

CFB combustion technology has many advantages for heat recovery, so waste sewage
sludge combustion should be retrofitted to, or newly commercialized for, CFB combustion
facilities. In addition, a commercial FBC should be retrofitted to a carbon dioxide reduction
facility. Only a few studies have been conducted on oxy-fuel combustion technology using
CFB combustion technology for sludge combustion. When these technologies are applied
to sludge combustion, combustion performances and the behavior of ash and heavy metals
should be different under different combustion conditions. In this study, the particle
size distributions composed of affluent metal components and the chemical reaction of
aluminum, calcium, and potassium as alkali metals and chrome, copper, nickel, and zinc
as tract metals from sludge combustion under the conditions of oxygen with nitrogen
as the air combustion and oxygen with carbon dioxide as the oxy-fuel combustion were
demonstrated, using a 30 kW CFB reactor.

2. Test Facility and Experimental Methods

2.1. Test Facility and Fuel Characteristics

Figure 1 shows a schematic stream of the test facility of the 30 kW CFB oxy-fuel reactor.
The demonstration test was conducted in the facility, which consisted of a riser, a cyclone,
a down-comer, and a loop-seal. The facility had a riser with an inner diameter of 0.15 m
and a height of 6.4 m. The combustion temperature for the sludge fuel combustion was
optimized at 800 ◦C. The feeding rate of the sludge was determined at 13 kg/h. Table 1
shows the summary of experimental conditions using the 30 kW CFB oxy-fuel reactor [16].

 

Figure 1. Schematic diagram of the 30 kW CFB oxy-fuel pilot test bed.
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Table 1. Experimental conditions used during oxy-fuel combustion in the 30 kW CFB oxy-fuel pilot
test bed.

Design Factor Value

Bed diameter (m) 0.15
Fuel feeding rate (kg/h) 13

Solid fuel mixing rate (%) 0~30
Oxygen injection rate (%) 23

Combustion temperature (◦C) 800
Flow rate (L/min) 900

2.2. Sampling and Analysis

The heating value of the sludge fuel was analyzed by an AC-350 calorimeter from
the LECO Corporation in St. Joseph, MI, USA. The proximate analysis of sludge fuel was
conducted by a TGA-601 from the LECO Corporation in MI, USA. The elemental analysis
of sludge fuel was conducted by a 2400 series CHNS/O analyzer from Perkin Elmer Inc.
in Waltham MA, USA. The analysis of the gaseous compounds in the outlet gas was
conducted by PG-300 portable gas analyzer from HORIBA, Ltd in Kyoto, Japan. Particulate
matter below 10 μm in size, produced from the conditions of oxygen with nitrogen and
oxygen with carbon dioxide, was sampled by a low-pressure impactor from Dekati Ltd. in
Kangasala, Finland. Sludge fuel and particle samples were pretreated by means of the EPA
3050B method, and metal compounds in the sludge fuel and fine particulate matter were
analyzed by an ICP-MS from Gilson Inc. in Middleton, WI, USA.

3. Results and Discussion

3.1. Combustion Surroundings and Flue Gas Composition

The pressure gradient in the reactor was investigated under the conditions of oxygen
with nitrogen and oxygen with carbon dioxide. Table 2 shows results of basic characteristic
analysis of waste sewage sludge. In proximate analysis, waste sludge fuel contains much
of volatiles and ashes. The calorific value was 3008 kcal/kg. In element analysis, carbon
and hydrogen contents were 28.14 and 4.74, respectively. Chloride content was 530 ppm.
In metal analysis, sludge fuel contained much of alkali metals and toxic heavy metals.
Figure 2 shows the pressure and temperature profiles in the reactor under the conditions
of oxygen with nitrogen and oxygen with carbon dioxide. As shown in Figure 2a, the
pressure gradient showed a typical pressure trend of the CFB at each point under both
conditions of oxygen with nitrogen and oxygen with carbon dioxide. The decrease in
pressure under the oxygen with nitrogen condition was higher than that under the oxygen
with carbon dioxide condition. Table 3 shows the gas components of fluidization air. In
a previous study, the drop in pressure under the oxygen with carbon dioxide condition
with fluidized air, that consisted of carbon dioxide and oxygen, increased as the oxygen
rate increased from 21% to 40%, because the kinematic viscosity of the fluidizing injection
gas increased as the oxygen rate increased. The kinematic viscosity under the oxygen with
nitrogen condition was larger than under the oxygen with carbon dioxide condition. The
drop in pressure increased as the kinematic viscosity of fluidizing injection gas increased.
As shown in Figure 2b, the temperature gradient in the reactor was uniform as the axis
of height under the conditions of oxygen with nitrogen and oxygen with carbon dioxide.
In a previous study, the temperature gradient under the oxygen with nitrogen condition
was relatively higher than under the 21% oxygen with carbon dioxide condition [9]. As
shown in Table 3, the heat capacity of CO2 was much larger than that of N2. It caused the
flame temperature of the 21% oxygen with carbon dioxide condition to be lower than that
of the oxygen with nitrogen condition since the fuel sludge had much volatile materials.
It caused delayed devolatilization and delay in the ignition time of sludge fuel under the
21% of oxygen with carbon dioxide condition because much of the carbon dioxide was
utilized, instead of nitrogen, on FBC combustion. However, the temperature gradient
under the 23% of oxygen with carbon dioxide condition was higher than that of the 21%
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of oxygen with nitrogen condition. It was considered that the 23% of oxygen with carbon
dioxide condition caused higher flame temperature than that of oxygen with nitrogen
combustion, and devolatilization and total ignition time were fastly declined under the
23% oxygen condition. Table 4 shows the outlet gas temperature under the conditions of
oxygen with nitrogen and oxygen with carbon dioxide. Regarding flue gas temperature,
the temperature was relatively higher under the oxygen with carbon dioxide condition
than that under the oxygen with nitrogen condition. This was due to the fact that H2O
and CO2 in the flue gas had larger heat capacity than N2 and O2, as shown in Table 3, and
the temperature of the outlet gas, including more H2O and CO2, was larger than it was
for typical air conditions. Furthermore, it was indicated that the sludge fuel had much
volatiles, and the heat distribution from sludge fuel combustion was reached further along
the CFB combustion system under the oxygen with carbon dioxide condition than that
under the oxygen with nitrogen condition.

Table 2. Results of basic characteristic analysis of waste sewage sludge.

Proximate Analysis (wt, %) Element Analysis (wt, %)

Moisture 7.32 Carbon 28.14
Volatile 45.11 Hydrogen 4.74

Fixed carbon 12.25 Nitrogen 4.43
Ash 35.04 Oxygen 23.90

- - Sulfur 0.43
Calorific value

(kcal/kg) 3008 Chloride 0.053

Selected metals analysis

Alkali metals analysis (ppm) Toxic heavy metals analysis (ppm)

Al 21,700.0 Zn 635.4
Ca 11,204.7 Cu 305.2
K 8249.0 Cr 42.5
- - Ni 30.8

Table 3. Physical gas properties of fluid flow utilized as fluidization air.

H2O O2 N2 CO2
Ratio,

CO2/N2

Density (ρ)
[kg/m3] 0.157 0.278 0.244 0.383 1.6

Thermal
conductivity (k)

[W/m·k]
0.136 0.087 0.082 0.097 1.2

Specific heat
capacity (cp)
[J/mol·◦C]

45.67 36.08 34.18 57.83 1.7

Kinematic
viscosity (m2/s) 3.20 2.09 × 10−4 2.00 × 10−4 1.31 × 10−4 0.7

Table 4. Flue gas composition and temperature during the air and oxy-fuel combustion.

Test Condition O2 (%) CO2 (%) CO (%) Temp (◦C)

Air 5.1 15.3 0.9 697.4
Oxy-fuel 6.4 82.9 1.5 736.9
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(a) 

 
(b) 

Figure 2. The pressure and temperature profile from air and oxy-fuel combustion of waste sewage
sludge: (a) pressure profile (b) temperature profile.
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3.2. The Behavior of Ash and Heavy Metals

(1) Metal Composition of Bottom and Fly Ash
Sewage sludge consists of many volatiles, metal elements, and ash fractions. During

sewage sludge combustion, metal elements undergo a series of reaction mechanisms, such
as volatilization, nucleation, condensation, and coagulation for particulate formation [2,17].
These particulate formation mechanisms in bottom ash and fly ash under the oxygen
with carbon dioxide condition were affected by different conditions in the combustion
environment. Figure 3a shows the comparative concentration of alkali metals in the bottom
ash and fly ash under the conditions of oxygen with nitrogen and oxygen with carbon
dioxide. The species of aluminum, calcium, and potassium were distributed mainly in
the bottom and fly ash from sludge fuel combustion under the conditions of oxygen with
nitrogen and oxygen with carbon dioxide. The metal components tended to be associated
with particle formation mechanisms by causing the growth of fly ash from sludge fuel
combustion. In sludge fuel combustion, agglomeration and fouling are highly involved
with calcium and alkali compounds, such as the chloride and sulfate species, which block
the distribution of fluidizing air and heat exchange. Aluminum compounds are concerned
with Cl-related corrosion, which arises mainly from the boiler of the sludge fuel combustion
process. The Cl-related corrosion problem of Al compounds creates a serious problem
for boilers and doubles the repair and operation costs of the sludge fuel combustion
process. [18,19]. In bottom ash, the concentrations of alkali metals, such as aluminum,
calcium, and potassium, under the oxygen with carbon dioxide condition were less than
that under the oxygen with nitrogen condition. In fly ash, these metals showed a similar
trend to that regarding the bottom ash under the oxygen with carbon dioxide condition.
As shown, the concentrations of these metals in fly ash and bottom ash under the oxygen
with carbon dioxide condition were lower than they were under the oxygen with nitrogen
condition. It was indicated that the oxy-fuel combustion mitigated agglomeration, fouling,
and corrosion problems from sludge fuel combustion, and was economically beneficial
in terms of long-term operation of a sludge fuel combustion facility. In addition, oxy-fuel
combustion for sewage sludge could contribute to a shorter ignition time of the metals
and moderate particle growth in the bottom ash, which would temper de-fluidization by
agglomeration, fouling, and corrosion in the CFB boiler. Figure 3b shows the comparative
concentrations of heavy metals in the bottom and fly ashes under the conditions of oxygen
with nitrogen and oxygen with carbon dioxide. Chrome, nickel, copper and zinc were
portioned mostly in the bottom and fly ashes from sludge combustion under the conditions
of oxygen with nitrogen and oxygen with carbon dioxide. Copper and zinc compounds in
bottom ash and fly ash from sludge fuel combustion were less under the oxygen with carbon
dioxide condition than that under the oxygen with nitrogen condition. In the oxygen with
carbon dioxide condition, the gas circumstances were significantly different than under
the oxygen with nitrogen condition. Lots of CO2 under oxygen with the carbon dioxide
condition had larger heat capacity than N2 under the oxygen with nitrogen condition.
Accordingly, CO2 tended to take more heat in the condition of oxygen with carbon dioxide
than the condition of oxygen with nitrogen condition, which caused decrease in combustion
flame temperature. Eventually, a lower adiabatic temperature for oxy-fuel combustion
occurred and caused a delay in ignition time, which delayed particle growth and formation,
which was the pathway for the nucleation, vaporization, condensation, and coagulation
mechanisms of those metals. However, an ignition delay would be rapidly declined over
23% of oxygen injection with decreased carbon dioxide rate for oxy-fuel combustion. Due
to decreased carbon dioxide injection rate, the adiabatic flame temperature of this condition
would be higher than it was for the air and 21% of oxygen injection rate for oxy-fuel
combustion. As shown figure, the concentrations of alkali and heavy metals showed
different trends for air and oxy-fuel combustion. The concentration of alkali metals, such
as aluminum, calcium, and potassium in the fly ash under this condition were lower than
they were under air combustion. Regarding heavy metals, the concentrations of zinc and
copper compounds in the fly ash under this condition were lower than they were from
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air combustion. Cr and Ni compounds in both ashes showed a different trend from the
previously mentioned metals, with greater increase in ranges of oxy-fuel combustion than in
air combustion. It was indicated that particle size distribution of fly ash should be changed
along the air and oxy-fuel conditions because the different combustion surroundings and
adiabatic flame temperatures likely affected the particle formation mechanisms from each
metal compound in air and oxy-fuel conditions. Based on the test results, it was determined
that oxy-fuel combustion was more efficient than air combustion in terms of heat recovery
and economical operation by mitigating agglomeration, fouling, and corrosion problems
from sewage sludge combustion.

 
(a) 

 
(b) 

Figure 3. Concentrations of alkali and heavy metals in bottom and fly ash from air and oxy-fuel
waste sewage sludge combustion: (a) alkali metals (b) heavy metals.

(2) Particle Size Distribution and Mass Fraction of Metals
As sewage sludge combustion generates a large amount of fly ash, an understanding

of particle size distribution of fly ash is important because it mainly consists of alkali and
heavy metals. It was hypothesized that particle size distribution would be affected by
different surroundings during air and oxy-fuel combustion. Figure 4 shows the particle
size distribution in fly ash from air and oxy-fuel combustion of sewage sludge. Particle
size distribution from air combustion was mainly accumulated by coarse particles over
2.5 μm in size, whereas from oxy-fuel combustion, it showed each accumulation mode
in fine particles below 1 μm in size, super-micron particles ranging in size from 1 μm to
2.5 μm, and coarse particles over 2.5 μm in size. Generally, fine particle formation was
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followed by a series of reactions of metal elements, such as nucleation, condensation, and
coagulation. The sub-micron mode was depicted by each formation process, including
direct vaporization of volatile metals and chemical reactions of refractory metal oxides.
Refractory metal oxides (MOX), in particular, could be reduced to sub-oxides (MOX−1) by
the reaction shown in Equation (1).

MOX + CO ↔ MOX−1 + CO2 (1)

Figure 4. Particle size distribution in fly ash from air and oxy-fuel combustion of sewage sludge.

Sub-oxide metals were de-volatilized easily because of their low melting point, and
then rapidly re-oxidized to gas phase to form fine particles, by a series of particle forma-
tion mechanisms, such as nucleation, volatilization, and condensation. The formation
mechanism of a fine particle was dependent on fuel type, combustion temperature, and
residence time. On the other hand, super-micron particles were formed from the following:
(1) coalescence of the included mineral, which was not volatilized as a sub-oxide metal;
(2) fine fragmentation of the excluded mineral; and (3) the solid to particle mechanism
of inherent refractory metals that had high melting points. Coarse particles were formed
from non-volatile mineral inclusions and char fragmentation. Figure 5 shows the mass
fractions of the alkali and heavy metals mainly distributed in the fly ash from the com-
bustion under the oxygen and nitrogen condition compared to the distribution under the
oxygen and carbon dioxide condition. Aluminum, calcium and potassium were largely
contained in the particle size between 1 μm and 2.5 μm under the conditions of oxygen
with nitrogen and oxygen with carbon dioxide. In general, the size of the particles was
directly generated from the metals inherent to sludge combustion. These metals were
inherently refractory metals in fuel, and the particles were generated by the mechanisms
of solid to particle, including those of inherently refractory metals. Fine particles were
also generated by particle formation mechanisms, such as vaporization, nucleation, and
condensation. The aluminum, calcium and potassium showed significant accumulation
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trend between 1 μm and 2.5 μm from the combustion of oxygen with nitrogen and oxygen
with carbon dioxide. Generally, potassium tended to be much volatilized, which generated
fine particles below 1 μm by particle generation mechanisms, such as vaporization and
condensation. On the other hand, potassium also formed super-micron particles, larger
than 1 μm. It was considered that metal vapor would spread on ash materials by chemical
mechanisms, combine to aluminum and calcium, and finally cause conglomeration of
particles. Under the oxygen with carbon dioxide combustion, the portion of aluminum,
calcium and potassium were better conglomerated as fine particles below 1 μm than under
oxygen with nitrogen combustion. The portions of aluminum, calcium and potassium
under the oxygen with carbon dioxide condition, between 1 μm and 2.5 μm in size, were
a bit larger than those under the oxygen with nitrogen condition, whereas the portion
of aluminum, calcium and potassium under the oxygen with nitrogen condition, over
2.5 μm, were larger than those under the oxygen with carbon dioxide condition. This was
explained by the fact that the ignition time delay under the oxygen with carbon dioxide
condition was more rapid than that under the oxygen with nitrogen condition, and fine
particle formation from aluminum, calcium and potassium was elevated by physical and
chemical reactions. Fine particle formation from heavy metals, such as chrome, nickel,
copper, and zinc, was conducted more intensively under the oxygen with carbon dioxide
condition than that under the oxygen with nitrogen condition. It was considered that the
fine particle formation from the oxygen with carbon dioxide condition was more intensive
than that from the oxygen with nitrogen condition. The fine particles could be formed by
the chemical reaction of the metal oxides. In general, the metal oxides could be changed
into sub-oxide compounds when the original metal oxide reacted with carbon monoxide.
The sub-oxide compounds were easily volatilized because of low melting temperature.
Finally, because of the large amount of carbon dioxide, the vapor of the compounds could
be more intensively re-oxidized to generate fine particles under the oxygen with carbon
dioxide condition than those under the oxygen with nitrogen condition. Fine particle
formation from zinc and copper would occur by volatilization and condensation, because
the melting temperature of the compounds was lower than the adiabatic flame temperature
under both conditions. On the other hand, the melting temperature of chrome and nickel
was much higher. Finally, chrome and nickel mainly formulated in coarse particles, over
2.5 μm, under the oxygen and nitrogen condition.
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Figure 5. Mass fractions of alkali and heavy metals from air and oxy-fuel combustion: (a) alkali
metals, (b) trace metals.

103



Energies 2023, 16, 145

4. Conclusions

The comparative study on the behavior of alkali and heavy metals from waste sludge
combustion under air and oxy-fuel conditions was conducted using a 30 kW CFB pilot test
bed. Based on the experimental results, the major results are summarized as follows:

1. Temperature and pressure profiles in air and oxy-fuel combustion of sewage sludge
were different according to mixtures of O2/CO2 and O2/N2. It was indicated that
combustion surroundings for CFB waste sludge combustion changed due to physical
gas properties, such as kinematic viscosity, density, and heat capacity of nitrogen,
oxygen, and carbon dioxide during air and oxy-fuel combustion.

2. Based on flue gas and ash composition analysis in air and oxy-fuel combustion, the
oxy-fuel combustion was more efficient than air combustion in terms of heat recovery,
beneficial carbon dioxide capture, and economical long-term operation by mitigating
agglomeration, fouling, and corrosion problems from sewage sludge combustion.

3. The PSD in fly ash under the oxygen with nitrogen condition was mainly distributed
as coarse particles over 2.5 μm, whereas that under the oxygen with carbon dioxide
plotted each peak mode as ultra-fine particle below 1 μm and fine particle between
1 μm and 2.5 μm. The results were caused by each series of mechanisms by metal
compounds under different circumstances in both combustion conditions.

4. The portions of alkali metals under the oxygen with carbon dioxide condition were
below 2.5 μm a bit larger than those under the oxygen with nitrogen condition. It is
explained that the ignition time delay under the oxygen with carbon dioxide condition
was more rapid than that under the oxygen with nitrogen condition. and fine particle
formation from the metals was elevated by volatilization and condensation reactions.

5. Fine particle formation from chrome, nickel, copper, and zinc was more intensively
conducted under the oxygen with carbon dioxide condition than under the oxygen
with nitrogen condition. This was because of the large amount of carbon dioxide, and
the compounds vapor could be more intensively re-oxidized to generate fine particles
under the oxygen with carbon dioxide condition than those under the oxygen with
nitrogen condition.
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Abstract: When burning fuel in grate furnaces, supplying the right amount of air to them is as
important as the method of air supply. In a furnace with a fixed grate, the supply method of primary
air is determined by the distribution of the supplied air stream over time, and in a furnace with a
movable grate, the said method involves the distribution of the stream along the active length of
the grate. The need to account for air distribution is attributable to complex processes that occur
during the combustion process. The paper describes experimental studies aimed at determining the
influence of the distribution of the supplied primary air on the emission of CO2, CO, SO2, NOx, and
on the content of combustible parts in the slag. In all cases, the total amount of primary air supplied
to the process as well as other process control parameters was identical, and only the distribution
of primary air was different. The paper proposes the use of a generalized function to describe the
distribution of air, defined by its total demand and the relative time R that fuel remains on the grate
until the maximum air stream is obtained. The quantity R was accepted at the value ranging from
1/6 to 2/3. With the rise of R, the emissions of CO2, CO, and SO2 increased by 53%, 125%, and 27%,
respectively, and the emissions of NOx and the share of combustibles in the slag decreased by 12%
and 79%, respectively.

Keywords: grate furnaces; combustion process control; primary air distribution; co-combustion;
emission of gaseous pollutants

1. Introduction

1.1. The Role of Combustion Processes in Grate Furnaces

A significant part of the combustion processes of coal [1–6] and biomass [7–13] is
carried out in grate furnaces. In the case of the above-mentioned fuels, such furnaces
are most often used in heat plants and combined heat and power plants with small and
medium power [1–5,8].

The combustion of solids, which will probably be implemented for the longest time in
most countries of the world, will involve the combustion of waste and waste-based fuels. In
recent years, a significant increase in the installations for energy management of municipal
waste have taken place in the EU and China among other places [14–16]. In the EU, in the
years 2008–2018, the number of such installations increased by 60, and currently only in
Poland there are about 100 installations at various stages of planning and implementation
(with only 8 operating so far) [14]. In China, after 2000, there was a rapid increase in the
number of municipal waste incineration installations, resulting in the highest combined
efficiency in the world currently [15]. At the same time, it should be emphasized that,
depending on the country, grate furnaces are installed in about 70% to 100% of municipal
waste incineration installations (e.g., 100% in Brazil and Australia, over 85% in the EU, and
almost 70% in China) [15–17].
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1.2. Advantages and Disadvantages of Combustion Processes in Grate Furnaces

The main advantages of grate furnaces include flexibility in terms of the properties of
burned fuels, high reliability, ease of use, relatively low investment and operating costs in
the case of structures with lower and medium power fired with coal [1,8,18,19]. In the case
of waste incineration, only operating costs are usually lower [15,17].

The disadvantages of grate furnaces include increased emissions of CO, benzoalfapy-
rene, CxHy compared with dust and fluidized furnaces, as well as a greater share of com-
bustible parts in the slag [4–6,13,19–21]. The above-mentioned disadvantages principally
do not apply to structurally advanced furnaces in thermal waste treatment installations.

Another disadvantage of grate furnaces involves temperature limitation of the process
aimed at preventing the melting of mineral fractions of the fuel, which would lead to con-
glomeration and sticking of slag to the grate [8,18]. To a large extent, the above-mentioned
disadvantages result in another disadvantage, i.e., relatively low energy efficiency of
installations equipped with the discussed furnaces [3–6,8,18].

1.3. The Course of the Combustion Process in Selected Grate Furnaces

There are many constructions of grates and grate furnaces. The differences in the
structures result mainly from the fact that grates and furnaces are adapted to the properties
of the combusted fuel, to furnace efficiency and its functions (e.g., stove furnace or furnace
in a water or steam boiler) [2,3,10,17,22,23].

The simplest structures of grate furnaces include furnaces with stationary grates and
furnaces with flat movable grates. The first design is the traditional solution found in the
furnaces of household stoves and low-power boilers. Such boilers are most often used
by single-family houses, small farms, and small public utility buildings. The furnaces
with flat movable grates constitute a difficult-to-estimate part of all movable furnaces,
approximately hundreds of thousands [4–6,24]. The power of such furnaces ranges from a
few to almost 100 MWt.

During the combustion of solid fuel in a combustion chamber with a stationary or
movable grate, a number of processes take place, such as heating and drying of the fuel,
degassing and partial gasification of the fuel, combustion of the obtained degassing and
gasification products, and the combustion of the obtained carbonizate [17,23,25,26].

In the case of furnaces with a stationary grate, these processes take place for each
portion of fuel fed to the furnace, and they dominate successively. There are also possible
situations of a simultaneous occurrence of two or more processes in different parts of
a given batch of fuel. During fuel combustion on movable grates, these processes take
place along the length of the grate. In this case, these processes often overlap (in a given
longitudinal section of the grate and the fuel, at different heights of the fuel layer and above
it, different processes take place).

The combustion process changes the amount and properties of fuel over time (in the
case of stationary grates) or along the length of the grate (in the case of furnaces with a
mechanical grate). In each of the mentioned processes, there is also a different, often very
different, air demand. The largest stream of air is required for the combustion of degassing
and gasification products, and much less is needed for the combustion of carbonizate.
On the other hand, for the heating and drying processes of fuel, an air supply is not
necessary. The optimal amount of air necessary to be delivered to each of the subprocesses
is additionally influenced by the thickness of the fuel layer and its properties [2,10,17,24–28].

In the grate furnaces in question, the majority of the oxidant is supplied to the combus-
tion chamber as primary air. This air is supplied under the grate. The stream of this air also
has the additional task of cooling the grate and protecting it from damage by excessively
high temperatures.

Therefore, the regulation of the primary air stream is one of the most important control
parameters for grate furnaces.

In the case of stationary furnaces, primary air regulation is possible by changing the
efficiency of the primary air fan. In the absence of a fan, the control is possible only by
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adjusting the size of the opening through which primary air is sucked into the combus-
tion chamber.

In order to be able to control the amount of primary air along the length of the movable
flat grate, its supply is controlled in a specific zone. Depending on the structure, the space
under the grate is divided into several zones [3,6,24,25,28]. The structure of the grate and
that of the combustion chamber enable the feeding process of various primary air streams
to individual zones. Most frequently, this is done with sector-based air boxes.

The basic problem related to the regulation of the amount of air supplied to specific
zones results from the lack of knowledge of the curve describing the best air distribution
along the length of the grate for a given fuel and furnace and for its efficiency. In the
literature [3,29], we can find only qualitative information on the change in air demand along
the length of the grate, without any description allowing for its more precise characteristics.

Another problem arises from the difficulty of assessing whether the amount of air
supplied to a given zone is optimal or close to this value. Most often, in the case of industrial
boilers and furnaces, the measurement of flue gas composition (or only the measurement of
O2 and/or CO2 concentrations) is carried out at a very limited number of points, and often
only at one point. This point, in turn, is often located at the exhaust outlet from the furnace
or even from the entire installation. In such a case, the measurement results allow only for
the assessment of the correctness of the course of the entire process, and they do not provide
information on the possibility of its quick improvement. Such improvement is only possible
by changing the setting of the control parameters by a trial-and-error method. Taking into
account the efficiency change of the installation and the properties of the combusted fuel
implies the necessity of frequent changes of the control parameters and long-term operation
of the furnace in conditions significantly different from rational parameters. The exceptions
include furnaces built in municipal waste incineration installations. In that case, the number
of checkpoints measuring the most important (in terms of the regulation of the combustion
process) components of the exhaust gas (i.e., CO, CO2, and/or O2) and the temperature
is relatively large. However, even in the case of such installations, due to the turbulence
of the process and often large dimensions of the combustion chamber, the adjustment is
difficult [6,11,25,26].

The distribution of primary air in grate furnaces is generally viewed as one of the most
important control parameters, e.g., [2,3,5,10,17,22,23,27]. However, most often the problem
of primary air stream distribution is considered in the context of numerical simulations of
combustion processes, e.g., [30–38].

There are few studies demonstrating the impact of primary air distribution on the
obtained gaseous emissions along the length of the grate based on measurements. The [25,39]
present the results of research studies carried out in industrial facilities. Due to the conditions
of the carried-out research, the number of measurement points in the research presented in [39]
was limited to five. In addition, only one primary air separation was taken into consideration
in the publication.

In conclusion, we can state that one of the most important problems associated with
the operation of grate furnaces is the supply of a suitable air stream under the grate. The
mentioned stream is variable: in time (fixed grate furnaces) or along the length of the grate
(mechanical furnaces).

The main objective of the study is to demonstrate the influence of air distribution on
the formation dynamics of gaseous products of the combustion process. The dynamics is
understood as the change in the stream of the above products over time. The impact in
question was demonstrated based on the results of experimental tests for the theoretically
determined air distribution function. It is also the basic innovative element of the study.
The knowledge of the dynamics makes it possible to determine the total gaseous emissions
of combustion products. The work also determined the effect of air distribution on the
share of combustible parts in the slag.
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2. Materials and Methods

2.1. Theoretical Basis of the Conducted Research
2.1.1. Generalization of Air Distribution in Grate Furnaces

The course of the combustion process depends mainly on the initial composition of
the fuel, its initial amount, the time fuel stays on the grate (measured from the beginning
of the combustion process), and the distribution of air fed to the furnace. In the case of a
furnace with a movable grate, the time of fuel residence on the grate, at a constant grate
move speed, determines the location (position) of the fuel on the grate:

l = w t, (1)

where:
l—fuel location on the grate, distance from the point of fuel supply onto the grate, m;
w—grate movement speed, m/min;
t—fuel-stay time on the grate, min.
In the literature [3,25,29], information can be found on the applied experimental

distribution of combustion air supplied to the grate. The authors of the present study
in [24] defined the following generalized function of air distribution in grate furnaces:

.
V(x) = a

(
1 − x

X

)
x exp

(
b

x
X

)
(2)

where:
a—empirical coefficients, m3/min2 or m3/m2;
b—empirical coefficients, dimensionless quantity;
x, X—variable specifying the fuel condition on the grate and its maximum value;
.

V(x)—air stream corresponding to the variable x;
with:

• in furnaces with a fixed grate, the following should be assumed: x = t; X = T, min,
• in a furnace with a movable grate: x = l; X = L, m,

where:
T—maximum fuel-stay time on the grate, min.,
L—active length of the movable grate, m.
The function

.
V(x) should satisfy the following conditions:

.
V(x = 0) = 0;

.
V(x = X) = 0.

The form of the function is characterized by empirical coefficients. The numerical
value of the factor b follows from the condition:

d
.

V(x)
dx

/x=RX = 0, (3)

where:
R—relative value of the variable x which defines the maximum stream of supplied air,

referenced to the value of X; a dimensionless quantity.
In turn, the numerical value of the coefficient “a” determines the relationship:

Vad =
∫ x=X

x=0

.
V(x)dx (4)

where:
Vad—total demand for combustion air resulting from the initial composition and

amount of fuel and from the ratio of excess air, m3.
Using Equations (3) and (4) we obtain:

b =
1 − 2R

R(R − 1)
, (5)
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a =
Vad

X2·(Y1 − Y2)
, (6)

where:
Y1 =

1
b2 [(b − 1) exp(b) + 1] (7)

Y2 =

(
1
b
− 2

b2 +
2
b3

)
exp(b)− 2

b3 , (8)

When analyzing the system of Equations (2), (5) and (6), it can be seen that the
.

V(x)
curves of air distribution in grate furnaces are explicitly determined by the value of the
variable x = R and by the total combustion air demand Vad.

2.1.2. Determination of Total Emissions of Gaseous Combustion Products

The calculation dependencies given in the further part of the study apply to furnaces
with a fixed grate (x = t). They are also correct for furnaces with a mechanical grate, by
taking into account Equation (1) and by substituting the variable l instead of the variable t.

The emission of gaseous products is determined from the dependence:

.
mj,R(t) =

.
Vsp(t)ej,R(t) ≈

.
V(t)ej,R(t) (9)

where:
.

mj,R(t)—emission of the j-th gaseous product at time t for the R-variant of air separa-
tion stream, g/min or mg/min,

with: j ∈ [CO2, CO, SO2, NOx];
.

Vsp(t) —dry exhaust gas stream at time t for R-th variant of air separation, m3/min;
ej,R(t)—concentration of the j-th component in the dry exhaust gas, for the R-th variant

of air separation at time t, g/m3 or mg/m3.
In view of the difficulties with measuring the flue gas flow, it was assumed:

.
Vsp(t) =

.
V(t). This problem is discussed in more detail in Section 2.1.3.

The air distribution is zonal (see Section 2.4). The flow of air
.

Vi in the i-th zone is
constant but different between specific zones. The value of the air stream in the i-th zone is
determined using Equation (2), yielding:

.
Vi,R =

1
ti,k − ti,p

∫ ti,k

ti,p

.
VR(t)dt, (10)

where:
ti,p, ti,k—start and end value of time t limiting the i-th feed zone of air, min., i = (1 . . . I).
.

Vi,R—air stream in the i-th delivery zone, for the R-th variant of its distribution,
m3/min.

Air stream is a quantity that controls the combustion process. Its value results from
the distribution function (2). The compliance of the above air stream with the assumptions
should be controlled by measurement.

The concentrations of the i-th components of exhaust gas ej,R(t) are also measured.
Since the analyzer used to measure the concentrations shows average values in a specific
time step, the emission stream of exhaust gas components can be determined from the
following relation:

.
mj,R,i,n =

.
Vi,Rej,R,i,n, (11)

where:
.

mj,R,i,n —average emission stream of the j-th product, with R-th air separation, in the
n-th time step, g/min or mg/min;

ej,R,i,n —average concentration of the j-th exhaust component in the n-th time step, of
the i-th zone and the R-th variant of air supply, g/m3 or mg/m3;
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and:
n = (1 . . . N)
where:
N—number of time steps in the i-th air supply zone.
The total emissions of gaseous combustion products can be determined from the formula:

mj,R =
∫ t=T

t=0

.
mj,R(t)dt = Δt

n=N

∑
n=1

.
mj,R,k = Δt

i=I

∑
i=1

.
Vi,R

n=N

∑
n=1

ej,R,i,n, (12)

where:
.

mj,R—total emission of the j-th product, with R-th air separation, g or mg;
.

mj,R(t)—emission stream of the j-th product, with R-th air separation, at time t, g/min
or mg/min;

Δt—time step, min.

2.1.3. Determination of the Relative Uncertainty of the Assessment of Gaseous Emissions
of Combustion Products

The relative uncertainty of the assessment of the total emissions of gaseous products
(exhaust components) can be derived from the formula:

δmj,R

mj,R
=

√√√√(
δΔt
Δt

)2
+

(
δ .

V
.

V

)2

+

(
i=I

∑
i=1

Ni

)(
δe

em

)2
, (13)

where:
δmj,R —absolute error of the total emission assessment of the j-th exhaust component

for the R-th variant of air separation, g or mg;
δΔt, δ .

V
, δe—absolute errors in the assessment of the time step, dry exhaust gas stream,

exhaust gas component concentration, respectively: min, m3/min, g/min or mg/min.
Taking into account the assumptions that the air stream and the dry flue gas stream

are equal, as specified in Section 2.1.2, one should take into account the error of the method.

Thus, the value
δ .

V.
V

in the Equation (10) can be determined from the formula:

δ .
V
.

V
=

√(
δex

.
V

)2
+

(
δm

.
V

)2
, (14)

where:
δex, δm—absolute error of the determination method of dry flue gas stream and the

measurement of air stream, m3/min.
In order to determine the error of the method, stoichiometric calculations were carried

out to determine the ratio α of the air stream to the dry flue gas stream, for exemplary fuels
and exemplary values of excess air ratio λ. The obtained values are given in Table 1.

As the table shows, the error of the method for the analyzed exemplary solid fuels for
λ = 1.0 is less than 4%, and it decreases with the increase of the excess air ratio. For the
value λ = 1.6, it does not exceed 2.5%. For the conducted research, it was 1.6%.

The remaining uncertainty assessments are based on relative measurement errors. For
the presented studies, they were less than 6%.

The relative uncertainty of the total emission of gaseous combustion products, deter-
mined according to the Equation (13), was less than 8%.
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Table 1. Calculated values of α (ratio of air stream to dry exhaust gas stream) for the exemplary fuels
and for the values λ = 1.0; 1.4; 1.6 (λ—excess air ratio).

Fuel Type Calorific Value MJ/kg
α

λ = 1.0 λ = 1.4 λ = 1.6

Anthracite 31.4 1.025 1.017 1.015
Fat coal 31.8 1.037 1.027 1.023
Gas coal 31.4 1.038 1.027 1.023
Lean coal 31.4 1.037 1.026 1.023
Gas coal * 26.8 1.020 1.014 1.014
Dried peat 13.5 1.029 1.020 1.018

Lignite 9.6 1.033 1.024 1.021
Sewage sludge * 10.3 1.043 1.030 1.025

Mix * of coal + sludge 24.5 1.022 1.016 1.014
*—fuel used in the presented research.

2.1.4. Determination of the Share of Combustible Parts in the Slag

In order to determine the proportion of combustible parts in the slag, the slag was
collected from the furnace chamber, from which, three samples weighing about 10 g were
collected after it was homogenized. In the samples, the combustible parts were determined
in accordance with PN-Z-15008-03:1993 [40]. The share of combustible parts was accepted
as the average value of these determinations. The average value of these determinations
was accepted as the share of combustible parts.

As to the share of combustible parts in the slag, the determination uncertainty of this
value was 5%. This value was based on the determinations carried out in an additional
series of 7 samples taken from the furnace chamber carried out for one of the tests. This
value was defined as the quotient of the standard deviation related to the mean value.

2.2. Research Stand

The laboratory stand used in the research enables the simulation of combustion processes
taking place in water boilers with a fixed grate and with a movable grate (e.g., belt grate). The
diagram of the test stand shown in Figures 1 and 2 presents the view of its most important part.
The main element of the stand is the combustion chamber consisting of two basic parts: the
upper and the lower part. In the lower part, it is possible to regulate the heating temperature of
the chamber up to 1200 ◦C. In the upper part, a water jacket is applied.

The lower part of the installation, due to the possibility of heating to a constant temperature,
enables the simulation of the vault ignition (afterburning) of a grate boiler. The heated chamber
walls also simulate the influence of the remaining parts of the real boiler on the combustion
fuel sample. The lower part of the test installation is designed to operate at temperatures up to
1800 ◦C. The upper part of the boiler allows the exhaust gas to be cooled in a manner similar to
that occurring in the upper part of the combustion chambers of water boilers.

In order to quickly load the fuel sample into the furnace chamber and to allow the fuel
to be placed on the grate, the grate is placed on a movable bed. The bed is pushed inside
after the lower chamber has been heated to the assumed temperature.

The combustion chamber is equipped with a number of measuring nozzles that allow
for temperature measurements and gas sampling at various points. The installation is
equipped with a system of devices enabling the control of the size of air stream and its
measurements. Due to the above-mentioned features, the installation enables the mainte-
nance of repeatable values of the regulated factors. In order to measure the composition
of the exhaust gases, samples were taken from a stub-pipe mounted in the chimney. The
stub-pipe was located near the top of the combustion chamber. The concentrations of the
analyzed gases were measured using the MGA 5 analyzer by MRU GmbH (Neckarsulm
Germany). The analyzer measured CO2, CO, NO, and SO2 concentrations using infrared
sensors. Additionally, in the case of NO2, the analyzer was using a catalytic converter. The
accuracy of the exhaust gas analyzer was ±5% of the measured value [41].
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Figure 1. Test stand scheme: A—flue gas analyzer, S—boiler control system, W—fan, 1—rotameter,
2—valve, 3—moveable bed with grate, 4—grate, 5—surge tank (firepan), 6—rail, 7—air supply nozzle,
8—heating element (electrical), 9—water jacket, 10—discharge tunnel, 11—measurement probe,
12—probe head, 13—heated hose, 14—electric cables, 15—cooling water circulation, 16—water/air
heat exchanger (cooler), 17—circulation pump, 18—surroundings.

 

Figure 2. View of the test stand: 1—lower part of the stand (heated), 2—upper part of the stand
(water-cooled), 3—movable bed with a grate (inserted), 4—connection point for the primary air duct,
5—water/air heat exchanger (cooler), 6—measurement point of exhaust gas composition, 7—raised
furnace closure (lowered for the heating time of the stand).
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2.3. Research Material

The research presented in this study concerns the co-firing of sludge with the compo-
sition given in Table 2 and hard coal with the composition shown in Table 3. The co-firing
process was carried out in the furnace shown in Figure 1 (a fireplace with a fixed grate).
The proportion of sludge in the burnt mixture was 15%, and the proportion of moisture in
the sludge was 40%. The remaining parameters of the process were as follows: the initial
thickness of the fuel layer on the grate was 10 cm, the theoretical ratio of excess air to
combustion was 1.4, and the duration of the process was 40 min.

Table 2. Selected parameters of sludge used in the tests (d.w.—dry weight).

Specification Unit Values Stand. Dev.
Determination

Method/Standard

Calorific value d.w. kJ/kg 10,330 680 PN-ISO 1928:2002 [42]

Combustible parts % d.w. 62.04 0.61 PN-Z-15008-03:1993 [40]

Elementary composition:

Carbon % d.w. 30.13 0.72 PN-Z-15008-05:1993 [43]

Hydrogen % d.w. 4.35 0.34 PN-Z-15008-05:1993 [43]

Nitrogen % d.w. 3.67 0.26 PN-G-04523:1992 [44]

Sulphur % d.w. 1.41 0.16 PN-ISO 334:1997 [45]

Oxygen % d.w. 19.30 0.85 Calculation method *
* oxygen content = 100%−carbon content %−hydrogen content %−nitrogen content %−sulfur content %−content
of noncombustible parts %.

Table 3. Selected parameters of coal used in the research.

Specification Unit Values Stand. Dev.
Determination

Method/Standard

Calorific value d.w. kJ/kg 26,790 2040 PN-ISO 1928:2002 [42]

Combustible parts % d.w. 93.65 0.104 PN-Z-15008-03:1993 [40]

Elementary composition:

Carbon % 73.01 0.97 PN-Z-15008-05:1993 [43]

Hydrogen % 4.57 0.08 PN-Z-15008-05:1993 [43]

Nitrogen % 1.53 0.04 PN-G-04523:1992 [44]

Sulphur % 0.37 0.01 PN-ISO 334:1997 [45]

Oxygen % 9.66 1.01 Calculation method *

Humidity % 4.79 0.25 PN-G-04511:1980 [46]
* oxygen content = 100%−carbon content %−hydrogen content %−nitrogen content %−sulfur content %−content
of non-combustible parts %−humidity content %.

2.4. Distribution of Primary Air

Under the above-mentioned conditions, the tests were carried out for three variants of
air stream distribution, which involved the relative version R ∈ [1/6, 5/12, 2/3], which in
order to obtain absolute values should be multiplied by T.

In Figure 3, for the aforementioned R values, theoretical air stream distributions,
determined according to the Equation (2), taking into account the dependencies (5) and
(6), are presented. Figure 4 shows air streams in individual zones during the carried-out
tests, which simulate the air flow distribution curves described by the Equation (2), for the
R values taken into account. In each variant, the air was fed into 5 zones.
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Figure 3. Theoretical distributions of air streams for the values R analyzed in the study.

Figure 4. Average values of air streams delivered to individual zones during laboratory tests.

2.5. Sequence of Procedures in the Determination of Gaseous Products of the Combustion Process

• The following part of the article presents the results of tests carried out in compliance
with the following procedure:

• Based on the composition and amount of the tested fuel and on the assumed ratio of
excess air, the total amount of supplied air (Vad) was calculated.

• For the assumed value of R, the air stream distribution in time
.

V was determined in
line withEquation (2) (Figure 3).

• Based on the Equation (10), the average values of air streams in individual zones
.

Vi,R
were calculated (Figure 4).

• The air streams, equal to the calculated values, were blown into the combustion
chamber (they were controlled by means of rotameters).

• During the tests, the concentrations of the analyzed exhaust gas components were
measured ej,R,i,n; the measurements were made in subsequent time steps in individual
zones (using an analyzer).

For the values of air streams and concentrations of exhaust gas components resulting
from the measurement, from Equation (11), taking into account Equation (9), the emission
streams of exhaust gas components were calculated.

3. Results

3.1. Emission Streams of Exhaust Gas Components

The following was assumed in the calculations: I = 5, N = 8, Δt = 1 min, and R ∈ [1/6,
5/12, 2/3]. The obtained results are shown in Figures 5–8, respectively for CO2, CO, NOx,
and SO2. Each figure shows the emission streams corresponding to the three analyzed air

116



Energies 2023, 16, 1647

distributions R. The information provided in the figures demonstrates the impact of air
distribution both on the values of the emission streams of exhaust gas components obtained
during the combustion of fuel and on the dynamics of the changes of these streams (i.e.,
their changes over time).

Figure 5. Dynamics of CO2 emission determined during the tests at individual primary air distributions.

Figure 6. Dynamics of CO emission determined during the tests for individual primary air distributions.

Figure 7. Dynamics of NOx emission determined during the tests for individual primary air distributions.
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Figure 8. Dynamics of SO2 emission determined during the tests for individual primary air distributions.

3.2. Total Emissions of Gaseous Combustion Products

The total emissions of the analyzed exhaust gas components were determined from
the dependence (12) based on the above-mentioned measurement results and the adopted
assumptions. The geometrical interpretation of the total emission of exhaust gas compo-
nents is expressed by the fields under the graphs defining the emission stream of these
components (see Figures 5–8). The obtained results are presented in Figure 9.

Figure 9. Curves describing changes in total emission of CO2, CO, NOx, and SO2 as a function of
the R parameter. Dashed lines—extrapolated trend lines beyond the test range (value 0.1 of the
R parameter).

The dashed lines show the trend lines extrapolated beyond the test range (by the value
of 0.1 of the parameter R).

3.3. Determination of the Share of Combustible Parts in the Slag

The contents of the combustible parts in the slag, measured for the three considered
air distributions, are presented in Figure 10. The dashed line shows the trend line, which is
the extrapolated trend line beyond the scope of the tests (by 0.1 of the R parameter).
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Figure 10. Curve describing changes in the content of combustible parts in the slag as a function of R
parameter. The dashed line—extrapolated trend line beyond the test range (by the value of 0.1 of the
R parameter).

4. Discussion

The following discussion is based on the results of the research carried out in a furnace
chamber with a fixed grate, working at the operating parameters given in Section 2 of
this paper.

The changes in air streams introduced during the tests caused disturbances in the
combustion process, which contributed to the irregular course of the streams of gaseous
emissions of exhaust gas components.

In the case of the curves showing the changes in CO2 (Figure 5), the relationship
between gas emissions and the changes in the primary air stream is clearly visible. And
with the increase in parameter R, the occurrence of the largest CO2 stream is increasingly
ahead of the moment of maximum air stream supply.

Almost the entire emission of CO (Figure 6), regardless of the distribution of the
supplied air, takes place up to the moment of the largest stream of supplied air (approx.
to 8, 16 and 20 min, respectively). The combustion process with air separation, for which
R = 1/6, is characterized by the shortest duration of high CO emissions and the lowest total
emissions of CO2 and CO. This may be the reason to conclude that the large air stream at
the beginning of the combustion process did not allow the fuel to be properly ignited. For
this reason, the amount of air quickly turned out to be sufficient to completely burn down
the occurring CO to CO2.

The largest streams of NOx emission (Figure 7) are accompanied by a rapid decrease
in the stream of CO emission. The above observation is consistent with the results of the
research presented in [20,47,48].

The shapes of the curves showing changes in SO2 emissions (Figure 8), in the case
of combustion processes with air distribution for R = 1/6 and R = 2/3, approximately
correspond to the shapes of the curves showing changes in CO2 emissions (it is most
evident in the case of air separation for R = 2/3). For the third combustion process, the
discussed relationship can be observed only after 13 min.

The information provided in Figures 9 and 10 shows that within the range of the ana-
lyzed air distribution R from 1/6 to 2/3, as it increases, a rise in the emissions of CO2, CO
and SO2 was reported, respectively by 53%, 125%, and 27%, as well as a drop of NOx emis-
sion and the share of combustible parts in the slag by 12% and 79%, respectively. This allows
us to assess the impact of air distribution on incomplete and fragmentary fuel combustion
and to evaluate the ecological harmfulness of the conducted combustion processes.

The following general comments and observations result from the conducted analyses:

• The generalized air distribution curve corresponds well with the practical methods of
air supply (distribution) in industrial grate furnaces.
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• The time or place of supplying the maximum air stream and its total demand are
sufficient parameters to determine the shape of the air distribution function.

• Air distribution has a significant impact on the quantity and quality of gaseous and
solid products of the combustion process.

• By applying the proper air distribution, it is possible to significantly reduce the
emission of selected gaseous substances and to increase the energy efficiency of the
furnace operation.

• In order to determine the most advantageous location of the maximum stream, the
furnace characteristics should be determined each time for a given fuel (e.g., coal with
specific properties).

When analyzing the obtained measurement results, one should notice the presence of
too-high contents of combustible parts in the slag and the related too-low values of CO2
emission. It is caused by too short fuel combustion assumed in the tests. The resulting fact
made it possible to more clearly demonstrate the influence of the method of air supply in
the grate furnace on the emission of solid and gaseous fuel combustion products.
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12. Jančauskas, A.; Buinevičius, K. Combination of Primary Measures on Flue Gas Emissions in Grate-Firing Biofuel Boiler. Energies

2021, 14, 793. [CrossRef]
13. Regueiro, A.; Patiño, D.; Porteiro, J.; Granada, E.; Míguez, J.L. Effect of Air Staging Ratios on the Burning Rate and Emissions in

an Underfeed Fixed-Bed Biomass Combustor. Energies 2016, 9, 940. [CrossRef]
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Abstract: The possibilities for reducing the fuel consumption of internal combustion engines focus
mainly on developing combustion systems, as one such solution is a two-stage combustion system
using jet ignition. The combustion of gaseous mixtures with a high excess air ratio leads to an increase
in overall efficiency and a reduction in the emissions of selected exhaust components. In such a
convention, gas combustion studies were conducted in the methane/propane configuration. Using
an active prechamber where spark plugs were placed and direct injection through a check valve, the
fuel dose was minimized into the prechamber. The tests were conducted for a constant center of
combustion (CoC). The combustion process in both the prechamber and main chamber was analyzed
using a test stand equipped with a 0.5 dm3 single-cylinder engine. The engine was controlled by
varying the fuel supply to the prechamber and main chamber in excess air ratio λ = 1.3–1.8. The study
analyzed thermodynamic indices such as the combustion pressure in both chambers, based on which
the SoC in both chambers, the rate and amount of heat released, AI05, AI90 and, consequently, the
indicated efficiency were determined. Based on the results, it was found that the use of CH4/C3H8

combination degraded the thermodynamic indicators of combustion more than using only the base
gas (methane). In addition, the stability of the engine’s operation was decreased. The advantage
of using propane for the prechamber is to obtain more beneficial ecological indicators. For the
single-fuel system, a maximum indicated efficiency of more than 40% was obtained, while with the
use of propane for the prechamber, a maximum of 39.3% was achieved.

Keywords: TJI combustion; prechamber; methane/propane combustion

1. Introduction

The development of internal combustion engines focused on reducing fuel consump-
tion is primarily leading to improvements in lean-burn technology. Gaseous fuels are
mainly becoming attractive as an energy factor due to their lower carbon content, effec-
tively reducing carbon dioxide and particulate emissions into the atmosphere [1].

The combustion of methane in spark-ignition engines in stoichiometric mode is a
relatively common solution applied in many types of propulsion systems. An expanded
opportunity to improve engine ecology and reduce fuel consumption is provided using a
two-stage combustion system—TJI [2–5]. This system can be classified into passive and ac-
tive prechambers [6]. The passive prechamber is filled with homogeneous fuel–air mixtures
from the main chamber during the compression stroke. The active prechamber system is
integrated with an auxiliary fuel-metering device to accurately control the equivalence ratio
of the stratified mixture. Thus, the passive prechamber and active prechamber systems are
also named homogeneous prechamber and stratified prechamber systems, respectively [6].
The above shows much greater benefits when using an active prechamber system. Ignition
mechanisms [7–9] and inter-chamber flows have been well described and explained.

Combustion with turbulent jet ignition systems is carried out over a wide range
of excess air ratios. In the range of excess air ratio 1–1.5, the authors of the article [10]
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investigated the combustion of various fuels in a prechamber using a single-cylinder test
engine. Additionally, in the range of excess air ratio from 1.5 to 1.9, the effect of the cross-
sectional area of the prechamber discharge holes was studied. The tests were conducted on
an engine fueled with natural gas [11]. Studies on the flammability of the air–fuel mixture
using a constant-volume chamber and the TJI system were conducted. In addition to base
natural gas, hydrogen was also burned [12]. On another model test stand, specifically a
rapid compression machine, different configurations of the ignition system, such as PC
spark plug, TJI, and a three-stage system, were compared for an excess air ratio of 1.5 [13].
In another study [14], Nanosecond Repetitively Pulsed Discharge (NRPD) ignition systems
and turbulent jet ignition (TJI) were tested in a constant volume chamber with an excess air
ratio of up to 1.8.

The effects of co-combustion of methane and propane are not well recognized, as
evidenced by the small number of published research results. Studies of these fuels as an
additive to diesel fuel have been conducted. Their use reduced fuel consumption by 21%
or 15%, respectively [15]. The same reduction in NOx emissions (by 56–57%) was obtained
regardless of the additive used.

The much higher density of propane than methane (1.964 versus 0.715 kg/m3) and a
boiling point of −42 ◦C (methane −162 ◦C) cause difficulties in getting propane into the
cylinder in gaseous form [16]. It is necessary to keep appropriate conditions such as low
pressure.

One of the concepts for burning lean mixtures is the so-called hybrid combustion [17].
It uses a micro-flame-ignited (MFI) in dimethyl ether (DME) direct injection system and
gasoline at a lambda excess air ratio of 2.0. Li at el. [17] conducted studies of DME
combustion with the hybrid combustion of DME and gasoline. As a result, the indicated
mean effective pressure (IMEP) and cyclic variation are reduced in the double direct
injection conditions.

Modeling of the methane combustion process with the TJI system was conducted by
Distaso et al. [18]. The research was carried out using an active prechamber at λ = 1.3.
Such a value was found to be the limiting value in a standard engine. The prechamber
(cylindrical in shape) was placed angular to the cylinder axis. As a result of the conducted
exhaust emission analyses, it was determined that in both chambers at the exhaust valve
open EVO, the mass fraction of CO2 produced is almost the same. The production of CO
and HC in the prechamber is significantly higher (by two orders of magnitude). The mass
fraction share of NOx in the prechamber is an order of magnitude smaller than in the main
chamber.

A future direction for fueling internal combustion engines may be using ammonia.
Liu et al. [19] report that using a TJI system for ammonia combustion improves the stability
of engine operation and makes it possible to obtain higher IMEP values with respect to
a reference engine. However, Vinod et al. list many barriers to the development of this
fuel, such as long ignition delay, low flame development rate, and low reactivity [20]. The
quality of the combustion process can be improved by adding methane to ammonia [21]
or by using a reactivity controlled turbulent jet ignition (RCTJI) system [22]. Research by
Zhang et al. [21] indicates that a 10 to 20% methane addition value leads to an increase in
combustion pressure and an increase in the average rate of pressure rise.

2. Aim and Scope of the Study

Co-combustion of gaseous fuels in a two-stage combustion system is a relatively
unrecognized solution. For this reason, the authors decided to conduct a comparative
experimental study using a single-cylinder research engine. The TJI system used a single-
fuel operation where the fuel was methane, then the strategy was changed to a dual-fuel
operation, and propane was supplied to the ignition chamber instead of methane. So, the
comparison subject is the effect of changing the fuel supplied to the ignition chamber. In
the research program on the effect of fuel type, large changes in the dose of fuel supplied to
the prechamber with varying values of the excess air ratio were realized.
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The questions sought to be answered regarding the thermodynamics of the process
were (1) how the excess air ratio affects the combustion process, and (2) how the dose of
fuel fed into the prechamber affects combustion efficiency.

3. Materials and Methods

3.1. Test Stand

A single-cylinder AVL 5804 research engine with Eddy current engine dynamometers
was used to study the combustion process. The engine has an ignition system that allows
real-time control of ignition advance angle and coil charging time. The cylinder head of
the engine was adapted to a two-stage combustion system (Figure 1). The adaptation
involved expanding the bore to fit the prechamber along with the direct fuel delivery
system and pressure sensor. An active prechamber system with fuel delivery through a
check valve was used. A prechamber with a 1.7 mm diameter straight 6-hole and an M10
spark plug was employed. Prechamber volume is 5.93% of clearance volume Vc. Due to the
different properties of the fuels, methane was supplied to the main chamber at a pressure
of 9 bar regardless of the engine mode. In single-fuel mode, methane was supplied to the
prechamber at a pressure of 3 bar, while in dual-fuel mode the propane pressure was 1 bar.
Fuel injection simultaneously occurs into the intake manifold and the prechamber during
the intake stroke 300 ◦CA before TDC. An injector located in the intake manifold delivers
fuel to the main chamber (this chamber is determined by the volume of the cylinder after
the intake valves are closed)—Figure 1. Under these conditions, the use of higher injection
pressure is not necessary. Other engine specifications are shown in Table 1 and Figure 2.

(a) (b) (c) 

Figure 1. Scheme of cylinder head: (a) model of active prechamber; (b) view of main and prechamber;
(c) view of intake duct and combustion chamber (main and prechamber).

Table 1. Technical data of the single-cylinder test engine used.

Parameter Unit Value

Engine – 1-cyl., 4-valve, SI, TJI
Displacement dm3 0.5107
Bore × stroke mm 85 × 90

Compression ratio – 14.5

Fueling – Prechamber: EM injector Main
chamber EM injector

Prechamber – 2.35 cm3 (5.93% of Vc)
Air system – Naturally aspirated
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Figure 2. Test stand layout with a 2-stage combustion system fueled by methane and propane.

1. Variable control parameters:

• Excess air ratio (λ = 1.3; 1.5; 1.8);
• Dose of fuel to prechamber: energy value of fuel for prechamber: 10; 20; 30; 40;

45; 50; and 60 J (while keeping the total energy value of fuel supplied to the
engine constant).

2. Constant control parameters:

• Engine speed: n = 1500 rpm;
• Total fuel dose: qo = 13.5 mg (energy = 675 J).

In view of the different calorific values of the fuels (methane and propane—Table 2),
the energy content of the fuel dose was determined, rather than the mass directly.

Table 2. Properties of methane and propane [23,24].

Property Methane Propane

Chemical formula CH4 C3H8
Lower flammable limit [%] 5 2.1
Upper flammable limit [%] 15.4 9.5
Flammable range [%] 10.4 7.4
Risk index of explosion [−] 2.0 3.524
Minimum ignition energy [mJ] 0.21–0.30 0.25–0.27
Auto ignition temperature [◦C] 580 480
Stoichiometric air/fuel ratio [−] 17.19 15.67
Adiabatic flame temperature [◦C] 1963 1980
Laminar burning velocity [cm/s] 37 39–43
Lower heating value [MJ/kg] 50.0 46.35

Studies of thermodynamic parameters of combustion were conducted using combus-
tion pressure sensors for the main chamber, AVL GH14D (0–250 bar), and in the prechamber,
Kistler 6081 (0–250 bar), whose signals were recorded using AVL IndiSmart (8-channel
+ IFEM amplifiers) together with AVL crank angle (364C01; 0.1 deg). Gas flow rates: air
(Sensycon Sensyflow P; 0–400 kg/h; error < ±0.8%); combustible gases into the prechamber
(Bronkhorst 111B; 0.1–100 g/h; accuracy ±0.5% RD plus ±0.1% FS) and into the main cham-
ber (Micro Motion ELITE CMFS010M; 0.1–2 kg/h; accuracy ±0.25%). Gas feed settings
were adjusted using a system for controlling the timing and start of injection (Mecha-
tronics Control Gas Injectors). Exhaust gas analysis was carried out using an Axion RS+
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analyzer (CO: 0–10% accuracy ±0.02% abs, HC: 0–4000 ppm accuracy ±4 ppm abs, NO:
0–4000 ppm accuracy ±5 ppm abs), a typical portable emissions measurement system
(PEMS—Portable Emissions Measurement System) from Global MRV. Exhaust gases were
measured using the following methods: CO and HC—spectrometric via analyzer (NDIR)
and NO—electrochemical.

3.2. Method of Analyzing Research Results

Methane was chosen as the primary fuel supplied to the cylinder due to its lower
carbon content in the molecule. The research work included feeding methane or propane
into the prechamber.

By changing the value of the excess air ratio and the type of fuel, engine operating
conditions change even within the range of the same test point. Controlling engine opera-
tion by keeping the ignition angle constant, the maximum pressure angle constant, or the
combustion center constant is possible. The last indicator, defined as the angle at which
50% of the heat is released (its value was set at 8 deg aTDC), was chosen:

CoC = α at 0.5 ×
∫ EOC

SOC

dQnet
dα

dα, (1)

where SOC—start of combustion; EOC—end of combustion. In a similar way, the beginning
of combustion (the angle at which 5% of the heat is exerted) and the end of combustion
(the angle at which 90% of the heat is exerted) were determined.

A criterion for the stability of engine operation has also been defined as the unevenness
of operation determined by the value of the coefficient of variation CoV(IMEP) < 3.0% [25].
Older sources give this indicator a value of 10% [26] or this value is given in a range [27].
This indicator was defined as

CoV(IMEP) = 100 × σ(IMEP)
μ(IMEP)

, (2)

where σ and μ are the standard deviation and the mean value, respectively, over a number
of consecutive combustion cycles (analysis applies to 100 consecutive cycles).

Other thermodynamic indicators were determined as follows:

1. Heat release rate
(

dQnet(α)
dα

)
dQnet(α)

dα
=

γ

γ− 1
P(α)

dV(α)

dα
+

1
γ− 1

V(α)
dP(α)

dα
, (3)

where P is the instantaneous cylinder pressure, α is the crank angle, γ is the ratio of
the specific heats, and V is the instantaneous cylinder volume.

2. Indicative power (Ni):

Ni =
Vs × IMEP × n

τ
, (4)

where Vs—engine displacement, n—engine speed, and τ—cyclicality of engine operation.
3. Specific fuel consumption (gi):

gi =
GMC + GPC

Ni
, (5)

where G—fuel consumption in the main chamber (MC) and prechamber (PC), respectively.
4. Indicative efficiency (ηi):

ηi =
1

gi × LHV
, (6)

where LHV—heating value of methane.
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5. Specific emissions of exhaust components (ei):

ei =
ai × Ci × (Ga + GMC + GPC)

Ni
, (7)

where i = CO, THC, NO, Ci—concentration; CO, THC, NO, Ga—air consumption;
GMC, GPC—fuel consumption in both chambers; ai—density ratios (CO = 0.000966;
CTHC = 0.000479, CNO = 0.001587) [28].

An illustrative curve of the measured quantities recorded during the tests is shown
in Figure 3. In addition to the cylinder and prechamber pressures, the duration of the
pulse controlling the injectors and ignition coil is also shown. Fuel was injected into both
combustion chambers at different pressures. As can be seen from the figure, the dose
injection time into the prechamber is significantly shorter than the fuel injection time into
the main chamber.
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Figure 3. An example of the waveform of the recorded signals with the description of the fuels fed to
both combustion chambers (start of fuel feeding to both chambers at the angle α = 260 deg bTDC).

4. Thermodynamic Analysis of System Operation Fueled by Different Fuels

4.1. Cylinder Pressure

According to the conducted tests, the in-cylinder pressure curves were obtained as an
average of the 100 recorded cycles. Due to the fact that methane was always injected into
the main chamber, Figure 4 only shows what type of fuel was injected into the prechamber.
The blue color represents the case of fueling the pre-combustion chamber with methane,
while the red color represents the case of fueling it with propane. The diagrams also include
information on the share of energy contained in the fuel delivered to the prechamber. With
the excess air ratio with the smallest analyzed value (λ = 1.3), feeding methane into the
prechamber resulted in slightly higher values of maximum pressure in the cylinder (in the
main chamber). At λ = 1.5, the maximum pressure values are very similar. Operation of the
engine with an excess air ratio of λ = 1.8 results in the smallest dose of methane fed into
the prechamber not igniting the fuel in the cylinder (no line in Figure 4). Only at a dose of
qo_PC = 30 J and λ = 1.8 is the value of the maximum pressure during propane combustion
in the PC greater than that of methane combustion.
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Figure 4. In-cylinder (main chamber) pressure curves Pav_MC averaged from 100 cycles of combus-
tion pressure in the cylinder when the prechamber was fueled with methane or propane (methane
was always supplied to the main chamber via injector placed in intake duct).

4.2. Analysis of Engine Operation Stability

For all engine operating points, the coefficient of variation of the indicative mean ef-
fective pressure CoV(IMEP) was determined according to Equation (2). The data presented
(Figure 5) show that the largest values of the engine’s operating irregularity are related
to a large dose of fuel fed into the prechamber at λ = 1.3, independent of the fuel type
in the prechamber. As mentioned earlier, the misfire of the fuel in the cylinder, shown
by the large CoV(IMEP) value, also occurs at λ = 1.8 and a low fuel dose. At this point,
CoV(IMEP) = 12% was obtained during propane combustion, while no combustion oc-
curred during methane combustion (in the prechamber), which is why there is no point in
Figure 5b.

 

CoV(IMEP) 

 

(a) (b)  

λ

λ 

λ 

Figure 5. Interpolated maps showing the stability of engine operation represented by the coefficient
of variation CoV(IMEP): (a) when burning propane in the prechamber; (b) when burning methane in
the prechamber.
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As shown in Figure 5, the most stable engine operation is at λ = 1.5 over the entire
range of changes in the fuel dose to the prechamber qo_PC. The greatest unstable operation
is observed with a large value of λ = 1.8 and a low dose of propane to PC (Figure 5a). A
large excess air ratio and a low fuel dose do not promote the ignitability of the charge. The
same is true for methane combustion—with the above conditions (λ = 1.8, qo_PC = min)
there is no ignitability of the main charge.

Therefore, the next figure shows the conditions that are the most (Figure 6a) and
least favorable (Figure 6b) for ignition of the charge. The most favorable conditions for
combustion (most stable engine operation) occur at the average value of the fuel dose to
the PC (qo = 30 J). The value of CoV(IMEP) is below 0.8%. The least favorable conditions
result in CoV(IMEP) values well above 5% and above 9%. It can be considered that at
CoV(IMEP) = 9.3%, the peak pressure differences are almost 100%. At CoV(IMEP) = 5.8%,
the maximum variations are 26 bar, or about 75%.
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Figure 6. Stability of engine operation determined by maximum cylinder pressure Pmx (blue dots):
(a) smallest CoV(IMEP) < 1% when burning methane and propane: λ = 1.5 Eqo_PC = 30 J; (b) largest
CoV(IMEP) > 10% when burning methane and propane: λ = 1.8 Eqo_PC = 20 J.

A comparison of IMEP values at each point of engine operation is briefly shown in
Figure 7. All curves are drawn in the same color, but those showing significant deviations
are marked in blue or black. It can be seen from the data presented that the highest
instability of operation occurs at λ = 1.8. Two curves significantly deviating from the
stability criterion of CoV(IMEP) < 3.5% were recorded. The maximum values are 9.33%
and 11.45%. Comparing the combustion of methane and propane, it was found that the
combustion of methane significantly degrades the combustion process more (no combustion
at qo = 10 J and λ = 1.8). At other operating points, the combustion conditions are similar
(at the same fuel doses qo_PC), i.e., combustion is deteriorated.

The engine’s so-called “work maps” stability is also included in the IMEPn-IMEPn+1
coordinates (Figure 8). They indicate the variability of sequential engine cycles and illustrate
in detail the changes in the cyclicality of engine operation. At the smallest value of the
excess air ratio λ = 1.3, the greatest irregularity occurs at high fuel doses to the PC during the
combustion of methane in the prechamber (Figure 8b—left graph). The variation averages
ΔIMEP = 0.8 bar/cycle. The most stable engine operation occurs at λ = 1.5. The cyclic
changes from cycle to cycle are less than ΔIMEP = 0.5 bar/cycle. The highest irregularity
was observed at λ = 1.8 during propane combustion (Figure 8a). The ΔIMEP changes
are almost 3 bar/cycle. During methane combustion, the ΔIMEP value is a maximum of
1.5 bar/cycle.
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Figure 7. Instability of engine operation determined by IMEP for each value of excess air ratio:
(a) when burning propane in the prechamber; (b) when burning methane in both chambers (values
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Figure 8. Unevenness of engine cycles determined by IMEP maps for each value of excess air ratio
and different values of fuel dose energy injected into the prechamber: (a) when burning propane in
the prechamber; (b) when burning methane in both chambers.

The analysis of inter-chamber tides is shown in Figure 9. The pressure difference
between chambers was chosen as the parameter representing mass transfer intensity. The
combustion of fuels at λ = 1.3 (Figure 9a) shows the smallest pressure difference between
volumes when various fuels are combusted. A higher value was recorded during the
combustion of propane in the prechamber, the pressure difference between the main and
prechamber being about 0.9 bar. An earlier ignition of methane than propane is observed to
achieve CoC = 8 deg aTDC. This means that propane combustion occurs faster, especially
in the range of the first phase of combustion. This phase lasts from the beginning of
combustion until 50% of the heat is released. When burning fuels at λ = 1.5, the start of
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combustion in the PC is slightly later for both fuels (Figure 9b). The pressure differences in
the prechamber are already greater at about 1.4 bar. The combustion pressure in the PC
during propane fueling is higher, and again the maximum falls slightly later than during
methane combustion. The largest differences were observed when sparging the fuels at
λ = 1.8 (Figure 9c). Differences in the onset of combustion in the PC are large at about 4 deg.
Pressure differences in PC are about 2.1 bar.

(a) (b) (c) 

Figure 9. Inter-chamber flows (Delta_P) and pressure in the prechamber and main chamber during
combustion of methane (blue line) and propane (red line): (a) during combustion of fuels with excess
air λ = 1.3; (b) during combustion of fuels with excess air λ = 1.5; (c) during combustion of fuels with
excess air λ = 1.8.

At all points, the maximum pressure in the MC is several bars higher than in the PC.
This is mainly due to the throttling effect of the flow orifices produced in the prechamber.

The specific changes in the pressure values in the two chambers are shown in Figure 10.
It shows the high intensity of the processes in the prechamber under the conditions of the
mean energy supplied to this chamber. On this basis, it is possible to conclude the optimal
amount of fuel delivered to the prechamber. As can be seen from the data presented, the
best value is the energy in the range of 20–30 J delivered to the PC. Too small as well as
too large a dose of fuel to the PC results in a non-intensive combustion in the prechamber.
Regardless of the dose, higher pressure values were always recorded in the MC than in
the PC.

Based on the above considerations of engine stability, the average values of IMEP in
both combustion chambers were determined (Figure 11). It was found that the IMEP in
MC has about 0.2 bar higher values than in PC. As the dose to the PC increases, the value
decreases almost linearly. The change in IMEP is about 0.2 bar per 50 J of energy delivered
to the PC. This decrease may be due mainly to the lower energy of the fuel contained in
the main chamber. This means that the minimum dose delivered to the PC is sufficient to
initiate the combustion process and maximize IMEP. The figures also show the effect of the
loss of stability of engine operation, which is a very large drop in IMEP at λ = 1.8 and low
energy fed to the PC. With such conditions of high excess air, the minimum dose given to
the PC is too low to achieve proper combustion.
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Figure 10. Conditions of pressure change in the cylinder during the combustion of propane (PC) and
methane (MC), as well as combinations of methane (PC) and methane (MC) at different values of
energy injected into the prechamber at λ = 1.5 (the most favorable combustion conditions regardless
of the fuel initial dose).

(a) (b) 

λ

λ
λ
λ

Figure 11. Variation in IMEP with respect to energy delivered to the prechamber at different values of
excess air ratio λ: (a) variation in IMEP in the main chamber; (b) variation in IMEP in the prechamber.

The combustion of methane and propane at λ = 1.8 is not beneficial. In both cases,
an unsatisfactory combustion was obtained at small values of qo_PC. At larger values of
qo_PC, the smallest IMEP values were observed, indicating that the excess air ratio limit
was exceeded with the combustion system used.

Based on the pressure curve in the cylinder and Equation (3), the rate of heat re-
lease was determined. Integrating these values, the total amount of heat released was
obtained. The analysis of this quantity in Figure 12 confirms the above information about
the minimization of the dose delivered to the PC.
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(a) (b) (c) 

λ = 1.8λ = 1.5λ = 1.3

λ = 1.8λ = 1.5λ = 1.3

Figure 12. The heat release path in the cylinder (in the main chamber) with the determination of the
minimum dose of fuel injected into the prechamber for both types of fuels: (a) at λ = 1.3; (b) at λ = 1.5;
(c) at λ = 1.8.

The combustion of propane and methane in the PC results in the maximum heat
release values being obtained with the minimum fuel dose. The combustion of very lean
mixtures (λ = 1.8—Figure 12c) results in a different process when methane or propane
is injected into the PC. When burning propane, the minimum dose is too low to achieve
proper combustion, and the amount of heat released is the smallest. In this case, very large
spreads in the path of heat release were obtained, depending on the amount of energy
delivered to the PC. The combustion of methane (Figure 12c) also results in a maximum of
heat released at qo → min, i.e., 10 J of energy delivered to the PC. However, the amount of
heat released is at the same time the smallest (compared to other values λ).

4.3. Indicators of Engine Operation
4.3.1. Thermodynamic Indicators

Using the quantities in Figure 12 and taking into account Equation (1), the thermo-
dynamic indices of an engine fueled by methane and propane were determined. The
combustion center (CoC) and start (AI05) and end of combustion (AI90) were determined.
The results of these measures are included in Figure 13.

According to data from Figure 13, the combustion of methane and propane in PC
at λ = 1.3 and 1.5 results in high operation stability. As the energy delivered to the PC
increases, the time of combustion I phase also increases. This is due to the control method
of keeping the CoC constant (8 deg aTDC). Such control requires an increase in the ignition
advance value, which results in an advance at the start of combustion. At the same time,
during the combustion of both fuels, a longer combustion phase II (AI90—CoC) is also
observed. This means that the fastest process occurs when small doses of fuel are fed
into the prechamber. The combustion of fuels at λ = 1.8 results in large variations in
thermodynamic indicators. This is due to the combustion conditions (operating instability)
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presented previously. Although the CoC value was kept constant, both the start and the
end of combustion have a different trend from the previous values of the excess air ratio.
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Figure 13. Thermodynamics of the combustion process: beginning of combustion (AI05), center of
combustion (CoC), and end of combustion (AI90) determined for average pressure curves during
methane and propane combustion.

4.3.2. System Efficiency for Methane and Propane Combustion

Taking into account Equations (4)–(6), the efficiency of the engine was determined at
each operating point when the prechamber was fed with methane and propane (Figure 14).
It was found earlier that the operating conditions at λ = 1.8 were not fully acceptable. Due
to stable operating conditions, the highest engine efficiency was observed at λ = 1.5 when
the prechamber was fueled with methane. The values of ηi reach more than 40% at a low
fuel initial dose. Slightly lower values were observed at this operating point when PC was
fueled with propane (ηi = 39.3%). The combustion of mixtures with λ = 1.3 results in an
efficiency slightly lower than at λ = 1.5, but higher than at λ = 1.8, at low doses of fuel
delivered to the prechamber.
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Figure 14. Indicated engine efficiency related to the value of energy supplied to the prechamber
during the combustion of methane and propane.

Prechamber methane combustion is more beneficial at small fuel doses to PC and
at λ = 1.3 and 1.5 in the range up to 30 J of energy in PC. The areas of increased engine
efficiency for propane combustion in a two-stage system cannot be clearly identified.
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Based on the above relationships, interpolated maps of the indicated engine efficiency
fueled by propane and methane to PC were determined (Figure 15). As can be seen from the
data presented, there are areas of higher efficiency when burning methane in PC than when
burning propane. The combustion of methane in the PC results in higher efficiency for both
small and large doses of this fuel fed to the PC. The combustion of small doses of propane
in the PC at λ = 1.8 results in combustion efficiency being rapidly reduced. Similar negative
engine operating conditions were noted when burning methane (no measuring point).

 

Eta_i 

 

(a) (b)  

λ
λ
λ

Figure 15. Indicated engine efficiency maps related to the energy contained in the fuel dose to the
prechamber: (a) propane; (b) methane.

4.3.3. Analysis of Emission Indexes

During engine operation, the concentrations of carbon monoxide CO, hydrocarbons
HC, and nitrogen oxide NO were analyzed, which were then converted into specific
emissions relative to the power generated by the engine, and the results are shown in
Figures 16–18. The main factor affecting emissions is the lambda excess air factor, and the
trends obtained are consistent with the results presented in another paper [29].

 
(a) (b) (c) 

λ
λ
λ

Figure 16. Carbon monoxide emissions at different values of energy supplied to the prechamber:
(a) λ = 1.3; (b) λ = 1.5; and (c) λ = 1.8 (the arrows indicate the trend).
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(a) (b) (c) 

Figure 17. Hydrocarbon emissions at different values of energy supplied to the prechamber:
(a) λ = 1.3; (b) λ = 1.5; and (c) λ = 1.8 (the arrows indicate the trend).

 
(a) (b) (c) 

Figure 18. Nitrogen oxide emissions at different values of energy supplied to the prechamber:
(a) λ = 1.3; (b) λ = 1.5; and (c) λ = 1.8 (the arrows indicate the trend).

The specific carbon monoxide CO emissions generated due to incomplete combustion,
among other factors, are shown in Figure 16. For charges with an excess air ratio of 1.3,
regardless of the amount of fuel delivered to the ignition chamber, lower emissions were
generated by injecting propane into the PC. The largest differences of 1 g/kWh were
achieved for the minimum energy in the PC. This may be due to more intensive ignition
processes of the main charge determined by the flow of charge between chambers when
combustion starts in the PC. Subsequently, increasing the charge dilution, i.e., λ = 1.5,
reverses the trend of lower CO for propane as the fuel initiating combustion except for
the two smallest values of the share of energy delivered to the PC. For ultra-lean charges
of λ = 1.8, emissions for the single-fuel mode were more or less constant regardless of the
amount of fuel delivered to the PC, which correlates with the stability of engine operation
in this area. Using propane for lower fuel doses to the PC where the engine operated
unstably resulted in higher emissions, which decreased sequentially as the proportion of
the dose to the PC increased.

The next step analyses hydrocarbon emissions from unburned fuel and lubricating
oil (Figure 17). Increasing the proportion of air in the mixture promotes increased HC
emissions due to the deterioration of the combustion process and the incompletion of the
flame in all areas of the combustion chamber. In the case of excess air ratio λ = 1.3 and λ = 1.5,
emissions increase as the proportion of fuel to PC increases, i.e., the main charge becomes
leaner. In this case, the primary factor determining combustion efficiency throughout the
cylinder volume is the lower ignition energy requirements of the main charge rather than
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the amount of energy supplied to the initial combustion chamber. Increasing the excess air
ratio in the leanest area decreases the importance of the fuel dose size to PC, especially for
single-fuel operation. Propane supply to PC is better for lean charges, while for ultra-lean
charges, single-fuel supply is better.

Nitrogen oxide NO emissions depend mainly on peak temperatures in the cylinder
during the combustion process [30]. Dilution of the charge causes a decrease in the men-
tioned temperature, which leads to a decrease in NO emissions with an increase in the
lambda excess air ratio. In the cases analyzed, NO emissions decrease with an increase in
the proportion of fuel supplied to the PC. This is due to the dilution of the main charge
mostly responsible for the emission of toxic exhaust components. In most cases, better NO
emission rates were obtained for the single-fuel mode (Figure 18), corresponding to higher
thermal efficiency, i.e., improving the combustion process due to energy indicators.

5. Conclusions

As a result of the experimental work carried out with a single-cylinder engine operat-
ing in single-fuel (methane) and dual-fuel methane (MC) + propane (PC) modes, it was
found that

1. Feeding the engine in a single-fuel mode methane (MC) + methane (PC) allows better
thermodynamic parameters of the combustion process to be obtained in relation to
the dual-fuel mode where propane is supplied to the ignition chamber instead of
methane.

2. The effect of dividing the fuel dose between the MC and PC chambers has the greatest
impact in the case of combustion of mixtures with excess air ratios of 1.3 and 1.5.

The advantages of a single-fuel methane (MC) + methane (PC) system over a dual-fuel
methane (MC) + propane (PC) system are as follows:

1. Better stability of engine operation CoV(IMEP) < 3.5% in the range of small doses of
fuel fed to the prechamber and at charges with λ = 1.3–1.5.

2. Higher values of indicative mean effective pressure IMEP when burning mixtures
with excess air ratio in the range λ = 1.3–1.5; these values are slightly higher when
measured in the main chamber than in the prechamber.

3. Higher maximum values of heat released; at the same time, the combustion of mini-
mum doses in the prechamber resulted in maximum values of heat released in relation
to the other values of energy supplied to the PC.

4. Better thermodynamic performance of combustion in the prechamber at small doses
fed to the PC and at λ = 1.3 and 1.5 in the range up to 30 J. The areas of increased
propane combustion efficiency in the two-stage system cannot be clearly identified.

5. Higher value of the engine’s indicated efficiency reaching more than 40% at a small
dose of fuel to the prechamber against 39.3% when propane is fed to the ignition
chamber.

The positive aspects of burning propane in a prechamber are as follows:

1. Shorter combustion time; the combustion time increases with an increase in λ and
with an increase in the dose delivered to the prechamber.

2. Ignitability of the mixture at high λ and low fuel doses (no ignitability when using
methane).

3. Reduction in CO and HC emissions when burning leaner loads.
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Abstract: The emissions of diesel engines in terms of particulate matter are limited all over the
world. One possible solution for reaching the target imposed by the various regulations could be
the adoption of a catalytic diesel particulate filter (CDPF). Nevertheless, the effect of CDPFs on the
particle size distributions (PSDs) during the regeneration process needs to be deeply investigated.
Therefore, this research work is focused on a detailed PSD analysis during the active regeneration of
a 30 %wt CuFe2O4 loaded CDPF at the exhaust of an L-D diesel engine to reach a more complete
understanding of the filter behavior. The results of the experimental tests evidence that at the CDPF
outlet, compared to a standard DPF: (i) during the start-up of the regeneration, the particle emissions
are three orders of magnitude lower and remain two orders of magnitude lower for particle sizes
larger than 50 nm; (ii) the PSDs measured in the time range of 200–450 s exhibit the bimodality
observed during the accumulation phase, with a peak that is three orders of magnitude lower;
(iii) at the end of the regeneration, the PN distribution exhibits reductions of two and three orders of
magnitude for particle sizes of 5 nm and above 50 nm, respectively.

Keywords: diesel engine soot abatement; particulate matter; catalytic diesel particulate filter; particle
size distribution; filter regeneration

1. Introduction

Diesel engines are still considered high-efficiency energy conversion systems since
their operation under fuel lean combustion allows the production of lower CO2 [1], carbon
monoxide (CO) and hydrocarbon (HC) emissions compared to spark ignition engines [2].
On the other hand, other compounds are present in the exhaust emissions of diesel engines,
both in the gas phase and in the solid phase as particles [1]. The gas phase is commonly
characterized by the presence of N2, CO2, O2, H2O, CO and NOx, as the main components,
and the well-known soot is the main component of the solid phase [3]. In the last few years,
the use of biodiesel and metallic additives dispersed in diesel have been proved to improve
engine efficiency and reduce emissions [4]. However, the former introduces new challenges,
such as corrosion in metal alloys, aluminum, and copper [4]. In any case, diesel engines are
characterized by high particulate matter (PM) emissions, since some of their peculiarities, in
particular, their fuel composition and the operating conditions realized in the combustion
chamber, allow nonhomogeneous mixing, resulting in favored PM formation in the high-
temperature regions with higher fuel contents [2]. PM is constituted of volatile and aromatic
compounds (polycyclic aromatic hydrocarbons (PAHs) and heavier aromatic compounds)
and non-volatile compounds (soot) [5]. Soot is characterized by a turbostratic structure, in
which the particles are marked by the presence of crystallites of discernable lengths and
with some stacking faults in their peripheries, while their centers have random crystallite
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orientations and are highly disordered [6]. Moreover, a thin-layer SOF (soluble organic
fraction) may be formed on these particles, since small amounts of fuel and engine oil from
the crankcase may escape oxidation reactions in the combustion chamber. It is well known
that diesel emissions have direct negative effects on human health, causing several kinds of
damage, including asthma, lung and heart disease, and cancer, and the main carcinogenic
and mutagenic respiratory health risks are related to exposure to PAH, in gas phase and/or
adsorbed on soot [7,8]. These harmful effects have led to the limitation of PM emissions
from diesel engines all over the world through proper regulations, with the limits becoming
more stringent over time [9]. For example, particle mass limits have dropped by more than
95% from the early 1990s (Euro I) to 2009 (Euro V) for light-duty diesel (L-D) vehicles in
Europe [7]. A particle number (PN) limit (6 × 1011 particles/km, taking into consideration
only particles over 23 nm) was first introduced in 2011 (Euro Vb) for L-D diesel vehicles
and was introduced in EURO VI emission standards also for gasoline direct injection (GDI)
engines [10,11]. Car manufacturers have widely introduced diesel particulate filters (DPFs)
in their vehicles to comply with these limits; thus, DPFs have become a crucial technology
for achieving the tradeoff between emission limits and engine performance. In general, the
DPF is a ceramic monolith with a honeycomb multi-channel structure composed of silicon
carbide (SiC), whose parallel channels are alternately plugged, creating the so-called wall-
flow configuration. In this way, the exhaust gas is constrained to go through the porous
walls of the channels [12]. These devices ensure PM reduction with a quite impressive
efficiency—more than 95% in terms of mass and concentrations higher than 99% over a
wide range of engine operating conditions [12,13]. Since the particles are trapped by the
millions of complex structured pores inside the DPF structure via the physical filtration
principle, either the periodic or the continuous elimination of these particles is key to
ensuring a long lifetime of the filter [14]. This removal process is called regeneration and
consists in the oxidation of the trapped soot [15]. Efficient regeneration is required in order
to keep the fuel penalty due to DPF presence as low as possible. In fact, a regeneration
process that is not able to fully burn the deposited soot may result in a fast increase in
the backpressure, consequently causing different drawbacks, including increased fuel
consumption, engine failure or even fire events [16]. During the regeneration step, only the
organic components can be burned, while the salts, which are known as DPF ash, survive
and require manual dredging. For a diesel vehicle driven 20,000 km per year, regeneration
would be expected every 4–14 days if a frequency of regeneration events is assumed to
vary from 250 to 800 km [17]. In recent years, the development of models that are able to
accurately predict DPF behavior in all its functioning phases (from the soot loading up to
the regeneration stages) has become mandatory. Therefore, the attention of researchers has
focused on this issue.

Three main regeneration strategies can be adopted, namely:

i. Active regeneration, in which the exhaust gas is heated up to the oxidation tempera-
ture of soot, about 550–600 ◦C [18–20];

ii. Passive regeneration, in which the soot oxidation temperature is lowered by the
adoption of a catalyst [21,22]; and

iii. Composite regeneration, which consists of a combination of the other two [23].

Regarding the passive regeneration strategy, the catalyst can be either mixed with the
fuel (fuel-borne catalyst, FBC) or deposited on the DPF, thereby obtaining a catalyzed DPF
(CDPF) [7]. CeO2 is the most widely used FBC; it can lower soot oxidation temperature and
consequently soot emissions. However, recent studies have evidenced that its use reduces
soot and THC emissions by up to 30% at part load under low-temperature combustion
conditions, but no significant differences are observed at high load [24]. Moreover, the
addition of CeO2 and Fe(C5H5)2 nanoparticles to ultralow sulfur diesel (ULSD) may in-
crease the total particle count, due to the formation of self-nucleated metallic nanoparticles,
and toxic effects on human health may occur due to modifications in the physicochem-
ical characteristics of PM caused by FBC-doped fuels [25]. Apart from CeO2, different
metals have been proposed as fuel additives, including Mn, Fe, Cu, Al, Be and Pt, all
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showing positive effects in reducing diesel engine emissions [4]. In recent years, different
active species have been proposed for use in soot oxidation, both in powder forms and
deposited on DPFs, including Ce0.5Zr0.5O2 catalysts promoted by multivalent transition-
metal (Mn, Fe and Co) oxides [26]; nanostructured structures, such as equimolar ceria-
praseodymia [27]; and CoOx-decorated CeO2 (CoCeO2) heterostructured catalysts [28],
copper ferrite (CuFe2O4) [22], Ag/Al2O3 [29], nanoscale Mn3O4 [30], Mn2O3 [31], Fe-doped
Mn2O3 [32] and CeO2 [33]. All the proposed catalysts have shown good activity in soot
burning, with soot temperature oxidation in the range of 300–500 ◦C.

DPF regeneration in L-D vehicles, both in active and passive strategies, is achieved
by using an after/post-injection strategy to increase the temperature of the exhausts up to
soot burnout temperature. In particular, this strategy involves an after- and a post-injection:
the former allows, through the injection of a checked amount of fuel during the expansion
stroke, the evaporation of the latter, which occurs during the exhaust valve opening [34].
The unburned and vaporized fuel exiting the combustion chamber is subsequently oxidized
in the diesel oxidation catalyst (DOC). This secondary fuel oxidation allows the exhaust gas
to reach the ignition soot temperature (500–600 ◦C) across the DPF. A deep understanding
of the phenomena related to the post-injection allows extremely important improvements to
DPF operation modes, also in terms of extra fuel penalties during active regeneration [35–37].

Although the DPF regeneration condition has not been included yet in vehicle emission
regulations, many previous studies have emphasized the emissions that occur during
regeneration, evidencing how gaseous pollutants, as well as particulate emissions, in terms
of mass and number, largely increase [1,35]. Experimental tests performed with the aim
of investigating active regeneration events evidenced remarkable transient particulate
emissions. Various mechanisms have been proposed in the literature to explain these
observations [9,36,38–42]:

i. A decreased filtration efficiency may be due to the particles being taken away from
the cake layer and from inside the porous walls;

ii. The increased temperature due to active regeneration has been suggested to lead to
expansion of the porous wall, resulting in a further lower filtration efficiency;

iii. The particle flow into the exhaust system may be changed due to different operating
conditions in the engine in the case of active regeneration; fuel injection into the
engine cylinder towards the end of the expansion stroke could change it significantly;

iv. The injection of extra fuel into the tailpipe may lead to the formation of additional
particles upstream of the inlet of the DPF (the main hypothesis is that the trapped
particles may fragment during rapid oxidation events, thereby escaping the DPF,
resulting in particle breakthrough phenomena);

v. Active regeneration may be characterized by the emission of semi-volatile particles in
addition to solid ones.

A deep understanding of the particle emissions during the active regeneration of
a non-catalyzed wall-flow SiC DPF has been made possible by performing dedicated
experimental tests [43]. In particular, a detailed analysis of PSDs at the exhaust of a EURO
V L-D diesel engine was performed, with the engine working under different operating
conditions, aiming at estimating the PN removal efficiency of the filter in the range of
5–100 nm. Moreover, the experimental tests allowed investigation of the evolution of
PN concentration during the regeneration procedure, highlighting the influence of DPF
temperature and the fuel post-injection strategy. The results of the PSD analysis have
shown that:

i. At the DPF inlet, during the accumulation phase, a strong bimodality with sub-10 nm
particles dominating the PN concentration is present;

ii. At the DPF outlet, a filtration efficiency higher than 90% was detected, demonstrating
that the wall-flow filter can also remove the sub-23 nm particles. In particular, an
efficiency value of about 99% has been detected in the range of 20–40 nm [43].
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In previous works, we have demonstrated good results in terms of soot oxidation
using a 30 %wt CuFe2O4 loaded catalytic DPF (CDPF) [23,44]. However, in the literature,
the use of a CDPF resulted in high particle emissions, in particular during the first phase
of the regeneration step [45]. Therefore, in this work the research was focused on detailed
PSD analysis of the particles emitted during the active regeneration of the CDPF at the
exhaust of a Euro V L-D diesel engine in order to reach a more complete understanding
of the filter behavior, also aiming at its potential use in the real world. Using a scanning
mobility particle sizer (SMPS), a PN distribution in the range of 4.5–160 nm was obtained
during the soot filtration stage of the CDPF at various engine operating conditions. The
filtration efficiency of the CDPF in the above specified range was calculated by alternately
sampling the particles at the filter entrance and exit. Moreover, the regeneration process
was deeply investigated in terms of the dynamic behavior of the PN size distributions.

2. Materials and Methods

2.1. The Monoliths

In this work, semicircular commercial monoliths in SiC (Pirelli Ecotechnology (Arese,
Italy), 150 cpsi) with a radius of 9 cm were used to assemble the DPF. The bare monoliths
were preliminarily calcined at 1000 ◦C for 48 h. This thermal treatment allowed the
formation of a SiO2 layer on SiC granules, increasing the adhesion of the active species
over the filter even in the absence of a washcoat. Therefore, two filters with a total volume
of about 3.5 L (D = 190 mm and L = 125 mm) were obtained by coupling four monoliths
for each one, obtaining a Vfilter/engine displacement ratio = 1.3. The main features of the
assembled bare filters are shown in Table S1.

2.2. Catalytic Filter Preparation

The preparation procedure of the CDPF began with the preliminary dipping for
30 min of one of the assembled bare DPFs in a 1:1 HF:HNO3 acid mixture maintained at
45 ◦C, aiming at increasing the initial average pore diameter [23]. This procedure allowed
the enhancement of the catalyst loading capacity, ensuring similar pressure drops. The
selected active species was copper ferrite (CuFe2O4), owing to its high activity and very
good stability demonstrated in the catalytic oxidation of soot, shown in our previous
works [10,22,23].

The catalyst precursor solution was prepared by mixing iron nitrate and copper nitrate
(2:1 molar ratio) in distilled water, with continuous stirring at 80 ◦C. The CDPF was
prepared following the previously optimized preparation procedure [44] by repeating the
phases of impregnation in the prepared solution, with drying at 80 ◦C and calcination
at 1000 ◦C after each impregnation, until the desired load of active species of 30 %wt
was reached.

2.3. Characterization of the Catalytic Filters

Different characterization analyses were used for the characterization of the different
materials employed in this work.

The active phase in powder form was investigated using the X-ray diffraction (XRD)
technique (with a microdiffractometer (Rigaku (Tokyo, Japan) D-max-RAPID), using Cu-Kα

radiation), aiming at verifying the formation of the desired crystalline forms of CuFe2O4.
The structured samples were characterized through:

i. Scanning electron microscopy (SEM), using a Philips Mod.XL30 coupled to an energy
dispersive X-ray spectrometer (EDS; Oxford, UK) for the surface analysis;

ii. Hg porosimetry tests, with N2 adsorption at −196 ◦C (to calculate the samples’ specific
surface areas (SSAs) through BET);

iii. Ultrasound adherence test (exposure of the monoliths to ultrasound according to an
optimized experimental procedure [44]).

Moreover, H2-TPR measurements were performed to investigate the reducibility of
the catalyst using a sample of the catalytic SiC monolith at room temperature up to 900 ◦C
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at a heating rate of 5 ◦C/min with a 5% H2/N2 flow. The concentrations of the gas stream
were monitored by means of a mass spectrometer (HIDEN Analytical, Warrington, UK).

SEM images and Raman spectra (inVia Raman Microscope (Renishaw, Wotton-under-
Edge, UK), equipped with a 514 nm Ar ion laser operating at 25 mW) were used for the
characterization of the soot emitted by the diesel engine used for the experimental tests, as
well as of the soot deposited on the catalytic filter after the deposition step.

2.4. Experimental Layout and Instruments

The experimental tests were carried out in the Energy and Propulsion Laboratory
at the University of Salerno. The engine test bed, auxiliary plants, sensors and emission
probes were in the engine test cell. The propulsion system was remotely controlled from
an adjacent room, where the control console and the equipment for the management
of the hardware, actuators and sensors were located. Figure 1 shows the engine test bed
equipped with an eddy-current dyno (Borghi-Saveri, Bologna, Italy) and a light-duty EURO
V common-rail diesel engine, whose main technical data are reported in Table S2.

Figure 1. Engine test bed.

The main hardware and software systems for the engine-dyno control are:

i. The AVL microIFEM for the management of the engine-dyno system by means of
Puma open software;

ii. The AVL Indimicro to monitor and process the in-cylinder data by means of Indi-
com software;

iii. The control unit ETAS ES592.1 to manage the engine control unit (ECU) by means
of INCA v7.1. The latter allows the visualization, processing and handling of the
measurement signals and the control settings of the ECU, thus enabling engine op-
erating modes different from the basic ECU calibration. In particular, it is possible
to handle the combustion control variables, such as rail pressure, injection pattern,
boost pressure and exhaust gas recirculation (EGR), to investigate specific engine
operating conditions.

Focusing on the exhaust emissions, PM measurement was performed using the AVL
Smoke Meter 415S (AVL List GmbH, Graz, Austria). The measurement of NO and NOx
concentrations across the DPF was performed using the Cambustion CLD500 fast NOx
sensor, a chemi-luminescence detector (CLD) with a response time of 3 ms.

The engine exhaust pipeline was modified in order to properly locate the DPFs and
sensors. As schematically represented in Figure 2, the filter was placed downstream of the
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DOC, and two variable section ducts were placed upstream and downstream of it. The
CDPF was wrapped in a heat-expanding intumescent ceramic mat (Interam® Mat Mount
550 by 3M Italia Srl (Pioltello, Italy) before being enclosed in the stainless-steel reactor of
the experimental plant. Temperature and pressure drop across the filter were continuously
monitored by means of two K type thermocouples (at the inlet and outlet of the CDPF) and
a differential pressure sensor (MDTP), respectively. The latter was composed of two sensors
located upstream and downstream of the filter, and its signals were continuously processed
by a microcontroller that returned the pressure drop. This device was powered in voltage
by an external power supply set at 5 V. K thermocouples were connected to the AVL Puma
Open, while the MTDP, after the calibration with a sphygmomanometer, was connected
to a TLK. The output current signal was linked via RS232 to a Lab-View interface. For the
investigation of passive regeneration with the CDPF, the measurement of NO and NO2
concentrations was performed using the Cambustion CLD 500 (Cambustion, Cambridge,
UK), equipped with two independent probes for NO and NOx sensing. An alternate
sampling, arranged like the soot measurement described above, allowed investigation of
the variation in NOx concentration across the filter [22]. The filter assembly in the exhaust
pipe and the CDPF placed in the reactor are shown in Figure 3. The main sensors and
measurement instruments are listed in Table S3, with the corresponding accuracies.

Figure 2. Schematic representation of the experimental layout and sensors.

The PSDs were measured by means of an SMPS system consisting of an electrostatic
classifier (EC; TSI Model 3082 (TSI, Shoreview, MN, USA)), a nano-differential mobility
analyzer (nano-DMA; TSI Model 3085 (TSI, Shoreview, MN, USA)) and an advanced aerosol
neutralizer (TSI Model 3088 (TSI, Shoreview, MN, USA)) linked to a condensation particle
counter (CPC; TSI Model 3750 (TSI, Shoreview, MN, USA)). A sample flow rate of 0.3 L/min
and a sheath flow rate of 3 L/min in the EC were chosen as operating conditions, allowing
the analysis of particle sizes in the range of 4.5–160 nm. For each sample, the data were
reported as averaged values of multiple scans, where the duration of a single scan was set
to 60 s. The PSD measurements were performed by diluting the aerosols sampled from
the engine before entering the SMPS system. The dilution tool was a two-stage dilution
system obtained from Dekati (fine particle sampler; Model FPS-4000 (Dekati, Kangasala,
Finland)), and two dilution ratios (DRs) of 80 and 130 were used, depending on the
operating condition. Moreover, the dilution temperature of the first stage was set at 25 ◦C.
The dilution ratio was properly chosen in order to avoid the condensation/coagulation
of particles along the sampling line. In other research papers, higher DRs were used for
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particle analysis, and heated lines were employed; however, it is worth noting that the
specific experimental setup strongly influences the critical DR; the important parameters
are PN, gas phase composition in the sampling line and residence time. The critical DR was
checked in all the investigated conditions [46–48]. In this work, two different DRs were
used to obtain, after the CDPF, a higher signal-to-noise ratio by using the lower DR, still
achieving the critical dilution conditions.

 

Figure 3. CDPF in the reactor used in the experimental campaign (a,b) and the filter assembly in the
exhaust pipe (c).

3. Results and Discussion

3.1. SiC Monoliths before Catalyst Deposition

The dipping of the monoliths in the acid solution for 30 min before catalyst deposition
had the effect of increasing both the initial average pore diameter from 17 to 22 μm and the
SSA from 0.35 m2/g to 2.20 m2/g.

3.2. Soot Emitted by the Diesel Engine

The soot emitted by the diesel engine used for the experimental tests was characterized
by means of SEM and SEM-EDX analysis (Figures S1 and S2).

The SEM images evidenced the typical spherical aggregates of soot, whose primary
constituents had dimensions in the order of 50–300 nanometers. The SEM-EDX analysis
evidenced that the elements detected on soot trapped by the CDPF during the experimental
tests were the typical elements present in the fuel, namely, S, Cr, Mn and Ni. Other detected
elements (Fe, Cu, Si and O) are the constituents of both carrier and active species.

The SEM analysis was used to also characterize the catalytic filter after the soot
deposition stage in order to investigate the soot–catalyst contact (Figure 4). In particular, the
following images of catalyst pieces after a soot deposition step were obtained, where a load
of about 5 g/L was reached, and so at the same load of soot relevant to the regeneration step.

The SEM images shown in Figure 4 evidenced the soot–catalyst contact features. In
particular, in Figure 4a it is possible to observe that the filter surface is entirely covered
by the trapped soot with a very homogeneous distribution, confirming the very high
CDPF ability to store a high soot amount with an optimal filtration efficiency. Moreover,
Figure 4b,c are related to the inner surfaces of the carrier walls. It can be observed that the
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catalyst particles are in very strict contact with the trapped soot, allowing many contact
points between the soot and the catalyst, resulting in higher catalytic activity of the CDPF.

The Raman spectrum of a sample of the spent CDPF (Figure 5) evidenced the typical
peaks of the SiC carrier at 295, 784 and 964 cm−1 [49]. Moreover, in Figure 5 the peaks
relevant to soot are also present, and they have been attributed to bands G, D1, D3 and D4,
as summarized in Table 1 [50].

 

Figure 4. SEM images at different magnitudes (a), 94 X; (b), 16.81 X; (c), 56.94 X of the catalytic filter
after the soot deposition stage and with a soot load of 5 g/L.

Figure 5. Fitting of the curve representing the Raman spectrum of diesel soot with band identification.
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Table 1. Raman bands and vibration modes reported for soot.

Band Raman Shift (cm−1) Vibration Mode [50]

G 1602 Ideal graphitic lattice (E2g-symmetry)
D1 1356 Disordered graphitic lattice (graphene layer edges, A1g symmetry)
D3 1548 Amorphous carbon (Gaussian line shape)
D4 1224 Disordered graphitic lattice (A1g symmetry)

3.3. Fresh Catalytic Samples

The XRD patterns of the prepared copper ferrite in comparison with cubic (database 77-
0010), tetragonal (database 34-0425) and commercial (Merck KGaA, Darmstadt, Germany)
forms are reported in Figure S3. XRD analysis shows the presence in the prepared catalyst
of the typical peaks of tetragonal and cubic forms of CuFe2O4, whose average crystallite
dimensions, calculated using the Scherrer formula, are about 20 nm. Two minor peaks
ascribed to low amounts of oxides (CuO and Fe2O3) are also present.

The optimized procedure for the deposition of the active species, coupled to the modi-
fied porosity of the SiC monoliths, resulted in a uniform and homogeneous distribution of
the copper ferrite not only on the monolith walls, but also in the porosities. The comparison
of the catalytic and the bare samples in terms of BET specific surface area evidenced that
the deposition of the active species resulted in a decrease in this parameter from 2.20 to
0.40 m2/g. This result could be ascribed to the catalyst placement and the inside roughness
caused by acid treatment. At this point, it is it is important to emphasize that this cannot
be considered a negative result. In fact, these catalytic systems properly developed for
the limitation of soot emissions are specifically applied to heterogeneous solid–solid–gas
systems, in which the contact and the interactivity between the solid matrices (soot and
catalyst) and the gas phase (mainly O2) are the main parameters influencing the feasibility
of soot combustion. Therefore, the maximization of these features is mandatory. In the
catalytic systems investigated in this work, an intensified soot–catalyst contact was realized,
as reported in our previous works [44], highlighting the very good catalytic activity towards
soot oxidation with the O2 present in the engine exhausts.

The SEM images shown in Figure 6 evidenced that the active species were homoge-
neously distributed, confirming previously reported results [23,44]. Moreover, no cracks
formed due to preliminary acid treatment (Figure 6a), and the pores were not plugged
after the catalyst deposition (Figure 6b). A deeper analysis of Figure 6 provides evidence
that the catalyst aggregates formed a compact porous layer on the SiC granules (Figure 6c),
which can be optimal for enhancing the soot–catalyst contact during the regeneration stage.
Moreover, the catalyst deposition procedure allowed the deposition of the active species
also in the pores of the DPF channel walls (Figure 6d), without their plugging.

The SEM-EDX analysis enabled the mapping of the elements present on the filter
(Figure S4), and the detected elements were the structural ones (C, O and Si) and the
catalyst active species (Cu and Fe).

The ultrasound adherence tests, shown in Figure S5 as weight loss (%) vs. number
of cycles, evidenced weight losses much lower than those reported in the literature for
washcoated supports [51]. These results proved that the preliminary calcination at 1000 ◦C
for 48 h favored the adhesion of the active species on the SiC granules even in the absence
of a washcoat, due to the formation of SiO2 streaks on the SiC granules, as previously
reported [52].

The H2-TPR profile is shown in Figure 7 as H2 consumption vs. temperature.
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Figure 6. SEM images of the 30 %wt CuFe2O4 loaded monolith at various magnitudes: (a) 190 KX,
(b) 965 KX, (c) 10.00 KX and (d) 25.09 KX.

 
Figure 7. H2-TPR profile of a SiC monolith loaded with 30 %wt of CuFe2O4.
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Two pronounced reduction peaks, at about 300 ◦C and 610 ◦C, were present, which
were attributed to the reduction of copper ferrite at lower temperatures and of Fe3O4 to Fe
at higher temperatures [53].

By considering the two reduction reactions, it is possible to calculate the total amount
of H2 consumed for Cu moles (H2/Cu ratio). In this case, this value was about 4, which:

i. Is consistent with the amount necessary to obtain the complete reduction of CuFe2O4
to Cu and Fe following the overall reaction (Equation (1)); and

ii. Corresponds to a load of CuFe2O4 equal to about 30.01 %wt, which is in very good
agreement with the estimated 30 %wt of CuFe2O4 on the catalytic sample.

CuFe2O4 + 4H2 → Cu + 2Fe + 4H2O (1)

3.4. Experimental Tests in the Engine Test Cell

Both the soot loading and regeneration stages were performed under properly selected
operating conditions in order to consider the influence of the exhaust flow rate on soot
loading in terms of soot flow rate and soot cake properties. In particular, steady-state
conditions were used to perform the soot loading, with a standard injection strategy
consisting of pilot, pre- and main injections. In this phase, a constant value for the exhaust
flow rate was used, aiming at monitoring the effective soot accumulation. In fact, two main
terms are responsible for the pressure drop across the DPF:

i. ΔPfilter, due to the presence of the clean filter in the exhaust pipe, depending on both
gas flow parameters (volumetric flow rate, viscosity and density) and filter geometry
(volume, filter cell size, wall thickness and filter length); and

ii. ΔPsoot, related to the soot accumulation in the DPF, mainly in terms of soot cake
properties [54].

During the filtration, the soot mass flow rate was calculated using the following formula:

.
msoot =

.
mexh

ρ
∗ Csoot (2)

where
.

mexh and ρ are the mass flow rate (in kg/h) and density (in mg/m3) of the exhaust
gas at the inlet of the DPF, while Csoot is the PM concentration in mg/m3 measured by the
smoke meter. During the experimental tests, the soot concentration across the filters was
continuously monitored in order to estimate the DPF efficiency, in terms of PM, using the
following equation:

η f iltration =
Csoot_in − Csoot_out

Csoot_in
∗ 100 (3)

where Csoot_in and Csoot_out are the PM concentrations in mg/m3 upstream and downstream
of the filters, respectively.

The measurement of torque, fuel consumption, exhaust flow rate, T and DP across
the filter was carried out to compare the engine performance during the filtration stage.
The PSD measurements were carried out upstream and downstream of the CDPF. The
size-dependent filter removal efficiency during the accumulation was evaluated for each
diameter using the following equation:

η f iltration =
(Nparticles)in − (Nparticles)out

(Nparticles)in
∗ 100 (4)

where the subscripts “in” and “out” indicate the number of particles before and after the
filtration, respectively. Moreover, the PN emission evolution during the active regeneration
was detected. This represents a critical issue in a future perspective; in fact, the regeneration
procedure could be entailed in the type of approval cycle (i.e., RDE).

The experimental tests during the soot loading phase were performed under four
different engine loads in the range of 22–36%, with an engine speed equal to 2140 rpm and
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standard ECU calibration. The main engine variables are reported in Table S4. Engine load
conditions were selected to compare filter performance also when the passive regeneration
occurred with the CDPF (e.g., loads equal to 33% and 36%).

Regarding the active regeneration, PSD was correlated with the time history of DP
across the CDPF and inlet/outlet temperatures. According to the description reported in a
previous work [43], the procedure was actuated when a soot loading of 5 g/L had been
reached: this quantity, not far from that reported in the literature [55,56], was recommended
by the filter manufacturer as a value that does not impact on engine performance. The
comparison between the CDPF and the bare DPF is shown in Figure 8 in terms of normal-
ized pressure drop and temperature during the regeneration phase in the same engine
operating conditions. The beneficial effect of the catalyst deposited on the DPF is evident:
the DP curve decreases, meaning that soot oxidation occurrence is needed at temperatures
lower than 400 ◦C for the CDPF (Figure 8a) and about 600 ◦C for the bare DPF (Figure 8b).
Regarding the contents of the following sections, the whole regeneration process of the
CDPF was divided into three consecutive phases (Figure 8a):

i. Start-up (0–200 s), in which any soot oxidation occurs;
ii. Soot combustion (200–450 s);
iii. End of regeneration, in which constant DP (after 450 s) and constant differences

between temperatures across the CDPF are present.

Figure 8. Trend of pressure drop and temperature across the (a) CDPF and (b) DPF during the regeneration.

Particle Emission Measurements

In this section, the PSDs at the CDPF outlet are presented and discussed; the results
are compared with those obtained for the DPF [43] to emphasize the differences in terms of
particle emissions. The plots shown in Figures 9–12 correspond to the raw experimental
PSD data measured in the engine tailpipe. Due to the complex setup adopted for the
measurements and the intrinsic oscillations due to the typical wave propagation of the
engine exhaust gas flow to be analyzed, the PSD data were expected to be noisy. However,
in this case no digital filter to generate a smoother data distribution was applied to render
this aspect for readers and better evaluate the quality of the data and the difficulty in
obtaining them. Regarding the particle size determination, Figures 9–12 show the mobility
diameter (Dm) in a log scale; therefore, the range of values mentioned in the text can be
considered correct despite the data oscillation trend. Moreover, the PSDs are represented
on the Y-axis in Figures 9, 10 and 12 as dN/dln (Dm), where N is the number density and
Dm is the mobility diameter.
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Figure 9. PSDs at the CDPF outlet for test case #1 during the accumulation (blue line) and just after
the active regeneration ended (red line).

Figure 10. Comparison of outlet PSDs during accumulation for test cases #1 and #2 (left side) and
for test cases #3 and #4 (right side).

Figure 11. PN removal efficiency of the CDPF for test cases #1 and #4.
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Figure 12. PSDs during the evolution of the regeneration at the CDPF outlet, at the start-up of the
regeneration (a), in the range of 200–450 s (b) and at the end (c).

Figure 9 shows the PN concentration at the CDPF outlet for test case #1. The PSD
bimodality [43] was still observed, and, after a minimum around 20–30 nm, the particle
number increased for larger diameters (blue line). Differently from what was recently mea-
sured by authors with a regular DPF in the same conditions [43], a remarkable difference
between the empty and partially filled filter was observed; in particular, an appreciable
increase in the range of 10–100 nm was clearly visible (red line). The latter is due to the high
reactivity of the CPDF, which ensures complete filter emptying during the active regenera-
tion. However, the slight PN increase disappears after a few minutes of accumulation.

Figure 10 shows a comparison of the catalytic and the bare filters. In Figure 10a, the
PSDs for test cases #1 and #2 (low engine speed) are reported: the two filters exhibited
very similar results in terms of both shape and concentration across the whole range
investigated. On the other hand, in Figure 10b (test cases #3 and #4—high engine speed) the
CDPF presents a slight increase in PN in both test cases. Focusing on test case #3, the peak
of 5 nm particles is three times higher than that observed for the DPF (green and black lines,
respectively). The trend was observed up to 40 nm, after which the difference between the
PSDs measured with the two filters was negligible. Similar remarks could be made with
reference to the comparison of the PSDs obtained in test case #4. The increase in the number
of 5 nm particles confirmed that, in the CDPF, the passive regeneration occurs starting from
33% of engine load [21]. In fact, while for the standard filter the PN removal efficiency
was comparable, for the CDPF at 36% of engine load a slight reduction was detected.
This results in partial filter emptying, thus allowing a reduction in the frequency of active
regeneration. It is worth remarking that the particle emissions detected were much lower
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than those achieved during active regeneration; therefore, a reduction in both pollutants
and fuel consumption can be achieved by operating the CDPF rather than the DPF.

The above results were also confirmed by the filtration efficiency estimation, as defined
by Equation (3), shown in Figure 11.

In accordance with the DPF results, the highest PN removal was observed for test case
#1, due to the lowest spatial velocity. In particular, the CDPF seemed to be very effective
also for the sub-23 nm particles and exhibited a constant efficiency, below 40 nm, close to
99%. The narrow difference, compared with the DPF [43], is due to the lower mean pore
diameter which affects the particle removal efficiency. On the other hand, in test case #4
the passive regeneration event leads to a slight decrease in efficiency for particle diameters
below 10 nm. This phenomenon was not noticed for the standard DPF, which exhibited
very close values for all the investigated conditions. For particles larger than 60 nm, the
filtration efficiency began to decrease, and the CDPF exhibited similar behavior to the DPF.

Figure 12a shows the PSDs measured at the CDPF exit during the start-up of the
regeneration. The dashed black line represents the PN distribution obtained by actuating
the fuel after injection. The concentrations of particles with sizes below 10 nm were one
order of magnitude lower than in the DPF and remained almost constant for the whole
particle size range investigated; the PSDs are like those measured during the accumulation
phase, as proof of the high reactivity of the catalyst. The benefits of the CDPF are even
more striking comparing the PSDs when the fuel post-injection is actuated (blue and red
lines). In fact, no significant increase in particle emissions was observed; moreover, the
results highlight the absence of a correlation between the concentration peak of particles
with sizes below 10 nm and the post-injection fuel quantity. In particular, the particle
emissions were three orders of magnitude lower than the standard filter and remained two
orders of magnitude lower for particle sizes larger than 50 nm. The slight increase in the
concentration of particles in the range of 30–60 nm (red line) was probably due to the start
of the soot oxidation, which resulted in the soot layer fragmentation responsible for a lower
filtration efficiency towards the particles in this range.

Figure 12b shows the PSDs measured at the CDPF exit during the second phase of
the regeneration process (200–450 s). The plots refer to different mean inlet temperatures
to analyze the evolution of PSDs in the second stage of regeneration. Compared to the
results obtained with the standard filter, the CDPF exhibited a bimodality of the PSDs
also observed during the accumulation phase, with a peak of 5 nm particles equal to
3 × 109 #/cm3, three orders of magnitude lower than for the DPF. Very similar values
were detected during this stage, which emphasizes the improved soot oxidation thanks
to the catalytic activity. The reduction in PN concentration at the outlet of the CDPF was
confirmed by the sharp increase in the outlet temperature: while for the standard filter it
exceeded the inlet temperature after 380 s [43], for the catalytic filter, this occurred much
earlier, after 220 s. Moreover, the temperature increase across the filter reached 100 ◦C,
two times higher than that detected across the DPF. Given these considerations, it can
be asserted that the local oxidation temperatures were much higher and that complete
combustion of the particles was achieved.

Figure 12c shows the PSDs at the end of the regeneration, identified by the quasi-
constant pressure drop across the CDPF and the decrease in the outlet temperature. The
magenta and cyan lines refer to two consecutive measurements collected in a time window
of one minute in the same inlet conditions. A PN peak of 2 × 1011 was detected for particles
with sizes below 10 nm in the later measurement (cyan line), which is more than one order
of magnitude higher than the earlier measurement (red line). Furthermore, an appreciable
increase in the range of 20–40 nm was noticed, which yielded a PSD shape not observed in
the earlier measurements. This behavior can be explained considering that, despite the same
inlet temperature being used, the DPF core exhibited a higher temperature in the former
case, thus promoting the oxidation of the particles with lower diameters. Furthermore, this
result confirms the complete emptying of the CDPF, previously evidenced in Figure 9.
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The dashed black line in Figure 12 shows the mean PSD during the whole regeneration
process for the CDPF. The comparison with the corresponding values detected for the DPF,
represented by the dashed red line, highlights the impressive reduction in particle emissions
achieved by the CDPF in the whole range investigated. In particular, the peak of the 5 nm PN
dropped from 4 × 1012 to 3 × 1010, two orders of magnitude lower, while for the particle size
above 50 nm the reduction reached three orders of magnitude, from 1010 to 107.

This very important result highlighted that the use of a well-designed CDPF can allow
the oxidation of accumulated soot at lower temperatures and decrease in particle emissions
during the regeneration phase, not only with respect to a bare DPF, but also with respect to
recent studies in the literature, in which increases in emissions of particles of sizes above
and below 23 nm were observed [45,57].

4. Conclusions

In this work, starting from the results previously obtained on soot oxidation during
DPF regeneration [21–23], the research focused on the detailed PSD analysis of particles
emitted during the active regeneration of a CuFe2O4 catalyzed DPF at the exhaust of an L-D
common-rail diesel engine. Different tests were performed under different engine operating
conditions, aiming at estimating the PN removal efficiency of the CDPF in the range of
5–100 nm. The filtration efficiency in the investigated PN range was evaluated by alternately
sampling the particles upstream and downstream of the CDPF. In particular, the dynamics
of the PN size distributions during the regeneration process were investigated. The results
of the experimental tests evidenced that, during the start-up of the regeneration, differently
from the standard DPF, no significant increase in particle emissions at the CDPF outlet was
observed. In fact, particle emissions three orders of magnitude lower than those detected
when regenerating the standard filter were observed, and they remained two orders of
magnitude lower for particle sizes larger than 50 nm. With the regeneration going on, in
the range of 200–450 s, the PSDs measured at the CDPF outlet exhibited the bimodality
observed during the accumulation phase, with a peak that was three orders of magnitude
lower than that detected in the case of the bare DPF. At the end of the regeneration,
characterized by a quasi-constant pressure drop across the CDPF, an impressive reduction
in PN emissions was still observed vs. the standard DPF, with PN values that were two and
three orders of magnitude lower for the particle sizes of 5 nm and above 50 nm, respectively.
This very important result highlighted that the use of a well-designed CDPF can allow
the oxidation of the accumulated soot at lower temperatures and a decrease in particle
emissions during the regeneration phase, not only with respect to a bare DPF, but also with
respect to recent studies in the literature, in which increases in emissions of particles above
and below 23 nm were observed.
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engine as trapped by the CDPF; Figure S3: XRD pattern of the prepared CuFe2O4 compared with
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Abstract: Reactivity-Controlled Compression Ignition (RCCI) combustion is considered one of the
most promising Low-Temperature Combustion (LTC) concepts aimed at reducing greenhouse gases
for the transportation and power generation sectors. Due to the spontaneous combustion of a lean,
nearly homogeneous mixture of air and low-reactivity fuel (LRF), ignited through the direct injection
of a small quantity of high-reactivity fuel (HRF), RCCI (dual-fuel) shows higher efficiency and lower
pollutants compared to conventional diesel combustion (CDC) if run at very advanced injection
timing. Even though a HRF is used, the use of advanced injection timing leads to high ignition
delays, compared to CDC, and generates high cycle-to-cycle variability, limited operating range, and
high pressure rise rates at high loads. This work presents an experimental analysis performed on a
heavy-duty single-cylinder compression ignited engine in dual-fuel diesel–natural gas mode. The
objective of the present work is to investigate and highlight the correlations between combustion
behavior and pollutant emissions, especially unburned hydrocarbons (HC) and oxides of nitrogen
(NOx). Based on the analysis of crank-resolved pollutants measurements performed through fast
FID and fast NOx systems under different engine operating conditions, two correlations were found
demonstrating a good accordance between pollutant production and combustion behavior: Net
Cyclic Hydrocarbon emission—cyclic IMEP variations (R2 = 0.86), and Cyclic NOx—maximum value
of the Rate of Heat Released (R2 = 0.82).

Keywords: LTC; RCCI; CO2 reduction; dual fuel; fast FID; fast NOx

1. Introduction

Over the recent years, thanks to a vast improvement in fast sensor and actuator
technology and a profound understanding of the phenomena that affect the combustion
process in IC engines, the feasibility of implementing cycle-by-cycle-based control to attain
optimum engine performance and emissions is growing. With the push towards global
decarbonization growing stronger, a combination of advanced combustion strategies and
effective next-cycle control could be a pivotal pathway towards meeting the stringent
emissions regulations for IC engines. Researchers have demonstrated the abilities of tech-
nologies like Homogeneous Charge Compression Ignition (HCCI) [1,2], Premixed Mixture
Ignition in the End-gas Region (PREMIER) [3,4], pre-chamber combustion systems [5,6] and
Reactivity-Controlled Compression Ignition (RCCI) [7,8] to produce high fuel conversion
efficiencies while maintaining low engine-out emissions. Of these, the RCCI/dual-fuel
Low-Temperature Combustion (LTC) strategy has proven to be a viable pathway to achieve
ultra-low NOx emissions and good fuel conversion efficiencies (FCE) at both high and low
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load operations [9–16]. Hariharan et al. [17] experimentally studied the effect of various
engine operating parameters like injection timing, intake pressure and injection pressure
on emissions and performance of dual-fuel combustion with diesel–natural gas (NG) and
polyoxymethylene di-methyl ether (POMDME)–NG as fuel combinations. At low loads
(~5 bar IMEP), the authors were able to achieve indicated FCEs of >40% and indicated
specific NOx values of ~0.1 g/kWh at injection timings ranging from 40–60 deg bTDC.
However, these single-injection operating points were found to have high cyclic variations
and high HC emissions. The authors were able to mitigate the negative impact of cyclic
variations by adding a second injection closer to TDC and by operating at lower intake
pressures. Cyclic variations, which arise due to fluctuations in local air fuel ratios and in-
cylinder thermodynamics, have a profound negative impact on HC emissions and engine
performance. Methods to quantify cyclic variations and to identify its cause have been
extensively documented in the literature [18–23]. For example, Jha et al. [24] experimentally
examined the effect of methane energy fraction at low loads in diesel–methane dual fuel
combustion at early injection timings. They observed that increasing the energy fraction of
methane from 50% to 90% at −50 deg aTDC start of injection decreased NOx emissions
by a factor of 43; increased HC emissions by a factor of 9 and increased cyclic variations.
The authors attributed the increase in cyclic variations to the decrease in reactivity of the
mixture as methane energy fraction increases. Various diagnostics methods have been in-
vestigated to examine cyclic variations in dual fuel combustion. Cheng et al. [25] examined
cyclic variations in diesel—methane dual fuel combustion using optical methods and used
a proper orthogonal decomposition method to analyze and quantify cyclic variations. The
increased fluctuations in the luminosity field were considered to be a marker for increased
cyclic variations. They observed delayed onset of cyclic variations as the methane fraction
increased at an injection timing of 15 deg bTDC.

The objective of the present work is to correlate the cause of high HC and NOx
emissions to the combustion behavior in diesel–NG dual fuel combustion using cyclic
emissions data obtained from fast pollutant measurement systems in combination with
combustion data.

2. Experimental Setup

Experimental studies were performed on a single cylinder version of a heavy-duty
PACCAR MX11 engine setup at the University of Alabama (UA). The engine specifications
are provided in Table 1. The Single-Cylinder Research Engine (SCRE) was coupled to a
393 HP AC dynamometer and a Dyne Systems IL5 controller was used to control the engine
speed, while engine load (as determined by the Indicated Mean Effective Pressure (IMEP))
was set by controlling fueling rates.

Table 1. Engine technical characteristics.

Engine Parameter Values

Engine type
Displaced volume

Single cylinder, four-stroke
1.806 m3

Maximum Torque 350 Nm @ 1000 rpm
Maximum Power 53 kW @ 1750 rpm
Injection System Common Rail Injection system

Bore 123 mm
Stroke 152 mm

Compression ratio 18.5:1
Intake Valve IVO: 350 deg aTDC, IVC: −150 deg aTDC

Exhaust Valve EVO: 130 deg aTDC, EVC: −355 deg aTDC
Maximum Speed 2200 rpm

Maximum Pressure 245 bar

A common rail direct injection system was used to inject the High-Reactivity Fuel
(HRF) and the rail pressure was controlled using a solenoid actuated inlet metering valve
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and rail pressure control valve. A National Instruments Direct-injector Control and Mea-
surement device (DCM) interfaced with the Calibration Viewer software from Vieletech
and was used to control injection timing and injection duration. The Low-Reactivity Fuel
(LRF) was fumigated along with the intake air and the LRF flowrate was controlled using a
Swagelok KLF series pressure regulator. The fuel flowrates were measured using Emerson
Micromotion Coriolis flowmeters.

The intake air system uses an external air compressor which also conditions the high-
pressure air (up to 5 bar) using a heatless desiccant dryer. The intake air mass flowrate
was measured using a sonic nozzle, for which the pressure and temperature upstream of
the nozzle were also measured to compute the air mass flowrate. The upstream pressure
was measured using a Setra 206S pressure transducer and the temperature was measured
using an Omega K-type thermocouple. A Kistler piezoelectric pressure transducer (6124A)
coupled with a charge amplifier (5018) was used to measure the in-cylinder pressure,
and the dynamic pressures of both the intake and exhaust were measured using Kistler
piezoresistive pressure transducers. The in-cylinder pressure profile was phased using a
BEI shaft encoder with 0.1 CAD resolution.

Cycle-resolved HC and NOx were obtained by installing CAMBUSTION HFR400 FID
(Fast FID) and CAMBUSTION CLD500 (Fast NOx) measurement systems in the exhaust
manifold, respectively (as close as possible to the exhaust port). By using the Fast FID and
Fast NOx systems, which can sample the pollutants at 500 Hz, it was possible to obtain
the “instantaneous” emissions for each engine cycle. As a result, since the output of such
measurement systems were phased with the data acquisition system, it was possible to
link the cylinder pressure trace during the combustion process and the respective pollutant
production in a given cycle.

Moreover, to compare the present data with the literature, slow-speed (1 Hz) pollutant
measurements were also performed by using a NOVA 5466 AK gas analyzer (present in
a standard Richmond five-gas emission bench) and a CONTINENTAL UniNOx SNS14
sensor (100 Hz) mounted close to the Fast NOx probe. Figure 1 shows the UA SCRE test
cell layout used for the present experimental efforts.

Figure 1. A schematic representation of the UA single-cylinder research engine setup used for the
present experiments.
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3. Experimental Methodology

As widely reported in the literature [26,27] and explained later in this paper, to achieve
high combustion efficiencies with dual-fuel combustion, an early Start of Injection (SOI)
is needed. With early SOIs, the shape of the apparent rate of heat release (RoHR) curve
is “Gaussian” and it generates very low pollutants, especially NOx, and high indicated
efficiency. However, dual-fuel combustion at very advanced SOIs leads to the ignition
process (dictated by the HRF injection) becoming driven more by in-cylinder chemical
reactions that are especially driven by the local air–fuel ratio [28–30]. By using advanced
SOIs, the HRF ignition delay increases due to the local air–fuel ratio “over leaning”, and
it generates engine instability as evident from high values of the coefficient of variation
(COV) of indicated mean effective pressure (IMEP).

To better highlight differences in combustion RoHR shapes, efficiency, and pollutant
emissions in dual-fuel combustion, two SOI sweeps were performed, operating the SCRE
at low loads, where HC emissions are exacerbated. To highlight the link between cyclic HC
emissions and combustion instability, highly unstable engine operating conditions were
specifically studied. Moreover, to better understand the reason behind the NOx production
with dual-fuel combustion, different boost pressures and percent energy substitution (PES)
of natural gas were considered. The engine operating conditions presented in this paper
are summarized in Tables 2 and 3. The experimental studies were performed at a speed of
1339 RPM, which was identified as the “B-speed” of the original PACCAR MX-11 engine
and 1000 cycles of data were collected for each operating point. For the analyzed SOI
sweeps, the injection pressure was kept at 500 bar, and the PES was maintained at 80% and
75%, respectively. The PES was computed using Equation (1).

PES =

.
mLRFLHVLRF

.
mHRFLHVHRF +

.
mHRFLHVHRF

(1)

Table 2. Engine operating conditions that were chosen to study the impact of cyclic variations on HC
emissions at Intake Pressure 1.5 bar, Intake Temperature 20 ◦C, IMEP 5 bar and PES 80%.

SOI
[deg aTDC]

Intake Pressure
[bar]

Intake
Temperature [◦C]

PES [%]
COV IMEPg

[%]

−10 1.5 20 80 6
−20 1.5 20 80 5.7
−30 1.5 20 80 3.8
−40 1.5 20 80 6.3
−50 1.5 20 80 17.1
−60 1.5 20 80 22

Table 3. Engine operating conditions that were chosen to study the impact of cyclic variations on
NOx emissions at Intake Pressure 1.48 bar, Intake Temperature 20 ◦C, IMEP 5 bar and PES 75%.

SOI
[deg aTDC]

Intake
Pressure [bar]

Intake
Temperature [◦C]

PES [%]
COV IMEPg

[%]

−10 1.48 20 75 7.4
−15 1.48 20 75 8.2
−20 1.48 20 75 6.3
−25 1.48 20 75 4.8
−30 1.48 20 75 3.6
−35 1.48 20 75 4.7
−40 1.48 20 75 5.9
−45 1.48 20 75 7.6
−50 1.48 20 75 11
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To study in depth the combustion process at different engine conditions, the RoHR,
the cumulative heat release, and the main combustion indexes, such as IMEP, location
(CAD) of 50% heat release (CA50), Peak Pressure Rise Rate (PPRR), were calculated starting
from Equation (2) (γ represents the specific heat ratio, V and p are the combustion chamber
volume and pressure, respectively, and dV and dp are their derivatives) [31] for each
engine cycle:

ROHR =
1

γ − 1
·V·dp

dθ
+

γ

γ − 1
·p·dV

dθ
(2)

The Start of Injection (SOI) was swept from a retarded injection timing of −10 deg aTDC
to an advanced injection timing of −50 deg aTDC at constant intake and rail pressures.

Figure 2 shows the impact of the SOI on the average CA50 at a constant IMEP of
approximately 5 bar running the sweep described in Table 3. The trend reported in Figure 2
clearly shows the typical behavior during the transition between a typical two-stage profile
to a Gaussian profile for dual-fuel combustion in terms of the “switchback” of CA50
direction with respect to the SOI [26,32]. The reason of the SOI-CA50 trend shown in
Figure 2 is related to the fact that advancing the angular position of the diesel injection
within the cycle increases the ignition delay because of different charge thermodynamic
conditions [28,30].
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Figure 2. Average CA50 and IMEP measured during the SOI sweep at a constant IMEP of 5 bar.

To better explain the SOI-CA50 trend, the difference in combustion RoHR shapes
during the SOI sweeps at the same load (5 bar IMEP) are shown in Figure 3. As evident
from this figure, starting from SOI −10 to SOI −30 deg aTDC the combustion shows the
typical dual-stage RoHR shape: a first peak in RoHR generated by the combustion of a
relatively non-homogeneous air–fuel mixture related to the HRF injection then followed
by combustion in the more homogeneous natural gas–air mixture. As has been widely
documented in the literature [3], such behavior is generated by very short ignition delay
of the HRF when injected close to TDC (the air–fuel mixture pressure, temperature, and
the charge stratification are high). After the first combustion phase, the RoHR reported in
Figure 3a shows the typical second RoHR stage is characterized by smoother and slower
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energy release process, due to the combustion of the LRF–air mixture far from the stratified
zone. Based on the previous explanation, running the engine with late SOIs, from −30 to
−10 deg aTDC, CA50 and SOI follow the same movement direction because of the very short
HRF ignition delay and favorable charge thermodynamic conditions (Figure 2, right side).
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Figure 3. (a) Rate of Heat Release, and (b) Cumulate Heat Released curves testing different SOI at
the same load (5 bar IMEP), PES (80%), and boost pressure 1.5 bar.

A further advance in SOI, from −30 to −50 deg aTDC, produces a completely dif-
ferent behavior, characterized by a smoother single-stage combustion RoHR that appears
“Gaussian” in shape. On the contrary, running the engine with early SOIs, the CA50 retards
when the SOI advances (Figure 2, left side). Due to the extremely unfavorable LRF-air mix-
ture thermodynamic conditions when the HRF is injected at early SOIs, the HRF ignition
delay increases, allowing for greater HRF mixing with the LRF–air mixture and avoiding
the creation of stratified zones close to the injector tip. This enhanced mixing leads to
a relatively slower and smoother combustion process characterized by the single-stage
Gaussian RoHR curve. It is important to highlight the presence of the Low–Temperature
Heat Release (LTHR), approximately at −16 deg aTDC, which represents a well-known
phenomenon [33] often visible in single-stage dual-fuel combustion.

Moreover, from Figure 3a, it is important to observe the presence of remarkable RoHR
oscillations during the expansion stroke when the engine was run at a retarded SOI, from
−10 to −30 deg aTDC. Such a phenomenon is typically triggered by the pressure waves
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generated by an impulsive combustion process, such as the first stage combustion in
Figure 3a [34]. Such a very short and intense energy release increases the amplitude of the
resonance frequencies related to the vibrational mode of the combustion chamber. To better
analyze this aspect, further analysis is currently being performed.

As has been well documented by the literature [35], the transition from two-stage
to Gaussian single-stage combustion produces remarkable differences both in terms of
pollutants and efficiency. Figure 3b, which shows the ensemble-average Cumulated Heat
Released (CHR) at different SOIs, confirms that even if the CA50 has been varied, the load
has been kept almost constant (maximum CHR close to 1500 J). Figure 4 shows the average
Indicated Specific Fuel Consumption (ISFC) in terms of diesel-equivalent ISFC and the
main pollutant emissions (total HC, CO and NOx) sampled by the Richmond gas analyzer
during each test.

0

100

200

300

400

500

381.9

307.7
263272284

325.7

0

1000

2000

3000

4000

5000
HC
CO

-70 -60 -50 -40 -30 -20 -10 0

SOI [ deg aTDC ]

0

100

200

300

400

500

600

190

452

184

818

Figure 4. ISFC and pollutants (HC, CO and NOx) production during the SOI sweep running the
SCRE engine in dual-fuel mode at low load (IMEP 5 bar), 75% PES, and boost pressure 1.48 bar. Note:
For ease of comparison and because the nominal load was held constant at IMEP = 5 bar, steady-state
emissions are presented in raw units (ppm) instead of the customary brake-specific units.

From Figure 4, typical ISFC and emissions trends are observed. The increase in NOx is
linked to the more locally stratified combustion leading to higher local temperatures, while
ISFC and HC reductions are linked to higher combustion efficiencies. It is important to
highlight that even if the CA50 was around maximum brake torque (MBT) or maximum
IFCE location for standard ICEs (i.e., 5–7 deg aTDC at SOI equal to −30 deg aTDC), the
two-stage RoHR and the associated stratified combustion (from SOI −10 to −30 deg aTDC)
are characterized by high NOx emissions. As a result, despite its benefit in combustion
controllability through the injection position, the two-stage RoHR shows limitations in
reaching both goals simultaneously.

Since the aim of dual-fuel combustion is to drop both emissions and fuel consumption
as much as possible, further advance in SOI generates a Gaussian combustion and it shows
the best tradeoff in pollutants and efficiency. The experimental evidence reported in Figure 4
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is well-supported by data available in the dual-fuel literature [26,27]. A smooth combustion
characterized by CA50 close to MBT produces very low NOx. A further increment in SOI
generates a slight rise in ISFC and HC mainly because the CA50 occurs later as the piston
is further down the expansion stroke. Furthermore, the CO generation increases mainly
because the CA50 is retarded, the combustion duration increases with a direct impact
in lowering the exhaust temperature. Figure 5 shows ISFC and pollutants emissions for
engine operation at a slightly higher PES of 80% and boost pressure 1.48 bar. As expected,
even at slightly higher PES, SOI variations exhibit similar trends.
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Figure 5. ISFC and pollutants (HC, CO and NOx) production during the SOI sweep running the
SCRE engine in dual-fuel mode at low load (IMEP 5 bar), 80% PES, and boost pressure 1.5 bar.

Despite previous efforts in which the authors demonstrated significant reductions in
fuel consumption and pollutants by performing a “calibration style” parametric study [17],
this work is focused on demonstrating the links between high HC and NOx emissions and
the combustion process. Therefore, the focus is specifically not on determining the “best
operating point” with dual-fuel combustion.

The following section demonstrates the links between the combustion indices and the
information obtained from the high frequency (cycle-resolved) pollutants measurements
with low-load dual-fuel combustion.

4. Results and Discussion

To analyze the impact of the combustion characteristics on cycle-resolved pollutants
production, attention was focused on those operating conditions that led to high cycle-to-
cycle variability (and associated high HC emissions) and to high NOx emissions.
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4.1. Cyclic HC—IMEP Correlation

As described in the Introduction, one of the aims of this work is to demonstrate the
correlation between the cyclic HC production and IMEP (gross) by using a crank-resolved
measurement system operating the heavy-duty SCRE in dual-fuel mode.

Our previous efforts [17] demonstrated that despite remarkable improvements in
pollutant emissions and fuel consumption reduction possible with dual-fuel combustion
at very advanced SOI, the combustion stability is strongly influenced by the PES and the
thermodynamic conditions of the air–fuel mixture. As a result, through the analysis of the
experimental data acquired during the performed SOI sweeps, to find out the HC–IMEP
correlation it was decided to focus the attention on the 80% PES tests described in Figure 4.

The two engine operating points identified to highlight this correlation are charac-
terized by approximately the same IMEP and CA50 but very different COV of IMEP (we
discuss this aspect later in the paper). As reported in Figure 6, the spread of the cyclic IMEP
and CA50 are seen by analyzing a subsystem of 300 consecutive cycles (same considerations
can be extended to the entire dataset) in the two identified engine conditions at low load:
“Advanced SOI” (SOI −60 deg aTDC) and “Retarded SOI” (−10 deg aTDC).
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Figure 6. Comparison between measured cyclic CA50-IMEP gross (300 engine cycles) related to two
different engine conditions: SOI −60 deg aTDC called “Advanced SOI”, and SOI −10 deg aTDC
called “Retarded SOI”.

For dual-fuel combustion at very advanced SOI, the ignition process (as discussed
previously) is driven more by in-cylinder chemistry, which in turn, is affected by the local
air–fuel ratio [26–30,36]. To better clarify this aspect, the cyclic IMEP of two groups of
300 consecutive cycles with different SOIs (“Retarded SOI” and “Advanced SOI”) are
shown in Figure 7. By using advanced SOI, the HRF ignition delay increases due to the
“over leaning” of local air–fuel ratios, and this leads to high COV. The spread of CA50
instead is related to the presence of recovery cycles after “near-misfire” engine cycles.
After a very low-efficiency combustion, the residuals are mostly composed by unburned
air–fuel mixture (fully premixed, after the entire exhaust and the intake stroke). Such extra
chemical power given by the residuals increases the engine load anticipating the CA50
of the following cycle (“recovery cycles”) consequently. Such behavior is summarized
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in Figure 8, where the two random groups of engine cycles (the group are highlighted
through the yellow box) highlighted in Figure 7 are reported. As explained in the previous
section of the paper, due to the different thermodynamic conditions when the HRF is
injected, the two extreme SOIs are characterized by extremely different cyclic variations
and combustion shape. It is important to mention that, using the AC dynamometer
with its associated speed controller (Figure 1), it was possible to investigate extremely
unstable engine conditions while keeping the engine speed at a constant value (engine
speed fluctuations were mitigated by the dynamometer speed controller).
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Figure 7. Measured IMEP for 300 consecutive engine cycles: (a) “Retarded SOI” condition, (b) “Ad-
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Figure 8. Measured Rate of Heat Released (RoHR) for consecutive cycles in the two different analyzed en-
gine conditions: (a) “Retarded SOI”, dual-stage combustion, (b) “Advanced SOI”, “Gaussian” combustion.

As is evident from Figures 7 and 8, due to the different ignition dynamics and conse-
quently combustion RoHR shape and duration, the two analyzed conditions clearly differ
in terms of cyclic IMEP behavior: the “Retarded SOI” condition is characterized by very
low COV (Figures 7a and 8a) whereas significant IMEP variations are observed for the
“Advanced SOI” condition (Figures 7b and 8b).

To demonstrate the impact of the cyclic variations on HC production, cycle-resolved
HC emissions were measured using a CAMBUSTION HFR400 fast FID analyzer. By using
the fast FID measurement system, which can sample the hydrocarbon emissions at 500 Hz,
it was possible to obtain the cycle-resolved HC emissions for each engine cycle. By running
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the engine at 1339 rpm, the 500 Hz measurement frequency of the fast FID system led to a
crank angle resolution of 16 degrees for the cycle-resolved HC measurements. As a result,
since the output of the fast FID measurement system was phased with the data acquisition
system, it was possible to link the cylinder pressure trace during the combustion process
and the respective cycle’s HC emissions.

Figure 9 shows the in-cylinder pressure signal for a single engine cycle and the associ-
ated fast FID signal. To improve the quality of the fast HC and fast NOx visualization and
analysis, a Butterworth low-pass digital filter (300 Hz) has been applied to the FID output.

Figure 9. In-cylinder pressure signal and measured cycle-resolved HC emissions for dual-fuel
operation at SOI −10 deg aTDC.

It is important to mention that due to the distance between the FID probe and the
exhaust port, the fast FID signal is intrinsically characterized by a time-delay (approximately
0.0125 sec in the analyzed conditions) with respect to the exhaust valve opening. Since the
analyzed engine operating conditions were run at a constant RPM and under the hypothesis
that the exhaust gases pass through the exhaust manifold at the sound speed (i.e., under
choked conditions) during the exhaust blowdown process, which can approximately be
considered proportional to the square root of the exhaust gas temperature, the time-delay
was compensated, and the fast FID signal was synchronized with the exhaust valve opening
(EVO) for each cycle. As it can be seen in Figure 9, the instantaneous HC signal starts rising
after EVO and, therefore, the information contained in the fast FID signal can be directly
correlated with the analyzed cylinder pressure signal.

By the analysis of the instantaneous HC signal (Figure 9), three regions are noticeable,
which provide different information about the HC emissions arising from the engine cycle.
The first HC peak, located between −360 and −260 deg aTDC, is related to short-circuiting
of natural gas from the intake directly to the exhaust. Despite the overlap window of the
engine being very small (15 deg), because of the pressure difference between intake and
exhaust, a small quantity of LRF–air mixture flows in the cylinder directly to the exhaust,
causing the reported peak. The second region can be considered representative of the
actual cyclic HC production (green area highlighted in Figure 9) during the combustion
process. This area is characterized by the maximum value of instantaneous HC, which
is directly related to the HC production during and after the combustion, and a clear
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descending trend. Such a trend can be reasonably explained through the exhaust gases
mixing process in the exhaust manifold during the expansion (the HC concentration lowers
progressively). As a result, the cyclic HC production can be evaluated as the average of the
fast FID signal during the exhaust stroke (green area in Figure 9). This value represents the
“effective cyclic HC emissions” for the following engine cycle. Since the aim of this work
is to correlate the IMEP cyclic variations with the HC emissions, the effective cyclic HC
emissions was evaluated by averaging the FID signal (blue area highlighted in Figure 9)
during the compression stroke, when both intake and exhaust valves are closed. Then, the
Net Cyclic HC emission (NCHC), defined by Equation (3), was evaluated as the difference
between the cyclic HC production (average of the green area in Figure 9) and the effective
cyclic emissions for each engine cycle (average of the blue area in Figure 9).

Net Cyclic HC emission [ppm] = HCcyclic production − HCe f f ective cyclic emission (3)

The NCHC represents the net HC production (if positive), or the net HC reduction (if
negative), for the analyzed engine cycle compared to the previous one. As a result, through
the NCHC evaluation it is possible to obtain an index that can be easily correlated with
the cyclic IMEP variation. To evaluate the cyclic IMEP variations, the ΔIMEP, defined
in Equation (4), was calculated as the difference between the IMEP of two consecutive
engine cycles.

ΔIMEP [bar] = IMEPnthcycle − IMEP(n−1)th cycle (4)

Once NCHC and ΔIMEP were defined, the cyclic HC–ΔIMEP correlation was obtained
by the comparison between the two engine operating conditions considered in this work:
“Retarded SOI” and “Advanced SOI”. Figure 10 clearly shows that a net HC reduction is
related to a more efficient combustion process (positive ΔIMEP). On the other hand, if the
combustion decreases in efficiency (negative ΔIMEP) the NCHC increases. It is interesting
to notice that even if the spread of the IMEP is extremely different (because of differences
in the nature of combustion at the two SOIs as evident from the different RoHR shapes),
the correlation between the NCHC and the ΔIMEP is still valid for both analyzed engine
conditions. Therefore, it appears that the obtained linear correlation (R2 = 0.86) gives a
reasonable indication about one the main source of HC production in RCCI engines and the
relation between the cyclic variability and HC emissions in diesel–NG dual-fuel combustion.
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Figure 10. Cyclic HC-IMEP correlation for 300 consecutive cycles in the two different analyzed engine
conditions: SOI −60 deg aTDC called “Advanced SOI” and SOI −10 deg aTDC called “Retarded SOI”.
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4.2. Cyclic NOx–RoHRmax Correlation

As has been widely reported in the literature [27,35], one of the main challenges with
adapting dual-fuel combustion for the entire speed–load range production engines is related
to the control of the combustion. Despite the fact that Gaussian RoHR shape at advanced
SOIs is accompanied by very low NOx and high efficiency, its high sensitivity to in-cylinder
thermodynamic conditions and the SOI position significantly reduces the operating range
of the engine. As a result, to increase the combustion controllability avoiding knock or
misfire, previous efforts proposed retarded SOI operation for a certain number of engine
cycles [17,26,35]. By using such SOI actuation, the engine can instantaneously recover from
anomalous combustion events, preventing failures or damage to other components, such
as the turbocharger, exhaust line, auxiliaries, etc.

Even though retarding the SOI can be considered an effective way to mitigate the well-
known dual-fuel combustion, especially knock, moving from a single-stage Gaussian RoHR
to a two-stage RoHR increases the NOx emission. As reported in Figure 3a and confirmed
by pollutants emissions shown in Figure 4, the two-stage combustion (SOI from −10 to
−30 deg aTDC) is characterized by a very sharp first combustion stage and high NOx
production. As mentioned before, such behavior is generated by the very short ignition
delay of the HRF when injected close to TDC (pressure, temperature and the stratification
of the air–fuel mixture are high) which ignites the amount of charge in the stratified zone.

Since NOx formation is driven by local temperatures potentially caused by the local
air–fuel ratio stratification in dual-fuel combustion, RoHR calculated using a global com-
bustion model is not directly referable to NOx emissions. This is made even more difficult
especially when the nature of combustion changes significantly (i.e., from two-stage to
single-stage Gaussian RoHR).

However, because the NOx production is promoted when a significant amount of
energy is released in a short time, the link between the combustion behavior and the mea-
sured NOx can be obtained by examining combustion indices related to knock. Typically,
such information can be easily obtained by the analysis of the RoHR, and in particular its
maximum value.

From Figure 3a, it is evident that for combustion characterized by two-stage RoHR
(SOI from −10 to −30 deg aTDC), the maximum value of the RoHR (RoHRmax), typically
occurring in the first stage, is significantly and consistently higher with respect to the
more advanced SOIs (SOI from −40 to −50 deg aTDC). Figure 11 shows the steady-state
(slow-speed) NOx emissions measured with the Richmond bench and the RoHRmax
(300 cycles) during the SOI sweep. It is evident that both NOx and RoHRmax follow the
same trend, demonstrating a potential link between the identified combustion parameter
and NOx production.

Focusing the attention on the SOI range characterized by two-stage combustion (SOI
from −10 to −30 deg aTDC), because the first combustion stage progressively becomes
more intense (Figure 2a), both NOx and RoHRmax increase. The reported trend is generated
by the decreasing HRF ignition delay, which promotes local air–fuel ratio stratification
and higher local temperatures inside the combustion chamber. A further advancement in
SOI (from −35 to −50 deg aTDC) modifies the RoHR shape, characterized by a smoother
energy release (Gaussian profile). Such behavior is mainly related to the HRF ignition
delay increment because of the unfavorable thermodynamic conditions in the combustion
chamber when the HRF is injected [28,29]. The very low NOx emissions shown by Figure 11
at advanced SOIs confirms a potential link between the combustion shape (i.e., the existence
of a distinct first stage of RoHR) and NOx emissions. It is important to highlight that the
RoHRmax tends to increase when SOI is advanced because the center of combustion moves
to MBT (Figure 2). A further confirmation of this trend can be found by the information
shown in Figure 4, where ISFC and pollutants are reported.

Upon identification of the link between RoHRmax and NOx emissions using the
ensemble-averaged RoHR data and slow-speed NOx measurements, cycle-to-cycle analysis
was performed.
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Figure 11. Average NOx-RoHRmax correlation obtained through slow speed pollutant measurement
(Richmond measurement system) running a SOI sweep in dual-fuel mode at low-load.

Following the same approach described in the previous section for identifying the
HC–IMEP correlation, the fast NOx signal was acquired and synchronized with the EVO
(after compensating for time-delay as discussed above). By phasing the instantaneous NOx
emissions with the exhaust stroke, it was possible to clearly identify the NOx emissions
associated with each engine cycle. Since the signal output characteristics of the CAMBUS-
TION CLD500 have the same features as the fast HC analyzer, the same signal processing
(acquisition and filtering) was adopted. Figure 12 shows the CAMBUSTION CLD500 signal
(red line) and in-cylinder pressure signal (blue line) of an engine cycle characterized by
high NOx emission (retarded SOI −20 deg aTDC).

Figure 12 clearly shows the peak of NOx emissions placed at the end of expansion
stroke (EVC −355 deg aTDC) which can be assumed as the cyclic NOx production. Such
behavior can be related to the delay of the Fast NOx before starting to measure the exhaust
gases of the actual cycle. As documented by Peckham et al. [37] and Schurov et al. [38],
the evident instantaneous NOx signal drop reported in Figure 12, around EVO, is related
to the residence time of the exhaust gases behind the valve. The first portion of the gas
sampled will be that which was released at the end of the previous exhaust stroke and then
stayed in the port throughout the entire exhaust valve closed period resulting in a low NOx
concentration. Moreover, since fast NOx and fast FID data have the same characteristics in
term of signal output, the cycle resolved data have a crank angle resolution of 16 degrees
that contributes retarding the rise of NOx signal.

With the aim of confirming the NOx-RoHRmax correlation identified through the
analysis of the average data in Figure 11, the two stage RoHR combustion region (SOI
from −10 to −30 deg aTDC) was considered. As clearly shown in Figure 13, where a
cycle-to-cycle comparison (300 consecutive engine cycles) between the maximum value
of the instantaneous NOx and the calculated RoHRmax was performed, the same trend
reported in Figure 11 can be noticed. As discussed before, by advancing the SOI, the
magnitude of the first RoHR stage initially increases and subsequently decreases, with
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obvious consequences in terms of NOx production. A further advancement in SOI generates
near-zero NOx production because of the different combustion behavior (Gaussian RoHR
shape), confirming the link between the combustion RoHR shape and NOx production. This
strong linear correlation (R2 = 0.82) between NOx emissions and the transformation of the
RoHR shape in dual-fuel combustion has been previously observed by several researchers,
most recently by Partridge et al. [32], who attributed the RoHR shape transformation to
local air–fuel ratio stratification.
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Figure 12. In-cylinder pressure signal and Instantaneous NOx production for a dual-fuel engine
operating condition at SOI −20 deg aTDC.
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Figure 13. Cycle-to-cycle NOx-RoHRmax correlation obtained through high-frequency pollutant
measurement (CAMBUSTION measurement system) running a SOI sweep in dual-fuel mode at
low load.
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5. Conclusions

This work highlights the correlation between combustion characteristics and pollu-
tants emissions, especially unburned hydrocarbons (HC) and oxides of nitrogen (NOx)
based on fast FID and fast NOx measurements acquired cycle-by-cycle. The experimen-
tal investigation was performed on a Single-Cylinder Research engine run in dual-fuel
diesel–natural gas mode at a fixed speed and a fixed low load of 5 bar IMEP gross and
1339 rpm, respectively. The natural gas PES was kept constant at 80% and the diesel was
injected at an injection pressure of 500 bar, while the HRF SOI was varied from −10 to
−60 deg aTDC.

The instantaneous pollutants emissions were acquired using CAMBUSTION HFR400
and CLD 500 with sampling frequency of 500 Hz able to obtain cycle-resolved data. To
further validate the values coming from the CAMBUSTION instrumentations, a standard
five-gas emission bench was used to compare the outputs in terms of average (steady-state)
pollutants concentrations from different sources. Once compensated for the time-delay
of the fast emission measurement systems with respect to the actual engine cycle (due
to the distance between the exhaust valve and the sampling probe), the analysis of the
acquired data allowed to define two correlations aimed at demonstrating the sources of
each pollutants produced.

The correlation between cycle-to-cycle variability and the HC production were identi-
fied by comparing two different engine operating conditions of −10 deg aTDC and −60 deg
aTDC, called “Retarded SOI” and “Advanced SOI”, respectively. Introducing the Net Cyclic
Hydrocarbon (NCHC) emissions as representative of the net HC production (if positive), or
net HC reduction (if negative), for the analyzed engine cycle compared to the previous one,
the cyclic variability was defined through the calculation of the IMEP difference between of
two consecutive engine cycles (ΔIMEP). Finally, a linear experimental correlation (R2 = 0.86)
between NCHC and ΔIMEP was obtained, providing a reasonable physical explanation for
high HC emission running diesel–NG dual-fuel combustion at low load with advanced
injection timing.

Following the same approach, a physical explanation for high NOx emissions in diesel–
NG dual-fuel combustion was proposed. Through the analysis of the ensemble-averaged
RoHR data and slow-speed measurements, a potential link between the combustion shape
(i.e., the existence of a distinct first stage of RoHR, summarized by the RoHRmax) and
NOx emissions was identified. The analysis of the cycle-to-cycle combustion data and
crank-resolved NOx measurements confirmed the existence of a clear trend through the
identification of a linear correlation (R2 = 0.82) between the maximum value of the instan-
taneous NOx and the calculated RoHRmax. Since the analysis performed in this paper
consider only few SOIs at a constant load (low load), further activities are currently being
performed to verify the obtained correlation at different engine operating conditions of
RPM, load, intake pressure, rail pressure and number of HRF injections.
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Abbreviations

Ac Alternate current
aTDC after Top Dead Center
bTDC before Top Dead Center
CAD Crank Angle Degree
CDC Conventional Diesel Combustion
CO Carbon Oxides
COV imep Coefficient of Variation of IMEP
dV Derivative Volume
dp Derivative Pressure
EVC Exhaust Valve Closing angle
EVO Exhaust Valve Opening angle
FCE Fuel Conversion Efficiencies
HCS Unburned Hydrocarbons
HCCI Homogeneous Charge Compression Ignition
HP Horse Power
HRF High-Reactivity Fuel
IMEP Indicated Mean Effective Pressure
ISFC Indicated Specific Fuel Consumption
IVC Intake Valve Closing angle
IVO Intake Valve Opening angle
LHVLRF Low Heating Value of Low Reactivity Fuel
LHVHRF Low Heating Value of High Reactivity Fuel
LRF Low-Reactivity Fuel
LTC Low-Temperature Combustion
LTHR Low-Temperature Heat Release
MBT Maximum Brake Torque
NCHC Net Cyclic Hydrocarbons
NG Natural Gas
NOx Oxides of Nitrogen
P Pressure
PES Percentage Energy Substitution
PREMIER Premixed Mixture Ignition in the End-gas Region
POMDME Polyoxymethylene di-methyl ether
RCCI Reactivity Controller Compression Ignition
RoHR Rate of Heat Release
RoHRmax Maximum Rate of Heat Release
SOI Start of Injection angle
TDC Top Dead Center
V Volume
ΔIMEP Cyclic IMEP variation
.

mHRF High-Reactivity Fuel Flowrate
.

mLRF Low-Reactivity Fuel Flowrate
γ Adiabatic index
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