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Abstract: This study involves the investigation of municipal solid waste (MSW) based biofuel in order
to demonstrate its utilization as a diesel blendstock in a compression ignition (CI) engine. The biofuel
was produced from the Hydrothermal Liquefaction (HTL) process. The tested biofuels represented
both distilled (known as nonupgraded HTL biofuel) and hydrotreated (known as upgraded HTL
biofuel) fuels, obtained from raw bio-crude. The effects of the HTL biofuel and diesel blending on the
combustion and emission characteristics were investigated. A comparative study of nonupgraded
and upgraded HTL biofuel in terms of combustion and emissions was conducted. The upgraded HTL
biofuel was blended with reference diesel (RD) by 5 %, 10 %, and 40 % by weight, respectively, and the
nonupgraded HTL biofuel was blended with RD by 10% by weight. The experiments were conducted
in an optically accessible compression ignition chamber (OACIC) with engine-like thermodynamic
conditions. The parameters were recorded at a constant speed and at fixed thermodynamic conditions.
The heat release rate (HRR), in-cylinder pressure, ignition delay (ID), flame lift-off length (FLOL), and
in-flame soot were measured. The PM, CO, NOx, and CO2 were also recorded. In summary, the HTL
blends exhibited a close resemblance to the reference diesel across a range of combustion parameters
and regulated emissions. Furthermore, the upgraded HTL blends outperformed the nonupgraded
blend in terms of both combustion characteristics and emissions.

Keywords: HTL biofuel; combustion; emissions; optical engine

1. Introduction

The statement made at the COP26 conference in Glasgow 2021 emphasized the urgent
need for the world to achieve net-zero emissions by 2050 in order to combat the detrimental
effects of climate change on our planet [1]. The assessment conducted by the Intergovern-
mental Panel on Climate Change (IPCC) warns of the potentially devastating consequences
of future climate change, highlighting the necessity for immediate action. Governments
have responded by intensifying their efforts to the transition from fossil fuels to renewables,
including advanced biofuels, in alignment with the IPCC’s call for rapid emission reduction
and carbon neutrality [2]. One of the primary challenges in meeting these goals lies in find-
ing and employing renewable, sustainable, and ecofriendly alternative fuels, particularly
in the road transport sector where automobiles play a significant role. Biofuels, such as
biodiesel and ethanol, are regarded as promising substitutes for fossil fuels and have seen
widespread commercial application in vehicles [3]. However, their production relies in
many cases on edible oils derived from crops, including soybean, rapeseed, palm oils for
biodiesel, maize, wheat, and sugarcane for ethanol. The extensive use of these biofuels
could potentially impact food security, particularly in developing countries. Additionally,
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although biofuels are generally viewed as effective in mitigating the release of greenhouse
gas (GHG) emissions due to the carbon sequestration process during plant growth, recent
studies suggest that considering emissions from land use changes, biofuel production, and
consumption might not achieve the desired GHG emission reductions [4–6]. Given these
concerns, second-generation biofuels, derived from feedstocks, like crop, forestry, and ur-
ban waste, offer a more environmentally friendly and sustainable alternative. Additionally,
emerging feedstocks, such as microalgae [7], plastics [8], and food waste [9], are garnering
attention as they present not only a lower risk to food security but also offer potential
advantages in GHG emission reductions. These alternative feedstocks are considered envi-
ronmentally friendly and can provide a more holistic solution to the complex challenges of
sustainable fuel production.

Municipal solid waste (MSW) is among the most abundant feedstock for second-
generation biofuels. Over the past few decades, urbanization and population growth in
urban areas have led to a significant increase in MSW generation. Eurostat statistics reveal
that the average per capita MSW production in the EU stands at approximately 500 kg/year.
However, certain member countries surpass this figure, with some reaching levels above
700 kg/year [10]. However, waste treatment facilities have not kept pace with this surge,
resulting in a lack of capacity and potential environmental crises. In most countries, organic
waste accounts for around 28–58% of the total MSW produced, depending on the region.
While this organic waste has traditionally been seen as a troublesome aspect of MSW
that hinders recycling technologies, it actually represents a sustainable carbon source that
can be utilized for the production of liquid fuels and agricultural nutrients [11]. The
organic fraction of MSW contains a significant amount of moisture, making traditional
valorization techniques, like incineration, costly. This challenge can be addressed through
the employment of the Hydrothermal Liquefaction (HTL) conversion technique. In HTL,
the drying of biowaste is unnecessary as the water content serves as a reaction medium to
convert lipid and nonlipid components into bio-crude oil [12,13].

Hydrothermal Liquefaction (HTL) is a thermochemical process that utilizes water at
sub, near, or supercritical conditions as the reaction medium to break down and decompose
the complex organic molecules present in biomass. This process results in the production of
an energy-dense liquid known as bio-crude [14]. However, bio-crude obtained from HTL
cannot be directly utilized as a drop-in transportation fuel. Despite having a higher quality
than pyrolysis oil, it still contains oxygen and other heteroatoms (like nitrogen, sulfur,
etc.) that need to be removed. Nitrogen and oxygen compounds can potentially affect the
lubrication properties of low-sulfur diesel fuels, which might lead to increased engine wear
and reduced performance. Nitrogen compounds in the fuel can increase the production
of the oxides of nitrogen (NOx) during combustion, while sulfur leads to the generation
of sulfur oxides (SOx). These pollutants (NOx and SOx) have detrimental effects on the
environment and human health. Fractional distillation is a commonly employed upgrading
process capable of separating the different constituents of bio-crude. Another method
of upgrading involves hydrotreating, which removes oxygen and produces a relatively
thermally stable oil. The biofuel produced followed by upgrading has a high calorific value
in the range of 40–45 MJ/kg and has a lower oxygen content compared to biofuel derived
from the pyrolysis process. This makes HTL biofuel favorable for efficient combustion,
making it suitable for use as engine fuel [15].

HTL fuels have, however, not reached the level of commercial fuels in maturity
and have thus received less attention in the combustion community. Its combustion
characteristics are less known compared to more custom biofuels, such as FAME, biodiesel,
and methanol. Chen et al. [16] performed engine tests using an upgraded HTL biofuel
blended with diesel (HTL 10 and 20 % by volume). They measured the exhaust emissions,
such as NOx, CO, UHC, and soot. The results showed that the emissions were similar to
that of diesel fuel. However, the authors did not investigate the combustion characteristics
of HTL biofuel, such as the heat release rate, ignition delay, flame lift-off length, and in-
flame soot, which are all important parameters for optimal combustion and efficiency. The



Energies 2023, 16, 6754 3 of 21

work reported by Hossain et al. [17] involved the application of a surrogate of HTL biofuel
and diesel blends in an engine. The exhaust emissions were measured; however, there
is a contradiction between the soot emissions result of this study and the study by Chen
et al. This study also lacks information on the combustion characteristics. The investigation
conducted by Hadhoum et al. [18] used nonupgraded HTL and diesel blends (10, 20, and
30% HTL by volume). The authors studied the combustion and emission characteristics, but
the combustion features, such as the flame lift-off length and in-flame soot formation, were
not investigated. The main difference between the study of Hadhoum et al. (nonupgraded
HTL) and of Chen et al. (upgraded HTL) is that the CO and soot emissions are lower in the
upgraded HTL relative to the nonupgraded HTL. An experimental study was performed
by Nabi et al. [19] in an engine fuelled with nonupgraded HTL and diesel blends (5,
10, and 20% HTL). The authors studied the combustion features, such as the in-cylinder
pressure and heat release rate; however, the study did not discuss the flame lift-off length
and in-flame soot formation. The exhaust soot emissions results of this study and the
study by Hadhoum et al. also show a contradiction. Obeid et al. [20] reported the work
related to the utilization of a surrogate of HTL biofuel in an engine; this study also lacks a
detailed combustion investigation. Lee et al. [21] conducted tests using upgraded HTL and
diesel blends (10 and 20% HTL) in a constant volume chamber. The authors completed a
detailed combustion study; however, the investigation of the higher HTL concentration
was missing. The detailed combustion study performed by Yang et al. [22] used 100%
upgraded HTL biofuel in a constant volume chamber. They measured the heat release
rate, in-cylinder pressure, ignition delay, flame lift-off length, and in-flame soot. However,
the study lacks a comparative investigation of nonupgraded and upgraded HTL biofuel
in terms of combustion and emission characteristics. Overall, there are very few studies
conducted on HTL-fuelled engines. The studies lack a detailed combustion investigation of
HTL biofuel. The emission results of previous studies by other authors are not consistent,
especially soot emissions, so further work is needed in this domain as well. Also, the
comparative investigation of the upgraded and nonupgraded HTL biofuel in terms of
the combustion and emission features was not performed by the research community
as per the authors’ knowledge. These research gaps need to be addressed in order to
understand the behavior of this fuel in the engine. A comparative study of upgraded and
nonupgraded HTL biofuel is also beneficial in order to understand how fuel upgrading
is beneficial (or not) as it involves extra cost in fuel production. Furthermore, these are
the necessary precursors for the commercial application of this fuel in conventional diesel
engines. Therefore, work on these research gaps is in high demand.

The current work addresses these research gaps; the effects of HTL biofuel and diesel
blending on combustion and emission characteristics were investigated in an optically
accessible compression ignition chamber (OACIC) with engine-like thermodynamic con-
ditions. Also, a comparative study of upgraded and nonupgraded HTL biofuel in terms
of combustion and emission features was conducted. Before conducting experiments
on actual engines and vehicles, it is essential to perform a preliminary investigation of
HTL/diesel fuel blends in an optical engine. Optical engines offer the capability to monitor
the progression of the combustion processes, reveal intricate details within the cylinder
during combustion, and advance our comprehension of the fundamental aspects of fuel
combustion. The combustion features, such as the heat release rate (HRR), in-cylinder
pressure, ignition delay (ID), flame lift-off length (FLOL), and in-flame soot, were deter-
mined for all the fuels. The exhaust emissions, such as particulate matter (PM), carbon
monoxide (CO), nitrogen oxides (NOx), and carbon dioxide (CO2), were also measured.
The parameters were recorded at a constant engine speed, fixed injection timing and injec-
tion pressure, and at fixed thermodynamic conditions. This work explores the following
research questions: (1) How do different concentrations of HTL biofuel in the mixture
with a reference diesel affect the combustion and emission characteristics? (2) How does
the upgraded and nonupgraded HTL biofuel differ in terms of combustion characteristics
and their influence on emissions? Finally, this research contributes to the expansion of
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knowledge regarding the energy utilization of biomass conversion and advocates for the
adoption of HTL biofuel as a promising renewable alternative fuel for use in engines.

2. Materials and Methods
2.1. Fuel Production and Chemical Composition

The organic fraction of municipal solid waste was continuously processed in an HTL
bench-scale unit at Aalborg University, Denmark. To obtain miscible HTL-based diesel
blendstocks, two downstream process value chains were designed and the impact of each on
the miscibility, physicochemical, and compositional properties of the fuels was thoroughly
evaluated. The extensive elaboration and the results can be found in our previous study [23].
In brief, Scenario 1 (#Sc1) employed a vacuum distillation to fractionate the raw bio-crude
(BC), whereas, in Scenario 2 (#Sc2), BC first underwent a partial hydrotreating stage (to
obtain hydrotreated bio-crude (HTBC)) and the acquired fuel precursor was subjected to the
vacuum distillation unit. The properties of the resultant distillation cuts (BCD: F1–F10 and
HTD: F1–F10) were fully inspected. A multiobjective mathematical model was developed
to compute: (1) the optimized mixture of biodistillate cuts (BCDM and HTDM), and (2) the
blending of the optimized mixture with an ultra-low sulfur reference diesel (Coryton Fuels,
UK) in accordance with EN590 standard road diesel specifications. A summary of the
scenarios and the nomenclatures is shown in Figure 1.

Figure 1. Schematic summary from biomass to combustible blend diesel.

The chemical composition of the reference diesel (RD/REF), BCD (F6–F8), and HTD
(F6–F8), categorized based on organic functionalities was characterized through GC–MS
and presented in Figure 2. The BCD: F6–F8 and HTD: F6–F8 reflect the diesel fraction. The
alkene content is higher in upgraded HTL biofuel (HTDM) than RD and lower relative to
nonupgraded HTL (BCDM). The consequences of this data will be explored and discussed
in detail within the results section.
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Figure 2. Chemical composition of RD/REF, BCD, and HTD categorized based on organic functionalities.

2.2. Fuel Selection and Parameters

In our previous study [23], a comprehensive elaboration on the topic is given. Here,
a summarized overview is presented. Based on the multiobjective optimization results,
0.3 wt.% of contribution was detected for BCDM before reaching the first blending wall
(sulfur content). On the contrary, HTDM with enhanced properties owing to the prestabi-
lization step contributed over 5 wt. % to the final blend in respect to EN590 (denoted as
HTDM5). Moreover, HTDM10 was found to comply with most of the required properties
but with sulfur content (11.01 ppm). Hence, HTDM5 and HTDM10 were recognized as
on-spec blend fuels and chosen to be studied. To specify the impact of blend fuel character-
istics on the combustion and emission properties, two additional samples (BCDM10 and
HTDM40) were also introduced to the combustion setup, and the relevant parameters were
investigated. In summary, the upgraded HTL biofuel was blended with reference diesel
(RD) by 5%, 10%, and 40% by weight (HTDM5, HTDM10, and HTDM40, respectively) and
nonupgraded HTL biofuel was blended with RD by 10% by weight denoted as BCDM10.
Figure 3 compares different blend fuel properties to the EN590 compliance region and
the reference diesel fuel. The cetane index (CI) of RD, BCDM, and HTDM are 58.4, 75.33,
and 68, respectively. The CI of upgraded HTL biofuel (HTDM) is higher than RD. The
oxygen content in RD, BCDM, and HTDM are 0, 7.41, and 0 in weight %, respectively. The
carbon content of all tested fuels is similar. The impact of this will be discussed in the
results section.

2.3. Experimental Setup
2.3.1. The Optical Accessible Compression Ignition Chamber (OACIC)

The experiments were carried out within the Optical Accessible Compression Ignition
Chamber (OACIC), situated at the Motorlab, Department of Energy and Process Engineer-
ing, Norwegian University of Science and Technology (NTNU).The OACIC (Figure 4) is
a modified 4-stroke engine (Lister 12 CS), with a restructured engine head to allow for
access. The connection between the combustion chamber in the head and the engine’s
swept volume is facilitated by an interchangeable throat. The intake and exhaust valves
remain the same as the original engine and are installed in the modified engine head. The
chamber is equipped with a Bosch solenoid common rail injector featuring a single-hole
nozzle angled at 62° with respect to the nozzle axis. To prevent particulate matter (PM)
emissions associated with engine oil, the OACIC is lubricated with light lubrication. The
combustion chamber possesses a cylindrical configuration, featuring dimensions of 50 mm
in diameter and 40 mm in height. This chamber is sealed with two fused silica windows,
held in place by threaded rings, which provide a line-of-sight view into the chamber. A
500 rpm alternating current motor drives the piston and crank, with the crankshaft position
determined by a magnetic shaft encoder. A dynamic pressure sensor, synchronized with
the shaft encoder, diligently records both the motored and combustion pressures within



Energies 2023, 16, 6754 6 of 21

the chamber. The engine head is not externally heated or cooled, while the engine cylinder
is maintained at a constant temperature of 90 ◦C using heaters. Optical measurements
are conducted using a skip fire mode, with at least ten motored cycles preceding each
combustion cycle to ensure more stable thermal conditions during operation. Injection
pressure is regulated by an air-driven pump, and the intake air system consists of a large
air box with the volume flow rate of intake air measured using an orifice plate positioned
inside the air box. The intake air is compressed by a root compressor, and an electric flow
heater is located near the intake manifold. Further details of the engine can be found in
Table 1, and a more comprehensive description of the OACIC is available in a previous
publication [24].

Figure 3. Measured blend fuel specifications in comparison to the reference diesel and EN590
required standards.

Figure 4. OACIC cross-sectional view.
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Table 1. OACIC Engine specifications.

Engine Type Four-stroke, single cylinder, indirect DI engine
Bore/stroke 130 mm/140 mm

Displaced volume 1.85 L
Compression ratio (CR) 16.36

Injector Bosch CR second generation
Injector nozzle Single hole, 62 deg wrt central axis
Hole diameter 0.12 mm

Injection pressure 1000 bar
Injection duration 5 ms
Injection timing 4 CAD before top dead center (BTDC)

Speed 500 rpm

For the zero-dimensional analysis of the chamber’s thermodynamic conditions, the
first law approach was employed [25]. The calculation relied on inputs such as in-cylinder
pressure, wall temperature, engine dimensions, inlet air temperature, and inlet air pressure.
The iterative calculation of the in-cylinder temperature utilized the energy conservation
equation and the ideal gas law. The specific thermodynamic conditions considered in
this study were the intake pressure of 1.25 bar and the intake temperature of 55.3 ◦C. The
ambient gas density at top dead center (TDC) was set at 16.5 kg/m3, while the ambient
gas temperature at TDC was established at 827.4 K. More detailed information regarding
the acquisition system, sensor precision, and uncertainty calculation can be found in our
previous work [24]. The in-cylinder pressure data were recorded over 100 consecutive
cycles with a sampling interval of approximately 0.15 crank angle degrees (CAD), and the
mean value was used for calculations. The output signals from the pressure transducer
were amplified and digitized. The heat release rate was determined from the in-cylinder
combustion pressure, employing a first-law approach as described by Heywood [25]. The
HRR quantifies the amount of heat energy produced per CAD during fuel combustion.
The cumulative heat release rate (CHRR) was derived from the HRR data and represents
the sum of heat released at each moment during the combustion process, measured as
a function of crank angle degrees. The interval between the start of injection and the
beginning of combustion, known as the ignition delay, was determined based on the HRR
using the methodology outlined in Heywood [25]. Horiba MEXA-ONE-RS and Cambustion
DMS 500 analyzers were utilized to measure exhaust gas concentration and particulate
matter, respectively. Both analyzers incorporate heated lines and have a comparatively
high sampling rate of 1 Hz.

2.3.2. Optical Setup

The ID based on OH was determined from the OH* chemiluminescence measurements.
The OH*-based ID refers to the specific period of time between the initiation of fuel injection
and the first observed chemiluminescence signal of OH*. This measurement is utilized
to gain insights into the overall combustion behavior of fuel under specific temperature
and pressure conditions. On the other hand, the ID is a crucial parameter in combustion
and engine design studies as it provides a measure of the time required for a combustible
fuel–air mixture to react once it reaches a specific temperature and pressure. This reaction
triggers the release of energy and the rapid formation of radicals, which can be captured by
the OH* signal. The ID serves as a valuable benchmark for understanding the combustion
characteristics and performance of fuels in combustion systems [24]. To capture the regions
of high release rate within the flame, imaging was conducted using a narrow bandwidth in
the ultraviolet (UV) spectrum centered at 310 nm with a bandwidth of 10 nm (full width at
half maximum). The stoichiometric sections of the flame burn at high temperatures, leading
to the formation of electronically excited hydroxide radicals (OH*), primarily through
the reaction CH + O2 → CO + OH*. As OH* transitions back to the ground state OH, it
emits radiation, which is particularly strong at around 310 nm. OH* chemiluminescence
was measured using a high-speed camera (FASTCAM SA5, Photron) connected to a gated
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intensifier (HiCatt 18, Lambert Instruments BV, The Netherlands) equipped with a 105 mm
Nikkor UV lens. The measurements were recorded at a rate of 25,000 frames per second
(fps) with a resolution of 512× 512 pixels, and the gate time was set to 20 µs.

The flame lift-off length is another critical parameter describing the distance between
the fuel injection nozzle and the point at which the flame stabilizes within the combus-
tion chamber, particularly during the diffusion combustion phase. Understanding the
behavior of FLOL provides important insights into the efficiency of fuel and air mixing,
which significantly impacts the combustion process, including its efficiency and pollutant
emissions. In the case of a diffusion flame, the fuel and air are not premixed, unlike in
premixed flame combustion. Instead, the fuel and oxidizer (typically air) remain separate
until the combustion process occurs. Combustion takes place at the flame surface, where
the fuel and oxidizer meet in the appropriate concentration, while the interior of the flame
contains unburnt fuel. FLOL serves as a useful indicator of the extent and effectiveness
of fuel–air mixing during the diffusion combustion phase. It represents the distance that
the fuel spray travels before encountering an environment conducive to stable combustion.
Consequently, a longer FLOL suggests suboptimal fuel and air mixing, resulting in incom-
plete combustion and higher levels of pollutant emissions. Conversely, a shorter FLOL
indicates more favorable mixing conditions [26–28]. To analyze the behavior during the
diffusion combustion period, the instantaneous FLOL was calculated by integrating the
OH* intensity in each pixel column of the optical image and applying a threshold. Further
details on the FLOL methodology can be found in our previous publication [29].

The natural flame luminosity method was employed to measure in-flame soot. This
measurement was conducted using a high-speed camera (Photron FASTCAM NOVA 56)
equipped with a Nikkor 50 mm f/1.2 lens, a 500D close-up lens, and neutral density
filters to prevent camera saturation. All measurements were recorded at 25,000 fps, with
an exposure time of 1.1 µs and a resolution of 384× 384 pixels, and were synchronized
to the OH* measurements. Natural flame luminosity consists of two constituent parts:
chemiluminescence and soot luminosity. Within hydrocarbon flames, chemiluminescence
emerges as a result of OH, CH, and C2 radicals, which emit light within precise wavelength
bands situated in the visible and near-ultraviolet spectrum. Conversely, soot luminosity
originates from the thermal radiation emitted by soot particles, displaying a wide emission
spectrum that varies based on soot concentration and temperature. Following ignition,
it is common for soot luminosity to be similar to or even exceed the intensity of the
chemiluminescence signal. It is evaluated by examining the spatial soot gradient (SSG)
during the quasi-steady combustion phase at a fixed distance from the FLOL position.
Assuming that the combustion plume travels at a uniform velocity regardless of the fuel
used, the SSG acts as an informative parameter for assessing soot formation within the
flame. To compute the SSG, the natural luminosity is integrated into each pixel column
of the optical image and then graphed against the distance from the injector nozzle. This
technique has been previously utilized by the authors [29]. The optical setup arrangement
is illustrated in Figure 5.
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Figure 5. Optical setup around the OACIC.

3. Results and Discussion
3.1. Combustion Characteristics
3.1.1. Heat Release Rate (HRR)

The heat release rate identifies three distinct combustion phases: ignition delay, pre-
mixed combustion, and diffusion combustion, as shown in Figure 6. The ID of upgraded
HTL blends (HTDM) is shorter relative to the RD as the cetane index (CI) of upgraded
HTL blends is higher. The higher fuel CI leads to shorter IDs because they have better
autoignition properties, igniting more readily and quickly in response to the high tem-
peratures and pressures [25]. The investigation by other authors [21,22] also showed a
shorter ID for HTL blends relative to diesel. The ID of HTDM40 is slightly longer than
HTDM10 because of the slightly higher viscosity of HTDM40. The higher viscosity can
impact the atomization and vaporization processes, leading to a slower evaporation rate
and, thus, increasing the physical ID. Additionally, the HTDM40 exhibits a higher CI
compared to the HTDM10. A higher CI typically implies a shorter ID. However, in this
particular case, the potential reduction in the chemically driven ID resulting from the
higher CI may not compensate for the longer physical ID caused by the higher viscosity
and slower evaporation rate. As a result, the HTDM40 experiences a slightly longer overall
ID compared to the HTDM10 [30,31]. The ID of BCDM10 (nonupgraded) is longer relative
to HTDM10 (upgraded) as its viscosity is higher. The ID of all the tested fuels can be
observed in the zoomed part of Figure 6 and more clearly in Figure 7. The ID based on OH*
chemiluminescence is also determined and illustrated in Figure 8. The ID based on OH*
chemiluminescence shows a slight difference relative to the ID based on HRR, and is consis-
tently longer by roughly 10%. The discrepancy in the ID measured using the HRR data and
OH* chemiluminescence measurements can be attributed to the nature of the measurements
and the specific processes they represent in the combustion system. HRR data are typically
obtained from pressure and temperature measurements within the combustion chamber,
providing an integrated view of combustion across the entire chamber volume. This means
that HRR data account for the collective combustion reactions occurring in various zones
of the combustion chamber, capturing the macroscopic behavior of the fuel–air mixture in
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the diesel engine [32]. In contrast, OH* chemiluminescence measurements capture specific
chemical reaction pathways during the combustion process. OH* radicals are formed in
high-temperature combustion reactions, and their light emissions serve as a proxy for
heat release [33]. However, these measurements are sensitive to local conditions within
the combustion chamber, including temperature, pressure, and mixture composition [34].
While both methods offer valuable insights into the combustion process, they have their
limitations and are sensitive to different aspects of the combustion process. Hence, the
slight disparity in the ID obtained from these two methods.

In the premixed phase, identified by the rapid increase and drop in HRR between −2
and 0 CAD in Figure 6, the upgraded HTL blends show a lower peak of HRR than that of
the RD. The highest peak of HRR is obtained for the RD due to its longer ID, resulting in the
accumulation of fuel, which burns at a higher rate during the premixed combustion phase
leading to higher HRR peak values [22]. The HRR peak of BCDM10 is higher relative to
HTDM10 because of the higher ID of BCDM10, but still remarkably comparable to HTDM
despite not being upgraded. During the diffusion phase, between 0 and 6 CAD in Figure 6,
the HRR of the upgraded HTL blends is lower than that of the RD. This is due to the
slightly higher viscosity of the upgraded blends, which results in a slower mixing of fuel
and air, eventually leading to lower HRR [35]. The HRR of BCDM10 is slightly higher
relative to HTDM10, even though BCDM10 viscosity is higher; this could be due to the
slight presence of oxygen content in BCDM10, which enhances the HRR of the fuel. Higher
viscosity typically hinders the atomization and mixing of fuel droplets with air but if the
oxygen content is sufficient, it may still outbalance this drawback. The oxygen atoms in
the fuel help in breaking down the hydrocarbons more effectively, this leads to a more
complete and rapid combustion, contributing to a higher HRR [36]. This effect can be more
clearly observed by studying the cumulative heat release between 0 and 6 CAD in Figure 9.

Figure 6. Heat release rate with crank angle degree.
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Figure 7. Ignition delay based on HRR.

Figure 8. Ignition delay based on OH.

3.1.2. In-Cylinder Pressure

The in-cylinder pressure results of all the tested fuels, along with the motored curve,
are shown in Figure 10. In the premixed combustion phase (between −2 and 0 CAD), the
rate of the pressure rise of the upgraded HTL blends is higher relative to the RD as their
ID is shorter. The pressure rise of BCDM10 is lower relative to HTDM10 because of the
longer ID of BCDM10. In the diffusion combustion phase (between 0 and 6 CAD), the peak
cylinder pressure is similar for all the tested fuels.



Energies 2023, 16, 6754 12 of 21

Figure 9. Cumulative heat release rate versus crank angle degree.

Figure 10. Cylinder pressure plot versus crank angle degree.
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3.1.3. Flame Lift-Off Length (FLOL)

The FLOL for all the fuels was determined based on the OH* chemiluminescence
images. A sample size of 40 combustion cycles was utilized to obtain a statistically repre-
sentative mean value. The mean temporal behavior of the FLOL is presented in Figure 11.
The FLOL initially starts with larger values and then stabilizes at a shorter distance later in the
cycle. This trend could potentially be attributed to the colder ambient gas temperatures prior
to combustion. As the combustion progresses, the ambient gases become further compressed
by the rise in combustion pressure, leading to an increase in temperature. This effect is likely
to be responsible for the observed fluctuations in the FLOL within the combustion chamber as
the combustion process itself is inherently stochastic. These variations are more pronounced
in a small-volume combustion chamber, like the one used in this study, in contrast to a typical
constant-volume combustion chamber with a larger chamber volume, where such fluctuations
are less conspicuous. The FLOL stabilizes within the range of 2500 to 3500 µs after the start
of injection (ASOI), which also corresponds to the quasi-steady period of the combustion
process. Toward the end of this period, a slight increase in the FLOL is observed, which
could be attributed to the decrease in ambient gas temperature during the expansion stroke.
The average values of the FLOL during the quasi-steady period for all the fuels are illus-
trated in Figure 12. The FLOL of the upgraded HTL blends are consistently slightly shorter
relative to the RD as also the ID of the upgraded blends is shorter. With a shorter ID, the
combustion initiates closer to the fuel injector nozzle. Since the flame stabilizes near the
point of combustion initiation, this leads to a shorter FLOL [29]. The FLOL of BCDM10 is
slightly longer compared to HTDM10 because of its longer ID.

Figure 11. Ensemble-averaged flame lift-off length over time for all fuels.
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Figure 12. Average FLOLs during the quasi-steady period.

3.1.4. In-Flame Soot

Soot is essentially particulate matter resulting from incomplete combustion and is par-
ticularly associated with fuels having a higher carbon content. The formation of soot is a
complex process that involves nucleation, growth, agglomeration, and oxidation stages. Sev-
eral factors affect this, including the fuel’s chemical composition, combustion temperature,
oxygen concentration, and engine operation conditions [25]. The in-flame soot results of all
the tested fuels are shown in Figure 13 in terms of normalized spatial soot gradient (SSG)
values. The upgraded HTL blends’ combustion generates higher in-flame soot relative to the
RD. This could be due to the higher presence of alkenes in the upgraded HTL blends. Alkenes
are unsaturated hydrocarbons that contain one or more carbon-carbon double bonds. Their
structure makes them more prone to soot formation. The presence of double bonds provides
additional reactive sites for the initiation of soot precursor formation during combustion,
leading to an increased likelihood of soot formation [37,38]. A similar trend of in-flame soot
for HTL blends was found by the authors in [21,22]. The in-flame soot of BCDM10 is higher
relative to HTDM10 as it has a higher alkene content.

Figure 13. Spatial soot gradient for all tested fuels.

Figure 14 displays the optical images during a quasi-steady period for all the fuels tested.
The images show both the FLOL and SSG for each fuel. The FLOL illustrates the distance
at which the flame stabilizes, while the SSG depicts the variation in soot concentration at a
fixed distance from the FLOL position. These images show combustion characteristics for the
different fuels examined in this study.
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Figure 14. Optical images showing FLOL and SSG for different fuels.
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3.2. Exhaust Emissions

Given that emissions data were collected during the experimental campaign, a brief
summary of these findings is presented below.

3.2.1. Particulate Matter (PM)

Particulate matter originates from the incomplete combustion of fuels. It consists of
various substances, including carbonaceous materials, soot, metal compounds, and other
organic and inorganic compounds. The PM was calculated in terms of total particulate mass
(TPM). Figure 15 shows the TPM of all the tested fuels. The combustion of the upgraded
HTL blends generates a higher TPM relative to the RD, attributed to the higher in-flame
soot formation that takes place in the upgraded blends. The research work by [16,21,22] also
showed higher PM emissions for HTL biofuel compared to diesel. The TPM of BCDM10
is, however, even higher, and significantly so relative to HTDM10 because of the higher
formation of in-flame soot in BCDM10.

3.2.2. Carbon Monoxide (CO)

Carbon monoxide forms when fuel does not undergo complete combustion. The
results of the CO emissions of all the tested fuels are plotted in Figure 16. The upgraded HTL
blends emit less CO emissions compared to the RD. This is because of better combustion
characteristics linked to its higher CI than the RD. Fuels with a higher CI are known to
promote more efficient and complete combustion, reducing the likelihood of unburnt fuel
being emitted as CO. In the case of the upgraded HTL blends, their higher CI would
contribute to a more thorough combustion process, resulting in reduced CO emissions [16].
The findings of other authors [17,20,39] also followed a similar trend for CO emissions.
Moreover, the higher alkene content in the upgraded HTL biofuel could also contribute to
lower CO emissions. While alkenes are associated with increased soot due to their higher
carbon content and reactivity, their unsaturated nature also allows them to react more
readily with oxygen during combustion, which can lead to more complete combustion
and, hence, less CO formation. The HTDM40 has slightly higher CO emissions relative
to HTDM10 as the HTDM40 viscosity is higher. The higher viscosity makes it difficult
to atomize spray and partial burning and eventually affects the air–fuel mixing process;
it leads to locally rich mixtures that cause more CO due to the lack of O2 [40]. The CO
emissions of BCDM10 are slightly higher relative to HTDM10. This is due to the higher
viscosity of BCDM10 relative to HTDM10.

Figure 15. Total particulate mass of all tested fuels.
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Figure 16. Carbon monoxide emissions of all tested fuels.

3.2.3. Nitrogen Oxides (NOx)

Fuel-bound NOx refers to when fuels containing nitrogen are burned; the nitrogen
can be converted into nitrogen oxides during combustion, contributing to NOx emissions.
The plot of the NOx emissions is shown in Figure 17. The upgraded HTL blends show
higher NOx than the RD. In the upgraded HTL blends, the nitrogen content is higher
than in the RD. During combustion, nitrogen in the fuel can react with oxygen in the air
to form NOx. Therefore, the increased nitrogen content in the fuel could lead to higher
NOx emissions [41,42]. The other investigations also found higher NOx emissions in the
case of HTL biofuel relative to pure diesel due to higher nitrogen content in the HTL
biofuel [20,39]. The NOx emissions of BCDM10 are higher relative to HTDM10 as the
nitrogen content is higher in BCDM10. A detailed description of fuel-NOx and other-NOx
formation mechanisms is available in Kohl et al. [43].

Figure 17. Nitrogen oxides emissions of all tested fuels.
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3.2.4. Carbon Dioxide Emissions (CO2)

The CO2 emissions are approximately similar for all the tested fuels. The similarity in
CO2 emissions between the pure RD and the HTL biofuel blends can be attributed to the
carbon content of the fuels. The combustion process in a diesel engine primarily involves
the conversion of carbon in the fuel into CO2. Since both fuels have a similar carbon content
per unit of mass, their combustion results in comparable quantities of CO2 emissions per
unit of energy content. Therefore, the similar carbon content of the pure RD and the HTL
biofuel blends accounts for the similarity in CO2 emissions during combustion [44]. The
CO2 emissions of all the tested fuels is shown in Figure 18.

Figure 18. Carbon dioxide emissions of all tested fuels.

4. Conclusions

This present study focuses on the utilization of biofuel derived from municipal solid
waste (MSW) in a compression ignition (CI) engine to showcase its potential as a renewable
fuel. The biofuel was produced through the Hydrothermal Liquefaction (HTL) process,
which was further upgraded. The influence of blending HTL biofuel with diesel on
the combustion and emission characteristics was investigated in an optically accessible
compression ignition chamber (OACIC) designed to simulate engine-like thermodynamic
conditions. Furthermore, a comparative study between upgraded and nonupgraded HTL
biofuels was conducted, assessing their impact on the combustion and emission features.
The comprehensive findings from this investigation are as follows:

• The ignition delay of the upgraded blends was shorter compared to the RD and nonup-
graded blends but still within the range of engine optimization and operation control.

• The peak in-cylinder pressure is similar for all the tested fuels.
• The flame lift-off length was shorter in the case of the upgraded blends than that of

the RD and nonupgraded blends. The nonupgraded blends had the longest flame
lift-off length, which can influence combustion efficiency.

• The in-flame soot formation was higher for the upgraded blends compared to the RD
and was less relative to the nonupgraded blend.

• The PM emissions in terms of total particulate mass (TPM) were higher in the case
of the upgraded blends compared to the RD and were lower relative to the nonup-
graded blend.
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• The CO emissions were lower in the case of the upgraded blends compared to the RD
and nonupgraded blends.

• The NOx emissions were found to be higher for the upgraded blends relative to the
RD and lower compared to the nonupgraded blend.

• The CO2 emissions were found to be similar for all the tested fuels.

Overall, the HTL blends match the reference diesel to a large degree in terms of all the
relevant combustion parameters and regulated emissions. The upgraded blend is found
to have performed better relative to the nonupgraded blend, both in terms of combustion
and emissions. However, the nonupgraded HTL fuel performs remarkably well in many
respects, which may be a relevant finding for fuel manufacturers needing to make choices
on production efficiency and market potential according to fuel quality requirements.
The alkene content in the upgraded HTL biofuel should be reduced further in order to
decrease the in-flame soot and PM emissions to perform better than the RD. Furthermore,
the nitrogen content in the upgraded HTL biofuel also needs to be lowered to decrease the
NOx emissions.
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