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Saša Milojević 1,* , Ondrej Stopka 2 , Nataša Kontrec 3 , Olga Orynycz 4,* , Martina Hlatká 2,
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Abstract

The presented research examined the impact of using biodiesel as a fuel for existing diesel
engines during the transition to the broader adoption of electric vehicles powered by
renewable energy or through integrated hybrid drive systems. The authors considered
previous research on this topic, which is demonstrated by a literature review. This paper
will utilize the findings to further explore the potential of optimizing existing engines by
using biodiesel and thus propose their continued use in the transition period as one of the
clean fuels. This paper outlines the standards that define fuel quality and presents a test
bench equipped with an experimental engine and specialized equipment for laboratory
examination, enabling the measurement of emissions and the determination of cylinder
pressure. To ensure the repeatability of the experimental conditions and facilitate future
comparison of the obtained results, the engine examination was conducted according to the
standard ESC 13-mode test. The examination process confirmed a significant reduction in
particulate matter emissions (on average 40%) but, simultaneously, an increase in nitrogen
oxide emissions (on average 25%), whose level, according to data from the literature, de-
pends on the type of raw materials used for biodiesel production. Brake thermal efficiency
is higher when operating with biodiesel (on average 1.5%). Still, it was concluded that
the use of biodiesel in existing diesel engines is feasible only if the engines are equipped
with variable systems for automatically adjusting the compression ratio, fuel injection time,
valve timing, and so on. The outcomes from the examination conducted can be further
processed by applying statistical methods and represent an essential database for further
research in this scientific area.

Keywords: biodiesel; combustion; diesel engine; emission; logistics management;
thermal efficiency

Processes 2025, 13, 2124 https://doi.org/10.3390/pr13072124

https://doi.org/10.3390/pr13072124
https://doi.org/10.3390/pr13072124
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-0569-047X
https://orcid.org/0000-0002-0932-4381
https://orcid.org/0000-0002-6955-9887
https://orcid.org/0000-0002-2056-3260
https://orcid.org/0000-0002-5600-6618
https://orcid.org/0000-0003-4790-2856
https://doi.org/10.3390/pr13072124
https://www.mdpi.com/article/10.3390/pr13072124?type=check_update&version=1


Processes 2025, 13, 2124 2 of 26

1. Introduction

With the daily engagement of vehicles in transportation, a person’s environment is
significantly compromised. One way to reduce emissions and preserve fuel reserves is to
use biodiesel as a carbon-neutral fuel [1,2].

To better link the use of biodiesel to the broader energy transition, several key aspects
can be highlighted:

1. Sustainable energy: Biodiesel is a renewable energy source that reduces dependence
on fossil fuels. Its use contributes to reducing greenhouse gas emissions, which is
crucial in the fight against climate change;

2. Hybrid systems: In hybrid systems, biodiesel can be used in combination with other
energy sources, such as solar or wind power. This integration allows for a more
efficient use of resources and a more stable energy grid;

3. Energy security: The use of biodiesel can increase energy security by reducing depen-
dence on imported fuels, which is particularly important for countries striving for
energy independence;

4. Technological development: The development of technologies for the production
and use of biodiesel can stimulate innovation in the energy sector, contributing to a
broader transition to sustainable energy sources;

These points can further illuminate the role of biodiesel in the broader framework of
the energy transition and its importance in hybrid systems.

Regarding vehicles with compression ignition (so-called diesel) engines, issues related
to nitrogen oxide (NOx) and particulate matter (PM) emissions are addressed in several
ways. One option is to blend biodiesel or a biodiesel mixture with basic diesel fuel at
varying rates. Biodiesel is an alternative fuel for diesel engines, with both advantages and
disadvantages. The use of biodiesel offers environmental benefits due to its production from
renewable energy sources, such as vegetable oils, and lower emissions of toxic particles
compared to conventional diesel fuel. The use of biodiesel reduces dependence on fossil
fuels, thereby contributing to energy security and the preservation of fuel reserves.

The use of biodiesel can contribute to achieving carbon neutrality due to its production
and utilization methods. Biodiesel is produced from renewable sources, such as vegetable
oils or animal fats, which means that CO2 is absorbed from the atmosphere as the plants
grow. When biodiesel is burned, CO2 is released; however, the process can be considered
“neutral” because all the CO2 released during combustion has been previously absorbed by
the plants during their growth. Additionally, the use of biodiesel can reduce emissions of
other harmful gases, such as particulate matter (PM), nitrogen oxides (NOx), and sulfur
oxides (SOx), compared to fossil fuels. In addition, biodiesel can contribute to resource
sustainability, as it can be produced locally, thereby reducing the need for transportation
and, consequently, emissions from transportation.

From the aspect of application in internal combustion (IC) engines operating with
the diesel combustion process, biodiesel can be used in pure form (B100) or in mixtures
with base diesel fuel (e.g., B20, which means 20% biodiesel and 80% diesel). Higher
concentrations of biodiesel in diesel fuel may necessitate adjustments to the IC engine
and fuel supply equipment. At concentrations up to B20, no significant changes to the
equipment are necessary. When applying biodiesel, the critical advantage is that the
existing pumping station infrastructure can be used [3,4]. In this case, when using fuel
with physical–chemical properties that differ from those of base diesel fuel, the problem
is solved by applying variable systems to the engine, such as Variable Compression Ratio
(VCR) and Variable Valve Train (VVT), among others [5,6].

From the aspect of production methods, biomass-based fuels are divided into biodiesel
(Fatty Acid Methyl Ester, FAME) and renewable diesel fuel (hydrocarbon-based renewable



Processes 2025, 13, 2124 3 of 26

fuels, such as hydrogenated vegetable oil (HVO)). Sources for the production of vegetable
oils and animal fats include soybeans, palm, sunflower, coconut, rapeseed, and used
cooking oil (UCO), as well as several non-edible oils, such as those derived from Jatropha
seeds, among others [7,8]. Essentially, FAME for biodiesel production is obtained from
greases, animal fats, and vegetable oils through a chemical conversion process called trans
esterification, in the presence of a catalyst (sodium hydroxide).

The use of biodiesel, as mentioned earlier, is one potential option for reducing exhaust
emissions from mobile systems in traffic. The research presented in this manuscript aims to
reduce emissions by specific regulations and standards. The manuscript contains research
studies on the influence of biodiesel use instead of conventional diesel fuel on PM emissions
and secondary harmful matter in the exhaust gases of a single-cylinder experimental
diesel engine.

The possibility of using biofuels creates a perspective on production that respects the
principles of sustainable development.

In the era of changing regulations in the field of environmental protection, each fuel, in
addition to its efficiency, should also be characterized by its ecological nature and reduced
carbon dioxide emissions. Biofuels remain a desirable energy carrier for reducing emission
levels, creating further opportunities to expand theoretical and practical knowledge of their
industrial use.

2. Literature Review

A diesel engine, known for its high thermal efficiency and well-torque characteris-
tics, remains a dominant propulsion system in various sectors, including transportation,
agriculture, and power generation [9]. Nevertheless, its reliance on fossil-based diesel
fuel contributes significantly to the production of greenhouse gas (GHG) emissions and
air pollution, raising serious environmental and health concerns [10]. Biodiesel produced
from specific renewable sources, such as vegetable oils and animal fats, has emerged as a
promising alternative fuel due to its biodegradability, renewability, and potential to reduce
the production of specific greenhouse gas emissions [11]. This literature review aims to
synthesize existing research, along with EA standards relevant to this topic. This research
focusses on the analytical characterization of thermal efficiency and emissions in diesel
engines operating on both conventional diesel and unconventional (alternative) biodiesel
fuels, with an emphasis on key findings, comparative analyses, and remaining challenges.

Global standards for each continent and individual countries specify the characteristics
of diesel fuel. In the EU, several standards define the specification of biodiesel fuel [12,13]:

• EN 14214 specifications for FAME biodiesel fuel. If it meets the specifications of this
standard, biodiesel fuel can be used in a modified diesel engine as B100 or in any other
lower concentration;

• EN 590 standards include the EU diesel fuel specifications, which are also applicable
to biodiesel fuel blends with a FAME concentration of no more than 7%;

• EN 16734 refers to diesel fuel with a concentration of max 10% FAME;
• EN 16709 refers to diesel with a concentration of max 14–20% or 24–30% FAME.

Regarding the standard EN 14214, the general requirements for biodiesel fuels are
systematized within (Table 1) [12].

Due to the nature of the raw materials used in biodiesel production, as well as the
production process, handling, and various factors, the quality of biodiesel fuel can be
influenced. From that aspect, applicable general fuel quality specifications are shown in
(Table 1).
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Table 1. General requirements for biodiesel fuel quality according to the EN 14214 standard [12].

Property
Limits

Referee Test Method
Min Max

FAME (% m/m) 96.5 - EN 14103
Density @ 15 ◦C (kgm−3) 860 900 EN ISO 12185
Viscosity @ 40 ◦C (mm2s−1) 3.50 5.00 EN ISO 3104
Flash point (◦C) 101 - EN ISO 3679
Cetane number (-) 51.0 - EN ISO 5165
Copper strip corrosion; 3 h @ 50 ◦C (Rating) Class 1 EN ISO 2160
Oxidation stability @ 110 ◦C (h) 8.0 - prEN 15751
Acid value (mg KOH/g) - 0.50 EN 14104
Iodine value (g Iodine/100 g) - 120 EN 14111
Linolenic acid methyl ester (% m/m) - 12.0 EN 14103
Polyunsaturated (≥4 double bonds) methyl
esters (% m/m)

- 1.00 EN 15779

Methanol (% m/m) - 0.20 EN 14110
Monoglycerides (% m/m) - 0.70 a EN 14105
Diglycerides (% m/m) - 0.20 EN 14105
Triglycerides (% m/m) - 0.20 EN 14105
Free glycerol (% m/m) - 0.02 EN 14105
Total glycerol (% m/m) - 0.25 EN 14105
Water (mgkg−1) - 500 EN ISO 12937
Total contamination (mgkg−1) - 24 EN 12662
Sulfated ash (% m/m) - 0.02 ISO 3987
Sulfur (mgkg−1) - 10.0 EN ISO 20846 or 20884
Group I metals (Na + K) (mgkg−1) - 4.0 EN 14538
Group II metals (Ca + Mg) (mgkg−1) - 4.0 EN 14538
Phosphorus (mgkg−1) - 4.0 EN 14107

a When blended with diesel fuel, the second value from the literature is valid.

Apart from the EU standards mentioned above, the subsequent works have also
addressed the issue under investigation. As for the fundamental principles of diesel
engine operation and combustion; for example, Stone (1999) and Turns (2012) address
interesting works [14,15]. Stone discussed the fundamental principles of diesel engine
operation as a crucial aspect for analyzing the impact of fuel properties on performance
and emissions. The abovementioned literature extensively covers the four-stroke cycle, the
process of compression ignition, and the complex physiochemical processes involved in
diesel fuel combustion [14]. To this end, key attributes, including fuel injection, atomization,
vaporization, mixture formation, ignition delay, combustion duration, and heat release
rates, all of which are affected by fuel characteristics such as viscosity, density, cetane
number, and heating value, are described in [15].

Moreover, numerous studies have analytically and experimentally investigated the
effect of biodiesel on the thermal efficiency of diesel engines [16–21]. Whereas Canakci
(2007) claims that biodiesel generally has a lower heating value compared to conventional
diesel [16], Ramadhas et al. (2004) state that such lower energy content per unit mass
can potentially lead to a slight reduction in brake thermal efficiency if the fuel injection
system is not adjusted to deliver an equivalent energy input [17]. On the other hand, the
inherent oxygen content in biodiesel (typically 10–12%) can promote complete combustion,
potentially leading to improved combustion efficiency and thus offsetting some of the
efficiency loss due to lower heating value under certain operating conditions, as discussed
in [18], and in another study [15], analytical models incorporating detailed chemical kinetics
are used to simulate the impact of oxygenated fuels on combustion efficiency. In addition,
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Senthil Kumar et al. (2003) conclude that biodiesel typically exhibits higher viscosity
and density compared to diesel, which can influence fuel injection characteristics such
as spray atomization and penetration [19], and optimized fuel injection strategies and
engine parameters are often required to mitigate any negative impacts on combustion
and efficiency, a topic analyzed in detail in [20]. Some studies, for instance [21], suggest
that minor engine modifications, such as adjusting the injection timing and pressure, can
optimize the combustion of biodiesel and achieve comparable or even slightly improved
thermal efficiency compared to diesel in specific engine designs and operating conditions.

A significant number of sources from the literature focus on topics such as the effects
of biodiesel on various exhaust emissions from diesel engines, for example [22–28]. As far
as the issue of PM is concerned, while McCormick et al. (2001) deal with the significant
reduction in PM emissions in general when using biodiesel blends [22]; and Agarwal (2007)
focuses on the oxygen content in biodiesel, which promotes more complete combustion,
leading to lower formation of soot precursors and carbonaceous particles [18]. On the other
hand, biodiesel combustion often results in lower carbon monoxide (CO) and unburned
hydrocarbon (HC) emissions due to the complete combustion facilitated by its high oxygen
content, as elaborated, for instance, in [23]. Joshi et al. (2008) and Ozsezen et al. (2009) state
that the effect of biodiesel on NOx emissions is more comprehensive and often depends
on engine operating conditions, biodiesel feedstock, and blend ratio [24,25]. Furthermore,
Knothe et al. (2006) conclude that biodiesel, being processed from non-sulfur sources,
inherently contains a negligible amount of sulfur; therefore, the use of biodiesel or biodiesel
blends notably reduces sulfur dioxide (SO2) and particulate sulfate emissions, which are
primary contributors toward acid rain and health (respiratory) issues [26]. Last but not
least, whereas the tailpipe emissions of CO2 from biodiesel combustion are similar to those
from diesel, biodiesel is regarded as a renewable fuel, and its overall GHG footprint can be
substantially lower on a life-cycle basis, considering the CO2 absorbed by the feedstock
during its growth [27,28]. Life-cycle assessment (LCA) studies provide a comprehensive
analysis of the GHG emissions associated with various biodiesel production pathways.

In addition to the previous considerations, comparative analysis, analytical, and com-
putational models also play a crucial role, particularly in understanding and predicting the
performance and emissions characteristics of diesel engines fueled with biodiesel [29–31].
These models can range from simplified thermodynamic cycle analyses to complex, multidi-
mensional computational fluid dynamics (CFD) simulations that encompass comprehensive
combustion chemistry and emission creation mechanisms [29].

Despite extensive research on using biodiesel in diesel engines, multiple challenges
and ideas for further research remain [32–34]:

1. Developing efficient strategies to mitigate NOx emissions from biodiesel combustion
without deterioration of other performance and emission-related benefits [24].

2. Research on fuel additives, blending strategies, and chemical modification of biodiesel
to improve cold-flow characteristics [32].

3. Further investigation is needed regarding the long-term effects of biodiesel on engine
materials, seals, and fuel-system components to ensure engine durability and prevent
operational issues [33].

4. Further development and validation of sophisticated analytical models to accurately
predict and optimize the performance and emission-related parameters of diesel
engines fueled with various biodiesel blends [30].

5. Research on the performance and emission-related characteristics of biodiesel pro-
cessed from novel and sustainable feedstocks (such as algae, waste cooking oil, and
so on) and produced using advanced technologies for diversifying biodiesel sources
and improving its environmental and economic viability [34].
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Following the literature review elaborated above, the analytical characterization of
thermal efficiency and emissions from diesel engines fueled with diesel and biodiesel
has been substantially studied. It reveals that biodiesel offers notable environmental
advantages, primarily in reducing PM, CO, HC, and SOx emissions, and contributes to a
reduction in the GHG footprint. While a slight decrease in thermal efficiency and potential
increases in NOx emissions have both been observed in some areas, optimized engine
parameters, advanced combustion technologies, and fuel modifications can mitigate these
deficiencies. Further research on NOx reduction, cold-flow properties, engine durability,
advanced modelling, and the introduction of novel biodiesel feedstocks is crucial for
facilitating the wider utilization of biodiesel as a sustainable alternative fuel in diesel
engines and contributing to a more ecological, or so-called “greener”, transportation and
energy sector.

The above facts indicate the necessity of applying variable systems to engines. As for
“variable systems”, their importance lies in the ability to adjust engine operating parameters,
such as compression ratio and fuel-injection timing, to optimize engine efficiency. These
adaptive features enable us to reduce NOx emissions, which often increase when alternative
fuels, such as biodiesel, are used. Understanding these trade-offs helps in developing
engines that are not only efficient but also environmentally friendly. The influence of
compression ratio value and fuel injection timing is the subject of other research performed
by the authors [5,6].

To compare the results, an experimental apparatus was designed by other researchers
to repeat the experiment, testing the engine characteristics according to the standard ESC
13-mode test. The results are characterized to determine the advantages of using biodiesel,
primarily in terms of reducing exhaust emissions. The obtained results should inform
potential changes to the design of the diesel engine and the fuel supply system to adapt
them to work with biodiesel.

This conducted study is based on the analysis of thermal parameters during the
combustion of various fuels. A computer tool was used to analyze the actual course of
the processes.

A series of simulation tests were performed using pure diesel fuel and its mixtures.
The obtained data served as a reference for the influence of the mixture composition on the
combustion process and thermal efficiency.

A novelty of this research lies in the knowledge supplementation on the fuel char-
acteristics and their impact on the processes occurring in the engine during combustion.
Currently, the tightening of requirements for reducing the emission of toxic compounds
requires a more detailed understanding of the mechanisms of all chemical and physical pro-
cesses that interact and determine the direction of the motor vehicle design development.

3. Materials and Methods

3.1. Test Rig with Experimental Single-Cylinder Diesel Engine

The application of biodiesel was investigated under controlled laboratory conditions,
using a test rig equipped with a single-cylinder, air-cooled diesel engine (Figure 1).

The primary technical data about the investigated single-cylinder diesel IC engine are
shown in (Table 2).

The tests were aimed solely at partially determining the influence of biodiesel on
the engine’s performance characteristics. The influence of the combustion chamber-shape
design on the piston head (piston bowl geometry), as well as changes in compression ratio
(CR), injection angle, heat exchange, etc., is the subject of other studies [5,6].
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Figure 1. Experiment-flow scheme inside the test rig for diesel engines.

Table 2. Experimental engine specifications.

Description Values/Characteristics

Maker/type Lombardini 21. May Belgrade/(3LD450)
Engine specifications Diesel, DI fuel injection, 4-stroke with air cooling

Valve train configuration Two valves, camshaft mounting system (OHC) 1

Valve train scheme

Early intake valve opening: 16 cad BTDC 2

Early exhaust valve opening: 40 cad BBDC 3

Late intake valve closing: 40 cad ABDC 4

Late exhaust valve closing: 16 cad ATDC 5

Intake and exhaust valve overlap braking: 32 cad
Cylinder stroke/diameter (S/D) 80/85 mm/mm

Cylinder swept volume 454 ccm
Start of fuel injection (SOI) 18.5 cad BTDC

Compression ratio value; CR (-) 17.5:1
Maximum power/engine speed 6/torque 7 7.3 kW/3000 rpm/28 Nm

Fuel delivery system Mechanical pump with the all-regime governor and injector
Brake-specific fuel consumption (BSFC) 262 g/kWh

1 Overhead camshaft; 2 before top dead center; 3 after top dead center; 4 after bottom dead center; 5 after top dead
center; 6 maximum power according to DIN 70020; 7 value under maximum power.

During the examination, standardized experimental research was conducted using
biodiesel and standard diesel fuel. The physical and chemical characteristics of both used
fuels are presented in (Table 3). In parallel, the same table displays the attributes of classic
diesel fuel with the trademark D2. The literature partially presents the results of testing the
same engine with conventional diesel fuel D2 [5,6].

Table 3. Experimental fuels characteristics.

Description Biodiesel (EN 12414) Diesel D2 (EN 590)

Cetane number; CN (-) 55.5 52
Specific density @ 20 ◦C (gcm−3) 0.89 0.84

Kinematic viscosity @ 40 ◦C (mm2s−1) 3.86 3.96
Lower heating value; Hd or LHV (kJkg−1) 36,220 46,860

Sulfur content (%) - 0.5
Carbon content (% m/m) 77 87

Hydrogen content (% m/m) 12 13
Oxygen content (% m/m) 11 -

Air/fuel ratio; λ (-) 13.8 14.7

The fuel characteristic values inside the table were obtained according to the referee test method outlined in
Table 1.
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Compared to conventional diesel fuel, biodiesel has a higher cetane number (CN) of
up to 2% and specific density but a lower heating value (LHV), as well as lower sulfur
and carbon content. The experimental biodiesel has a lower kinematic viscosity than
conventional diesel fuel, which is uncommon. Therefore, the use of biodiesel has also
addressed the issues of fluidity and filterability at low ambient temperatures [35,36].

3.2. Specification of Measuring Equipment and Experimental Engine Test Regime

The specification of the measuring equipment used for experimental investigations
according to the scheme in Figure 1 is shown in Table 4.

Table 4. Experimental measuring-equipment specification.

Measure Measuring Equipment

In-Cylinder Pressure
Transducer (AVL QC32D)

(AVL List GmbH, Graz, Austria)
Crank Angle Position Angle Encoder (AVL 365 CC)

Signal Amplification (Pressure) Charge Amplifier (Kistler 5007)
Emission Analysis (AVL Dicom 4000)

Exhaust Smoke Meter (Bosch) (AVL 409)
In-Cylinder Pressure Processing (AVL IndiCom Indicating Software version 1.2)

Data Processing (AVL Indimeter 619)

Load Simulation Dynamometer
(Schenk U1-16/2)

(Carl Schenck AG, Darmstadt, Germany)

Equipment uncertainty may be related to the experimental procedure on the test rig
and operating conditions, including, for example, the engine loading system with a load
simulation dynamometer, the use of different fuels in variable proportions, and the purity
of the tested fuel (total hydrocarbon content and particulate matter). Thermal efficiency
tests in the future must be based on methods for controlling the actual emission of harmful
components under established operating conditions.

Before the examination began, the pressure transducer and measuring equipment were
calibrated according to the recommended methods specified by the manufacturers [5,6].

The measuring equipment used to indicate cylinder pressure (IMEP, indicating mean
in-cylinder pressure) (Figure 2), sample exhaust emissions from the experimental engine,
and transfer and process data originates from AVL List GmbH, Graz, Austria.

 
(a)  (b) 

Figure 2. (a) Position of the pressure transducer with cooling tube and wiring in the cylinder head,
near fuel injector. (b) Engine operating regimes defined according to the ESC 13-mode test.
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Tests of the experimental engine were performed according to operating modes de-
fined as per the conditions of the ESC 13-mode European Stationary Cycle for engines used
in off-road machinery (Figure 2) [5,37].

Cylinder pressure indication and emission measurement are implemented at all
13 points (modes) by the ESC 13-mode requirements. In each test mode, the experimental
engine operated in defined time intervals: exactly 4 min in the first, and 2 min in all others.
Changes and the establishment of stable engine speed and load were realized simultane-
ously in each mode within the first 20 s (during engine heating). The engine speed was
maintained with a prescribed accuracy of ±50 rpm, while the torque value was kept in the
interval of ±2% of the maximum torque at the established test speed.

Based on the engine speed vs. power and torque diagram received from the maker,
reference data were taken relating to nominal power according to DIN 6270, with the fuel
injection pump blocked: Pe_nom = 9 kW under ne_nom = 3000 rpm.

The engine speeds in appropriate modes are calculated by using ESC forms [38,39]:

1. The maximum engine speed, defined as ne_nom_30, is determined by calculating 70% of
the declared nominal power value (the power drops by 30% compared to the nominal
value): Pe = 0.7 × Pe_nom = 4.2 kW and ne_nom_30 = 3050 rpm.

2. The low engine speed, defined as ne_nom_50, is determined by calculating 50% of the
declared nominal power value (the power drops by 50% compared to the nominal
value): Pe = 0.5 × Pe_nom = 3.0 kW and ne_nom_50 = 1600 rpm.

3. The engine is tested at speeds corresponding to points A, B, and C, as shown in the
diagrams (Figures 3 and 4), where these speeds are calculated using the following
three formulas:

ne_A = ne_nom_30 + 0.25 × (ne_nom_50 − ne_nom_30) = 1960 rpm, (1)

ne_B = ne_nom_30 + 0.50 × (ne_nom_50 − ne_nom_30) = 2325 rpm, (2)

ne_C = ne_nom_30 + 0.75 × (ne_nom_50 − ne_nom_30) = 2690 rpm. (3)

   
(a)  (b) 

Figure 3. (a) Three-dimensional plot of engine brake force vs. load and speed. (b) Interpolated
surface of engine brake force.
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(a)  (b) 

Figure 4. Changes in (a) PM and (b) NOx emission levels under standard ESC 13-mode cycle with
diesel and biodiesel fuel and under constant SOI = 18.5 cad BTDC and CR = 17.5:1.

The engine speed under idle is ne_idle = 1000 rpm.
Power values at defined test speeds were taken based on the engine’s external univer-

sal speed characteristic, as shown in (Table 5):

Table 5. Power values in defined test engine speeds.

Engine Power
(kW)/Load (%)

100% 75% 50% 25%

Pe_A 4.1 3.07 2.05 1.02

Pe_B 5.0 3.75 2.5 1.25

Pe_C 5.7 4.27 2.85 1.42

Pe_1600 3.0 2.25 1.5 0.75

In the concrete–specific case, when the arm length between the engine brake and the
experimental engine on the test bench is R = 0.716 m, for a given power (kW) and engine
speed (rpm), the engine brake force is calculated using the following equation:

Fk = Pe × 30 × 1000 × (R × π × ne × 9.806)−1, (daN) (4)

The values of the engine brake forces, which are calculated according to the previous
formula with which the engine should be loaded in the defined test modes, i.e., the speeds
according to the ESC 13-mode test, are shown in Table 6.

Table 6. Forces on the engine brake at test points (modes).

Load (%)
Engine Brake Force (daN)

Fk (ne_A) Fk (ne_B) Fk (ne_C) Fk (ne_1600)

25 0.71 0.73 0.72 0.63

50 1.42 1.46 1.44 1.27

75 2.13 2.19 2.16 1.91

100 2.84 2.92 2.88 2.55

In the stable engine regimes (ESC modes), emissions were measured in each mode.
As already explained, the indicating diagram was recorded, and the corresponding engine
temperatures were also measured. Within the AVL indicating software, a separate file was
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created for each test, storing the raw data files (a total of 231 files and 213 test modes).
Other calculated and read test data were entered into the appropriate table using Microsoft
Excel, from which they were later analyzed. For comparison with standard values, the
measured raw exhaust emissions were converted into (g·kW−1·h−1) using the appropriate
equations, as presented in [6].

Before each test and measurement, the absolute temperature of the air inside the intake
manifold, Ta (K), as well as the atmospheric air pressure inside the test laboratory, Ps (kPa),
was measured, and the specific coefficient (Fcoef.) was calculated. For naturally aspirated
diesel engines, like the experimental diesel engine, (Fcoef.) values are calculated using the
following formula [6]:

Fcoef. = 99 × (PS)−1 × [Ta × (298)−1]0.7, (-) (5)

Every experiment, as well as the laboratory examinations, is valid only if the following
condition is satisfied:

0.96 ≤ Fcoef. ≤ 1.06 (6)

First, before the start of the laboratory examination, steady-state conditions were
achieved in mode (1) at a 15% load or 0.015 MPa brake mean adequate pressure (BMEP)
with a fuel mass of 5 mg per cycle. In mode (1), at idle speed, the engine speed is 1000 rpm
(Figure 2).

The calculated engine speeds at modes A, B, and C are 1960, 2325, and 2690 rpm,
respectively, according to Equations (1)–(3).

After idling, the engine was tested in the following 12 modes (Figure 3):

• Under 25% load, which corresponds to BMEP = 0.14 MPa with 9 mg/cycle;
• Under 50% load, which corresponds to BMEP = 0.28 MPa with 12 mg/cycle;
• Under 75% load, which corresponds to BMEP = 0.42 MPa with 16 mg/cycle;
• Under 100% load, which corresponds to BMEP = 0.56 MPa with 20 mg/cycle.

The exhaust-gas emission samples were converted to mass flow rates, and then their
specific emissions were calculated for each mode. Particulate-matter emissions were
calculated using standardized formulas, using the BOSCH method for measuring opacity
or smoke [6,40].

3.3. Indicators Characterizing Engine Operation

Engine performance indicators are the indicated parameters, mechanical losses, and
effective parameters. There are specific dependencies between the effective and indicated
parameters of the engine used to compare experimental engine characteristics in both cases
during work with diesel and biodiesel. The indicated parameters of the IC engines are
shown in Table 7 and Equations (7)–(10) [41,42]:

Table 7. Engine’s indicated parameters.

Parameter Formula/Equation Units

Indicated Mean Effective Pressure IMEP = ρs × ηv × (ηi × λ−1) × (Hd × Lo
−1) MPa (7)

Engine Indicated Power Pi = (mg × Hd × ηi) × 3600−1 kW (8)
Indicated Engine (Thermal) Efficiency ηi = Li’ (Hd)−1 - (9)
Indicated Specific Fuel Consumption ISFC = 3.6 × 106 × (Hd × ηi)−1 g·kW−1·h−1 (10)

ρs—intake air density; ηv—volumetric efficiency; λ—excess air–fuel ratio; Hd—lower heating value of the fuel
(LHV) or net caloric value (NCV); Lo—minimum mass of air required for complete combustion (stoichiometric
air); mg—fuel consumption (kg/h); Li—engine indicated work.
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The engine’s indicated power cannot be fully utilized due to mechanical losses (Pm)
inside IC engines, primarily due to friction (Pf), where the other part of the power is used
to drive auxiliary devices (Paux), such as steering pumps, compressors, fuel pump drives,
etc. Table 8 presents the parameters for evaluating the mechanical losses of the IC engine,
as outlined in Equations (11) and (12) [41,42].

Table 8. Engine’s mechanical loss parameters.

Parameter Formula/Equation Units

Power of mechanical losses Pm = Pf + Paux. kW (11)

Mechanical Engine Efficiency ηm = Pe × (Pi)−1 = Le × (Li)−1 = Pi − Pm × (Pi)
−1

= 1 − Pm’ (Pi)
−1 - (12)

Le—engine’s practical work (thermal power); Pe—engine’s effective power (brake power).

Mechanical losses of the engine are evaluated by the mechanical engine efficiency,
which represents the ratio of the power (or work) taken from the crankshaft to drive the
working machine (adequate power) and the indicative power (or work). The evaluation of
the IC engine as a whole is carried out using effective parameters, which consider internal
losses. Based on these, the quality of the working process in the cylinder, as well as the
quality of the IC engine construction itself, is determined.

The engine’s adequate power is the part of the engine’s indicated power (reduced by
a part of mechanical losses) that can be used to drive the working machine or transmission
on the vehicle or second mobile system: (Table 9), Equations (13)–(17) [41,42].

Table 9. Engine’s effective parameters.

Parameter Formula/Equation Units

Brake mean effective pressure BMEP = IMEP − FMEP MPa (13)
Engine brake power Pe = Pi − Pm = BMEP × Vhu × ne × (120)−1 kW (14)

Brake thermal efficiency (BTE) ηe = Le × (Hd)−1 = Li × ηm × (Hd)−1 = ηi × ηm - (15)
Brake-specific fuel consumption BSFC = 3.6 × 106 × (Hd × ηe)−1 = 1000 × mg × (Pe)−1 g·kW−1·h−1 (16)

Friction mean effective pressure
FMEP = 0.04 + 0.13′ vp (for gasoline engine)

= 0.08 + 0.15′ vp (for diesel engine)
MPa (17)

Vhu—engine displacement volume (m3); ne—engine speed (rpm); vp—mean piston speed (m·s−1).

Table 10 presents typical values for effective engine parameters at the nominal oper-
ating regime without supercharging (turbine), as used in the construction design of the
experimental diesel engine.

Table 10. Values of effective parameters at nominal engine operating regime.

ICIC Engine BMEP (MPa) ηe (-) ge (g·kW−1·h−1)

Four-Stroke Gasoline Engine 0.7–1.1 0.2–0.3 290–340

Four-Stroke Diesel Engine 0.55–0.9 0.3–0.42 200–280

The energy obtained from fuel combustion in a diesel engine depends on the amount of
fuel injected per work cycle; the fuel calorific value, Hd; and the engine’s thermal efficiency,
ηe. The total engine braking power (brake power) is expressed by Formula (14) (Table 9).

The values of individual components of the tested fuel mixtures are of significant
importance. The software environment and the research tool used for the simulations and
mathematical studies may, to some extent, affect the deviations in the results. It was also
observed that, during simulation studies, the calculation block for the emission of the tested
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engine, as determined by the applicable tests, influences signal processing, model building,
and mechanical systems. In the future, further simulations will be conducted within the
scope of the data, taking into account the assumed variability of the mathematical model’s
input parameters.

4. Results

4.1. Diesel Engine Emissions When Processing Diesel and Biodiesel Fuel

The results of PM and NOx emission measurements in different ESC cycle modes, i.e.,
at certain engine speeds and loads, are shown in Figure 4, in parallel, when operating with
diesel and biodiesel fuel. The tests were performed at the factory SOI = 18.5 cad BTDC and
also at a constant CR = 17.5:1 value.

In this regard, the research topic is the influence of fuel type on emissions and other
characteristics of experimental diesel engines. The influence of changes in CR, SOI, fuel
injection pressure, and air vortex due to changes in the shape of the combustion chamber
in the piston head (piston bowl volume) is the subject of another study by the author [6].

No other changes were made to the experimental engine compared to the factory
version, except for the modified and adapted fuel supply, loading, and exhaust systems,
which facilitated easy fuel changes, engine loading, and emission sampling.

Under the same conditions, sampling of raw exhaust products was performed, and
the emissions of CO and HC in the exhaust gases were determined (Figure 5).

   
(a)  (b) 

Figure 5. Changes in (a) CO and (b) HC emissions under standard ESC 13-mode cycle with diesel
and biodiesel fuel and constant SOI = 18.5 cad BTDC and CR = 17.5:1.

To more precisely explain the mechanism of emission of individual components in
exhaust gases, Figure 6 shows the values and the change in the maximum temperature in
the cylinder for each ESC cycle mode and both fuels.

The particulate matter emission of the experimental diesel engine, as measured by the
ESC 13-mode test, is lower in all modes: on average, it is reduced by 40–45% (Figure 4).
In modes 8 and 10 at full load and higher engine speeds (Table 3), there was a significant
increase in PM emissions, which were reduced by approximately 40% and 50%, respectively,
when operating with biodiesel (Figure 4). Generally, at full load, due to the rich air–fuel
ratio mixture, diesel engines emit more PM when running on conventional diesel fuel.
When operating with biodiesel, partly due to the higher oxygen content in the fuel and
the higher cylinder temperature (Figure 6), PM emission values are lower. At high engine
speeds, in modes 11, 12, and 13, a constant decrease in PM emissions was observed when
operating with biodiesel fuel, with differences in emission levels of approximately 50% and
70% compared to operating the engine on conventional diesel fuel.
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Figure 6. Changes in the maximum temperature in the cylinder under standard ESC 13-mode cycle
with diesel and biodiesel fuel and constant SOI = 18.5 cad BTDC and CR = 17.5:1.

In this case, the finished diffusive combustion continued because the temperature was
higher, and the air–biodiesel mixture was better during the fuel pre-mixing period in the
cylinder. This resulted in lower smoke and PM emissions. Similar results and reasons are
listed in other research papers and results [43,44]. When it comes to NOx emissions, the
results obtained show higher emissions when operating with biodiesel fuel in all test modes
(Figure 5). The average difference in NOx emission levels when operating with diesel and
biodiesel fuel is about 26%. Similar results were obtained by other researchers when testing
diesel engines with base diesel fuel blended in various proportions with biodiesel [45].

The primary cause of higher NOx emissions is the higher cylinder temperature
(Figure 5) when operating with biodiesel fuel. This is also due to the excess free oxy-
gen incorporated in biodiesel, unlike conventional diesel fuel of petroleum origin. Apart
from the physical and chemical characteristics of the fuel, higher NOx emissions when
operating with biodiesel fuel are a consequence of the classic diesel fuel injection system
(earlier fuel injection and primary combustion near TDC) that the experimental engine is
equipped with. This once again confirms the necessity of applying variable systems to the
engine, as described above [6,46].

At full load, with increasing engine speed, the minor difference in NOx emission levels
was recorded in all modes when operating with diesel and biodiesel fuels. As noted above,
the loads increase under operation with biodiesel fuel, resulting in a gradual increase in the
NOx concentration in exhaust gases. The recorded mechanism of NOx emission coincides
with the research cited in the literature [47,48].

Considering the test results, it is concluded that the problems in diesel engine opera-
tion, from the perspective of PM and NOx emission trends, can be addressed by integrating
variable systems on the engine [49]. By applying these systems, engine operation can
be maintained in an optimal mode, at the smoke limit, or with minimal raw emissions,
resulting in optimal fuel consumption. The results obtained in this context can be used to
create optimal maps of diesel engine operation in exploitation [6,50].

One way to lower NOx emissions is through examples such as exhaust-gas recircu-
lation (EGR). However, on the other hand, a higher EGR rate also results in higher soot,
HC, and CO emissions, even in diesel–biodiesel fuel blends. This is another example of a
situation where an optimal working regime map is needed, and the presented research can
contribute to this [51].

It is worth noting that emissions from biodiesel fuels are highly dependent on the
type of fuel source. For example, lower CO, HC, and NOx emissions were recorded when
using biodiesel produced from crude mahua (illupai) oil [52]. Considering the ester content
in biodiesel, CO and HC emissions were also measured, despite their less problematic
emissions compared to conventional diesel fuels [53,54]. One way to reduce CO2 emissions
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and increase efficiency is to add hydrogen in specific percentages to biodiesel fuel [55].
Another possibility is the application of appropriate polymer-based additives or other
compounds to biodiesel fuel, similar to the process known as fuel oxygenation [56,57].

In general, brake thermal efficiency (ηe) decreases while brake-specific fuel consump-
tion (BSFC) increases with increasing biodiesel content in the fuel due to the higher viscosity
of this fuel. In this area, variable systems on the engine, such as those that enable automatic
changes in the CR, can be beneficial. For example, by increasing the biodiesel content and
compression ratio, CO, HC, and PM emissions can be reduced, which, in turn, results in
increased NOx emissions. This fact alone indicates the necessity of optimization through
the selection of biodiesel fuel composition or a mixture with conventional diesel fuel, with
the mandatory use of variable systems [58].

4.2. Diesel Engine Efficiency When Processing Diesel and Biodiesel Fuel

Using the equations (Tables 7–9), with a known mechanical efficiency, it is not dif-
ficult to calculate the effective engine parameters if the engine-indicated parameters are
known, and vice versa. The engine’s indicated efficiency is, on average, about 2.5% higher
when processing with biodiesel (Figure 7). Similar results have been obtained by other
researchers [59,60]. In specific operating modes, such as those outlined in point 4, a more
pronounced drop in engine-indicated efficiency is observed during biodiesel operation
(Figure 7). In this operating mode, the engine operated with 75% BMEP and load, according
to Figure 3.

 
(a)  (b) 

Figure 7. Changes in (a) indicated engine efficiency and (b) BTE under standard ESC 13-mode cycle
with diesel and biodiesel fuel and constant SOI = 18.5 cad BTDC and CR = 17.5:1.

The most significant difference in engine-indicated efficiency in favor of biodiesel
was calculated in operating modes and examined under the conditions at points 9 and 12
(Figure 2). At these points, the engine was operated at 25% and 75% BMEP, or 75% and
with maximal test speed, respectively. If we analyze the BTE (Figure 7), we can conclude
that it is about 1.5% higher when operating with biodiesel, according to the ESC cycle.
The obtained BTE values are mostly in line with the limit values for this type of IC engine
(Table 10).

The increase in BTE when operating with biodiesel at higher loads has also been
shown by other researchers in their research papers [61,62]. The main reason for this
is more complete combustion and higher temperatures in the engine cylinder. On the
experimental engine, at operating points 8 and 10, where the maximum load and higher
engine speed are achieved, a more pronounced increase in BTE is observed.

As a characteristic phenomenon and slight deviation, the operating point of (2) ESC
cycles at full load and medium speed can be taken. At this point, the expected increase
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in BTE did not occur, which can be mainly attributed to the fuel injection parameters of
the classic injection system, as installed on this engine, including the fixed compression
ratio [5,63].

The mechanical efficiency is very similar for both fuels; however, at higher engine
loads, we observe a higher BTE, which is primarily attributed to lower mechanical losses,
depending on engine speed. Similar results have been reported in the literature [5,64].

Additionally, at a low load, at points 7, 9, and 11 of the ECS load cycle (Figure 2), very
low BTE values are observed, regardless of the speed (Figure 7).

The recorded values for BTE for both fuels at low loads are lower than the lower
limit value (0.3) recommended for the group of four-stroke diesel engines to which the
experimental one belongs (Table 10). Furthermore, the presented results correspond to data
obtained by other researchers under similar engine testing conditions on a test rig [65,66].

5. Discussion

First of all, it needs to be emphasized that, these days, biodiesel plays a significant
and multifaceted role in the broader energy transition, primarily by offering a readily
deployable, low-carbon alternative to conventional fossil fuels. Its specific contributions
and role in hybrid systems can be, for example, emphasized as follows [16,47]:

• One of biodiesel’s most crucial roles is providing an immediate way to reduce GHG
emissions in sectors that are difficult to electrify or where infrastructure replacement is
slow and costly. This includes heavy-duty road transport (trucks and buses), maritime
shipping, and aviation (such as Sustainable Aviation Fuel, SAF). These sectors rely on
energy-dense liquid fuels, and biodiesel offers a “drop-in” or blend-able alternative
that can be used in existing diesel engines with little to no modification.

• Biodiesel significantly reduces life-cycle CO2 emissions compared to fossil diesel (e.g.,
up to 74% for B100), as the carbon released during combustion is largely offset by the
CO2 absorbed by the feedstock plants during their growth. This “biogenic carbon
cycle” is one of the fundamental reasons for its climate benefit.

• By adding a renewable liquid-fuel option, biodiesel contributes to a more diverse and
robust energy mix, reducing the vulnerability associated with over-reliance on a single
energy source.

• Advanced biodiesel production increasingly focuses on utilizing waste and residue
streams (e.g., used cooking oil, animal fats, and agricultural waste). This not only
provides a sustainable feedstock but also contributes to waste management, reducing
landfill use and methane emissions from decomposing organic matter, thus supporting
a circular economy model.

• While electrification is key for many sectors, the variability of renewable electricity
sources such as solar and wind necessitates dispatch-able power generation. Biodiesel
can provide a reliable, on-demand source of power, acting as a flexible backup in
grid systems.

At the same time, biodiesel plays a crucial role in hybrid energy systems (HESs), which
combine multiple energy generation and storage technologies to optimize performance,
reliability, and sustainability [39,60]:

• In off-grid or micro-grid hybrid systems that heavily rely on intermittent renewable
energy sources (such as solar PV and wind turbines), biodiesel generators can pro-
vide “firming” power. This means they can quickly compensate for fluctuations in
renewable output, ensuring a consistent and reliable power supply.

• Biodiesel generators can be dispatched during peak demand periods, reducing the
strain on the grid or the need for oversized renewable installations and battery storage.
This optimizes the overall system’s economic viability and operational efficiency.
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• In hybrid systems involving internal combustion engines, biodiesel can improve
fuel lubricity and cetane number, potentially enhancing engine performance and
reducing wear.

• Hybrid vehicle systems can utilize biodiesel as a fuel for their internal combustion
engine component, allowing for an extended range and faster refueling compared
to purely electric vehicles while still benefiting from the electric motor for efficiency
gains and emissions reduction in urban driving. The electric component can handle
lower loads and city driving, while the biodiesel engine provides power for higher
speeds or longer distances.

• Biodiesel facilitates a smoother transition to a low-carbon future by enabling the
continued use of existing diesel engine assets while significantly reducing their envi-
ronmental impact. This avoids the immediate and massive capital investment required
for the complete replacement of a fleet or infrastructure.

• Biodiesel generators can work in conjunction with battery storage systems in hybrid
configurations. The batteries handle short-term fluctuations and provide immediate
power. At the same time, the biodiesel generator recharges the batteries or provides
sustained power during more extended periods of low renewable output, reducing
the need for giant battery banks.

Based on the experiences of previous research related to the application of variable
systems on an experimental diesel engine, this work aimed to highlight the possibility of
using alternative fuels, such as biodiesel [5,67]. The results obtained indicate the possibility
of reducing engine emissions when processing biodiesel, as well as increasing BTE by
approximately 1.5% on average in test modes according to the ESC 13-mode cycle.

The tests have confirmed the initial hypothesis that the multi-fuel capability of diesel
engines is achievable through the necessary application of variable systems on the engine,
such as VCR and VVT. Generally, in all modes, the course of change in the investigated
diesel engine parameters is similar when operating with biodiesel; the characteristics
of biodiesel as a fuel are shown in Table 3. According to the set goals and hypotheses,
standardized diesel engine tests were conducted on the test rig under laboratory conditions.
The zero-dimensional model of the combustion process was used to indicate the pressure in
the cylinder of the experimental engine, as well as for data processing and exhaust emission
analysis equipment from the maker (AVL List GmbH, Graz, Austria).

This paper provides a brief literature review as an introduction to the essential problem
of increasing environmental pollution due to regulated exhaust emissions. It also highlights
the fact that the use of alternative fuels from renewable energy sources, such as biodiesel,
can contribute to global trends in preserving clean air and the environment. At the same
time, the methodology of engine testing on the test rig and the method of establishing
standardized test conditions are explained, contributing to a more precise comparison of
results with those of other researchers. In parallel, the indicators characterizing engine
operation, which was used to compare engine output parameters when operating with
diesel fuel and biodiesel, are explained.

The goal of this research is to confirm the application of diesel engines with biodiesel,
aiming to achieve minimal exhaust emissions and higher thermal efficiency. For this
purpose, the impact of engine work with diesel and biodiesel on emissions and indicators
characterizing engine operation under different engine speeds and loads was analyzed.
The geometric parameters of the engine remain unchanged from the factory version. The
factory and original fuel system, which had not been modified, were also used to supply
biodiesel to the engine’s injection system. This also refers to SOI and CR, as well as fuel
injection pressure values.
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The engine test conditions and results are systematically reviewed and presented in
the following order:

• Changes in PM and NOx emission levels with diesel and biodiesel fuel under constant
SOI = 18.5 cad BTDC and CR = 17.5:1;

• Changes in CO and HC emission with diesel and biodiesel under SOI = 18.5 cad BTDC
and CR = 17.5:1;

• Changes in the maximum temperature in a cylinder with diesel and biodiesel under
SOI = 18.5 cad BTDC and CR = 17.5:1;

• Changes in Indicated Engine Efficiency and BTE with diesel and biodiesel fuel under
SOI = 18.5 cad BTDC and CR = 17.5:1.

Generally, as an explanation, combustion of methyl esters (e.g., FAME) with the general
formula CxHyO2 leads to the emission of CO2 and H2O, but in the case of incomplete
combustion, also CO, HC, and soot (C≡C); an example of such a reaction is as shown in
Equation (18) [41,42]:

C18H34O2 + 512O2 → 18CO2 + 17H2O (complete combustion) (18)

In the case of oxygen deficiency, the reaction is according to Equation (19) [41,42]:

C18H34O2 + xO2 → aCO2 + bCO + cC + dH2O + eHC (oxygen deficiency) (19)

When the excess-air ratio is (λ < 1), it can lead to increased CO and HC emissions.
Emission values can be estimated empirically based on the efficiency and actual fuel
combustion. Assuming efficiency (ηe = 0.35), the total energy not realized as mechanical or
effective power is given by the following Equation (20):

Losses = Le’ (1 − ηe) (20)

Part of this energy can be realized as follows:

• Heat emission (for cooling and exhaust gases);
• Emissions of harmful combustion products.

The engine power can be directly determined from the braking force, as shown in
Equation (4).

According to the EN14214 standard, as specified in (Table 1) above, the quality of
FAME methyl esters depends on the following, among other things:

• Heat emission (for cooling and exhaust gases);
• Methanol content (max 9.20%);
• Cetane number (min 51);
• Oxidation stability (min 8 h);
• Presence of unsaturated compounds (linolenic max 12%).

Fuels that do not meet these requirements result in a decrease in combustion efficiency
and an increase in CO, HC, and soot emissions.

For example, calculations are made for the operating point at 100% load, BMEP =
0.56 MPa, and ne = 2695 rpm, according to Equation (14); Pe = 5.69 kW.

For an injection cycle quantity of mg = 20 mg/cycle or (20 10−5 kg/cycle), the number
of working strokes per minute is ne/2 = 1345, so the fuel mass per minute can be determined
according to Equation (21):

mg = mg × ne/2 = 20 × 10−5 × 1345 = 0.0269 kg/min = 1.61 kg/h (21)
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With the caloric value for biodiesel being Hd = 36.2 × 106 J/kg, according to Table 3,
chemical energy delivered per hour is determined with Equation (22) [41,42]:

Le = mg × Hd = 1.61 × 36.2 × 106 = 5.83 × 107 J/h = 16.15 kW (22)

Engine thermal efficiency is determined according to Equation (23):

ηe = Pe × (Le)−1 = 5.69/16.15 = 0.352 (23)

Energy losses calculated according to Equation (20) are as follows: losses = 10.46 kW.
These losses include exhaust emissions, heat for cooling, and fugitive combustion

products (CO, HC, and soot). Assuming that 30% of energy losses are due to emissions
from incomplete combustion, upon receiving emissions power, we have Equation (24):

Emissions = 0.3 × Losses = 3.13 kW (24)

If the dominant component of incomplete combustion is CO (heat of combustion of
CO: 10.1 MJ/kg), this corresponds to emissions calculated according to Equation (25):

mCO = (3.13 × 3600)/(10.1 × 106) = 1.13 × 10−3 kg/h (25)

It is concluded that the test results indicated a significant possibility of reducing raw
engine emissions if biodiesel is used. It also showed a relative reduction in mechanical losses
in the engine and an increase in BTE when operating with biodiesel. Reducing mechanical
losses should also contribute to reducing fuel consumption, as confirmed by tests with
diesel fuel [5]. In general, reducing mechanical losses when operating with biodiesel is
expected to contribute to a longer IC engine service life and lower maintenance costs, as
consequence of reduced friction and wear. By reducing friction and wear, factory clearances
are also maintained within normal limits, preventing oil penetration and combustion, and
creating favorable conditions for combustion, which keeps emissions within prescribed
limits [68]. A significant database was made during the examination. Further optimization
processes can be performed using some machine learning methods [69].

Not least, the ongoing quest for cleaner and more efficient internal combustion en-
gines has led to significant research into advanced combustion strategies (ACSs), such as
Homogeneous-Charge Compression Ignition (HCCI) and Reactivity-Controlled Compres-
sion Ignition (RCCI). When combined with the use of biodiesel blends, these strategies
provide a promising approach to mitigating the environmental impact of diesel engines.
The following references highlight the latest advancements in this field when focusing on
recent publications:

• During the HCCI process, the fuel-and-air mixture is homogeneously mixed before
entering the combustion chamber. This process can eliminate the need for conventional
spark ignition, as the mixture spontaneously ignites due to the high pressure and
temperature in the combustion chamber.

• HCCI combustion, characterized by simultaneous auto-ignition of a well-mixed fuel-
air charge, holds the promise of achieving high thermal efficiency alongside ultra-low
NOx and soot emissions. Several recent studies, as follows, have explored how
biodiesel affects HCCI operation:

# A key challenge in HCCI is controlling the combustion phasing and duration,
which are highly sensitive to fuel properties and operating conditions. Biodiesel’s
higher cetane number can lead to earlier and faster combustion, potentially
narrowing the HCCI operating window [70–72].



Processes 2025, 13, 2124 20 of 26

# Biodiesel’s inherent oxygen content generally helps reduce particulate matter
(PM) emissions. However, the trade-off with NOx often remains [73].

• RCCI is an evolution of HCCI that utilizes two different fuels with varying reactivity
(e.g., biodiesel and diesel or biodiesel and bioethanol). This approach enables control
over the combustion process by mixing fuels with differing characteristics.

• RCCI, a dual-fuel combustion strategy using two fuels with different relativities,
offers greater control over combustion phasing compared to HCCI, extending the
low-emission operating range:

# Biodiesel, with its higher cetane number, makes it an ideal candidate for use
as a high-reactivity fuel in an RCCI system, allowing for precise control of
ignition [74,75].

# RCCI’s ability to decouple mixture preparation from ignition timing allows for a
wider operating range than HCCI. Research continues to focus on optimizing
injection strategies, fuel ratios, and engine parameters (such as EGR) to maximize
the benefits of biodiesel in RCCI. For instance, studies might explore the impact of
varying the direct injection timing of the biodiesel and the port injection quantity
of the low-reactivity fuel to extend the RCCI operating window and achieve
optimal emissions [76].

Regarding the performance of second- and third-generation biodiesels in terms of
emissions, the shift from first-generation biodiesels (derived from food crops) to second-
and third-generation biodiesels is crucial for sustainability and avoiding the “food vs.
fuel” dilemma. The recent literature, including the works mentioned below, confirms their
growing importance and specific emission profiles.

• Second-generation biodiesels (waste and non-food feedstocks) are derived from non-
food crops (e.g., jatropha, Pongamia, and camelina), agricultural residues (e.g., ligno-
cellulosic biomass), and waste products (e.g., used cooking oil, animal fats). Studies
consistently show that second-generation biodiesels offer a significant reduction in
life-cycle GHG emissions compared to fossil diesel, primarily due to their sustainable
feedstock sources, and emphasize their greater sustainability and reduced competition
with food resources [77,78].

• Third-generation biodiesels (algae-based), primarily from microalgae, are considered
highly promising due to their rapid growth rates, high lipid content, minimal land-use
requirements, and ability to utilize CO2 during cultivation, offering a pathway to po-
tentially carbon-negative fuel. The ability of microalgae to absorb CO2 during growth
makes algal biodiesel exceptionally attractive for its low carbon footprint [79,80].

6. Conclusions

This paper aims to highlight the possibility of optimizing diesel engines from the
aspects of emissions and thermal efficiency by using biodiesel. The facts are that, when
using biodiesel, changes to existing diesel engine construction are not necessary, and, in
parallel, the available infrastructure of diesel fuel pumping stations can also be used. The
tests were performed on an experimental engine at operating modes defined by the ESC
13-mode cycle, highlighting the importance of applying standard research methods in
terms of experimental repeatability and comparison of results. The primary goal of this
research was to justify further investigation into the application of biodiesel as a fuel.

Based on the analysis process and systematization of data from the literature and,
in parallel, experimental research on the test rig, the following facts can be stated
as conclusions:
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(i) Due to their economy, diesel engines are still used intensively, equipped with modern
technologies so that they can run on various environmentally clean alternative fuels
such as biodiesel;

(ii) In this way, the use of alternative fuels represents one of the available ways to reduce
the primarily problematic emissions of PM, while measures on the engine or after-
treatment system of a diesel engine can control NOx emissions;

(iii) In this way, the use of alternative fuels represents one of the available ways to reduce
the primarily problematic emissions of PM, while measures on the engine or after-
treatment system of diesel engines can control NOx emissions;

(iv) When operating an experimental diesel engine with dedicated biodiesel fuel, an
average increase in BTE of about 1.5% was achieved;

(v) The recorded PM emission is lower in all operating modes when using biodiesel and
is notably lower in modes 8 and 10 at full load and at increased engine speeds, as
defined by the ESC 13-mode cycle.

(vi) The recorded PM emission is lower in all operating modes when using biodiesel and
is notably lower in modes 8 and 10 at full load and at increased engine speeds, as
defined by the ESC 13-mode cycle;

(vii) Further compromises in the relationship between PM and NOx emissions, or fuel
consumption, can be achieved when operating with biodiesel by applying variable
systems to the engine, such as VCR, VVT, multi-stage, or split fuel injection under
higher pressure, and so forth.

Although this study focuses on a single vehicle with a four-cylinder engine (not a
single-cylinder engine), the conclusions regarding CO2 emissions and energy consumption
trends—particularly the identification of optimal operating speeds (50–70 km/h)—are
based on chassis dynamometer data under WLTP cycles and can be generalized for modern
multi-cylinder engines. The neural network models (MLP and SANN) used are data-driven
and not strictly tied to engine configuration. Therefore, the derived relationships between
speed, emissions, and energy use can be applied to similar classes of passenger vehicles
with multi-cylinder engines, particularly for urban and suburban traffic profiles.

This study does not directly involve engine performance tuning via variable compres-
sion ratio or injection timing. Instead, it focuses on the post-analysis of emission and energy
consumption data under fixed engine parameters. Optimization in this context refers to
identifying optimal vehicle operating ranges (e.g., a speed range of 50–70 km/h) using
neural networks rather than relying on hardware-based engine control strategies. Thus, the
“optimization” mentioned is systemic and operational rather than mechanical.

The progressive depletion of the world’s natural resources poses a significant threat
to energy security and exacerbates the rapid pace of climate change. Therefore, in the
long term, it is necessary to improve the combustion processes of fuels from alternative
renewable energy sources. The developed algorithm is a crucial tool for planning research
on real-world processes. To eliminate low-emission solutions, this type of analysis can be
used to study an extensive system or an independently functioning process.

At the same time, it is worth noting that IC engines operate across a wide range of
speeds, loads, and environmental conditions. A fixed engine design, with static parameters
such as compression ratio and injection timing, represents a compromise. It is optimized
for a specific operating point (for instance, peak power or maximum efficiency) but will be
suboptimal across most of its operating range. This inherent limitation leads to significant
trade-offs, particularly between fuel efficiency and emissions.

“Variable systems” in modern engines, such as VCR, variable injection timing (VIT),
and variable valve timing/lift (VVT/VVL), are crucial because they overcome the fixed
design compromises inherent in traditional engines. They enable the engine to dynamically
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adjust its operating parameters in real time to match instantaneous demands, thereby
optimizing performance, fuel economy, and emissions across the entire operating range.

The reasons for the necessity of the aforementioned variable systems are summarized
as follows:

• In a conventional engine, a single set of design parameters must balance conflicting
objectives. Examples in the following:

# A high compression ratio generally improves thermal efficiency and fuel econ-
omy, but it increases the risk of engine knock (pre-ignition) at high loads or with
lower-octane fuels.

# An early injection timing in diesel engines can improve combustion efficiency
and power but leads to higher NOx emissions due to higher peak temperatures.

Fixed valve timing may be beneficial for high-rpm power, but it results in poor idle
quality, reduced low-end torque, and increased emissions at low loads.

• By making these parameters variable, engines can “have their cake and eat it too”.
They can adapt to different operating conditions, achieving optimal performance
closer to each other.

Furthermore, vehicles and engines operate under a wide range of conditions: idling,
city driving, highway cruising, and aggressive acceleration; each of these conditions has
different optimal engine settings for efficiency and emissions, whereas variable systems
enable the engine to continuously adjust to these demands, rather than being stuck with a
single, average setting.

Lastly, the VCR increases the compression ratio to maximize thermal efficiency and
fuel economy. Simultaneously, it decreases the compression ratio to prevent knock (in
gasoline engines) or manage peak pressures (in diesel engines), allowing for higher boost
pressures and power output without excessive NOx or engine damage. Moreover, in diesel
engines, VCR can allow for a lower compression ratio at high loads, helping to reduce the
peak combustion temperatures primarily responsible for NOx formation without sacrific-
ing efficiency at lower loads. It can also aid in performing cold starting by temporarily
increasing the compression ratio (CR).

As far as VIT (primarily in diesel engines) is concerned, it allows the engine control
unit (ECU) to precisely adjust the start of fuel injection based on engine speed and load;
at high loads or when power is prioritized, injection timing might be advanced for better
efficiency; and, in addition, when NOx reduction is critical (e.g., specific emission cycles),
injection timing can be retarded to lower combustion temperatures. Modern common-rail
diesel systems with multiple injection events work in conjunction with VIT to further
optimize combustion and balance the trade-offs between NOx and PM emissions. Pilot
injections pre-heat the combustion chamber to reduce ignition delay and combustion noise,
while post-injections can aid in soot oxidation or regeneration of after-treatment systems.

When it comes to VVT and VVL, these systems continuously adjust the timing of valve
opening and closing, as well as the degree of valve lift, in response to changes in engine
speed and load. By controlling valve overlap, VVT can achieve an “internal exhaust gas
recirculation” (EGR) effect. This involves keeping the exhaust valve open slightly longer
or opening the intake valve earlier, allowing some hot, inert exhaust gases to re-enter the
cylinder. This dilutes the incoming fresh air, lowering peak combustion temperatures and
significantly reducing NOx formation, without the need for an external EGR valve in some
cases. Furthermore, by optimizing valve timing and lift, the engine can “breathe” more
efficiently across its entire rpm range, leading to improved torque at low speeds and higher
power at high speeds.

All the aforementioned considerations provide a solid foundation for further investigation.
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Considering the restrictive emission standards, further research is needed on fuels and
mixtures, taking into account the design of engines with some variable systems. This affects
legal regulations and the continuous development of motorization. From the perspective
of sustainable development, using a fuel mixture with a minimum share of bio-additive
yields the highest carbon dioxide emission values.

Optimization should consider the use of additives in the fuel–air mixture, given their
impact on the molecular structure, which affects the reduction of carbon dioxide emissions
and the reduction of air demand. The development of simulation models for ongoing
monitoring of processes by the new homologation tests in force is also recommended.
Modifying vehicle power supply systems can achieve more accurate results.

The experiment conducted and the results obtained confirm that the use of biodiesel
fuel applies to low-power engines, which is the case and is expected to be the case with
engines of higher power and displacement. Additionally, the advantage is that no signifi-
cant changes to the engine systems are necessary. On the other hand, the use of biodiesel
primarily reduces PM emissions, but there is a relative increase in NOx emissions due
to the fuel’s composition. In this way, the initial hypothesis of this study was confirmed,
namely the necessity of applying variable systems to the engine to automatically adjust the
compression ratio, valve timing, fuel injection angle, and ignition timing of the mixture,
thereby optimizing the combustion process and emissions, i.e., the trade-off between NOx
and PM emissions.
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