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ABSTRACT: In wine-producing regions, oil extracted from waste grape seeds can be used as a feedstock for
biodiesel production. This paper presents the results of experimental research on combustion process parameters
and engine efficiency when using conventional diesel fuel (D100) and blends of conventional diesel fuel with biodiesel
produced from waste grape seed oil. Four biodiesel-diesel blends with biodiesel contents of 7%, 14%, 21%, and
28% by volume (B7, B14, B21, and B28) were used. The tests were conducted on a single-cylinder direct injection
diesel engine at full load at engine speeds of 1635 rpm, 1937 rpm, and 2239 rpm. It was found that all blends exhibited
a higher peak (maximum) heat release rate (HRR) and higher peak (maximum) cylinder pressure than D100. Blends
with higher biodiesel contents (B21 and B28) had the heat release centroid located closer to top dead center (TDC),
which is favorable for indicated thermal efficiency (ITE). The engine achieved a higher brake thermal efficiency (BTE)
with the B14 blend (0.296 at 1635 rpm, 0.324 at 1937 rpm, and 0.277 at 2239 rpm) than with the B7, B21, and B28
blends. In terms of engine efficiency, the B14 blend exhibited performance comparable to that of D100.
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EKSPERIMENTALNO ISTRAZIVANJE PROCESA
SAGOREVANJA | EFIKASNOSTI DIZEL MOTORA ZA
SLUCAJ PRIMENE BIODIZEL GORIVA

REZIME: U podrugjima gde se proizvode veée koligine vina, kao jedna od sirovina za proizvodnju biodizel goriva
moze se koristiti i ulje od otpadnih semenki grozda. U radu su prikazani rezultati eksperimentalnih istrazivanja
parametara procesa sagorevanja i efikasnosti motora za slu€aj primene konvencionalnog dizel goriva (D100) i
mesavina konvencionalnog dizel goriva i biodizel goriva dobijenog od ulja otpadnih semenki grozda. KoriS¢ene su
Cetiri meSavine sa zapreminskim udelima biodizel goriva od 7%, 14%, 21% i 28% (B7, B14, B21 i B28). Ispitivanje je
radeno na jednocilindricnom dizel motoru sa direktnim ubrizgavanjem na punom opterecenju, pri brojevima obrtaja
1635 min-', 1937 min-', 2239 min-'. Ustanovljeno je da sve mesavine imaju ve¢u maksimalnu brzinu oslobadanja
toplote i ve¢i maksimalan pritisak u cilindru nego D100. MeSavine sa vec¢im udelima biodizel goriva (B21 i B28) imaju
teziSte procesa oslobadanja toplote blize spoljnoj mrtvoj tacki (SMT), §to je povoljino sa aspekta indikatorskog
stepena korisnosti. Primenom mesavine B14 motor ima veci efektivni stepen korisnosti (0,296 na 1635 min-', 0,324
na 1937 min' i 0,277 na 2239 min-') nego primenom mesavina B7, B21 i B28. MeSavina B14 se, sa aspekta
efikasnosti motora, moze smatrati ravnopravnom sa D100.

KLJUCNE RECI: biogoriva, biodizel, diferencijalni zakon oslobadanja toplote, integralni zakon oslobadanja
toplote

INTRODUCTION

Biodiesel has been commercially used for several decades and has traditionally been produced from edible vegetable
oils through transesterification process. Over the last decade, biodiesel has increasingly been produced from waste-
derived feedstocks, including waste oils and residues generated by the food and beverage industry. Nikoli¢, B. D. et
al. (2025) reported that, in 2022, approximately 27% of global biodiesel production originated from waste-derived
feedstocks.

In terms of physicochemical properties, biodiesel differs significantly from conventional diesel, while considerable
variations can also be observed among different biodiesel types depending on the feedstock and production process
employed. In addition, diesel engines are primarily designed to operate on conventional diesel, therefore,
investigating the combustion characteristics of biodiesel is essential for its efficient utilization while maintaining engine
performance and efficiency. Although alternative biodiesel production methods have been investigated and
developed, transesterification remains the most widely used production process. All biodiesel fuels considered in this
study were produced through transesterification and were used either as neat biodiesel or, more commonly, as
blends with conventional diesel.

The effects of biodiesel on combustion characteristics, ITE, BTE, and engine performance parameters have been
extensively investigated in numerous studies. Numerous studies have focused on first-generation biodiesel fuels,
while recent research has increasingly focused on second-,third-,and fourth-generation biodiesel fuels.

Objective and Scope of This Research

This paper presents an investigation of the combustion process, with particular emphasis on heat release rate
parameters and engine efficiency. The aim of the study is to evaluate the influence of different fuels (D100, B7, B14,
B21, and B28) on combustion parameters and engine efficiency. The experimental investigation was carried out at
full load at engine speeds of 1635 rpm, 1937 rpm, and 2239 rpm.

Review of Previous Research

First-generation biodiesel fuels are produced through the transesterification of edible vegetable oils derived from
dedicated oil crops, such as rapeseed, soybean, palm, sunflower, and corn. The cylinder pressure evolution differs
between conventional diesel fuel and biodiesel fuels derived from rapeseed, soybean, and palm oils. According to
KnezZevié, D. (2014), variations in the pressure rise rate and maximum pressure are also observed among individual
biodiesel fuels, depending on the feedstock used for biodiesel production. These differences are evident both for
neat biodiesel fuels and for B50 biodiesel—diesel blends.
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Ayhana, V. et al. (2020) reported that, despite the less favorable physicochemical properties of biodiesel fuels,
including higher density, increased viscosity, and lower volatility compared with conventional diesel fuel, the use of
an optimized biodiesel blending ratio can improve engine performance under specific operating conditions. Blends
containing corn oil biodiesel demonstrated higher effective power output and lower specific fuel consumption
compared with diesel fuel.

According to Mehra, K. S. & Goel (2025), the cost of feedstocks used for biodiesel production represents
approximately 75-90% of the total production cost. The high cost of edible feedstocks has encouraged the increased
utilization of alternative feedstocks, including waste cooking oils, by-products from the food and beverage industry,
and non-edible oil crops cultivated on marginal or low-quality land. Biodiesel produced from these feedstocks is
generally classified as second-generation biofuel. The combustion characteristics and heat release behavior of
second-generation biodiesel fuels vary significantly depending on the feedstock type and biodiesel blending ratio,
which consequently affects engine efficiency and fuel consumption.

Can, O. (2014) reported that B5 and B10 biodiesel blends produced from waste cooking oil and conventional diesel
fuel exhibit lower heating values (LHV) compared with conventional diesel fuel. As a result, the application of these
blends leads to an increase in brake-specific fuel consumption (BSFC) of up to 4% and a reduction in BTE of up to
2.8% compared with conventional diesel operation.

Erdogan, S. et al. (2019) investigated the combustion characteristics of biodiesel blends produced from beef bone
marrow and conventional diesel fuel. Their results showed that, at low engine loads, the B20 blend exhibited a higher
peak heat release rate compared with diesel fuel.

Biodiesel suitable for application in compression ignition (Cl) engines can also be produced from various types of
agricultural and industrial waste. Emma, A. F. et al. (2022) reported that low-percentage blends containing biodiesel
derived from coffee husk oil can be used in diesel engines without significant modifications. Furthermore, these
blends demonstrated improved combustion characteristics compared with conventional diesel fuel.

Waste grape seeds, generated as a by-product of wine production, represent a potential feedstock for biodiesel
production. Chelladorai, P. et al. (2018) investigated the application of neat biodiesel produced from waste grape
seed oil in a single-cylinder direct-injection diesel engine. Their results showed that, at full engine load and an engine
speed of 1500 rpm, the BTE was 6.4% lower compared with conventional diesel fuel.

Contributions

The biodiesel fuel used to produce the blends differs significantly from D100 in terms of calorific value and kinematic
viscosity (Table 3). The research determined:
¢ Whether the engine can operate stably with blends B7, B14, B21, and B28 at full load;
¢  Which blend exhibits the most favorable heat release profile from the perspective of ITE, and whether there
is a clear trend in the heat release profile with increasing biodiesel content in the blend;
o  With which blend the engine achieves the highest BTE;
e  Whether there is a clear trend in ITE and BTE depending on the proportion of biodiesel in the blend.

EXPERIMENTAL SETUP

For the experimental investigation, a single-cylinder direct-injection (DI) diesel engine — DMB 3DA450 (Figure 1,
Table 1) — was used. The engine is equipped with a mechanical fuel injection system. The fuel injection timing was
fixed at 21 °CA before top dead center (BTDC) for all tested fuels, including the conventional fuel and its blends. The
combustion process was analyzed based on the indicated cylinder pressure.

Table 1 Test engine characteristics

Name Description

Model DMB SDA 450

Power/engine speed, kW/rpm 7.3/2500

Torque/engine speed, Nm/rpm 28/1700

Engine combustion sys./cooling Direct injection/Air cooled engine
Engine displacement, cm?® 454

Number of cylinders 1

Piston diameter/piston stroke, mm 85/80

Compression ratio, - 17.5:1

Injection timing 21 °CA BTDC fixed (factory setup)
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Table 1 (continuation)
Parameters of engine valve Intake valve opens 16 °CA BTDC
mechanism Intake valve closes 40 °CA ABDC
Exhaust valve opens 40 °CA BBDC
Exhaust valve closes 16 °CA ATDC
Valve overlap 32 °CA

Figure 1 Test engine

The pressure inside the cylinder was measured using the measurement system shown in Figure 2. The measurement
system consists of analog and digital components. The analog part includes a piezoelectric pressure sensor and an
amplifier for signal conditioning. The digital part consists of a crankshaft angle optical marker and SMT position, an
optical transmitter, as well as a signal multiplier.

E AVL o womeTon

Figure 2 The measuring chain for the cylinder pressure: 1 — pressure sensor AVL QC32D, 2 — signal amplifier
KISTLER 5007, 3 — angle encoder, 4 — optical transmitter, 5 — signal multiplier AVL 365CC, 6 — acquisition system
AVL Indimeter 619, 7 — computer with acquisition software AVL IndiCom 1.2
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EXPERIMENTAL INVESTIGATION

The engine operating speeds used in the experimental investigation were determined in accordance with the
European Stationary Cycle (ESC) procedure (EUR-Lex.europa.eu. 1999). The standardized test procedure was
applied to ensure better comparability of the obtained results with other authors in the future.

The engine tests were conducted using conventional diesel fuel (D100) and four biodiesel—diesel fuel blends.
Biodiesel was produced through a batch transesterification process. Methanol was used as the alcohol reactant, with
an oil-to-methanol molar ratio of 6:1. Potassium hydroxide (KOH) was used as the catalyst in an amount of 1 wt.%
relative to the oil mass. The transesterification reaction was carried out at a temperature of 63 °C and atmospheric
pressure for 60 min. The main properties of the produced biodiesel are presented in Table 2. The conventional diesel
fuel (D100) complies with the requirements specified in the SRPS EN 590:2022 standard. The fuel blends were
prepared to ensure that all four mixtures had approximately the same LHV as the reference diesel fuel. The biodiesel
energy fractions of 5%, 10%, 15%, and 20% corresponded to volumetric fractions of 7%, 14%, 21%, and 28%,
respectively; therefore, the blends were designated as B7, B14, B21, and B28. This approach enables a more
accurate evaluation of the influence of biodiesel addition on engine thermal efficiency by minimizing the effect of
differences in fuel energy content.

Table 2 Characteristics of the biodiesel fuel

Property Unit EN-14214 Limit Measured Meth. of testing
Value

Density (at 15°C)  kg/m? 860—900 885 SRPS EN I1SO 3675. (2007)
K'"e"z::'zo"jg°s'ty Mm?/s 35-5 515  SRPSEN ISO 3104. (2024)
. . SRPS EN ISO 2719. (2021)
Flash point C >101 >185  SRPS EN I1SO 3679. (2022)
Lower heating value  MJ/kg 33965 ASTM240 ggg%r)”et Archive.
Ester content Y%(m/m) >96,5 97.3 SRPS EN ISO 14103. (2020)

RESEARCH RESULTS AND DISCUSSION

The rate of heat release during the different phases of combustion is a key parameter governing the efficiency of
converting the fuel's chemical energy into thermal energy. The HRR also influences the cylinder pressure variation,
which in turn affects the mechanical loads on the engine and the level of noise emitted by the engine. The combustion
process parameters can be most effectively analyzed using the cylinder pressure variation diagram (Figure 3) and
the differential and cumulative heat release rate diagrams (Figure 4).

Table 3 presents the main combustion parameters, including the maximum cylinder pressure, its corresponding crank
angle relative to top dead center (TDC), the maximum heat release rate, its corresponding crank angle relative to
TDC, and the crank angles corresponding to 5%, 10%, 50%, and 90% of the total heat released during the cycle.

In all three operating regimes, the fuel blends exhibited higher peak heat release rates than D100. The highest peak
heat release rate was observed at the lowest engine speed (1635 rpm) for the B21 blend, reaching 163.1
kd-m~3-°CA™". At engine speeds of 1937 rom and 2239 rpm, the B28 blend exhibited the highest peak heat release
rates, amounting to 133 kd-m™3-°CA™" and 156.16 kd-m™3-°CA™", respectively.

The blends reached their peak heat release rates at later crank angles, except for B7 at 1937 rpm, where B7 and
D100 reached their peak heat release rates simultaneously at 2 °CA. This trend in the peak heat release rate and
the crank angle corresponding to its maximum relative to TDC can be attributed to injection timing, ignition delay,
and the oxygen content of the biodiesel fuel in the blends.

Blends with a higher biodiesel content generally exhibit a higher peak heat release rate; however, this trend is not
consistent under all operating conditions, as the mixture formation and combustion processes are influenced by
numerous parameters whose effects may vary across different operating regimes.

Due to their higher peak heat release rates, the blends also exhibit higher peak cylinder pressures (Figure 3), which
ultimately result in greater mechanical loads and higher levels of engine noise.

In modern diesel engines, however, this issue is mitigated through the use of multiple injection strategies, which
enable better control of the combustion process. The peak heat release rates of the blends occur at later crank angles

45



relative to TDC than that of D100, which partially mitigates the effects associated with their higher peak heat release
rates, such as increased mechanical loads and engine noise.

Table 3 Combustion process parameters at 100% load (1635 rpm, 1937 rpm, and 2239 rpm)

Parameter Value/Description
D100 B7 B14 B21 B28
Load 100%
Engine speed, rpom 1635
Maximum cylinder pressure, bar 7045 74.05 7484 76.13 75.06
Position of the maximum cylinder pressure relative to TDC, 9 9 9 8 8
°CA
Maximum heat release rate, kJ-m=3.°CA™", 106.8 133.26 151.54 163.1 155.43
Position of the maximum heat release rate relative to TDC, 0 1 y y 1
°CA
Crank angle for 5% fuel burned, °CA -1.38 -1.62 -1.19 -1.03 -1.32
Crank angle for 10% fuel burned, °CA -0.59 -0.66 -0.34 -0.19 -0.39
Crank angle for 50% fuel burned, °CA 8.33 6.91 6.75 6.45 6.30
Crank angle for 90% fuel burned, °CA 2552 2297 2329 2295 22.06
Engine speed, rpm 1937
Maximum cylinder pressure, bar 67.59 71.84 7252 7253 72.78
Position of the maximum cyjlgger pressure relative to TDC, 9 10 10 10 10
Maximum heat release rate, kJ-m=3.°CA™", 98.32 127.32 1316 132.7 133
Position of the maximum heat release rate relative to TDC, > > 3 3 3
°CA
Crank angle for 5% fuel burned, °CA 0.08 -0.29 0.20 0.11 0.04
Crank angle for 10% fuel burned, °CA 0.92 0.73 1.17 1.08 1.07
Crank angle for 50% fuel burned, °CA 9.46 8.62 8.46 8.24 8.30
Crank angle for 90% fuel burned, °CA 26.51 25.08 2493 2479 23.90
Engine speed, rpm 2239
Maximum cylinder pressure, bar 65.22 69.02 68.66 68.82 69.45
Position of the maximum cylinder pressure relative to TDC, 10 9 9 9 9
°CA
Maximum heat release rate, kJ-m=3-°CA™", 115.65 148.01 15299 1459 156.16
Position of the maximum heat release rate relative to TDC, 4 5 5 5 5
°CA
Crank angle for 5% fuel burned, °CA 2.02 2.07 2.39 2.35 2.16
Crank angle for 10% fuel burned, °CA 2.94 3.16 3.47 3.43 3.27
Crank angle for 50% fuel burned, °CA 10.34 9.75 9.75 9.62 9.61
Crank angle for 90% fuel burned, °CA 2826 27.99 2793 2811 27.36

Based on the cumulative heat release curve, it is possible to determine how the fraction of fuel burned changes
during the combustion process. From the perspective of ITE, the position of the combustion centroid, defined as the
crank angle at which 50% of the total heat is released, is particularly important. The rate of heat release during the
second half of the combustion process is largely determined by the flow within the combustion chamber, as the flow
characteristics affect the supply of oxygen to the flame zone.

For all three operating regimes, 50% of the total heat is released earlier when the blends are used compared with
D100. When blends are used, the combustion rate increases with increasing biodiesel content in the blend, except
at 1937 rpm, where the earliest occurrence of 50% heat release is observed for B21.

For all three operating regimes, 90% of the total heat is released earlier with the blends than with D100, with the
earliest occurrence observed for B28. This trend in the heat release process is likely influenced by the oxygen content
of the biodiesel fuel.

Therefore, considering the combustion process parameters and their impact on ITE, the use of biodiesel-diesel
blends is more favorable than D100.

The values of the engine efficiency parameters are presented in Table 4. It can be observed that all blends exhibit
favorable combustion characteristics. In almost all operating regimes, with only a few exceptions, the blends exhibit
more complete combustion and higher ITE values than D100. This can be attributed to the oxygen content of the
blends and the appropriate injection timing of 21 °CA BTDC.
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Figure 3 Cylinder pressure vs. crank angle at full load:
a) 1635 rpm
b) 1937 rpm
c) 2239 rpm
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Figure 4 Differential and cumulative heat release laws at full load: a) 1635 rpm, b)1937 rpm, and c) 2239 rpm
In terms of BTE, the blends exhibit values comparable to those of D100 and, under certain operating regimes, even
higher values. Among all the blends, B14 stands out, exhibiting relatively high BTE values of 0.296 at 1635 rpm,
0.324 at 1937 rpm, and 0.277 at 2239 rpm.

It can also be observed that there is no clear trend in ITE and BTE with increasing biodiesel content in the blends
that is consistent across all engine operating regimes at full load.
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Djurié, Z. et al. (2026) presented almost identical results from tests conducted on a single-cylinder, direct-injection
engine fueled with D100 and blends of biodiesel produced from waste grape seed oil and conventional diesel fuel
(B7 and B14) at 75% and 100% engine load.

A.K. Azad & M.G. Rasul (2019) tested a four-cylinder diesel engine fueled with D100 and blends of biodiesel derived
from waste grape seed oil and conventional diesel fuel (B5 and B10). B10 and D100 exhibited identical peak heat
release rate values, whereas B5 exhibited slightly lower values than B10 and D100. When using the blends, the
engine exhibited lower BTE, leading the authors to conclude that increasing the biodiesel content in the blend reduces
engine efficiency.

Table 4 Indicated, mechanical, and brake thermal efficiency of the engine at full load

Parameter Value/Description
D100 B7 B14 B21 B28
Load 100%
Engine speed, rpm 1635
Indicated thermal 0,403 0,394 0,411 0,395 0,386
efficiency, -
Mechanical efficiency, - 0.747 0.723 0.721 0.719 0.715
Brake thermal efficiency, - 0.301 0.285 0.296 0.284 0.276
Engine speed, rpm 1937
Indicated thermal 0.364 0.381 0.452 0.400 0.383
efficiency, -
Mechanical efficiency, - 0.755 0.724 0.717 0.690 0.711
Brake thermal efficiency, - 0.275 0.276 0.324 0.276 0.272
Engine speed, rpm 2239
Indicated thermal 0.378 0.393 0.389 0.375 0.383
efficiency, -
Mechanical efficiency, - 0.744 0696 0.712 0.695 0.701

Brake thermal efficiency, - 0.281 0.273 0.277 0.261 0.268

CONCLUSIONS

The effects of biodiesel fuel application on combustion process parameters and engine efficiency depend on the
feedstock used for fuel production, the production method, and the conditions under which the fuel is utilized. Based
on the investigation of the combustion process parameters of biodiesel blends produced from waste grape seed oil
and conventional diesel fuel at full engine load, the following conclusions can be drawn:

e Although biodiesel fuel has a lower heating value and higher kinematic viscosity, the use of B7, B14, B21,
and B28 blends ensures stable engine operation at full load.

e The blends exhibit higher peak heat release rates than D100, resulting in a higher pressure rise rate and
higher peak cylinder pressure, which are associated with greater mechanical loads and increased engine
noise.

e At 1937 rpm, the peak heat release rate increases with increasing biodiesel content in the blend, whereas
at the other engine speeds, no clear trend in the peak heat release rate with increasing biodiesel content is
observed.

o The peak heat release rates of the blends occur at later crank angles than that of D100, which partially
mitigates the effects associated with higher pressure rise rates, such as increased mechanical loads and
engine noise.

e The peak heat release rates occur at the same crank angle for all blends, except for B7 at 1937 rpm.

e The heat release centroid is located closer to TDC for the blends than for D100, which has a positive effect
on ITE when the blends are used.

e The heat release centroid is closest to TDC for B28, at 6.30 °CA ATDC at 1635 rpm and 9.61 °CA ATDC at
2239 rpm, and for B21, at 8.24 °CA ATDC at 1937 rpm.

e Inall cases, the position of the peak cylinder pressure is shifted closer to TDC due to the relatively advanced
injection timing, which was set for operation with the earlier diesel fuel formulation (CN = 45). Optimization
of the injection timing could result in more favorable combustion characteristics.

e In terms of BTE, the blends exhibit values comparable to those of D100, with B14 showing the most
favorable values: 0.296 at 1635 rpm, 0.324 at 1937 rpm, and 0.277 at 2239 rpm.

e Noclear trend in ITE and BTE with increasing biodiesel content in the blends is observed that is consistent
across all engine operating regimes at full load.
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Abbreviations

The following Abbreviations are used in this manuscript:

D100 Conventional diesel fuel
B7 Fuel blend with 7% of biodiesel made from grape seeds
B14 Fuel blend with 14% of biodiesel made from grape seeds
B21 Fuel blend with 21% of biodiesel made from grape seeds
B28 Fuel blend with 28% of biodiesel made from grape seeds
HRR Heat release rate
TDC Top dead center
ITE Indicated thermal efficiency
BTE Brake thermal efficiency
BSFC Brake-specific fuel consumption
LHV Lower heating values
Cl Compression ignition
CA Crankshaft angle
BTDC Before top dead center
ATDC After top dead center
BDC Bottom Dead Center
ABDC After Bottom Dead Center
BBDC Before Bottom Dead Center
KOH Potassium hydroxide
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