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INTRODUCTION working collectively to optimize energy production while
considering its impact on the planet and future genera-
tions [19-21]. Turpentine, derived from conifer resin, is

] bl soluti ; ) traditionally used in the pharmaceutical industry due to its
vative and sustainable solutions for energy production . .:;icrobial and anti-inflammatory properties. Recently,

is vital. In this context, exploring alternative sources and ; fe] industry has shifted its focus to this substance. The
sustainable fuels is a crucial direction for contemporary e of turpentine as a substitute for diesel oil has become
scientific research [1-18]. One such emerging fuel that 5 rapidly expanding area of research given its potential
has attracted significant attention from the scientific com-  to enhance engine performance and efficiency [22]. The
munity is turpentine oil. Turpentine oil (C,, H,4) is gain-  chemical characteristics of turpentine, detailed in Table 1,
ing interest as a potential fuel source. By researching and  including its complex composition of hydrocarbons and
developing this type of fuel, scientists and engineers are aromatic compounds, play crucial role in the combustion

In the face of continued global energy demand and
growing concerns about climate change, finding inno-
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process. These properties influence the chemical reactions
during combustion, directly affecting engine efficiency and
emissions. Furthermore, turpentine has significant energy
potential, as it can provide a substantial amount of energy
during combustion, contributing to increased engine effi-
ciency and reduced greenhouse gas emissions. Turpentine
is notable for its ability to blend uniformly with diesel,
forming a stable and homogeneous mixture. This unifor-
mity is essential for ensuring even and efficient combustion
in the engine, minimizing carbon deposits, and improving
engine durability. Therefore, exploring the potential of tur-
pentine as an energy source is a promising area of scientific
research. Analysing its chemical and energy properties,
along with developing suitable technologies for its use in
conventional engines, could pave the way for sustainable
and efficient alternatives in the fuel industry. In turn, this
could contribute to reducing the environmental impact and
promoting a cleaner energy future.

Over the last three decades, countries worldwide have
focused on promoting the use of renewable energy sources.
The use of crops or residues as an efficient, low-cost, locally
available, and sustainable source of energy has seen sig-
nificant growth, offering advantages to both farmers and
governments, while positively impacting the environment.
Through transesterification (the displacement of alcohol
from an ester by another alcohol), vegetable oil can be
chemically modified to reduce its viscosity and improve
its physical properties, such as the cetane number [23-
24]. Studies have shown that methyl ester produce lower
smoke levels and higher thermal efficiencies compared to
unmodified vegetable oils. The published research pro-
vides valuable information on the technical procedures
for transforming vegetable oils into high-quality fuels for
diesel engines via the transesterification process. These
insights are foundational for the research and continuous
development of alternative fuels, aiming toward a more sus-
tainable world [25-31]. Transesterification, a well-studied
and documented chemical process involves the reaction

Table 1. Physico-chemical properties of turpentine oil [71]

Properties Turpentine 0il  Diesel
Formula Ci0.Hys C,-Hys
Molecular weight (g/mol) 136 167
Boiling point (°C) 150-180 180-340
Specific gravity 0.86-0.9 0.83
Kinematic viscosity @ 40°C (cSt) 1.3 2.5
Latent heat of vaporization (kJ/kg) 305 230
Flash Point (°C) 38 74
Auto-ignition temperature (°C) 220-255 254-285
Calorific value (kJ/kg) 44 400 42 500
Cetane index 20-25 40-55
Density (kg/m?) 860-900 830

of vegetable oils with alcohols, such as methanol or etha-
nol, to produce methyl or ethyl esters, known as biodiesel.
Biodiesel obtained through transesterification possesses
optimized physical and chemical properties for use in diesel
engines, ensuring efficient combustion and reduced emis-
sions [32]. The literature describes various transesterifica-
tion processes and presents several types of catalysts and
reaction conditions used to optimize the process [33, 34].
Additionally, specialized studies offer insights into techni-
cal aspects such as phase equilibrium and product separa-
tion, which are crucial for the mass production of biodiesel.
Researchers have also addressed issues related to raw mate-
rials, analysing diverse sources of vegetable oils used in the
transesterification process. This includes evaluating the
advantages and disadvantages associated with oils derived
from different plants and their impact on the quality and
durability of the produced biodiesel [35].

In general, it is not common to obtain turpentine from
vegetable oils because they require specific process for
extracting and distilling pine resin. Vegetable oils and tur-
pentine are two substances with distinct composition and
properties. However, research and technologies continue
to evolve, and innovative methods for producing turpen-
tine from vegetable sources might emerge in the future.
Currently, turpentine is primarily derived from pine resin
and other coniferous resins.

The main chemical compounds in pine turpentine oil
are terpenoids and terpenes. The structure of this oil varies
significantly depending on the type of pine from which it is
extracted, the time of harvesting, and geographical location.
Turpentine is a semi-fluid substance consisting of resins dis-
solved in volatile oil, which can be broken down by distil-
lation into different fractions [12]. These fractions include
a volatile oil called turpentine oil or spirit and a non-vola-
tile component known as rosin. The two main types of oils
obtained from plants are triglyceride oil, extracted from
plant seeds, and turpentine oil, which can be obtained from
any part of the plant. Plants such as eucalyptus and pine
are recognized for the significant amounts of turpentine oil
they produce [36]. In general, there are five types of tur-
pentine oils according to the production method [37]. One
of the most traditional resin collection techniques is bark
chipping. This ancient technique involves removing the
bark of the tree to a certain width. Open cups were clamped
to the trees to collect the resin produced from the chiselled
portion. This is a repetitive process at regular interval of
three to four weeks [38]. Another technique used to avoid
the limitations of the traditional bark-cutting method is the
drilling method. This method involves drilling holes apply-
ing chemicals such as ethephon and installing containers
for collection. A crucial aspect of this technique is that it
prevents early solidification of the resin, which extends the
flow period. Additionally, the drilling method is more eco-
nomical than the bark-cutting method, because it requires
significantly less physical labour. The oleoresins obtained
by the above-mentioned procedures are subsequently
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directed to a steam distillation unit, where they are pro-
cessed to produce turpentine oil [39]. Turpentine can be
easily mixed with diesel oil at any ratio and can be used in
diesel engines owing to its properties [40].

This study has the potential to contribute to the field of
using turpentine as a diesel additive. Analysing and synthe-
sizing available data on engine performance and pollutant
emissions will provide a comprehensive perspective on the
benefits and challenges associated with adopting this alter-
native. Additionally, current research gasp will be identi-
fied, and directions for further investigation to optimize
the use of turpentine as an additive will be suggested. This
review will not only enrich current knowledge in the field
but also provide essential information for industry deci-
sion-makers and researchers involved in the development
and implementing sustainable solutions in the fuel industry
[41].

OBJECTIVES

Numerous studies have explored the prospect of inte-
grating diesel with various renewable fuels, among them,
turpentine is a notable candidate. This review delves into
the feasibility, implications, and potential benefits of incor-
porating turpentine, a renewable resource derived from
pine trees, into diesel oil blends [42-46].

The primary objective of this study was to conduct a
comprehensive review of existing research findings on the
use of turpentine as an additive for diesel oil in internal
combustion engines. This review aims to provide an under-
standing of the behaviour of turpentine-diesel blends in
diesel engine systems. Key aspects of interest include their
impact on engine performance metrics, thermal efficiency
characteristics, and emission profiles. This review spans
over a decade of literature to identify potential research

gaps.

Cost of Biofuel

The production cost of biofuels compared to diesel is
a topic of significant interest and debate in the energy sec-
tor. Biofuels, derived from organic materials such as crops,
algae [47, 48], and waste [49, 50], represent a renewable
alternative to fossil fuels such as diesel. However, their
production processes often involve complex extraction,
conversion, and refinement steps, which can contribute
to higher production costs compared to traditional petro-
leum-based diesel [51].

Several factors influence the production cost of biofuels,
including the feedstock used, technology used for conver-
sion, and scale of production. For instance, biofuels derived
from food crops such as corn or soybeans may compete with
food markets, leading to fluctuations in feedstock prices and
affecting overall production costs [52]. On the other hand,
advanced biofuels produced from non-food sources such as
algae or agricultural residues, may offer more sustainable
alternatives but could involve higher processing costs due

to less mature technologies and economies of scale. In con-
trast, diesel production primarily involves extraction and
refining processes applied to crude oil, which has well-es-
tablished infrastructure and economies of scale. However,
the cost of diesel production is subject to fluctuations in
crude oil prices and geopolitical factors, making it vulnera-
ble to market volatility.

In recent years, advancements in biofuel production
technologies, coupled with increasing environmental
concerns and policy incentives, have aim to reduce the
production costs of biofuels and enhance their compet-
itiveness with diesel oils. These efforts include improving
feedstock yields, optimizing conversion processes, and scal-
ing up production facilities to achieve economies of scale
[53]. Although the cost of biofuels production may still
be higher than that of diesel in certain contexts, broader
societal benefits, such as reduced greenhouse gas emissions
and enhanced energy security, often justify investments in
biofuel production and use. Additionally, ongoing research
and development efforts continue to drive innovations in
biofuel production, aiming to further narrow the cost gap
between biofuels and diesel, and promote their widespread
adoption in the global energy mix [54].

Several studies have indicated that the stability of biofu-
els is susceptible to various influencing factors. Compared
to conventional fuels, biofuels are more sensitive to exter-
nal influences, such as light and temperature [55], result-
ing in greater oxidation [56, 57]. Consequently, proper
handling and storage are essential to prevent deterioration
[58, 59]. Moreover, biofuels tend to absorb moisture from
the environment, a property known as hygroscopicity [60],
which can negatively impact their properties and long-term
usability.

Importance of Atomization

Fuel atomization in a combustion chamber is an essen-
tial aspect for the combustion process in many applica-
tions, such as thermal power plants, internal combustion
engines, and industrial furnaces [61]. Atomization con-
verts liquid or solid fuel into fine droplets or small parti-
cles, which increases the surface area of the fuel exposed to
the oxidizing medium (usually air). This allows for more
efficient mixing of the fuel and oxidizer, resulting in more
complete and efficient combustion [62]. With more effi-
cient combustion, more energy is released from the fuel,
which improves system efficiency. Effective fuel atomiza-
tion contributes to more controlled and complete combus-
tion, which can reduce the emissions of pollutants, such as
carbon monoxide such as carbon monoxide, hydrocarbons,
and particulate matter. This is crucial for meeting environ-
mental emission regulations and reducing the impacts on
air quality and human health. Atomization of biofuels is
particularly important in the energy industry and various
applications. It offers benefits similar to those of traditional
fuels, with specific consideration related to the nature of
biofuels [63]. A previous study used a dispersion analysis
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system to study the details of the dispersion process of a
biodiesel ethanol blend. This mixed fuel is characterised
by smaller droplet size and faster evaporation (due to the
higher volatility of ethanol) compared to biodiesel disper-
sion without additives [64]. In another study, a high-speed
camera was used to analyse the atomization characteristics
of several types of fuels, including diesel, biodiesel, and bio-
diesel blended with ethanol (at a concentration of 50% by
volume). This study investigated the influence of fuel prop-
erties and injection pressure on fuel dispersion and mixing
with air. The most efficient spray, with the highest disper-
sion angle, was observed with diesel blended with ethanol
at a concentration of 50% by volume and injection pressure
of 50 MPa. This type of fuel is the preferred choice for mod-
ern internal combustion engines because it improves the
mixing of the fuel with air [65]. The cavitation phenom-
enon is noted in studies that emphasises the efficiency of
spraying and burning. The droplet cavitation characteris-
tics are influenced by how the injections are performed and
the shape of the nozzle. Typically, cavitation occurs near
the bottom wall of the nozzle when the injection pressure is
high [66]. It is possible to improve the atomization process
of biodiesel can be improved by lowering its viscosity and
surface tension using alcohol additives [67].

Effects of Turpentine-Diesel Mixtures on Engine
Performance

This section provides an overview of several research
endeavours involving experiments with biofuel blends
(such as turpentine) mixed with diesel and other biofuels.
Most of these investigations were conducted on engines
using traditional fuel-injection systems. Given the limited
exploration of biofuels in engine combustion, researchers
have chosen this approach, primarily to maintain engine
functionality.

In [68], researchers investigated engine performance
with blends of jatropha oil and mineral turpentine mixed
with diesel. The results indicated that the BSFC of the
JMT50 blend was comparable to that of diesel oil. However,
jatropha oil has a lower heating value than diesel oil, this
results in a lower heating value of the blend and, conse-
quently, a higher BSFC. The BTE of the blends of jatropha
oil and mineral turpentine was lower than that of the diesel
oil.

Nevertheless, the JMT50 blend exhibited a thermal
efficiency remarkably close to that of diesel oil at 75% and
full engine load. The presence of oxygen in fuel enhances
combustion characteristics, but the high viscosity and
poor volatility of vegetable oils contribute to their reduced
combustion features. Therefore, the thermal efficiency was
lower for higher blend concentrations than for diesel oil.
The cylinder pressure, measured at the maximum load,
shows that the blends of jatropha biodiesel and mineral tur-
pentine are closer to neat diesel owing to better atomization
and mixing. In a CIE, the pressure increase depends on the
burning level in the early phases, which is influenced by

the quantity of fuel involved in the uncontrolled burning.
With the increase in mineral turpentine in jatropha bio-
diesel, it was observed that the crank angle of the decisive
HHR became more progressive. These findings suggest that
blends of jatropha oil and mineral turpentine with diesel oil
can provide satisfactory results under specific engine oper-
ating conditions. However, challenges related to heating
values and thermal efficiency remain. The study highlights
the importance of optimizing the blend composition to
maximize engine performance and efficiency in the context
of using these alternative energy sources.

Researchers experimented to evaluate the potential of
a blend of jatropha biodiesel and turpentine oil in a sin-
gle-cylinder four-stroke engine [69]. They used five blends
with compositions varying between 10% and 50% turpen-
tine oil, and the remainder jatropha biodiesel. The engine
was set at a constant speed of 1500RPM and the mixtures
were injected at a pressure of 200 bar. Researchers mea-
sured exhaust gas temperature, fuel consumption, exhaust
emissions, cylinder pressure, and HRR. The results showed
that, compared to that of diesel oil, the BSFC increased
with the use of jatropha-turpentine blends. This increase
in the BSFC is attributed to the inferior lower heating value
of jatropha oil. Higher concentrations of jatropha oil in the
mixture reduce the heating value of the blend, leading to
higher fuel consumption. Additionally, the higher density
and viscosity of the blend contributed to increased fuel
consumption. The presence of oxygen in the fuel improved
combustion quality, but the higher viscosity and reduced
volatility of plant oils resulted in poor atomization and
combustion properties. Notably, for higher wood turpen-
tine concentrations, the BTE decreased compared that
with of diesel oil. The EGT of jatropha and jatropha-min-
eral turpentine blends was comparable to that of diesel at
all loads. The study observed that the EGT increased with
higher engine loads in all the cases. Specifically, the JWT10
blend exhibited the highest EGT value of 422°C, whereas
the temperature for D100 was 410°C. As reported by Anand
Prem B. [70], the properties of turpentine oil fuel blends
are comparable to those of conventional diesel oils. Fuel
blends with turpentine oil can produce braking power like
diesel oil, while blends with 30% turpentine oil can produce
higher braking power and net HHR than conventional die-
sel like the results reported in [71]. In [72], a cylinder pres-
sure measurement was performed, and the authors found
that the biofuel blends had a higher cylinder pressure than
the standard blend. A higher HRR was also observed. It
seems that the dual-fuel mixtures had a slightly longer ID
(approximately 0-2 degrees), allowing more time for air-fuel
mixing. This resulted in an increase in the HRR during the
combustion process. In one experiment [73], turpentine oil
was tested in a single-cylinder diesel engine operating in DF
mode, with a direct injection at a pressure of 190 bar, and
the injection timing was set at 26 degrees before TDC. The
engine was operated at a constant speed of 1500 RPM, and
turpentine was introduced into the combustion chamber by
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fumigation [74, 75]. To allow this process, some construc-
tive changes were made to the engine. Performance param-
eters such as BSFC, BTE, cylinder pressure, and ID were
measured. According to the authors, BSFC was lower up
to 75% engine load and BTE was better than the reference
fuel (diesel oil) up to the same load. However, the brake
thermal efficiency decreased after 75% of the engine load,
due to the detonation phenomenon. In addition, the volu-
metric efficiency was lower than that of the reference fuel
because turpentine was injected into the intake manifold,
which is very volatile and, through evaporation, consumes
some heat from the cylinder. Consequently, the volumet-
ric efficiency decreased with increasing load and with the
amount of turpentine introduced into the intake. In addi-
tion, ID was considerably longer when turpentine fuel was
used because the injection of the pilot fuel (diesel oil) takes
place in an environment where the temperature and oxygen
concentration are lower than in the case of DBL operation.
Evaporation of turpentine oil inside the cylinder leads to
lower oxygen concentration and temperature of the mix-
ture at the time of injection. As the engine load increases,
due to a higher amount of octane fuel (turpentine) intro-
duced into the intake, knocking occurs. Therefore, the per-
formance of the DF engine starts to degrade when the load
exceeds 75%.

In another study mixtures of turpentine and Chlorella
Vulgaris were made [76]. Particular attention was paid to the
main engine, which was a four-cylinder, naturally aspirated,
direct-injection diesel engine, and the revs were constant
during the tests. The researchers created several fuel blends
but found that the best-performing blend was C50T50.
The authors reported an HRR for the C50T50 blend higher
than conventional fuel. By measuring the pressure in the
cylinder, it was found that the C50T50 mixture reaches the
highest pressure (about 70 bar) at full engine load, while
the pressure in the combustion chamber with conventional
fuel reaches about 40 bar. The ID is the time between the
start of fuel injection and the first ignition points, expressed
in degrees of crank angle. According to the classical theory
of ignition developed by Karthikeyan [77], auto-ignition
describes the initial period when chemical reactions play
a key role before ignition. The authors found that the ID
of the C50T50 mixture is significantly lower than that of
diesel oil.

In the research [78], renewable energy sources such as
bio-vegetable oil and pine oil were tested in a diesel engine.
To optimize the use of these fuels, researchers have tried to
improve the properties of the raw material obtained from
pine oleoresins, as it has a lower viscosity and boiling tem-
perature. These improvements allowed for a more efficient
combustion and lower emissions. The experimental study
conducted with the 50Diesel:50Biodiesel oil mixture in a
diesel engine showed that the engine thermal efficiency and
the maximum HHR are higher than those of traditional
diesel. Additionally, the BSFC is lower when using a mix-
ture of 50% pine oil and 50% diesel oil.

In [79] the authors mixed pine oil with diesel oil to form
four blends of different concentrations, namely 0%, 20%,
40%, and 50% by volume, denoted PO, P20, P40, and P50.
To maintain constant performance, the EGR ratio was set at
24.6%, based on the authors’ previous results that showed
this to be a tipping point before a dramatic increase in soot
emissions [80]. The engine speed was maintained at 1800
RPM and the 4-cylinder test engine was equipped with a
common rail fuel injection system with a maximum oper-
ating pressure of 160 MPa. The engine inlet pressure was
controlled at 0.15 MPa (relative pressure) and the inlet
temperature was maintained at 30+2°C. During the exper-
iments, four different injection pressures (100 MPa, 120
MPa, 140 MPa, and 160 MPa) were tested for each fuel
mixture. The engine load was maintained at 40% load for
all four fuel blends, and engine performance was evaluated
for each blend. The authors also investigated the atomiza-
tion characteristic of fuel blends under different injection
pressures, reporting that fuel blends with pine oil exhibited
better atomization than diesel oil. Increasing the injection
pressure led to better spray penetration and improved
atomization, promoting fuel-air mixing, reducing the ID
period, and anticipating the ignition start point, which led
to increased peak burn rate values, HHR, cylinder pressure,
and BSFC. The authors found that, at a fixed injection pres-
sure, the cetane number of the fuel mixture decreases once
pine oil is added to the diesel oil, extending the ID period.
The higher the pine oil concentration, the greater the spray
penetration and spray cone angle, indicating relatively good
atomization. The peaks of in-cylinder pressure and HHR
values first increase and then decrease with increasing pine
oil concentration, leading to an initial increase in BSFC.
Therefore, biofuel mixed with diesel oil behaves differ-
ently in terms of engine performance depending on certain
parameters such as the injection pressure and the concen-
tration of biofuel in the diesel oil.

By using the transesterification process [81] CPME
was obtained from Ceiba pentandra seed oil. As the per-
centage of CPMEP increased, the flash point and viscosity
increased, and the heating value decreased compared to
the mixture of pine oil with diesel oil. As the percentage of
CPMEDP blends increased, the BSFC increased slightly and
so did the ID, resulting in a reduction in brake thermal effi-
ciency. The brake thermal efficiency with pure pine oil was
4.76%, and the peak cylinder pressure, HHR, cumulative
HHR and ID increased, while the BSFC decreased in com-
parison with diesel oil.

Effects of Mixtures on Pollutant Emissions

Blends of turpentine and diesel oil represent a solu-
tion to mitigate harmful emissions in the transportation
sector, given the specific properties of turpentine, such as
volatility and its ability to enhance the combustion char-
acteristics of the blend. However, despite their potential,
the precise effects of these blends on particulate matter
emissions, nitrogen oxides, and greenhouse gases require



885

J Ther Eng, Vol. 11, No. 3, pp. 880-895, May, 2025

'SPU9[] [IO [oS31p
-[oueng-u ur dwry uonrudr
skeop [oueINg-U JO UONIPPY *
*SUOISSTUWD J00S saroxduur
[osa1p ur joueing-u Surpud[g o
*9)BI 9SLI[AI
Jeay yead oy s309pe sseur
[ong uonoa(ur joqid Gursearouy o
‘[ong uonoa(ur-a1d 10§ ajex
asea[a1 Jeay 2y} seonpax Surwry

Yy

aanjnsqns Qwohw e se ~OQ.®«S£-E
Jo [enuajod oy syySIySIH
.wuﬁw_.suumuwﬂu

GOEw.Dn_EOu @EN SuoISSTaIo
jo0s Joedwr spua[q [9S1p
-[oueing-u Moy SMOyS
"SOUISUD [9SATP UT SUOISSTWD
pue uonsnquIod uo $313979

‘1aded
[DIB3S31 9} UI POUOTIUIW

*SUOTISSTUIY

J00s pue XQN $eonpax Surwry
uonoafur jo1id paoueapy
*SUOTISSTUIY

J00s pue *QN $20Npa1 o1jer
[oueng-u oy} Sursearouy
*SUOISSTUWID 300s saaoxdwur
[sa1p ul [oueing-u Surpuayg
"UoOT)SNqUIOd pue

‘SUOISSTUID ‘9)eT ISBIAI 8

‘wstueydIW Jurxru
suan|o}-yd-[oueing-u-aueydoy-u
Sursn uorje[nNUIS UOHSNqUIO))
‘ssewr pue Surwin) uonoa(ur

uona(ur jorid upueapy e uonoafur jorid sojeSnysoaur o o1om suoneywl doywads oN e s309pe Jurwin uonoa(ur Jofig joqid uo uoryeSnsoaur [ejuowLIadxy [08]
*spaaur £310u9 21Ny 10§ fenusjod
oy aAey spud[q 0sg 03 dn
‘uoneInNp
uonsSNquIod paonpar APy3is
pue Ae[op uontuS paseaour
Ppamoys spua[q dHINAD
"04S4d pasnpal
pue £5ouaIoIys [ewIdy)
9YeIq PaseaIdul 10 AUl
"spoau A310u0 a1mny A310U0 'spud[q JHINAD
10 enjuajod moys spud[q 0sg e+ 1oy Sursturoxd axe spus[q 0sg pue gD I0J paseardut ‘1o paas eapuejuad
-our3ua [asarp e 031 dn spony [eyuowLIadxy e SUOISSTUID OTUS ATYM ©qra0 woly FINJD 2onpoid
ur A[JOSIIp pasn 9q ued [I0 Ul o *uIdus [osaIp ® paseaIdIP SUOISSTWD “ON 0} ss9201d UOTJROYIIAISISURI],
*SOTISLISJORIRYD ur A[J02I1p pasn oq ued [10 AUl e “£ouamdige “S[anjoIq
UoNSNqUIOd PUB ‘SUOISSIUID "spoau 310U 1aded [BULIDY) 2YeIq PaseaIddp JO SOTISLI2IOBIBYD UOTISNQUUOD
cuorydwnsuod [ang 109e a1mng 10 reyuajod moys UDIB3S3I Y} UI PAUOTIUIW pue DS paseaour pue ‘woIssIw ‘9oueurIojrad
Spua[q JIINdD PUe IINdD  * Spua[q JINdD PUe JINdD © 2Iam suonjejrwul] oyads oN e Spua[q gINdD PUe 1o duld Jo uorjednsaAut feyudwLIadXy [18]
“Ayqiqera sunyuading
uo joedwr oy} ssasse 0} papasu
ST JUSWIJBAI)-I)J8 PIOUBAPY o
‘Tong a3 ur sunuadim -2AnTdWOod A[[eoruou0d? aq “[0S31p IIM PUI[q [N © Se
Jo uorjerodioour ayy YIm ued juswadeuew 152105 ourd renuajod pamoys sunjuadiny,
PISEaI0Op SUOISSIWD owg o  d[qeureisns woij sunuadiny, o *SUOISSIWD OWS pue
"aoueurroyrod "SUONRIpu0d JUIALIP SUO0QIEd0IPAY pauinqun uo
surua ur juauraoidwrt ay) 0} ur £ouaoryge pue Tomod 1002 paxtur pey aunjuading,
9NP PIseaIOUT SUOISSIWD *ON * ‘@nbio) pasearour 10y [enjuajod "aoueurroyrod *SUOISSTUWD
*SUOTSSIWA UO $)09d ‘uonjerodroour suryuadamy surdus pasordur 03 anp *ON PaseaI1oul Jnq SUOISSIUID *UOTJBUTWLIONOP UOTJBIFUDUOD
paxtw pey inq romod pue %0¢ 03 dn 10] L1esa00U are PaseaIdUT SUOISSIWD DHD [1SS0} pue £OuaIdiys jueingjod 10y s1ozA[eUR TAY JO 35N
anbio} pasoxdwr sunjuading, ¢ suonEdYIPOW JUIZUD [EWITUIA o *ON s,punuadingy, pasoxdwr sunyuadiny, ‘suorssTwa juejnjjod pue
‘s1ojowered *SUOISSIWD ‘0D *SUOISSTUId UO ‘1omod pue anbioy uondwnsuod [an] JO JUSWINSLIA
soueurtoyrad surdus uo joedur pue uorjdwinsuod [anj [1S0J $309JJ paxTwI ‘@oueuLIojIod uo 109p9 aansod ApySiys "spuojq sunjuadiny
1yS1ys e pey spuayq sunjuading, o 2onpar ued spud[q ounuading, ¢  surduo uo Joedwr payrwrT e e pey spuayq sunuadiny, pUe [2Sa1p YIIM $§3$9) [ejuatrrodxy [1£]
uoIsnPuUoD) uonyesridwy [eonoeig uone Iy s)[nsay P3SN POYISIN  Jod

o[qe3 Arewrwung *g J[qeL



J Ther Eng, Vol. 11, No. 3, pp. 880-895, May, 2025

886

“Kouapuadap [ang 150§
9)RUTWId 0] SUOTJRUIqUIOD
[onyorq mau sarodxa Apmis ayf,
-ouewIojrod

Ul [9S31p 10§ 2)ITIsqns

poo$ e axe spua[q [ony feng

“[osa1p [exouTw Ym paredurod
a1om s1djourered uorssiuL pue

<oouewrrojiad ‘wonsnquio)
*SOTISLId)ORIRYD

UOISSIUID pue @oueurIoyrod
UoT)SNqUIOD J[qBIOAL]
Pamoys spua[q [onJ ren(y

*SOUIZUD [9STP "2)mTIsqNs *SUOT)EIITUI] ‘[osa1p 03 paredurod suorssTUId JozATeue sed 3sneyxo
ur [[om wI0j1d pue suorssSTUrd [9SATP © aTe pUB SUOTSSTUID uonuaw Aordxa ayows pue ‘0D ‘DOH “ON TAV PUe T0suas D], 10Suas
2oNPaI SPUI[q [oNJoIq [en(  © 20NPaI SPUI[q [aNJOIq [en(] o jou soop 1oded ayy, paonpai [anjoiq [en(g amssaxd yym dnjes [eyuswurodxy (2]
14q uey)
1oy8ry st autdua J( a1 Jo ‘speoy 1oy31y “PROJ %G/ UIyIIMm “dmpord ainssaxd oy
Kouarorye [eurray) aeIq Ay, o Je UoTISNquIod [euLIouqe a[qrsedy st aunuading ym JozATeue sed woIy afuer SJUAWNIISU]
“[onj enp [asarp-aunjuadiny 0} Spea Ire JUSIoIyNs Juawaoe[dal [9531p %59-09 210U
UM SUOISSTID YOS PIONPAI Jo AyI[iqe[reae-uoN e *SUOISSTWD pue 10JedIpUI DT T2} OUIS
ToydIy pue 2ouewroyrod pasordwy e *aurua [ony renp [osarp paonpai pue soueurIojrad JozA[eue sed )M JUSUWINSLI
ST PeOJ 96/ 18 auIdua g oy} "SOUISUD UT [9SAIP JO %G/ -ounjuadin) ()M SUOISSTUID pasoxduwr pamoys saurdua *our3ud [Ny [enp [9s1p
Jo Aouamorye [ewrrayy afeiq ayy, o 03 dnvoepdar ues sunuading, e DH pue QD paseardu] o [onj-Tenp sar-ounuading, -aunjuadiny yym Apmngs feyudwurradxy [£2]
‘paredwiods pue pazAJeue a1om
SUOISSTWd pue siajouwrered
soueurtoyrad surduyg
durdua oy "NVI "UOTSSTUId *QN paonpax
ur uorsnquiod 23a[duwrod axour uey) suorssta XN Suronpar pue vonrudr pasorduwr g 1.
parqeus sonzodoxd syro aurg e UT 9AT}O9J2 AI0W ST Jg LA © pue NV s1ojowoxd uonrudy dI1A-90S:ad0s pue ‘NVI-20S:d0S
*STOISSTUID “ON] PaoNnpar "STOISSTIS YN 2onpal ued “IOQUUNU JULJID JOMO[ ‘40S:0S ‘g0S:0S JO UOTJEN]BAD 2OUBULIOLId]
pue uonrudr pasuequd Jq.I.q d9.1.d pue NVI 1] s1e30woxd 03 anp aouejsisse uonrus 0 paredwod g g pasearour ‘uontudt aaoxdwir 03 g1, pue
pue NI s1ojoword uonugdy e uonrud Jo uonIppe oYy, e« oImbar sPEN] Paseq-[OYod[yY o %79 pamMoys J4.LA-90S: A0S NVI s1o30woxd uonusi jo uonippy
"SUOISSIW PAoNpal pue *STOISSTWd 20NPAI pue “ooueurroyrad ‘%761 4q “19}oWOTUBUAD
soueurroyrad pasordurr pamoys soueurroyrad surdus soueyud surdua [9sa1p s3oape UoIssTwe *ON paonpar dq.1.d PI[00D-Ia1eM pUE JUISUD [2SATP
SOUI3UD [9SAIp UL [I0 dUI o ued SPu[q [9SAP-[I0 UL o JOQUUNU JULJAD JOMOT o M PUI[q [9SITP-[I0 dUIJ Texysopny yym dnjes [ejuswrniodxy (8]
‘sportad Aefop uontudr
*SPUd[q pue [25AIP SU2}IOYS pUe SANJBA OSYD)
aind ur AJUSIIPIP SUOTSSTUID $9582109p 21nssaxd uonoafuy Tro [esarp pue [1o aurd jo
‘Wd J00s sjoape aInssaxd uoroafuy e "UOTJRIJUIIUOD SSBUT SPUa[q 9211} pue [asa1p aind paisa,
[e303 saonpai Junowe [ro surd ‘sassao01d uonerodead JAJ [B30} pue SUOISSIUI J00S *SOT)SLIA}ORIRYD UOTJSNqUIOD
10 amssaxd wonoafur Sursearouy o [onJ pue UopeZIWIO)e soonpai 1o aurd Surseasouy pue 9[Sue suod ‘uonerouad
“UOTJBIIUIDUOD saoueyua 10 ourd Surpusyg e *S[oNJ POPUI[q JO SUOISSTUID «3ojoydiow Lexds pozAeuy
JOOS pue ‘SUOISSIWD ‘2Inssaid *sour3ua [2531p *SPUI[q [9SIP pue 9Sea[oI 183 ‘UOTJRZIWIO)E gD wnrpaur
JIOPUTAd-UT ‘UOT)RZITUO)E UT SUOTSSTUID JATJ JOMO[ Ued [ro-aurd jo sonsrIajoeIeyDd SIOUIN[JUT OTJeI [I0 dUIJ Jopun duI3uD [2SAIp JOPUI[Ad-INOJ
spapeoneroauly o  ainssaid uonoafur Jurseaouy e Aexds uo satpnys mog e ‘S[onJ papua[q ® U0 syuswLIadxa pajonpuoy)
*SUOISSIWD pue ‘sanjea yead *£oUdDIPd UONSNqUIOd *SOTJSLISYORIRYD JO SUOTISSIUId PUE ‘UOT)SNqUIOD "SpUR[q [2SIP-TIO
uonsnquiod ‘uonenauad Aexds aA01dwr pue SUOTSSTWIS 9INPT UOISSTUId SPU]q [ISAIP [IO ‘sonystrajoeTeyd Leids surd JO SUOISSIWS pUe ‘UONSNJUIOD
saseatour anssaxd uonoa(uy e Ued SPUI[q [9SAIP-[I0 AU o  -ourd WO OIS P s10aye amssaxd uonoa(uy ‘sonystIa)oeIRYDd Ae1ds pajednsoauy (6£]
uoIsnPuUoD) uonyesridwy [eonoeig uornewIy s)[nsay P3SN POYISIN  Jod

(ponunuod) ayqe} Arewrwing g J[qeL



887

J Ther Eng, Vol. 11, No. 3, pp. 880-895, May, 2025

‘spua[q sunuadiny, [eIdUIA
-eydoxye( ur soySry AySiys

st uondwnsuod [any oy1adg
‘[osaIp

03 9[qeredwod st pus[q OS.LIN[
30 AouamIe [RWLIdY) AMeIq Y,
‘soprxo uadoniu

PaseaIdUT PUE. ‘SUOQILI0IPAY
‘0D JO SUOISSTWD PAdNpPay

TI0 [2sa1p 0)

SATRUIS)[E J[QRIA © AIe SPUS[q

“[osa1p 03

)l 95BI[AI JBAY pUE AOUIDILYD
[euriay) axelq a[qeredwor)
"saprx0 uaSonru

PaseaIduT pue ‘Su0qIed0IpAy
0D JO SUOISSIUID PAINPAY
‘[0S91p 0} 2ATIEUID) R

9[qeIA © 9q UBD SPUIq

‘uonydwnsuod

1ong 1oySry ApySiys

2A®RY spud[q sunuadiny,
Texautn-eydoxe(
"$9IN)BJ

UOoTISNQUIOD $)IJe 10
91qe39894 Jo A3150081A YT,
‘spenjoIiq

2)M1ISqNs JO SAINJeJ

TtO [S91p 0}

Teqruuts are a1nssaid 1opurid
pue 2jel asea[aI 18y YT,
‘[osarp ueypy 1oySry ApySiys

st uondwrnsuoo [ony oymadg
"uaS0I)TU JO SIPTXO UT 2SBIIOUT
‘SU0QIEI0IPAY pUe SIPIXOUOU
Uu0qIed Ul U0nINpay

“[osarp so[quuasar sunjuadiny,
[BISUTIA] %0 PUE [9SATpOTg

‘Tro sunuadiny,

[eISUTIAL YiTMm [asatporq eydoaye(
Surpuayq £q uononpar £31s00sIA
durdus

uonrud uorssardwod Ur paururexa

sunuadiny, rexoury-eydoye( sunjuodny, feroury-eydosye( e [oNJ 9SIDAPE P eydoxye( 908 Jo pud[q v saInjesy syuein[od pue 2OUBULIONId] [89]
"921J-INJ[NS pUe O1X0)}
-uou 9qeperdaporq A[puaLiy
“[osa1p A[TeIUSUIUOIIAUD ST [9SAIPOIT o
)M S2INJEJ UOTISNQUIOD pUe ‘sourdua uonrudt
souewrioptad sjqereduro)) uorssaxdurod ur sanjedj ‘syuouoduwod "sour3ua D) 10j 9[qeIns
‘[osa1p 03 paredwod ajows pue uonsnNquIod pue ddueurIofrad surua uo joedwr oy ‘SUOISSIUID PIONPAI [3SAP
“DH ‘0D JO SUOISSIW paonpay o[qeredwoo s1O o JO sisAJeue parejap oN 03 2ouewroyrad sjqereduro) ‘1o aunuadany
"SOUISUD UI [9SAIP pIepue)s *SUOISSTId paroxduur “Aypiqenp "SUOISSTUS YOS ure}qo 0} UOTJR[[TISIP Wed)S
aoe[dax ued spuayq dunuadiny M [9sa1p 2oe[daT Ued spua[q pue souewrojrad surdua pue ‘DY ‘0D paonpail pue “poyjour A[oyaIog
poom-pasarporq eydoxje( sunuadiny-sarporq eydone( e  wid)-3uof uo ejep pajrwury ‘s91N3eJJ UOISSTW paroxdu] ‘popowr Surddryo yreg [69]
uoIsnPuUoD) uonyesridwy [eonoeig uornewIy s)[nsay P3SN POYISIN  Jod

(ponunuod) ayqe} Arewrwing g J[qeL



888

J Ther Eng, Vol. 11, No. 3, pp. 880-895, May, 2025

detailed investigation and comprehensive understanding.
In this chapter, the impact of turpentine-diesel oil blends
on engine emissions is analysed, evaluating variations in
emission composition, and examining key factors influenc-
ing these outcomes.

The study [68], conducted on the jatropha-mineral
turpentine oil blends, particularly JMT20 and J100, pres-
ents valuable insights into their impact on pollutant emis-
sions, especially HC, NO,, and smoke opacity. The research
demonstrates a comprehensive analysis of these emissions
concerning various engine load conditions and blend com-
positions. One notable finding of the study is the signifi-
cant reduction in HC emissions observed in JMT20 and
J100. This decrease is attributed to the additional oxygen
present in the blends, leading to improved combustion
efficiency. However, it is worth noting that HC emissions
tend to increase with a higher proportion of jatropha-min-
eral turpentine oil in the blends, indicating the complexity
of the relationship between blend composition and emis-
sions. The study also delves into NO, emissions, revealing
intriguing patterns at different load levels. Surprisingly,
NO, emissions are lower in jatropha-mineral turpentine
blends compared to diesel oil at 75% load and full load.
This reduction is attributed to the decreased burning tem-
perature in the cylinder, a consequence of the shorter ID
resulting from the higher cetane number of the biodiesel.
The nonlinear nature of chemical rate disparity with tem-
perature further influences NO, emissions, emphasizing
the intricate interplay of factors in emission formation and
reduction. Additionally, the research addresses emission
opacity, highlighting a rise in opacity with an increase in
jatropha oil content in blends, particularly at higher loads.
This phenomenon is linked to the suboptimal atomization
of jatropha oil due to its larger particle size and higher vis-
cosity, leading to increased emission density. These find-
ings underscore the importance of considering fuel blend
composition, combustion efficiency, and atomization prop-
erties in understanding and mitigating emission opacity.

Research [69] analyzed the pollutant emissions pro-
duced by an engine operating with blends of jatropha oil
and wood turpentine (JWT) in comparison to diesel oil.
The authors investigate the CO, HC, NO, emissions, and
smoke opacity resulting from the combustion of these
blends. Regarding CO emissions, the study indicates that
they increase with the engine load. The higher CO quan-
tity is attributed to the richer air-fuel mixture burned in
the engine, leading to oxygen deficiency and the formation
of more CO. However, at 75% load, the CO emissions for
certain blends are negligible. This is due to higher tempera-
tures inside the cylinder, promoting the atomization of the
blends and improved combustion. Additionally, the oxygen
content in the plant oil facilitates burning at higher tem-
peratures inside the cylinder.

Regarding HC emissions, JWT blends exhibit lower
emissions compared to diesel oil. This is due to the higher
oxygen available for reaction when JWT blends are added

at higher engine loads. However, HC emissions increase
with the percentage of wood turpentine in the blends.
Carbon dioxide emissions are lower for the JWT20 blend
compared to other blends because plant oil contains a
higher oxygen portion, leading to lower CO, emissions.
As for NO,, it increases with the engine load for all JWT
blends. Nevertheless, JWT blends reduce NO, emissions
at 75% and 100% loads due to lower combustion tempera-
tures in the cylinder and a reduced stoichiometric ratio of
the blend. Smoke opacity increases with the concentration
of jatropha oil in the blends, especially at higher engine
loads. This is due to the poorer atomization properties of
the blends caused by bulky fuel particles and the higher vis-
cosity of jatropha oil. Comparable results were observed in
this study [72].

To produce an oxygenating fuel with properties like
those of alcohol or esters, Garcia et al. [82] used turpentine
oil obtained from residues from the paper industry or by
distilling oleoresins. This study investigates pollutant emis-
sions from an engine running on a blend of diesel oil and
oxyturpentine, comparing them with emissions from pure
diesel oil. The study focuses on CO, HC, and NO, emis-
sions during the NEDC simulation. The results reveal sev-
eral key findings. At the beginning of the NEDC test, both
fuels exhibited high peaks in CO emissions due to engine
accelerations while the engine was still cold. As the test
progresses, CO emissions decrease with rising engine and
Diesel Oxidation Catalyst (DOC) temperatures, showing
a consistent pattern across sub-cycles. Furthermore, the
regeneration of the lean NO, trap leads to another peak
in CO emissions at the end of the NEDC. The compari-
son between diesel oil and the diesel + oxyturpentine blend
indicates that the main difference in CO emissions occurs
at the engine start, primarily due to the lower temperatures
in the engine and DOC. Similarly, HC emissions are higher
at the start of the NEDC due to the cold-engine conditions.
After 300 seconds, the difference in HC emissions between
the two fuels stabilizes, indicating that the combustion
deterioration primarily affects the diesel + oxyturpentine
blend during cold starts. The higher equivalence ratio and
increased Exhaust Gas Recirculation (EGR) with the die-
sel + oxyturpentine blend led to more challenging fuel-air
mixing, resulting in the elevated local formation of CO, and
decreased local oxidation of hydrocarbons. The study sug-
gests that two additional factors contribute to the increased
CO and HC emissions at the beginning of the cycle: surface
tension and volatility. The blend of diesel oil and oxytur-
pentine possesses similar viscosity to diesel, but the addi-
tion of oxyturpentine increases the fuel density, leading
to higher surface tension. This phenomenon affects fuel
atomization, deteriorating subsequent combustion, partic-
ularly under cold conditions. Additionally, differences in
volatility between diesel oil and oxyturpentine, driven by
the presence of a-pinene in oxyturpentine, further impact
local temperatures and flame propagation, influencing
emissions. Concerning NO, emissions, both fuels exhibit a
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sharp peak during the NEDC test, primarily corresponding
to the LNT regeneration and final acceleration phases. The
study shows that NO, emissions are slightly lower with the
diesel + oxyturpentine blend compared to pure diesel oil
throughout the NEDC. This decrease is attributed to the
increase in EGR, which reduces local temperatures in the
combustion chamber when diesel oil is blended with oxy-
turpentine. The lower cetane number of the oxyturpentine
blend also contributes to reduced pressure and tempera-
ture peaks, subsequently limiting NO, formation. Particles
with diameters ranging from 5.6 to 560 nm are analyzed,
revealing significant peaks during engine accelerations in
both fuels. The presence of oxyturpentine reduces particle
emissions, attributed to enhanced oxidation of soot parti-
cles due to oxygen atoms in the fuel molecules. Particles
are categorized into nucleation mode (small particles) and
accumulation mode (large particles) based on size. The
diesel + oxyturpentine blend shows a notable decrease in
nucleation mode particles, especially after urban driving,
indicating improved combustion efficiency. Cold engine
starts initially lead to high small particle emissions, reduced
by oxyturpentine. As the engine temperature rises, nucle-
ation-mode particles decrease in both fuels. Extra-urban
driving results in substantial particle formation due to high
fuel consumption. Particle sizes remain stable, with minor
differences observed during specific driving conditions.

Another study [70] analyses the pollutant emissions
resulting from the combustion of fuel blends in which tur-
pentine oil appears to play a crucial role. The study primar-
ily focuses on smoke opacity, particle emissions, and other
exhaust gases, such as HC, CO, and NO,. Smoke opacity
was lower in blends with a higher percentage of turpentine
oil compared to pure diesel oil fuel across the entire engine
power range. This reduction can be attributed to the higher
oxygen content in the molecular structure of turpentine
oil, likely decreasing the formation of locally over-rich fuel
regions responsible for primary smoke formation. Solid
carbon soot particles are generated in the fuel-rich zones
within the cylinder during combustion. Efficient combus-
tion requires proper atomization, mixing, and ignition of
the fuel. The physical properties of the fuel, including the
cetane number, play a vital role in the ignition process.
Turpentine oil blends appear to have a longer combustion
duration due to increased ID, allowing carbon particles to
find sufficient oxygen to transform into carbon dioxide.
Thus, the chemical effects of the fuel in the flame region
could explain the lower particle emissions of turpentine oil
blends compared to pure diesel oil. Furthermore, emissions
such as HC and CO decrease with the increasing propor-
tion of turpentine oil in the blends, primarily because of
complete combustion resulting from the oxygen content
in turpentine oil. Additionally, the maximum NO, con-
centration was reduced by 9% in the blend with 50% tur-
pentine oil, accompanied by an 18% reduction in exhaust
temperature.

The study [73] investigates the emissions of a dual tur-
pentine-diesel engine under various load conditions. The
results show that CO emissions gradually increase from
0% to 75% load due to a higher fumigation rate and lack of
oxygen. At higher loads, flame quenching and cooled layers
near the chamber walls lead to a 35% increase in CO emis-
sions at 100% engine load. HC emissions increase from 0%
to 75% engine load, then sharply rise at 100% load due to
the higher fuel quantity and oxygen deficiency. NO, emis-
sions rise after 50% load due to increased temperatures and
prolonged ID, reaching a peak at full load. Smoke emissions
are significantly reduced due to pre-mixed and homoge-
neous charging, but visible white smoke emissions occur
at high loads due to inadequate air supply and abnormal
combustion.

In a study by Vallinayagam et al. [83], more efficient
use of renewable plant-based fuel, specifically pine oil, was
attempted through fumigation [74, 75] and its use in a sin-
gle-cylinder diesel engine. Three different flow rates of pine
oil, namely 0.029 g/s, 0.08 g/s, and 0.13 g/s, were used to
determine diesel oil replacement capacity with this fuel,
which ranges up to 36% and a maximum of 60% at low load.
During the experiment, the pollutant emissions result-
ing from the combustion of pine oil in the diesel engine
were monitored to assess the impact on the environment.
The results of the experiment show that at the maximum
flow rate of pine oil (0.13 g/s), HC and CO emissions are
reduced by 47.8% and 67.5% at maximum load compared
to diesel oil. Oxygen emissions have been observed to be
lower than those from diesel oil due to better combustion
of pine oil. In general, the use of pine oil in the fumigation
regime resulted in a significant reduction in all emissions
except NO, emissions at full load.

Vallinayagam et al. [78] analyzed the emissions of a die-
sel engine fuelled with a blend of pine oil and diesel oil.
Significantly, the 50% pine oil and 50% diesel blend exhibit
higher NO, emissions compared to pure diesel oil due to
the increase in the peak HHR, highlighting the trade-off
between NO, emissions and smoke. The addition of IAN
and DTBP reduces NO, emissions. The improved evapora-
tion of pine oil and its oxygen content resulted in a 41.5%
reduction in smoke emissions for the 50% pine oil and
50% diesel blend compared to pure diesel oil. However, the
introduction of IAN and DTBP slightly increases smoke
emissions due to alterations in the combustion phases. The
CO emissions are higher at lower loads for the 50% pine
oil and 50% diesel blend but decrease at higher loads due
to improved combustion efficiency. The addition of igni-
tion promoters further reduces CO emissions, especially
for the 50% pine oil and 50% diesel-DTBP blend, indicat-
ing enhanced combustion. Similar trends are observed in
HC emissions, with the 50% pine oil and 50% diesel-DTBP
blend recording a 40% reduction in CO emissions and a
34% reduction in HC emissions compared to the 50% pine
oil and 50% diesel blend at full load. These findings align
with previous studies, emphasizing the complex interaction
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between fuel composition, combustion characteristics, and
emission profiles.

Fuel injection strategy in internal combustion engines
plays a crucial role in reducing pollutant emissions. The
manner and timing of fuel injection into the combustion
chamber can significantly influence emissions of nitrogen
oxides, particulates, and greenhouse gases.

Huang H. et al. in the paper [79] explore the impact
of injection pressure and the mixing ratio of pine oil in
blended fuels on pollutant emissions. The study reveals
several important findings regarding NO,, soot, CO, and
THC emissions. In terms of NO, emissions, the research
demonstrates that increasing injection pressure results
in higher NO, emissions. This is attributed to improved
fuel atomization and air/fuel mixing, leading to increased
combustion temperature. Additionally, NO, emissions rise
with a higher mixing ratio of pine oil due to prolonged ID,
allowing for better mixing of fuel and air, thereby increas-
ing combustion temperature. However, when the pine oil
ratio exceeds 40%, excessively delayed combustion leads to
reduced NO, emissions. Soot emissions, on the other hand,
decrease significantly with higher injection pressure. The
improved atomization and enhanced mixing between fuel
and air reduce rich-fuel regions in the cylinder, resulting
in reduced soot emissions. Moreover, increasing pine oil
content in the blend leads to a sharp decrease in soot emis-
sions due to the uniform mixing of fuel and air, preventing
over-rich regions and subsequent soot formation. However,
the effect weakens when the pine oil ratio surpasses 40%.
CO and THC emissions follow a similar pattern, decreasing
as injection pressure increases. Higher injection pressure
promotes better air/fuel mixing and combustion condi-
tions, enhancing oxidation of CO and THC. Conversely,
increased pine oil content in the blend leads to higher CO
and THC emissions due to prolonged ID, creating low-tem-
perature mixing regions and incomplete combustion.

It was reported in [81] that the CO, HC, and smoke
emissions have significantly decreased for experimental
fuels, including blends up to B50. However, it is crucial
to note that NO, emissions have increased by 8.29% com-
pared to regular diesel oil. These increased NO, emissions
raise concerns regarding their impact on air quality and the
environment. The results indicate that experimental fuels
up to B50 show promising potential for future energy pro-
duction. These fuels can contribute to reducing dependency
on fossil fuels and lowering pollutant emissions, given the
substantial reduction in CO, HC, and smoke emissions.
However, special attention needs to be given to the control
and reduction of NO, emissions to ensure a sustainable and
environmentally friendly alternative in energy production.

DISCUSSIONS

Biobased fuel derived from pine resin, whether used inits
pure form or blended with other components, has garnered
attention from the scientific community as a promising

alternative to traditional fossil fuels. Furthermore, recent
research has highlighted encouraging prospects regarding
emission reduction, including smoke and nitrogen oxide
emissions, and has demonstrated significant improve-
ments in engine performance parameters such as thermal
efficiency and fuel consumption when pine oil is used in
a mixture with diesel. This is confirmed in the work [43].
Below, in 2, are given the effects of the fuel mixtures on the
performance and emissions of ICE (BSFC, BTE, EGT, HRR,
NOx, CO, HC, and Smoke opacity).

However, it is important to emphasize that the perfor-
mance of biobased fuel as a fuel source remains the subject
of intense research across various domains, and this chal-
lenge continues to be addressed by numerous researchers
globally. One of the crucial aspects influencing both emis-
sions and diesel engine performance is fuel injection strate-
gies and combustion chamber design. Over time, numerous
researchers have engaged in projects aimed at optimizing
combustion chamber geometry using a variety of fuel types
and injection technologies [84]. It is worth noting that
in current studies, most researchers have utilized diesel
engines with traditional fuel injection strategies character-
ized by relatively modest pressures. However, modern com-
mon rail injection systems offer much higher pressures and,
consequently, more efficient fuel atomization. Additionally,
these systems allow for electronic control of fuel injec-
tion, enabling real-time optimization of injection param-
eters to enhance engine performance and reduce pollutant
emissions.

CONCLUSION

Research and development of blends of vegetable oils
and turpentine with diesel oil offer significant opportu-
nities and challenges, and understanding the complex
relationship between fuel composition, combustion char-
acteristics, and emission profiles is crucial for the develop-
ment of ecological fuels.

Impact on engine performance:

1. The use of blends of vegetable oils and turpentine with
diesel oil can affect engine performance. For example,
blends with jatropha oil and turpentine can achieve per-
formance levels close to diesel oil but may experience a
decrease in thermal efficiency and an increase in spe-
cific fuel consumption.

2. The higher viscosity and reduced volatility of vegetable
oils can lead to diminished combustion characteristics,
affecting thermal efficiency and engine performance.

3. The use of turpentine can lead to a decrease in engine
volumetric efficiency, especially at high loads and with
the introduction of significant quantities of turpentine
into the intake.

Impact on emissions:

1. Blends of vegetable oils and turpentine can influence
engine pollutant emissions. For example, some blends
can reduce hydrocarbon (HC) emissions due to the
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additional oxygen content, improving combustion

efficiency.

2. However, HC emissions may increase with a higher
proportion of blends of vegetable oils and turpentine,
highlighting the complexity of the relationship between
blend composition and emissions.

3. Blends with turpentine can lead to a reduction in smoke
opacity and particle emissions, especially with higher
percentages of turpentine.

Need for optimization and balancing:

1. To maximize engine efficiency and performance, care-
ful optimization of mixing parameters, including blend
composition, injection pressure, and other factors, is
necessary.

2. Itis important to balance the advantages and disadvan-
tages of using blends of vegetable oils and turpentine,
such as thermal efficiency versus emissions, to achieve
an optimal fuel solution.

Benefits of alternative fuel blends:

1. The use of alternative fuel blends, such as those based
on vegetable oils and turpentine, can provide promising
solutions for reducing greenhouse gas emissions and
air pollution, and promoting a circular and sustainable
economy.

The limitations of this study stem from the insufficient
information available in the literature regarding the specific
testing conditions of turpentine within the internal com-
bustion engine, as well as from the utilization of a classical
injection strategy at relatively low pressures. A prospec-
tive avenue for future research would involve researchers
optimizing the injection strategy using modern injection
systems and fine-tuning injection parameters to achieve
improved performance and reduced pollutant emissions.
Turpentine exhibits potential as an additive both in terms
of enhancing performance due to its high calorific value
and in passive reduction of pollutant emissions, given its
extraction from pine trees without harming them, thus
contributing to a reduction in CO, emissions over the
entire lifespan of the tree.

However, continuous research and development are
necessary to optimize the proportions and mixing condi-
tions to maximize the benefits and minimize the potential
drawbacks of using this additive. The practical implemen-
tation of these solutions requires rigorous evaluations and
adaptation to the specific requirements of each type of
engine and application to ensure the long-term efficiency
and reliability of propulsion systems using turpentine as an
additive in diesel.

NOMENCLATURE

BSFC  Brake Specific Fuel Consumption

BTE Brake Thermal Efficiency

B50 50% Pine Oil and 50% Ceiba Pentandra Methyl
Ester

CA50  Crank Angles at 50%

CIE Compression Ignition Engine

CPME  Ceiba Pentandra Methyl Ester

CPMEP Ceiba Pentandra Methyl Ester Blend with Pine
Oil

CO Carbon Monoxide

CO, Carbon Dioxide

C50T50 50% Turpentine and 50% Chlorella Vulgaris

DBL Diesel Baseline

DF Dual Fuel

DOC  Diesel Oxidation Catalyst

DTBP  Di-Tertiary Butyl Peroxide

EGT Exhaust Gas Temperature

EGR Exhaust Gas Recirculation

HRR Heat Release Rate

HC Hydrocarbon Emissions

IAN Iso-Amyl Nitrate

ID Ignition Delay

JMT50 Jatropha Oil and Mineral Turpentine 50% with
50% Diesel

JMT20 Jatropha-Mineral Turpentine 20% with 80%
Diesel

J100 Jatropha Oil 100%

JWT Jatropha Oil and Wood Turpentine

LNT Lean NO, Trap

NEDC New European Driving Cycle

NO, Nitrogen Oxides

PAH Benzene, Naphthalene, Phenanthrene, Pyrene

PO Pine Oil 0%, 100% diesel

P20 Pine Oil 20%, 80% diesel

P40 Pine Oil 40%, 60% diesel

P50 Pine Oil 50%, 50% diesel

RPM Rotation per minute

TDC Top Dead Center

THC Total Hydrocarbon

ACKNOWLEDGEMENTS

This work was supported by the “Dunarea de Jos”
University of Galati, Romania (Internal research grant no.
RF2474/31.05.2024).

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the
findings of this study are available within the article. Raw
data that support the finding of this study are available from
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

The authors declared no potential conflicts of interest
with respect to the research, authorship, and/or publication
of this article.



892

J Ther Eng, Vol. 11, No. 3, pp. 880-895, May, 2025

ETHICS

There are no ethical issues with the publication of this
manuscript.

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

Doori WHA, Ali OM, Ahmed AH, Koten H.
Comparative study of biodiesel production from
different waste oil sources for optimum operation
conditions and better engine performance. J Ther
Eng 2022;8:457-465. [CrossRef]

Joshi MP, Thipse SS. Combustion analysis of CI
engine fuelled with algae biofuel blends. ] Ther Eng
2019;5:214-220. [CrossRef]

Yang Y, Tian Z, Lan Y, Wang S, Chen H. An over-
view of biofuel power generation on policies and
finance environment, applied biofuels, device
and performance. ] Traffic Transp Eng (Engl Ed)
2021,8(4)534-53 [CrossRef]

Juri¢ F Krajcar M, Dui¢ N, Vujanovi¢c M.
Investigating the pollutant formation and combus-
tion characteristics of biofuels in compression igni-
tion engines: a numerical study. Therm Sci Eng Prog
2023;43:101939. [CrossRef]

Velavan A, Saravanan CG, Vikneswaran M, James
Gunasekaran E, Sasikala J. Visualization of in-cyl-
inder combustion flame and evaluation of engine
characteristics of MPFI engine fueled by lemon peel
oil blended gasoline. Fuel 2020;263:116728. [CrossRef]
Manoj BA, Saravanan CG, Vikneswaran M,
Edwin Jeo V, Sasikala J. Visualization of in-cylin-
der combustion using endoscope in spark ignition
engine fueled with pine oil blended gasoline. Fuel
2020;263:116707. [CrossRef]

Elfasakhany A. Exhaust emissions and performance
of ternary iso-butanol-bio-methanol-gasoline and
n-butanol-bio-ethanol-gasoline fuel blends in
spark-ignition engines: assessment and comparison.
Energy 2018;158:830-844. [CrossRef]

Altarazi YSM, Abu TAR, Yu J, Gires E, Abdul GME,
Lucas J, et al. Effects of biofuel on engines per-
formance and emission characteristics: a review.
Energy 2022;238:121910. [CrossRef]

Singh D, Sharma D, Soni SL, Inda CS, Sharma
S, Sharma PK, et al. A comprehensive review of
physicochemical properties, production process,
performance and emissions characteristics of 2nd
generation biodiesel feedstock: Jatropha curcas. Fuel
2021;285:119110. [CrossRef]

Bibin C, Gopinath S, Aravindraj R, Devaraj A,
Gokula KS, Jeevaananthan JKS. The production of
biodiesel from castor oil as a potential feedstock and
its usage in compression ignition engine: a compre-
hensive review. Mater Today Proc 2020;33:84-92.
[CrossRef]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

Elkelawy M, Alm-Eldin BH, El Shenawy EA, Taha
M, Panchal H, Sadasivuni KK. Study of performance,
combustion, and emissions parameters of DI-diesel
engine fueled with algae biodiesel/diesel/n-pentane
blends. Energy Convers Manag 2021;10:100058.
[CrossRef]

Muruganantham P, Pandiyan P, Sathyamurthy R.
Analysis on performance and emission characteris-
tics of corn oil methyl ester blended with diesel and
cerium oxide nanoparticle. Case Stud Therm Eng
20211;26:101077. [CrossRef]

Elkelawy M, Bastawissi HAE, El Shenawy EA, Shams
MM, Panchal H, Sadasivuni KK, et al. Influence
of lean premixed ratio of PCCI-DI engine fueled
by diesel/biodiesel blends on combustion, perfor-
mance, and emission attributes; a comparison study.
Energy Convers Manag 2021;10:100066. [CrossRef]
Reang NM, Dey S, Debbarma B, Deb M, Debbarma
J. Experimental investigation on combustion, per-
formance and emission analysis of 4-stroke single
cylinder diesel engine fuelled with neem methyl
ester-rice wine alcohol-diesel blend. Fuel 2020;1:271.
[CrossRef]

Verhelst S, Turner JW, Sileghem L, Vancoillie J.
Methanol as a fuel for internal combustion engines.
Prog Energy Combust Sci 2019;70:43-88. [CrossRef]
Hassan QH, Shaker Abdul Ridha G, Hafedh KAH,
Alalwan HA. The impact of methanol-diesel com-
pound on the performance of a four-stroke CI engine.
Mater Today Proc 2021;42:1993-1999. [CrossRef]
Elzahaby AM, Elkelawy M, Bastawissi HAE, El Malla
SM, Naceb AMM. Kinetic modeling and experimen-
tal study on the combustion, performance and emis-
sion characteristics of a PCCI engine fueled with
ethanol-diesel blends. Egyptian ] Pet 2018;27:927-
937. [CrossRef]

Raza M, Chen L, Ruiz R, Chu H. Influence of pen-
tanol and dimethyl ether blending with diesel on
the combustion performance and emission char-
acteristics in a compression ignition engine under
low temperature combustion mode. ] Energy Inst
2019;92:1658-1669. [CrossRef]

Barsic NJ, Humke AL. Performance and emis-
sions characteristics of a naturally aspirated diesel
engine with vegetable oil fuels. SAE Transactions
1981;90:1173-1187. [CrossRef]

Bhattacharyya S, Reddy CS. Vegetable oils as fuels
for internal combustion engines: a review. ] Agric
Eng Res 1994;57:157-166. [CrossRef]

Kowalewicz A, Wojtyniak M. Alternative fuels and
their application to combustion engines. Proc Inst
Mech Eng Part D 2005;219:103-125. [CrossRef]

Neis FA, de Costa F, de Aratjo AT, Fett JP, Fett-
Neto AG. Multiple industrial uses of non-wood
pine products. Ind Crops Prod 2019;130:248-258.
[CrossRef]


https://doi.org/10.18186/thermal.1135266
https://doi.org/10.18186/thermal.654374
https://doi.org/10.1016/j.jtte.2021.07.002
https://doi.org/10.1016/j.tsep.2023.101939
https://doi.org/10.1016/j.fuel.2019.116728
https://doi.org/10.1016/j.fuel.2019.116707
https://doi.org/10.1016/j.energy.2018.05.120
https://doi.org/10.1016/j.energy.2021.121910
https://doi.org/10.1016/j.fuel.2020.119110
https://doi.org/10.1016/j.matpr.2020.03.205
https://doi.org/10.1016/j.ecmx.2020.100058
https://doi.org/10.1016/j.csite.2021.101077
https://doi.org/10.1016/j.ecmx.2020.100066
https://doi.org/10.1016/j.fuel.2020.117602
https://doi.org/10.1016/j.pecs.2018.10.001
https://doi.org/10.1016/j.matpr.2020.12.247
https://doi.org/10.1016/j.ejpe.2018.02.003
https://doi.org/10.1016/j.joei.2019.01.008
https://doi.org/10.4271/810262
https://doi.org/10.1006/jaer.1994.1015
https://doi.org/10.1243/095440705X6399
https://doi.org/10.1016/j.indcrop.2018.12.088

J Ther Eng, Vol. 11, No. 3, pp. 880-895, May, 2025

893

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

Roschat W, Phewphong S, Inthachai S, Donpamee
K, Phudeetip N, Leelatam T, et al. A highly efficient
and cost-effective liquid biofuel for agricultural
diesel engines from ternary blending of distilled
Yang-Na (Dipterocarpus alatus) oil, waste cook-
ing oil biodiesel, and petroleum diesel oil. Renew
Energy Focus 2024;48:100540. [CrossRef]

Millinger M, Reichenberg L, Hedenus E, Berndes G,
Zeyen E, Brown T. Are biofuel mandates cost-effec-
tive? - An analysis of transport fuels and biomass
usage to achieve emissions targets in the European
energy system. Appl Energy 2022;326:120016.
[CrossRef]

Sivakumar P, Anbarasu K, Renganathan S. Bio-diesel
production by alkali catalyzed transesterification of
dairy waste scum. Fuel 2011;90:147-151. [CrossRef]
Sendzikiene E, Makareviciene V, Gumbyte M.
Reactive extraction and fermental transesterifica-
tion of rapeseed oil with butanol in diesel fuel media.
Fuel Process Technol 2015;138:758-764. [CrossRef]
Pauline JMN, Sivaramakrishnan R, Pugazhendhi A,
Anbarasan T, Achary A. Transesterification kinetics
of waste cooking oil and its diesel engine perfor-
mance. Fuel 2021;285:119108. [CrossRef]

ITha OK, Alves FCSC, Suarez PAZ, Silva CRP,
Meneghetti MR, Meneghetti SMP. Potential appli-
cation of Terminalia catappa L. and Carapa guian-
ensis oils for biofuel production: physical-chemical
properties of neat vegetable oils, their methyl-es-
ters and bio-oils (hydrocarbons). Ind Crops Prod
2014;52:95-98. [CrossRef]

Knothe G, Cermak SC, Evangelista RL. Methyl
esters from vegetable oils with hydroxy fatty acids:
Comparison of lesquerella and castor methyl esters.
Fuel 2012;96:535-540. [CrossRef]

Oliveira LP, Montenegro MdA, Lima FCA, Suarez
PAZ, da Silva EC, Meneghetti MR, et al. Biofuel
production from Pachira aquatic Aubl and Magonia
pubescens A St-Hil: physical-chemical properties
of neat vegetable oils, methyl-esters and bio-oils
(hydrocarbons). Ind Crops Prod 2019;127:158-163.
[CrossRef]

Martinez G, Sdnchez N, Encinar JM, Gonzailez JE
Fuel properties of biodiesel from vegetable oils and
oil mixtures. Influence of methyl esters distribution.
Biomass Bioenergy 2014;63:22-32. [CrossRef]

Kilig M, Kolakoti A, Mosa PR, Kotaru TG,
Mahapatro M. Optimization of biodiesel produc-
tion from waste cooking sunflower oil by Taguchi
and ANN techniques. ] Therm Eng 2020;6:712-723.
[CrossRef]

Ghosh N, Halder G. Current progress and perspec-
tive of heterogeneous nanocatalytic transesterifica-
tion towards biodiesel production from edible and
inedible feedstock: a review. Energy Convers Manag
2022;270:116292. [CrossRef]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

(44]

(45]

[46]

(47]

Rezki B, Essamlali Y, Amadine O, Sair S, Aadil M,
Len C, et al. A comprehensive review on apatite-de-
rived catalysts for sustainable biodiesel production:
Classification, features and challenges. ] Environ
Chem Eng 2024;12:111913. [CrossRef]

Senthil KM, Ramesh A, Nagalingam B. An exper-
imental comparison of methods to use methanol
and Jatropha oil in a compression ignition engine.
Biomass Bioenergy 2003;25:309-318. [CrossRef]

Singh P. Potential of pine needle biomass as an alter-
native fuel to mitigate forest fire in Uttarakhand
Himalayas - A review. ] Agric Eng 2022;58:192-203.
[CrossRef]

McCaskill D, Croteau R. Strategies for bioengineer-
ing the development and metabolism of glandular
tissues in plants. Nat Biotechnol 1999;17:31-36.
[CrossRef]

Ramawat KG, Meérillon JM. Natural Products:
Phytochemistry, Botany and Metabolism of
Alkaloids, Phenolics and Terpenes. New York:
Springer Reference; 2013. [CrossRef]

Lekha C, Sharma KR. Borehole method of oleoresin
tapping chir pine (pinus roxburghii sargent). For
Chem Rev 2005;115:11-17.

Martins J, Brito FP. Alternative fuels for internal
combustion engines. Energies 2020:13:4086. [CrossRef]
Yasuhara Chemical CO. LTD. Production of
Terpene. Available at: http://www.yschem.co.jp/
english/terpene/process.html. Accessed Apr 10,
2024.

Singh YA, Singh P, Sahu R, Thangamuthu P, Shyam
Narain R, Anupam Rao Y, et al. Potential utilization
of turpentine oil as an alternative fuel. Mater Today
Proc 2022,63A1-8 [CrossRef]

Joyce NM, Chandra SP, Johnson A, Kizhuveetil U,
Shora S, Nagarajan R. A comprehensive review of
nanoadditives in Plant-based biodiesels with a spe-
cial emphasis on essential oils. Fuel 2023;351:128934.
[CrossRef]

Chiong MC, Kang HS, Shaharuddin NMR, Mat S,
Quen LK, Ten KH, et al. Challenges and oppor-
tunities of marine propulsion with alternative
fuels. Renew Sustain Energy Rev 2021;149:111397.
[CrossRef]

Tamilselvan P, Nallusamy N, Rajkumar S. A com-
prehensive review on performance, combustion and
emission characteristics of biodiesel fuelled diesel
engines. Renew Sustain Energy Rev 2017;79:1134-
1159. [CrossRef]

Subramaniam D, Murugesan A, Avinash A,
Kumaravel A. Bio-diesel production and its engine
characteristics-An expatiate view. Renew Sustain
Energy Rev 2013;22:361-370. [CrossRef]

Ruffing AM, Davis RW, Lane TW. Advances in engi-
neering algae for biofuel production. Curr Opin
Biotechnol 2022;78:102830. [CrossRef]


https://doi.org/10.1016/j.ref.2024.100540
https://doi.org/10.1016/j.apenergy.2022.120016
https://doi.org/10.1016/j.fuel.2010.08.024
https://doi.org/10.1016/j.fuproc.2015.07.020
https://doi.org/10.1016/j.fuel.2020.119108
https://doi.org/10.1016/j.indcrop.2013.10.001
https://doi.org/10.1016/j.fuel.2012.01.012
https://doi.org/10.1016/j.indcrop.2018.10.061
https://doi.org/10.1016/j.biombioe.2014.01.034
https://doi.org/10.18186/thermal.796761
https://doi.org/10.1016/j.enconman.2022.116292
https://doi.org/10.1016/j.jece.2024.111913
https://doi.org/10.1016/S0961-9534(03)00018-7
https://doi.org/10.52151/jae2021581.1745
https://doi.org/10.1038/5202
https://doi.org/10.1007/978-3-642-22144-6
https://doi.org/10.3390/en13164086
https://doi.org/10.1016/j.matpr.2022.06.319
https://doi.org/10.1016/j.fuel.2023.128934
https://doi.org/10.1016/j.rser.2021.111397
https://doi.org/10.1016/j.rser.2017.05.176
https://doi.org/10.1016/j.rser.2013.02.002
https://doi.org/10.1016/j.copbio.2022.102830

894

J Ther Eng, Vol. 11, No. 3, pp. 880-895, May, 2025

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(571

(58]

(59]

Kouhgardi E, Zendehboudi S, Mohammadzadeh O,
Lohi A, Chatzis I. Current status and future pros-
pects of biofuel production from brown algae in
North America: Progress and challenges. Renew
Sustain Energy Rev 2023;172:113012. [CrossRef]
Dhiman S, Mukherjee G. Utilization of food waste
for biofuel production: a biorefining perspec-
tive. Mater Today Proc 2022 Dec 12. https://doi.
0rg/10.1016/j.matpr.2022.12.009. [Epub ahead of
Print.] [CrossRef]

Mohanty A, Ajmera S, Chinnam S, Kumar V, Mishra
RK, Acharya B. Pyrolysis of waste oils for biofuel
production: an economic and life cycle assessment.
Fuel Communications 2024;18:100108. [CrossRef]
Pires M, Meloni E, Skov IR, Vilardi G, Zuorro A,
Belikov J, et al. Heterogeneous catalytic conversion
of terpenes into biofuels: an open pathway to sus-
tainable fuels. Energies 2023;16:2526. [CrossRef]
Tanaka T, Guo J, Wang X. Did biofuel production
strengthen the comovements between food and fuel
prices? Evidence from ethanol-related markets in
the United States. Renew Energy 2023;217:119142.
[CrossRef]

Waramit N, Romkaew ], Prathumyot W, Jantawong
S. Effect of physiographic type and harvesting age
on biomass yield, chemical composition, and car-
bon sequestration of mangrove plantations for
biofuel feedstock production. Ind Crops Prod
2023;200:1 16812. [CrossRef]

Larnaudie V, Bule M, San KY, Vadlani PV, Mosby
J, Elangovan S, et al. Life cycle environmental and
cost evaluation of renewable diesel production. Fuel
2020;279:118429. [CrossRef]

Aquino IP, Hernandez RPB, Chicoma DL, Pinto
HPE, Aoki IV. Influence of light, temperature and
metallic ions on biodiesel degradation and corro-
siveness to copper and brass. Fuel 2012;102:795-807.
[CrossRef]

Fazal MA, Haseeb ASMA, Masjuki HH. Effect of
temperature on the corrosion behavior of mild
steel upon exposure to palm biodiesel. Energy
2011;36:3328-3334. [CrossRef]

Kannan D, Pachamuthu S, Nurun NM, Hustad JE,
Lovs T. Theoretical and experimental investigation
of diesel engine performance, combustion and emis-
sions analysis fuelled with the blends of ethanol,
diesel and jatropha methyl ester. Energy Convers
Manag 2012;53:322-231. [CrossRef]

Peng DX. Effects of concentration and temperature
on tribological properties of biodiesel. Adv Mech
Eng 2015;7:1687814015611025. [CrossRef]

Yang Z, Hollebone BP, Wang Z, Yang C, Landriault
M. Effect of storage period on the dominant weath-
ering processes of biodiesel and its blends with die-
sel in ambient conditions. Fuel 2013;104:342-350.
[CrossRef]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

(67]

[68]

[69]

(70]

(71]

(72]

(73]

(74]

Fazal MA, Haseeb ASMA, Masjuki HH. Corrosion
mechanism of copper in palm biodiesel. Corros Sci
2013;67:50-59. [CrossRef]

Qubeissi MA, Al-Esawi N, Kolodnytska R.
Atomization of bio-fossil fuel blends. In: Nageswara-
Rao M, Soneji JR, eds. Advances in Biofuels and
Bioenergy. London: IntechOpen; 2018. [CrossRef]
Patil A, Bedke AC, Deshmukh VA, Shevare PY.
Engine performance on atomization of fuel injec-
tor: a review. Grad Res Eng Technol 2022;1:49-53.
[CrossRef]

Chang ], He L, Chen L, Li Z. Atomization of liq-
uid pulsed jet in subsonic crossflow. AIP Adv
2023;13:55117. [CrossRef]

Park SH, Cha J, Kim HJ, Lee CS. Effect of early injec-
tion strategy on spray atomization and emission
reduction characteristics in bioethanol blended die-
sel fueled engine. Energy 2012;39:375-387. [CrossRef]
Chaudhari VD, Kulkarni A, Deshmukh D. Spray
characteristics of biofuels for advance combustion
engines. Clean Eng Technol 2021;5:100265. [CrossRef]
Dai X, Wang Z, Liu F Wang C, Sun Q, Xu C.
Simulation of throttling effect on cavitation for noz-
zle internal flow. Fuel 2019;243:277-287. [CrossRef]
Algayyim SJM, Wandel AP. Macroscopic and
microscopic characteristics of biofuel spray (bio-
diesel and alcohols) in CI engines: a review. Fuel
2021;292:120303. [CrossRef]

Karikalan L, Chandrasekaran M. Performance and
pollutants analysis on diesel engine using blends of
Jatropha biodiesel and mineral turpentine as fuel.
Int J Environ Sci Technol 2017;14:323-330. [CrossRef]
Loganathan K, Manoharan C. Evaluation of per-
formance and emission features of Jatropha bio-
diesel-turpentine blend as green fuel. Therm Sci
2017;21:615-625. [CrossRef]

Anand BP, Saravanan CG, Srinivasan CA.
Performance and exhaust emission of turpentine
oil powered direct injection diesel engine. Renew
Energy 2010;35:1179-1184. [CrossRef]

Chivu RM, Martins J, Popescu F, Uzuneanu K, Ion
VI, Goncalves M, et al. Turpentine as an additive
for diesel engines: experimental study on pollut-
ant emissions and engine performance. Energies
2023:16:5150. [CrossRef]

Dubey P, Gupta R. Effects of dual biofuel (Jatropha
biodiesel and turpentine oil) on a single cylinder
naturally aspirated diesel engine without EGR. Appl
Therm Eng 2017;115:1137-1147. [CrossRef]
Karthikeyan R, Mahalakshmi NV. Performance and
emission characteristics of a turpentine-diesel dual
fuel engine. Energy 2007;32:1202-1209. [CrossRef]
Henein NA. Analysis of pollutant formation and
control and fuel economy in diesel engines. In:
Chigier NA, ed. Energy and Combustion Science.
Oxford: Pergamon; 1979. pp. 283-325. [CrossRef]


https://doi.org/10.1016/j.rser.2022.113012
https://doi.org/10.1016/j.matpr.2022.12.009
https://doi.org/10.1016/j.jfueco.2024.100108
https://doi.org/10.3390/en16062526
https://doi.org/10.1016/j.renene.2023.119142
https://doi.org/10.1016/j.indcrop.2023.116812
https://doi.org/10.1016/j.fuel.2020.118429
https://doi.org/10.1016/j.fuel.2012.06.011
https://doi.org/10.1016/j.energy.2011.03.028
https://doi.org/10.1016/j.enconman.2011.09.010
https://doi.org/10.1177/1687814015611025
https://doi.org/10.1016/j.fuel.2012.09.001
https://doi.org/10.1016/j.corsci.2012.10.006
https://doi.org/10.5772/intechopen.73180
https://doi.org/10.47893/GRET.2022.1122
https://doi.org/10.1063/5.0148510
https://doi.org/10.1016/j.energy.2011.12.050
https://doi.org/10.1016/j.clet.2021.100265
https://doi.org/10.1016/j.fuel.2019.01.073
https://doi.org/10.1016/j.fuel.2021.120303
https://doi.org/10.1007/s13762-016-1147-4
https://doi.org/10.2298/TSCI160625271L
https://doi.org/10.1016/j.renene.2009.09.010
https://doi.org/10.3390/en16135150
https://doi.org/10.1016/j.applthermaleng.2016.12.125
https://doi.org/10.1016/j.energy.2006.07.021
https://doi.org/10.1016/B978-0-08-024780-9.50018-6

J Ther Eng, Vol. 11, No. 3, pp. 880-895, May, 2025

895

(75]

(76]

(771

(78]

(79]

Tamilvanan A, Ashok B, Mohanraj T, Jayalakshmi P,
Dhamodharan P, Sakthivel R. Chapter 5 - Effect of
engine operating parameters in NOx reduction. In:
Ashok B, ed. NOx Emission Control Technologies
in Stationary and Automotive Internal Combustion
Engines. Amsterdam: Elsevier; 2022. pp. 125-153.
[CrossRef]

Safi C, Zebib B, Merah O, Pontalier PY, Vaca-Garcia
C. Morphology, composition, production, process-
ing and applications of Chlorella vulgaris: a review.
Renew Sustain Ener Rev 2014;35:265-278. [CrossRef]
Karthikeyan S. An environmental effect of Vitis vinif-
era biofuel blends in a marine engine. Energy Sourc
Part A Recovery Util Environ Eff 2016:38:3262-
3267. [CrossRef]

Vallinayagam R, Vedharaj S, Yang WM, Saravanan
CG, Lee PS, Chua KJE, et al. Impact of ignition
promoting additives on the characteristics of a die-
sel engine powered by pine oil-diesel blend. Fuel
2014:117:278-285. [CrossRef]

Huang H, Liu Q Shi C, Wang Q, Zhou C.
Experimental study on spray, combustion and emis-
sion characteristics of pine oil/diesel blends in a
multi-cylinder diesel engine. Fuel Process Technol
20161;153:137-148. [CrossRef]

(80]

(81]

(82]

(83]

(84]

Huang H, Liu Q, Yang R, Zhu T, Zhao R, Wang Y.
Investigation on the effects of pilot injection on
low temperature combustion in high-speed diesel
engine fueled with n-butanol-diesel blends. Energy
Convers Manag 2015;106:748-758. [CrossRef]
Panneerselvam N, Ramesh M, Murugesan A,
Vijayakumar C, Subramaniam D, Kumaravel A.
Effect on direct injection naturally aspirated die-
sel engine characteristics fuelled by pine oil, ceiba
pentandra methyl ester compared with diesel.
Transp Res D Transp Environ 2016;48:225-234.
[CrossRef]

Garcia D, Ramos A, Rodriguez-Fernandez J,
Bustamante F, Alarcon E, Lapuerta M. Impact of
oxyfunctionalized turpentine on emissions from
a Euro 6 diesel engine. Energy 2020;201:117645.
[CrossRef]

Vallinayagam R, Vedharaj S, Yang WM, Saravanan
CG, Lee PS, Chua KJE, et al. Impact of pine oil bio-
fuel fumigation on gaseous emissions from a diesel
engine. Fuel Proces Technol 2014;124:44-53. [CrossRef]
Pathak B, Patel N. Effect of modifying bowl geom-
etry for IC engine fueled with diesel and Biofuels -
Review. ] Therm Eng 2024;10:244-261. [CrossRef]


https://doi.org/10.1016/B978-0-12-823955-1.00005-X
https://doi.org/10.1016/j.rser.2014.04.007
https://doi.org/10.1080/15567036.2016.1179362
https://doi.org/10.1016/j.fuel.2013.09.076
https://doi.org/10.1016/j.fuproc.2016.07.016
https://doi.org/10.1016/j.enconman.2015.10.031
https://doi.org/10.1016/j.trd.2016.08.023
https://doi.org/10.1016/j.energy.2020.117645
https://doi.org/10.1016/j.fuproc.2014.02.012
https://doi.org/10.18186/thermal.1429990

