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Abstract: The integration of commercial fuel additives in diesel engine generator systems presents a viable and cost-
effective strategy for enhancing operational efficiency, reducing harmful emissions, and lowering maintenance costs
in power plants. This study investigates the role of different fuel additives, including Cetane improvers, detergents,
lubricity enhancers, and emission reducers, in optimizing the performance of diesel engines. By improving fuel
combustion, increasing fuel system cleanliness, and reducing engine wear, these additives can significantly boost the
overall efficiency of power generation systems. Quantitative analysis shows that fuel additives can lead to a 2-5%
improvement in fuel efficiency, primarily due to more complete combustion and better fuel utilization. Lubricity
enhancers further protect critical engine components from wear, extending equipment lifespan and minimizing
operational downtime, while detergents prevent the buildup of deposits in fuel injectors, ensuring consistent and
optimal fuel atomization. A notable example of these benefits can be seen in a diesel-powered plant in India, where
the use of commercial fuel additives resulted in a4% increase in fuel efficiency, alongside a 15% reduction in NOXx
emissions and cleaner engine operation. Despite initial costs associated with the adoption of fuel additives, the long-
term savings from enhanced fuel economy, reduced emissions penalties, and lower maintenance costs offer
considerable financial and environmental benefits. In conclusion, the use of commercial fuel additives can play a
crucial role in improving the sustainability and operational performance of diesel engine power plants, contributing to
the global shift toward cleaner energy solutions.

Keywords: Commercial fuel additives, Diesel engine generators, Power plant efficiency, Emissions reduction,
Cetane improvers, Lubricity enhancers, NOx reduction, Particulate matter (PM)

I. INTRODUCTION

Because of their dependability and capacity to provide
constant power for vital processes, diesel engine power plants
are extensively utilized in a variety of sectors [1, 2]. However,
maximizing fuel economy and lowering hazardous emissions
are the two main obstacles modern engines must overcome [3].
The use of conventional diesel fuel contributes considerably to
particulate matter and greenhouse gas emissions, especially
carbon dioxide CO2 and nitrogen oxides NOy. Because of the
negative effects these pollutants have on the environment and
human health, there is a push for more environmentally friendly
energy generation methods [4-6].
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In recent years, Diesel engine power plants have been crucial
for energy supply, especially in areas with unreliable electricity
grids, but they contribute significantly to air pollution through
high emissions of nitrogen oxides NOx, particulate matter PM,
and carbon dioxide CO2 [7, 8]. The use of fuel additives,
particularly biodiesel and organ metallic compounds, has
emerged as a promising strategy to mitigate these emissions.
Studies indicate that biodiesel can reduce carbon emissions by
approximately 1.13% and PM emissions by up to 9.669% when
blended with nanoparticles. Additionally, fuel additives can
enhance combustion efficiency, thereby lowering NOXx
emissions and improving overall engine performance [9].
However, challenges such as compatibility with existing engine
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technologies and production costs remain significant barriers to
widespread adoption [10-12].

Overall, the integration of fuel additives in diesel engines
presents a viable pathway to reduce harmful emissions while
maintaining energy reliability [13].The integration of
commercial fuel additives in diesel engine power plants has
shown significant potential in enhancing efficiency and reducing
emissions. Research indicates that nitrogen-doped multi-walled
carbon nanotubes N-doped MWCNTSs improve combustion
behavior, increase brake thermal efficiency, and reduce
emissions of NOX, soot, and CO compared to traditional diesel
fuels [14]. Additionally, the use of fuel catalytic additives, such
as FAMAX, has demonstrated a reduction in particulate matter
PM by 16.7% and carbon monoxide CO by 10.1%, although a
slight increase in nitrogen oxide NOx was noted [15-17].
Furthermore, various additives, including biofuels and
oxygenated fuels, have been shown to enhance performance
while maintaining compliance with emission standards [18-21].
Lastly, specific formulations of diesel additives have been
developed to improve fuel efficiency and reduce black smoke
emissions, highlighting the multifaceted benefits of these
additives in diesel generator systems.

In this paper, | will analyze the effectiveness of various
fuel additives in reducing emissions and enhancing the
performance of diesel engine power plants. This study will
evaluate the impact of specific additives on fuel consumption,
emission levels of NOx, PM, and CO2, and overall engine
efficiency. By assessing these factors, | aim to determine the
potential benefits and limitations of incorporating fuel additives
into diesel generators, providing insights into their feasibility as
a solution for reducing the environmental footprint of diesel
power generation.

I1. Overview of Diesel Engine Power Plants and Their
Challenges
A. The Role of Diesel Generators:

Diesel engine power plants, which are mainly divided into
two-stroke and four-stroke engines and run on the Diesel cycle,
which permits higher compression ratios than the Otto cycle, are
distinguished by their high thermal efficiency [22, 23]. Diesel
generators, which may be set up for variable-speed operation to
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improve energy efficiency and preserve power quality,
especially under varying loads, are frequently used in these
plants [24]. Diesel generators, however, have several
difficulties, such as unstable operation in remote networks,
which can result in low-load conditions that cause wear and
decreased efficiency [25]. Additionally, stringent emission
regulations necessitate the adoption of advanced optimization
methodologies to minimize greenhouse gas emissions and
improve overall performance [26-28]. The integration of
multiple diesel engines and advanced control systems further
enhances the stability and reliability of power generation in
these plants [25].
B. Environmental and Operational Challenges

Diesel-powered power plants face significant environmental
and operational challenges, mainly due to toxic emissions such
as nitrogen oxides NOx, sulfur oxides SOx, and particulate
matter. The use of biodiesel has been shown to reduce NOx
emissions by 14.71-25.13% while increasing specific fuel
efficiency, highlighting the trade-off between environmental
benefits and operational efficiency [29]. Furthermore, the
implementation of hybrid systems combining diesel engines
with generators has been proposed to improve efficiency and
reduce emissions in urban transport [30]. Regulatory
frameworks, such as the MARPOL Tier standards, impose strict
limits on NOx emissions, requiring advanced technologies such
as selective catalytic reduction SCR and low-sulfur fuels to
comply with environmental regulations [31-33]. Figure 1 shows
that when using diesel/methanol compound combustion MDCC,
NOx emissions are reduced by around 8%, and fuel
consumption is reduced by 2.8%. Methanol raises the danger of
corrosion despite its benefits; therefore fuel tanks need to be
adequately updated. However, LNG appears to be a viable,
appealing, and technically sound way to comply with air
pollution rules. Oxygen enrichment techniques can significantly
reduce soot and hydrocarbon emissions but may result in
increased NOXx emissions, requiring careful management of
combustion conditions [25]. Addressing these challenges
requires a multi-pronged approach that balances operational
performance and Environmental sustainability.
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Figure 1. In (a), a comparison of NOx outflows D for diesel turbocharged motor and D + M for MDCC; In (b), a comparison of proportionate fuel utilization [25].
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C. Commercial Fuel Additives: Mechanisms and
Benefits

Diesel engine power plants benefit significantly from the
incorporation of commercial fuel additives, which enhance
combustion efficiency and reduce emissions. Multifunctional
additives improve fuel quality by optimizing combustion
processes and enhancing cleaning capabilities, although their
effectiveness can vary based on the base fuel composition and
concentration levels [34]. The selection of additives, including
various molecular structures and nanoparticles, plays a crucial
role in modifying fuel formulations to achieve better
combustion performance [35-37]. Specific formulations, such as
those containing hydrocarbyl-substituted acylating agents and
nitrogen-containing compounds, have been shown to improve
engine performance by increasing Cetane numbers and reducing
exhaust emissions [38]. Additionally, additives like 4-hydroxy
benzamide and isobutyl nitrate contribute to corrosion resistance
and oxidation stability, further promoting environmental
protection and energy savings [38]. Overall, the strategic use of
these additives can lead to enhanced operational efficiency in
diesel power plants.

I1l.  Types of Commercial Fuel Additives
A. Cetane Boosters

Cetane boosters are crucial additives that improve diesel
fuels' ignition quality, which boosts engine performance and
lowers pollutants. Numerous kinds of Cetane improvers have

been created, such as nitrate derivatives derived from renewable
resources like soybean oil, which offer a sustainable substitute
for conventional substances like 2-ethylhexyl nitrate EHN [39].
These derivatives not only increase Cetane numbers but also
improve lubrication and lower NOx emissions [40-43].
Compounds made from nitrogen and succinic anhydride are
examples of other novel additions that further raise Cetane
levels by acting as detergents. Ethers and peroxides have also
been found to be efficient Cetane enhancers; when added in tiny
amounts, certain formulations exhibit notable increases in
combustion efficiency. All things considered, using these
additives improves gasoline quality, prolongs engine life, and
lessens environmental impact [44].

B. Detergent Additives

Commercial fuel additives are essential for improving the
stability and performance of diesel and biodiesel fuels,
especially detergent and dispersion additives. For problems like
oxidative stability, cold filter clogging, and general fuel quality,
certain additives such as those made from fatty acid methyl
esters are crucial, particularly in biodiesel, which is more prone
to oxidation because of its unsaturated fatty acid composition
[45].Several kinds of additives made of polyisobutylene mono-
and bis-succinimide Figure 2 shows how polyether amines,
polyisobutylene amines, and their combinations are used in
fuels. Additionally, the use of so-called detergent-dispersant
packages which include a variety of distinct additives is growing
in popularity [46].

pe 0
Ri—CH R—CH—C fc—CH
‘ N—(CH—CH—NHfH ‘ NJrCH—GH NH-}-CH—CH—N
CH; CH;- q\ S—CH—R,
0 O O

PIB-mono-succinimide PIB-bis-succinimide

Where R: polyolefin having Mn = 500-6000 average molecular weight, advantageously

polyisobutylene chain
m, n: 1-5 whole number

Figure 2. Polyisobutylene mono- and bis-succinimide general structure [46].

Multifunctional detergent-dispersant additives have
been shown to reduce deposits and increase combustion
efficiency, which can greatly enhance engine performance.
Furthermore, cutting-edge additives like nanoemulsions have
shown notable increases in heavy-duty diesel engine fuel
efficiency and pollution reduction, indicating their potential to
have an instantaneous effect on current vehicle populations [47].
Figure 3 provides an explanation of the detergent-dispersant
additive mechanism. By chemisorbing onto the metal surface,
the additive molecules cover the surface and stop deposits from
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forming [48-50]. They maintain the insolubilizes in dispersion
by absorbing the impurities with their polar head and removing
deposits with their detergent activity. By acting as a steric
hindrance, they stop larger agglomerates from forming.
Together with the impurities, they form a micellar colloid
structure, into which other impurities might enter via hydrogen
bonding or electrostatic interaction, increasing the micelle's size.
Consequently, the additive stops polar compound deposition.
Their ability to neutralize acids with their base group is another
crucial function [46].
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Figure 3.How detergent-dispersant additives work[46].

C. Combustion Catalysts

Commercial fuel-added  substances, especially
combustion catalysts, play a critical part in upgrading fuel
proficiency and lessening emanations over different fuel sorts,
including diesel and overwhelming oil. Investigate demonstrates
that catalytic added substances can lead to significant changes in
combustion execution; for occasion, a ponder on a diesel motor
uncovered that a commercial fuel execution catalyst decreased
particulate matter emanations by 16.7% and carbon monoxide
by 10.1%, in spite of the fact that nitrogen oxides expanded
marginally[15, 50-52]. Overwhelming fuel oil-added
substances, composed of different components like surfactants
and combustion improvers, can hoist combustion effectiveness
to over 80%. Moreover, particular details containing respectable
metals have appeared to encourage three-way catalysis,
successfully changing over harmful emanations in gasoline
motors [53]. In general, these added substances not as it were
upgrade combustion productivity but also contribute to natural
maintainability by bringing down hurtful outflows.

D. Lubricity Improvers

Commercial fuel-added substances planned to progress
lubricity play a significant part in improving the execution and
life span of inner combustion motors. Different added
substances have been investigated, counting nanoparticles such
as carbon nanotubes and zinc oxide, which have appeared as
critical advancements in lubricity for both diesel and biodiesel
powers [54]. Moreover, oxidized disulfide oil (ODSO)
compounds determined from squander items have been
successful in improving the lubricity of ultra-low sulfur fills,
illustrating a commonsense application of squander
transformation into profitably added substances [55]. For
manufactured fills like gas-to-liquid GTL paraffinic lamp fuel,
linoleic corrosive has developed as an especially viable lubricity
improver, keeping up favorable physicochemical properties

4

while essentially lessening wear scar breadths [56]. Other
details, counting those with free sterols and greasy acids, have
also been created to optimize lubricity in different fuel sorts. By
and large, the integration of these added substances is
fundamental for assembly industry measures and progressing
fuel proficiency.
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§ Ester head
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e @ |
[ ———— |
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Figure 4. Molecular Arrangement of Ester-Based Additives on Metal Surfaces
for Lubrication [57].

Figure 4 shows how ester molecules in fuel additives arrange
themselves with their heads attached to metal surfaces, creating
a lubricating layer that reduces friction and wear [57].

E. Antioxidants

Antioxidants play a crucial role in enhancing the oxidative
stability of biodiesel and other liquid fuels. Biodiesel, while a
renewable energy source, is prone to oxidative degradation,
necessitating the incorporation of antioxidants to maintain
quality during storage. Studies have shown that both synthetic
antioxidants, such as tert-butylhydroquinone (TBHQ), and
natural alternatives derived from agro-wastes, like Citrus
Aurantifolia L and Curcuma longa L, significantly improve
oxidative stability, with Citrus Aurantifolia L demonstrating the
highest induction period of 11.2 hours at optimal concentrations
[58]. Additionally, high-temperature antioxidant additives,

Pharos Engineering Science Journal (PESJ). VOLUME 02, 2025



Medhat Elkelawy Pharos Engineering Science Journal (PESJ)

including indoline compounds, have been developed to enhance
thermal oxidative stability in liquid fuels [52, 59, 60]. The
comparative effectiveness of various commercial additives
indicates that while synthetic options are prevalent, natural
antioxidants offer an eco-friendly and economically viable
alternative for prolonging biodiesel's shelf life. Overall, the
integration of these additives is essential for improving fuel
performance and longevity.

IV. Mechanisms of Fuel Additives
A. Enhanced Combustion

Fuel additives enhance combustion through various
mechanisms, significantly improving ignition characteristics and
combustion efficiency. Machine learning frameworks can
predict the effects of additives on auto ignition, exemplified by
the accurate prediction of ignition delay times for biofuels like

4.3 -
4.0 1

3.5

n-butanol with various additives [61]. Experimental studies
reveal that composite fuels when combined with highly
flammable liquids can reduce ignition delay times by 20-40%
and enhance combustion efficiency [62]. The middle value of
start delays times for composite fills with and without HFL are
displayed in Figure 5.Based on the comes about gotten, it can be
concluded that the concentration of the most combustible fluid
(rapeseed oil) altogether influences the start delay times. With
an increment in concentration from 15% to 40%, due to the
reduction within the concentration of the fluid non-combustible
component (water), the start delays times diminish by calculate
of 2.3. For the 2nd group's compositions that contain 40% of the
most combustible liquid, the expansion of 5% HFL does not
essentially influence the alteration within the start delay time
due to the tall concentration of the unstable component [62-64].

HFL.:

|:| MNone
Gasoline, 5%
& Kerosene, 3%
] Diesel. 5%

| Formic acid. 5%

—
Lh

|
—=—

O

21 22 23 24 25 31

32

Fuel composition No.

P [40% coal K + 15% rapeseed oil + 45% water] + HFL
I [40%% coal K + 40% rapeseed oil + 20% water] + HFL

Figure 5.Start delay times of composite fuel droplets with diverse HFL-added substances [62].

The as it was as it arrangement that's not related to tall
capital and working costs is toalter the composition of the
composite fuel to execute the marvel of bead scattering amid
start and burnout Figure 6. This approach will make it
conceivable to burn multi component fills of suspensions in
coal-fired boilers beneath conditions which are commonplace in
plan strong fills. The utilization of added substances for the
composite fuel to guarantee the scattering usage can contribute
to an increment within the concentrations of vaporous
anthropogenic outflows [62]. Be that as it may, compared to dry
coals, the disintegration of natural execution is ensured not to
surpass the greatest passable standard outflows of toxins from

Pharos Engineering Science Journal (PESJ). VOLUME XX, 20XX

control plants for burning strong fills Additionally, the
incorporation of nanoparticles, such as copper oxide, into fuels
like rapeseed methyl ester has been shown to improve brake
thermal efficiency by 23.6% and reduce particulate matter
emissions [65]. Furthermore, the role of molecularly ordered
structures in regulating energy transport during combustion has
been highlighted, indicating that the combustion process is
influenced by the thermal state of the combustion chamber.
Lastly, the wuse of functionalized graphene sheets in
monopropellants significantly increases burning rates and
lowers ignition temperatures, demonstrating the potential of
nanomaterials in enhancing fuel performance.
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Figure 6.Start delay times of composite fuel droplets with diverse HFL-added substances [62].

B. Deposit Control

Fuel additives play a crucial role in controlling deposits
in various engine types, particularly in the context of modern
fuels and engine technologies. Ethanol-blended fuels necessitate
specifically formulated deposit control additives (DCASs) due to
their unique chemical properties, which differ significantly from

conventional hydrocarbons; these DCAs often include
detergent-emulsifying agents to enhance solubility and
effectiveness in preventing deposits on critical engine

components like injectors and valves [66]. In gasoline direct
injection engines, the combination of butanol and DCAs has
been shown to effectively reduce injector deposits, thereby
improving engine performance and emissions compliance [67].
Similarly, diesel engines benefit from high-quality fuels with
appropriate additives that maintain injector cleanliness,
enhancing fuel economy and power output by preventing
internal injector deposits. Overall, the development and

application of tailored additives are essential for optimizing
engine performance and meeting stringent emission standards
across various fuel types [67].

C. Temperature and Friction Reduction

Fuel additives play a crucial role in reducing temperature
and friction in combustion engines through various mechanisms.
Unsaturated fatty acids, for instance, enhance the lubricating
properties of biodiesel by forming a protective tribochemical
film on metal surfaces, which is particularly effective at
elevated temperatures and in the presence of oxygen, thereby
reducing friction and wear. Additionally, fuel compositions
containing friction modifiers with polar groups can significantly
improve fuel efficiency by minimizing friction between engine
components [68]. The incorporation of mixed fatty acid esters
and amines in fuel additives also contributes to friction
reduction and  enhances  low-temperature  stability,
demonstrating detergent properties that further mitigate wear.
Moreover, engine oil additives, such as zinc and molybdenum
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compounds, have been shown to increase the thermal stability of
lubricating layers, effectively lowering the friction coefficient
across a range of temperatures. Collectively, these mechanisms
illustrate the multifaceted approach of fuel additives in
optimizing engine performance and longevity [69].

V. Benefits of Using Fuel Additives
A. Increased Efficiency

The use of fuel additives significantly enhances the
efficiency of internal combustion engines and reduces
environmental impact. Research indicates that chemical
additives, such as AHA, can increase the octane number of
gasoline, thereby improving combustion efficiency and reducing
emissions. Additionally, the introduction of nano-additives has
been shown to decrease specific fuel consumption by up to
14.08%, while also lowering toxic emissions and enhancing the
combustion process [70]. The incorporation of nanoparticles
like copper oxide into fuels can improve brake thermal
efficiency by 23.6% and reduce particulate matter emissions
significantly [65]. Furthermore, multifunctional biodiesel
additives can enhance combustion processes, although some
studies suggest a limited impact on engine performance. Lastly,
machine learning frameworks are being developed to predict the
effects of various additives on auto ignition characteristics,
showcasing the potential for innovative fuel solutions [61].
Overall, these findings underscore the critical role of fuel
additives in optimizing engine performance and promoting
environmental sustainability.

B. Emission Reduction

The use of fuel additives has been shown to significantly
enhance emission reduction in various engine types,
contributing to cleaner combustion and improved air quality.
Polyoxymethylene dimethyl ethers PODENn have demonstrated
effectiveness in compression ignition engines by reducing
hydrocarbon HC emissions and altering soot characteristics,
with PODE4 achieving the highest reduction rates. Similarly,
rare earth hydroxides, particularly lanthanum hydroxide, have
been effective in marine diesel engines, achieving reductions of
up to 45.7% in HC emissions [71]. In gasoline engines, nitro
paraffin-based additives have improved power output and
reduced unburned hydrocarbons by 4.5% in fuel consumption
[72]. Furthermore, biodiesel blends with appropriate additives
have been shown to mitigate NOXx emissions, highlighting the
importance of fuel quality in emission control strategies.
Overall, the strategic application of these additives can lead to
substantial reductions in harmful emissions across different
engine types.

C. Extended Engine Life

The use of fuel additives significantly contributes to
extending engine life through various mechanisms. For instance,
certain additives, such as those containing nanosilver and
coconut oil, have been shown to reduce carbon deposits in
engine components, thereby prolonging service life and
enhancing fuel efficiency by 13%-18%. Additionally, additives
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that incorporate microcrystalline graphite can lower carbon
monoxide emissions and reduce engine oil consumption, further
are supporting longevity. The incorporation of friction modifiers
in fuels has also demonstrated superior wear protection, leading
to increased oil change intervals and improved engine
component  durability, which is economically and
environmentally beneficial. Moreover, specific engine oil
additives can enhance oil life and reduce fuel consumption,
contributing to overall engine performance and longevity.
Lastly, advanced lubricating oil composites can extend oil
change cycles significantly, achieving up to 50,000 kilometers,
while also minimizing friction and noise [73].

VI. Previous research finding

Research has shown that commercial fuel additives significantly
improve the performance of diesel power plants while reducing
emissions. For example, the addition of diethyl ether and bael
oil improved Cetane rating and engine efficiency by up to
17.6%, while reducing CO emissions by nearly 30%[74].
Similarly, ZONP zinc oxide nanoparticles demonstrated
significant improvements in brake thermal performance and
reduced toxic emissions, resulting in a 33% reduction in CO2
and the complete elimination of hydrocarbons at high loads
[75]. Catalytic fuel additives, such as FAMAX, have also shown
promise, reducing particulate matter and CO emissions by
16.7% and 10.1%, respectively, although they slightly increased
NOx emissions [18]. Owverall, the integration of various
additives, including biofuels and oxygenated fuels, has been
shown to improve performance and meet emission standards,
highlighting their potential in modern diesel engine applications
[18]. The combined results highlight the important role of fuel
additives in optimizing engine performance and emissions for
all types of engines. Diesel engine research has focused on
specific additives such as FAMAX and ZONP, which have
demonstrated robust performance and emissions performance,
while broader research has focused on biodiesel, rare earth
elements, and machine learning models to predict auto ignition
characteristics. Together, these studies highlight the adaptability
and effectiveness of additives to meet performance and
environmental requirements for a wide range of applications,
from high-load diesel engines to gasoline systems.

VII. Conclusion

The research findings given in this paper demonstrate the
enormous benefits that fuel additives bring to diesel engine
power plants, particularly in terms of increased efficiency, lower
emissions, and longer engine life. The use of additives such as
Cetane boosters and nano-additives results in higher combustion
efficiency and reduced fuel consumption by up to 14.08% in
some circumstances. The addition of zinc oxide nanoparticles
(ZONP) has proved particularly advantageous, with a 33%
reduction in CO emissions and an improvement in brake thermal
efficiency. On the emission reduction front, biodiesel blends and
specialized additives such as polyoxymethylene dimethyl ethers
(PODEN) have been found to reduce hazardous pollutants. For
example, PODEn significantly reduced hydrocarbon emissions,
but biodiesel blends with appropriate additions reduced NOx
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emissions by up to 25%. Catalytic additives in diesel engines
have successfully decreased particulate matter by 16.7% and CO
emissions by 10.1%, demonstrating their usefulness in assisting
power plants to satisfy tough regulatory standards such as
MARPOL Tier limitations. Fuel additives also provide extended
engine life. Additives comprising nanosilver and coconut oil
help to minimize carbon deposits, which increases engine
lifespan and fuel economy by 13%-18%. Friction modifiers
have also proven helpful in prolonging oil change intervals and
minimizing engine component wear. For example, improved
lubricating oil composites can extend oil change cycles beyond
50,000 kilometers, promoting economic and environmental
sustainability by reducing maintenance requirements and
preserving resources. In summary, the strategic use of
commercial fuel additives in diesel engine power plants can
significantly ~ enhance  operating  efficiency,  reduce
environmental impact, and lengthen engine service life. By
lowering emissions and improving fuel consumption, these
additives help diesel-powered plants meet modern sustainability
goals and regulatory criteria, opening the way for more efficient
and ecologically responsible energy production.
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