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This study examines the latest trends in the development of biodiesel blends for marine propulsion engines, with the goal of making our oceans 
cleaner and more sustainable. In this study, we examine various biofuels, including rapeseed, pyrolysis, olive, soybean, waste cooking, jatropha, 
sunflower, transformer, and palm biodiesel, by testing them in a four-stroke marine diesel engine. One of the primary challenges in the fuel 
industry is the high levels of pollutants emitted by diesel engines, which can have a negative impact on human health. Our objective is to present 
the methods used to develop these eco-friendly biodiesel blends. We also examine key performance metrics, such as brake thermal efficiency, 
fuel consumption, and combustion characteristics (heat-release rates and cylinder pressures), for various biodiesels in marine engines. The use 
of innovative additives in these biofuels is notable because it confers multiple benefits. Our findings show that all biodiesel blends tested help re-
duce harmful emissions such as carbon monoxide(CO),hydrocarbons(HC),carbon dioxide (CO2), and nitrogen oxides (NOx), when compared 
to traditional diesel fuel. This improvement is due to the favorable physical properties of these blends, which not only meet ASTM standards but 
also fulfill all requirements for diesel fuel.
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1. Introduction

The challenge of controlling diesel-powered engine emissions 
in the marine industry remains significant. The main challenge 
in developing marine propulsion systems, from single-cylin-
der internal combustion engines to multiple-cylinder engines, 
has been the steady rise in continuous emissions [1]. Principal 
emissions of the diesel propulsion engines are nitrogen ox-
ides (NOx), carbon dioxide (CO2), carbon monoxide (CO), 
and hydrocarbons [2,3]. Recent research indicates that NOX 
particulates emitted by engine exhaust are particularly toxic to 
marine life. In response to such issues, the International Mari-

time Organisation (IMO) created MARPOL Annex VI in 1997, 
which established limits on the amount of air pollutants, such 
as sulfur oxides (SOx), nitrogen oxides (NOx), and particulate 
matter (PM), that vessels may discharge into the environment. 
The Marine Environmental Protection Committee made the 
same proposals to amend Annex VI to enhance pollution 
controls in anticipation of technological developments in the 
same year. This was replaced by the new Annex VI, which 
came into force that year with stricter regulations and the cre-
ation of Emission Control Areas (ECAs) where pollutants were 
restricted. At present, ECAs are developed in the Baltic Sea 
(SOx), the North Sea (SOx), North America (NOx and SOx), 
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and the US Caribbean Sea, including the waters surrounding Puerto 
Rico and the US Virgin Islands. More ECAs will be appointed in the 
near future, with locations in the Mexican Caribbean, the Adriatic 
Sea, and the Japanese coast. Moreover, IMO has established Tier II 
and Tier III emission standards to further regulate ship emissions 
within these controlled zones.

Recent studies by [4,5] indicate that 60 per cent of NOx emissions 
from marine diesel engines are known to affect sea-living organ-
isms, especially skin cancer. Almost 43.2 per cent of CO2 emissions 
can affect the nervous system; even low levels of HC and CO can in-
crease the risk of lung cancer. Therefore, scholars have sought to ap-
ply a traditional multicylinder marine diesel low-weight propulsion 
engine without making dramatic adjustments [6]. Thus, Various 
researchers have tried to adapt the traditional marine diesel engine 
into a multicylinder lightweight propulsion engine without applying 
any coating to the engine cylinder and related parts. Some disadvan-
tages still remain throughout the analysis, such as additional engine 
component alterations based on engine materials, which may result 
in detartrating the piston cylinder and exposing it to various operat-
ing conditions [7]. Therefore, the researchers tried to employ other 
fuels, substitute regular diesel with additives and without. The re-
searcher [8] tested jatropha blends in marine diesel engines without 
the nano catalyst and found that the engine’s thermal efficiency de-
creased by 4.5 per cent compared to when using diesel. It is further 
observed that the specific fuel consumption increases with the same 
blend, reaching 0.24 kg/kWh, which is almost 20.2 per cent higher 
than that of diesel. With such variables in place, it is also evident 
that we need to seek ways to minimise pollution by developing and 
introducing more mitigation technologies. It has the potential to im-
prove the vessel’s gas economy and the combustion system [9,10]. In 
corporate residual electric power systems, some recent residual heat 
removal networks will be planned and utilised, and will hold signif-
icant importance for the future development of the maritime sector 
[11]. This research paper will examine the various types of biofuels 
utilised in the marine sector and contrast their performance, com-
bustion, and emissions with those of standard diesel.

The multidisciplinary nature of the research and the complex inter-
play among the controlled variables can lead to inconsistent investi-
gations of ethanol and nanoparticles. Since you are a specialist in the 
production of biodiesel blends containing micro-additives, you will 
see variation in results for fuel efficiency, emissions, and longevity. 
The differences in the nature of nano-additives, including particle 
size, dispersion stability, and surface structure, can have a consid-
erable effect on catalyst levels and combustion rates. Moreover, 
biofuels derived from mango gummi-gutta, rapeseed, soy sauce, or 
even unconventional sources such as waste milk can yield different 
interactions when used with nanotechnology. Variations in engine 
test standards, combustion and monitoring techniques may lead to 
conflicting results on emissions and performance. The optimal levels 
of additives are controversial, with some research pointing to greater 
effectiveness, whereas others report reduced effectiveness or adverse 
impacts, including injection blockage. Assessments of the life cycle 

of ethanol can also vary depending on factors such as emissions, 
toxicity, and durability. Studies focusing on the beneficial impact of 
nano-additives can receive greater attention, potentially leading to 
an inaccurate understanding of their actual effects.

Methodological limitations in studies of ethanol use with nanoscale 
particles in various motors may severely affect the accuracy of the 
findings. The inability to ensure consistency in their research is 
known to many researchers. The following are some of the major 
limitations: The studies mostly compare biodiesel-nano mixtures 
across different classes of vehicles, including compression-ignition 
(CI) and spark-ignition (SI) engines, and at varying rates of ex-
pansion. This complicates the comparison between the two types. 
Moreover, the inconsistency between performance and environ-
mental results may be due to variations in injection timing, energy 
atomization, and ignition characteristics.

The methodologies used for testing lack standardized procedures 
for stabilizing nanoscale particles in biofuel mixtures. Differences 
in mixing processes, laser dissemination strategies, and warehous-
ing conditions lead to differences in fuel quality [59]. Some studies 
do not address oxidation stability or the long-term decomposition 
of nano-enhanced biodiesel mixtures. The methods for measuring 
exhaust gases and pollutants vary, which affects NOx and particulate 
emissions. Numerous reports highlight immediate engine responses 
but overlook long-term outcomes, including reduced fuel consump-
tion, lower fuel tank volume, and minimal particle pollution. The 
study of the effects of nano-additives on the resilience and long lifes-
pan of vehicles is scarce. This paper will introduce the performance 
of biofuels using nano additives to young researchers in the marine 
engines industry and the significant benefits available to engine per-
formance and emission characteristics. This paper seeks to establish 
the lowest emissions of the different biofuels and their weaknesses 
compared to diesel engines [60,61].

1.1. Biofuel generations

They are classified into various biofuels based on their origin, man-
ufacturing process, and chemical composition. First-generation 
biofuels, derived using consumable commodities such as maize, 
ethyl sucrose alcohol, and soybeans, fuel. Biofuels of the second 
generation: Biofuels based on non-consumable material, such as 
cellulosic alcohol, waste vegetable oils and diesel. Third-generation 
renewables are produced by algae and microorganisms, such as 
algal biofuels and biohydrogen. Fourth-generation biofuels focus 
on carbon capture, advanced biotech approaches, and transgenic 
microalgae for ethanol production. Biofuels are flexible - the fuel is 
called bioethanol, and decomposition oil. Liquid renewable sources: 
Bio gas, Bio Syngas, Bio hydrogen. Timber granules: Timber farm-
ing by-products, torrefied feedstock. The corresponding amount 
of energy, alcohol-derived energies, a solvent the corresponding 
number of Ester-derived energies, Hydrocarbon-derived fuels and 
Gas-derived fuels.



1627Kumar, et al.

1.2. Marine propulsion engines

The section has been utilised to provide information to assist in se-
lecting and developing waste heat recycling technology and systems 
that will aid in reducing emissions. It is about a standard high-speed 
diesel engine used in the sea. This type of engine can be a two-stroke 
or four-stroke motor and can be used for propulsion or as part of the 
energy generation. The reprocessed statistics from the engine link 
database [12] serve as the source for the analysis. Due to accessibil-
ity considerations, the analysis was performed over the period from 
1972 to February this year. It has been made in two types based on 
engine power.

The section has been used to provide information to support the 
selection and development of waste heat recycling technology and 
systems that will help reduce emissions. It deals with standard high-
speed diesel engines used at sea. Such engines may be two- or four-
stroke motors and are used for propulsion or to assist in generating 
energy. It is analyzed using reprocessed statistics from the engine 
link database [12]. The analysis was conducted within a time frame 
from 1972 to February this year to account for accessibility. It has 
been released into two categories based on engine strength. Figure 
1 is a summary of the various marine propulsion systems that are 

used in the shipping industry. Diesel engines still account for 33.3% 
of the world’s engines. Other sources of power on various types of 
ships include gas turbines, steam engines, and diesel engines, among 
others. Interestingly, alternative fuels currently constitute 11.1 per 
cent of ship propulsion techniques, indicating that ship owners have 
increasingly been interested in reducing fuel expenses and other 
adverse environmental effects [57].

Figure 1. Types of marine propulsion engines

Table 1. CO2 emissions statistics in the marine engines industry 

SNO Year Global %

CO2 
Total Shipping 

(millions of tonnes)

CO2 
International Shipping 

(millions of tonnes) Global in %
Global CO2

(millions of tonnes)

1 2007 3.3 1121 903 2.6 34089

2 2008 3.3 1157 940 2.6 35597

3 2009 3.2 1100 890 2.4 34500

4 2010 3.3 1200 950 2.2 36000

5 2011 3.4 1250 980 2.1 37000

6 2012 3.4 1300 1000 2.2 38000

7 2013 3.1 1320 1100 2.4 38110

8 2014 3.4 1340 1110 2.6 39122

9 2015 3.3 1350 1120 2.8 40112

10 2016 3.4 1360 1130 3.1 41222

11 2017 3.8 1380 1140 3.2 44322

12 2018 4.1 1400 1240 3.4 43212

13 2019 4.2 1420 1340 3.6 44112

Table 1 represents the Statistics of typical CO2 emissions across the globe in the field of the marine industry, and Table 2 represents IMO 
regulations concerning the particulates of NOX emissions in the field of the Marine Industry that are generated by marine diesel engines.
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Table 2. NOX limitations by IMO regulations

SNO
IMO 
Tier Year

NOx g/kWh
 N < 140 rpm

NOx g/kWh
  120 N < 1990 rpm

NOx g/kWh 
 N > 2000 rpm

1  I 2000 17.0 46 × N-0.3 9.9
2  II 2011 14.4 45× N-0.4 8.7
3  III 2016 3.4 10 × N-0.4 1.89

Figure 2. Low-speed marine engines strategy

Figure 3. Medium speed engines strategy

The 200-1000 kW power range as shown in Figure 2 is common for 
smaller boat engine services or generator sets that use large-output 
outboard drives. By contrast, the category above 1 MW as shown in 
figure 3 features propeller algorithms used by large ships and marine 
generator sets for secondary energy generation. At the lowest power 
level, engine logs reveal that the application of Selective catalytic 
reduction (SCR) technology tends to meet third-party emissions 
requirements set by the International Maritime Organisation. But 
many engines (88.6) do not have emission-reduction technologies. 
The most popular type of fuel is petroleum (65.7%), which is ex-
plained by the fact that outboard motors are included in the number 
of recreational small vessels, and small inboard generators are in-
cluded in the total data. The main emissions compliance regulations 

are the International Maritime Organisation Tier I -III standards, 
EU Stage II, US Pre-SI Second Stage, US SI Phases 1-2, and the US 
Stages II-III. The majority of motors are manufactured (62.9%), but 
a small portion is turbocharged.

Table 3. Marine engines two stroke and four stroke propulsion heat 
data

SNO Source and Sink Two-Stroke Four-Stroke

1 Charge Air Cooler Cooling 
Circuit 26–37°C 29- 38°C

2 Sea Water (Heat sink) -4 to +41°C -6 to +42°C

3 Engine Room Air 41-46°C  42-46°C

4 Lube Oil Circuit 61–76°C 66–81°C

5 Cooling Water Jacket 
Temperature 82–92°C 83–96°C

6 Exhaust Gas Temperature 
After Turbine 252–301°C 302–510°C

2. Biodiesel as reduced emissions and marine engines progress 
in biofuels

Table 3 presents the heat data for two- and four-stroke marine pro-
pulsion systems, and Table 4 presents the effects of biodiesel blends 
on Marine diesel engines regarding engine performance, com-
bustion, and Emission analysis. Considering recent research and 
trials on biofuels and Biodiesel, many of the largest Marine engine 
manufacturers in the world are turning their attention to biofuels 
and Biodiesel. Since the 1900s, Wartsila, a producer of underwa-
ter turbines based in Helsinki, Finland, has been using renewable 
energy sources. Its efforts began in 2000, and a series of renewable 
energy tests, such as palm and olive oil, was initiated. They have pet-
rol or other vegetable-based oils in their engines [22]. These trials 
were carried out. A series of tests to confirm the standing of the 
manufacturer’s 6L 32 engines at the Vaasa Engineering Laboratory, 
Finland. The first manufacturer’s power station was built in Karl-
berg, Germany, in 2003, using Biodiesel. Afterwards, research into 
biofuel has improved significantly compared to when the company 
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participated in 2015, as it has been involved with multiple maritime 
fuel companies to determine the right maritime ethanol to use in 
its motor. Mann Motor is a multinational manufacturer of engines. 
In 1994, biofuel. An investigation was conducted by them. Using 
different biofuel feeds to determine the most appropriate energy to 
drive their engine. The first test of Biodiesel was in 2006. The study 
was carried out in the Danish city of Copenhagen on the two-stroke 
low-speed engines. In 2007, another important step towards palm 
biofuel was taken when Men Diesel entered into a contract with 
palm biofuel [23]. Man Diesel offers a variety of marine engines that 

have proven to be well-suited for biodiesel without modification. 
Medium-speed engine shipper Rolls-Royce said it had no experi-
ence in using ethanol in its vehicles. Nevertheless, biofuel should 
generally be compatible with nautical propulsion systems. Authori-
ties will be paying particular attention to this alternative fuel shortly, 
due to some of the buyers’ demands. Cummins, another producer of 
boat engines located in America, also has many years of experience 
in biodiesel management. The company has conducted research on 
shuttle turbines that shows there are no immediate problems with 
using biofuels. [24].

Table 4. Effects of biofuels on marine engines

SNO Biofuel Used Engine Type Performance Parameters  ↓ Emissions Reference

1 Rapeseed Oil Marine Engine BTE ↑ 8.73%
BSFC ↓ 29.46

CO -13.30%
CO2 - 11.5%
HC-7.60%
NOX-8.1%

[13]

2 Palm Oil Marine Engine
BTE ↓ 9.6%
BSFC ↑ 4.34

CO-4.9%
CO2 - 12.7%
HC -11.1%
NOX -4.2%

[14]

3 Transformer oil Marine Engine
BTE ↑12.02%
BSFC ↓ 10.1%

CO-11.3%
CO2 -10.3%
HC-14.6%
NOX-16.2%

[15]

4 Sunflower Oil Marine Engine BTE ↑ 2.1% 
BSFC ↓ 29.41%

CO-10.81%
CO2 – 10.7%

HC-12%
NOX-11.6%

[16]

5 Waste Cooking Oil Marine Engine BTE ↑ 3.92% 
BSFC ↓ 7.42%

CO-13.30%
CO2 -11.9%
HC-10.7%
NOX-9.8%

[17]

6 Juliforia oil Marine Engine BTE ↑ 6.9 % 
BSFC ↓ 5.2%

CO -11.8 %
CO2 - 11.1 %
HC-11.2%
NOX-10.6%

[18]

7 Olive oil Marine Engine BTE ↑ 8.73 %
BSFC ↓ 35.5%

CO-9.4%
CO2 -9.1%
HC-15.2%
NOX-9.8%

[19]

8 Waste pyrolysis oil Marine Engine BTE ↑ 5.74 %
  BSFC ↓ 16.2%

CO-11.3%
CO2 -11.1%
HC-9.7%
NOX-9.7%

[20]

9 Soya bean Oil Marine Engine BTE ↑ 4.44 %
  BSFC ↓ 15.2%

CO- 13.81%
CO2 – 11.5%
HC-14.8%
NOX-15.7%

[21]
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Table 5. Blend approval of different Marine Engines

SNO Biodiesel Standards Blend Approval Company Brand References
1 ASTM D6751/EN 14214 5–20% Yanmar [25]
2 EN 14214 7–30% Volvo Penta [26]
3 ASTM D6751 10-100% Fairbanks Morse [27]
4 ASTM D6751 5 –20% Detroit Diesel [28]
5 EN 14214 10- 100% Wärtsilä [29]
6 ASTM D6751/EN 14214 10-30% Caterpillar [30]
7 DIN EN 14214 10- 100% MAN Diesel [31]
8 ASTM D6751/EN 14214 5 - 20% Cummins [32]

Table 6. ASTM Standards of marine blends and automotive blends

S NO Property Biodiesel EN14214 Marine diesel ISO 8217 Automotive diesel EN590

1 Flashpoint > 125 > 62 > 55

2 Ash content, % < 0.02 < 0.01 < 0.01

3 Sulphur, ppm < 11 < 200,010 < 352

4 Water content, ppm < 510 < 310 < 210

5 Calorific value, MJ/kg 37.5 43 44

6 Cetane no. > 52 37 > 52

7 Acid no. (TAN) < 0.4 < 2.6 < 0.4

8 Viscosity/40 °C, cSt 3.6–5.1 < 12 2.1–4.6

9 Density/15 °C, kg/m³ 861–910 < 910 825–847

Table 5 shows the craft approvals for different marine engine brands, 
including Yanmar, Volvo Penta, Fairbanks Morse, Detroit Diesel, 
Wärtsilä, Caterpillar, MAN Diesel, and Cummins. The table also 
provides the biodiesel standards and blend approvals of each brand. 
The low use of blend approvals is mainly due to the fact that exceed-
ing blend limits would result in higher emissions, which in turn can 
cause serious health conditions in humans, such as lung cancer and 
asthma, and negatively affect other marine life. It is also important 
to note that surpassing such limits may cause engine cylinders and 
other parts to wear out and be damaged more quickly. Overheat-
ing disrupts the oxygen supply, leading to partial combustion. This 
would tend to raise cylinder vibrations, greatly increasing emissions. 
In difficult situations, engines with high emissions that exceed re-
quired standards can be disastrous, causing significant losses to the 
marine industry.

Yanmar Co. Ltd. is a Japanese manufacturer of nautical engines with 
a more than a century-long history. The firm has approved the use of 
B-5 biodiesel as an ingredient in its naval engine product line, pro-
vided the biodiesel meets ASTM D6751 or ISO EN14214 standards. 
Also, certain types of engines can use biofuels up to B20 concentra-
tion under certain conditions of use, as declared in Yamar’s advisory. 
For example, Volvo Penta is a Swedish manufacturer of engines since 
1907, known as a marine engine supplier, and manufactures engines 
with power ratings ranging from 10 to 800 horsepower. Volvo Penta 
can operate with biofuel up to 7 per cent. A combination above 30 
per cent can be authorized only on engines produced after January 

1, 2012, provided that they meet the requirements of EN 14214 and 
EN 590. The company insists that users of fuels containing 30 per 
cent biofuel require proper engine maintenance. This, however, is 
not the case with the manufacturer’s supplemental generators. The 
company was the first to sell gasoline engines in the country. Once 
a manufacturer, Fairbanks Morse is currently the top-ranking pro-
ducer of boating and fixed-power engines. The company enables the 
use of B100, or 100 per cent biodiesel, in its Contrary Diaphragm 
Model 38D engine. They assert that biofuels contribute to emission 
reductions by reducing carbon monoxide and fine particle matter. 
They also use fish oil biofuels in their rotating engines and medi-
um-speed generating motors. Oakland State College also started 
using bioenergy B80 in the late 1990s. Barrow Morse Engine has 
reached another milestone by successfully introducing B100 soy-
bean biodiesel into its engines.

Detroit Diesel, based in Detroit, Michigan, makes heavy-duty en-
gines for use on land and at sea. It paves the way for the use of B5 
biodiesel certified by ASTM in specified engine types, namely the 
DD13, DD15, DD16, and engine models marked with MBE9004000. 
This applies to engines in the Series Sixty, which were fabricated af-
ter 2004, and can run up to 20 per cent of bio-diesel. But engines 
manufactured before 2004 are not supposed to consume more than 
5 per cent biodiesel, as some parts may not be compatible. This con-
tains some foam seals and metals, including bronze, copper, zinc, 
galvanized iron, and lead. Wartsila has also used palm oil-based 
biofuel in various outdoor locomotives in Europe, which are mainly 
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used to generate power. The firm has four biofuel generators that 
have a total capacity of 820 MW. The Wärtsilä 6L 20 power plant can 
use many different types of biofuels that fulfil Wärtsilä’s bioenergy 
requirements. They have an engine technology that enables them to 
use various hydrocarbons without disrupting performance.

Only the use of authorized ASTM D6751/EN 14214 biodiesel, as 
indicated in the engine instructions, is covered by the manufactur-
er’s warranty. Consumers are encouraged to contact engine dealers 
if they want to use a biodiesel blend exceeding the maximum of 
30. MAN Mechanical is involved in the manufacture of large-bore 
maritime diesel propulsion engines and has specialized in operating 
large, medium-speed 4-stroke engines on renewable fuels. Such fuels 
include oil from soybeans, palm oil, sunflower seed oil, edible waste 
oil, and animal fat. Under their guidelines, MAN permits the use of 
biofuels in their combustion engines but also imposes restrictions 
on biodiesel blends, especially those of residual oil or heavy fuel oil. 
MAN focuses on the utilization of its large, medium-speed engines 
that operate on B5 fuel (5 per cent biodiesel). Cummins supports 
using 5 per cent biodiesel in all of its engine models, as long as the 
blends comply with the requirements defined by ASTM D6751 or 
EN14214. Biodiesel concentrations as high as 20% (B20) can only 
be used in limited models that meet the emission standards. The 
ASTM standards for marine and automotive blends are presented 
in Table 6.

2.1. Potential challenge as biodiesel in the field of marine 
industry

Biodiesel has been considered the best alternative fuel for replacing 
existing marine fuels. It states that using soybean oil as a feedstock 
is not as preferred as using pure biodiesel or its mixtures, although 
palm oil, sunflower seeds, and waste oil can also be used as alterna-
tives [33]. The combustion of pollutants from maritime boats can be 
greatly reduced with the use of pure biodiesel or biodiesel mixtures, 
with or without modifications to the engine. Some renowned engine 
makers, namely Caterpillar, Wärtsilä, MAN, and Rolls-Royce, have 
stated that biodiesel can be used in their boat engines. There are 
various issues and challenges that may prevent methanol from being 
utilised in marine engines, along with possible corrective solutions. 
Possible advantages of biodiesel in the maritime industry.

2.2. Competitiveness in feedstock

Producing biodiesel consumes a significant amount of fuel. Most 
countries now use edible crops to produce biofuels, such as corn, 
coconut, palm, and rapeseed oils. The availability of food to the 
sector is threatened, thereby raising competition in the biodiesel 
business, since the sector has been dependent on food sources. Fur-
ther, customers have shifted their attention to alternative channels 
for recovering ethanol due to the ever-increasing cost of fodder. 
Some of the new generations of biodiesel are neem, algae and waste 
oil, which are inedible, and the waste oil is inexpensive. Microalgae 
are a good choice as a natural, environmentally friendly source of 

biodiesel. Compared to plants that can produce safflower or soy-
bean, phytoplankton produce between 10 and 20 times the amount 
of biodiesel but require approximately 100 times less space. In both 
environments, you will find macroalgae, or large algae that undergo 
photosynthesis, and microalgae, or very small algae [34]

2.3. Stability of fuel oxidation

It is seen that the stability of fuel oxidation for different biodiesel 
blends is quite high, due to varying combustion rates and phe-
nomena discussed above. Biofuels require special care because 
they are likely to be oxidation-sensitive and may deteriorate during 
long-term storage. Biofuels may be destroyed by oxidative or mi-
crobial degradation when exposed to humidity. copper-coloured, 
bronze-coloured, zinc, tin, and brass are among the ingredients 
utilised. react immediately and therefore cannot be retained in stan-
dard tanks for storage. The development of aluminium substances, 
sodium chloride, and hydrogel is possible [35].

2.4. Feasibility in production costs

The final price of biodiesel includes the cost of raw materials, the 
processing costs for cleansing, and manufacturing. Numerous stud-
ies have identified that biodiesel raw materials are very expensive, 
with the high cost of vegetable feedstocks accounting for about 75 
per cent of the total production cost [36,37]. It is important to de-
cide to feed properly to reduce manufacturing costs. As an example, 
alone, it is clear that the price of used cooking oil is two or three 
times lower than pure vegetable oil. As stated earlier, developing a 
new process or finding more ways to use less expensive byproducts 
would help make biodiesel cheaper. The generation of biofuel from 
agricultural products, such as algae and used oil, has increased by 
an enormous percentage over the past few years. This innovation 
has led to better, cheaper biodiesel production. The existence of 
government incentive programs comprising tax breaks, economic 
incentives, and low biofuel prices in petroleum products also plays a 
significant role in reducing the cost of producing biofuels.

3. Marine Diesel Engine 

Figure 4. Experimental setup of marine diesel engine [38] 
permissions from Ain Shams Engineering Journal
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Figure 4 illustrates the typical experimental setup used in the ma-
rine industry. The engine is cleaned thoroughly before the biodiesel 
experimentation is conducted, and an uncertainty analysis is per-
formed across three sets of trials to assess the accuracy of the engine 
parts and associated components and identify potential errors. Ta-
ble 7 defines Engine specifications. The AVL gas exhaust analyser is 
utilised in the experimental setup to monitor the different types of 
gases emitted to the atmosphere with the least possible deviation. 
Table 8 represents different nanoadditives and their performance.

Table 7. Engine specifications

S NO Description Units Specification

1 Cylinders 6
2 Cycle Type - 4 Stroke
3 Output of Engine kW 210 
4 Engine mass kg 900

5 Displacement of 
piston Litres 11400

6 Type of Aspiration - Turbocharged

Table 8.  Dispersion and effects of different nano additives

Biodiesel Percentage 
of blends

Nano 
additive PPM Main effect References

Jatropha 25
20

Al2O3
Cerium 
Oxide

20
90

BTE is increased 
by 1.23% [68]

Polanga 25 CeO2 25 All emissions is 
reduced by 2% [69]

Waste 
Cooking 20 TiO2 50 Emissions 

reduced by 10% [70]

Algae 100 Zno 100
CO and HC 

emissions are 
decreased

[71]

Braunii 20 Copper 
oxide 100 NOx is reduced 

by 3.4% [72]

4. Error or uncertainty analysis

Finding positive concordance in the research findings, distinct 
performance settings, and mistakes requires extensive error-prone 
studies. An examination of conviction took advantage of the Phillips 
approach for the spread of unknowns [67]. Tables 9 refers instru-
ments uncertainties and Table 10 refers parameter uncertainty for 
each device. 

Table 9. Instruments uncertainties

Sl. No Measured Instrument  %Uncertainty 
1 Stopwatch 0.24
2 Manometer 0.9
3 Tachometer 0.55
4 Exhaust Gas 0.22
5 Smoke meter 0.9
6 Pressure Transducer 0.5

Table 10. Parameter uncertainty

Sl. No Parameters % Uncertainty 
1 Oxygen Content 0.25
2 NOx 0.5
3 CO 0.4
4 UBHC 0.4
5 BTE 1.2
6 Pressure 1.4
7 BSFC 1.1
7 Load 0.9
8 CO2 0.8

5. Marine engine performance

5.1. Performance and emissions overview

Some biofuels, in addition to their fuel properties, have poor 
cold-flow characteristics, requiring the use of chemicals to enable 
seasonal use. The CO2 emitted during the ignition process is also 
considered environmentally friendly because it is offset by the CO2 
captured during grain production. Biodiesel generally increases 
NOx emissions due to higher combustion temperatures, and it 
requires reduction strategies. The particles emitted by fuels are 
significantly reduced compared to those from conventional fuels. 
Biofuels may contain low levels of sulfur, thereby eliminating SO2. 
Jatropha biodiesel is a potential alternative fuel which is derived 
from the seeds of Jatropha curcas. A summary of its efficiency and 
pollutants is provided below: Jatropha, as well as biodiesel blends 
(with up to 20 content), have BTE comparable to oil, but larger 
mixes 50% and above) tend to reduce this effectiveness, especial-
ly. High blends increase the consumption of fuel between ten and 
twenty per cent because of reduced energy density. Jatropha ethanol 
augments engine oiling, reduces, and enhances durability. Freezing 
movement similarity.: Like other diesels, the plant ethanol has poor 
freezing flow properties, requiring the addition of lubricants during 
seasonal use.CO2 emissions: Worse than diesel at low temperatures, 
but better at higher loads because of emissions raised compared to 
diesel due to poor combustion at higher mixes. The increase in NOx 
compared to gas requires implementing measures. Lower than with 
combustible fuel, however, overheated seed ethanol is characterised 
by high-emitting smoke [62]. Ethanol from sunflowers is now being 
studied to realise its potential as an alternative to oil-based fuels. 
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This study examines its effectiveness and greenhouse gas emissions: 
Sunflower-mixed biodiesel generally shows BTE comparable to 
diesel, with slight reductions at higher blends. Mixes of safflower 
and biodiesel, due to their lower energy content, tend to require 
more fuel than pure biodiesel. Safflower biofuels increase machine 
friction, reducing corrosion and increasing durability. Just like other 
renewable fuels, safflower biofuel also has poor cold-flow properties, 
which require the use of modifiers when used seasonally. Safflow-
er ethanol has a lower carbon footprint than diesel and therefore 
alleviates the effects of global warming. Less than biodiesel due to 
the increased combustion ability[65]. NOx greenhouse gases are 
produced by combustion due to higher oxygen levels, and reducing 
these levels requires minimisation. Biodiesel mixed with safflower 
reduces smoke opacity and levels of chemical greenhouse gases, 
particularly in the presence of ethanol stabilisers. Studies have been 
carried out on blends of cottonseed oil biodiesel, using various addi-
tives to enhance performance and emissions properties. Cottonseed 
or seed biodiesel blends exhibit higher combustion efficiency when 
supplemented with chemicals such as cellulose nanotubes (CNTs).  
Methanol-hemp seed oil enhances engine grease, reduces wear, and 
extends life. The downside of cottonseed biodiesel is its poor chil-
li-stability properties, and the use of antioxidants is encouraged to 
make it work seasonally. Biodiesel made from cottonseed reduces 
greenhouse gas emissions compared to diesel. Less than diesel due 
to improved combustion. Higher than propane because of increased 
oxygenation level; however, antioxidants like CNTs help to mitigate 
the pollutants of NOx. Ethanol blends derived from cottonseed re-
duce the visibility of smoke emissions and hydrocarbon emissions 
[45,46]. 

5.2. Brake thermal efficiency

The very important parameter that determines the capability of 
engine brake power, capable of liberating the chemical energy re-
quired during the combustion process of a Marine diesel engine, is 
defined by the term brake thermal efficiency [39]. The brake thermal 
efficiency of blends such as cotton, jatropha, sunflower, and soya is 
higher than that of conventional diesel engines due to the higher 
calorific values of the blends. The maximum brake thermal efficien-
cy for rape seed biodiesel blends is 36.2%, but for diesel it is 30.1%. 
Rape seed biodiesel leads by 17.21%, superior to diesel blends. This 
results in superior performance compared to diesel-based fuels. Few 
researchers have reported that the lowest calorific value is achieved 
with the palm biodiesel blend, because the higher density of diesel 
results in the lowest brake thermal efficiency [40].

Figure 5. Brake thermal efficiency

Brake Specific Fuel Consumption

Figure 6. Brake-specific fuel consumption

The lowest amount of fuel consumed per kg/kWh when a marine die-
sel engine operates at elevated temperatures and pressures is called 
the brake-specific fuel consumption; Figure 6 shows brake-specific 
fuel consumption for biofuel tested in marine diesel engines. This 
term defines the engine’s lowest consumption and improved perfor-
mance, subject to consumption levels [41]. Few researchers reported 
that the lowest consumption of the blends is achieved at 31.3% com-
pared to diesel, due to their lower density, which results in easier 
evaporation than diesel. The various potential biodiesel blends such 
as transformer oil, pyrolysis oil, sunflower oil, jatropha oil, and rape-
seed oil have significant effects on marine diesel engines, followed 
by the very least consumption of fuels at elevated pressures and tem-
peratures at peak loads during the combustion process [42], It is also 
noted that rapeseed blends offers very low specific fuel consumption 
followed by 0.18 kg/kWh, which is 33.3% low than diesel.
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6. Combustion 

6.1. Heat release rate

The rate of heat released during the combustion of fuels under el-
evated pressure and temperature is called the heat release rate. The 
HRR is higher for all biodiesel blends than for diesel. The surface 
tension property plays a vital role in achieving these heat release 
rates as a function of crank angle. The lowest atomization results 
in the lowest HRR, leading to poor combustion [43]. Hence, the 
moderate atomization of biodiesel blends results in the highest at-
omization with oxygen supply than diesel-based fuels in the marine 
industry.

6.2. Inline cylinder pressure

The important technical term that defines the amount of pressures 
required or peak pressures required to accelerate the combustion 
process is superior and quicker owing to different rotations of crank-
shafts is called inline cylinder pressures, Usually the inline cylinder 
pressures for diesel occur above 60 bar, various researchers reported 
that biodiesel blends operated for marine diesel engines exceeds 
60 bar, because of high oxygenated atoms present in the biodiesel 
blends tends to oxidize, evaporate and form combustion in shorter 
ignition delay. The longer ignition delay causes the piston and cylin-
der movements from TDC to BDC to have more elaborate ignition 
timing,, resulting in poor formation of cylinder pressure [44].

7. Emissions

7.1. Hydrocarbon emissions

The hydrocarbon emissions are distinguished by the development 
of white, pungent fumes that rush to unburned sources of carbon 
in case of excess supply of hydrogen molecules. These emissions are 
a threatening and dangerous one, especially to the elderly, and may 
also lead to eye diseases. Scientists have discovered that biodiesel 
blends in marine diesel engines produce lower emissions in parts 
per million (ppm) than ordinary engines. Figure 7 shows the hy-
drocarbon emissions of biofuel mixtures and conventional diesel 
in four-stroke marine diesel engines. The hydrocarbon content in 
biofuels is much lower than in conventional diesel. Furthermore, 
the levels of petroleum hydrocarbons in various forms of gasoline 
differ. Maritime energy is normally comprised of lighter elements of 
petroleum, which are easily evaporated.

Figure 7. HC emissions of different biofuels and diesel [63] 
Permissions from Energies

A performance evaluation utilising sunflowers found that a higher 
proportion of olive oil decreased unprocessed hydrocarbon output 
across all investigated scenarios. Phthalates in fuels have led to ac-
celerated vaporisation, increased efficiency, and consistent ignition. 
J The probable cause of this is the different kinds of hydrocarbons. It 
is more prevalent in heavy gasoline oil than in biofuel. It also report-
ed a drop in vehicle engines. HC components by fourteen per cent 
to thirty per cent, respectively, while utilising B20 Palm biodiesel. 
These outcomes can be ascribed to elevated cetane concentrations 
and oxygenation components in the biodiesel fuels, which enhance 
the Oxidation of unburned hydrocarbons [47]. The lowest HC emis-
sions are achieved with olive oil, which is 15.2% lower than diesel. 
The highest cetane number tends to atomise the fuel into a finer 
spray, rapidly accelerating carbon atoms with hydrogen atoms [48]

7.2. Carbon monoxide emissions

The particulate matter resulting from the incomplete combustion 
of carbon molecules combined with oxygen molecules under inad-
equate combustion conditions and excess oxygen supply is termed 
co-emissions [49]. Figure 8 shows CO emissions from different bio-
fuels tested on marine diesel engines; from the various blends, it is 
evident that soybean biodiesel blends have the least CO emissions, 
followed by 13.8% more than diesel. This is due to the property that 
blends with higher calorific values tend to vaporise more quickly 
and emit fewer emissions than diesel [50].
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Figure 8. CO Emissions [64] Permissions from ACS omega

7.3. Carbon dioxide emissions

Figure 9. CO2 Emissions

The unburnt gases that escape into the atmosphere are very harmful 
to lung cancer and eye disorders, and they result from insufficient 
combustion of air with carbon molecules [51]. Figure 9 depicts the 
CO2 emissions caused by the various biodiesel blends utilised in 
marine diesel engines [52]. Among various researchers investigating 
different biofuels, palm biodiesel has the lowest CO2 emissions due 
to its easier evaporation, atomization, and penetration compared to 
other blends. Next to palm biodiesel, the CO2 emissions are lower 
for waste-cooking biodiesel blends, with 11.9% less than diesel. The 
reduction in the formation of cooking biodiesel blends is due to the 

blends’ higher surface tensions, which efficiently atomise and have 
higher calorific values than diesel [53,58].

7.4. Nitrogen emissions

Figure 10. NOX Emissions [66] Permissions from International 
Journal of Ambient Energy

Emissions resulting from increased temperatures and reduced ox-
ygen supply under higher pressure are called NOX emissions [54]. 
Healing these harmful gases results in permanent failure of respira-
tory organisms. Figure 10 represents the NOX emissions offered by 
different blends tested on marine diesel engines. The reduced NOX 
emissions observed for the soybean biodiesel blends are 15.7% lower 
than those of diesel. This is due to the good oxidation stability of the 
soybean blends, owing to lower viscosities and better ignition de-
lays than other blends and diesel [55]. Next to the sunflower oil, the 
waste cooking properties are better than those of diesel, which is re-
duced in NOX formations by 14.1% less than diesel. Hence, various 
studies show that all biodiesel blends produce less NOX than diesel 
[56]. Therefore, researchers suggested utilising biodiesel blends for 
future aspects of the marine industry.

8. Conclusion

The research on biodiesel blends in the marine sector and the pos-
sible difficulties they pose is thoroughly examined. This study has 
enabled the realisation that Biodiesel blends have significant poten-
tial for enhanced brake thermal efficiency and reduced emissions. 
Because of the high calorific values of various biofuels, which greatly 
affect performance, biodiesel blends with higher calorific values have 
lower fuel consumption than diesel. Another significant property 
that influences the performance of marine diesel engines powered 
by biodiesel is that the higher the cetane number and the lower the 
density, the higher the oxidation rate and hence easier atomization. 
This makes the engine’s operation much smoother than with diesel 
or other traditional fuels. The utilisation of the marine diesel engine 
results in the following:
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•	 The highest brake thermal efficiency offered by rape seed 
biodiesel blends is 36.2, whereas the BTE of diesel is 30.1. 
Rape seed biodiesel is 17.21 per cent superior to diesel 
blends. All biodiesel blends have a higher calorific value 
than diesel.

•	 Among the biodiesel blends, Rapeseed blends are the only 
ones with very low consumption compared to diesel, at 
0.18 kg/kWh, 33.3% lower than diesel.

•	 These heat release rates, when subjected to crank angle 
motion, are heavily dependent on surface tension. There-
fore, all biodiesel blends have lower heat release rates than 
diesel.

•	 These heat release rates, when subjected to crank angle 
motion, are heavily dependent on surface tension. There-
fore, all the biodiesel blends have lower heat release rates 
than diesel.

•	 The inline cylinder pressure is high across all biodiesel 
blends, due to the high oxygen content, which is likely to 
oxidise and evaporate, resulting in shorter ignition delay 
and combustion.

•	 The lowest HC emissions are obtained when using the 
Olive oils, it is 15.2 lower than diesel due to the highest 
cetane number, which tends to atomise the fuel in a fine 
spray to thrust the carbon atoms with the hydrogen atoms 
at a very high rate.

•	 It is well known that soybean biodiesel blends have the 
lowest CO emissions, at 13.8%, compared to diesel, due to 
their higher calorific values, which tend to easily vaporise 
the blend and give lower emissions than diesel.

•	 The waste-cooking biodiesel blends have the lowest CO2 
emissions, 11.9% lower than diesel. The decrease in the 
formation of cooking biodiesel blends is due to the higher 
surface tensions of the blends, which facilitate easier at-
omization and higher calorific values compared to diesel.

•	 Lower NOX emissions are observed with soybean bio-
diesel blends, which are 15.7% lower than with diesel. It 
is because of the observed good oxidation stability of the 
soybean blends, with low viscosities and delayed ignition 
compared to diesel and other blends.
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Appendices
Al2O3		  Aluminum Oxide
BTE		  Brake thermal efficiency
B100		  100% biodiesel
BSFC		  Brake-specific fuel consumption
TDC		  Top dead Centre
BDC		  Bottom dead Centre
CeO2		  Cerium Oxide
ASTM		  American Society for Testing and Materials
EU		  European union
US		  United States
NOX		  Nitrogen oxide
TiO2		  Titanium Oxide
HC		  Hydro carbons
CO		  Carbon monoxide
CO2		  Carbon dioxide
Zno		  Zinc Oxide 

References

[1]	 Selvam, C. and Devarajan, Y., 2025. Evaluating the perfor-
mance, combustion, and emission characteristics of deca-
nol-enhanced sterculia foetida biodiesel in diesel engines. Re-
sults in Engineering, 26, p.104936. https://doi.org/10.1016/j.
rineng.2025.104936

[2]	 Sakthimurugan, V., Yuvarajan, D., Ganesan, S., Upadhye, V.J., 
Gill, A. and Kailiappan, N., 2025. Investigation on Influence 
of Acetylene Enrichment in Diesel Engines Operating With 
Microalgae‐Waste Plastic Oil‐Heptane Fuel Mixture. Ener-
gy Science & Engineering, 13(6), pp.3107-3122. https://doi.
org/10.1002/ese3.70089

https://doi.org/10.1016/j.rineng.2025.104936
https://doi.org/10.1016/j.rineng.2025.104936
https://doi.org/10.1002/ese3.70089
https://doi.org/10.1002/ese3.70089


1637Kumar, et al.

[3]	 Selvam, C. and Devarajan, Y., 2025. Performance and emis-
sion analysis of sterculia foetida biodiesel enhanced with 
butanol: Combustion efficiency and emission mitigation. Re-
sults in Engineering, 25, p.104586. https://doi.org/10.1016/j.
rineng.2025.104586

[4]	 Akman, M. and Ergin, S., 2024. Thermo-economic optimi-
zation of an ORC system for a dual-fuel marine engine. Pro-
ceedings of the Institution of Mechanical Engineers, Part M: 
Journal of Engineering for the Maritime Environment, 238(2), 
pp.293-305. https://doi.org/10.1177/147509022312071

[5]	 Ali, S.A., Bakar, A.A., Mansor, W.N.W., Kamis, A.S., Jarkoni, 
M.N.K., Othman, C.W.M.N.C.W. and Zoolfakar, M.R., 2022. 
The Effect of Steam Addition to the Oxidized Nitrogen Con-
centration from Marine Diesel Engine Combustion. In Ad-
vanced Maritime Technologies and Applications: Papers from 
the ICMAT 2021 (pp. 367-376). Cham: Springer International 
Publishing. https://doi.org/10.1007/978-3-030-89992-9_32

[6]	 Altosole, M., Benvenuto, G., Campora, U., Laviola, M. and 
Trucco, A., 2017. Waste heat recovery from marine gas tur-
bines and diesel engines. Energies, 10(5), p.718. https://doi.
org/10.3390/en10050718

[7]	 Anuar, M.R. and Abdullah, A.Z., 2016. Challenges in bio-
diesel industry with regards to feedstock, environmental, 
social and sustainability issues: A critical review. Renewable 
and Sustainable Energy Reviews, 58,pp.208-223. https://doi.
org/10.1016/j.rser.2015.12.296

[8]	 Balina, K., Romagnoli, F. and Blumberga, D., 2017. Seaweed 
biorefinery concept for sustainable use of marine resources. 
Energy Procedia, 128, pp.504-511. https://doi.org/10.1016/j.
egypro.2017.09.067

[9]	 Belkhode, P.N., Ganvir, V.N., Shende, A.C. and Shelare, S.D., 
2022. Utilization of waste transformer oil as a fuel in diesel 
engine.  Materials Today: Proceedings,  49, pp.262-268.DOI: 
10.1016/j.matpr.2021.02.008

[10]	 Bhuiyan, M.A., Hu, P., Khare, V., Hamaguchi, Y., Thakur, B.K. 
and Rahman, M.K., 2022. Economic feasibility of marine 
renewable energy. Frontiers in Marine Science, 9, p.988513. 
https://doi.org/10.3389/fmars.2022.988513

[11]	 Castresana, J., Gabiña, G., Martin, L., Basterretxea, A. and 
Uriondo, Z., 2022. Marine diesel engine ANN modelling with 
multiple output for complete engine performance map. Fuel, 
319, p.123873. https://doi.org/10.1016/j.fuel.2022.123873

[12]	 Abd Alsaheb, R.A., Rahimnejad, M. and Atyia, M.A., 2025. 
Advancing Sustainable Bioethanol Production through 
Green Nanoparticles and Bioengineering: An Overview. 
Journal of Renewable Energy and Environment, 12(1), pp.71-
89. DOI:10.30501/jree.2025.476414.2070

[13]	 S Prakash Varma, P. and Subbaiah, K.V., 2024. Biofuel blends 
and nano-additives: a sustainable approach to diesel engine 
performance and emissions improvement. Engineering 
research express, 6(4), p.045533.DOI 10.1088/2631-8695/
ad88da

[14]	 Joy, N., Mariadhas, A., Venugopal, H., Maria, R.R.R., Venu-
gopal, J. and Jayaraman, J., 2025. Exploring the potential of 
nanoparticles in biofuel production: challenges and future 
directions–a comprehensive review. Recent Patents on Me-
chanical Engineering, 18(2), pp.114-128. https://doi.org/10.2
174/0122127976287172240228162047

[15]	 Dierickx, J., Sileghem, L. and Verhelst, S., 2019. Efficiency and 
emissions of a high-speed marine diesel engine converted to 
dual-fuel operation with methanol. In CIMAC world con-
gress on combustion engine (pp. 1-14). Cimac.

[16]	 Elkafas, A., Rivarolo, M. and Massardo, A.F., 2022. Assess-
ment of alternative marine fuels from environmental, techni-
cal, and economic perspectives onboard ultra large container 
ship. International Journal of Maritime Engineering, 164(A2), 
pp.125-134. https://orcid.org/0000-0001-5438-9814

[17]	 Fei, C.G., Qian, Z.Q., Ren, J., Zhou, X.J. and Zhu, S.W., 2021. 
Numerical and experimental research on thermal insulation 
performance of marine diesel engine piston based on YSZ 
thermal barrier coating. Coatings, 11(7), p.765. https://doi.
org/10.3390/coatings11070765

[18]	 Foretich, A., Zaimes, G.G., Hawkins, T.R. and Newes, E., 
2021. Challenges and opportunities for alternative fuels in the 
maritime sector. Maritime Transport Research, 2, p.100033. 
https://doi.org/10.1016/j.martra.2021.100033

[19]	 Kumar, K.S. and Muniamuthu, S., 2024. Design and fabrica-
tion of nickel-chromium reinforced 2-stage energy efficient 
pyrolysis reactor for waste plastics applications. International 
Journal of Ambient Energy, 45(1), p.2288148. https://doi.org/
10.1080/01430750.2023.2288148

[20]	 Geng, P., Mao, H., Zhang, Y., Wei, L., You, K., Ju, J. and Chen, 
T., 2017. Combustion characteristics and NOx emissions of a 
waste cooking oil biodiesel blend in a marine auxiliary diesel 
engine. Applied Thermal Engineering, 115, pp.947-954. DOI: 
10.1016/j.applthermaleng.2016.12.113

[21]	 Gharib, H. and Kovács, G., 2023. A review of prognostic and 
health management (PHM) methods and limitations for ma-
rine diesel engines: new research directions. Machines, 11(7), 
p.695. https://doi.org/10.3390/machines11070695

[22]	 Hira, A. and Das, D., 2016. Performance and emission eval-
uation of diesel engine fuelled with biodiesel produced from 
high free fatty acid crude soyabean oil. Biofuels, 7(4), pp.413-
421. https://doi.org/10.1080/17597269.2016.1147920

[23]	 Hosseini, S.H., Taghizadeh-Alisaraei, A., Ghobadian, B. and 
Abbaszadeh-Mayvan, A., 2017. Performance and emission 
characteristics of a CI engine fuelled with carbon nanotubes 
and diesel-biodiesel blends. Renewable energy, 111, pp.201-
213. https://doi.org/10.1016/j.renene.2017.04.013

[24]	 Hou, Liangsheng, Jiaqi Zou, Changjiang Du, and Jundong 
Zhang.2020.”A fault diagnosis model of marine diesel engine 
cylinder based on modified genetic algorithm and multilayer 
perceptron.” Soft Computing 24 (2): 7603-7613. https://doi.
org/10.1007/s00500-019-04388-3

https://doi.org/10.1016/j.rineng.2025.104586
https://doi.org/10.1016/j.rineng.2025.104586
https://doi.org/10.1177/147509022312071
https://doi.org/10.1007/978-3-030-89992-9_32
https://doi.org/10.3390/en10050718
https://doi.org/10.3390/en10050718
https://doi.org/10.1016/j.rser.2015.12.296
https://doi.org/10.1016/j.rser.2015.12.296
https://doi.org/10.1016/j.egypro.2017.09.067
https://doi.org/10.1016/j.egypro.2017.09.067
https://doi.org/10.3389/fmars.2022.988513
https://doi.org/10.1016/j.fuel.2022.123873
https://doi.org/10.30501/jree.2025.476414.2070
https://doi.org/10.2174/0122127976287172240228162047
https://doi.org/10.2174/0122127976287172240228162047
https://orcid.org/0000-0001-5438-9814
https://doi.org/10.3390/coatings11070765
https://doi.org/10.3390/coatings11070765
https://doi.org/10.1016/j.martra.2021.100033
https://doi.org/10.1080/01430750.2023.2288148
https://doi.org/10.1080/01430750.2023.2288148
https://doi.org/10.3390/machines11070695
https://doi.org/10.1080/17597269.2016.1147920
https://doi.org/10.1016/j.renene.2017.04.013
https://doi.org/10.1007/s00500-019-04388-3
https://doi.org/10.1007/s00500-019-04388-3


1638Journal of Thermal Engineering, 12(5), 2026

[25]	 Jaiganesh, J., Prakash, R. and Krishnan, M.G., 2024. Exploring 
the synergistic potential of prosopis juliflora and waste plastic 
oil biodiesel through investigation of performance, combus-
tion, and emission in a CRDI engine: A shift towards sustain-
able fuel. Process Safety and Environmental Protection, 184, 
pp.720-735. DOI:10.1016/j.psep.2024.02.036

[26]	 Karavalakis, G., Johnson, K.C., Hajbabaei, M. and Durbin, 
T.D., 2016. Application of low-level biodiesel blends on 
heavy-duty (diesel) engines: Feedstock implications on NOx 
and particulate emissions. Fuel, 181, pp.259-268. https://doi.
org/10.1016/j.fuel.2016.05.001

[27]	 Sakthimurugan, V. and Yuvarajan, D., 2025. A comprehensive 
assessment on recent advancements in spent fuel reprocess-
ing and waste management: pioneering technologies for a 
sustainable nuclear future. Kerntechnik, 90(2), pp.125-138. 
https://doi.org/10.1515/kern-2024-0120

[28]	 Khan, M.M., Kadian, A.K. and Sharma, R.P., 2023. Attempt 
to mitigate marine engine emissions with improved perfor-
mance by the investigation of alcohol inclusion in sunflower 
biodiesel-sunflower oil-diesel blend. Environmental Science 
and Pollution Research, 30(12), pp.33974-33991.https://doi.
org/10.1007/s11356-022-24147-6

[29]	 Koumentakos, A.G., 2019. Developments in electric and 
green marine ships. Applied system innovation, 2(4), p.34.  
https://doi.org/10.3390/asi2040034

[30]	 Lamas, M.I., Castro-Santos, L. and Rodriguez, C.G., 2020. 
Optimization of a multiple injection system in a marine 
diesel engine through a multiple-criteria decision-making 
approach. Journal of Marine Science and Engineering, 8(11), 
p.946. https://doi.org/10.3390/jmse8110946

[31]	 Devarajan, Y., Beemkumar, N., Ganesan, S. and Arunkumar, 
T., 2020. An experimental study on the influence of an ox-
ygenated additive in diesel engine fuelled with neat papaya 
seed biodiesel/diesel blends. Fuel, 268, p.117254. https://doi.
org/10.1016/j.fuel.2020.117254

[32]	 Li, R., Meng, X., Liu, R., Muhammad, R., Li, W. and Dong, J., 
2021. Crosshead bearing analysis for low-speed marine diesel 
engines based on a multi-body tribo-dynamic model. Inter-
national Journal of Engine Research, 22(8), pp.2442-2463. 
https://doi.org/10.1177/1468087420951416

[33]	 Lu, Y., Pan, Z., He, F. and Zhou, G., 2024. Research on the 
characteristics of the exhaust energy splitting method for the 
two-stroke low speed marine diesel engine. Applied Ther-
mal Engineering, 237, p.121769. DOI :10.1016/j.applther-
maleng.2023.121769

[34]	 Madiwale, S. and Bhojwani, V., 2016. An overview on produc-
tion, properties, performance and emission analysis of blends 
of biodiesel. Procedia technology, 25, pp.963-973. https://doi.
org/10.1016/j.protcy.2016.08.189

[35]	 Mohd Noor, C.W., Mamat, R., Ghazali, M.F., Rosdi, S.M., 
Husin, H. and Manshoor, B., 2022, September. Performance 
Optimization of Low Proportion Biodiesel Blend on Marine 
Diesel Engine Using Response Surface Method. In Proceed-
ings of the 2nd Energy Security and Chemical Engineering 

Congress: Selected Articles from ESChE 2021, Malaysia (pp. 
243-257). Singapore: Springer Nature Singapore. https://doi.
org/10.1007/978-981-19-4425-3_22

[36]	 Muše, A., Jurić, Z., Račić, N. and Radica, G., 2020. Model-
ling, performance improvement and emission reduction of 
large two-stroke diesel engine using multi-zone combustion 
model: M. Ante et al. Journal of Thermal Analysis and Calo-
rimetry, 141(1), pp.337-350. https://doi.org/10.1007/s10973-
020-09321-7

[37]	 Nayak, S.K., Hoang, A.T., Nayak, B. and Mishra, P.C., 2021. 
Influence of fish oil and waste cooking oil as post mixed bina-
ry biodiesel blends on performance improvement and emis-
sion reduction in diesel engine. Fuel, 289, p.119948. https://
doi.org/10.1016/j.fuel.2020.119948

[38]	 Noh, K. and Lee, C., 2021. Development of an Ignition System 
and Assessment of Engine Performance and Exhaust Charac-
teristics of a Marine Gas Engine. Sustainability, 13(8), p.4097. 
https://doi.org/10.3390/su13084097

[39]	 Noor, C.M., Noor, M.M. and Mamat, R., 2018. Biodiesel as al-
ternative fuel for marine diesel engine applications: A review. 
renewable and sustainable energy reviews, 94, pp.127-142. 
https://doi.org/10.1016/j.rser.2018.05.031

[40]	 Nyongesa, A.J., Park, M.H., Lee, C.M., Choi, J.H., Pham, V.C., 
Hur, J.J. and Lee, W.J., 2024. Experimental evaluation of the 
significance of scheduled turbocharger reconditioning on 
marine diesel engine efficiency and exhaust gas emissions. 
Ain Shams Engineering Journal, 15(8), p.102845. https://doi.
org/10.1016/j.asej.2024.102845

[41]	 Palani, Y., Devarajan, C., Manickam, D. and Thanikodi, S., 
2022. Performance and emission characteristics of biodies-
el-blend in diesel engine: A review. Environmental Engineer-
ing Research, 27(1). https://doi.org/10.4491/eer.2020.338

[42]	 Pham, V.C., Kim, J.K., Lee, W.J., Choe, S.J., Le, V.V. and Choi, 
J.H., 2022. Effects of piston bowl geometry on combustion and 
emissions of a four-stroke heavy-duty diesel marine engine. 
Applied Sciences, 12(24), p.13012. https://doi.org/10.3390/
app122413012

[43]	 Puškár, M., Kopas, M., Sabadka, D., Kliment, M. and 
Šoltésová, M., 2020. Reduction of the gaseous emissions in 
the marine diesel engine using biodiesel mixtures. Journal 
of Marine Science and Engineering, 8(5), p.330. https://doi.
org/10.3390/jmse8050330

[44]	 Rodriguez, C.G., Lamas, M.I., Rodriguez, J.D. and Abbas, A., 
2021. Analysis of the pre-injection system of a marine diesel 
engine through multiple-criteria decision-making and artifi-
cial neural networks. Polish Maritime Research, (4), pp.88-96.
DOI: 10.2478/pomr-2021-0051

[45]	 Sharma, V., Hossain, A.K., Griffiths, G., Manayil, J.C., Vinu, 
R. and Duraisamy, G., 2024. Investigation of anaerobic digest-
ed pyrolysis oil and waste derived biodiesel blends as sustain-
able fuel for marine engine application. Fuel, 357, p.129935.
https://doi.org/10.1016/j.fuel.2023.129935

https://doi.org/10.1016/j.psep.2024.02.036
https://doi.org/10.1016/j.fuel.2016.05.001
https://doi.org/10.1016/j.fuel.2016.05.001
https://doi.org/10.1515/kern-2024-0120
pp.33974-33991.https://doi.org/10.1007/s11356-022-24147-6
pp.33974-33991.https://doi.org/10.1007/s11356-022-24147-6
https://doi.org/10.3390/asi2040034
https://doi.org/10.3390/jmse8110946
https://doi.org/10.1016/j.fuel.2020.117254
https://doi.org/10.1016/j.fuel.2020.117254
https://doi.org/10.1177/1468087420951416
https://doi.org/10.1016/j.protcy.2016.08.189
https://doi.org/10.1016/j.protcy.2016.08.189
https://doi.org/10.1007/978-981-19-4425-3_22
https://doi.org/10.1007/978-981-19-4425-3_22
https://doi.org/10.1007/s10973-020-09321-7
https://doi.org/10.1007/s10973-020-09321-7
https://doi.org/10.1016/j.fuel.2020.119948
https://doi.org/10.1016/j.fuel.2020.119948
https://doi.org/10.3390/su13084097
https://doi.org/10.1016/j.rser.2018.05.031
https://doi.org/10.1016/j.asej.2024.102845
https://doi.org/10.1016/j.asej.2024.102845
https://doi.org/10.4491/eer.2020.338
https://doi.org/10.3390/app122413012
https://doi.org/10.3390/app122413012
https://doi.org/10.3390/jmse8050330
https://doi.org/10.3390/jmse8050330
p.129935.https://doi.org/10.1016/j.fuel.2023.129935
p.129935.https://doi.org/10.1016/j.fuel.2023.129935


1639Kumar, et al.

[46]	 Song, J., Song, Y. and Gu, C.W., 2015. Thermodynamic anal-
ysis and performance optimization of an Organic Rankine 
Cycle (ORC) waste heat recovery system for marine diesel 
engines. Energy, 82, pp.976-985. https://doi.org/10.1016/j.
energy.2015.01.108

[47]	 Sun, X., Wang, M., Atilla, I., Feng, S. and Li, Z., 2021. Devel-
opment of a multi-component surrogate fuel model of ma-
rine diesel engine. Ocean Engineering, 233, p.109022. DOI: 
10.1016/j.oceaneng.2021.109022

[48]	 Devarajan, Y. and Selvam, C., 2024. Utilization of sterculia 
foetida oil as a sustainable feedstock for biodiesel produc-
tion: optimization, performance, and emission analysis. Re-
sults in Engineering, 24, p.103196. https://doi.org/10.1016/j.
rineng.2024.103196

[49]	 Tran, V.D., Le, A.T. and Hoang, A.T., 2021. An experimental 
study on the performance characteristics of a diesel engine fu-
eled with ULSD-biodiesel blends. International Journal of Re-
newable Energy Development, 10(2), p.183. DOI:10.14710/
ijred.2021.34022

[50]	 Tsang, M., Fox‐Lent, C., Wallace, S., Welp, T., Bates, M. and 
Linkov, I., 2015. Life‐cycle impacts of soybean and algae bio-
diesel: Case study of US marine vessels. Biofuels, Bioproducts 
and Biorefining, 9(5), pp.567-580. https://doi.org/10.1002/
bbb.1569

[51]	 Uchida, N. and Watanabe, H., 2019. A new concept of ac-
tively controlled rate of diesel combustion (ACCORDIC): 
Part II—simultaneous improvements in brake thermal ef-
ficiency and heat loss with modified nozzles. International 
Journal of Engine Research, 20(1), pp.34-45. https://doi.
org/10.1177/1468087418820472

[52]	 Uyumaz, A., Aksoy, F., Akay, F., Baydır, Ş.A., Solmaz, H., Yıl-
maz, E., Aydoğan, B. and Calam, A., 2019. An experimental 
investigation on the effects of waste olive oil biodiesel on 
combustion, engine performance and exhaust emissions. In-
ternational Journal of Automotive Engineering and Technol-
ogies, 8(3), pp.103-116.https://doi.org/10.18245/ijaet.578227

[53]	 Suresh, A., Taj, G.S., Shukla, M.R., Chaudhari, D. and Mala-
thi, K., 2024. Deep learning empowered nanotechnology and 
energy storage for sustainable environmental preservation. In 
Introduction to Functional Nanomaterials (pp. 70-78). CRC 
Press.

[54]	 Wei, L., Cheng, R., Mao, H., Geng, P., Zhang, Y. and You, K., 
2018. Combustion process and NOx emissions of a marine 
auxiliary diesel engine fuelled with waste cooking oil biodies-
el blends. Energy, 144, pp.73-80. https://doi.org/10.1016/j.
energy.2017.12.012

[55]	 Yang, N., Deng, X., Liu, B., Li, L., Li, Y., Li, P., Tang, M. and 
Wu, L., 2022. Combustion performance and emission char-
acteristics of marine engine burning with different biodiesel. 
Energies, 15(14), p.5177. https://doi.org/10.3390/en15145177

[56]	 Yang, X., Yang, Z., Wen, H., Gorbov, V., Mitienkova, V. and 
Serbin, S., 2021. Alternative Fuels in Ship Power Plants: Ap-
plication of Alternative Fuels. Springer Nature.

[57]	 Babu, V.D. and Malathi, K., 2023. Three-stage multi-objective 
feature selection with distributed ensemble machine and deep 
learning for processing of complex and large datasets. Mea-
surement: Sensors, 28, p.100820. https://doi.org/10.1016/j.
measen.2023.100820

[58]	 Zhang, J., Meng, Y., Liu, D., Liu, L., Ma, X., Jiang, C., Li, X. 
and Huang, L., 2023. Modelling and multi-objective combus-
tion optimization of marine engine with speed maintaining 
control target. Thermal science and engineering progress, 41, 
p.101852. DOI: 10.1016/j.tsep.2023.101852

[59]	 Kumar, K.S. and Muniamuthu, S., 2024. Design and fabrica-
tion of nickel-chromium reinforced 2-stage energy efficient 
pyrolysis reactor for waste plastics applications. International 
Journal of Ambient Energy, 45(1), p.2288148 .https://doi.org/
10.1080/01430750.2023.2288148

[60]	 Joshi, M., 2019. Combustion analysis of ci engine fuelled with 
algae biofuel blends. Journal of Thermal Engineering, 5(6), 
pp.214-220. https://doi.org/10.18186/thermal.654374

[61]	 Kolakoti, A., 2020. Optimization of biodiesel production 
from waste cooking sunflower oil by taguchi and ann tech-
niques. Journal of Thermal Engineering, 6(5), pp.712-723. 
https://doi.org/10.18186/thermal.796761

[62]	 Rajak, U., Nashine, P. and Verma, T., 2018. Comparative as-
sessment of the emission characteristics of first, second and 
third generation biodiesels as fuel in a diesel engine. Jour-
nal of Thermal Engineering, 6(6), pp.211-225. https://doi.
org/10.18186/thermal.818036.

[63]	 Verma, P., Stevanovic, S., Zare, A., Dwivedi, G., Chu Van, 
T., Davidson, M., Rainey, T., Brown, R.J. and Ristovski, Z.D., 
2019. An overview of the influence of biodiesel, alcohols, and 
various oxygenated additives on the particulate matter emis-
sions from diesel engines. Energies, 12(10), p.1987. https://
doi.org/10.3390/en12101987

[64]	 Kumar, K.S., Alqarni, S., Islam, S. and Shah, M.A., 2024. Roy-
al poinciana biodiesel blends with 1-butanol as a potential 
alternative fuel for unmodified research engines. ACS omega, 
9(12), pp.13960-13974. https://doi.org/10.1021/acsome-
ga.3c09014

[65]	 Aswathanrayan, M.S., Santhosh, N., Venkataramana, 
S.H., Kumar, K.S., Kamangar, S., Arabi, A.I.A., Algburi, S., 
Al-Sareji, O.J. and Bhowmik, A., 2025. Prediction of perfor-
mance and emission features of diesel engine using alumina 
nanoparticles with neem oil biodiesel based on advanced ML 
algorithms. Scientific Reports, 15(1), p.12683. https://doi.
org/10.1038/s41598-025-97092-2

[66]	 Sunil Kumar, K., Babu, J.M., Venu, H. and Muthuraja, A., 
2022. Waste plastic as a source of biofuel for stationary diesel 
engine: a critical review. International Journal of Ambient 
Energy, 43(1), pp.8577-8591. https://doi.org/10.1080/014307
50.2022.2102074

[67]	 Lingesan, S., Annamalai, K., Parthasarathy, M., Ramalingam, 
K.M., Dhinesh, B. and Lalvani, J.I.J., 2018. Production of Gar-
cinia gummi-gutta Methyl Ester (GGME) as a potential al-
ternative feedstock for existing unmodified DI diesel engine: 

https://doi.org/10.1016/j.energy.2015.01.108
https://doi.org/10.1016/j.energy.2015.01.108
https://doi.org/10.1016/j.rineng.2024.103196
https://doi.org/10.1016/j.rineng.2024.103196
https://doi.org/10.1002/bbb.1569
https://doi.org/10.1002/bbb.1569
https://doi.org/10.1177/1468087418820472
https://doi.org/10.1177/1468087418820472
pp.103-116.https://doi.org/10.18245/ijaet.578227
https://doi.org/10.1016/j.energy.2017.12.012
https://doi.org/10.1016/j.energy.2017.12.012
https://doi.org/10.3390/en15145177
https://doi.org/10.1016/j.measen.2023.100820
https://doi.org/10.1016/j.measen.2023.100820
https://doi.org/10.1080/01430750.2023.2288148
https://doi.org/10.1080/01430750.2023.2288148
https://doi.org/10.18186/thermal.654374
https://doi.org/10.18186/thermal.796761
https://doi.org/10.18186/thermal.818036
https://doi.org/10.18186/thermal.818036
https://doi.org/10.3390/en12101987
https://doi.org/10.3390/en12101987
https://doi.org/10.1021/acsomega.3c09014
https://doi.org/10.1021/acsomega.3c09014
https://doi.org/10.1038/s41598-025-97092-2
https://doi.org/10.1038/s41598-025-97092-2
https://doi.org/10.1080/01430750.2022.2102074
https://doi.org/10.1080/01430750.2022.2102074


1640Journal of Thermal Engineering, 12(5), 2026

combustion, performance, and emission characteristics. Jour-
nal of Testing and Evaluation, 46(6), pp.2661-2678.https://
doi.org/10.1520/JTE20170246

[68]	 Teklehaimanot, H., Gupta, N. and Nallamothu, R.B., 2025. 
The impact of Al2O3 nano additives on Jatropha curcas 
biodiesel-diesel blend on combustion and emission behav-
ior. Energy Conversion and Management: X, 25, p.100870. 
https://doi.org/10.1016/j.ecmx.2025.100870

[69]	 Çelik, M., Mehregan, M., Bayindirli, C. and Moghiman, M., 
2025. Thermal Efficiency Boost in Diesel Engines Using Ceri-
um Oxide Nano-additives in Rapeseed and Diesel Fuels and 
Taguchi Optimization. International Journal of Automotive 
Technology, 26(7), pp.1811-1818. https://doi.org/10.1007/
s12239-025-00252-6

[70]	 Kumar, R., Arunkumar, M., Shan, D.P., Patil, P.P., Kumar, 
R., Singh, B. and Chowdary, V.L., 2022. Performance and 
emission analysis of waste cooking oil biodiesel mixed 
with titanium oxide nano‐additives. International Journal 
of Chemical Engineering, 2022(1), p.1101771. https://doi.
org/10.1155/2022/1101771

[71]	 Alprol, A.E., Mansour, A.T., El-Beltagi, H.S. and Ashour, 
M., 2023. Algal extracts for green synthesis of zinc oxide 
nanoparticles: promising approach for algae bioremediation. 
Materials, 16(7), p.2819. https://doi.org/10.3390/ma16072819

[72]	 Sunil Kumar, K., 2025. Investigation of moringa oleforia 
biodiesel doped with 1-Hexanol+ Al2O3 catalyst in single 
cylinder compression ignition engine. International Journal 
of Ambient Energy, 46(1), p.2462593. https://doi.org/10.1080
/01430750.2025.2462593

pp.2661-2678.https://doi.org/10.1520/JTE20170246
pp.2661-2678.https://doi.org/10.1520/JTE20170246
https://doi.org/10.1016/j.ecmx.2025.100870
https://doi.org/10.1007/s12239-025-00252-6
https://doi.org/10.1007/s12239-025-00252-6
https://doi.org/10.1155/2022/1101771
https://doi.org/10.1155/2022/1101771
https://doi.org/10.3390/ma16072819
https://doi.org/10.1080/01430750.2025.2462593
https://doi.org/10.1080/01430750.2025.2462593

