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ARTICLE INFO ABSTRACT

Keywords: With the escalating global energy demand, the pursuit of sustainable energy sources has become increasingly
BiOdieSEl. urgent. Among these, biofuels have gained significant attention for their potential to provide renewable and eco-
Combustion friendly alternatives. Biodiesel is recognized for its diverse and cost-effective feedstock options. The study pro-
Dunaliella salina . 1 h h . £ biodiesel b lovi h £ . . . 1

Emission vides a novel approach to the production of biodiesel by employing the use of Dunaliella salina microalgae as a
Hydrogen green source. The research suggests the blends provide a future solution to less toxic fuel sources, achieving

efficiency and minimizing emissions. This research emphasize on the production of biodiesel from Dunaliella
salina microalgae, a promising resource due to its high energy yield. The microalgae were cultivated in an f/2
nutrient medium enriched with carbon dioxide, vitamins, and trace metals. A total of 700 mL of bio-oil was
extracted using ultrasonication at 50 Hz for 85 minutes. Then, the bio-oil was transesterified in a single-stage,
sodium hydroxide-catalysed process with methanol as a solvent. The process yielded a high extraction effi-
ciency of 94 %. The produced biodiesel was characterized through advanced analytical techniques, including
NMR spectroscopy, GC-MS, and FTIR test studies, confirming its suitability as a fuel. Combustion and emission
analyses revealed that the direct substitution of biodiesel blends for diesel in engines significantly reduced hy-
drocarbon and carbon monoxide emissions, although a slight increase in nitrogen oxide (NOx) emissions was
noted. The combustion and emission characteristics were influenced by blend composition and calorific value.
Additionally, the study provides a detailed comparison of the performance of pure diesel, biodiesel blends, and
hydrogen-enriched biodiesel in diesel engines, offering valuable insights into their environmental and perfor-
mance impacts. This study gives additional insights towards future work such as scalability (consisting large scale
cultivation of algae for better studies), engine durability (studies on engine wear and tear) and integration with
renewable energy sources (integrating renewable sources like solar and wind energies).

1. Introduction

The focus of current regulations is primarily on reducing emissions of
carbon dioxide and other harmful pollutants in order to mitigate climate
change. The primary source of greenhouse gas emissions from vehicles is
human activity, specifically the combustion of conventional fuels, which
have a high carbon content and produce significant hydrocarbon
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emissions. Therefore, the growth of sustainable alternatives to fossil
fuels is becoming more important. Compared to conventional feed-
stock’s, algae can produce more biodiesel per unit of growth area
because of their high lipid content (up to 70 %). The ability of algae to
absorb carbon dioxide is approximately ten times greater than that of
land-based plants, which contributes to the algae’s increased environ-
mental sustainability. Algal biodiesel’s appeal is increased by its
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capacity to produce useful by-products, maintain biodiversity, and need
less resources [1]. The process of making biodiesel involves interacting
oils and alcohol stoichiometrically to produce glycerol and biodiesel
(methyl ester). Because it can run diesel engines more reliably than
petroleum, regardless of environmental concerns [2]. Blending it in
variable ratio with neat diesel fuel can lead to better combustion
compared to petroleum-based diesel due to its high flash point, oxygen
concentration and cetane number. More than 300 oil-bearing crops have
been identified as possible global sources for the production of biodiesel.
Ramadhas et al. [3] adopted both one and two step transesterification to
convert rubber seed oil with high FFA to biodiesel. In the first stage, a
molar ratio of 6:1 concentration of KOH as a catalyst at a reaction
temperature of about 45°C and a reaction time of 30 minutes gave the
highest biodiesel yield, and a 0. The result obtained depicted that the
maximum reduction of FFA content was obtained with 5 % H3SO4
catalyst. It is therefore clear that biodiesel had relatively high viscosity,
slightly lesser calorific value and a rather higher flash point than the
diesel [4] analysed the effect of Jatropha methyl ester before and after
oxidation. They looked at the analysis based on the activation energy.
The results showed that there was a considerable decrease in the size of
the carbon smoke particles and a steady decrease in CO emission
following oxidation [4] analysed the biodiesel blends in the engine
considering the emission and performance parameters. The benchmark
was verified using both experimental and numerical analysis. Renew-
able fuels, such as bio-oil, biodiesel, bioethanol, and biogas, are being
considered for direct use or blending with regular diesel in the future.
This will likely lead to lower emissions and a greener energy landscape
[5].

The pressing need to address climate change is reflected in the
tightening rules on CO5 and other pollutant emissions. Greenhouse gas
emissions which is a main human caused emission due to conventional
fuels usage in automobiles. Because traditional fuels contain more car-
bon, when they burn, they release a lot of CO». As a result, attention is
now being focused on creating sustainable fuel substitutes. Blending
renewable fuels with conventional fuels, such bio-oil, biodiesel, bio-
ethanol, and biogas, is a viable alternative. Blends of biodiesel and diesel
are predicted to be widely used in the future, contributing to a decrease
in overall emissions [6]. The lipids from deceased plants and animals
were used to make bio-oil. Traditionally, feedstock is primarily
composed of animal fats and vegetable oils. It could not be heated as
well and was more viscous. Therefore, more processing was needed
before biodiesel could be made from it. In tests of combustion, biodiesel
fared better than raw bio-oil. Biodiesel has a higher heating value, is
non-toxic, and is renewable [7].

Biodiesel plays a major role in mechanical industry in order to
determine the alternate fuel for the compression ignition engine. Widely
researchers work with vegetable oils and third generation algal oils
[7-9]. Vegetable based biodiesel possess numerous benefits on com-
parison with conventional diesel, including as a higher flash point and
Cetane number, reduced sulfur with better lubricating qualities. But
compared to diesel, it has more viscosity due to its fatty acid content,
which might impair cold flow characteristics and clog fuel filters.
Compared to biodiesel made from animal fat, biodiesel made from
vegetable oil has superior cold flow characteristics. Furthermore, the
molecular makeup of biodiesel influences emissions and combustion
efficacy in diesel engines, underscoring the significance of fuel compo-
sition in engine performance. Anish et al., [10] analysed the biodiesel
produced from Parinari polyandra oil usage in diesel engine. It has been
found that the defined fuel’s qualities are a lot more similar to diesel
fuel. The power and thermal efficiency data indicated that the B10 mix
was the best option.

Hydrogen enriched biofuels combined with RCCI technology is a
cost-efficient alternative for conventional fuel, addressing cost and
pollution concerns. The fuel blend of 65 wt. % of waste leather fat oil
and 35 wt. % of ammonium hydroxide reduced NOx levels by 9.2 %,
hydrocarbons by 27 %, and smoke by 26 % without compromising
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engine efficiency. The cost-benefit ratio showed a reduction in fuel cost
by 25.6 %, which is an economical and sustainable solution as stated by
[11,12] studied about Acetylene fumigation using lychee seed biodiesel
in a dual-fuel engine showed a substantial increase in brake thermal
efficiency (28.98 % for 2 LPM and 46.54 % for 4 LPM). The fumigation
of acetylene using LSB lowered CO: (25.71 %), CO (72.4 %), HC (33.33
%), and smoke (36.59 %) levels, though it enhanced NOx emissions
(57.48 %). This paper emphasized LSB-acetylene blend as a potential
alternative for a sustainable diesel fuel addressing concerns related to
emissions.

Hydrogenated biodiesel (HB) holds promise for reducing urban air
pollution, fossil fuel consumption, and global warming. However, it
tends to produce trans-isomers rather than cis-isomers, leading to higher
kinematic viscosity and cold flow issues due to crystallization. Partial
hydrogenation increases pour point and cloud point temperatures but
improves combustion consistency, reducing engine vibration. This pro-
cess, accelerated by a catalyst, enhances biodiesel quality and combus-
tion properties. The choice of catalyst depends on the biodiesel
properties and reactor type. While higher hydrogen concentrations
speed up hydrogenation, reaction temperature has minimal effect,
though prolonged processing impacts oxidation stability [13,14].

Emissions play a vital role in engine study where polucyclic aromatic
hydrocarbon (PAHs) are not only hazardous but are also associated with
issues such as wet stacking in the engine. Biodiesel (B100), with no ar-
omatics, reduces PAH emissions (by ~48-49 %) and PAH toxicity (by
~83-85 %) in significant amounts in comparison with diesel (D100).
Engine design is also a parameter in which PAH reduction is improved in
the Kubota engine due to its combustion system [15]. A comparative
study of Isochrysis aff. galbana and Scenedesmus dimorphus algae for
biodiesel production was studied by Alpaslan 2020 where, Isochrysis aff.
galbana had a higher percentage of lipids (42.65 % compared with 15.87
%) and a higher transesterification rate (94.6 % compared with 87.4 %),
and was a better biodiesel source.

Research pursued in this study is that Dunaliella salina algae-based
biodiesel was synthesized, standardized, and subsequently utilized in a
study on combustion as well as emissions in a diesel engine. To mitigate
some of its combustion challenges that included poor combustion as well
as excessive emissions of nitrogen oxide (NOx), hydrogen fuel was
introduced in a bid to enhance combustion efficiency as well as reduce
noxious emissions. The effect of hydrogen induction on combustion
performance as well as its emissions profile was thoroughly assessed.

Regardless of extensive research into a more sustainable alternative
in the form of biodiesel, it is highly with challenges that involve higher
emissions of nitrogen oxide (NOx) as well as reduced combustion effi-
ciency over traditional fuel sources. These limitations hinder its full
potential as a direct replacement in diesel engines without additional
modifications. While previous studies have focused on optimizing bio-
diesel production, improving its properties through various feedstocks,
and refining transesterification processes, there remains a significant
gap in understanding how hydrogen induction can synergistically
reduce emissions and enhance combustion in biodiesel-powered en-
gines. Specifically, microalgae-based biodiesel, particularly from Duna-
liella salina, has been underexplored in terms of its performance when
combined with hydrogen fuel. Most existing research centers on feed-
stock optimization, with limited focus on real-world application chal-
lenges such as emissions control and engine performance in internal
combustion engines. This study addresses this gap by investigating the
dual impact of hydrogen addition on emissions reduction and combus-
tion efficiency, providing valuable insights into how biodiesel can be
optimized for both environmental sustainability and operational per-
formance in practical engine applications.

2. Materials and methods

Microalgae can prove to be a most cost justifying alternative source
of fuel from fossil fuel as well as can contribute towards lowered
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production of greenhouse gas. Microalgae are those organisms that are
highly endowed with a photic activity. Not merely in growth in terms of
lipids, this is also a productive activity as a highly effective activity in
terms of carbon sequestration as well as production of oxygen. The rate
of growth as well as biological as well as biochemical contents can be
altered by algae in varying states of a physio-chemical nature. A range of
species of microalgae are cultivated at varying points in time in order to
produce industrial, pharmaceutical as well as fuel. Among these species,
a species known as Dunaliella salina is a species that is highly endowed
with high lipid accretion. Dunaliella salina is endowed with a range of
competent attributes that are appropriate in terms of production in
terms of biodiesel. The cells in the species Dunaliella do not have a
cellulose wall; in addition, a range of laboratory methods utilized in
order to examine intercellular functions are more laborious in order to
conduct on cells with a thick cell wall.

Dunaliella salina is a unicellular greenish-orange halophilic micro-
alga that lives in the normal saline conditions. The species belongs to the
family of Dunaliellaceae, Order Chlamydomonas, Class Chlorophyceae,
and Division Chlorophyta. Dunaliella salina is of great interest and of
potential applications in biotechnology and nutrition mainly because of
its exceptional biomass, both rich in carotenoids and lipids, as well as for
the well-known fact about its ability to grow at very high salinity. Above
said alga is the one which had been chosen for this research, from which
the biodiesel is to be extracted, which was obtained from National
Institute of Ocean Technology, Chennai. As exposed by the literature
study, in comparison with feedstocks, Dunaliella salina is associated with
a more environmentally friendly and economically feasible and viable
option for the production of biodiesel. It is a better option from an
environmental and economic viewpoint because it has more lipid con-
tent, tolerance to harsh growing conditions, minimum resource re-
quirements, and the possibility of producing co-products [16].

2.1. Extraction of Bio-oil from Dunaliella salina and its transesterification

The ultrasonication bio-oil extraction procedure was adopted on
biomass obtained for Dunaliella salina. The algal oil was gained from it.
To perform the ultra-sonication extracting procedure, its efficiency will
be enhanced by mixing 100 g biomass of Dunaliella salina with 30 mL
methanol, double-distilled water, and chloroform in ratio 1: 0.7: 2. The
membranes of Dunaliella salina cell walls ruptured and the algal oil as a
result floated out as ultrasonicator operated at 60 Hz frequency for 90
minutes. Sediment and gained oil shifted into a beaker later on and 10ml
methanol poured in order to achieve them in order to mix nicely.
Whatman filter paper was finally adopted in order to eliminate un-
wanted particles from algal oil [17]. In order to eliminate trace amount
of H20 from gained algal oil, 6 mL acetone was adopted and heated.
Ultimately, bio-oil gained from Dunaliella salina had 650 mL of oil
(Fig. 1).

When it was tested, free fatty acid level in the bio oil was less than 2
%, Bio oil from Dunaliella salina can be transesterified into corre-
sponding mono alkyl methyl esters with a process that is base catalysed
with methanol and sodium hydroxide. The intensity in terms of pa-
rameters in transesterification was established at optimistic intensities
as reported in literature, with a ratio in terms of moles as 1:8 having
been reported, catalyst as having a concentration of less than 0.6 wt. %
NaOH, at 50°C as a temperature condition as well as reaction time as 180
minutes. In another beaker 100 mL methanol solution was taken with
1.2 g sodium hydroxide pellets mixed into it, mixed at 450 rpm for 20
minutes. As noted above, 40 mL sodium methoxide solution was mixed
with 120 mL algal oil in a way that methanol and algal bio-oil ratio in
terms of moles is 1:8. The above mix as noted was transferred into a
conical flask with a bottom that is flat, followed by initiation in its
transesterification with heating of the flask into 500C for a reaction time
of a 180 minutes. The entire contents in the flask was poured into
separating funnel and then, it was allowed for a cooling time of 180
minutes. Upon the completion of bottom and upper layer of glycerol and
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Fig. 1. Dunaliella salina — Microscopic view (A and B), Bio-oil extraction (C) and

Extracted Biodiesel (D).

algal biodiesel in accordance with the transesterification process, ring
formation difference was noticed [18,19]. The traces of water molecules
were removed. Transesterification efficiency of Dunaliella salina was 93
%.

2.2. Fuel properties and standardization

Properties are tested for the fuel that is used in the diesel engine in
order to meet with operational requirements is as listed in Table 1. The
isolated biodiesel also experienced some spectroscopic studies like
Fourier Transform Infra-Red Spectrometry, Nuclear Magnetic Reso-
nance and Gas Chromatography Mass Spectrometry in order to study its
feasibility in a CI engine as a blended fuel with pure diesel. Table 1
presents in depth the physico-chemical properties of resulting Dunaliella
salina bio-oil as well as its biodiesel in comparison with straight diesel.
The density of resulting Dunaliella salina bio-oil as well as its biodiesel
was 864 kg/m> as well as 858 kg/m> which is 3.09 % more in com-
parison with straight diesel. The flash point of resulting bio-oil was
lowered substantially by as much as 3.58 % from 112°C to 80°C through
esterification process as well as was much closer to straight diesel. The
gross calorific value increased substantially up to 39.756 MJ/kg
depicting its viability as a fuel in CI engine. The kinematic viscosity also

Table 1
Test Fuel Properties.
Properties Diesel Dunaliella salina  Dunaliella salina DuSaBD20
Bio-oil Biodiesel
Density (Kg/m® 838 864 858.42 840
Flash Point (°C) 75 112 80 77
Calorific value 43.8 30.75 39.75 42.45
(MJ/kg)
Viscosity (at 1.9- 18.259 5.2 2.92
40°C) (mm%s) 4.1
Sulphur content ( 0.038 0.21 0.10 0.041
% vol)
Oxygen content ( 0 4.468 6.128 2.154
% wt)
Ash content 0 1.523 0.758 0.232
Cetane number 48 37 43 47
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increased substantially up to 5.2 mm?/s at 40°C in case of Dunaliella
salina biodiesel. The transesterification process infused a significant
quantity of Oxygen upto 6.128 % by weight to the Dunaliella salina bio-
oil making it enriched towards the combustion process. All the physio-
chemical evaluation was conducted in accordance with ASTMD6751
standards. The blending of DuSaBD upto 20 % by volume with straight
diesel exhibited notable improvements in the test fuel properties making
it more suitable to be used as a substitute fuel for CI engine.

In wide, it can be noted from the recent research that Hydrogen-
enriched fuels have demonstrated remarkable improvements in engine
performance, including enhanced thermal efficiency and reduced fuel
consumption. Studies indicate significant reductions in exhaust emis-
sions such as HC, CO, CO2, and NOy under optimal operating conditions
in both SI and CI engines. Improved combustion characteristics, attrib-
uted to hydrogen’s high calorific value and rapid flame speed, further
enhance engine efficiency. These benefits are achievable with minor
engine modifications like upgraded ignition systems and iridium spark
plugs for SI engines. The findings highlight hydrogen’s potential as a
cleaner alternative fuel. Proper implementation can lead to sustainable
advancements in internal combustion technology [20]. Hence in this
study without modifying the engine setup the hydrogen is inducted at
low flow rates to enhance the engine characteristics.

Results in Engineering 26 (2025) 104676
3. Experimental setup

Experimental experiments in Kirloskar 240PE single cylinder, water
cooled, naturally aspirated, direct compression ignition, four stroke
engine with hydrogen addition in intake manifold are conducted in the
present work. The straight diesel fuel and DuSaBD20 are kept at a very
minimal level in two fuel reservoirs and its mixing in volumetric ratio in
a preheat condition is triggered before its intake into cylinder of the
engine through fuel injector. A different arrangement is made in cylin-
der head for hydrogen gas admittance in a metered way into intake
manifold as shown in Fig. 2. The technical specification in a detailed
way is provided in Table 2.

Test load on the engine is obtained with a eddy current dynamometer
interfaced with the dynamo controller. Kristler cylinder head pressure
sensor measures in-cylinder pressure fluctuations in a real time with the
assistance from Data Acquisition System (DAS). The combustion
analyzer measures important data like HRR, NHR, Ignition delay, SOC,
CD and mass fraction burnt in order to study combustion phenomenon.
The exhaust gas temperature as well as speed of the engine have been
recorded with a combination of non-contact optical sensor with a K-type
thermocouple interfaced with the engine. The AVL444 gas analyzer is
used in order to measure CO, HC, NOx, CO2 as well as O2 whereas
AVLA437 is used in order to measure the current investigation’s smoke

Diese] Tank

Control Pane
Air Intake
Kirlogkar 240 PE Engine

Eddy curreni Dynamomeer
Exhanst
Piezatronics Pressure sensor

w
b Bl o

0 00

&, Crank angle sensor
8 9. NIUSH data acquisitson device
g 10, Engine soft woftwarne owput
I 1. Hydrogen Tank

Fig. 2. Experimental test engine and Schematic.
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Table 2
Engine Specification.

Make Kirloskar 240PE, water cooled, 4 stroke, DI CI engine

Bore / Stroke
Cooling system

87.5 /110 mm
Water cooled

Fuel tank 10 liters (2 nos) with separate measuring
arrangement
Loading Eddy current dynamometer

Rated speed and power
Crank angle encoder

1500 rpm and 5.2 kW
1°CAD resolution

Calorimeter Pipe in pipe type

Water pump Mono block type

Injection pressure and 180-220 bar and 23°C bTDC
timing

Stroke volume 661 cc

Number of cylinder 1

Number of injection nozzle 3

Diameter of the nozzle 0.3 mm

Fuel spray angle 120 degree

Compression ratio 17.5:1

opacity.

The experimental trials were conducted with straight diesel as a base
fuel at all loads, followed by DuSaBD20 fuel blend at similar loading
condition. A warmup time of 10 minutes on engine operation was
allowed before the change of each fuel type. Further, hydrogen gas was
supplemented at 2LPM, 4LPM and 6LPM with equal intervals at no load,
low load, part load and full loading conditions.

Uncertainty Analysis

The reading taken and utilised may have vagueness such as static
error, human error, and instrument error for which error calculation is
required. The derived data is given in Table 3 for estimating the Un-
certainty parameter for combustion and emission attributes using the
following Eq. (1).

R=Y (U})=147% m

Where R = Root mean square value of the uncertainty
U; = Uncertainty values of the parameters.

4. Results and discussion
4.1. Biodiesel conversion optimization

The oil extracted from the algae Dunaliella salina was converted into
biodiesel using base catalysed transesterification process as detailed in
the previous section. The conversion process was verified by optimizing
the parameters that were used in the transesterification. The parameters
that had the influence in conversion were the catalyst used, methanol to
oil ratio, temperature during the process and the time duration of the
process. While performing the transesterification in order to optimize
the conversion by the influence of these parameters the following
changes were experimented. The methanol to oil ratio widely practiced

Table 3
Uncertainty Analysis.

Parameters Uncertainty(Uj)
Crank angle encoder(°CA) 0.20 %
Engine speed 0.05 %
Fuel flow rate 0.4 %
Intake air flow (1/min) 0.12%
Load (N) 0.25 %
Measuring burette (cc) 1%
Pressure Transducer (bar) 0.20 %
Time (s) 0.5 %
(¢0) 0.35 %
NOx 0.33 %
Smoke opacity 0.34 %
UBHC 0.5 %
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in biodiesel conversion are 1:8, 1:7 and 1:6 which was also taken into
consideration for this experimental analysis, the catalyst concentration
used in this study in terms of weight are 0.5 %, 1 % and 1.5 %, the
temperature used for the study are 40°C, 50°C and 60°C and the time
duration in terms of 1 hr, 2 hr and 3hr [21].

The various operating parameters were considered are detailed in
Table 1, the methanol to oil ratio 1:8, catalyst concentration 1 % wt,
temperature 50°C, time duration 3 hr and the best output response of
biodiesel yield is 93.99 %. Similarly, the methanol to oil ratio 1:7,
catalyst concentration 1.5 % wt, temperature 60°C, time duration 2 hr
and the output response is 92.95 %. Considering the next methanol to oil
ratio 1:6, catalyst concentration 1.5 % wt, temperature 50 °C, time
duration 2 hr and the output response is 91.89 %.

4.2. Biodiesel characterization

Gas Chromatography - Mass Spectrometer (GCMS)

Bio-oil produced from the marine algae Dunaliella sp. was converted
into biodiesel through a single-stage base-catalysed transesterification
method with methanol and sodium hydroxide. A biodiesel sample was
esterified in order to ascertain the presence of diverse FAMEs and to
highlight the degree of efficiency by the transesterification procedure
and hence analysed by GC-MS. In the biodiesel mass chromatogram nine
different FAMEs were identified within RT between 19. 93 to 30. 48
minutes [22].

As a result of the analysis performed to obtain the structure of fatty
acid methyl ester, different fragmentation patterns were obtained, all of
which had a base peak at m/z 74. The acquired fragmentation patterns
of the esterified biodiesel and mass chromatogram of the algal bio-oil
demonstrated the occurrence of the McLafferty rearrangement process.
Some common mass fragmentation patterns of the FAME are the carbo-
methoxy ion loss resulting from f cleavage as shown in Fig. 4. Several of
the mass fragmentation patterns exhibited multiple peaks: These mul-
tiple peaks may be based on the fact that the methoxy group has been
ejected out and the carbon and hydrogen atoms redistributed through
the process of transesterification (Refer Fig. 3). Consequently, oleosins
containing, for instance, 14,17-Octadecadienoic acid methyl ester are
found at RT 22. 36 minutes due to this hydrogen ion redeployment and
organization within the carbonyl group. The different fatty acid methyl
ester that presented the biodiesel sample were identified as follows: RT
30.48 (tetracosanoic acid methyl ester), RT 28.49 (tricosanoic acid
methyl ester), RT 27.19 (docosanoic acid methyl ester), RT 26.87 (13-
docosenoic acid methyl ester, RT 24.79 (eicosanoic acid methyl ester),
RT 22.36 (14, 17-octadecadienoic acid methyl ester, RT 21.79 (hepta-
decanoic acid methyl ester), Retention time 20. 27 (hexadecanoic acid
methyl ester) and RT 19. 93 for 9-hexadecenoic acid methyl ester). The
detailed fatty acid composition in Dunaliella salina biodiesel is given
Table 4 below.

Dunaliella salina biodiesel details the FTIR spectra vibration between

prom { 10

B
8

3048

Fig. 3. Dunaliella salina Biodiesel - GCMS Chromatogram.
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Table 4
Fatty acid Composition in Dunaliella salina Biodiesel.

Retention Fatty acid Fatty acid systematic Composition (

time (RT) Common name name %)

19.93 Palmitoleic acid Hexadecenoic acid methyl ~ 2.155
ester

20.27 Linoleic acid 12-Octadecenoic acid 8.179
methyl ester

21.79 Lauric acid Heptadecanoic acid 0.456
methyl ester

22.36 Linolenic acid 14-17 Octadecadienoic 38.146
acid methyl ester

24.79 Arachidic acid Eicosanoic acid methyl 15.125
ester

27.19 Oleic acid Docosanoic acid methyl 6.451
ester

28.49 Palmitic acid Tricosanoic acid methyl 0.893
ester

30.48 Lignoceric acid Tetracosanoic acid methy 2.456

ester

Saturated fatty acid :24.567 %.

Unsaturated fatty acid:72.813 %.

Unknown components:2.62 %.

Fourier Transform Infrared Spectrometer (FTIR).

547 to 3008cm ™! as shown in Fig. 4. Conversion of oil to biodiesel is
briefly signalled in the vibration stretch 1741 cm ™. A long hydrocarbon
chain was noted between 1019 cm™! and 1460 cm ™!, which is a group
bending-stretching vibration. It was noticed that there was presence of
carboxylic group at various stretches like 844 cm-1, 924 cm ™}, and 1427
cm™L. From the FTIR spectra result it was confirmed that the complete
conversion of the bio-oil and its FAMEs was detailed through the strong
stretches at 2863 cm ™! and 2933 cm’l, whereas the weak stretch like
3018 cm ! also confirms the same [23,24]

Nuclear Magnetic Resonance (NMR)

Dunaliella salina algal biodiesel was dissolved using 0.8 ml of meth-
anol in order to create a 1H NMR solution. The sample was injected
inside the equipment with pulse 90 degrees and relaxation delay of 10
seconds. It was noted that the primary components in the biodiesel were
fatty acid esters, it was also noted that there were traces of steroids,
alkaloids and alkanes. It can be noted from the Fig. 5 that fatty acid ester
is the peak observed at 3.669 ppm in the 'H NMR spectrum of Dunaliella
salina fuel sample. Carbonyl functional group was noted at 5.387 ppm
with a strong signal. The peaks at 3.330 ppm to 2.108 ppm range shows
the long unsaturated hydrocarbon chains, OCH (at 5.397 ppm) and
OCH: ester groups (at 5.408 ppm) due to the conversion of triglyceride
to mono-alkyl fatty acid ester. Alkenes were seen as a faint doublet peak
at 3.326 ppm. Presence of polyunsaturated fatty acids in the sample was
noted due to the triplet peak at 1.377 ppm. 13C NMR analysis was done
using deuterated methanol as a solvent, much like the sample injection
proton NMR method. The peaks of triglycerides, diglycerides,

— ———— )

Transmittance [%]
40 60
L L

20

sam 32
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Fig. 4. Dunaliella salina Biodiesel — FTIR spectrum.
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Fig. 5. Dunaliella salina Biodiesel - '"H NMR Spectrum.

monoglycerides and epoxy ester were seen ranging between 0 ppm and
200 ppm as shown in the Fig. 6. A singlet peak was seen at 47.967 ppm,
A peak ranging from 127.691 ppm to 129.567 ppm explains the presence
of unsaturated esters with carbonyl groups. Transesterification occur-
rence was confirmed by the presence of a terminal peak at 174.417 ppm.
Multiple peaks between 26.714 ppm and 33.544 ppm (represent the
carboxyl group) and 16. 442 ppm peak includes the existence of
monoglycerides [25,26].

4.3. Combustion characteristics

In-cylinder Pressure

In-cylinder pressure is very crucial in extracting information
regarding performance as well as combustion characteristics of varied
fuel mixtures in a single cylinder, four-stroke diesel engine. Various
mixtures of diesel-algae biodiesel-hydrogen can provide crucial infor-
mation regarding combustion characteristics from a profile obtained
from in-cylinder pressure. The research in question involved a com-
parison between 100 % diesel fuel and 20 % algae biodiesel with 80 %
diesel with as well as without hydrogen flow rate variation from 2 to 6
liters a minute. In-cylinder pressure will be increased due to high energy
concentration as well as auto ignition quality of diesel fuel [27]. Com-
bustion can be seen with the sudden development of the pressure,
mainly at the commencement of the power stroke and reasonably stable
toward the efficiency of the energy transformation. The peak pressure of
the D100 was 46.43 bar at 8 degree after the top dead center position.
Algae biodiesel blend might have reduced peak in-cylinder pressure a
little due to the lesser calorific value of the fuel compared to conven-
tional diesel. The oxygen content in biodiesel may be the reason for the
better combustion where the in-cylinder pressure rise was detailed as
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Fig. 6. Dunaliella salina Biodiesel — 1*C NMR Spectrum.
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47.003 bar as shown in Fig. 7.

Hydrogen was inducted into the diesel-biodiesel blend at lower rate
of 2 litres per minute (2 LPM) at which the flames accelerate, and thus
pressure rise would be faster because of shortened ignition delay. High
diffusivity and low ignition energy of hydrogen may be the reason
behind the promotion of the homogeneity of the blend and also trig-
gering fast combustion. However, peak pressures would remain within
control with a limited volume of hydrogen introduced into the mixture
as the pressure increases within the cylinder. At 8 degrees after TDC, it
was observed that a pressure rise was at 47.68 bar. Whereas for 4 LPM
induction into the diesel-algal biodiesel blend, the pressure was noted as
46.79 bar and for 6LPM it was noted as 47.003 bar. Hydrogen aids in
combustion enhancement; it thus accelerates the pressure rise as well as
the oxidation of fuel and we may say that the bio-diesel from algae is
carbon neutral [28].

Rate of Pressure Rise

The rate of pressure rise is a very vital indication of the combustion
characteristic in a single-cylinder four-stroke diesel engine. With the
blends of diesel and algae biodiesel, 100 % diesel and 80/20 blend of
diesel and algae biodiesel with varying hydrogen flow rates of 2, 4, and 6
LPM, the kinetics of combustion result in varying pressure rise rates.
Diesel fuel typically has a relatively high rate of pressure rise, attributed
to its high energy density and quick auto-ignition under compression. In
diesel-only combustion, the pressure rise rate is primarily driven by the
rapid premixed combustion phase. The rate of pressure rise value was
noted as 1.62 bar/°CA at 3 degree after TDC [29]. The algae biodiesel
blended with diesel has a slightly lesser rate of pressure increase than
that of pure diesel. Biodiesel has a higher oxygen content and lower
calorific value, giving the combustion process to be very controlled. It
promoted a gentler pressure increase with the better combustion sta-
bility and it detailed 1.72 bar/°CA at 3 degree after TDC. When
hydrogen was added to the diesel algal biodiesel blend at addition rate of
2 LPM the rate of pressure rise begins to increase due to its high flame
speed and low ignition energy (Refer Fig. 8). Hydrogen enables the
ignition of combustion sooner and more evenly, and enhanced the for-
mation pressure rate and the ROPR was recorded as 1.72 bar/°CA at 2
degree after TDC, whereas for 4 LPM it was accounted for 1.62 bar/°CA
at 3 degree after TDC and in 6LPM it was noted as 1.72 bar/°CA at 2
degree after TDC [30].

Net Heat Release Rate

The HRR in a single-cylinder engine is an indicator of energy emitted
during combustion and plays a critical role in the efficiency, perfor-
mance, and emissions of the engine. Many fuel combinations 100 %
diesel, an 80 % diesel and 20 % algae biodiesel blend, and the latter with
varying hydrogen flow rates of 2, 4, and 6 LPM-many ignition proper-
ties, flame speeds, and combustion efficiency-result in variability in
HRR. Peak HRR for diesel fuel is typically very high as a result of a high
energy density and well-defined premixed combustion phase. Once
ignited, diesel quickly releases energy and makes the HRR profile rather
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sharp. The thermal efficiency and heat release of diesel combustion are
often higher. The rapidity in quick release is an attribute of traditional
diesel combustion, with most of the heat released during the premixed
phase. D100 detailed 19.94 J/°CA at 1 degree after TDC. Biodiesel made
from algae blended with diesel generally helps the combustion process
by providing supplemental oxygen for thorough combustion, leading to
a gentler heat release profile. Combustion was very smooth with a
gradual rate of HRR, ensuring complete combustion. The heat release
was found to be 20.89 J/°CA at 1 degree after TDC (Fig. 9).

Hydrogen at 2 LPM significantly elevates HRR compared to diesel
fuel, attributed to low ignition energy and high flame speed of hydrogen,
which enhance quicker combustion onset. The HRR increased earlier in
the combustion cycle with a higher initial heat release phase compared
with diesel alone. Hydrogen, as an accelerator, increases combustion
efficiency and thermal output, with higher complete combustion and
peak HRR at slightly elevated levels. At this hydrogen concentration the
HRR was stayed within manageable limits without developing any
major pressure peaks and was recorded as 20.47 J/°CA, that for 4 LPM
was recorded as 19.83 J/°CA and 6 LPM as 20.47 J/°CA at 1 degree after
TDC. For different blends of fuels, HRR shows that even though the
addition of algae biodiesel to diesel provides a consistent base level with
a subtly peak HRR, the addition of hydrogen strongly amplifies com-
bustion by altering the HRR [7,31].

Cumulative Heat Release Rate

Cumulative heat release rate in a four-stroke diesel single-cylinder.
The total energy that is released during an entire cycle of combustion;
this is an essential indicator of completeness of combustion and energy
use for a given fuel mix. The CHRR for pure diesel fuel is usually at a high
value since its calorific value is high and energy release during com-
bustion is efficient. This combustion of diesel is characterized by a rapid
increase in cumulative heat release, especially the premixed burn phase,
with a diffusion-burn phase moving at a slower rate. Baseline compar-
ison of other fuel blends with that of the diesel CHRR can be made.
Blends of 20 % algae biodiesel in diesel fuel typically contain a small
increase in CHRR compared with diesel due to the lesser energy density
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of biodiesel. However, the inherent oxygen in biodiesel assures complete
combustion and partly negates this decrease. Accumulation of CHRR is
more gradual in this blend as compared with 100 % diesel; thus, its
energy release over the cycle is only slightly rougher. This benefit is
complemented by the addition of 2 LPM hydrogen on the CHRR curve,
which indicates steeper early increases in the combustion cycle, all of
which arise from the contribution of hydrogen to accelerate ignition and
make complete fuel oxidation more probable. This translates into
improved cumulative energy release due to reduced incompleteness in
combustion, resulting in a higher CHRR than the pure diesel-biodiesel
blend. The added hydrogen allows a greater share of energy to be con-
verted in a shorter combustion time. As the combustion is accomplished
in a shorter time, extreme temperature spikes are avoided, and the
overall combustion efficiency improves. Similar gain was also observed
in 4LPM and 6LPM. A high CHRR at this level of hydrogen requires very
sensitive calibration of engine parameters so as not to cause interrupted
combustion and mechanically detrimental peak pressure and tempera-
ture conditions (Fig. 10).

Mean Gas Temperature

The average gas temperature of a single cylinder, CI engine is one of
the important parameters since it shows combustion quality and affects
emissions, as well as thermal stresses in various engine components.
Different fuel blends affect MGT because of differences in combustion
properties and heat release dynamics. In the case of D100, the MGT is
most likely to be relatively high since diesel has high energy density, and
this also has good combustion quality. High peak temperatures associ-
ated with diesel combustion are common, since the premixed phase of
combustion typically releases energy fairly quickly. MGTs higher than
those values would be hoped for to provide good thermal efficiency but
result in an increase in NOx emissions due to the formation of hot spots
within the cylinder. Diesel-only combustion typically produces stable
MGTs that can be used as a platform from which to compare other fuel
ratios. Adding 20 % algae biodiesel to diesel typically brings about a
slightly varied MGT since the oxygen content in the biodiesel encourages
full combustion with less unburned carbon, but with a slightly reduced
peak temperature.

The MGT of a single-cylinder, four-stroke diesel engine is a critical
parameter that speaks to the combustion efficiency as well as impacts on
emissions and thermal stresses of engine components. The influence of
various combinations of fuels on MGT is different in each due to the
influence of combustion properties as well as the dynamics of heat
release. For D100 fuel, MGT is relatively high since diesel is highly en-
ergetic and burns very cleanly (Fig. 11). Due to rapid energy release
during the premixed combustion phase, diesel combustion often results
in attaining high peak temperatures. High MGTs are advantageous to-
ward strong thermal efficiency but tend to provide elevated NOx emis-
sions due to the existence of high temperature regions inside the
cylinder. Diesel-only combustion produces relatively stable MGT levels,
providing a reference point for comparison of other fuel combinations.
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Generally, 20 % algae biodiesel blended with diesel results in a slightly
different MGT, because of the oxygen in biodiesel, which allows a more
complete combustion with less unburned carbon but at a slightly lower
peak temperature.

4.4. Emission characteristics

Unburned Hydrocarbon

UBHC emissions in a single cylinder, diesel engine helps in under-
standing the combustion completeness and efficiency in fuel oxidation.
Analysis of UBHC emissions for different types of fuel such as Straight
Diesel, diesel and algae biodiesel and this blend at different hydrogen
flow rates of 2, 4 and 6 LPM would be helpful to view their combinations
in terms of reduction of emissions (Fig. 12). Diesel fuel is a long carbon
chain and has a complex combustion process, so it usually produces a
relatively high level of UBHC emissions. UBHC emissions occur because
of incomplete combustion, which happens in the low temperature or
rich-mix regions of the cylinder. Overall, diesel’s high energy density
and fast auto-ignition characteristics favour efficient combustion, but
UBHC emissions can still occur because of fuel quenching near the cyl-
inder walls and in crevice regions.

Diesel itself can serve as a reference point when drawing compari-
sons of the amount of UBHC with that in other fuel blends. Usually,
adding 20 percent biodiesel from algae in diesel fuel will cause reduced
UBHC emissions. Biodiesel contains oxygen in it which helps in its
burning up efficiently because of this oxygen that aids in the oxidation
process thereby less UBHC in emitted. When diesel mixes up with bio-
diesel of the algae, combustion goes easy with relatively fewer rich mix
regions, hence UBHC in being emitted is reduced. More importantly, the
lower ignition delay of biodiesel leads to lesser UBHC emissions with
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fuel burns that are faster and closer to complete. Fuel characteristics:
D100 fuel presented with stated UBHC emission at 44 ppm and in
D80B20 resulted in 46 ppm.

The addition of 2 LPM of hydrogen to the diesel-biodiesel blend
further variates the emissions of UBHC. Hydrogen possesses high flame
speed characteristics and low ignition energy, which enhance combus-
tion by ensuring the minimum areas of incomplete combustion with low
UBHC formation. The presence of hydrogen ensures faster and, there-
fore, more uniformly burning; consequently, a significant reduction of
UBHC as very little fuel remains oxidized within the combustion
chamber. The value of D80B202LPM, D80B204LPM, and D80B206LPM
fuel was 54, 51, and 55 ppm, respectively. At this hydrogen level, UBHC
emissions are almost entirely mitigated, but optimized injection timing
and mixture control are essential to prevent unwanted side effects, such
as knock or thermal stress. It can also be noted from the UBHC emission
that the wet-stacking is negligible due the presence of hydrogen which
enhances complete combustion avoiding unburned hydrocarbon and
polycyclic aromatic hydrocarbon. This may be the reason for the
negligible concept of wetstacking [32] in the studied diesel engine
avoiding engine failure.

Carbon Monoxide

CO is a valuable indicator of the efficiency in combustion as well as
the degree of fuel oxidation. Generally, CO is formed in regions where
fuel combustion is incomplete, mainly caused by insufficient oxygen or
poor fuel-air mixing. The three different fuels used: 100 % diesel, diesel
and algae biodiesel, and the blend with different hydrogen flow rates
also impact CO emissions because of differences in combustion charac-
teristics and oxidation potential (Fig. 13). Diesel fuel generally produces
a moderate level of CO emissions due to the high carbon content in its
long-chain hydrocarbon molecules. Diesel combustion relies heavily on
high pressures and temperatures for complete oxidation; however, re-
gions within the combustion chamber that experience fuel-rich or low-
temperature conditions can still lead to CO formation. Diesel-only
combustion establishes a baseline CO emission level for comparison
with alternative fuel blends. 20 % algae biodiesel addition into diesel
fuel typically reduces CO emissions. Biodiesel’s inherent oxygen content
aids in promoting more complete combustion, as the additional oxygen
reduces the likelihood of CO formation by facilitating a more complete
oxidation of carbon to CO2. The smoother combustion and better fuel-air
mixing associated with biodiesel help minimize fuel-rich zones,
contributing to lower CO emissions compared to diesel alone. D100
details 0.11 % and 20 % algal biodiesel detailed 0.125 % CO emission.

Adding hydrogen to the diesel-biodiesel blend further exhibits low
ignition energy with increased the flame speed, thereby enhances the
combustion efficiency, varying CO emissions. Due to faster combustion
the CO emission is little higher since it might not have had time to
combust fully which details 0.25, 0.225 and 0.313 % at 2, 4 and 6 LPM
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respectively

Carbon Dioxide

CO-, Emissions in a single-cylinder, gives the extent of fuel oxidation
and combustion efficiency. Again, unlike Carbon monoxide, CO, emis-
sion is from complete combustion wherein the carbon in the fuel is
completely oxidized. Comparing the CO2 emissions of types of fuel in
this study pure diesel, diesel and algae biodiesel, and this mixture with
increased hydrogen flow rates may give some insight into the efficiency
and environmental benefits of these fuel mixtures. Diesel combustion
produces fairly high amounts of CO, emissions because the fuel contains
more carbon and has a higher amount of energy density. Diesel com-
bustion tends to be one with complete oxidation, so CO becomes a
major product of combustion. However, the amount of CO, is propor-
tional to the carbon content in the fuel, so 100 % diesel provides a
comparison amount of CO; emissions that truly reflects its high carbon
content. The 20 % algae biodiesel increases COz emissions marginally
from that of pure diesel due to the lower carbon content of biodiesel (Fig
14). Algae biodiesel is oxygen-rich, which helps in efficient combustion,
thereby possibly improving combustion efficiency and has a moderate
change in CO: emissions. At full load conditions the CO, emission was
noted to be 8.85 %, 9.27 % for straight diesel and diesel-algal biodiesel
blend respectively. The addition of 2 LPM hydrogen to the diesel-
biodiesel blend decreases CO: emissions per unit of fuel burned.
Hydrogen as a carbon-free fuel contributes its energy without contrib-
uting to CO: formation, and thus the rate of CO2 emission per unit of
total energy produced is decreased.

This mixture is known to result in a complete combustion because of
the high reactivity of hydrogen which means it results in good oxidation
and possibly reduces CO:z emission more as it produces energy without
adding carbon content, and in detail, the emission value was mentioned
to be 8.83 %, while for 4 LPM and 6 LPM, it was noted to be 8.54 and
8.88 % respectively. Hence, the inclusion of hydrogen in diesel-biodiesel
blends is promising to reduce the generation of CO2 without losing ef-
ficiency in the combustion process but should be dealt with to measure
NOx emissions and thermal impact at hydrogen levels.

4.5. Oxides of Nitrogen

One of the most significant environmental concerns with respect to
NOy emissions from diesel engines is that NOx has known effects of air
pollution and related harmful health conditions in humans. It forms
mainly under high temperature combustion conditions when nitrogen
and oxygen react inside the cylinder. A comparison of NOy emission is
then conducted for the five different fuels-including straight diesel,
diesel with algae biodiesel, and this fuelled blend but now with
hydrogen additions-to illustrate how fuel composition and hydrogen

I I I T I |
—8— Straight Diesel I I |
o H - =0 - Du SaBD20 —_—— ) — ]
---A---Du SaBD20 +2LPM H: I I [
=X - Du SaBD20 +4LPM H:
— ¥ — Du SaBD20 + 6LPM Hz

CO, (in %)

|
|
|
|
|
2 2.5 3 35

BMEP (Bad)

Fig. 14. Variation in CO,.



H. Vetal

addition modify NOy levels in the engine experimented. NOy production,
in general from diesel combustion tends to be high. It is a high-
temperature combustion with fast energy release. This usually makes
the efficient diesel engine run at temperatures above the threshold
where significant NOy forms. Combustion in straight Diesel sets the
baseline of NOy that can largely be attributed to the premixed com-
bustion phase of intense heat release, which encourages the primary
mechanism of thermal NOy formation. Adding 20 % algae biodiesel to
diesel fuel tends to reduce NOx emissions by a few percent compared to
pure diesel. Biodiesel contains oxygen, which makes combustion more
complete and less sooty. Combustion temperatures are not appreciably
increased, however.

The oxygen content in algae biodiesel is responsible for more com-
plete combustion at a slightly lower temperature, which will only
slightly moderate NOy emissions. However, for NOx, the effect of bio-
diesel is varied and is dependent upon certain combustion conditions
wherein higher oxygen levels can sometimes lead to higher local tem-
perature increases. Straight Diesel presented the value of NOy emission
as 1744 ppm while diesel-algal biodiesel blend presented the value as
1762 ppm at high load. When hydrogen is added at 2 LPM, 4 LPM and 6
LPM to the diesel-biodiesel blend normally NOy emissions are increased
to a small percentage (Fig. 15). The flame speed of hydrogen is higher,
and the combustion tends to be faster and more complete, that may raise
peak temperatures, and the increase in peak temperature increases the
formation of NOy because hydrogen-enriched combustion tends to
favour thermal NOy formation, and it was observed to be 1765, 1795,
and 1690 ppm respectively [25].

Smoke

Incomplete combustion is the main source of the smoke emissions,
wherein fuel does not completely form particulate matter due to
incomplete oxidation. The study consists of values for smoke emissions
for various types of fuels: 100 % diesel, and diesel with algae biodiesel
for different flow rates for hydrogen addition, revealing how the
composition of the fuel and hydrogen impacts on smoke (Fig. 16). Diesel
fuel tends to produce relatively high smoke emissions owing to its
complex hydrocarbon structure, high aromatic content, and tendency to
form soot in fuel-rich regions. In diesel-only combustion, particularly
with heavy loads, there is a likelihood of local fuel-rich pockets due to
inadequate air-fuel mixing, which gives rise to considerable smoke
emissions. The carbon content in diesel fuel is also high, as is the com-
bustion duration, which all contribute to this baseline level of smoke
emissions. Algae biodiesel added to diesel fuel generally reduces smoke
emissions. Due to the presence of oxygen, it improves combustion effi-
ciency and therefore reduces the formation of soot through the complete
oxidation of hydrocarbons. The diesel-biodiesel blend results in more
significant combustion with the formation of relatively fewer
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particulates compared with pure diesel. This oxygenation effect com-
bined with the generally lower aromatic contents of biodiesels helps
decrease levels of smoke and maintain combustion efficiency. It was
clear from the obtained results that straight diesel denoted 61.3 and
diesel-algal biodiesel blend detailed the value as 48.9 %. Inclusion of
hydrogen in the blend of diesel-biodiesel further reduces smoke emis-
sion. Hydrogen has a high diffusivity along with clean-burning proper-
ties; it does not form soot because hydrogen contains no carbon and does
not participate directly in particulate formation.

The hydrogen addition improves the homogeneity of the air-fuel
mixture with a fuller burn, which actually reduces smoke formation.
Smoke emissions are significantly reduced at this level compared to the
baseline diesel-biodiesel blend. The value for 2 LPM, 4 LPM and 6 LPM
were represented as 52.6 %, 44.7 % and 58.2 % respectively. The highest
smoke reduction is observed with the higher hydrogen flow rates, pri-
marily at 4 and 6 LPM, due to the non-sooting nature and the homo-
geneous combustion environment that hydrogen facilitates. Diesel-
biodiesel-hydrogen blends therefore have good response for the
achievement of high levels of smoke reduction in diesel engines, except
that additional control strategies might be required at the higher
hydrogen levels to mitigate NOx emission.

The overall scenario of the Combustion and emission outcomes when
the CI engine fuelled with Diesel and Blends of Dunaliella salina biodiesel
along with Hydrogen supplemtation is outlined in the Table 5 below.

4.6. Cost analysis

The cost analysis has been conducted in two ways, primarily on
deriving the alga biodiesel and secondly on the engine operating effi-
cacy. The various materials involved in the producing the Dunaliella
salina biodiesel are f/2 nutrient solution, cultivation chamber, algal
stain, nitrogen and carbon-di-oxide gas in a controlled illuminated
environment. After the growth phase, the harvested algal biomass was
subjected to ultrasonic bio-oil extraction process were 650 ml of Duna-
liella salina bio-oil was extracted. NaOH and methanol solvents were
used in esterifying the derived bio-oil which was later recovered and
subjected to repetitive trials. Cohesively, 125/100 ml of production cost
was incurred to derive the Dunaliella salina biodiesel. Secondly, the
operation cost was evaluated using the Brake Specific Fuel Consumption
(BSFCQ) of the test engine and operational time duration as shown in Eq.
(2)

C, = BSFCx t,Xp; ©))

Where C, is the operational cost, t;, is the operation time duration
and pr is the total fuel cost
Considering, the diesel fuel, Dunaliella salina biodiesel blends along
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Table 5
Engine performance — Combustion and emission — A snap-shot.
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Fuel blends Combustion parameters

Emission parameters

In-cylinder pressure (bar) HRR (J/°CAD) CHR (J) UBHC (ppm) CO (%) NOx (ppm) CO2 (%) Smoke ( %)
Straight diesel 46.43 19.94 0.6139 44 0.11 1744 8.85 61.3
DuSaBD20 47.03 20.89 0.6487 46 0.125 1762 9.27 48.9
DuSaBD20+2LPM H, 47.68 20.47 0.6382 54 0.25 1765 8.83 52.6
DuSaBD20+4LPM H, 46.78 19.83 0.6412 51 0.225 1795 8.54 44.7
DuSaBD20+6LPM H, 47.01 20.39 0.6382 55 0.313 1690 8.88 58.2

with Hydrogen supplementation at 2 LPM, 4 LPM and 6 LPM from the
established period of 12 months, the operational cost was found to be
escalated marginally during the no load and low load operation during
which larger quantity of fuel was consumed which then reduced
considerably on 3/4th load and full load operations. The maximum cost
incurred was 36589/kWhr, 36672/kWhr, 37071/kWhr, X7189/kWhr
and X7103/kWhr for Straight diesel, DuSaBD20, DuSaBD20-+H,2LPM,
DuSaBD20-+H24LPM, DuSaBD20-+H26LPM test fuel respectively.

On an overview, blending DuSaBD upto 20 % by volume with
straight diesel increased the fuel cost by 3.42 %, whereas the supple-
menting H2 at 2LPM, 4LPM and 6LPM with diesel-biodiesel blends
marginally reduced the total fuel cost by upto 1.433 % on comparing
with straight diesel and DuSaBD20 test fuel.

5. Conclusion

This study demonstrated the potential of Dunaliella salina microalgae
as a sustainable feedstock for biodiesel production, achieving a con-
version efficiency of 93.99 % through an optimized single-stage trans-
esterification process. Advanced analytical techniques, including FTIR
and NMR, confirmed the successful conversion of bio-oil into fatty acid
methyl esters (FAME). The comparative combustion and emission
analysis of diesel, algae biodiesel, and hydrogen-enriched blends in a
single-cylinder diesel engine provided valuable insights into their
performance.

The results revealed that while diesel fuel exhibited the highest in-
cylinder pressure and rapid combustion due to its high energy density,
it also generated substantial NOx emissions. Algae biodiesel improved
combustion stability and significantly reduced emissions of unburned
hydrocarbons (UBHC), carbon monoxide (CO), and smoke, though NOx
emissions saw a modest increase. The introduction of hydrogen further
enhanced combustion characteristics, increasing the rate of pressure rise
and heat release while minimizing smoke emissions due to more com-
plete combustion. However, the rise in combustion temperatures led to a
slight increase in NOx emissions.

Overall, the diesel-algae biodiesel-hydrogen blends offer a promising
solution for improving combustion efficiency and reducing harmful
emissions, particularly CO and smoke, making them a viable alternative
for greener diesel engine operation. The slight increase in NOx emissions
with hydrogen addition can be addressed through further optimization
of hydrogen flow rates and the integration of after-treatment
technologies.

The hybrid biodiesel-hydrogen fuel blend is more fuel flexible,
improving energy security in comparison with pure hydrogen and pure
biodiesel. The blend is more fuel-efficient in burning, emitting lower
levels of CO, HC, and particulate matter than pure biodiesel. The blend,
however, emits more NOx due to enhanced burning temperature. The
requirements for hydrogen storage and infrastructure make it complex
and costly. Engine adjustments may be necessary if we consider higher
flow rates, which makes it difficult to deploy.

The main results in this study may be attributed as High Biodiesel
Yield: Microalgae Dunaliella salina achieved 94 % bio-oil extraction ef-
ficiency and 93.99 % biodiesel conversion via a base-catalyzed trans-
esterification process. This renders it an attractive high-yield,
sustainable biofuel source. Emission Reductions: Algae biodiesel reduced
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CO, UBHC, and smoke emissions, rendering it a cleaner fuel compared to
diesel. Nevertheless, there was a slight increase in NOx emissions
because of increased combustion temperatures. Combustion Character-
istics: In-cylinder pressure was greater and combustion was faster in the
case of diesel, while algae biodiesel enhanced combustion quality and
decreased emissions. The addition of hydrogen improved efficiency and
reduced smoke emissions but increased NOx marginally.

It can be noted that few recommendations shall be taken up as the
gap to be worked towards this concept such as Optimization of NOx
Emissions Control, Large-Scale Cultivation and Feasibility in Commerce,
Long-Term Engine Performance and Wear Analysis, Fuel Blend Opti-
mization and Stability Investigations, Integration with Renewable En-
ergy Systems.

This study underscores the potential of biodiesel-hydrogen blends as
a cleaner, more sustainable option for transportation, paving the way for
future innovations in fuel and combustion systems.
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