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Highlights:

e Biogas as an environmentally
friendly and cost-effective
alternative for dual-fuel diesel
engines was studied.

e Biogas reduces NOx and CO;
emissions,  slightly  decreases
efficiency, but increases fuel
consumption (BSFC).

® Biogas is promising for dual-fuel
diesel engines.

Abstract

Environmental pollution and the gradual depletion of fossil fuels have recently shifted the focus to
alternate fuels. Hence, more diversified research on alternate fuels is necessary to deal with the
global energy crisis. Biogas extracted from biomass is an excellent alternative to fossil fuels due to
its low cost and good mixing ability. It is mainly generated by anaerobic digestion of organic waste
products in a digester tank. The present paper investigates the performance and emission
characteristics of diesel engine in dual fuel mode with biogas as main fuel and diesel as pilot fuel
without any engine modification. The main aspect of the paper is to critically study the effect of
supplementation of biogas on diesel engine efficiency and emission level of important constituent
gases such as CO; and NOy. Our findings demonstrate that the essential performance result of
engine, such as Brake Thermal Efficiency (BTE) and Mechanical Efficiency for the biogas-air mixture
of 20% (DB20), was slightly decreased. At the same time, there was a reduction in brake-specific
fuel consumption (BSFC) compared to pure diesel. Furthermore, the exhaust emission of NOy and
CO;, was lowered when the engine was operated in dual fuel induction mode. The results of engine
performance were found to be better than the results of other researchers for engines of same
specifications and operating conditions. Hence, biogas serves as a viable alternative fuel and
contributes to cleaner combustion, offering a promising solution for reducing the environmental
impact of diesel engines. The study provides critical insights into optimizing dual fuel systems for
enhanced performance and sustainability.

Keywords: Kitchen wastes; Biogas; Performance; Dual fuel mode

1.Introduction

Rapid industrialization and growth in population have increased the consumption of energy
worldwide and in that regard, India stands third largest energy consumer worldwide [1]. Thereis a
growing demand for energy and the services associated with it to meet the requirements of human
social and economic development, welfare, and health. Due to increasing liquid fuel consumption,
depleting resources, and heavy pollutant loads from burning traditional fossil fuels, the world must
focus on developing reliable alternatives [2]—[4]. Energy harvesting policy from conventional
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sources in the current scenario has become unsustainable to meet the rising energy demand from
either domestic or industrial purposes and forecast higher energy demand due to socio-economic
development by 2050.

Due to the rapid consumption of conventional resources of energy, the world has been
triggered to find an alternative and clean energy source. Moreover, the extensive use of
petroleum-based fuels causes air pollution which is becoming a major environmental concern in
recent times [5]. Alternative renewable sources include hydro energy [6], solar energy [7]-[10],
wind energy [11], and biofuel [12]-[14]. A significant study on alternative fuels for engines has
been reported in different works, but fossil fuels have yet to be replaced [15]. This is due to a lack
of comprehensive research output that may ensure improved engine performance and a reduction
in emissions [16]. Emerging techniques and research policies of institutions towards waste to-
wealth drive, Municipal solid wastes (MSW) have been regarded as a promising biodegradable
biomass that can be converted into a potential volume of biogas, and the residues left may be used
for compost preparation other than landfilling [17]-[19]. Waste Biomass in the form of Kitchen
waste undergoes a bacterial digestion process in the absence of oxygen and produces the potential
volume of biogas recovery efficiently. Therefore, the anaerobic digestion of kitchen wastes into
biogas can be suitably utilized as a potential green alternative fuel [20], [21]. Das and Panda [22]
were able to produce biogas from kitchen waste with a high methane content of 68%. Biofuels
derived from waste biomass are regarded as a better alternative fuel to petroleum fuels. Apart
from others, biogas derived from waste biomass has a significant contribution towards renewable
sources of energy. Biogas is also regarded as a clean and green energy source due to its low content
of pollutants and high drivability.

Furthermore, due to the high diffusion rate of biogas with air and high flammability, biogas
can be used as an alternative non-fossil fuel for IC engines [23]—[25]. Prabhu et al. [26]
experimentally investigated the performance and emission analysis of diesel engines using a
preheated mixture of biogas and air. The engine performance was reported to be enhanced with
the use of preheated biogas. However, the operation and maintenance cost of the system
increases with the inclusion of a heat exchanger used for preheating biogas. The case study carried
out by Himsar Ambarita [27] reveals that output power increases with the use of biogas in dual-
fuel mode in the diesel engine. Bouguessa et al. [28] experimentally studied the performance of
diesel engines using a mixture of hydrogen and biogas up to 80% engine load. However, they did
not investigate all engine performance parameters. So, biogas as an alternative fuel is suggested
as a promising alternative for its coherence towards clean and green energy sources. It can be
added with diesel in an appropriate proportion in dual fuel injection mode to balance engine
performance and emission. Prabhu et al. [29] ptimized the performance and emission parameters
of diesel engines by using an artificial neural network (ANN) model.

In the present work, an attempt is made to investigate important performance parameters
of diesel engines such as brake power, brake-specific fuel consumption, brake thermal efficiency,
and mechanical efficiency in dual fuel mode. The performance and emission characteristics are
obtained without any engine modifications. The findings are expected to provide the required
knowledge to create an alternate strategy to improve biogas use. In the subsequent sections, this
paper will delve into several key aspects. Section 2 outlines the composition, properties of biogas,
and specifications of the engine. Section 3 describes the methodology employed in this study,
detailing the experimental procedure and measurement of engine parameters. Section 4 analyzes
the findings, offering insights into the observed trends. Finally, Section 5 concludes with a
discussion of the implications of these findings and suggests a scope for future research.

2.Materials

2.1. Composition of Biogas

Biogas comprises potential amounts of methane (CH,), carbon dioxide (CO,), hydrogen
sulphide (H,S,) and amounts of moisture (Table 1). Methane contributes a lot to Global Warming
Potential (GWP). Therefore, the gases like methane, carbon monoxide (CO), and hydrogen sulphide
(H2S) need to be combusted properly in the presence of oxygen (O;) to reduce the level of
emissions [30]. Biogas collected from an anaerobic digestion process can be used as an alternative
fuel for heating, domestic cooking, transportation oil, and electrification purposes [31]. Pure biogas
termed biomethane can also compete with other bio-oil as well as fossil fuels.
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Table 1. Constituent Gas % Volume
Various components Methane (CH4) 60— 70
of biogas Carbon Dioxide (COy) 20-30
Hydrogen (H,) 5-10
Nitrogen (N,) 1-2
Water Vapour (H,0) 0.3
Hydrogen Sulphide (H,S) Traces
Constituent gas % Volume

2.2. Fuel Properties

In the current context of clean and sustainable fuel, biomethane can be upgraded in both
quality and quantity to meet the domestic, agricultural, and power sector requirements (Table 2).
However, more emphasis has been placed on scaling up biogas as a contender for fossil fuels [32],
[33]. Biogas is a reliable fuel for IC engines due to its non-reactive characteristics [34]. Therefore,
in this paper, we have attempted to investigate the performance and emission characteristics of
diesel engines without any engine modification.

Table 2. Parameters Biogas Diesel
Fuel properties of  Lower Calorific Value (MJ/kg) 24.52 42.5
biogas  gpecific gravity @ 15 °C 0.001 0.832
Maximum ignition velocity (m/s) 0.25 -
Cetane number - 51
Flame temperature, °C 870 2055
Stoichiometric A/F ratio 15.75 15
Self ignition temperature, °C 550 355
Viscosity @ 40 °C - 3.32

3. Experimental Procedure

The experiment was conducted using a single-cylinder, 4-stroke diesel engine with provision
to operate in dual fuel mode. The biogas used in the test has been produced in a floating drum-
type digester of 1 cubic meter capacity. The gas production unit is associated with a purification
unit to remove the moisture and carbon dioxide presentin the raw gas. The experiment was carried
out with the modified 4-stroke diesel fuel engine with a single cylinder 5.2 KW with a maximum
engine speed of 1500 rpm, water-cooled engine as illustrated in Figure 1 and specifications listed in
Table 3. The actual experimental set up has been displayed in Figure 2. Provision has been made for
mixing biogas and air within a chamber that supplies the mixture to the intake manifold of the
engine utilizing a T-joint. During the Suction stroke, air-mixed biogas is inducted into the cylinder.
The quantity of the mixture of biogas and air can be controlled by a set of valves under different
loading conditions. During the dual fuel operation mode of diesel engines, biogas serves as primary
fuel whereas diesel is used as pilot fuel. The primary benefit of utilizing this method is that it allows
for the delivery of biogas to the engine following compression when a certain quantity of diesel is
used as pilot fuel. Initial conditions for starting the engine included idling and a period during which
there was no load on the engine. All of the mechanical supports and arrangements were made
available to achieve more accurate measurements. The engine was made to run under this
condition for a specific time and then with different loads. Readings were recorded for each loading
condition of the engine.

Table 3. Description Specification
Engine specifications Make Kirloskar
Engine 4 stroke Single cylinder
Brake power 5.2 KW
Method of Cooling Water cooling
Stroke length 110 mm
Bore 87.5 mm
Rated Engine Speed 1500 RPM
Compression ratio 16:1
Type of Ignition Compression Ignition
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The brake power of the engine is defined as the actual power available at the crankshaft that
is calculated by Eq. (1).
BP = 2nNt X 0.75 kW (1)
B 4500
then,
1= (W, —W,) XR, (2)
D+d
o= @)

where, W, = Spring balance reading in kg; Re = Effective radius of brake drum rope in m; D =
Diameter of brake drum in m; d= Rope diameter in m; N= Engine speed in rpm.

Brake Specific Fuel Consumption (BFSC) is then calculated using Eq. (4), where X, is the
volume of fuel consumed in T second. Finally, Brake Thermal Efficiency (BTE) is formulated by Eq.

(5).

BSFC = Mass of fuel consumptlon X, X Specific gravity of fuel x 3600 4
- brake power BP X Ts,. X 1000 (4)

BP x 3600

Moen = massof fuelconsumed X calorificvalue * 100 ()
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Figure 3.

Effect of load on brake
power at a constant
engine speed of 1500
rom

Figure 4.

Effect of load on BSFC
at a constant engine
speed of 1500 rpm

Figure 5.

Effect of load on brake
thermal efficiency at a
constant engine speed
of 1500 rpm
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4. Results and Discussion

The engine performance and emission investigation are carried out for two different blends
of biogas in dual fuel mode and pure diesel with the help of the same engine. The experiments
were repeated three times, and the mean value was taken for all performance and emission
parameters. The blends of biogas and diesel contain a maximum of 20% biogas. This is due to the
reason that 20% mixture shows better performance and beyond that the Brake Thermal Efficiency
(BTE) declines. Brake Specific Fuel Consumption (BSFC) also increases beyond 20% due to the lower
calorific value of biogas as compared to diesel.

4.1. Brake Power

3.0 Figure 3 shows the effect of engine load
on the brake power of an engine. As the
engine load increases, brake power for all
cases increases. Due to diesel's higher
Calorific Value (CV) than biogas, the brake
power of an identical engine running on
diesel is greater than that of an engine
running on biogas. In addition, a delay in
ignition increases the temperature in the
combustion chamber, leading to increased
engine speed. The brake engine power
40 50 60 70 80 90 100 decreases with the increase of biogas mixed

load (%) with diesel due to lower energy contents in
the fuel mixture. It is also observed that conventional diesel fuel compared with diesel and biogas
mixture has higher brake engine power. Compared to natural gas or methane, the diluted CO2 in
biogas decreases the volumetric heating value of the fuel, which in turn results in a reduction in
brake power output and an increase in brake-specific fuel consumption.

4.2. Brake Specific Fuel

25

2.0

Brake power

0.5

0.8 4

— Diesel Consumption (BSFC)
—e—DB10
0.7 1 —4—DB20 The effect of engine load variation on
BSFC is displayed in Figure 4. The amount of
064 fuel consumed, and engine brake power

affect the BSFC. In comparison to pure
S — conventional diesel, the BSFC decreases as
the proportion of diesel in the combustion of
diesel and biogas grows. At high load
041 conditions, the brake thermal efficiency is
decreased, leading to decreased BSFC. The
variation of BSFC with load is obtained for
Diesel 10 DB, Diesel 20 DB and diesel at a
constant engine speed of 1500 rpm. With the
increase in engine load, BSFC decreases for
all fuel blends. However, there is not much
decrease in BSFC after a load of 60 %. Since
fuel consumption is more than diesel, there
will  be reducing atomization and
vaporization resulting in an increase in BSFC
and decrease in BTE.

T
20 40 60 80 100
Load (%)

64 -

I3
>
1

N
3
1

©w
N
1

4.3. Brake Thermal Efficiency

Brake Thermal efficiency (%)
8
1

(BTE)
24 4
The BTE decreases as the load on the
1 . . . . engine increases as seen in Figure 5. This may
2 40 ) ZO(/) & 100 be due to the lower energy content of biogas,
oad (%

which is attributed to higher BSFC and lower
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Table 4.
Comparison of BTE and
BSFC

Figure 6.

Effect of load on
mechanical efficiency
at a constant engine
speed of 1500 rpm

Figure 7.

Effect of load on CO,
at a constant engine
speed of 1500 rpm

Figure 8.

Effect of load on NOx
at a constant engine
speed of 1500 rpm
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CV. Figure 5 shows the variation of BTE at different loads. At full load conditions, BTE decreases by
12% with 20 DB and 16 % with 10 DB than diesel. This decrease in BTE is due to the poor
combustion characteristics and volatility of diesel-biogas fuel in dual fuel mode as compared to
diesel. A comparison of BTE and BSFC obtained in the present experimental investigation with the
results of other researchers [35],[36], as presented in Table 4. It is observed that the BTE increases
in the present experimentation for the engine of same specification considering 50% load on
engine. However, there is little increase in BSFC compared to other research work.

Jagadish and Gumtapure Leykun and Mekonen Results of present

Parameters [33] [35] work
BTE (%) 28 25 35
BSFC (Kg/KWhr) 0.5 0.36 0.56

4.4. Mechanical Efficiency

48

Mechanical efficiency explains the
effective conversion of input heat energy into
work output. For an internal combustion
engine, it is the ratio between the brake
power and indicated power. Figure 6 shows
that the mechanical efficiency of both fuels
increases with anincrease in engine load. The
figure also explains that mechanical
efficiency increases lower in dual-mode fuel
mixtures than in pure diesel. As the load
increases, more fuel is consumed, increasing
efficiency.

N
S}
1

Mechanical efficiency (%)

100
Load (%)

4.5. Carbon Dioxide (CO,)

Emission

3.5

3.0
Figure 7 shows the emission of CO,

which is affected strongly by the loading of
the engine. It is explained from the figure
that, at 60% loads and 1500 rpm, the
emission of CO, for both biogas diesel and
pure diesel remains the same. When the load
increases, the concentration of CO, also
increases in both fuels. Since pure diesel fuel
has higher CV, it produces higher CO, after
burning even though biogas contains CO; as
one of the constituent gases. The result also

100
load (%)

shows the potential contribution of reducing

Global Warming Potential (GWP) by
converting methane gas into carbon dioxide.

200

4.6. Oxides of Nitrogen (NOy)
Emission

160

120

NOx (ppm)

Figure 8 shows that as the load increases,
NOx concentration in exhaust emissions rises
for both diesel and dual-fuel (biogas and
diesel) modes. This is due to the higher
combustion temperature at higher load and
engine speed. In dual-fuel mode, the fuel
mixture contains biogas, and the significant

80+

40 4

T
20 40 60 80 100

load (%)

amount of CO; in biogas absorbs heat during combustion, raising the combustion temperature. As
a result, NOx emissions increase at higher loads. However, NOx emissions in dual-fuel mode are
lower than in diesel-only mode.
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5.Conclusion

In this study, the performance and emission test of a single-cylinder 4-stroke diesel engine
using biogas—diesel dual mode fuel injection in various proportions under different load and engine
speed conditions has been carried out. Performance and emission of the engine have been
investigated followed by the conclusion listed below.

e Engine efficiencies increase by using biogas and diesel blends of 20% than lower blends in
dual fuel mode.

e Consumption of diesel at various load and rpm conditions is reported as 40% saving

e by using biogas. However, 20% of biogas with diesel shows better results.

e BSFCincreases by increase of biogas concentration with diesel as compared to pure diesel.

e There is a reduction in emission levels by using biogas as a fuel for engines. The reason for
emission reduction is due to the low calorific value of biogas than diesel. In addition, the
excess amount of CO; content in biogas also helps in reducing the combustion temperature
in the mixture of biogas-diesel.

e NOx is reduced as the concentration of biogas increases in the fuel as compared to pure
diesel.

e Brake power is found to decrease with an excess biogas supply in the fuel as compared to
pure diesel. This is because of lower calorific value and moisture content in biogas which
affect adversely combustion.

e BTE in the present investigation is improved compared to the results of other researchers for
engines of the same specifications and operating conditions. At the same time, there is a slight
increase in BSFC.

In the present work, the biogas used as fuel for diesel engines could not be purified due to
lack of purification facilities. The purification of biogas enhances the methane gas percentage,
resulting in improved engine performance and reduced emissions of gases. It can be considered
future work for this present investigation. Further research can also be conducted using a
preheated mixture of air-biogas in diesel engines to conduct performance analysis.
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