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Abstract: Sustainability of energy supply has become a prime concern for energy producers and
consumers alike. There is heightened awareness in the global community about the decreasing supply
of conventional fossil fuels along with increasing fuel and energy demand and the consequent rise
in unit energy cost. In addition to the sustainability aspect, the environmental impact of emissions
from fossil fuel combustion is the focus of global targets for emissions reduction. In this context,
the research and application of sustainable and non-polluting fuels become significant. Internal
combustion (IC) engines are part of a significant energy-consuming sector, and the application of
sustainable and non-polluting fuels within IC engines would be impactful. Biogas and hydrogen are
viewed as sustainable and non-polluting alternatives to conventional fossil fuels. However, either
of these used individually offer certain disadvantages. Experimental results and analysis of the
performance and emissions characteristics of an IC engine fueled with biogas blended with 5, 10,
and 15% hydrogen volume fractions are studied. An increase in hydrogen content increases the
engine’s performance and power and reduces carbon monoxide (CO) and total hydrocarbons (THCs).
However, nitrogen oxides (NOx) are found to increase due to higher combustion temperatures
attributed to hydrogen. A 17.5% increase in brake power is observed for 15% hydrogen-enriched
biogas, compared to plain biogas, at an equivalence ratio of 0.6. Similarly, a 17% increase in BTE,
a 50% decrease in CO, a 68% decrease in UHC, but a 71% increase in NOx are observed for 15%
hydrogen-enriched biogas.

Keywords: sustainable energy; biogas; hydrogen; IC engine; emissions; injection timing

1. Introduction

Internal combustion (IC) engines powered with fossil fuels are still the main driving
force for automotive traction and power generation applications in spite of many draw-
backs associated with their prolonged usage [1]. The conventional engines consume huge
amounts of petroleum-based fossil fuels, such as gasoline and diesel. The tailpipe emissions
from the engines include oxides of nitrogen (NOx), particulates, unburnt hydrocarbons
(UHCs), carbon monoxide, carbon dioxide, and oxygen. Furthermore, the depleting re-
serves of crude oil associated with their high cost of operation in the engines and emission
issues have necessitated the search for clean-burning renewable and alternative gaseous
and liquid pilot fuels [2,3]. Automobile makers in general and the engine community, in
particular, all around the world aim to develop engines with cleaner combustion, opti-
mized performance with lower emissions by using renewable fuels in the IC engine [4].

Energies 2023, 16, 4349. https://doi.org/10.3390/en16114349 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16114349
https://doi.org/10.3390/en16114349
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-9570-7751
https://orcid.org/0000-0002-1280-6234
https://orcid.org/0000-0002-9242-7591
https://doi.org/10.3390/en16114349
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16114349?type=check_update&version=1


Energies 2023, 16, 4349 2 of 13

Alternative engines/technologies would not be replacing the IC engine in the near future.
Battery-powered vehicles are not yet commercially feasible and would need substantial
advances in battery/energy storage technologies [1]. Therefore, the IC engine would be the
most prominent energy conversion device in the foreseeable future.

As a consequence of this, alternative fuels research for IC engines is a hot topic. Fuels
derived from biomass are sustainable and offer enhanced or equivalent properties com-
pared to contemporary fuels [5]. Various investigations with alternate fuels in IC engines
have studied the combustion and emission characteristics. A wide range of alternative
fuels, such as alcohols [6,7], dimethyl ether (DME) [8], hydrogen [9,10], biogas [11], and
biofuels [12,13], in IC engines have been researched. In addition to the application of
alternative fuels, nanoparticles have been known to modify fuel properties [14]. The effect
of nanoparticles in combination with biodiesels in IC engines is the subject of contemporary
studies [15–18]. However, only a few among such fuels have been commercially viable,
such as compressed natural gas and hydrogen-blended compressed natural gas [19–21].
Natural gas (NG) in IC engines causes combustion instability, with larger cycle-to-cycle
variations leading to an increase in HC emissions [22]. The addition of hydrogen has
the opposite effect as hydrogen has a shorter burn duration and, therefore, accounts for
lower cyclic variations [23]. IC engines powered with hydrogen enrichment in NG show
improved engine performance with reduced emissions of unburnt hydrocarbons (UBHCs)
and smoke with higher NOx. Higher flame speed, wider flammability limits, and lower
minimum ignition energy (MIE) of hydrogen make it an attractive fuel to be blended in
small proportions to conventional gaseous fuels, such as liquified petroleum gas (LPG),
NG, biogas, and producer gas, to amplify the lean-burning capabilities [24].

The use of renewable gaseous fuels such as biogas, syngas, and producer gas in place
of fossil-derived gases such as NG, LPG, and LNG can effectively address the ill effects of
ICE as mentioned earlier, besides addressing the foreign-exchange burden on oil imports,
and provides the energy sustainability as well. Biogas is easily produced from organic
sources and is a widely recognized sustainable fuel.

Anerobic digestion (AD) which has been in use for a long period in the production
of biogas, waste management, and energy production could be an alternative, but it has
low energy quality and a slow-burning velocity [25]. Engines that are solely powered by
biogas have reduced power output and combustion instabilities due to the presence of
CO2 in the biogas, which is a non-burning component. Hydrogen blended with biogas is
known to improve engine combustion stability [26,27], along with better performance and
reduced hydrocarbons [25,28]. Experiments on SI engines with H2 and biogas improve lean
operation limit [29–32], improve brake thermal efficiency [25,33–36], limit the combustion
time [30,33], and decrease THC and CO [35–40]. An experimental and numerical study
was conducted on an SI gas engine by fueling biogas with 25–30% CO2 [29]. Higher CO2
fraction resulted in lower brake power. The opposite trend was observed with increasing
hydrogen–methane ratio, particularly at very lean mixtures (equivalence ratio, Φ < 0.7).
It is also significant that for certain CO2 fractions, an increase in the hydrogen–methane
ratio resulted in better thermal efficiency along with lower THC and CO. However, minor
increments in NOx were noted at excess air ratio, λ > 1.4. Relevant and updated literature
relating to biogas–H2 studies are mentioned in the following paragraphs.

Biogas- and H2-powered SI engines for electric generation purposes are found to
operate at reasonably good engine efficiencies around 29% [41]. For constant brake power
and RPM and with a 15% hydrogen fraction, maximum peak efficiency, in-cylinder pressure,
and also high NOx emissions were recorded, particularly for lean to very lean conditions
(λ = 1.2 to 2). The addition of hydrogen to biogas can decrease the cyclic variations of
the engine, measured in terms of the coefficient of variation of indicated mean effective
pressure (COVIMEP) [26]. High hydrogen fraction enables quicker heat release due to
quick flame front development in the regime, where 0 to 0.5% of the air–fuel mass fraction
is burnt. In this regime, the flame front development is limited by the chemical kinetics
and not the turbulence intensity or bulk speed. Furthermore, the COVIMEP is shown to
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reduce by means of increasing the ignition advance, so that peak pressure is obtained closer
to the top dead center. Thus, the addition of H2 enables more stable engine operation.
Since biogas has a high cetane number (CN) that reduces the engine knocking for diesel
engines, with a high fraction of biogas, non-conventional fuels can be used to power
diesel engines with minimum modifications [42]. However, knocking is unacceptably
large for wide-open throttle, compared to partially open throttle. Biogas–natural gas fuels
showed better performance compared to propane–H2 fuels. An acceptable knock range
of 0.3–0.5 bar and COVIMEP of 0.04 were adopted. Furthermore, the advantage of using
biogas is that due to its lower laminar flame speed, there is lower turbulence intensity, and
lower knocking, which is opposite to that with propane–hydrogen mixtures. In order to
limit the engine knock with propane–hydrogen mixtures, the power output is reduced,
which is not the case with biogas–natural gas fuels [43]. Spark ignition engines operated
with biogas- and hydrogen-blended fuels can have good efficiencies when they are operated
at wide-open throttle. Lean fuel–air mixture at wide-open throttle (WOT) is stabilized by
hydrogen addition. SI engines are shown to run with efficiencies comparable to diesel
engines under these conditions and have been shown to be operational for the purpose of
public transportation [44,45]. Biogas as a fuel component can be easily extracted from local
sources and provides a local and sustainable energy solution by fueling SI engines powered
by biogas–hydrogen–methane blends. Lower CO and NOx emissions, in particular, are
observed for lean mixtures [46]. For the effect of fuel type on ignition advance, it is shown
that for a hydrogen–biogas mixture, higher hydrogen content results in a slightly lower
ignition advance for attaining maximum IMEP [47,48].

Gasoline combined with biogas results in lower brake thermal efficiency, higher
specific fuel consumption, and higher cyclic variations due to the difficulty in controlling
the fuel mixture composition, and the lower laminar flame speed attributed to biogas,
resulting in delayed combustion. Furthermore, lower NOx and CO emissions, but higher
UHC and CO2 are recorded. Moreover, a compression ratio of 12 at 1400 RPM showed the
best engine performance in terms of engine power and efficiency [49,50]. For the case of
methane–hydrogen mixture powered stationary SI engines, a higher H2 percentage causes
a reduction in COVIMEP and an increase in peak in-cylinder pressure. The best engine
performance is achieved at 20% hydrogen fraction, whereas higher hydrogen fractions
cause larger thermal losses and lower thermal efficiencies [51]. The percentage of methane
in the biogas is variable depending on the source and method of production. This causes
variations in engine performance. Higher methane fraction in biogas results in a leaner
mixture for optimum engine operating conditions. However, 20% hydrogen in the mixture
resulted in the best operating condition at a stoichiometric fuel–air ratio. It was shown
that hydrogen and methane both served to lower the optimum ignition advance; however,
hydrogen was slightly better in this respect [52]. SI engines are susceptible to pumping
losses at part load which can be reduced at wide-open throttle operation, along with lean
fuel–air mixture. However, lean operating conditions are unstable, which can be addressed
by the addition of hydrogen to the fuel. CNG–H2 mixtures were evaluated for SI engines at
lean conditions and WOT. Good thermal efficiencies, lower emissions, due to lean mixtures,
and stable operation due to hydrogen were found [53,54]. In general, for methane-rich fuels,
the operating range extends from stoichiometric (ϕ = 1) to lean (ϕ = 0.5). These mixtures
provided the highest brake torque and mean effective pressures (MEPs). Hydrogen-rich
mixtures with other gases are employed only in the lean operating regime (0.66 >ϕ > 0.5) [55].

Alrazen and Ahmad [50] reviewed hydrogen–CNG (HCNG) mixture fueled SI engines
with a focus on engine performance, combustion, and emissions. It is known that CNG
engines have lower efficiency and higher emissions, along with limited lean regime opera-
tion and reduced combustion and flammability limits. These can be addressed by small
amounts of hydrogen addition. The authors highlighted the fact that combustion in HCNG-
fueled engines is influenced strongly by the equivalence ratio, injection timing, CR, and
engine RPM. Such reviews are, however, scarce for biogas- and hydrogen-fueled SI engines.
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This provides further motivation and scope of research for biogas- and hydrogen-fueled
SI engines.

Keeping in view the limited literature available for SI engines powered by biogas, it is
imperative that the use of biogas within conventional SI engines should be investigated.
Since biogas contains CO2, its performance as compared to pure methane, NG, or CNG
is diminished in terms of thermal efficiency. In addition, the lean operation limit of CO2
would be not so good due to the slow-burning characteristics of biogas as compared
to CNG. CNG-fueled engines have been studied in the literature but the problem with
using CNG alone is that lean-burning conditions with pure CNG are not satisfactory.
Therefore, some investigators have used CNG with hydrogen in their studies. Moreover,
CNG cannot be manufactured locally, as compared to biogas, which can be produced
using local biomass and simple equipment. The investigation by Zhang et al. [29] used a
two-phase anerobic digestion process so that the hydrogen concentration can be enhanced
in the biogas. However, the process does not control the biogas–hydrogen content to a
fine degree.

Another aspect that should be considered for engine performance with the use of alter-
native fuels is the effect of ignition timing on engine performance and emission parameters.
The use of constant ignition timing is important for on-road engines since otherwise, they
need to have expensive modifications with variable ignition timings. Moreover, the effect
of variable ignition timing has been studied in the context of CNG- and hydrogen-blended
fuels, and the effect of variable ignition timing was found to be insignificant [56]. From the
literature survey, it follows that limited work on the hydrogen-enriched bigas for SI engine
application has been investigated. Therefore, the addition of hydrogen from an external
source is considered in the present investigation. The article deals with three different
biogas–hydrogen compositions in a port-fuel-injected SI engine with constant ignition
timing. The objective of the work deals with the effect of three different biogas–hydrogen
compositions on the performance and emission characteristics of a port-fuel-injected SI
engine with constant ignition timing.

2. Materials and Methods

The methodology consists of the experimental setup, instrumentation details (Section 2.1),
and error analysis (Section 2.2).

2.1. Experimental Details

Biogas used in the study was a model biogas mixture consisting of 65% Methane 260
and 35% CO2. Hydrogen was added in 5, 10, and 15% volume fractions as shown in Table 1.
The engine used for the experiment is a 4-stroke, naturally aspirated, unmodified engine.
The details of the engine are given in Table 2. The schematic of the experimental setup is
shown in Figure 1. The engine (1) is connected to an electrical dynamometer (2) which
measures the brake power. Air is supplied to the engine through a flow meter (5) and
air drum (4). The carburetor (3) has inlets from hydrogen tank (13) and biogas tank (9).
(6) and (10) are the biogas and hydrogen flow meters, respectively. The gas analyzers
(19, 20) sample and measure the exhaust (18).

Table 1. Fuel blends of biogas and hydrogen.

Biogas (%) H2 (%) CH4:CO2:H2 Ratio

95 5 61.75:33.25:5
90 10 58.50:31.50:10
85 15 55.25:29.75:15

The flow rates of the gases were controlled by using three critical flow meters. The
load was measured by an electrical dynamometer. The exhaust was measured using a
flame ionization detector for THC, non-dispersive infrared for CO, chemiluminescence
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for NOx, and paramagnetic principle for O2. The emission analyzer details are given in
Table 3.

Table 2. Engine details.

Make Model Maruti Omni Engine

Engine type Four stroke, spark ignition
Engine displacement 834 cubic centimeter

Compression ratio 8
Rated power 19.6 horsepower at 4500 RPM
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Table 3. Instrument range and accuracy.

Dynamometer 0–1.2 kN-m; ±3.6 Nm
Coriolis flow meter 0–240 kg/h; ±0–0.24 kg/h
K-type thermocouple ±0.75%; −200–1250 deg. C
Horiba exhaust analyzer CO: 0.02% (v/v); −0.2% to +0.2% uncertainty

HC: 1 ppm vol. (0–2000 ppm vol.); −1.3% to +1.3% uncertainty
10 ppm vol. (2000–10,000 ppm vol.)
CO2: 0.02% (v/v); −0.2% to +0.2% uncertainty
NO: 1 ppm vol.; −1.3% to +1.3% uncertainty

2.2. Error Analysis

Uncertainty in measurement can arise from various sources. Therefore, an analysis for
uncertainty evaluation is carried out to understand whether the experiments are repeatable.
The root mean square method is employed for the purpose [40] as follows:

eR =

[(
∂ f
∂x1

e1

)2
+

(
∂ f
∂x2

e2

)2
+ · · ·+

(
∂ f
∂xn

en

)2
] 1

2

Accuracy of individual equipment as per manufacturer specifications is considered
in this regard. In the above equation, eR refers to uncertainty in result R, where R is a
function of xi (i = 1, 2, . . . , n). xi are individual measured variables. The value of dependent
variables uncertainty is ±1.8% for brake power. The emissions uncertainties are obtained
from the analyzer specifications as shown in Table 3.
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2.3. Experimental Procedure

The section describes the experimental procedure in more detail. Various biogas
compositions as described in Table 1 were procured from a local contractor. The biogases
with different compositions were stored in separate tanks. Each tank was replaced at
station 9 (Figure 1) when required. Hydrogen gas emanating from the hydrogen tank was
passed through a flow control valve. The gases were mixed and supplied to the engine. The
ignition timing of the engine is kept fixed at 15 deg. before top dead center (BTDC). Initially,
the engine is run for five to ten minutes to stabilize the operation of the engine. The peak
pressure, engine RPM, and engine power values could be obtained by digital signal at the
LabView Data acquisition (DAQ) system. The brake power could be calculated from the
parameters obtained at the LabView program, and the calculation for the brake power
could be displayed on a separate window by making another subprogram module within
the Data acquisition program. The results from the Data acquisition program can be stored
in various formats, including “.csv” formats which are useful for importing in MATLAB
software for further processing and display of the results. Flow rates for the various gas
components, such as biogas, hydrogen, and air, could be measured digitally by the coriolis
flow meters and provided at the DAQ interface. The flow meters could be controlled
digitally via the DAQ interface. In order to set a particular power condition, the particular
gas composition was maintained by simultaneously increasing or decreasing the flow rates
for all the gases at the same time. Meanwhile, the load also had to be increased or decreased
in order to maintain a constant RPM. Moreover, for some conditions, the equivalence ratio
was also needed to be maintained constant. This operation which involved varying several
parameters, while maintaining some parameters as constant, was a tedious and slow
process and was the main difficulty of the experiments. Various measurements acquired by
the DAQ were then stored in suitable formats and then processed for the results.

3. Results and Discussion

As mentioned in the methodology, the experiments were performed with 5% hydrogen
and biogas (5H + BG), 10% hydrogen and biogas (10H + BG), and 15% hydrogen and biogas
(15H + BG). The composition of biogas is 65% CH4 and 35% CO2. The experiments
were performed for maximum brake torque (MBT) ignition timing, and emissions and
performance parameters were measured for varying loads. Figure 2 indicates the brake
power (BP) in kW measured against equivalence ratios (φ) ranging from 0.62 to 1.18. It is
seen that the BP decreases for lower φ (lean mixture) while it increases for rich mixture till
φ = 0.84.

For rich mixtures, the brake power is constant for the three biogas blends, whereas
for the leaner mixtures, the impact of hydrogen addition to the mixtures is distinct. With
the addition of hydrogen, it is seen that the BP increases up to φ = 0.84 beyond which
decreases. Therefore, the addition of hydrogen is beneficial for leaner conditions or high
excess air ratios.

Figure 3 shows the brake thermal efficiency (BTE) variation with the indicated power.
BTE increases with BP till 0.7 kW beyond which it showed decreasing trends. The BTE
is not much affected at a high power condition, whereas it drops quickly at lower power.
However, the higher hydrogen percent blends develop higher thermal efficiency compared
to the lower hydrogen percentages. At low power, it may be noted from Figure 3 that
the mixture is also lean; therefore, the quick burning characteristic of hydrogen is more
beneficial for lean mixtures. At higher power, higher hydrogen percentage results in slightly
lower efficiency. This may be due to the higher heat loss for the case of more hydrogen
fraction offsetting the advantage of higher cylinder temperature due to larger hydrogen
volume fraction. A lower percentage (5%) of hydrogen addition showed higher BTE beyond
0.7 kW throughout the engine BP operation followed by 10 and 15% enrichment. BTE of
the engine with biogas (BG) operation showed the lowest compared to that with 5–15%
hydrogen enrichment. The higher calorific value of hydrogen compared to biogas (nearly
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2.4 times) and its subsequent addition have shown higher BTE trends. Similar trends were
reported in the literature [9].

Energies 2023, 16, x FOR PEER REVIEW 7 of 13 
 

 

decreases. Therefore, the addition of hydrogen is beneficial for leaner conditions or high 
excess air ratios. 

 
Figure 2. Equivalence ratio (ϕ) versus brake power. 

Figure 3 shows the brake thermal efficiency (BTE) variation with the indicated power. 
BTE increases with BP till 0.7 kW beyond which it showed decreasing trends. The BTE is 
not much affected at a high power condition, whereas it drops quickly at lower power. 
However, the higher hydrogen percent blends develop higher thermal efficiency com-
pared to the lower hydrogen percentages. At low power, it may be noted from Figure 3 
that the mixture is also lean; therefore, the quick burning characteristic of hydrogen is 
more beneficial for lean mixtures. At higher power, higher hydrogen percentage results in 
slightly lower efficiency. This may be due to the higher heat loss for the case of more hy-
drogen fraction offsetting the advantage of higher cylinder temperature due to larger hy-
drogen volume fraction. A lower percentage (5%) of hydrogen addition showed higher 
BTE beyond 0.7 kW throughout the engine BP operation followed by 10 and 15% enrich-
ment. BTE of the engine with biogas (BG) operation showed the lowest compared to that 
with 5–15% hydrogen enrichment. The higher calorific value of hydrogen compared to 
biogas (nearly 2.4 times) and its subsequent addition have shown higher BTE trends. Sim-
ilar trends were reported in the literature [9].  

 
Figure 3. Brake thermal efficiency versus brake power. 

Figure 4 shows brake-specific NOx variation with engine power. NOx increases with 
BP till 0.8 kW beyond which it showed decreasing trends. The main reasons for the 

Figure 2. Equivalence ratio (φ) versus brake power.

Energies 2023, 16, x FOR PEER REVIEW 7 of 13 
 

 

decreases. Therefore, the addition of hydrogen is beneficial for leaner conditions or high 
excess air ratios. 

 
Figure 2. Equivalence ratio (ϕ) versus brake power. 

Figure 3 shows the brake thermal efficiency (BTE) variation with the indicated power. 
BTE increases with BP till 0.7 kW beyond which it showed decreasing trends. The BTE is 
not much affected at a high power condition, whereas it drops quickly at lower power. 
However, the higher hydrogen percent blends develop higher thermal efficiency com-
pared to the lower hydrogen percentages. At low power, it may be noted from Figure 3 
that the mixture is also lean; therefore, the quick burning characteristic of hydrogen is 
more beneficial for lean mixtures. At higher power, higher hydrogen percentage results in 
slightly lower efficiency. This may be due to the higher heat loss for the case of more hy-
drogen fraction offsetting the advantage of higher cylinder temperature due to larger hy-
drogen volume fraction. A lower percentage (5%) of hydrogen addition showed higher 
BTE beyond 0.7 kW throughout the engine BP operation followed by 10 and 15% enrich-
ment. BTE of the engine with biogas (BG) operation showed the lowest compared to that 
with 5–15% hydrogen enrichment. The higher calorific value of hydrogen compared to 
biogas (nearly 2.4 times) and its subsequent addition have shown higher BTE trends. Sim-
ilar trends were reported in the literature [9].  

 
Figure 3. Brake thermal efficiency versus brake power. 

Figure 4 shows brake-specific NOx variation with engine power. NOx increases with 
BP till 0.8 kW beyond which it showed decreasing trends. The main reasons for the 

Figure 3. Brake thermal efficiency versus brake power.

Figure 4 shows brake-specific NOx variation with engine power. NOx increases
with BP till 0.8 kW beyond which it showed decreasing trends. The main reasons for the
formation of NOx emissions are mainly due to higher in-cylinder temperature, oxygen
availability, as well as residual time. It is seen that the NOx increases with increasing
hydrogen percentage and this is attributed to the higher cylinder temperatures due to
higher hydrogen percentage [9,10]. The 15% hydrogen-enriched biogas showed higher
brake-specific NOx emissions followed by 10 and 5%, respectively. Biogas with no hydro-
gen enrichment showed lower NOx emissions compared to that with hydrogen enrichment.
Moreover, it is seen that at lower power/lean mixtures, NOx production decreases signifi-
cantly; therefore, engine operation at a low equivalence ratio or excess air ratio is desirable
in view of reducing NOx pollutants.

Figure 5 indicates brake-specific unburnt hydrocarbon (UHC) production with engine
power. UHC refers to incomplete combustion occurring inside the engine cylinder. From
the figure, it is clear that UHC decreases with an increase in BP for all the fuel combinations
used. Biogas with no hydrogen enrichment showed higher UHC emissions compared to
that with hydrogen enrichment [9]. UHC formation decreases significantly at lower brake
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power when hydrogen volume fraction increases from 5 to 15% in the mixture. Hydrogen
assists in more complete combustion and therefore UHC decreases with hydrogen fraction
for low power/lean mixtures. This trend is absent for higher engine power conditions or
richer mixtures. The reason for this can be attributed to the fact that at rich conditions, due
to low oxygen availability, incomplete combustion occurs, and there is likely insufficient
mixing of the fuel and air. As a result, the effect of hydrogen is not significant in terms of
improvement in the combustion characteristics and decrease in UHCs.
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Figure 6 shows trends for the brake-specific CO variation with indicated power. Higher
CO trends refer to incomplete combustion occurring inside the engine cylinder. The trends
are similar to UHC, and the results presented were similar to those presented in the
literature [9]. Biogas with no hydrogen enrichment showed higher CO emissions compared
to that with hydrogen enrichment. As a thumb rule, it may be noticed that the UHC
production is about half of CO production under similar conditions. The trends are similar
for the two, since the mechanism of formation of UHC and CO is similar.
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Figure 6. Brake-specific CO variation with brake power.

Cylinder-averaged pressure variation with crank angle degrees (CAD) is shown in
Figure 7 for an equivalence ratio (φ) equal to 0.8. It is seen that hydrogen addition advances
the peak pressure by about 5 CAD, and also the peak pressure is higher with the addition of
higher hydrogen volume fractions. In the range between the lowest and highest hydrogen
fractions, the peak pressure is higher by 7%. However, in Figure 8, the cylinder-averaged
pressure is shown for various hydrogen biogas blends for an equivalence ratio (φ) equal
to 0.57. It is seen that for leaner mixtures, the peak pressure is much smaller. Moreover,
compared to the 5% hydrogen + biogas blend, there is a 10% more peak pressure higher for
the highest hydrogen-blended gas of 10–15%, respectively. The trends reported were like
those published by other researchers [9,10].

The advantage of adding hydrogen to leaner mixtures is more accurately brought out
in Figure 9. The COVIMEP values increase for leaner mixtures. However, this instability is
reduced by the addition of hydrogen to the blend. Hydrogen condition minimizes the cyclic
variations of pressure in the cylinder due to quicker and more complete combustion [10].
This effect is accentuated for lean operation which is also important for low emissions from
the engine exhaust.
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4. Conclusions

Since conventional fossil-based fuels are polluting and non-renewable, the search
for sustainable and non-polluting energy sources acquires a significant dimension. In the
context of IC engines, this is even more important because IC engines form a major chunk
of the energy sector. Biogas and hydrogen are sustainable and non-polluting alternatives
to conventional fossil fuels. However, individual application of these fuels is observed
to be disadvantageous. Hydrogen is a zero-carbon fuel but causes an increase in NOx
emission due to higher burning temperatures. On the other hand, biogas can be produced
renewably but decreases the engine power output due to the prevalence of carbon dioxide
as a constituent. Experimental results and analysis of the performance and emissions
characteristics of an IC engine fueled with biogas blended with 5, 10, and 15% hydrogen
volume fractions were studied. An increase in hydrogen content increases the engine’s
performance and power and reduces specific fuel consumption, carbon monoxide (CO), and
total hydrocarbons (THCs). However, nitrogen oxides (NOx) are found to increase due to
higher combustion temperatures attributed to hydrogen. A 17.5% increase in brake power
is observed for 15% hydrogen-enriched biogas, compared to plain biogas, at an equivalence
ratio of 0.6. Similarly, a 17% increase in BTE, a 50% decrease in CO, a 68% decrease in UHC,
but a 71% increase in NOx are observed for 15% hydrogen-enriched biogas.
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