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Present research examines the relative performance, combustion and emission properties of a 10% HCNG (hydrogen-enriched compressed 
natural gas) blend in Sequential Port Fuel Injection (SPFI) and Conventional Manifold Fuel Injection (CMFI) engines. The experiments were 
performed under the conditions of the Wide-Open Throttle (WOT) at the Maximum Brake Torque (MBT) spark timing with a range of engine 
speeds of 2000 to 4000 rpm. The same was done online by blending Hydrogen with CNG to provide a similar mixture preparation in both modes 
of injection. The findings show that SPFI has a great improvement in the efficiency of the engine and combustion performance over CMFI. A 
15.87% improvement by CMFI was a 16.06% brake thermal efficiency of SPFI at 4000 rpm. There was an increase in volumetric efficiency of 
about 20% in SPFI mode and a decrease in brake-specific fuel consumption at all the speeds that were tested. It was found that the peak cylinder 
pressure (34.9 bar) of SPFI was higher than 27 bar in CMFI, which also shows enhanced homogeneity of the mixture and quicker flame spread. 
The accumulation of emission analysis revealed a significant decrease in CO (19.17) and HC (>50) emissions with SPFI, but the whole of NOx 
emission growth was attributed to the high in-cylinder temperature that comes with hydrogen enrichment. In general, SPFI exhibits high 
thermo-chemical efficiency and cleaner combustion properties in terms of using 10% of HCNG mixtures, which underlines its applicability in 
the field of sustainable use of alternative fuels.
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1.Introduction

The increased need to have cleaner and more efficient propul-
sion systems has enhanced research on the advanced fuel de-
livery strategies and alternative gaseous fuels to Spark Ignition 
(SI) engines. The fuel injection system is a decisive factor that 
controls the efficiency of combustion, the engine performance 
and exhaust emissions. Two systems that have been popular 
in multi-cylinder SI engines include Sequential Port Fuel 
Injection (SPFI) and Conventional Manifold Fuel Injection 

(CMFI), which are two different methods of preparing the 
air-fuel mixture. CMFI systems feed the intake manifold with 
fuel, which is then channeled to the cylinders via the intake 
runners. Despite its simplicity and low cost, CMFI is usually 
characterized by poor distribution of mixture, reduced volu-
metric efficiency in the naturally aspirated engines, increased 
hydrocarbon (HC) emissions and often, the tendency to back-
fire during the valve overlaps. These constraints have a direct 
impact on brake thermal efficiency (BTE), brake specific fuel 
consumption (BSFC) and torque properties.
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On the other hand, SPFI feeds fuel to the engine in sequence to 
the individual intake ports by the engine firing order. The Engine 
Control Unit (ECU) can use real-time sensor data, including oxygen 
(O2), throttle position (TPS), manifold absolute pressure (MAP), 
and exhaust temperature sensors, to precisely meter out fuel to 
each cylinder with every engine stroke. This controlled injection 
has terrific effects on intake charge preparation, greater combustion 
stability, greater power output, and less unburned HC emissions. 
Nevertheless, running under some conditions, the combustion tem-
peratures can be large enough to promote the formation of nitrogen 
oxides (NOx).

As shown in table 1, along with the developments with injection 
systems, a recent developmental fuel that has taken the limelight in 

terms of transitional fuel is hydrogen-enriched compressed natural 
gas (HCNG). Any addition of 10% of hydrogen to CNG is an efficient 
percentage addition to promoting combustion without significant 
alterations in the engine. Besides the presence of low ignition energy 
(0.02 mJ vs. 0.29 mJ), high flammability range (4 -75% Vol vs. 5.3 
-15% Vol), and laminar flame speed (3.25 ms-1 vs. 0.38 ms-1), hydro-
gen has excellent combustion characteristics with a higher laminar 
flame speed, a greater flammability range (4 -75% Vol vs. 5.3-15% 
Vol), and a greater lower heating value per unit Its high diffusion 
coefficient and zero carbon content are the further reasons behind 
the higher propagation of the flame and the negligible production of 
the CO2. These features ease lean-burn operation, enhanced thermal 
efficiency, lower rates of carbon monoxide (CO) and HC pollution 
as well as cleaner exhaust profiles.

Table 1. Properties of Hydrogen Methane and Gasoline at NTP [29-32]

Property Unit Hydrogen (H₂) Methane (CH₄)

Auto-ignition temperature K 858 813

Stoichiometric air requirement (vol.) % 29.53 9.48
Energy release per kg of stoi-
chiometric mixture MJ 3.37 2.56

Gas density at NTP kg m⁻³ 0.082 0.717

Liquid density kg m⁻³ 0.071 0.42

Diffusion coefficient in air cm² s⁻¹ 0.61 0.189

Flammability range (equivalence ratio) – 0.1–7.1 0.7–4.0

Energy density of stoichiometric mixture MJ m⁻³ 3.6 3.5

Adiabatic flame temperature (λ = 1) K 2318 2190

Higher heating value (mass basis) MJ kg⁻¹ 141.7 52.68

Higher heating value (volume basis) MJ m⁻³ 12.1 37.71

Lower heating value (mass basis) MJ kg⁻¹ 120 46.72

Lower heating value (volume basis) MJ m⁻³ 10.22 33.95

Lower heating value kJ m⁻³ 10046 32573

Kinematic viscosity (NTP) mm² s⁻¹ 110 17.2

Laminar flame speed m s⁻¹ 3.25 0.38

Smallest ignition energy mJ 0.02 0.29

Carbon-to-hydrogen molar ratio – 0 0.25

Normal boiling point K 20.3 111.6

Quenching distance mm 0.64 2.03

Research octane number – >130 125

Stoichiometric fuel–air ratio (mass basis) – 0.029 0.058

Thermal conductivity mW m⁻¹ K⁻¹ 182 34

Radiative heat loss from flame % 17–25 23–33
Equivalence ratio at stoichiometric 
condition (φ = 1 reference) – 0.29 0.095

Specific energy (volumetric) kJ m⁻³ – 3200

CO₂ emission formation g CO₂ kW⁻¹ h⁻¹ Nil 200

Flammability limits % vol 4–75 5.3–15
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1.1 Global significance

Globally, HCNG blends help in insulating energy security, environ-
mental sustainability and economic viability.         They also utilize 
the available CNG infrastructure and enable a progressive incor-
poration of hydrogen, thus aiding in meeting the strict norms of 
emissions and global climate agreements. Also, HCNG can be syn-
thesized through electrolysis, which provides a route to renewable 
and low-carbon systems. Despite these benefits, hydrogen blending 
presents the following challenges as NOx inflammation in high tem-
peratures of combustion, storage and safety, and optimization of the 
injection system. The HCNG combustion strongly relies on the fuel 
injection strategy that is applied. CMFI systems can be subjected to 
mixture in homogeneity and variability in the combustion process 
when using gaseous fuels, while SPFI can have better air-fuel mixing 
and combustion and cylinder to cylinder uniformity. Nevertheless, 
literature on the comparison of SPFI and CMFI systems with 10% 
HCNG mixtures in multi-cylinder SI engines is still scanty. 

1.2. Aim 

The overall aim of the study is to decide the potential of using 10% 
of hydrogen-enriched compressed natural gas (HCNG) as a clean-
er and a high-energy substitute fuel in multi-cylinder Spark Igni-
tion (SI) engines with specific attention paid to the effects of fuel 
injection strategy. Although HCNG blends have great potential of 
decreasing greenhouse gases emissions and enhancing engine per-
formance, their practical advantages are highly dependent on how 
well the air-fuel mixture is prepared and distributed. One of the 
problems that are commonly experienced with conventional Man-
ifold Fuel Injection (CMFI) systems on multi-cylinder SI engines 
is the inability to achieve uniform mixing of the fuel and air into 
the engine, the existence of uneven distribution of the cylinders and 
the excessive emission of exhausts. By comparison, Sequential Port 
Fuel Injection (SPFI) systems offer much better timing of injection 
as well as a better atomization rate, potentially resulting in higher 
competence of combustion and lowering of emissions. This paper 
will thus conduct a comparative analysis of SPFI and CMFI systems 
under the condition of 10 percent HCNG blends to find the most ef-
ficient injection strategy that can be used to give better performance 
and lower emissions.

1.3. Objectives

Thus, the current research paper is expected to perform a thorough 
comparative analysis of SPFI and CMFI systems on 10 % blends of 
HCNG in a multi-cylinder SI engine. The aims include:

1.	 Performance Assessment: BTE, BSFC and torque 
comparison during the HCNG running.

2.	 Combustion Analysis: Determination of in-cylinder 
pressure, rate of heat release, rate of increase of pres-
sure and stability of combustion.

3.	 Emission Characterization: Characterization of the 
emissions of NOx, CO, HC and PM.

4.	 Air-Fuel Mixing Optimization: The study on the ho-
mogeneity of the mixture and the effects it has on the 
regularity of combustion.

5.	 Trade-off Identification: Personality of perfor-
mance-emission trade-offs, especially NOx formation, 
with hydrogen enrichment.

6.	 System Optimization: Timing and parameter optimi-
zation recommendations for injection in SPFI systems 
and CMFI systems.

7.	 Sustainability View: HCNG as a green transitional fuel 
in automobiles.

This research develops a systematic method that allows optimization 
of multi-cylinder SI engines to create higher efficiency and lower 
emissions, and a sustainable use of energy through the integration 
of combustion properties of hydrogen-methane mixtures with inno-
vative injection models.

2. Literature survey

The research on fuel injection planning and alternative gaseous 
engines shows that the efficiency of combustion and emission de-
crease in the SI engines have been improved greatly. The gasoline/
isobutanol mixtures in port injection engines were examined by 
Irimescu [1] and showed that there was increased efficiency in the 
conversion of fuel, and the preparation of the mixture is of great 
significance in PFI systems. Khan et al. [2] thoroughly reviewed the 
literature on the topic of natural gas as a vehicular fuel, focusing on 
the beneficial effects of its use on the environment and the necessity 
of best injection technologies. The study of spray impingement in 
crossflow port fuel injection systems by Panao et al. [3] proved that 
the airflow dynamics is very important in deciding the homogeneity 
of the mixture and wetting of the walls. Comparing the results of 
particulate emissions of multipoint PFI and GDI engines, Lv et al. 
[4] concluded that the injection setting has a major influence on the 
number and size distribution of the particles. Zhuang and Hong [5] 
set up that timing in injection is critical in the reduction of knock 
and stability of lean burning during ethanol-gasoline engines. Yang 
et al. [6] investigated gas injection into natural gas ports using the 
diesel pilot injection and they achieved an improvement of the sta-
bility of combustion at low loads, while Huang et al. [7] numerically 
analyzed the dual-fuel spray processes and proved the advantages 
of hybrid injection configurations. Catapano et al. [8] studied the 
ethanol, methane, and methane-hydrogen mixtures in PFI engines, 
and the studies found that the enrichment of hydrogen would en-
hance the speed of flame and the efficiency of combustion. Geng 
et al. [9] conducted experimental testing of the present blends of 
methanol and gasoline in PFI engines and found a decrease in PM 
emissions when using oxygenated fuels. Qian et al. [10] suggested 
sequential dual-fuel combustion with port and direct injection to 
enhance the thermal efficiency. Huang and Hong [11] also added 
that heated ethanol increases the rate of vaporization and minimiz-
es the emission. Zhu et al. [12] compared the tailpipe emissions of 
the GDI and PFI with various temperatures, and they showed low 
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emissions of particulate in the PFI systems. Cheng et al. [13] paid 
attention to the nature of hydrogen injections in PFI engines and 
discussed backfire control principles that are important in the case 
of hydrogen-enriched fuels. He et al. [14] compared DI and MPFI 
technologies and showed that they differ in the number and black 
carbon emissions. Lee et al. [15] invented a two-port injection 
mechanism to have better fuel economy and to lower emissions. 
Jemni et al. [16] revealed that the effect of hydrogen enrichment and 
location of injection affects the in-cylinder flow and the formation 
of NOx in gaseous engines greatly. Feng et al. [17] and Lee et al. 
[18] examined dual-injection schemes, and by confirming the supe-
riority of the combustion control by the ideal injection timing and 
spray behavior. Lee et al. [19] have compared gasoline DI and CNG 
PFI under high load conditions, and they found that combustion 
of the CNG sample with the port injection of the port was stable. 
Salek et al. [20] used multi-objective optimization to the hydro-
gen-gasoline dual-fuel engines and found out performance-NOx 
emissions trade-offs. The study by Kim et al. [21] set up that PFI 
natural gas engine performance can be improved by increasing and 
valve timing. Libalova et al. [22] studied the biological toxicity of 
the PFI engine emissions, which correlates with the composition of 
the fuel with the response of the cells to the particulate. Varma et 
al. [23] examined the roles of alcohol fuels in engines running with 
PFI SI and found that these engines showed better performance in 
terms of combustion efficiency in optimized spark timing. Yaman 
et al. [24] used response surface method to optimize the engine pa-
rameters during alcohol-gasoline blends and supported the idea that 
injection control plays a key role in providing emissions reduction. 
Direct and port fuel injection in hydrogen engines have been com-
pared by Molina et al. [25] and Musy et al. [26], who conclude that 
the injection strategy has a great impact on backfire, efficiency, and 
trends of NOx. An intake manifold geometry was studied by Saaidia 
et al. [27] engines powered by hydrogen (H2) and natural gas (CNG) 
and proved its effect on uniformity of the mixture. Koeten [28] ex-
plored the effect of hydrogen addition to the CI engines citing better 
combustion and higher NOx with greater hydrogen additions. Basic 
combustion properties of hydrogen have been well reported by Das 
[29], Karim [30], Lewis and von Elbe [31] and the College of Desert 
report [32] that report on the high speed of flame, broad flamma-
bility range, low ignition energy and large diffusivity properties of 
hydrogen which are considered favorable to lean burning but lead 
to pre-ignition and backfire effects in port injection systems. Over-
all, earlier investigations show that hydrogen enrichment positively 
affects the combustion efficiency and emission properties, while 
the injection strategy is the key factor in the formation of mixtures, 
their stability, and formation of pollutants. Nevertheless, a dedicat-
ed comparative analysis of the Sequential Port Fuel Injection (SPFI) 
and Conventional Manifold Fuel Injection (CMFI) systems using 
multi-cylinder SI engines with 10% HCNG mixtures has not been 
done with the clear aim of isolating the rationale behind the current 
research.

2.1. Summary of literature survey
•	 The literature review shows that port fuel injection (PFI), 

gasoline direct injection (GDI), and dual-injection meth-
ods play an important role in the combustion efficiency, 
fuel economy, and the emission properties of spark igni-
tion (SI) engines [1 5,14,15]. Other works have shown that 
fuels naturally enriched with natural gas and hydrogen 
enhance the stability of combustion rates, flame rate, and 
reduction of carbon-related emissions because of the en-
hanced physicochemical characteristics of hydrogen, in-
cluding high diffusivity, low activation energy, and broad 
flammability limits [8,13,16,2932]. The investigation of 
dual-fuel and hydrogen-blended systems also proves 
higher thermal efficiency and the possibility of lean-burn, 
but the problems of NOx formation, backfire inclination, 
and homogeneity of the mixture also represent very im-
portant issues [19,20,25,26].

•	 Direct and port injection system comparisons mainly re-
volve around the topic of particulate emissions, spray be-
havior, or dual-injection geometries [4, 12, 17, 18], while 
studies on hydrogen or methane mixtures partially con-
sider the system performance on single-injection schemes 
[8, 21, 27]. Despite the extensive research done in the ad-
dition of hydrogen in both SI and CI engines [16,28], most 
studies have focused either on directly injecting hydrogen 
engines or on general PFI systems instead of the system-
atic comparison of Sequential Port Fuel Injection (SPFI) 
and Conventional Manifold Fuel Injection (CMFI) under 
the optimized conditions of hydrogen-enriched CNG.

2.2. Research gap

Nevertheless, a comparative analysis of SPFI and CMFI systems 
working with a 10 % mixture of HCNG in multi-cylinder SI engines 
has not been carried out methodically. Minimal studies are done on 
the matter of cylinder-to-cylinder mixture distribution, consistency 
of combustion, trade-offs in emissions (especially NO3 escalation), 
and measuring the performance in the same operating conditions 
on both injection systems. Moreover, the combustion kinetics of hy-
drogen-enhanced reaction and injection timing accuracy have not 
been fully measured.

2.3. Novelty of the present work

The originality of the current research is to conduct a more thorough 
experimental analysis of SPFI and CMFI systems with an optimized 
10% HCNG mixture in a multi-cylinder SI engine with the same op-
erating conditions. The paper associates the enactment (BTE, BSFC, 
and torque), combustion analysis (in-cylinder pressure, heat release 
rate, pressure rise rate) and emission summarizing (NOx, CO, HC, 
PM) to arrange complete interpretation of inoculation approach 
presentation. In addition, it highlights uniformity of air-fuel mixing 
and stability of combustion as some of the differences between the 
SPFI and CMFI systems hence generating practical implications on 
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how to maximize the operation of hydrogen-enriched gaseous fuel 
in automotive SI engines.

2.4. Oxides of Nitrogen and its effects in HCNG engine

The combustion properties of hydrogen in HCNG engines are very 
significant in the formation of oxides of Nitrogen (NOx). Hydro-
gen has an increased flame temperature and burns rate than CNG, 
which results in elevated in-cylinder peak temperatures, which 
favor the formation of thermal NOx. With an increase in the hydro-
gen content of the mixture, particularly beyond 30%, the peak com-
bustion temperature is likely to rise further, and this may enhance 
NOx emissions in stoichiometric (λ = 1) operation. Nevertheless, 
the broad flammability limits of hydrogen make it possible to con-
duct stable ultra-lean combustion, resulting in a lower combustion 
temperature and considerably decreasing the formation of NOx. Ex-
haust Gas Recirculation (EGR), best ignition timing, and sequential 
injection methods are some of the techniques used to control peak 
temperatures and reduce NOx. Also, the post-treatment methods, 
such as Selective Catalytic Reduction (SCR) and Lean NOx Taps 
(LNTs), and other modern combustion methods, such as dual-fuel 
injection and pre-chamber designs, further decrease the amount 
of NOx. Practically, having 10-20% hydrogen by volume blends is 
sometimes viewed as an excellent tradeoff between improved engine 
performance and regulated NOx emissions.

3. Experimental set up

The experimental study was conducted on a naturally aspirated 796 
cc, three-cylinder spark ignition (SI) gasoline engine, which was 
changed to execute both the Sequential Port Fuel Injection (SPFI) 
and Conventional Manifold Fuel Injection (CMFI) operation mode 
in running on dual-fuel HCNG. Compression ratio kept constant 
at 9.2 and all the tests were done at constant speeds of 2000, 2500, 
3000, 3500, and 4000 rpm under wide-open throttle (WOT) condi-
tions and with stoichiometric equivalence ratio (φ = 1.0). The SPFI 
and CMFI modes were carried out as separate experimental runs 
and so comparative evaluation can be carried out correctly. With 
SPFI mode three HCNG injectors were mounted close to the inlet 
valves near the gasoline injectors so that they could inject sequen-
tially, which was controlled by ECU. CMFI mode In CMFI mode, 
the injectors controlled by the ECU were disabled and gaseous fuel 
at the vaporizer was introduced with a single injector inside the in-
take manifold in the MAP sensor and manually flow controlled via 
a calibrated valve. This change has made it possible to evaluate the 
distribution and combustion properties of mixtures under typical 
manifold injections.

Figure 1. Cooled EGR system

Figure 1 (Cooled EGR System) shows the design of the installation 
of a cooled Exhaust Gas Recirculation (EGR) system, which is im-
portant in regulating NOx emission during combustion of HCNG. 
Because hydrogen enrichment raises flame temperature and peak 
in-cylinder temperature, cooled EGR decreases combustion tem-
perature, which means that recirculated part of exhaust gases is 
cooled and exhaust gases are suppressed in thermal NOx formation 
at higher loads and speeds.

Figure 2. Flow diagram of cooled EGR system

Figure 2 (Flow Diagram of Cooled EGR System) shows the detailed 
direction of the flow of gases; it shows how the exhaust gases are 
directed through the cooler and then combines with the intake air. 
This arrangement guarantees that the intake charge is diluted in a 
controlled manner, which enhances stability in combustion, as well 
as upholding rates of emissions.
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Figure 3. Conventional manifold fuel injection system

Figure 4. Sequential port fuel injection system

Figure 5. Experimental set up
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The CMFI design is represented by Figure 3 (Conventional Manifold 
Fuel Injection System), in which the premixed mixture of HCNG-
air is created in the intake manifold. Such a configuration is useful in 
testing the consequences of non-uniform mixture distribution, any 
backfire tendencies and variability in combustion during multi-cyl-
inder operation.

The SPFI system is depicted in Figure 4 (Sequential Port Fuel Injec-
tion System), with injectors attached close to every intake port. This 
connection results in superior distribution of cylinders to other cyl-
inders on fuel, enhanced atomization and control of timing that are 
fundamental to combustion of hydrogen-enriched gaseous fuels.

The entire engine-dynamometer set up is shown in Figure 5 (Ex-
perimental Setup). Brake load is measured with an eddy current 
dynamometer with a strain gauge; engine speed is regulated with 
the dynamometer load at full throttle condition. Cooling water is 
pumped throughout the dynamometer to cool down the heat that is 
produced during loading.

Figure 6. Hydrogen fuel supply setup with flame trap

Figure 6 (Hydrogen Fuel Supply Setup with Flame Taps) illustrates 
the hydrogen supply system, which consists of 90-liter hydrogen cyl-
inder, 180 bar, and safety devices like flame traps and flame arrestors 
fitted to hydrogen and CNG lines to avoid flashback and backfire.

Figure 7. HCNG setup with engine cooling system

Figure 7 (HCNG Setup with Engine Cooling System) shows the 
blending system and engine cooling circuit that are linked together. 
A 75-liter CNG cylinder with a pressure of 200 bars and a hydrogen 
cylinder are adjusted using pressure reducers to 2.8 bar and mix on-
line. Hot coolant water is made to circulate around the vaporizer to 
avoid pressure drop icing. The engine temperature is kept at 800C to 
have steady-state operation.

Fuel flow rates are recorded using rotameter (LPM basis) and con-
firmed with the help of mass measurement with a weighing machine. 
The air consumption is measured by air-box method when a ma-
nometer is used. Distributor is used to perfect spark timing at each 
speed and stroboscopic timing light is used to confirm maximum 
brake torque (MBT). The pressure inside the cylinders is measured 
with the help of a water-cooled pressure transducer in one of the 
cylinders and the NI-DAQ Software is used to record the Pressure 
-Angle of Crank (P -) diagrams, Heat Release Rate (HRR), Cumula-
tive Heat Release Rate (CHRR), Mass Fraction Burned (MFB), Start 
of Ignition (SI), and Maximum Pressure (Pmax). The injection pres-
sure and pulse width are checked by using TAMMONA software in 
SPFI mode.

The online measurement is taken of exhaust emissions through an 
AVL five-gas analyzer by measuring HC, CO, CO2, O2 and NOx 
concentrations. An RTD thermocouple is used to measure exhaust 
temperature, and an O2 sensor is used to measure oxygen content. 
Theoretical calculations are used to calculate emission values in g/
kW-hr based on SAE standards. The determination of friction pow-
er is done through the Morse test at every speed.

The engine also has the necessary sensors such as Oxygen (O2), 
MAP, TPS, RPM, and Inlet Air Temperature sensors to provide the 
correct data. Each test lasts five minutes in steady-state conditions to 
get credible performance, combustion and emission data. Parame-
ters that are measured are load, engine speed, air and fuel consump-
tion, exhaust temperature, emission levels, and detailed combustion 
characteristics by use of P– 0 analysis.

Such an elaborate experimental apparatus allows a comparative 
study of SPFI and CMFI systems with 10 % HCNG blends to give a 
proper understanding of the performance, combustion phenomena, 
and emission nature under a controlled and standardized environ-
ment.

3.1. HCNG blending calculation by energy

The following were changed formulations that were used to calculate 
engine performance, fuel consumption and combustion parameters 
using a customized Microsoft Excel worksheet.

Brake power based on torque and speed (BP)

60 1000
2

60000
2 3.14BP N T N T

#
# # # # # #= =r
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Where,

N = Engine speed (rpm)

T = Torque (N·m)

BP = Brake Power (kW)

Brake Power can also be expressed using Brake Mean Effective Pres-
sure (BMEP):

60000BP BMEP L A N# # #=

Where:

L = Stroke length (m)

A = Piston area (m²)

Brake Mean Effective Pressure (BMEP)

60BMEP V N
BP
s#
#=

For the present engine geometry:

0.0725 4 0.066
60 10BMEP

N
BP

2

5

# # #

# #= r
` j

Where:

Vs = Swept volume (m³)

Brake Thermal Efficiency (BTE)

3600 100BTE m LHV
BP

f blend#
# #=

Where:

mx = Total fuel mass flow rate (kg/hr)

LHV₍blend₎ = Lower Heating Value of HCNG blend (kJ/kg)

Lower Heating Value of HCNG Blend

The calorific value of the blend is calculated using mass fraction 
weighting:

) (
LHV m m

m LHV m LHV
blend

CNG H

CNG CNG H H

2

2 2# #
= +

+^ h

Where,

m m mtotal CNG H2= +

Fuel Mass Flow Rate Calculation

Mass flow rate from volumetric flow (LPM):

1000
60m Q# #= t

Where:

Q = Flow rate (L/min)

ρ = Density (kg/m³)

60 = Conversion to per hour

1000 = Conversion from litre to m³

Thus,

1000
60m Q

CNG
CNG CNG# #= t

and

1000
60m Q

H
H H

2

2 2# #= t

Example Calculation

Operating Condition:

Pressure = 2.6 bar

Speed = 2500 rpm

Load = 16 kg

Hydrogen Energy Share = 5%

CNG consumption = 3.3 kg/hr

Step 1: Energy Input from CNG

Energy CNG = 3.3 × 46720 = 154.18 MJ/Hr

Step 2: Hydrogen Energy Contribution (5%)

Energy H₂ = 0.05 × 154.18 = 7.71 MJ/Hr

Step 3: Hydrogen Flow Rate Calculation

Given:

ρH₂ = 0.021 kg/m³

LHVH₂ = 120000 kJ/kg

Hydrogen required (mH₂) =
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LHV H
Energy H

2

2

Corresponding volumetric flow (QH₂) =

60
1000m

H

H

2

2

#
#

t

Therefore, Hydrogen flow rate = 5.14 LPM

Step 4: CNG Flow Rate

Corresponding CNG volumetric flow = 31.32 LPM

Thus, 5.14 LPM of hydrogen + 31.32 LPM of CNG produces 5% 
HCNG blend (energy basis).

Step 5: LHV of 5% HCNG Blend

Mass of CNG (mCNG) =

1000
31.33 1.6679 60 3.135 kg/hr# # =

Mass of Hydrogen (mH₂) =

1000
5.142 0.21 60 0.065 kg/hr# # =

LHV₅%HCNG =

3.135 0.065
3.135 46720) (0.065 120000

48.187 kJ/kg
# #

+
+

=
^ h

Percentage of Hydrogen by Volume = %H₂ (Volume) =

14.09\ by volumeQ Q
Q
H CNG

H

2

2

+ =

These new expressions were entered in the Excel sheet so that the 
brake power, BTE, BMEP, fuel flow rates, heating values, and ratios 
of blends could be calculated in a systematic manner under all test 
conditions of the experiment.

Table 2. Computed thermo-physical and energy characteristics of HCNG blends (based on theoretical formulation)

Parameter Pure CNG (0% H₂) HCNG–5% (vol) HCNG–10% (vol) HCNG–15% (vol)

Hydrogen Content (Volume %) 0 5 10 15

Methane Content (Volume %) 100 95 90 85

Hydrogen Proportion (Mass %) 0 0.705 1.377 2.169

Methane Proportion (Mass %) 100 99.29 98.623 97.831

Hydrogen Energy Share (%) 0 1.652 3.242 5.053

Theoretical Air–Fuel Ratio (Stoichiometric) 17.19 17.23 17.26 17.284

Lower Calorific Value (MJ/kg) 50.02 50.492 50.964 51.519

Hydrogen Mass Contribution (%) 25.13 25.62 26.16 26.75

Carbon Mass Contribution (%) 74.87 74.38 73.84 73.25

Volumetric Heating Value (MJ/m³) 3.17 3.167 3.164 3.16

Table 3. Evaluated thermodynamic and composition characteristics of HCNG blends  
(Reference conditions: 98 kPa, 300 K – based on theoretical calculations)

Sr. No. Parameter Unit CNG (0% H₂) HCNG–10% HCNG–20% HCNG–30% HCNG–40% HCNG–50%

1 Mixture Density kg/m³ 0.5196 0.5931 0.5362 0.4793 0.4225 0.3656

2 Hydrogen Share (Mass %) % 0 1.369 3.03 5.084 7.692 11.11

3 Methane Share (Mass %) % 100 98.63 96.96 94.91 92.3 88.88
4 Elemental Hydrogen Content % 25 26.03 27.27 28.81 30.77 33.33

5 Elemental Carbon Content % 75 73.97 72.72 71.19 69.23 66.66

6 Lower Calorific Value kJ/kg 50,000 50,954 52,084 53,556 55,380 57,772

7 Lower Calorific Value kcal/kg 11,945 12,173 12,443 12,794 13,240 13,801
8 Volumetric Heating Value kJ/m³ 32,495 30,224 27,927 25,669 23,350 21,121

9 Carbon-to-Hydrogen (C/H) 
Ratio – 0.25 0.2368 0.2222 0.2058 0.1875 0.1666

10 Hydrogen Energy 
Contribution % – 2.223 6.912 11.382 16.66 23.07

11 Theoretical Stoichiometric 
Air–Fuel Ratio – 17.16 17.39 17.68 18.04 18.49 19.07
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3.2. Characteristics and theoretical fuel property trends of 
HCNG blends

Figure 8 as shown below shows the dependence on Hydrogen 
Volume Fraction and Energy Contribution. The variation of the 
percentage of hydrogen energy replacement and the volumetric 
fraction of hydrogen in the HCNG blend is illustrated in figure 8. 

Figure 8. Percentage Hydrogen energy substitution vs. percentage 
volume of Hydrogen substituted

The graph shows a nonlinear rising pattern, which implies that when 
the hydrogen volume fraction is increased by small increments, it 
brings an enormous contribution to hydrogen in terms of energy 
since it has a high lower heating value on a mass basis. Hydrogen 
offers a better calorific value per unit mass than methane, but its 
reduced volumetric energy density means that it can be substituted 
by it at relatively low blending percentages. This tendency proves the 
significance of managing the blend composition to achieve the bal-
ance between the enhancement of performance and the emission.

Figure 9 shows the effect of the force of supply on CNG density. 
The density of CNG increases proportionately when there is an in-
crease in pressure and the gas behaves ideally. Increased density of 
the gas under high pressure lets it pass through the mass increased 
by a given volumetric rate directly influencing fuel-air ratio control 
and engine power output. This interaction is also essential to stoi-
chiometric operation (φ = 1) in the HCNG blending process since 
correct pressure control guarantees the constant metering of the fuel 
and stable combustion behavior.

Figure 9. Supply pressure vs. CNG density, kg/m3

Figure 10. Percentage Hydrogen energy substitution vs. Lower 
heating value, kJ/kg

Figure 11. Hydrogen % vs A / F ratio

Figure 12. % Hydrogen vs. C/H Ratio

Figure 10 shows the change of the lower heating value (LHV) of the 
HCNG blend with substitution of the hydrogen energy. Addition of 
hydrogen to the LHV is gradually rising as hydrogen is much more 
massive-based heating value than methane. This increase in calorific 
value increases thermal efficiency capability and intensity of com-
bustion. Nevertheless, the growth rate is moderate as it is caused by 
the reduced density of hydrogen where there is a focus on ensuring 
that the blend ratios are well maximized to provide maximum effi-
ciency without reducing the volumetric content of energy.

The correlation between the percentage of hydrogen in the blend 
and the monitoring stoichiometric air fuel (A/F) ratio is illustrated 
in figure 11. Theoretical A/F ratio is slightly higher as the hydro-
gen concentration grows. This is since hydrogen needs another air 
requisite to undergo full combustion as compared to methane. This 
change in stoichiometric ratio influences the preparation of mix-
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ture, the calibration of the injection in the SPFI and CMFI systems 
and the optimization of the spark timing. The injection parameters 
should then be adjusted properly to ensure the best combustion and 
reduce the emissions.

Figure 12 shows that the ratio of carbon to hydrogen (C/H) ratio 
declined as the percentage of hydrogen in the blend of HCNG in-
creased. Hydrogen has no carbon and when it is added to the mix-
ture it decreases the total carbon level of the mixture. This decrease 
has a direct impact on the decrease of CO2 formation during com-
bustion and eases cleaner exhaust emissions. The decreasing C/H 
ratio confirms the environmental benefit of the HCNG blends and 
the possibility of these blends mitigating the carbon-based pollut-
ants in SI engines.

4. Result and discussion

In this part, the results of the experiment with the multi-cylinder SI 
engine with 10% HCNG blends which was conducted in the mode 
of Sequential Port Fuel Injection (SPFI) and Conventional Mani-
fold Fuel Injection (CMFI) at 2000 to 4000 rpm in the wide-open 
throttle conditions, as well as in stoichiometric conditions (φ = 1). 
The comparative analysis is also based on the major parameters of 
performance like brake power, brake thermal efficiency, brake mean 
effective pressure, brake specific fuel consumption, brake specific 
energy consumption, volumetric efficiency and exhaust gas tem-
perature and on the properties of the emission like CO, HC and 
NOx. Besides that, the combustion analysis is conducted in detail 
using measurements of in-cylinder pressures to decide the peak 
cylinder pressure, the heat release rate, mass fraction burned, the 
length of combustion and the behavior of the spark timing and the 
cycle-to-cycle variation (COVIMEP). The findings identify the ef-
fect of hydrogen enrichment and injection strategy on the formation 
of mixtures, on stability of combustion, enhancement of efficiency 
and control of emissions during HCNG operating conditions.

4.1 Brake power performance

Figure 13. Brake power vs. engine speed

Figure 13 is a comparison of the variation of brake power versus the 
engine speed in SPFI and CMFI modes with 10% HCNG blends. 
Since gaseous fuels have lower density as compared to liquid fuels, 

charge mass induced reduces and this has a small impact on power 
output in naturally aspirated engines. Nevertheless, SPFI was also 
characterized by greater power at the brake at all the speeds, owing 
to the correct metering of the fuel and the enhanced distribution of 
the cylinder to cylinder. The highest brake power achieved when 
using SPFI is 12.506 kW, as compared to the 11.38 kW which CMFI 
gives, meaning that there is a loss of about 6 percent of power when 
using the manifold injection set up. The decreased production in 
CMFI is explained by inhomogeneous formation of mixtures and 
decreased volumetric efficiency.

4.2. The characteristics of brake thermal efficiency

Figure 14. Thermal efficiency of the brake vs. engine speed

The graph 14 presents the dependence of the brake thermal efficien-
cy (BTE) on the speed of the engine. BTE rises to 3500 rpm because 
of enhanced turbulence and combustion, and the effect decreases at 
high speeds since the combustion period becomes shorter. Unlike 
CMFI, SPF is more thermally efficient due to the correct timing of 
the injection and better homogeneity of the mixture. At 4000 rpm, 
SPFI attains 16.06 % efficiency and CMFI only reaches 13.51, almost 
a 16 % cut down. The enhanced atomization and the regulated injec-
tion in SPFI lead to enhanced energy conversion.

4.3. Volumetric efficiency

The volumetric efficiency varies with the diameter of the ring and 
is influenced by the flow rate through the pump and the gas pres-
sure levels. Volumetric Efficiency Change The volumetric efficiency 
depends on the diameter of the ring, and it is decided by the rate of 
flow in the pump and the level of gas pressure.

Figure 15. Engine speed vs. volumetric efficiency
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Figure 15 shows a trend of volumetric efficiency versus engine 
speed. Rise of speed results in low volumetric efficiency because of a 
decrease in intake time and an increase in in-cylinder temperature. 
This is more in gaseous fuels due to their low density. The volumet-
ric efficiency of SPFI is relatively higher since injection is distributed 
at 2.8 bar while with CMFI, there is a reduced charge filling because 
of single-point injection and natural aspiration. A reduction in the 
volumetric efficiency by about 20 percent at 4000 rpm is caused by 
short suction timing and the increased temperature of the cylinder.

4.4. Carbon Monoxide emissions

Figure 16. Engine speed and Carbon Monoxide emissions

Figure 16 presents the CO emissions at different speeds of the en-
gine. Low and high speeds have higher CO formation because of 
incomplete combustion caused by poor mixing of air and fuel or 
lack of adequate time of combustion. Hydrogen enrichment has a 
lower emission of CO than pure CNG and gasoline due to enhanced 
flame speed and oxidation properties. The amount of gas emitted 
as CO is also reduced a lot with SPFI over CMFI; at 2000 rpm, CO 
emission is reduced to 43.17 g/kW-1 h (SPFI) as compared to 53.41 
g/kW-1 h (CMFI) which is approximately 19% lower.

4.5. Hydrocarbon emissions

Figure 17 shows the trends of hydrocarbon (HC) emission. HC 
emissions increase at high speeds because of short combustion pe-
riod and potential loss of charge during the valve overlap. Added 
hydrogen leads to a higher degree of combustion, and hence, less 
unburned hydrocarbons. The emission of HC is cut by more than 50 
percent in SPFIs than in CMFI due to the even distribution of the 
charges and enhanced combustion stability.

Figure 17. Engine speed versus Hydrocarbon emissions

4.6. Nitrogen Oxides emissions

Figure 18. Engine speed and Oxides of Nitrogen emissions

Figure 18 shows the behavior of NOx at different engine rates and 
at different rates of EGR. Hydrogen raises the temperature of com-
bustion and promptly releases heat, which is more likely to raise the 
amount of NOx. Cooled EGR is however able to reduce NOx by 
decreasing peak combustion temperature due to dilution of recircu-
lated gases and increased specific heat. NOx is greatly suppressed by 
increasing EGR rate, at the expense of power and efficiency. Under 
best EGR conditions at 4000 rpm, the amount of NOx declines to 
6.3 g/kW hence ranges between 9.6 g/kW and 6.3 g/kW as the EGR.

4.7. Exhaust gas temperature

Figure 19. Engine speed versus exhaust temperature

Figure 19 illustrates the variation of temperature at exhaust with the 
engine speed. The speed raises the exhaust temperature in relation to 
more fuel burning and more combustion intensity promoted by the 
addition of hydrogen. The highest temperature of 488c is recorded 
in SPFI at 4000 rpm and CMFI at 380c being a 22 percent reduction. 
Reduced exhaust temperature in CMFI is associated with decreased 
charge intake and a relatively low intensity of combustion.
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4.8. Brake mean effective pressure

Figure 20. Speed vs brake mean effective pressure

Figure 20 uses BMEP trends of SPFI and CMFI comparatively. 
BMEP is at its highest point at mid-range speeds and low at extreme 
speeds as the combustion is not completed. During WOT at 3000 
rpm, SPFI reaches 8.2 bar which is estimated at 10 percent more 
than CMFI. Better mixture preparation and homogeneity of com-
bustion in SPFI leads to better mean effective pressure. 

4.9. Brake specific energy consumption

Figure 21. Speed vs brake specific energy consumption

Figure 21 shows the variation of BSEC with speed. Low speed op-
eration results in high BSEC due to the incomplete combustion 
and lack of the supply of oxygen. The process of hydrogen addition 
causes the BSEC decrease in all the speeds through the increase of 
flame propagation and the decrease in the duration of combustion. 
At 4000 rpm, SPFI registers 20.60 MJ/kW•hr as compared to CMFI 
which represents about 20 percent more consumption because it has 
poor distribution of mixtures.

4.10. Brake specific fuel consumption

Figure 22. Speed vs. brake specific fuel consumption

Figure 22 shows that BSFC reduces with the rise in speed because of 
enhanced combustion and turbulence. The minimal BSFC value of 
0.4 kg/kW •hr is found with SPFI at 2500 rpm. The SPFI offers more 
fuel economy since it has precise injection timing and enhanced 
mixing of fuel and air. An increase in BSFC with low speed is caused 
by a decrease in turbulence and complete combustion.

4.11. Cylinder Maximum Pressure

Figure 23. Speed vs. Cylinder peak pressure

The change of peak in-cylinder pressure is shown in figure 23. Ad-
dition of hydrogen raises the temperature of combustion, and raises 
the lean combustion ability, resulting in higher peak pressure. The 
highest pressure in SPF is 34.95 bar at 3200 rpm compared to CMFI 
which is 27 bars meaning that the ratio of uneven charge distribu-
tion and slower combustion in CMFI reduces by about 23 percent. 
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4.12. Combustion analysis

4.12.1. Combustion duration

Combustion analysis shows that the inclusion of hydrogen to CNG 
greatly increases the rate of combustion. Hydrogen enrichment also 
increases the spread of the flame and promotes more stable com-
bustion especially in case the right mixture of hydrogen fraction 
and spark timing is sustained. The lower the concentration of the 
hydrogen, the more the incomplete combustion losses will decrease 
because of finding more time to oxidize the fuel-air mixture. At 
approximately 10 percent hydrogen mixture, the efficiency of com-
bustion increases even more, leading to some partial combustion 
losses in the operation of pure CNG. With increased speed of com-
bustion, real combustion losses are minimized as they are normally 
due to combustion taking finite time and not taking place instantly 
at top dead center (TDC). The rising concentration of hydrogen 
will also have the side effect of rising the heat transfer losses to the 
cylinder walls since the higher the combustion temperatures and 
the faster the flame moves, the nearer the flame front will be to the 
combustion chamber walls. Hydrogen also decreases the quench-
ing distance of the flame that enables the flame to extend closer to 
the walls. Although the best design of the combustion chamber can 
improve thermal efficiency, it can also add heat to the walls. It is 
possible to counter such losses through the adjustment of engine pa-
rameters like compression ratio to ensure an efficient performance 
of combustion process. 

4.12.2. Flame development duration 

Flame development duration is the measurement of the crank angle 
between the spark ignition and the point at which some 10 % of the 
total charge in the cylinder has been used up. Hydrogen included 
in the HCNG mixture accelerates the first flame propagation rate 
because of an elevated laminar flame velocity and low ignition ener-
gy. As a result, the first phase of combustion takes a shorter period, 
and the time of flame development is shortened. The increased rate 
of starting the ignition and the first growth of the flame enhances 
better stability in combustion and more effective energy release in 
the cylinders.

4.12.3. Mass fraction burn

Mass Fraction Burn (MFB) is a term used to explain how combustion 
occurs and in general for example the 5 percent, 50 percent and 90 
percent crank angle needed to burn the given portions of the in-cyl-
inder charge. In the 10% HCNG mixture, the first combustion phase 
modelled by MFB5 is much reduced with over 30 percent reduction 
in duration than when pure CNG is used. Even though further addi-
tion of hydrogen concentration past this point does not necessarily 
decrease the MFB5 even more than that in lower blends, it improves 
the first combustion stage. The effect of acceleration in later stages 
of combustion (MFB50 and MFB90) is not so high. A difference of 

approximately 7 percent decrease in the duration of combustion is 
seen at the main combustion phase (MFB50) when combustion is 
conducted using a 10 percent HCNG mixture. The overall speed of 
combustion, measured by MFB90, shows the same trend and sug-
gests an increase in the overall speed of combustion. The more rapid 
flame propagation which comes with the enrichment of hydrogen 
also results in the cumulative mass fraction burned increasing more 
rapidly and, thus, enhances better combustion efficiency and limits 
the chances of incomplete combustion.

4.12.4. Maximum Brake Torque Spark Timing (MBT-ST)

Figure 24. Speed vs. spark timing

Figure 24 shows how the spark advances to obtain Maximum Brake 
Torque (MBT) varies with engine speed in the case of HCNG blend. 
The faster the engine speed, the higher the spark timing should be 
to provide full combustion within the short crank angle period. 
Small advances in spark is normally necessary on pure CNG due 
to their partial slowness in flame propagation. The introduction of 
hydrogen, however, increases the rate of combustion and in the pro-
cess, the spark advance demanded is low as compared to pure CNG 
operation. The increased flame rate of HCNG mixture will lead to 
enhanced power generation and larger thermal efficiency at the best 
ignition timing. In low engine speed, both SPFI and CMFI systems 
display a slightly retarded HCNG 10 per cent spark timing because 
of the faster rate at which the engine starts combustion.

4.12.5. Cylinder maximum pressure

Figure 25 shows the change of pressure within the cylinder in both 
SPFI and CMFI modes with the use of a 10 % HCNG mixture at 
2500 rpm. The pressure trace bought by the data acquisition system 
shows that the pressure reaches greater peak cylinder pressure be-
cause of accelerated combustion and increased heat release attribut-
ed to enriching of hydrogen. The peak pressure of SPFI arrangement 
pecks at a slightly lower than the top dead center (TDC) at about 
31.73 bar. Since hydrogen increases the rate at which the combus-
tion process occurs, the peak pressure is displaced slightly away of 
TDC to approximately 20 cranks angle as shown in figure 26, Peak 
pressure is around 190 CA after TDC, which implies that combus-
tion phasing is efficient. The pressure crank angle diagram shows 
also that the operation of the SPFI has been stable with no signs of 
knock or pre-ignition.
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Figure 25. Crank angle vs. pressure

Figure 26. Crank angle vs. cylinder pressure

4.12.6. Heat release rate

Figures 27 and 28 show the change of the net heat release rate and 
the peak rate of the rise in pressure with crank angle in the case of 
HCNG blends. Heat release profile is the energy that is released in 
combustion in the cylinder. Fuels having lower flame propagation 
speed have delayed peak heat release and have low maximum heat 
release rates. Introduction of hydrogen enhances combustion inten-
sity and progress in heat release because of its high laminar flame 
velocity and quick energy release nature. As a result, the HCNG 
mixture has a finer heat release profile and faster rate of pressure 
increase, suggesting more efficient combustion, as compared to the 
traditional gaseous fuel operation.

Figure 27. Crank angle vs. net heat release rate

Figure 28. Crank angle vs. maximum rate of pressure rise

4.12.7. Cycle by cycle variation

Figure 29. Speed vs. COVIMEP

The coefficient of variation of the mean effective pressure reported 
(COVIMEP) indicating cycle-to-cycle stability in combustion is 
shown by Figure 29. Hydrogen addition enhances consistency of the 
combustion process due to faster rate of flames and better ignition 
properties. Engines that are powered by natural gas are often sub-
jected to greater cyclic variability because of the slower combustion 
and lean burn restrictions. The hydrogen concentration within the 
HCNG mixture increases the rate of propagation of flames and 
minimizes the chances of misfire or incomplete combustion cycles. 
Consequently, the COVIMEP reduces as the hydrogen fraction and 
engine speed increase as the turbulence in the combustion chamber 
goes up. In the case of 10% HCNG blend that is under stoichiomet-
ric conditions, the COVIMEP stays constant at approximately 4 per 
cent, which means that the combustion is in a stable state.
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Figure 30. Speed vs. COV rate of pressure rise

Figure 30 is the plot of the coefficient of variation of the rate of pres-
sure rise against engine speed. This parameter shows changes in in-
tensity of combustion in one cycle to another. The findings show that 
enrichment of hydrogen tends to decrease cyclic anomalies by en-
hancing the rate of flame propagation and enhancing the success of 
the combustion process. But as the mixture becomes richer the rate 
of variable in the variability of pressure rises also increases slightly, 
because the rate of combustion is greater, and the rate of heat release 
is greater. Generally, the HCNG mix proves to be to be more stable 
in combustion than in normal gaseous fuel combustion.

4.13. Long term effects of HCNG blends on engine 
components and the fuel injection system

•	 The long run effects of the HCNG fuel blends on engine 
equipment and the injection facility are subject to the per-
cent composition of the hydrogen in the mix, engine de-
sign and the engine working environment.

•	 Hydrogen presence enhances the velocity of flame prop-
agation and the temperature of combustion which may 
place increased thermal loads on the parts of the engine 
like the pistons, cylinder walls, and valves. Unless these 
components are created to run in high-temperature set-
tings, oxidation and accelerated wear of components can 
take place.

•	 At the point where there is a high ratio of hydrogen, there 
are possible chances that the probability of engine knock-
ing can rise. Prolonged operation may gradually destroy 
pistons, piston rings, and so forth when such abnormal 
combustion takes place.

•	 HCNG mixtures with high hydrogen content, especially 
beyond circa 30 percent, might result in higher exhaust 
gas temperatures during combustion.

•	 High exhaust temperatures may hasten wear and tear on 
valve seats and exhaust valves as opposed to when run-
ning using traditional CNG. Thus, certain materials with 
better thermal resistance like hardened valve seats could 
be necessary to ensure good functioning.

•	 The increased hydrogen content mixtures tend to need 
more ignition energy to properly combust and this can 
increase electrode erosion in normal spark plugs. This 
means that spark plugs which are made of tougher ele-

ments like platinum or iridium electrodes can be desir-
able.

•	 Blends of hydrogen can also enhance the development 
of NOx and faster oxidation of the engine lubricating oil. 
Therefore, a higher frequency of the replacement of oil or 
lubricants with oxidation-resistant ones could be needed.

•	 In comparison to CNG, hydrogen does not offer any lubri-
cating property within the fuel system that can elevate the 
mechanical wear in fuel injectors with time. To counter 
this injector elements can be coated with protective sur-
face or materials resistant to wear.

•	 Conversely, HCNG combustion tends to have fewer car-
bon deposits making them cleaner injectors. When the 
fuel system is well calibrated, it will reduce the accumula-
tion of carbon which will enhance durability of injectors.

•	 Hydrogen molecules are very small and therefore can per-
meate through some sealing materials. With the passage 
of time this can result in degradation of traditional rubber 
or polymer seals, and it will be needed to employ hydro-
gen-compatible materials like fluoroelastomer.

•	 Due to the low volumetric energy density of hydrogen in 
comparison to CNG, an increased volumetric rate of fuel 
flow could be necessary to sustain the same engine power. 
This can need changes in the injector design and fuel pres-
sure controls to have the best engine performance. 

4.14. Comparison of the fuel economy of CMFI and SPFI 
under identical conditions

Sequential Port Fuel Injection (SPFI) is much superior to engine 
performance as fuel is injected into one cylinder at a time when it 
is most suitable during the intake stroke. This is a narrow tolerance 
that regulates the quality of combustion and efficiency. However, 
when the engine speed is lower the brake specific consumption of 
fuel (BSFC) is expected to go up due to the less turbulence generated 
in the cylinder causing poor air fuel mixing hence higher HC and 
CO rates can be expected.

Comparing the Conventional Manifold Fuel Injection (CMFI) with 
the Sequential Port Fuel Injection (SPFI) in the same operating con-
ditions, there is a clear difference in the fuel economy because of 
the differences in the injection timing, quality of atomization, and 
distribution of fuels amongst the cylinders.

Under the CMFI system, one injector placed on the intake manifold 
feeds the fuel to all the cylinders at once. As the fuel is supplied 
regardless of the personal events of intake of the cylinder, the distri-
bution of the air-fuel mixture might not be even.

The CMFI configuration is less costly and easier to keep although in 
most cases it records less fuel efficiency. Since injection timing does 
not coincide with the intake stroke of each cylinder, not all the fuel 
may be involved in combustion. It may result in unequal distribution 
of mixtures with certain cylinders getting richer or leaner mixtures. 
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Besides this, fewer fuel droplets vaporize faster and therefore, the 
larger the droplet, the lower the combustion efficiency. As a result, 
CMFI engines have a fuel efficiency of about 5-15 per cent lower 
than sequential injections.

Conversely, SPFI systems use a system that uses specific injectors 
per cylinder, which allows the delivery of the fuel at the specific 
moment when the cylinder is under the intake process. This mode 
of injection helps reduce loss of fuels as well as ensuring that the 
mixture forms in each of the cylinders in a homogeneous way.

Very small fuel droplets generated in the SPFI systems enhance va-
porization and efficiency in combustion. Additionally, correct elec-
tronic control of the injection enables improved fuel management 
when the engine is idle and at low-load operation resulting in low 
fuel consumption.

All in all, SPFI systems have better fuel economy than CMFI since 
they can regulate the amount of fuel provided to each cylinder based 
on its operating cycle. The SPFI type of engines enhances the quality 
of the mixture preparation and combustion efficiency, and they can 
offer better mileage and thus they are largely used in the current 
fuel-efficient cars.

4.15. Practical applications 
•	 Hydrogen CNG blends have higher flame speed compared 

to traditional fuels. Sequential fuel injections allow precise 
air fuel mixture control, foremost to extra comprehensive 
combustion. Hydrogen addition enhances combustion 
and reduces carbon-based emission like CO2, CO and un-
burned hydrocarbon. Higher calorific value of hydrogen 
improves thermal efficiency. Sequential injections ensure 
correct metering, enabling smooth operation under vary-
ing load conditions. It reduces greenhouse gas emissions 
due to inferior carbon content in HCNG associated with 
gasoline or pure CNG. HCNG can be stored and delivered 
using modified CNG systems. SPFI systems are compati-
ble with standard internal combustion engines, reducing 
retrofitting costs. High octane rating of hydrogen gives 
higher compression ratio and better thermal efficiency 
with HCNG blends.

•	 Hydrogen storage needs lead pressure tanks or cryogenic 
arrangements, cumulative system complexity. Hydrogen’s 
diffusivity can cause embrittlement in some materials, 
requiring specialized components. Precise calibration 
of SPFI system is critical to perfect the air-fuel mixture 
for HCNG blends, as hydrogen has a wider flammability 
range. Higher first investment in SPFI systems and hydro-
gen storage compared to conventional fuels. Following 
table 4 shows, Gaps and Attainment in present Research.

Table 4. Gaps and Attainment in present research

Sr. No. Gap Attainment

1

CNG fuel has slow burned velocity, and hence it is always 
burnt at stoichiometric conditions in IC engine. This 

increases NOx and reduces thermal efficiency.

In the present research CNG is blended with hydrogen to increase its flame speed. 
Hydrogen wider burn limit fast burn speed improves combustion steadiness and 

thermal efficiency. 

2
Nox concentration increases with hydrogen addition if 

spark timing is not adjusted

•     To reach this gap cooled EGR system is used at stoichiometric condition. 
•     EGR reduces oxygen content and combustion temperature in engines which 
suppress Nox. MBT Spark timing advances with EGR and retard with hydrogen 

addition. Carbon based emission reduced with hydrogen enrichment.

3 CNG engines are more efficient at MBT spark timing. MBT spark timing showed improvement in performance, emission and combustion 
characteristics for different blends of HCNG.

4 HCNG Lean air fuel ratio improves BTE and reduces Nox
Lean HCNG blends show lower Nox and increase in power compared to pure CNG. 
This helps to burn CNG at lean conditions with increase in brake thermal efficiency 

of the engine.

5

It is seen that gaseous fuel has lower volumetric efficiency 
which reduces power output and increases chances of 

backfire.

To reach this gap SPFI increased power output and reduced chances of backfire by 
providing precise control in injection timing leading to better performance and 

emission. 

6
High Octane number of CNG increases thermal efficiency 

due to increase in compression ratio.
In the present context the trials are performed on modified gasoline engines with 

CR=9.2:1. Dedicated CNG engines give higher power output with increase in 
thermal efficiency.

7

According to a literature review it is seen that 20% hydrogen 
by volume (i.e. 7% by energy) with CNG is best blend for 

better performance and emission.

In the present research it is seen that 10 % hydrogen by volume (i.e. 3.3 % by energy) 
is best for improvement in performance and emission characteristics. Online fuel 

blending helped to take different sets of reading for varying proportion of hydrogen 
and CNG.  
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4.15. Challenges of Nox formation from HCNG Blends and its 
environmental impact

Hydrogen higher flame temperature and faster combustion rate com-
pared to CNG results in elevated in-cylinder temperature, leading to 
increased thermal Nox formation. Increase in hydrogen percentage 
in blends may give rise to increase in peak combustion temperature. 
Lean combustion reduces Nox emission due to lower combustion 
temperature. Under stoichiometric and lean conditions elevated 
temperature of hydrogen blends promote to thermal Nox through 
Zeldovich mechanism. Hydrogen’s wide flammability range allows 
for leaner air-fuel mixture operation. At lean conditions CO and 
HC emissions reduce, which results in higher Nox formation due to 
higher in-cylinder temperature. Accomplishing the perfect balance 
between lean operation and emissions is complicated.        Too lean 
mixture can cause misfires, while slightly rich blends can surge Nox 
and HC emissions. Hydrogen’s diffusivity and higher combustion 
temperature can cause engine material wear or hot spots. Hot spots 
lead to localized Nox formation, requiring advanced design materi-
als and engine cooling systems. 

Hydrogen increases the rate of chemical reactions in combustion, 
intensifying Nox formation. Controlling Nox becomes difficult as 
HCNG blends exceed 20%. Nox reacts with volatile organic com-
pounds in presence of sunlight to form ground-level ozone, a major 
part of smog. It reduces air quality, affecting visibility and public 
health, especially in urban areas. Nox combines water vapor in the 
atmosphere to form nitric acid called Acid rain. It damages ecosys-
tems, corrodes buildings, and acidifies water bodies. Nox contrib-
utes indirectly to climate change by enhancing the greenhouse effect 
of other gases like ozone layers. This worsens global warming and 
its associated environmental impacts. Nox exposure leads to health 
hazards respiratory issues, including asthma, bronchitis and lung 
cancer. It particularly affects vulnerable groups such as children, 
the elderly and those with pre-existing conditions. Nox deposition 
can lead to ecosystem imbalance by nutrient imbalance in soils and 
water bodies causing problems like eutrophication. Excess nutrients 
in aquatic system led to algal blooms, depleting oxygen and harming 
aquatic life. Nox contributes to ozone layer depletion. This increase 
in UV radiation reaching the earth leads to skin cancer and other 
harmful effects.

To mitigate these challenges and environmental effects, several ap-
proaches can be considered:

1.	 Employing technologies like Exhaust Gas Recircula-
tion and Variable Valve Timing to control peak com-
bustion temperatures.

2.	 Precise air-fuel ratio management and injection tim-
ing to reduce Nox formation.

3.	 Implementing SCR or LNTs to effectively reduce Nox 
in the exhaust stream.

4.	 Limiting the hydrogen fraction to a best range 10 to 
15% to balance performance and emissions and com-
bustion characteristics.

5.	 Enforcing policy and regulations of stringent emission 
norms to drive innovation in clean technologies.

Exhaust Gas Recirculation and optimized ignition timing can 
mitigate Nox formation. With higher hydrogen blends (>30%) 
and sequential Injection system helps in reducing Nox with Lean 
combustion. HCNG engines can be run in ultra-lean conditions due 
to hydrogen’s wider flammability range. Optimized CNG engine 
for HCNG blends helps to reduce Nox. By diluting the intake air 
charge with inert exhaust gases (EGR) reduces combustion chamber 
temperature and Nox. With stoichiometric combustion (λ=1) Nox 
emissions are higher but can be reduced by using catalytic con-
vertor. Advanced technologies like dual fuel injection systems and 
pre-chamber combustion design help to reduce Nox. 10 to 20% by 
volume of HCNG is often a good compromise for best power and 
Nox reduction.

5. Conclusions and future scope

5.1. Conclusion
•	 The current research compares the overall performance of 

both the Sequential Port Fuel Injection (SPFI) and Con-
ventional Manifold Fuel Injection (CMFI) systems in a 
multi-cylinder spark ignition engine using hydrogen-in-
corporated compressed natural gas (10% HCNG) blends. 
The findings show that SPFI offers enhanced fuel deliv-
ery, depending on the engine load, and speed resulting in 
more correct preparation of the air-fuel mixture and high-
er efficiency of combustion. This enhanced combustion 
characteristics can be seen mostly at higher engine speeds. 
Consequently, SPFI produces low carbon monoxide (CO) 
and hydrocarbon (HC) emissions than CMFI because the 
injection timing is more correct and the mixture homoge-
neity is enhanced.

•	 But enhanced combustion properties in SPFI also lead to 
increase in combustion temperature and lead to increased 
NOx emissions when compared to the CMFI operation. 
Also, enhanced calorific content and speed of combus-
tion of the hydrogen-enriched fuel results in high exhaust 
gas temperature in SPFI mode. High temperatures of ex-
haust can affect the long-term durability of the engine as 
it raises the probability of wear or damaging of the valve 
unless well controlled. Compared to CMFI, SPFI shows 
lower brake specific fuel consumption (BSFC) due to its 
excellent fuel atomization and better combustion process 
compared to CMFI that has higher fuel consumption due 
to incomplete combustion and uneven mixture distribu-
tion. The SPFI design also results in greater peak cylinder 
pressure than CMFI that is linked with greater exhaustion 
of combustion and release of energy in the cylinder.

•	 HCNG blends added added value to combustion proper-
ties, by cutting down on the time of combustion, as well 
as enhancing flame speed. As the hydrogen content, peak 
cylinder pressure, heat release rate and rate of pressure 
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rise, so does the required maximum brake torque (MBT) 
spark timing as the flames develop more rapidly. In gen-
eral, the findings also suggest that the SPFI systems have 
better performance and emission parameters than CMFI 
systems because of the control of the fuel injection and 
mixture formation. However, the rise in NOx emissions 
and exhaust temperatures, which are experienced during 
SPFI operation, still need to be optimized further using 
the advanced methods of combustion control and emis-
sion cutting strategies. The combination of HCNG and 
SPFI systems proves that there is considerable potential 
to enhance engine efficiency, as well as to reduce car-
bon-based emissions.

5.2. Future scope
•	 The research on the HCNG engines can also be extended 

in the future through investigating more parameters and 
new technologies. 

•	 The use of experimental studies with direct injection of 
HCNG blends can offer more information regarding the 
efficiency of combustion, nature of emissions and perfor-
mance optimization. 

•	 Studies of the variable compression ratio engines with 
HCNG blend could also demonstrate the effect of the 
compression ratio on combustion processes and thermal 
efficiency. 

•	 Further, multi-cylinder spark ignition engine is a type of 
engine where numerical simulation and modeling with 
the usage of HCNG blends would be beneficial in pre-
dicting the combustion properties, injection-strategies, 
and engine design to improve performance and decreased 
emissions.
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Nomenclature
θ		  Crankshaft angle
φ		  Equivalence ratio
m		  Mass flow rate
LHV		  Lower heating value
SOI		  Start of injection
MBT		  Maximum brake torque timing
BMEP		  Brake mean effective pressure
ITE		  Indicated thermal efficiency
CNG		  Compressed natural gas
H₂		  Hydrogen
SPFI		  Sequential port fuel injection
GDI		  Gasoline direct injection
CO		  Carbon monoxide
THC		  Total hydrocarbons
NOx		  Oxides of nitrogen
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TWC		  Three-way catalyst
SCR		  Selective catalytic reduction
RPM		  Engine speed (rev min⁻¹)
λ		  Excess air ratio
E		  Energy
MAP		  Manifold absolute pressure
WOT		  Wide-open throttle
BSFC		  Brake-specific fuel consumption
IMEP		  Indicated mean effective pressure
COV		  Coefficient of variation
HCNG		  Hydrogen-enriched compressed natural gas
PFI		  Port fuel injection
CMFI		  Conventional manifold fuel injection
SI		  Spark ignition
HC		  Unburned hydrocarbons
NO		  Nitric oxide
EGR		  Exhaust gas recirculation
LNT		  Lean NOx trap
GHG		  Greenhouse gases
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