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ABSTRACT 
 

Our work focuses on a study of the natural gas based fuels like CNG and HCNG 
(Hydrogen blended with CNG). It gives a clear comparison of such fuels with the 
conventional fuels like diesel and gasoline, weighing the merits and demerits of 
each. The  comparative  study  is  done  taking  into  account  the  various  
parameters  like  air-fuel ratio,  load  conditions  and  engine  speeds  and  their  
effects  on  the  engine  efficiency. Results of the tests performed to check for the 
feasibility of using hydrogen blended CNG as a fuel are also discussed.   

The study proves a definite advantage of using hydrogen blended compressed 
natural gas since it provides higher flame speeds and can greatly improve the 
efficiency of the fuel in the lean operating region.  We  have  tried  to  discuss  the  
effects  of  blending  on  the combustion and other  fuel properties. Apart from this, 
the kinetics of formation of NOx has been studied.  

We have developed a software that can be used for the direct analysis of mass 
emission and velocity acceleration data obtained from a GPS system. Our software 
helps in identification of the parameter values such that the results obtained from a 
test cycle would very closely match those on a full run and gives the value of a total 
of 27 driving cycle parameters. The software can be used for the analysis of driving 
patterns in various areas. The driving cycle data of different locations in the world 
can be  analyzed with  the  help  of  our  software  to  determine  the world standards  
for  vehicle manufacturing. 

Key Words : CNG, Emission comparisons of CNG, HCNG, Combustion 
properties of HCNG, NOx emission kinetics, Idling time, Driving cycle, Microtrip.
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INTRODUCTION 
Large scale use of fossil fuels as primary 

energy sources has resulted in an increase in 
emissions of CO2, the most important 
greenhouse gas (GHG). Temperature rise 
caused by the increasing concentrations of 
these GHG’s in the atmosphere is likely to 
influence global climate.  

Road transport accounts for nearly 10% 
of total global CO2 emissions.1 99% of the 
energy consumed in road transport is based 
on fossil fuels.2 Thus, a need to tap any 
potential of reducing the emissions in this 
sector is evident. Apart from CO2, exhaust 
gases like SO2, CO and NOX (oxides of 
Nitrogen) pose a serious threat to our 
environment, and therefore their quantities in 
vehicular emissions need to be kept under 
control.  

Alternative fuel chains can involve the 
use of alternative primary energy sources, 
innovative fuel production methods, new 
automotive fuels, or innovative vehicle drive 
trains.2 Global warming and the need for a 
stable energy market worldwide have now 
resulted in an increased focus on hydrogen as 
an energy source. A transition solution to the 
use of pure hydrogen may be the use of 
mixtures of hydrogen and hydrocarbons, 
based on both the availability and the cost.  

This work focuses on two of the above 
suggested solutions, namely, innovative 
vehicle drive trains and hydrogen blended 
fuels. In this relation, a comparative study of 
the various conventional fuels and natural 
gas based fuels is made and the feasibility of 
using hydrogen blended CNG as a fuel is 
discussed. A software has been developed for 
analysis of data from a GPS system. Such 
data analysis can help in setting 
manufacturing standards for vehicles and in 

finding the driving patterns which may be 
best suited for minimum emissions. 
Comparative study of fuels 

Natural gas is a gaseous mixture of 
simple hydrocarbon compounds, primarily 
composed of methane (CH4) with minor 
amounts of ethane, propane, butane, and 
pentane.3 Since gasoline and diesel contain a 
higher carbon-to-hydrogen ratio than natural 
gas, they give out higher pollutant exhaust 
emissions. Exhaust gases like CO are formed 
due to incomplete combustion, inadequate air 
or improper air-fuel mixing. CNG being 
gaseous readily mixes with air and so a better 
air-fuel mixture is formed which burns much 
more completely giving lesser CO exhausts. 

Tests on diesel and CNG vehicles to 
compare their emissions have shown that 
CNG reduces the emissions of NOX and 
other exhaust gases drastically. During the 
tests, emissions of non-methane 
hydrocarbons (NMHC), carbon monoxide 
(CO), NOx, and TPM (total particle mass) 
were measured. On an average, the CNG 
vehicles reduced emissions of NOx by 53%, 
TPM by 85% and CO by 89% as compared 
to the diesel vehicles.4 

On comparing CNG with gasoline, it has 
been found that the CNG emissions are even 
less than the emissions from a gasoline Ultra-
Light Emission Vehicle (ULEV). This 
proves the edge of using CNG as a fuel. CO2 
emissions are greatly reduced on using CNG, 
but methane levels are higher. Fig. 1 depicts 
the data comparison of gasoline and CNG 
emissions obtained from the tests performed 
by the U.S. EPA Office of Mobile Sources.5 
It can be clearly seen from it that the CO, 
NOX and the Non-Methane Hydrocarbons 
(NMHC) are lesser for CNG as compared to 
gasoline. 
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Hydrogen Blended Compressed Natural 
Gas (HCNG) 

Addition of hydrogen to CNG improves 
performance in the lean operating region 
(where the air-index is high and is greater 
than stoichiometric equivalence ratio) by 
reducing emissions and decreasing fuel 
consumption. This occurs because hydrogen 
has a high flame speed and a wide operating 
limit that extends into the lean region. With 
natural gas alone as a fuel, the low flame 
propagation velocities are so low that 
operation in the lean region is severely 
restricted. 

While operating at relatively lean 
mixtures, an increase in power output and 
work production efficiency, as well as a 
reduction in emissions has been observed. 
These improvements were determined to be 
due to the superior knock resistant qualities 
of methane maintained at lean mixtures, 
combined with the extremely rapid flame 
propagation rates of hydrogen.  

Also, the minimum spark ignition energy 
of hydrogen is less, so the combustion 
process of HCNG can initiate much easily.6  

The Gasoline Gallon Equivalent (or 
‘GGE’) values for gasoline, CNG, and 
various hydrogen blends with CNG are 
reported in Table 1.7 

The amount of air required for 
stoichiometric combustion of hydrogen is 
25% of that for methane. This difference in 
the stoichiometric air requirement results in a 
higher adiabatic flame temperature of 
hydrogen compared to methane: 2382K 
versus 2226K, respectively.8 This could be 
an important aspect while considering 
possible unwanted increases in NOX 
formation due to hydrogen addition and 
therefore the temperatures need to be kept 
under control. 

The laminar burning velocity of a 
stoichiometric pure hydrogen-air flame is 
roughly 6 times higher than the equivalent 
methane-air flame; so, the addition of H2 
increases the burning velocity of natural gas. 
The burning velocity increases linearly up to 
30% of H2 in the mixture, at 1% per 1% H2 
addition.8 A burning velocity that is too low 
results in blow-off, whereas a burning 
velocity that is too high gives rise to 
flashback. Occurrence of these phenomena 
can have dire consequences and therefore an 
optimum percentage of H2 in the blended 
fuel has to be maintained. 

The results of 4,695 miles of testing for 
one of the blended fuel vehicles, a Ford F-
150 pickup truck, operating on up to 50% 
hydrogen–50% CNG fuel, are presented 
here.9 The two types of fuels tested were 
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Fig. 1 : Emission comparisons for gasoline and CNG 
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low-percentage-blend (30% blend of 
hydrogen by volume), and high-percentage-

blend (50% blend of hydrogen and 50% 
CNG by volume). 

Table 1 

 
The test shows that there was a great 

reduction in emissions on using HCNG 
instead of gasoline. The reduction in the 
emissions on using HCNG for HC was of 

3.5%, for CO was of 43.3%, for NOX was of 
97% and for CO2 was of 16.7%. The 
emission results are also depicted in the  
Fig. 2.   

 
Also as a part of the test, two different 

mixtures were specially investigated. These 
were pure CNG, and 29% H2 in CNG. For 
each mixture, four engine speeds were tested 
under full load conditions. For each mixture 
and each engine speed four different excess 
air ratios () were chosen. The lean limit for 
pure CNG tested was found to be 
approximately =1.8, and the lean limit for 
HCNG as a fuel is even leaner, i.e. at about 
=2.0. Considering the total emissions of 
unburned hydrocarbons and nitrogen oxides, 
it is found that the positive effect of adding 

hydrogen to the CNG increases as a function 
of lambda (). The efficiency for HCNG is 
greater than for CNG for the same excess air 
ratio. 

Negative aspects of using hydrogen are 
primarily the reactivity and diffusivity of 
hydrogen which may be responsible for 
potential explosion hazards due to either 
slow leakage or puncturing out of the storage 
tanks. Therefore, a balanced amount of H2 
has to be used with CNG for the best and 
most efficient performance. 

 
Energy Content 

(kWh/Kg) 
Energy Content 

(kWh/gal) 
GGE 
(lbm) 

GGE 
(kg) 

Gasoline  –  34.5 – – 
CNG 13.44                            – 5.66 2.57 
Hydrogen  33.90                            – 2.28 1.04 
15% H2 blend  13.85 – 5.49 2.49 
30% H2 blend  14.32 – 5.31 2.41 
50% H2 blend  15.56 – 4.89 2.22 
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Fig. 2 : Emissions comparison for gasoline and HCNG 
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NOX FORMATION 
The term NOx usually includes nitric oxide 

(NO) and nitrogen dioxide (NO2), but could 
also include several other oxides of nitrogen. 
Here, we will mainly discuss about fuel NOX 
formation. The process where nitrogen in the 
fuel reacts with oxygen in the combustion air to 
form NOx is called fuel NOx formation. 

 Gas fuels have a relatively low amount of 
bound nitrogen and therefore produce low 
amounts of NOx emission by this process. Coal 
and oil have much more bound nitrogen so fuel 
NOx formation is larger in these cases. The 
mechanism for the fuel NOx formation process 
is not fully understood but is modeled by the 
following two equations:  

   N Complex + OH              NO + X  
   N Complex + NO              N2 + X  
where X symbolizes other products.10 

The methodology of our code 
A driving cycle, which is primarily a set 

of instantaneous speed versus time data 
points, but could also include instantaneous 
acceleration, gradient and emission values; is 
generally analyzed to assess the performance 
of a vehicle in terms of its fuel consumption 
and emissions. Large amounts of such data 
are needed to provide any kind of useful 
recommendations in terms of favorable 
driving patterns or driving conditions. The 
problem with such huge amounts of data is to 
be able to assess and draw valid conclusions 
from it. Presently, the most prevalent 
methods for analysis of such data are based 
on simple manual observation of graphical 
plots, and identification of dominating and 
repeating patterns in them, and then relating 
them to various physical and driving cycle 
parameters.  

We have now developed a step by step 
logical approach and methodology for such 
analysis of data and implemented our logic in 
terms of a programming code and software 
which would yield better and much more 

accurate results. Our logic eliminates the 
human aspect of judgment and decision 
making, thus providing operator independent 
results. Also, the user of our software is 
provided with multiple options and choices 
during the execution and processing of the 
program to help user obtain results suitable 
to their requirements.  

The step by step approach and 
processing of our code is depicted in the 
flowchart given in Fig. 3. 

The main portions of our program and 
the significance of each part is explained 
below: 

1) Velocity Acceleration (VA) Matrix: 
Out of the given data of speed, acceleration 
and time, the number of data points in a 
particular speed and acceleration range is 
counted and displayed in the matrix format 
with the ranges specified. This matrix forms 
the basis for comparison between two or 
more driving cycles. Degree of similarity in 
the entries of these matrices helps in 
choosing two closely related driving cycles 
out of many. 

2) Microtrip and Idling period 
Identification: The given data is divided 
into sets of microtrips (data lying between 
two simultaneously zero values of velocity 
and acceleration) and idling periods (data 
lying between two simultaneously zero 
values of velocity and acceleration). VA 
matrices are also formed for each of the 
individual microtrips identified. 

3) Frequency distribution of 
microtrips and idling periods: A plot of 
frequency of microtrips versus time is used 
to divide the pool data into sets of similar 
time durations. A specific number of 
mutually different microtrips are selected on 
the basis of maximum value of summation of 
Chi-Squared values. Similar groups on the 
basis of time durations are made in the case 
of idling periods. 
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Fig. 3 : Flowchart representation of the basic blocks of the code. 
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      4) Combinations of selected 
microtrips: All possible combinations of the 
mutually different microtrips were made and 
their resemblance with the standard sample 
size i.e. pooled data was established using 
chi-square test of statistics. The closest 
combination thus found caters to our need of 
finding the combined data which closely 
resembles the pooled data. 

5) Degree of match: The degree of 
match was found for the best combination of 
microtrips thus selected, using the principle 
of summation of squares of individual 
deviation values for each of the matrix cell 
entries. 

6) Representation of results: The 
graphs of velocity versus time of pooled data 
as well as the best combination obtained are 
plotted. The graphs for various other 
parameters like frequency distribution of 
microtrips and idling time distributions are 
also plotted. 

7) Parameter evaluation: A function 
for calculating 26 important cycle parameters 
such as Relative Cubic Speed (RCS), Root 
Mean Square of Acceleration (RMSACC) 
and a variety of other parameters to give a 
complete analysis of the data is also 
included. 

RESULTS AND DISCUSSION 
We tested our software for various 

standard world cycles like ECE15, EURO3P, 
US72KM, HFET, FTP75, MVEGPA, IDCI, 
NYCC and JAP10.11-12 The results obtained 
for all of the above cycles were found to be 
encouraging. The combinations of selected 
data points as provided on the execution of 
our program were found to be greatly 
matching the complete driving cycle data. 
The efficiency of the code was also evident 
from the consistently high values of degree 
of match that was obtained for the various 
runs on the driving data cycles. The degree 

of matching for the above tests was found to 
consistently lie between 75% and 90%. 

The EPA NYCC standard test11-12 cycle 
simulating low speed urban driving with 1 
stop; and velocity and acceleration data 
entries with a time gap of 1 second was 
taken. The total distance travelled was taken 
as 1890 meters and the total cycle duration 
was 598 seconds. The maximum speed 
during the trip was 44.6 km/h and the 
average speed was found to be 11.4 km/h.  

For this test run, only the part of the code 
computing the values of the various driving 
cycle parameters was run. These driving 
cycle parameters are later analysed trying to 
get the characteristics of the driving cycle. 

The execution of the code gave the 
percentage idle time of the complete driving 
cycle as 24.566%.  

The 26 parameters13 for the cycle were 
computed and were found to be as follows: 

1. Total Cycle Distance (m) = 1890 
2. Total Cycle Time (sec) = 598 
3. Total Operational Cycle Time (sec) = 

598 
(Time that the engine is switched on) 
4. Average Duration of a Stop (sec) = 0 
(Excluding the time that the engine is 

switched off) 
5. Average total Cycle speed (m/sec) 

=3.17 
(Total distance travelled divided by the 

total time) 
6. Average Operational speed (m/sec) 

=3.17 
(Total distance travelled divided by the 

operational cycle time) 
7. Average Running Speed (m/sec) =3.16 
(Total distance travelled, divided by the 

total time that the velocity is greater than 
zero) 
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8. Standard Deviation of speed (m/sec) 
=0.129 

 

 
Here  is the mean of velocity. 
9. Maximum Cycle speed (m/sec) 

=12.388 
10. Relative Cubic Speed (m2/sec2) 

=60.411  
(Integral of cube of velocity over time, 

divided by total cycle distance)  

 
11. Mean Cycle Acceleration rate 

(m/sec2) = 0.722 
(Average of all acceleration data)  
12. Mean Cycle Deceleration rate 

(m/sec2) =-0.722 
(Average of all deceleration data) 
13. Root Mean Square of Acceleration 

(m/sec2) =2.42 
(Measure of speed noise)  

 
14. Positive Kinetic Energy (m/sec^2) 

=3.796 
(Acceleration energy required in a 

certain driving pattern) 

 
15. Relative Positive Acceleration 

(m/sec2) =1.246 

 

(Here is the non-negative 
acceleration) 

16. Standard Deviation of Acceleration 
(m/sec2) =2.42 

 

  
Here  is the mean of acceleration. 
17. Relative Standard Deviation of 

Acceleration Power (m/sec2) = -7.7E-5 
(Standard deviation of velocity * 

acceleration divided by average speed) 
18. Maximum Acceleration (m/sec2) 

=9.7 
19. Maximum Deceleration (m/sec2) =        

-9.5 
20. Percentage of cycle time idling (%) 

=37.792 
(Time for which velocity is less than 5 

km/hr and acceleration/deceleration is less 
than 0.1m/sec2/-0.1m/sec2) 

21. Percentage of cycle time cruising (%) 
=29.933 

(Time for which velocity is greater than 
5km/hr and acceleration/deceleration is less 
than 0.1m/sec2/-0.1m/sec2) 

22. Percentage of cycle time acceleration 
(%) =30.434 

(Percentage of total time for which 
acceleration is greater than zero) 

23. Percentage of cycle time deceleration 
(%) =31.605 

(Percentage of total time for which 
deceleration is greater than zero) 

24. Percentage of Stopping Time (%) =0 
(Percentage of total time the engine is 

stopped) 
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25. Mean Acceleration power (m2/sec3) = 
12.939  

(For all positive acceleration the average 
value of velocity*acceleration) 

26. Mean Deceleration power (m2/sec3) = 
-9.886 

(For all negative acceleration the average 
value of velocity*acceleration) 

The results provided by the code and 
represented above by the values of the basic 
driving cycle parameters are extremely 
valuable. The 26 parameters like relative 
positive acceleration (RPA), Root mean 
square acceleration (RMSACC), standard 
deviation values of velocity and acceleration 
that have been evaluated provide the user 
with the characteristics of the driving cycle. 

From the results for the driving cycle 
above, looking at the values of standard 
deviation of velocity and acceleration being 
as 0.129 and 2.42 respectively, which are 
relatively high, it can be concluded that the 
vehicle experiences enough fluctuations in its 
velocity during the driving cycle. Thus, the 
acceleration values vary in a very wide range 
and have a large standard deviation. 

The total percentage of the cruising time 
is found to be 29.933% which states that the 
velocity of the vehicle is free from any 
fluctuations for only about 30% of the total 
driving cycle. For the rest 70%, there are 
changes in the velocity, i.e. the vehicle is 

either accelerating or decelerating for the rest 
70%. This can be related to high energy 
consumption in terms of fuel and a 
consequent increase in the emissions.  

The mean acceleration power value of 
12.939 and the mean decelerating power of -
9.886 clearly shows that a great amount of 
energy content is spent to bring about sudden 
velocity changes. Also a very small value of 
standard deviation of acceleration power of -
7.7E-5 shows that the energy spent per unit 
time in accelerating is almost the same. This 
can be related to closely lying constant 
durational peaks of velocity on the velocity 
histogram of the driving cycle. Close and 
small durational peaks signify repeated 
acceleration and deceleration at regular 
intervals and thus almost a constant amount 
of energy being spent per unit time. If the 
accelerating and decelerating periods had 
been very sparsely located, then some time 
durations would have high energies spent on 
acceleration/deceleration while some others 
would be having very low energies spent on 
acceleration/deceleration. Thus, under such a 
condition a high value of standard deviation 
of acceleration/deceleration power could 
have been expected.  

The speed versus time plot of the EPA 
NYCC standard driving cycle shown in Fig. 
4 complements the results and conclusions 
already drawn from the values of the driving 
cycle parametershere. 

 
Fig. 4 : Plot of velocity versus time for EPA NYCC standard driving cycle12 
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The code was also run for the 
US72KM11-12 standard driving cycle and in 
this case, we present the results that it 

provided in graphical representation form.  
The graphs plotted for the results are shown 
in Figs. 5-11. 

 
Fig. 5 : Plot for frequency distribution of microtrips i.e. number of sequences vs. time (US72KM) 

 
Fig. 6 : Plot for frequency distribution of idling periods i.e. number of sequences vs. time 

(US72KM) 

 
Fig. 7 : Original velocity-time graph of pool data (US72KM) 
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Fig. 8 : Velocity-time graph of the 1st mictortip (US72KM) 

 
Fig. 9 : Velocity-time graph of the 2nd selected microtrip (US72KM) 

 
Fig. 10 : Velocity-time graph of the 3rd selected microtrip (US72KM) 
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      For this test run on US72KM standard 
driving cycle, the VA matrix velocity ranges 
of 5 m/s and acceleration ranges of 1 m/s2 
were considered. 

The execution of the code gave the 
percentage idle time of the complete driving 
cycle as 18.2216%. The microtrip closest to 
the complete data cycle in terms of its Chi-
squared test, was given to be the 2nd 
microtrip from the starting in the data set, i.e. 
the one starting at 165 seconds. On complete 
execution, the three microtrips whose 
combination would be the closest to the 
whole pool data were found to be the 7th, 9th 
and the 11th microtrips from pool data and 
the degree of match was found to be 83.4%. 

As is evident from the graphs of the 
frequency distribution, the majority of the 
microtrips present in the driving cycle have 
durations of less than 60 seconds. The 
majority of idling periods also have durations 
lying between 2 to 28 seconds. The velocity-
time graph of Fig. 7 shows the microtrips 
that are present in the driving cycle. The 
microtrips are mostly of small spans except a 
few. This is also well represented in our final 
results of the three selected microtrips.  

The first two selected microtrips which 
correspond to the 7th and the 9th in the driving 
cycle are of small duration, whereas the third 
microtrip selected corresponding to the 11th 
microtrip in the pool data is of a sufficiently 
larger duration. Since, two out of the three 
selected microtrips are of small durations; we 
can say that they provide a fair representation 
to the greater number of small durational 
microtrips present in the pool data.  

On observing the three selected 
microtrips, the mutual difference in their 
patterns of velocity are also evident, thus 
proving the efficiency of the code in 
selecting the most mutually different 
microtrips for a well carried representation of 
the complete data cycle. 

If real time emission data is also 
available corresponding to these velocity and 
acceleration values, then the software is 
capable of similarly finding the portions or 
microtrips in the data cycle which have a 
relatively high percentage of emissions and 
those microtrips can be excluded while the 
selection procedure for the best 
representation of the driving cycle is being 
made. Thus, the final selected combination 

 
Fig. 11 : Combined velocity-time graph of all the selected microtrips (US72KM) 
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of microtrips would not only represent the 
larger data set but it would also selectively 
choose only lesser emission regions and can 
act as a recommended driving pattern. 
Therefore, the code can help in 
understanding the emission patterns for 
different velocities and accelerations and 
thereby finding the optimum speed and 
acceleration for which emissions are least. 

CONCLUSION 
The software can be used to calculate the 

speed acceleration matrix of any set of given 
data of a driving cycle. With slight 
modifications the software can be used to 
generate a large number of similar matrices 
for varying velocity or acceleration ranges. 

Secondly, it can be used to determine the 
most prominent velocity and acceleration 
ranges in a city and thereby helps to 
understand the driving pattern of a particular 
location. Therefore, a model can be 
developed for different driving patterns in 
different cities and different countries. 

Thirdly, it can be used to select 
microtrips of desired lengths and can also 
select the mutually most different amongst 
them. Similar tasks can be performed for a 
wide variety of applications such as sampling 
or statistical analysis of population etc. 

Further, it can be used to plot the graphs 
and deduce relations between any two 
variables. Also it can be used to make 
combinations of the most different entities 
(here microtrips) from a family of a large 
number of similar data so as to very 
accurately represent the actual sample data. 
In other words it can model and simulate a 
large sample size very accurately also 
mentioning the extent of match. 

The code can be used to find different 
cycle parameters which at many instances 
are used as means of identifying a particular 
driving cycle. 

 Finally, analysis of various world cycles 
and combining them can give us a global 
picture and thereby enable us to set world 
standards for manufacturing vehicles. 

The software can be further modified to 
cater to a wide variety of uses. It can be 
modified to incorporate gradient data 
corresponding to the speed and acceleration 
data, and thereby a three-dimensional speed-
acceleration-gradient matrix can be evaluated 
to incorporate the effect of changing 
gradients of the road. Such analysis would 
help in understanding the effects of the road 
gradients on the vehicular emissions, and in 
deciding what kind of gradient patterns 
would help in reducing emissions. 
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Grow tree, Feel the Environment free 
 
Save water for Safe future 

 
If u protect Nature, Nature will protect u 


