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Abstract 15 

In vehicles fueled with compressed natural gas, a variation in the fuel composition can have non-negligible effects on 16 

their performance, as well as on their emissions. The present work aimed to provide more insight on this crucial 17 

aspect by performing experiments on a single-cylinder port-fuel injected spark-ignition engine. In particular, 18 

methane/propane mixtures were realized to isolate the effects of a variation of the main constituents in natural gas 19 

on engine performance and associated pollutant emissions. The propane volume fraction was varied from 10 to 40%.  20 

Using an experimental procedure designed and validated to obtain precise real-time mixture fractions to inject 21 

directly into the intake manifold. Indicative Mean Effective Pressure, Heat Release Rate and Mass Burned Fraction 22 

were used to evaluate the effects on engine performance. Gaseous emissions were measured as well. Particulate 23 

Mass, Number and Size Distributions were analyzed with the aim to identify possible correlations existing between 24 

fuel composition and soot emissions. Emissions samples were taken from the exhaust flow, just downstream of the 25 

valves. Opacity was measured downstream the Three-Way Catalyst. Three different engine speeds were investigated, 26 

namely 2000, 3000 and 4000 rpm stoichiometric and full load conditions were considered in all tests. The results were 27 

compared with pure methane and propane, as well as with natural gas. The results indicated that both performance 28 

and emissions were strongly influenced by the variation of the propane content. Increasing the propane fraction 29 

favored more complete combustion and increased NOx emissions, due to the higher temperatures. In all tests, natural 30 

gas showed the highest PN values. At high speeds, adding propane increased the number of particles between 5 and 31 

30 nm, highlighting the relevance of the ultrafine particles. Smaller differences were recorded at low speeds. 32 
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1. Introduction 33 

Over the past several years, road transportation has seen significant advances and new alternative technologies are 34 

rapidly emerging. Energy production and storage, electric drive systems, and fuel cell technologies all seem able to 35 

find a significant place in the automotive marketplace [1–5]. However, it would be a mistake to believe that such 36 

technologies will completely replace conventional internal combustion engines in short time [6]. The need for 37 

practical mid-term solutions that can meet new fuel economy and emissions standards has pushed the development 38 

of new technologies for internal combustion engines, comprising innovative combustion techniques [7–10] as well as 39 

their control strategies [11–17]. 40 

In addition, alternative fuels are being promoted and developed to replace traditional fuels [18–22]. Natural gas 41 

represents one of the most concrete alternatives to conventional petroleum fuels (especially in the heavy-duty vehicle 42 

segment) since it produces significantly lower emissions, such as particulate matter (PM) and oxides of nitrogen (NOx), 43 

than conventional diesel engines [8,23–25]. For these reasons, over the past eight years, 50% of the transport bus 44 

fleet in Brisbane, Australia, has been gradually converted from diesel to CNG. In New Delhi, India, one of the most 45 

polluted cities in the world, the entire transport fleet was converted to CNG in 2003 resulting in some improvement in 46 

air quality in terms of suspended particulate matter, CO, SO2, and NOx [26,27]. 47 

For CNG vehicles, one issue is that a variation in the fuel composition can have non-negligible effects on the 48 

combustion process [28–32]. In fact, natural gas is a mixture of various hydrocarbon molecules: the principal 49 

component is methane and its volume fraction can vary from 55.8% to 98.1%; the main heavy hydrocarbons present 50 

in natural gas are ethane, which can vary between 0.5% and 13.3%  (by volume), and propane, in amounts varying 51 

between 0% and 23.7% (by volume) [33]. Diluents such as N2 and CO2 are also present in significant fractions. There 52 

are also trace levels of sulphur compounds, often added as odorants, and hydrocarbons larger than C3 [30]. The 53 

components concentration change with geographical source, time of year, and treatments applied during production 54 

or transportation [34].  55 

Previous studies have shown that changes in natural gas composition can impact emissions, as well as engine 56 

performance [28–32]. Karavalakis et al. [35] reported that natural gases with higher heating value exhibited higher 57 

fuel economy on an energy equivalent basis. Higher flame speeds and higher adiabatic flame temperatures can be 58 

obtained with larger amounts of ethane and propane in natural gas, producing more efficient combustion [30,35,36]. 59 

A reduction in Total Unburned Hydrocarbon (TUHC) emissions was seen for fuels with higher hydrocarbon contents 60 



[29,30]. Some researchers report increases in TUHC emissions with  increased ethane and propane concentration [37], 61 

although these results are not consistent with other previous studies. NOx emission levels were clearly influenced by 62 

the fuel composition, with low Methane Number (MN) natural gases resulting in higher NOx emissions [29–32,35]. 63 

McTaggart-Cowan et al. [30] suggested that it was due to the increased adiabatic flame temperature with a higher 64 

fraction of ethane and propane, since NOx are generated predominantly through the strongly temperature-dependent 65 

thermal NO mechanism [38]. The authors of such work found that a 1% change in adiabatic flame temperature 66 

resulted in a 5% change in NOx emissions. CO is another combustion by-product that is sensitive to fuel composition, 67 

but discordant results have been reported in literature [30,35]. 68 

Furthermore, current emission regulations emphasize the need to control greenhouse gas emissions from on-road 69 

sources, and consequently there is a need to control methane, as well as CO2 emissions, from natural gas vehicles 70 

[39]. Methane is not toxic and not relevant to ozone-forming potential, but it shows a global warming potential 25 71 

times higher than CO2 [29]. In general, higher methane emissions were recorded for higher MN fuels [29] and this 72 

might be due to the fact that methane is less reactive than higher chain hydrocarbons, so it is more likely that higher 73 

amounts survive the combustion process [40]. Higher CO2 emissions were recorded for natural gases having higher 74 

fraction of higher hydrocarbons [35]. 75 

McTaggart-Cowan et al. [30] found that relatively high levels of ethane and propane in natural gas can significantly 76 

increase Particulate Matter (PM) emissions. In such a study, both black carbon and volatile PM emissions were 77 

claimed to be increased by an increase in ethane and propane contents, and other studies have confirmed this 78 

trend [41]. The presence of hydrocarbons with longer chains or more complex structures can enhance PM 79 

precursor formation in the reaction zone [42,43], including C2 species, such as the ethyl radical (C2H5) and 80 

acetylene (C2H2) [41] which are the most abundant gaseous hydrocarbon species in regions where soot is 81 

formed in laminar premixed flames [44,45]. 82 

There is a lack of information about the effect that a variation of natural gas composition can produce on Particle 83 

Number density (PN) and Size Distribution (PSD) functions. Karavalakis et al. [29] recently reported some 84 

measurements, but a clear and exhaustive understanding of the phenomenon is still needed. Therefore, substantially 85 

more work is required to understand the effects of the heavier hydrocarbons on particle formation in natural gas 86 

engines. 87 



The present study aims to isolate the influence that hydrocarbons heavier than methane have on natural gas 88 

combustion. Ethane and propane are the other two hydrocarbons that are present in a relevant amount in natural 89 

gas. However, propane, more than ethane, has thermochemical and combustion properties that are similar to those 90 

of more complex practical fuels [46]. Therefore, it was thought that variations in its concentration would produce 91 

more appreciable effects on performance and gaseous and particulate emissions than those produced by ethane. In 92 

addition, propane is used more often than ethane in many combustion applications and laboratory studies [47]. 93 

Consequently, propane addition to pure methane was studied. Accordingly, an innovative experimental procedure 94 

was designed and validated in order to quantify real-time methane/propane fuel mixtures directly within the intake 95 

manifold. Steady-state engine performance and emissions were therefore evaluated considering different amounts of 96 

propane in methane. Experiments with pure methane, pure propane and natural gas were also performed and 97 

compared.  98 

 99 

2. Experimental method 100 

2.1.  Apparatus 101 

The experimental apparatus included a 4-stroke, single cylinder, port-fuel injected, SI engine, an electrical 102 

dynamometer, the methane and propane injection lines, two single-hole gas injectors, the data acquisition and 103 

control units, two Brooks SLA5800 Thermal Mass Flow Meters and Controllers, four emission measurement systems. 104 

The engine specifications are shown in Table 1. The spark-plug was centrally located in the engine head. A modified 105 

intake manifold was employed to fit two single-hole gas injectors, allowing a simultaneous double port fuel injection.  106 

The engine was equipped with a Three-Way Catalyst (TWC) and it was water cooled. A linear lambda sensor Bosch LSU 107 

4.9 was used to measure the air-to-fuel ratio. The engine was fueled with pure methane and propane, as well as with 108 

their mixtures and with CNG. Methane had a purity expressed in a decimal fraction equal to 3.5 and that of propane 109 

was 2.5. The natural gas composition, in terms of volume fractions of its constituents, is reported in Table 2, as 110 

provided by the suppliers. 111 

Table 1 Engine specifications.  112 

Name Units Value 

Cylinder volume cm
3
 250 

Bore mm 72 

Stroke mm 
 

60 



Compression ratio None 10.5 

Number of valves None 4 

Intake Valve Opening CAD BTDC 92 

Intake valve Closure CAD ABDC 128 

Exhaust Valve Opening CAD BBDC 128 

Exhaust valve Closure CAD ATDC 90 

Max power kW 16 at 8000 rpm 

Max torque Nm 20 at 5500 rpm 
 113 

 114 

Table 2 Natural gas chemical composition. 115 

Name Volume Fraction 

Carbon dioxide (CO2)   1 % 
Nitrogen (N2)   2 % 
Methane (CH4) 88 % 
Ethane (C2H6)   7 % 
Propane (C3H8)   2 % 

 116 

Gaseous and particulate emissions were measured by sampling directly from the exhausts, shortly after leaving the 117 

cylinder. CO, CO2 were measured by means of non-dispersive infrared detectors; NOx emissions were detected by 118 

electrochemical sensors. A Flame Ionization Detector was used to perform a gas chromatography of the exhaust 119 

samples, allowing separation of the methane content from the total amount of UHCs measured in the exhaust. PN 120 

concentrations and sizes were measured in the range from 5 to 560 nm by means of a TSI Engine Exhaust Particle 121 

Sizer. The exhausts were sampled and diluted with air heated at 150 °C. The dilution ratio was fixed at 1:10. A 1.5 m 122 

heated line was used for sampling the engine exhausts in order to avoid condensation of combustion water. A Volatile 123 

Particle Remover (VPR) was not used in this analysis in order to take into account all types of particles and not only the 124 

solid ones, defined by the Particle Measurement Programme [48] as the particles that can survive passing through the 125 

VPR. In addition, Opacity [%] was continuously measured by an AVL 439 Opacimeter sampling downstream the TWC.  126 

 127 

2.2. Experimental procedure 128 

 129 

The tests were designed to investigate the effect of natural gas composition on engine performance and emissions. In 130 

particular, the goal consisted of isolating the influence that propane has on methane combustion.  131 

Engine performance and emissions were evaluated when the engine was fueled with pure methane and pure 132 

propane, as well as with four different mixtures, having respectively 10, 20, 30 and 40% by volume of propane in 133 



methane. Experiments with natural gas were also performed and compared. All the tests were performed at steady 134 

state conditions. For a more extensive analysis, three different engine speeds were investigated, namely 2000, 3000 135 

and 4000 rpm. Stoichiometric and full load conditions were kept in all tests. The list of the operating conditions is 136 

reported in Table 3. To ensure proper operation and reliable response of the exhaust gas analyzers, the engine was 137 

first warmed up and the data were recorded only after engine conditions were stabilized. Tests were repeated three 138 

times in order to provide good statistics of the measurements and each test was averaged over 300 consecutive 139 

cycles. The experimental campaign was performed at the “Istituto Motori CNR”, Italy.   140 

Table 3 Operating conditions specifications. 141 

Speed Load Spark Advance Lambda 

[rpm] [%] [CAD ATDC] 

2000 100 -31.6 1 

3000 100 -32.0 1 

4000 100 -34.0 1 

142 

The in-cylinder pressure was measured by a quartz pressure transducer flush-mounted in the region between the 143 

intake and exhaust valves. It measures the in-cylinder pressure with a sensitivity of 16.2 pC/bar and a natural 144 

frequency of 130 kHz. The sensor signal was recorded by a flexible data acquisition system equipped with 8 high speed 145 

analogue inputs. In order to ensure stoichiometric conditions in all the tests, a constant monitoring and properly 146 

adjustment of the Duration Of Injections (DOIs) was realized by means of closed loop control based on the lambda 147 

value. The signals were post-processed by using the AVL IndiCom software, which allowed the calculation of 148 

combustion parameters, such as Indicating Mean Effective Pressure (IMEP), the Coefficient Of Variation (COV), the 149 

Duration of Combustion (DOC) and Heat Release Rate (HRR), as well as the crank angle at which 5, 50 and 90% of the 150 

fuel mass is burned (MBF5%, MBF50% and MBF90%). 151 

152 

153 

2.2.1.  Real-time fuel mixtures 154 

An innovative experimental procedure was designed and validated to realize real-time methane/propane fuel 155 

mixtures. Two single-hole gas injectors were used to simultaneously inject two gaseous fuels within the intake 156 

manifold. An accurate control strategy, together with proper design of the injection lines, allowed precise mixture 157 

fractions and satisfactory mixing. 158 



Figure 1 shows a schematic representation of the experimental set-up used for the mixture tests. The two gaseous 159 

fuels were supplied by pressurized bottles. Two surge tanks (numbers 3 and 4 in Figure 1) were used to absorb sudden 160 

changes in pressure due to propagating waves generated during the injection phases. This allowed stable 161 

measurements of the static injection pressures and temperatures for both gases. In addition, this ensured that the 162 

velocity of the two gases was negligible within the two tanks, thus these static measurements were representative of 163 

the total conditions upstream the two injectors. By means of two pressure regulators the injection pressure was set to 164 

5 bar, a value that established choked flow conditions through both the injectors for all the operating conditions 165 

considered. The two fuels were injected by employing two identical single-hole injectors (numbers 5 and 6 in Figure 166 

1). 167 

If choked flow conditions are ensured, the average value of the mass flow rate injected,    , is estimated by using the 168 

following expression: 169 

        

  
 

     
 

   
  

 

    
 

    
        

    
   

  (1) 

in which      is the nozzle cross section area of the injector,   
  and   

  are the total pressure and temperature of the 170 

two gases measured in the surge tanks (numbers 3 and 4 in Figure 1), respectively,    is the specific heat ratio,    the 171 

specific gas constant. The subscript   refers to the specific gas considered. The term         
   

  represents the ratio 172 

between the injection frequency and its reference value at the reference case of 2000 rpm and it takes into account 173 

the fact that the injector does not work continuously, namely the mass flow rate increases proportionally with the 174 

injection frequency. Thus, a corrected mass flow rate,  , independent from the injection frequency, is defined as 175 

follows: 176 

  
    

   

    

     (2) 



 177 

Figure 1. Experimental Set-up used for the methane/propane mixtures tests. (1) Propane bottle; (2) Methane bottle; 178 
(3) Propane surge tank; (4) Methane surge tank; (5) and (6) 1-hole gas injectors; (7) intake and (8) exhaust valves; 179 

(9) spark-plug; ; (10) particle sizer probe. 180 
 181 

However, Equation (1) needs to be corrected in order to take into account the mechanical delay that an injector 182 

intrinsically shows. Considering that the energizing Duration Of Injection (DOI) is small for both gasses, the injection 183 

inertia cannot be neglected for obtaining accurate results. Therefore, with the aim to quantify the effect of the 184 

mechanical delay on the injected flow rate, the injector was characterized. Since preliminary tests with different gases 185 

(namely methane, propane and nitrogen) highlighted that the injector mechanical delay was fuel-independent in the 186 

range of the considered operating conditions, the experimental characterization of the injectors was carried out by 187 

using nitrogen injected at 3.5 bar. 188 

Figure 2 (a) shows that when the DOI is short, the mass flow rate injected is significantly less than the expected value. 189 

In such a graph, the value   
    
   

    
      is plotted (where       is the experimentally measured mass flow rate). 190 

Figure 2 (b) quantifies the Deviation from the Linearity (  ) due to the injector mechanical delay and highlights its 191 

importance.     was calculated by using the following expression: 192 

    

  

      
        

    
     

(3) 

where    is the DOI expressed in ms and      is the value of the corrected mass flow rate measured when the DOI is 193 

equal to 95% of the engine period and it is representative of the case of a continuous injection. 194 



Figure 2 (b) also shows that the deviation can be represented by an exponential curve having the form         The 195 

optimal values for the constants   and  , calculated by using a linear regression model, were found to be equal to 196 

0.754 ms and 1.398, respectively.  197 

Equation (1) can be therefore rewritten as: 198 
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 199 

The methane-to-propane mass ratio (    
     

 ) can be easily calculated from the ratio between the desired 200 

mixture volume fractions (    
     

     : 201 
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where      
 and       

 are the molecular weights of methane and propane, respectively.  202 

Since           , Equation (5) can been rewritten as: 203 
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where     
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. 204 

Equation (6) correlates, in a direct way, the desired mixture volume fractions     
 and      

 with the DOIs of 205 

methane and propane      
and       

.  A programmable electronic control unit allowed the management of the 206 

combined injection timing, according to the lambda value. 207 

In addition, Figure 2 (a) shows that the injection frequency does not have relevant influence on the injected mass flow 208 

rate. Additional experiments demonstrated that the injection pressure does not affect the results in an appreciable 209 

way as well and this is shown in Figure 3, in which          
   

        
          and      is the corrected mass flow 210 

rate measured when   
        

 . Different DOIs were considered for a more exhaustive analysis.  211 



 212 

  
(a) (b) 

Figure 2. Measured mass flow rate   
    
   

    
      (a). Deviation from linearity due to injector mechanical delay (b). 213 

 214 

 215 

Figure 3. Linearity of the mass flow rate   from the injection pressure   
 . In the graph       

          and      is 216 

the mass flow rate measured when   
        

 . Experiments carried out with          
   

  217 

 218 

 219 

Figure 4. Expected vs measured propane fraction. Red marks refer to      
 and       

calculated by using 220 
Equation (1), while green marks refer to      

 and       
 calculated by using Equation (4). 221 

 222 

 223 



2.2.2.  Mixing procedure validation 224 

The procedure was validated by analyzing the obtained mixtures with the flame ionization detector during motoring 225 

conditions. The sample was properly diluted to meet the instrument working range. In this way, it was possible to 226 

check if the composition of the obtained fuel blends corresponded to that which was expected. The results are shown 227 

in Figure 4. The use of Equation (2) (green symbols) gave more than satisfactory results. It was confirmed that the 228 

injector’s mechanical delay needs to be considered in calculations by comparing the results obtained with Equation (1) 229 

(red symbols in Figure 4). In the latter case, the injected mass of propane was overestimated more than that of 230 

methane, giving a lower fraction of propane in the resulting mixture. This because the DOI for propane was shorter 231 

than that for methane and the effects of the injector inertia were stronger (see Figure 2 (b)).  232 

Finally, to ensure proper mixing of the two gasses within the intake manifold, it was chosen to inject twice per cycle. 233 

This strategy ensured the longest time possible for the mixing process, and turbulence within the intake ducts helped 234 

the process. The measurements depicted in  Figure 4 never showed a deviation of the recorded value larger than 235 

0.5%, giving confidence that the mixing process was satisfactory. In addition, performance and emissions 236 

measurements (reported in next sections) did not show any appreciable fluctuations attributable to 237 

possible not-perfect mixing. 238 

239 

3. Results and discussion 240 

In the next sections the effect of propane addition to methane on engine performance is first described. Then, the 241 

influence on regulated and greenhouse gas emissions is illustrated. For the various methane/propane mixtures the 242 

nomenclature P10, P20, P30 and P40 is used in the next section, where the number denotes the propane volume 243 

fraction in the mixture. 244 

3.1.  Engine performance245 

Varying the fuel composition had a significant influence on the combustion event and therefore on the engine 246 

performance. These influences are summarized in Figure 5 and in Figure 6, where the in-cylinder pressure traces, and 247 

HRR, IMEP, COV and DOC are represented for each of the engine speeds considered. 248 



Figure 6 (a) and (b) show that for all mixtures and conditions, the effect of propane addition was to increase the IMEP 249 

and, at the same time, to reduce the COV. In other words, propane presents a more stable and efficient combustion 250 

process than methane and therefore, even when small amounts of it are added to methane, it is possible to 251 

appreciate beneficial effects on engine performance. These results are easily explainable by comparing the physical 252 

and chemical property of the tested gas. Propane has a faster burning speed than methane [47,49,50], thus as the 253 

mixture was ignited the in-cylinder pressure increased faster when propane was added to methane for all engine 254 

speeds, as shown in Figure 5. The larger the propane fraction in methane, the higher was the obtained pressure-peak, 255 

as well as the higher was the HHR-peak, which means that a larger amount of energy was released in the initial 256 

combustion phases. This is also appreciable from the progressively lower MBF5% values obtained adding propane. 257 

This behaviour can be explained by considering that, in addition to a faster burning velocity, propane also features a 258 

chemical structure that allows it to be ignited easier. For alkane fuels heavier than methane, the initiation reactions 259 

occur mainly through the breaking of a C-C bond since the C-H bond has a much higher bond dissociation energy. The 260 

longer the chain, the easier is its breaking into smaller intermediate hydrocarbons and chain propagating radicals [51].  261 

The fact that propane addition speeds up the combustion process is also visible in Figure 6 (c) when the cases of 3000 262 

and 4000 rpm are considered. The graphs report the values of the DOC, calculated as the difference between the 263 

CADs corresponding to MBF90% and MBF5%. 264 

Contrariwise, when the engine run at 2000 rpm the DOC increased slightly with gradual propane addition. This means 265 

that the ending phase of the combustion process was not as fast as the initial one for propane mixtures, as can be 266 

inferred from the HRR traces at 2000 rpm in Figure 5. This can be attributed to the fact that, once the flame reaches 267 

the cylinder walls, the combustion is completed in the absence of a propagating flame and depends on only chemistry. 268 

In the last phase of combustion most likely the conversion reactions from CO to CO2 are taking place, which are 269 

commonly considered the slowest part of the oxidation process. In the case of propane and its mixtures the flame 270 

reaches the cylinder walls earlier than methane and therefore the ending part of the combustion assumes more 271 

relevant importance. At higher speeds, the final oxidation process is enhanced by the increased turbulence. 272 

 273 



   

Figure 5. In-cylinder pressure, HRR, MBF5%, MBF50% and MBF90% for the three different engine speeds investigated. 274 

 275 

 276 

   
 (a)  

   
 (b)  

   
 (c)  

Figure 6. IMEP (a) COV (b) and DOC (c) for the three different engine speeds investigated. 277 

 278 



Natural gas recorded in-cylinder pressure and calculated HRR traces, as well as MBF5% values (Figure 5), were in-279 

between those of the two pure compounds and, in particular, they were close to the case with a propane fraction in 280 

methane equal to 20% (the natural gas contained appreciable ethane, which has a faster flame speed than propane 281 

[47,49,50]). However, the presence of diluents, such as N2 and CO2  (Table 2), explains why the recorded values of 282 

IMEP (Figure 6 (a)) were comparable to or lower than those obtained when the engine was fueled with pure methane 283 

[52]. The presence of the small fraction of heavier hydrocarbons ensured, for the aforementioned reasons, lower 284 

values of COV (Figure 6 (b)) and DOC (Figure 6 (c)) than for pure methane.  285 

286 

3.2 Regulated and greenhouse emissions287 

The values recorded for regulated and greenhouse emissions are reported and the error bars on the graphs represent 288 

the standard deviation of the measurements. The UHC emissions are reported in Figure 7 for the three different 289 

engine speeds investigated. For methane, the great part of UHC emissions was predominantly CH4 emissions 290 

(unburned methane). Analogous behavior was recorded for natural gas, since methane is its main constituted. 291 

However, the TUHC level was higher than pure methane and this can be attributed to the presence of heavier 292 

hydrocarbons within the natural gas. The recorded value of CH4 emissions decreased as the propane content in 293 

methane/propane mixtures was increased, while, even though the non-methane part increased, the TUHCs decreased 294 

when propane was added. The fastest combustion process, together with the higher temperature reached with the 295 

presence of propane favors a more complete combustion, explaining the obtained results, that are in agreement with 296 

previous studies [29,30,35,36].  297 

The more complete conversion of fuel into CO and CO2 can also explain their gradually increased values with an 298 

increase of propane concentration, as shown in Figure 8. This agrees with the interpretation that the UHC emissions 299 

are primarily unreacted fuel, while the CO is a by-product of partial combustion [30]. When natural gas is burned the 300 

conversion rate into CO is increased by the heavier hydrocarbons, while the presence of diluents slows down the final 301 

conversion process of CO into CO2. 302 

303 

304 



   
Figure 7. TUHC (blue bars) and CH4 (red bars) emissions for the three different engine speeds investigated. 305 

 306 

 307 

   
Figure 8. CO, CO2 and NOx emissions for the three different engine speeds investigated. 308 

 309 

 310 

Figure 8 also shows that the NOx emissions tend to be one of the most sensitive to combustion conditions. When the 311 

engine is fueled with propane, higher temperatures are reached within the combustion chamber, due to its higher 312 

adiabatic flame temperature than methane. Therefore, higher levels of NOx are expected. Also, the presence of 313 

propane and ethane, as well as of heavier hydrocarbons in the natural gas promotes the formation of reactive 314 

radicals, resulting in an increased formation of prompt NOx [29]. This explains both the highest value recorded for 315 

pure propane and the intermediate values recorded for natural gas. The present results agree with previous studies 316 

that have reported higher NOx emissions with low MN fuels [29–32,35]. 317 

The case of 3000 rpm exhibited the lowest NOx levels in comparison to the other two engine speeds for all considered 318 

fuels. It must be noted that this case showed the highest levels of COV (Figure 6 (a)), symptomatic of higher 319 

combustion instability compared to the other cases, probably due to particular turbulence conditions that 320 

characterize the test engine. As a consequence, the recorded in-cylinder pressure peaks were lower (Figure 5) and 321 

therefore lower temperature were reached, explaining the lower NOx levels.   322 

 323 

 324 



3.3.  Particulate emissions 325 

Measured PSD functions are depicted in Figure 9. At 2000 rpm, the difference between the methane/propane 326 

mixtures were small, although with 40% of propane in methane and more clearly with pure propane, particles with 327 

size between 15 and 30 nm started to become predominant and the distribution assumed a shape very similar to that 328 

recorded for natural gas. There are evidences in the literature that correlate an increase in soot emissions with an 329 

increase in ethane and propane content in natural gas [30,41], and this behaviour is commonly attributed to enhanced 330 

soot precursor formation in the reaction zone, such as C2H2 and C2H5, which are important intermediates in the 331 

chemical reaction path generated in the combustion of heavier hydrocarbons. This explains, at least partially, why 332 

natural gas showed the highest values of particles emitted by the engine, which resulted in the highest total PN levels 333 

shown in  Figure 10 (a). An additional contribution is due to the presence of diluents in natural gas that are 334 

responsible of a less stable and efficient combustion (as previously discussed). The result is an enhanced soot 335 

precursor formation attributable to the presence of ethane and propane, followed by a reduced oxidation capability 336 

due to the presence of CO2 and N2 in natural gas [52]. 337 

When the engine speed is lower, more time is available during the expansion stroke for oxidation, which is also 338 

enhanced by the higher temperatures reached with the presence of propane. Thus, if a larger amount of soot was 339 

generated with slightly increased amounts of propane in methane, it was also oxidized faster, resulting in a final level 340 

that was comparable to that detected for pure methane. 341 

Increasing the engine speed resulted in a general increase in the number of particles emitted. At 4000 rpm, increasing 342 

the propane content produced an increase in the number of particles below 30 nm. This is a relevant result 343 

considering that in Euro VI heavy duty emission regulations, only non-volatile particles over 23 nm are taken into 344 

account [48].   345 

What appears noticeable is the fact that mixtures with a smaller amount of propane generated a lower number of 346 

particles near the distribution peak, namely 50 nm, resulting in a lower total PN value (Figure 10 (a)). This might be 347 

due to the fact that small amounts of propane can increase the mixture’s oxidation ability more than its soot 348 

tendency. However, the number of particles with the finest dimension were always increased with an increase of 349 

propane fraction. 350 

 351 



   

Figure 9. PSD functions for the three different engine speeds investigated. 352 

 353 

 354 
 355 

  

(a) (b) 
Figure 10. PN (a) and PM (b) for the three different engine speeds investigated. 356 

 357 

In the central graph of Figure 9 is plotted the intermediate case of 3000 rpm. It shows a different behavior from both 358 

the two previous cases, and this could be mainly attributable to the abovementioned turbulence conditions that 359 

characterize this engine speed. This highlights the sensitivity of the soot formation process to the thermo-physical 360 

combustion conditions. It was confirmed that the highest number of particles were emitted by the natural gas 361 

combustion and the lowest by that of methane. A gradual increase of propane fraction in methane first produced an 362 

increase in PN and then, for larger fractions, a decrease, as shown in Figure 10 (a). The particles with size of about 50 363 

nm showed the greatest sensitivity to these conditions (Figure 9). 364 

The trends recorded by the spectrometer were confirmed by opacity measurements of soot mass, and the results are 365 

reported in Figure 10 (b). However, some differences can be highlighted, e.g., the recorded values for natural gas were 366 

lower than propane and the highest opacity values were recorded at 3000 rpm. These discrepancies could be due to 367 

the following reasons: first, the opacity samples were collected downstream the TWC to avoid interference between 368 



the various instrument probes. Second, only the largest particles can be efficiently measured by the opacimeter 369 

device. In addition, the recorded values were close to the lower detection limit of the instrument.  370 

 371 

4. Conclusions 372 

The present study reports the influence of natural gas composition on the performance and emissions of a single-373 

cylinder port-fuel injected SI engine. The work focuses on the effects generated by a modification in the heavier 374 

hydrocarbons content and, in particular, propane addition to pure methane. To pursuit this aim, an innovative 375 

experimental procedure was designed and validated to realize real-time methane/propane fuel mixtures directly 376 

within the intake manifold. The propane volume fraction was varied from 10 to 40%. In addition, experiments with 377 

pure methane, pure propane and natural gas were also performed and compared. Mean Effective Pressure, Heat 378 

Release Rate and Mass Burned Fraction were used to evaluate the effects on engine performance. Gaseous emissions, 379 

particulate mass, number and size distributions were analyzed with the aim to identify existing correlations between 380 

fuel composition and pollutant emissions. 381 

For all mixtures and conditions, the effect of propane addition was to increase the IMEP value and, at the same time, 382 

to reduce the COV, resulting in more stable and efficient combustion than pure methane. For the natural gas case, the 383 

presence of heavier hydrocarbons ensured lower values of COV and DOC than pure methane.  384 

CH4 emissions (unburned methane) decreased as the propane content in methane/propane mixtures was increased, 385 

while, even though the non-methane part increased, the TUHCs (total) decreased when propane was added. The 386 

faster combustion process, together with higher temperatures obtained with the presence of propane favor more 387 

complete combustion, which can also explain the increased values of CO2, as well as the higher levels of NOx. For 388 

natural gas, the conversion rate into CO is increased by the heavier hydrocarbons, while the presence of diluents 389 

results in a slower conversion process of CO into CO2. The enhanced formation of reactive radicals and the due to the 390 

heavier hydrocarbons explains the higher NOx emissions for natural gas in comparison to pure methane. 391 

In all tests, natural gas showed the highest PN values.  At 4000 rpm, increasing the propane content produced an 392 

increase in the number of particles between 5 and 30 nm, highlighting the relevance of the ultrafine particles, 393 

especially at the highest speeds. Larger differences in PSDs were detected at intermediate speeds and this was 394 



attributed to the engine turbulence at this condition. This highlights the sensitivity of the soot formation process to 395 

the thermo-physical conditions occurring within the combustion chamber. 396 

In the future, the need for even cleaner and better performing engines will need to increase performance and at same 397 

time reduce pollutant emissions of engine fueled with compressed natural gas. Controlling the composition of this gas, 398 

with addition of hydrocarbons and diluents content, could represent an interesting solution. Therefore, further 399 

investigations are needed in which different conditions in terms of equivalence ratio, and energy content of the fuel 400 

are of interest. The effect of varying natural gas additives should be considered as well. In addition, it is crucial to 401 

perform studies in which the fuel composition contribution to particle emissions is separated from that of the 402 

lubricant oil, which is known to be a major source of PM in natural gas engines and can affect the results, since 403 

lubricating oil-originated hydrocarbons and sulfur compounds can magnify the existing particles in the dilution and 404 

cooling process. 405 

 406 

 407 

 408 
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Nomenclature 413 

    Mass flow rate 

      Measured mass flow rate 

    
 Methane injected mass 

     
 Propane injected mass 

    
 Methane volume fraction 

     
 Propane volume fraction 

     
 Methane molecular weight  

      
 Propane molecular weight 

    
 Constant in Equation (6) relative to methane 

     
 Constant in Equation (6) relative to propane 

  Corrected mass flow rate with respect to the injection frequency 

     Corrected mass flow rate measured when  
 
   

     
  

     Value of the corrected mass flow rate measured when the DOI is equal to 95% 



   Deviation from the Linearity 

     Nozzle cross section area of the injector 

  
  Total injection pressure 

      
  Reference total injection pressure, equal to 3.5 bar 

  
  Total injection temperature 

   Specific heat ratio 

   Specific heat ratio 

     Injection frequency, equal to 33.33 injection per cycle 

    
   

 Reference injection frequency 

    Duration of injection 

  Corrected mass flow rate 

a, b Correction constants in Equations (4) and (6) 

  Refers to either methane or propane 

 414 

Definitions/Abbreviations 415 

ABDC After Bottom Dead Center 

ATDC After Top Dead Center 

BBDC Before Bottom Dead Center 

BTDC Before Top Dead Center 

CNG Compressed natural gas 

COV Coefficient Of Variation 

DOC Duration of Combustion 

DOC Duration of Combustion 

DOI Duration Of Injection 

HHR Heat release ratio 

HRR Heat Release Rate 

IMEP Indicating Mean Effective Pressure 

MBF Mass Burned Fraction 

MN Methane Number 

NOx Oxides of Nitrogen 

PM Particulate matter 

PN Particle number 

PSDs particle size distributions 

TUHCs Total Unburned Hydrocarbons 

TWC Three-way catalyst 

UHCs Unburned Hydrocarbons 

VPR Volatile Particle Remover 

 416 
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