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Abstract 

This research/article aimed to analyze the influence of an after-treatment system (ATS) on emissions of a heavy-

duty spark-ignition (HD-SI) engine fueled with liquified petroleum gas (LPG), in the context of current Euro VI 

emissions requirements. The ATS is composed by a three-way catalyst (TWC) in series with a diesel particle filter 

(DPF). Emissions testing were carried out on an engine test bench according to homologation procedures, 

performing both world harmonized stationary cycle (WHSC) and world harmonized transient cycle (WHTC), to 

study the effects of the engine operating parameters on pollutant emissions behavior and ATS performance during 

steady and dynamic states, respectively. Instruments used were a gas analyzer Horiba MEXA ONE to measure 

gaseous emissions, HORIBA OBS ONE PN to measure particle matter (PM) concentration, and spectrometer TSI 

EEPS 3090 to measure PM concentration and particle size distribution (PSD). The results showed some important 

aspects such as the effects of engine speed and load on pollutant emissions formation and ATS performance, the 

influence of the three-way catalyst (TWC) on particulate matter (PM) reduction due to the relationship between 

volatile unburned hydrocarbons (UHC) and the emergence of nucleation-mode particles, stressing that ATS 

implementation is mandatory to meet the current emissions requirements. 

Keywords: After-treatment system, DPF, HD-SI, gas engine, LPG, pollutant emission, PM, PSD, TWC. 

1. Introduction 

The pollutant emission standards in internal combustion engines (ICEs) are increasingly stringent, due to the 

interest of governments to create social awareness about the effects of these emissions on health and environment.1 

In this sense, the automotive sector has focused on the development of different methodologies and technologies 

to meet the demanding limits established by the current Euro VI standards.2 Euro VI regulates the emissions of the 

following pollutant compounds: unburned hydrocarbons (UHC), carbon monoxide (CO), nitrogen oxides (NOx), 

and particulate matter (PM). 

In general, methodologies for reductions of pollutants can be classified into two groups. The first group 

pertains to active solutions that affect engine design and its components, such as the optimization of injection 

systems3, improvements in the air management process4, new concepts of low-temperature combustion (LTC)5, 

and the use of alternative fuels6. The second group involves passive solutions to reduce pollutant compounds across 

the exhaust line with the use ATS7. For example, the three-way catalyst (TWC) allows oxidate and reduce gaseous 

pollutant compounds8, while the particle filter reduces the PM emission9. 

The fuel type has a direct influence on the pollutant compounds emergence. In this sense, ICE fuels must be 

in liquid or gaseous, not solid phases because of combustion engines’ high engine operating speeds.10 The main 

advantage of liquid fuels is their high energy densities11,12. Liquid fuels do, however, depend upon ICE-external 

systems to inject fuel at high pressures into engines’ combustion chambers in the form of fuel/oxidant aerosols.13 

Gas-phase fuels, in contrast, mix with oxidants much more readily than do liquid fuels. This allows combustion to 

occur at comparatively lower temperatures, and, consequently, with less pollutant emissions14. 

Many researchers14–17, discuss the various advantages of engines that use gas-phase fuels over the more 

ubiquitous gasoline or diesel engines. One such benefit is that gas-powered engines’ thermal efficiency is greater 

than that of gasoline or diesel engines.18 Furthermore, due to its lower pollutant emission, gas-powered engines 

meeting current and even future regulations with less complex ATS19. However, as mentioned earlier, despite gas 

engine advantages respect to engines powered by gasoline or diesel, these engines depend on ATS implementation 

too, in order to meet with the current regulation standards9. 
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The engine ATS generally consists of two devices the catalyst, and the particle filter. TWC is the best 

alternative to oxidize and reduce gaseous compounds in spark-ignition (SI) engines. due to its higher effectiveness 

in a stoichiometric equivalence ratio range20. While DPF function is to decrease PM emissions to the environment. 

It is worth mentioning that, although PM emission is a problem present in both engine types, these emissions were 

first regulated in the compression ignition (CI) engines. Hence, the studies related to particle filters have been 

focused first on DPF development21 and after in gasoline particle filter (GPF)22. Accordingly, results obtained from 

those researches are being used for ATS evolution in alternative fueled engines23. 
In addition to the investigations mentioned above, numerous studies have shown the relationship between 

ICE emissions with health problems24,25 and environmental deterioration26. For example, CO can cause death in 

high concentration because this compound mix with the blood faster than oxygen, UHC are usually composed by 

polycyclic aromatics (PAH) guilty of carcinogenic problems; the NOx are responsible for acid rain, photochemical 

smog, and ozone reduction. Also, PM emitted by the ICEs are composed of particles with different characteristics 

and properties according to their size, chemical composition, solubility, and origin4,27. Consequently, they are the 

focus of different scientific research that involve particles of diameter less than 1 𝜇m.28 Since such particles can 

persist for up to one week in the atmosphere, they can penetrate the human lungs and lodge in the alveoli, which 

can cause various forms of lung or cardiac cancers 29. 
As matter of fact, PM emissions are composed of an insoluble organic fraction (IOF) and a soluble organic 

fraction (SOF), in the case of the IOF, its main compounds are dry soot and sulfates, while the SOF, is mainly 

composed of acetylenes and polycyclic aromatics (PAH)30 that come from the fuel and the lubricant31 One of the 

methodologies used to study the behavior of PM emission is the particle size distribution (PSD) which generally 

shows a bimodal structure32. The nucleation-mode in PSD brings together those particles with sizes between 5 to 

30 nm, composed of condensed volatile or semi-volatile material, which through the nucleation forms new 

particles of greater mass with some solid parts of metal and carbon. Similarly, accumulation-mode brings together 

particles with sizes between 30 nm to 1𝜇m made up for agglomerate of soot particles, whose surface contains 

volatile material absorbed during its formation.33 

According to the previous considerations, the main objective of this paper was to analyze experimentally the 

effects of TWC and DPF on pollutants emitted by an LPG-fueled engine. For this purpose, the homologation 

cycles, WHSC and WHTC, were used for the engine tests. First, WHSC was employed to study pollutant 

emissions, PSD, and the ATS efficiency on eight steady-state modes. Furthermore, the operating modes were 

separated into two groups under their load percent, those modes with a load lower than 50% were grouped in the 

first group, while modes with a load higher or equal to 50% were grouped in the second one, in order to facilitate 

the analysis of the results. Latterly, WHTC was used to study the effects of engine transient-states on pollutant 

emissions emergence as well as the influence of TWC and DPF on pollutant reduction. All results made evident 

the need for ATS implementation at the time of homologating the engine under the current Euro VI. The 

instruments HORIBA MEXA-ONE, HORIBA OBS-ONE PN, and TSI-EEPS 3090 were used for pollutant 

measurement of gaseous compounds, PM concentration, and PSD during tests described above. 

2. Material and methods 

The main characteristics of the engine and the most relevant properties of the LPG fuel are discussed in this 

section along with a description of the different devices used for pollutant emission measurement and test methods. 

2.1. Engine and Fuel Properties 

The engine used in this study was an 8-cylinder, heavy-duty (HD) spark-ignition (SI) with 7.2 l displacement 

including ATS composed by TWC system and DPF downstream, which complies with Euro VI standards. This 

engine is mounted in a typical passenger bus, and detailed specifications of the engine are given in Table 1. 



Table 1. LPG engine main characteristics 

Characteristic Value 

Style 4 stroke, HD-SI Engine 
Emission standard EURO VI 

Maximum power 221 kW@2250 rpm 
Maximum brake torque 1070Nm@1890 rpm 

Maximum injection pressure 12 bar 
Injector type Peak and Hold 

Number of valves per cylinder 2 

Total displaced volume 7200 cm3 
Number of cylinders 8 

Compression ratio 11.2:1 

Commercial LPG fuel was employed during the experiments presented in this study. The main fuel 

physicochemical properties are provided in Table 2. 

Table 2. Physical and chemical properties of LPG fuel. 

Properties Value 

% C3H8 92.81 

% C4H10 4.35 

Density [kg/m3] (T=15°C) 560 

Viscosity [cSt] (T=40°C) 57.3 

RON [-] 105 

(A/F) ratio 15.5 

Vaporization temperature [°C] -42 

Lower heating value [MJ/kg] 46.1 

2.2. Experimental setup 

The engine was connected to a Horiba HT460 asynchronous dynamometer, which allowed instant torque and 

speed control. Furthermore, all instrumentation used for the measure of air mass flow, fuel mass flow, torque, and 

speed are summarized in Table 3. 

Table 3. Characteristics of engine instrumentation. 

Magnitude Sensor/ Instrument Range Error 

Mean pressure Piezoelectric Pressure sensor 0-70 bar ± 1% 

Air mass flow AVL Flowsonix Air 0-±2400 (kg/h) ± 1% 

Fuel mass flow Emerson Coriolis micro motion 0-2180 (kg/h) ± 0.35% 

Temperature Thermocouple Type K -200-1, 200 (°C) ±2.5°C 

Torque Torquimeter HBM T40 0-2000 (Nm) ±0.05% 

Figure 1 shows the analyzers used in this study to measure the pollutant emissions in the following three 

positions across the after-treatment system: 1) output of the engine without ATS, 2) after TWC, and 3) after DPF. 

In this sense, the devices Horiba MEXA-ONE for the gaseous compounds, Horiba OBS-ONE PM for PM 

concentration with diameters between 23 nm and 1 𝜇m, and the EEPS-TSI 3090 for PM concentration and PSD 

with diameters between 5.6 nm and 560 nm were employed to evaluate emissions on each ATS position. 



 

Fig. 1. Experimental setup for the evaluation of pollutant emissions. 

In addition, in order to measure PM concentration and PSD, two different dilution systems were employed. 

The first one was the Horiba OBS-ONE PM integrated system, and it had a double dilution system with a total 

dilution grade of one hundred, while the EEPS-TSI 3090 was connected to the Dekati FPS 4000 in order to allow 

sample flowed across the isothermal primary diluter (A to B way in Fig. 2), which was a porous tube (PTD), and 

a subsequent ejector diluter (ED) acts as the secondary diluter (B to C way in Fig. 2) before entering the EEPS-

TSI 3090. 

 

Fig. 2. Particle evolution at dilution system. Theoretical phase-diagram used in the methodology for measuring particle size 

distribution34. 

In order to give a detailed characterization of the instruments used, Table 4 shows the range and the 

measurement sensitivity of each pollutant measured. 
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Table 4. Characteristics of pollutant equipment 

Pollutant emission Instrument Range Sensitivity 

CO2 Horiba MEXA-ONE - NDIR 0-0.5 to 0-20 (vol%) ± 1% (full scale) 

COL Horiba MEXA-ONE - NDIR 0-50 to 0-5000 (ppm) ± 1% (full scale) 

COH Horiba MEXA-ONE - NDIR 0-0.5 to 0-12 (vol%) ± 1% (full scale) 

NOx Horiba MEXA-ONE - CLD 0-10 to 0-10000 (ppm) ± 1% (full scale) 

UHC Horiba MEXA-ONE - HFID 0-50 to 0-60000 (ppmC) ± 1% (full scale) 

PM (23nm-1𝜇m) HORIBA OBS-ONE PM 5∙107 (#/cm3) ± 1% (full scale) 

PM (5.6nm-560nm) TSI-EEPS 5.6 nm: 108 (#/cm3) 

560 nm: 106 (#/cm3) 

± 5% (actual value) 

2.3. Calculation methods 

The method adopted for the calculation of after-treatment systems efficiency (𝐴𝑇𝑆𝑒𝑓𝑓) was based on Equation 

(1). In this equation, 𝑆𝑒−𝑑𝑜𝑤𝑛 and 𝑆𝑒−𝑢𝑝 are the measurement values of the pollutants downstream and upstream 

the after-treatment system setup. 

𝐴𝑇𝑆𝑒𝑓𝑓 = 100 −
𝑆𝑒−𝑑𝑜𝑤𝑛

𝑆𝑒−𝑢𝑝
∙ 100 (1) 

However, the results present in this study were focused on creating two groups with particle dimeter size 

lower and upper to 23 nm, similar to the investigation by Napolitano et al9. All foregoing motivated by current 

regulations and projecting the study to future restrictions. Seinfeld et al35 established that PSD is the all groups 

sum and his calculation is shown in the Equation (2) assuming the log-normal size distribution function. 

𝑑𝑁𝑖

𝑑 log 𝑑𝑝𝑖
=

1−𝑥

√2𝜋 log  𝜎𝑔1
· 𝑒

−
𝑙𝑜𝑔2(

𝑑𝑝1
𝑑𝑝𝑔1

)

2 𝑙𝑜𝑔2𝜎𝑔1 +  
1−𝑥

√2𝜋 log 𝜎𝑔2
· 𝑒

−
𝑙𝑜𝑔2(

𝑑𝑝2
𝑑𝑝𝑔2

)

2 𝑙𝑜𝑔2𝜎𝑔2  (2) 

In Equation (2) x is the ratio of the total concentrations number of two distributions, dp1, dp2, dpg1, dpg2, σ1 and 

σ2 are the geometric mean diameters, median diameters, and geometric standard deviations of each peak, and Ni 

is the particle concentration of particle size dpi. The fit was achieved by minimizing the mean square error function 

by means of the Nelder–Mead simplex method. 

𝑁𝑚𝑜𝑑𝑒 = ∑ 𝑑𝑁𝑖
𝑑𝑝(𝑢𝑝)
𝑑𝑝(𝑙𝑜𝑤)  (3) 

Furthermore, to calculate the different particle-mode concentrations (Nmode), Equation (3) was used. In this 

equation, dp(up) and dp(down) are the particle size limits defining the range of the diameters for each mode. The 

following decomposition was considered: 

• First mode (N1.): particle sizes from dp(down) = 5.6 nm to dp(up) = 23 nm. 

• Second mode (N2.): particle sizes from dp(down) =23 nm to dp(up) = 560 nm. 

• Finally, the Total mode (NTot.) particle concentration was considered from dp(down) = 5.6 nm to dp(up) =560 nm. 

2.4. Test schedule 

Eight different operation modes were chosen among operation modes from the WHSC displayed in Table 5, 

in order to get representative results of ATS performance in a wide range of engine speed and load, discarding the 

modes one and thirteen due to their poor relevant with zero percent of the load. As well as the full load modes 

(two, five, and ten) because of their lower time length respect to the required time required by the PSD 

measurement instrument. 



Table 5. WHSC test modes 

Mode Speed [%] Load [%] Mode length [s] 

1 0 0 210 

2 55 100 50 

3 55 25 250 

4 55 70 75 

5 35 100 50 

6 25 25 200 

7 45 70 75 

8 45 25 150 

9 55 50 125 

10 75 100 50 

11 35 50 200 

12 35 25 250 

13 0 0 210 

According to previous considerations, the behavior of the next engine parameters: speed, torque, power (Pe), 

and BSFC are illustrated in Figure 3, along with the position of each operation mode from the WHSC selected for 

testing. 

 

Fig. 3. Main test parameters from WHSC and state points selected. 

Finally, similar to the methodology used for the engine steady-states study described previously. The WHTC, 

whose speed and torque are shown in Figure 4, it was employed for the evaluation of ATS performance under 

engine transient states. 



 
Fig. 4. Engine speed and torque across the WHTC 

2.4.1. Methodology test 

For testing ATS performance and pollutant emissions behavior in the three locations, shown in Figure 1. The 

measurement instruments were placed first on the engine output while performing the cycles WHSC and WHTC, 

in accordance with the sequency set out in Figure 5, and subsequently, the location of all measurement instruments 

was changed, with aim of analyzing the other two positions (after TWC and after DPF), according to directions as 

below: 

• The engine was run at reference steady-state operating point with 50% of speed and load. The time until 

performing the tests was determined by the variation at TWC outlet temperature. In this sense, when this 

temperature was stable, both cycles, first the WHSC and later the WHTC, were carried out. 

• When both cycles had been assessed, the engine was taken to reference steady-state point again, and the 

second reference was measured. 

• The test of second and third positions across the exhaust line were performed in the same way that the first 

one. 

 
Fig. 5. Methodology employed for testing of ATS performance in the engine steady and transient states. 

3. Results and discussion 

This section includes various test results. They pertain to gaseous emissions, aftertreatment efficiencies, and 

analyses of particulates in steady and transient engine states. 
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As noted above, in order to study the pollutant emission behavior and ATS performance during engines’ 

steady states, eight modes from the WHSC cycle were selected. They, in turn, are divided into two groups. The 

first group is comprised of modes whose load percentage is less than 50%, while the second group subsumes those 

modes whose load is greater than or equal to 50%. Figure 6 shows the equivalency ratio and exhaust gas 

temperatures for each of the two modes to allow an analysis of how engine parameters affect ATS efficiency. 

 
Fig. 6. Engine equivalency ratios and temperatures of exhaust gases on engines’ steady-state conditions 

As per Table 5, the first group consists of modes three, six, eight, and twelve, while modes four, seven, nine, 

and eleven belong to the second group. Figure 6 shows that modes with higher equivalence ratios have relatively 

lower exhaust gas temperatures. The information in Figures 5 and 6 permits evaluating the following four 

statements: 

• Efficiencies of ATS devices depend upon both equivalency ratios and exhaust gas temperatures36,37, 

exhaust gas temperatures, in turn, depend upon engine loads38,39. 

• Equivalency ratios influence the formations of some gaseous compounds, such as CO and UHC, whose 

formative processes are favored in rich mixtures (high equivalency ratios), and lean mixtures (low 

equivalency ratios), respectively40,41. 

• NOx can be formed only at high temperatures, unlike the other two gaseous pollutants, which  are more 

dependent upon the equivalency ratio 40,42. 

• The PM formation depends upon the same measure of low equivalency ratio and high temperature during 

the combustion process 40,43. 

The next sections are predicated upon the information above. They present the results of pollutant emissions 

and ATS efficiency during steady engine states. 

3.2 Results for steady-state engine conditions 

Steady-state results are divided into two parts. Section 3.2.1 is an analysis of gaseous emissions and 

efficiencies of the ATS devices efficiencies, while Section 3.2.2’s results concerning ATS devices focus only upon 

PM emissions. 

3.2.1. Results for gaseous compound emissions 

The graphs and charts presented in Figure 7 show the pollutant gases behavior on the three points across the 

exhaust line as well as the efficiency of ATS devices for each operating mode selected from WHSC. 



 

Fig. 7. Gaseous emissions of the steady-state modes selected from the WHSC. 

Figure 7A shows the behavior of CO emissions in each selected operating mode. It demonstrates, for example, 

that CO emissions increase with engine loads’ decreases, and that the temperature influence TWC efficiency where 

the operation modes with a lower temperature (M3, M6, M8, and M12) show a lower efficiency of the TWC also, 

while modes with higher temperature and percent of load medium or high (M4, M7, M9, and M11) showed 

generally a better efficiency of the ATS on CO emissions. 

Figure 7B shows that the behavior of NOx emissions and the efficiency of ATS devices highlighting findings 

such as NOx emission was generally greater than the other gaseous compounds in all operating modes. 

Furthermore, modes with medium or high loads show higher temperatures, so therefore NOx emissions were 

higher. However, it must be noted that the highest temperatures occur in modes four and seven. Although NOx 

emissions were relatively elevated in these modes, the TWC efficiency was better. 

Finally, Figure 7C shows that UHC emissions were the lowest in all operating modes. As expected, the 

relatively low equivalency ratios of modes four and seven demonstrate high UHC emissions44. Notwithstanding, 

we must not overlook the efficiency (greater than 97%) of TWC regarding UHC emissions in each mode evaluated, 

independently of exhaust gas temperature. 

3.2.2. Results for particulate matter emissions 

In this section, the results obtained from the evaluation of ATS efficiency, using the TSI-EEPS 3090 and after 

analyzing PM concentration and PSD for each one of the positions across the exhaust line, are presented. The 

behaviors of all factors studied for each operating mode appear in Figure 8. Operation modes have been divided 

(A)

(B)

(C)



into two groups. The first consists of modes with a low load (Figure 8A), while modes with a medium and high 

load comprise the second group (Figure 8B). 

 
(A). Modes of low load 



 
(B). Modes of medium and high load 

Fig. 8. PM concentration, PSD, and efficiency of the ATS during steady-state modes of the engine 

As noted above, the TSI-EEPS was used to measure PM concentration and PSD shown in graphs and charts 

of Figure 8, thanks to its 32 measure channels that allow to measure and gather particles of different sizes in a 

range of 6 nm to 560 nm. Two sets were employed to analyze the behaviors of PM emissions, as well as the 

efficiencies of TWC and DPF and their combined effects on PM emissions. The first and second sets pertain, 

respectively, to particles with diameters of less than and greater than 23 nm. The Euro VI code regulates only 

particles of the latter set. 

PM emissions of the low load modes were generally less than those of modes with a higher and medium load. 

In addition to presenting high emission of particles with diameters of less than 23 nm, also showed an efficiency 

of greater than 92% of the ATS for all operating modes. Although DPF efficiency was greatest in most operating 

modes, the TWC effects on PM in the majority of operating modes studied nonetheless exceed 60%. This is due 

to the difference between the behavior of gaseous emissions as functions of temperature changes. where the first 

two staying in the gaseous phase when the exhaust gas temperature decreases, unlike UHC emissions composed 

of compounds semi-volatiles that can be converted in particles of the nucleation-mode with the decrease of exhaust 

gas temperature across the exhaust line45. For this reason, TWCs with efficiencies of greater than 97% for UHC 

reductions affect PM emissions mostly for particles of less than 23 nm in diameter. 

3.3 Results for transient-state engine conditions 

The results of pollutant emission evaluations across the exhaust gas line during the WHTC appear below, 

along with measures of ATS efficiency and its effect on each pollutant emission that was evaluated. 

3.3.1. Results for gaseous compound emissions 



Figure 9 shows emissions of CO, NOx, and UHC during WHTC cycle across the three points of the exhaust 

line. This information is used to study those three gaseous compounds’ effects on TWC and DPF. 

 
Fig. 9. Gaseous emissions and ATS efficiencies across three positions of the exhaust line during the WHTC. 

Figure 9 shows ATS effects on the emissions of the three gaseous compounds, along with its influence so that 

the engine meets with the limits stipulated by the Euro VI regulation, which are 3.08 [g/kWh] for CO, 0.4 [g/kWh] 

for NOx, and 0.11 [g/kWh] for UHC. As in the steady-state study, the TWC’s performance of efficiency of 99.68% 

was higher in UHC emissions than for in the other two gaseous compounds, with efficiencies of 86.55% for CO 

emissions and 93.12% for NOx emissions. These results corroborate those of Tien et al46, which confirm that the 

TWC is the best alternative for reductions of CO, NOx, and UHC emissions from SI engines. 

3.3.2. Results for particulate matter emissions 

This section shows results for PM emissions during the WHTC in the three points along the exhaust gas line. 

This information is implicated in ATS’s effects. Firstly, it is submitted in the analysis of the results obtained with 

the Horiba OBS ONE PM (Figure 10) that allows evaluating the emission of particles with diameters greater than 

23 nm that are regulated by the Euro VI standard and subsequently the findings are analyzed with the TSI-EEPS 

3090, an instrument that allows evaluating particles with diameters from 6 nm to 560 nm (Figure 11). 

(A)

(B)

(C)



 

Fig. 10. Particle concentrations as measured with Horiba OBS-ONE during the WHTC. 

Figure 10 shows how the engine complies with the Euro VI standard of 6·1011 [# / kWh] for PM emissions, 

owing to the implementation of the ATS. Although the DPF’s efficiency of 92.64% allows to reduce engine PM 

emissions to comply with Euro VI limits, the TWC shows to have an influence on the reduction of PM emissions 

at a 59.02% efficiency. This corroborates results presented by others researches such as Liu et al45 and Di iorio et 

al47 that show a relationship between UHC and PM formation as well as TWC effects on PM reduction for particles 

from nucleation-mode. 

Fig. 11. Particle concentration measured with TSI-EEPS 3090 during the WHTC 

Finally, Figure 11 presents the results obtained when evaluating PM emissions with the TSI-EEPS 3090 

evaluating the same sets, total concentration (Figure 11A), particles with a diameter smaller than 23 nm (Figure 

(A)

(B)

(C)



11B) and particles with diameters greater than 23 nm (Figure 11C), evaluated during the analysis of the stable 

states of the engine. It can be observed that, in general, the behavior of the emissions was similar to that observed 

with the results of the Horiba OBS ONE PM. However, it should be pointed out that when particles with diameters 

of less than 23 nm are considered, the efficiency of the TWC increases, which allows to observe that its efficiency 

in reducing this type of particles is 99.39%. 

4. Conclusions 

The purpose of this work has been to investigate the effects of TWC and DPF on pollutant emissions from an 

LPG-fueled engine. In this sense, the cycles WHSC and WHTC were employed to analyze pollutant emission 

behavior on steady and transient engine states; that thanks to after-treatment system implementation approved the 

EURO VI legislation. 

Catalysts and PM filters are not a new topic in engines fueled with conventional fuels, where increasingly 

stringent regulations make the implementation of these systems common. However, this paper features after-

treatment systems' influence on pollutant emissions from engines powered by alternative fuels whose emissions 

are less than those of engines powered by gasoline or diesel. The main work findings are described below: 

• Transient state analyses showed a relationship between changes in engine load and emissions of gas-phase 

compounds. CO, UHC, and NOx emissions increase or decrease depending on the engine load changes, 

as observed in the WHTC trials. Nonetheless, emission behavior was different among these compound 

emissions when the steady-state points were studied. For example, modes 4 and 7 of the WHSC have 

relatively higher loads than the other modes. They had increased NOx and UHC emissions, but lower CO 

emissions. TWC has the greatest efficiency with a 99% reduction of UHC emissions in both steady and 

transient states. 

• PM emission analysis shows the influence of ATS elements on these emissions. It should be noted that the 

measurement range between OBS and EEPS are completely different, thus, it is not possible to make a 

comparison between both instruments. Despite the aforementioned, results analyzed, they allowed 

observing as the particle filter is the element that takes care of the engine comply with current regulations, 

but the main finding of this work is the TWC influence on particle reduction, mainly those with large sizes 

less than 23nm. 

• TWC is established as the device responsible for the reduction of small particles, and this aspect is linked 

to the effect of this device on volatile UHCs. This conclusion has been reached after analyzing the effects 

of this device in the reduction of UHC with an efficiency of 99%, considering that the efficiency in the 

reduction of small particles (diameter smaller than 23 nm) before and after catalyst was similar to UHC 

reduction. 
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Definitions/Abbreviations 

CI compression ignition  

CO carbon monoxide 

CO2 carbon dioxide 

DPF diesel particle filter 

EEPS engine exhaust particle sizer 

GPF gasoline particle filter 

HD heavy dutty 

UHC unburne hydrocarbons 

ICE internal combustion engine 

LPG liquified petroleum gas 

NOx nitrogen oxides 

OBS onboard system 

PN particle number 

PM particle matter 

PSD particle size distribution 

SI spark ignition 

TWC three way catalyst 

WHSC world harmonized stationary cycle 

WHTC world harmonized transient cycle 


