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 Environmental pollution caused by vehicles’ emissions has been one of the main contributions 
to climate change, a problem that has attracted significant global attention. Vehicles with diluted 
combustion engines and electric vehicles are both significant elements in the reduction of 
environmental pollution. To reduce environmental pollution from vehicle emissions, new vehicle 
technologies that optimize energy are being developed. One such technology is a sensor-aware 
exhaust gas recirculation (EGR) system, which measures excess air from diluted combustion 
engines. We performed experiments on a 1.5 L four-cylinder direct-injection turbocharged 
gasoline engine and compared the engine’s economic and emission characteristics with those of 
a combustion engine. The variation law of the influence of different diluted combustion 
technologies was applied to analyze engine performance. Results show that pollution levels from 
the two new diluted combustion technologies examined in our study are less than that of the 
original engine. 

1. Introduction

 With the increasingly high demand for energy and increasing air pollution, the Chinese 
government has imposed stringent policies and emissions regulations to improve the 
environment. As a result, energy conservation technologies, innovative internal combustion 
engine systems, and electric vehicles have been the focus of many research projects in the hope 
of reducing China’s environmental pollution.(1–3) In contrast to a gasoline direct injection (GDI) 
engine, a vehicle with an electric engine yields zero emissions. However, at present, 70% of 
China’s electricity comes from thermal power generation, which contributes to China’s 
environmental pollution.(4,5) Adopting diluted combustion technologies for gasoline engines is a 
better alternative than conventional combustion engines because of their thermal efficiency and 
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reduced emissions.(6,7) In China, because of the prevalence of thermal power, the pollution 
resulting from electric vehicles is greater than that of fuel vehicles with lean combustion 
technology. There are currently two popular diluted combustion methods: excess air diluted 
combustion and exhaust gas recirculation (EGR) diluted combustion.(8) These two combustion 
modes control the difference in the air intake and exhaust using intelligent sensors, and these 
systems adjust the emissions output after combustion occurs. EGR diluted combustion utilizes 
the vehicle’s exhaust to reduce the rate of combustion and optimizes the combustion phase based 
on excess air with a coefficient of 1, which reduces gas loss during pumping.(9,10) Excess air 
diluted combustion increases the proportion of air in the combustion mixture, which increases 
the polytropic exponent in the engine cylinders, thereby improving overall fuel economy.(11)

 Many domestic and international research institutes and companies have conducted in-depth 
research on two kinds of lean-burn technology. Experiments and simulations have been carried 
out to study the fuel economy of turbocharged gasoline engines that use EGR diluted combustion 
technology. The analysis revealed that EGR diluted combustion inhibits nitride emissions, thus 
reducing environmental pollution output.(12) The research on excess air diluted combustion 
showed that by increasing the air-to-fuel ratio and the polytropic exponent, certain components 
are affected, such as the throttle’s regulated load control, leading to reduced pump loss.(13,14) 
These aspects greatly improve the thermal efficiency of engines and reduce emissions.(15,16)

 However, there is still relatively little comparative data of these two diluted combustion 
technologies for a specific engine. We studied these two diluted combustion modes and 
compared their environmental pollution with that of electric vehicles. Experiments on EGR 
diluted combustion and excess air diluted combustion were carried out on a 1.5 L four-cylinder 
direct injection turbocharged gasoline engine. Our experiments provided conclusive results, and 
this study is a significant milestone in providing generic reference data involving environmental 
pollution caused by thermal power generation for electric vehicles.

2. Test System and Test Conditions

2.1 Test engine and test system

 We used a 1.5 L direct-injection gasoline engine whose basic parameters are shown in 
Table 1. The primary test devices included an AVL PUMA system, an Inca engine bench 

Table 1
Main technical parameters of the engine.
Structure and technical parameters Index
Form In-line four cylinder
Engine displacement (L) 1.497
Bore × stroke (mm × mm) 73 × 89.5
Compression ratio 12
Rated power (kW/rpm) 110/5500
Max. torque (N·m/rpm) 225/1500–4200
Intake mode VGT exhaust gas turbocharging
Injection pressure 35 MPa direct-injection system
Exhaust manifold Water-cooled integrated exhaust manifold
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calibration system, an AVL 602 combustion analyzer, an AVL 735S fuel consumption meter, an 
AVL 753C temperature controller, an AVL electric dynamometer, and a Horiba exhaust gas 
analyzer. The composition of the engine test bench is shown in Fig. 1. In the test device, the 
actuators are controlled via various sensor-aware technologies, with a water temperature sensor 
used to detect the temperature of the engine cooling water. Intake and exhaust temperature 
sensors are used to detect the air temperature in the intake pipe and the exhaust pipe. A 
crankshaft position sensor is used to detect the angle of the engine crankshaft and engine speed. 
An airflow sensor is used to detect the flow of air into the intake manifold. A knocking sensor is 
used to detect knocking in the cylinder. An opening throttle sensor is used to detect whether the 
throttle is open or closed. An oxygen sensor is used to measure excess oxygen in the engine’s 
exhaust gas after combustion occurs. All these sensors transmit signals to the electronic control 
unit.

2.2 Test conditions

 For the comparative engine bench test, different engine operating points and load conditions 
were chosen. The rate of change for the combustion cycle coefficient of variation (COV) was 
controlled within 3%, the intake air temperature was maintained at 35 ℃, the cooling water 
temperature was maintained at 85 ± 2 ℃, the intake air pressure was maintained at 100 kPa, and 
the fuel oil octane rating was 92.

2.3 Research method

 The fuel economy and emission characteristics were compared as the fresh air volume was 
increased for the EGR combustion technology and diluted combustion technology. Concerning 

Fig. 1. (Color online) Schematic diagram of the experimental system.
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EGR, we focused on the change in combustion. To achieve this, we controlled parameters such 
as fuel injection, intake, and ignition advance angle at optimal states and analyzed and recorded 
the engine’s fuel economy and emission characteristics. In the test, the EGR rate was calculated 
as

 2( ) 2( )

2( ) 2( )
100%in air

exh air

CO CO
EGR

CO CO

R RR
R R

−
= ×

−
, (1)

where REGR is the EGR dilution rate (%), Rco2(in) is the CO2 concentration in the intake pipe after 
the intercooler (ppm), and Rco2(exh) is the CO2 concentration in the exhaust gas after the turbine 
(ppm).
 In lean combustion, the polytropic exponent will change in the cylinder. The fuel economy 
and emission characteristics were compared under similar operating conditions, i.e., ignition 
advance angle, intake pressure, and fuel injection pulse width. The dilution degree of lean 
combustion was measured using excess air with a coefficient of 1 lambda.
 The different engine operating points of diluted combustion are shown in Table 2. The 
original engine was operated in stoichiometric combustion mode and maintained an EGR rate of 
0, and the load characteristics of 5, 8, 11, 14, and 17 bar were evaluated at an engine speed of 
2000 r/min.
 In order to compare and analyze the effects of different diluted combustion technologies, we 
define the following parameters for the combustion process: the top center of engine compression 
is configured to the 0 °C crankshaft angle, with MFB10 defined as the point when the heat 
release reaches 10% (i.e., the ignition delay period), MFB50 defined as the combustion phase 
when the heat release reaches 50%, MFB90 defined as the point when the heat release reaches 
90%, and MFB10–90 defined as the combustion duration, given by

 MFB10–90 = MFB90 − MFB10. (2)

Table 2
Experimental conditions and technical parameters of diluted combustion.
Engine operating point Speed/load (r/min/bar) EGR dilution rate (%)  Excess air coefficient
1 2000/5 0 0
2 2000/8 0 0
3 2000/11 0 0
4 2000/14 0 0
5 2000/17 0 0
6 2000/5 0 1.40
7 2000/8 0 1.40
8 2000/11 0 1.40
9 2000/14 0 1.35

10 2000/17 0 1.25
11 2000/5 14 1
12 2000/8 15.5 1
13 2000/11 16 1
14 2000/14 20 1
15 2000/17 16 1
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3. Experimental Results and Analysis

3.1	 Engine	fuel	economy	comparison	of	different	diluted	combustion	technologies

 The fuel economies of the original engine and the engine with the diluted combustion 
technologies were evaluated through tests at 5, 8, 11, 14, and 17 bar at an engine speed of 
2000 r/min. An engine fuel economy test was also carried out under the same working conditions 
with different and optimized dilution parameters. The results are shown in Fig. 2. Among the 
three different combustion technologies, excess air diluted combustion showed the best fuel 
economy under all conditions, and the fuel consumption of EGR diluted combustion was also 
significantly less than that of the original engine.
 To comprehensively analyze the combustion process and specific fuel consumption trends of 
the three different combustion technologies, we tested the advanced ignition angle, ignition 
delay period MFB10, combustion phase MFB50, and combustion duration MFB10–90, as shown 
in Figs. 3–6, respectively.
 Compared with the original combustion engine, the EGR and excess air diluted combustion 
engines had a lower mixture temperature at the end of compression, which allowed the engines 
to adopt a more radical ignition angle to obtain better combustion. Figures 3 and 4 show that 
EGR diluted combustion achieved the most advanced ignition angle and the most significant 
ignition delay period MFB10, which resulted in the longest combustion phase MFB50 (Figs. 5 
and 6), which was beneficial for improving engine fuel economy.  However, note that not only 
the combustion phase MFB50 but also the polytropic exponent affected fuel consumption. After 
EGR diluted combustion, the engine cylinder’s polytropic exponent was smaller than that of the 
original engine, but after excess air diluted combustion, the polytropic exponent was 
significantly more extensive than that of the original engine. In this study, the improvement in 
the engine fuel economy resulting from the increased polytropic exponent was more significant 
than that achieved by MFB50 optimization alone, so excess air diluted combustion obtained the 
most outstanding fuel economy. In addition, even though the advanced ignition angle, the delay 

Fig. 2. Specific fuel consumption of engines with different combustion technologies.
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period MFB10, and combustion phase MFB50 of diluted combustion were better than those of 
the original engine, the combustion duration MFB10–90 was longer than that of the original 
engine, which showed that the flame speed of diluted combustion was lower than that of the 
original engine. The combustion duration had little effect on the engine fuel economy.
 On the basis of the above analysis, it can be concluded that under the parameters of EGR 
diluted combustion and excess air diluted combustion adopted in this study, the change in the 
polytropic exponent played a decisive role in improving the fuel economy. The combustion 
technology with excess air dilution had the lowest fuel consumption, the EGR dilution 
technology achieved better fuel economy than the original engine through better combustion, 
and the combustion duration had a limited effect on engine fuel economy.

Fig. 4. Ignition delay period MFB10 for different 
combustion technologies.

Fig. 5. M F B50  fo r  d i f fe r e n t  c ombu s t io n 
technologies.

Fig. 6. MFB10 –90 for dif ferent combust ion 
technologies.

Fig. 3. Ignition advanced angle for different 
combustion technologies.
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3.2	 Comparison	of	engine	emission	characteristics	with	different	dilution	parameters

 The emission characteristics of HC, CO, and NOx under different loads were examined at the 
same operating points as those in the above comparative study of engine fuel economy. The 
results are shown in Figs. 7–9.
 It can be seen from Fig. 7 that the HC emission of EGR diluted combustion was higher than 
that of the original engine and excess air diluted combustion at all operating points when the 
engine was running at both medium and small loads. At increased loads, the HC emission 
decreased. The analysis showed three main factors resulting in HC emission from the engine: the 
slit effect, incomplete combustion, and a later oxidation process. When EGR diluted combustion 
technology was tested, the combustion temperature in the cylinder dropped sharply, the flame 
propagation speed decreased, and the inertia of EGR recycled exhaust gas aggravated the 
incomplete combustion, resulting in the highest HC emission. Under small and medium loads, 
the combustion temperature in the cylinder was relatively low, and the lean mixture increased 
the HC emission during incomplete combustion, so the resulting HC emission was high. With 
increasing load, the amount of circulating fuel increased, the later oxidation process of HC was 
much improved, and the oxygen content in the diluted combustion mode was abundant, which 
significantly promoted the HC oxidation process, resulting in lower HC emission. The heat load 
in the cylinder increased with increasing engine load, which improved the later oxidation 
process of HCs, which explains why HC emission decreased with increasing load.
 Figure 8 shows the trend of CO emissions with increasing load for the three different 
combustion technologies. The CO emission of excess air diluted combustion was much lower 
than that of the original engine and EGR diluted combustion. This low CO emission was mainly 
due to the strong correlation between the CO emission of the gasoline engine and the excess air 
coefficient. CO emission was significantly reduced under oxygen-rich conditions, so the CO 
emission for excess air diluted combustion was much lower than that for the original engine and 

Fig. 7. HC emission of engines with different 
combustion technologies.

Fig. 8. CO emission of engines with different 
combustion technologies.
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EGR diluted combustion. In the EGR diluted combustion and original combustion processes, the 
stoichiometric air-to-fuel ratio was used, and the CO emission showed no apparent change with 
increasing load.
 It can be seen from Fig. 9 that, except for the full load condition of 2000 r/min at 17 bar, NOx 
emission decreased in the order original combustion process > excess air diluted combustion > 
EGR diluted combustion. NOx generation in a gasoline engine occurs under high-temperature, 
oxygen-rich, and long-temperature-duration conditions. Changing any of these conditions would 
directly affect the generation of NOx. Compared with the original engine, the cylinder’s 
combustion temperature was reduced for EGR diluted combustion and excess air diluted 
combustion, resulting in lower NOx emission. The atmosphere of excess air diluted combustion 
was more oxidative than that of EGR diluted combustion, which resulted in higher NOx 
emission. Also, under 2000 r/min at 17 bar, the engine cylinder’s heat load was very high, and 
the oxygen-rich condition of lean combustion caused its NOx emission to exceed that of the 
original engine.
 The results showed that the engine’s fuel economy and emission performances with diluted 
combustion technology were better than those of the original engine, so diluted combustion 
technology is worthy of further research. In contrast to fuel vehicles, an electric vehicle has zero 
emissions in use, although there are waste emissions from battery production. Note that most of 
the electricity used for Chinese electric vehicles is converted from coal combustion, so the 
average pollutant emission per passenger in electric vehicles is about three times that of fuel 
vehicles. If diluted combustion technology was adopted, the average emission of pollutants 
would decrease. With the current power generation infrastructure in China, the promotion of 
electric vehicles would reduce NOx pollution but still result in large amounts of CO and HC 
pollution. When promoting electric vehicles, it is also necessary to transform the current power 
generation infrastructure and perhaps use fluctuating renewable energy such as wind energy 
and solar energy to reduce environmental pollution effectively.

Fig. 9. NOx emission of engines with different combustion technologies.
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4. Conclusion

(1) We tested the use of excessive air diluted combustion and EGR diluted combustion 
technology using sensors in the engine and observed the intelligent control of the differences 
between the intake and exhaust volumes of the original engine. Fuel economy tests showed 
that the fuel consumption of excess air diluted combustion and EGR diluted combustion was 
better than that of the original engine, and that excess air diluted combustion produced the 
least emissions.

(2) In this study, we observed the effect of the polytropic exponent in an engine cylinder and 
concluded that it directly affects fuel consumption. We also observed that improved 
combustion significantly reduces fuel consumption and that the combustion duration has 
little impact on the engine fuel economy.

(3) The HC emission of EGR diluted combustion was higher than that of excess air diluted 
combustion and the original engine at medium and small loads but lower than that of the 
original engine at large loads. The CO emission of excess air diluted combustion was much 
lower than that of EGR diluted combustion and the original engine. In addition, it should be 
noted that at 2000 r/min with a 17 bar full load, NOx emissions decreased for all three 
combustion technologies. 

(4) Electric vehicles have zero emissions in their use, but the energy sources of electric vehicles 
in China are produced from thermal power generation, which has high CO and HC emissions. 
The resulting overall pollution caused by electric vehicles is currently more significant than 
that produced by diluted combustion engines. In future vehicle development, industries must 
adopt newer engine technologies, change the energy production infrastructure, and adopt 
fluctuating renewable energy sources such as wind energy and solar energy to reduce air 
pollution. 
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