
Ravinder Tonk/Afr.J.Bio.Sc. 6(6) (2024)                         ISSN: 2663-2187 

https://doi.org/10.33472/AFJBS.6.6.2024.842-855 

 

The Complications and Advancements in the Exhaust Gas Recirculation 

Systems Used in Automobiles 
 

Ravinder Tonk1, Yashpreet Singh2, Jashanpreet Singh3, Kanishk Poonia4, Adarsh 

Kumar5, Hardesh6, Shikha Tuteja7 

 
1,2,3,4,5,6Mechanical Engineering Department Chandigarh University,District: Mohali, State: 

Punjab-Pin -140413, Country- INDIA 
7CSE-AI Department Chitkara University, District: Patiala, State: Punjab-Pin -140401, 

Country- INDIA 

  

Article Info 

__________________________ 

                  

Volume 6, Issue 6, May 2024 

Received: 03 March 2024 

Accepted: 11 April 2024 

Published: 08 May 2024 

doi: 10.33472/AFJBS.6.6.2024.842-855 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ABSTRACT:  

 

Exhaust Gas Recirculation is an efficient method used in an internal 

combustion engine to reduce emissions (NOx). With rapid increase 

in pollution and growing energy demand, it is needed to incorporate 

methods to address this environmental problem. EGR works on the 

principle of recirculation of the exhaust gas back to engine cylinders 

after processing. This technique of using the waste energy can be 

implemented to both, petrol and diesel engines.  This paper 

discusses the different EGR techniques and its implementation to 

various engines. This paper discusses the influence of EGR in 

current engines to reduce emission. Different methods like Port Fuel 

Injection and Direct Intelligence Injection is also studied. This paper 

also shows the different stratification methods for EGR. It was 

found that the EGR method is more efficient in reducing the 

emissions.  
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1. Introduction 

 

Our insight for the future is a world full of machines and robot. But apart from this, it is also 

true that our future will be full of pollution and wastes if the correct steps is not taken. With 

growing motorization, vehicle emission is one of the major contributors to the pollution these 

days. A great portion of all the pollution is because of the emission from the combustion 

engines [1]. Many studies and research are being done to reduce these emissions. For 

countering this we are shifting towards the green energy and electric vehicles [2]. 

 

But for the conventional IC Engine vehicle, these emissions need to be reduced. An IC 

Engine produces Nitrogen Oxides, Carbon monoxides and hydrocarbons and many more 

pollutants, which are harmful to us. From combustion in IC engine one of the common 

greenhouse gas, CO2 is generated [3]. There are different methods to reduce these emissions. 

Exhaust Gas Recirculation is a potential method, which is used to reduce the pollution and 

improve the engine's efficiency. In particular, EGR is used to reduce NOx. NOx emissions are 

formed by the oxygens and nitrogen present in the atmospheric air at the high temperature 

inside the engine. These gases are very harmful and can cause cardiovascular and respiratory 

disease. EGR works on the principle of recirculation of exhaust gas to engine’s cylinders [4]. 

Pre-heated gas passed to engine also improves engine’s efficiency. Apart from the emission 

reduction, EGR also has application in knock resistance in vehicles and reduce providing 

high-load fuel in enrichment in SI Engines.  EGR is also used to improve the ignition quality 

of difficult-to-ignite fuels in diesel engines and improving catalysts. [5] For diesel engines, it 

is considered as the potential NOx control measure. However, it has potential application in 

SI Engines in increasing their efficiency and reducing the emissions. However, NOx 

formation is favoured by the compression engine. In compression engine, high compression 

and high temperature are perquisite for combustion. In EGR method, exhaust gas is 

recirculated and mixed with fresh air in engine. This mixture has a higher heat capacity and 

lowers oxygen concentration. Due to the lower concentration of oxygen in-cylinder, there is 

less production of NOx. But it also hinders the combustion process due to lack of oxygen. 

 

There are different reasons for implementing the EGR. The most important reason is that it 

reduces emissions and help in increasing the efficiency by providing the pre-heated gas to the 

inlet manifold [6-7].   

    

Exhaust Gas Recirculation Method 

To study the EGR system, consider the EGR system shown below. Engine shower above is 

indirect injection dual engine. In this, Trap filter is used to remove the smoke. The above 

figure shows that using the EGR valve and steel wood filter used for recirculation in engine 

[8]. 

 

 
Fig.1 Exhaust Gas Recirculation for Ricardo E-6 Engine [1] 
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A. EGR System in diesel engines 

EGR method is an efficient method for reducing the emissions. However, this method has 

some drawback also. In a Combustion Ignited engine (Diesel), the EGR method results in 

higher fuel consumption. Implementing this also result in higher particulate emissions and 

affects engine durability.  It is also not applicable to the heavy engines as there is higher wear 

of piston rings. Sulfur oxide is responsible for the wearing of the pistons. From the studies, it 

is found that sulfur oxide concentration is inversely related to the EGR rate. It also inversely 

changes with the engine speed and changes under loading conditions. As the amount of CO2 

increases, the combustion noise level also increases. From another study, it was found that 

with combining supercharger and EGR, there is improvement in combustion and reduces 

emissions [8]. 

    

In the diesel engine, there is no throttling and the inlet. Thus, it can trap a large amount of air. 

It can trap as much as possible for it to trap in running condition. By the application of EGR, 

some amount of inlet air is displaced by the EGR air, shown in the figure below.  

 

 
Fig.2 Diesel Engine (Inlet air displaced by EGR Air) [1] 

 

This displacement of air results in the reduction of available air for the ignition. This changes 

the air-fuel ratio which results in fluctuations in engine altering the engine’s performance. 

Oxygen presence affects the NOx emissions and is responsible for the chemical reaction. NOx 

emissions decreases by reducing the chamber oxygen (dilution effect) [9]. 

 

The result from the different studies shows that adding EGR to airflow rate of diesel engine is 

found to be a more beneficial way. This way resulted in exhaust emissions to reduce 

substantially and increased engine efficiency [10]. 

 

B. Exhaust Gas Recirculation in the SI Engines 

As in the diesel engine, the EGR is effective way for controlling NOx emissions. It also plays 

a primary role in SI Engine to reduce emissions. In the Petrol engine, exhaust gases is 

recirculated through a control valve from the exhaust to the inlet manifold. This recirculated 

exhaust gas is mixed with the fresh fuel-air mixture.  [8] 

 

Fig.3 Gasoline Engine (Inlet air displaced by EGR Air) [1] 
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From studies, it was found that NOx concentration is reduced by using EGR method and it 

also reduces fuel consumption and controls heat transfer between cylinder contents and 

surface. It was also found there is increase in HC emissions when EGR and has a very less 

effect on CO emissions. 

 

From the result, it was found that in SI engines there is about 25% reduction in NO 

concentration. It also reduced combustion rates. The three factors which controls the fuel 

consumption is reduction in work done by pump, heat loss at cylinder walls, the reduction of 

degree of disassociation at high temperature [11].    

   

Reformed Exhaust Gas Recirculation on SI Engine Fueled With LNG 

The present concern for researchers is the growing lack of fossil fuels and the protection of 

the environment from the burning of these fossil fuels. We are more focused on exploring 

alternative fuels and to reduce the current emissions. Liquefied Nitrogen Gas has the 

advantage of lower sulfur and carbon emission [12]. So, because of these advantages LNG 

has always been under a consideration for alternate fuels in IC engine. To avoid knocking 

Otto cycle with lean-burn strategies is implemented t0 inhibits the NOx emissions in LNG 

fueled engine. Since the CH4 has low flame speed and the air-fuel ratio is higher it results in 

the misfire and unburned hydrocarbon which further results in the increase CO emission [13-

15]. However, from different studies, it was found that hydrogen has unique characteristics of 

reduced ignition energy and increased flame speed. Imparting the Hydrogen-rich gas to the 

engine will increase the efficiency to a certain limit and will also result in a reduction in 

emission to a great extent [16-20]. Different Researches are being done in Reformed Exhaust 

gas Recirculation (REGR) [14]. Fig. 3 below shows the REGR system. Reformer is used to 

enhance to improve the property of the exhaust gas. Catalyst is used to reform exhaust gas 

into the hydrogen-rich mixture for stable lean burning can be achieved. From previous 

studies, it was found that REGR is effective in increasing engine efficiency and reducing 

emissions [15-17].  

 

 
Fig. 4- Reformed Exhaust Gas Recirculation [2] 

 

A numerical analysis was done to analyze the effects of REGR. [2] A four-cylinder engine 

was used. For numerical analysis k-ε (Re-normalization group) turbulence model was used. 

Fig. 4 and 5 below shows the computational grid and the representation diagram of flow 

exchanges. SAGE chemistry solver was used for combustion modelling. [18] 



Page 846 of 14 

Ravinder Tonk/ Afr.J.Bio.Sc. 6(6) (2024) 

 
Fig. 5 Computational Grid [2] 

 

 

 
Fig. 6 Flow Exchangers [2] 

 

After all the initial computation the model validation was done. Comparison of rate of 

pressure and heat release between simulations and experiments is shown in figure 6.  

 

 
Fig.7 Results from Model Validation [18] 

  

From this study, it was found that by implementing REGR both the concentration of left CH4 

in the cylinder and the leaking CH4 decreases. Overall the hydrocarbon emissions decrease 

due to this effect. While CO emission increased by implementing REGR. As the rate of 

reformation or reformate increases the CO emission also increases. However, CO 

concentration from incomplete oxidation of CH4 doesn’t change, while CO from unburnt 
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reformate increases. The CO from unburned reformate was the main source of CO emissions. 

As the Exhaust valve timing delays leaking of CH4 and CO increases. However, the mass of 

unburned CH4 and CO decreases [19]. Further, it was found that by implementing REGR 

with low CO in reformate and a short valve duration can lead to decrease in CH4 and CO 

emissions to a great extent [20].  

   

Reformed Exhaust Gas Recirculation in Methanol Fueled SI Engines 

Methanol (CH3OH) is always been a favoured fuel for SI engines because of its greater 

octane number, greater heat of vaporization and greater laminar speed. Methanol is the 

simplest type of liquid synthetic fuel. It is easier to produce than that of other complex fuels 

[18-20]. In methanol, there is no C-C chemical bond which results in soot-free combustion. 

There are other fuels like dimethyl carbonate and methyl-formate which produces soot-free 

combustion [21]. From different studies, it was found that methanol is a effective fuel for 

improving efficiency and controlling emissions [22-24].  

Two studies on the REGR concept with methanol was done [18].  

First, an Otto cycle calculation was done with approximation to get the initial idea of the 

impact of REGR.  In this, the methodology of Szybist et al. [25] for computing efficiency 

using the extracted work and fuel energy was done.  

 

 
Fig. 8 P-V Diagram of Otto Cycle [18] 

 

The Enclosed surface in the graph is mean effective pressure. First, the study was done at 

the ideal condition and then all the ideal conditions were removed. Study on Volvo T3 engine 

was done. After the results of different conditions were considered [26-28]. The Otto cycle 

efficiency as the reforming fraction is represented in figure9. It is was found that efficiency 

increases with increase in reforming fraction, although the cycle work decreases. Reforming 

increases the Otto cycle efficiency.  

 

 
Fig. 9 Otto Cycle Efficiency with different Reforming Fraction [18] 
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After the theoretical study Full engine cycle simulation was done. Brake thermal efficiency 

can be evaluated by simulation of combustion process, heat transfer and fuel evaporation. 

The study [22] on Volvo T3 engine was done. Engine model was created step-by-step. [29-

30]  

 

Inlet and exhaust conditions were added with proper dimension. Calibrations of exhaust and 

inlet pressure profiles were used to consider the gas dynamic model. For the R-EGR engine 

simulation, a high-pressure EGR system was added to the calibrated engine as it provides the 

higher gas temperature. [32-33]The reformer was kept inside the EGR loop. For the 

reforming process, a simple surface reaction mechanism was used. [34] The reaction 

mechanism consist of reforming using methanol steam, reverse water gas shift and water gas 

shift reactions. After the mechanism validation and implementation were done to full engine 

model, a low-pressure injector was added to EGR loop, 300 mm upstream of the reformer. 

Fig. 10 shows the relation between EGR ratio and thermal efficiency and brake thermal 

efficiency [35-38]. 

 

 
Fig. 10 Relation between EGR ration and Brake and Gross thermal efficiency [18] 

 

It was found that methanol is easy to reform. After both the studies it was found that higher 

temperatures and lower pressure were produced in combustion in case of R-EGR than that of 

conventional EGR. There was a decrease in the cycle work when there was an increase in the 

EGR levels and reforming fractions. E-EGR has higher heat loss than that of conventional 

EGR. Combustion in case of R-EGR has more heat release than that of conventional EGR. 

[37] 

 

Gasoline EGR System 

EGR can be of two type vis-à-vis External EGR System and Internal EGR system. Mostly 

External EGR system is used as it is safe and reliable to use. In the external EGR system, the 

exhaust gas is taken from the exhaust pipe and passes through the EGR valves and after 

passing through EGR cooler it achieves the optimal condition and further enters the inlet 

manifold. EGR valve is varied according to the EGR rate [28]. In the external EGR system 

also there are different EGR system like central and decentral EGR system. 

 

For an engine with multiple-cylinder, there are various parameters to define the EGR system 

likes homogeneous Gas circulation and distribution and good dynamic response [29].  

 

For Centralized EGR system, the valves are at from distant from inlet valves and normally 

fixed at entrance of the inlet manifold. At inlet manifold, there is a device called collector 

which assist in improved mixing of exhaust gas and air and provides homogeneous 
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distribution of mixture to the cylinders. While in decentralized EGR system the gas directly 

enters the inlet manifold [30]. 

 

Figure 11 shows the effects of EGR in volume occupancy. 

 

 
Fig. 11 Volume Occupancy by Spray Flame [30] 

 

There are different effects of using EGR system in automobile associated with NOX and 

oxygen are and the effects are shown in figure 11 below: 

 

 
Fig. 12 EGR in Diesel Engines [28] 

 

• Thermal Effect: There is an increase in efficiency of the combustion process as due to the 

entering of pre-heated gas into a manifold which further improves the efficiency. 

• Dilution effect: There is the dilution in the air mixture as due to the decrease in the oxygen 

concentration in oxidizer and due to the decrease in highly reactive species in the combustion 

process. 

• Chemical Effects: As oxygen is an active species for the combustion process.  

 

There are different EGR systems for Gasoline Direct Injection System (GDI) and Port Fuel 

injection (PFI) system. PFI engineers are meant to work under the stoichiometric conditions 

and in these engines the main objective is to reduce the losses due to throttling at various 
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loads and further reducing the fuel consumption. Other effects of implementing the EGR are 

reduced emission levels. [40] 

In GDI engines the EGR system resulted in a huge reduction of emissions and further 

improving the engine efficiency. Table 1 below shows the difference between the EGR 

system in GDI and PFI engines in terms of their working. 

 

 EGR System for SI Engines EGR System CI Engines 

Target • Reduces Nitrogen other Emissions 

• Reduces fuel consumption 

• Reduces Emissions 

• Reduces fuel Consumption. 

Max. EGR 

Rate 

About 50% for Stratified Mode and 25% 

homogeneous mode. 

25% for all  modes 

Max. Exhaust 

Temperature 

450o in optimal modes and 650o in 

homogeneous modes 

650o 

Other Effects • Good Dynamics 

• Good Resolution Capability 

• Good Distribution 

 

 

In SI or CI Engine, the homogeneous EGR system decreases the flame speed which further 

results in burning speed, increase in hydrocarbons emission and difficulty in achieving the 

steady-state combustion. Hence, highly diluted EGR charge is used to separate air/fuel 

mixture. Stratification in EGR is achieved by separating the EGR air and fresh air and 

supplying them directly in the combustion chamber. Figure 11 below shows the different 

stratification methods used in EGR.  [42-44] 

 

 
Fig. 13 Different Types of Stratification [30] 

 

• Lateral stratification is consist of air/fuel mixture separated into two parts of cylinder. 

EGR at the exhaust side. However, this requires more power to maintain vertical flow 

momentum. 

• Axial EGR Stratification is the process of horizontally dividing the whole cylinder into 

air zone and bottom EGR zone. There are always chances of the mixture of gases between 

both the zones.  

• Radial EGR Stratification is the most commonly sued and reliable method as it provides 

the most efficient flow path for different strokes. In this, the central air duel cylinder and 

outer EGR tubular cylinder are in concentric cylinder forms. In this both the EGR and the 

air swirls in the same direction. 
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In Hot EGR the exhaust is directly mixed in inlet and in Cold EGR the exhaust gas is re-

cooled to the optimal condition and then flowed to the inlet manifold. Cooled EGR has very 

low emissions, better compression but the cost associated with it is very high. The hot EGR 

system is a simple structure and has very low hydrocarbon emissions.[45] In the revolution of 

the engine, EGR was firstly introduced to control emissions and improve the engine’s 

efficiency. 

 

With the recent development and advancements, we have seen tremendous growth in terms of 

downsized engine and turbocharged engine. Implementation of EGR in the turbocharged 

engine is complex as it creates the coexistence in engines. For implementing EGR to the 

turbocharged engine other equipments and series of steps need to be followed. Figure 14 

below shows the EGR implementation in a turbocharged engine. [46]  

 

 
Fig. 14 Low-Pressure Loop EGR and High-Pressure Loop EGR [30] 

 

 In this process of implementing EGR to the turbocharged engine, the exhaust gas first goes 

to the turbine and after passing from turbine it moves to the compressor and in the 

compressor, the mixture of gas and fresh air is made. The pressure difference is created 

between the turbine outlet and the compressor inlet. Further to maintain the flow optimal a 

high amount of permeability is required for the EGR valve and EGR cooler. The high 

permeability of the valve and cooler ensures the efficiency and proper working of the 

compressor. If this is not maintained, it will cause overheating of intake and further reducing 

the efficiency. There are further implications of using these as recirculating the exhaust into 

the intake at high temperature may cause the corrosion to compressor and inter-cooler. [46-

57] 

 

2. Conclusion 
 

From all the studies it was found that implementing EGR and R-EGR has helped in reducing 

the emissions. For Diesel Engine it was found that instead of displacing air at the inlet, 

adding the EGR to air-flow rate to the diesel engines[58-59]. This will result in a decrease in 

the emission of NOx and CO emissions. However, in SI engine EGR reduces the combustion 

rate and because of this, it becomes very difficult to achieve stable combustion. EGR 

increases CO and Hydrocarbon emissions. From different studies, it was found that about 

70% of has recycling occurred. Further, it was found that Internal and External EGR assisted 

in promoting and achieving the homogeneous mixture formation. It was found that lower 

EGR helped in achieving fewer emissions however, more soot, CO and HCs are generated. 

These factors lead to engine wear. Further EGR in turbocharged engine found to be 

improving the efficiency of the engine and reducing the emissions to a great extent.
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