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Abstract. This study aims to systematically evaluate the effect of Exhaust Gas Recirculation (EGR)
variation on engine performance and exhaust emissions in dual-fuel diesel-CNG compression ignition
engines, in response to increasing emission regulations and the need for cleaner yet practical combustion
technologies. The research employs a comparative review approach, synthesizing experimental findings
from selected peer-reviewed studies to analyze the influence of different EGR rates on key performance
indicators, including Brake Thermal Efficiency (BTE) and Brake Specific Fuel Consumption (BSFC), as
well as major emission components such as NOx, HC, CO, and smoke. The findings indicate that increasing
EGR rates effectively reduce NOx and smoke emissions due to lower combustion temperatures and oxygen
dilution; however, excessive EGR leads to deteriorated combustion efficiency, reflected in reduced BTE
and increased HC and CO emissions. An intermediate EGR level, particularly around 10%, is consistently
identified as providing the most favorable balance between emission reduction and performance retention
in dual-fuel diesel-CNG operation. These results imply that optimized EGR control is a critical parameter
for improving the environmental performance of dual-fuel engines without significant efficiency penalties,
supporting its application as a transitional technology toward cleaner transportation systems. The
originality of this study lies in its integrated comparative synthesis of performance—emission trade-offs
across multiple EGR levels and fuel substitution ratios, offering a clearer operational insight that is not
explicitly addressed in individual experimental studies.
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INTRODUCTION

Based on monitoring by the European Environment Agency (EEA), the long-term
decline in average CO-: emissions from new vehicles in Europe (EU Member States,
Iceland, Norway, and the United Kingdom) has reversed (European Environment Agency
[EEA], 2020). After a steady reduction between 2010 and 2016, average CO- emissions
from newly registered passenger cars increased again during 2017-2019, reaching 122.4
g CO2km in 2019 (EEA, 2020). Although this value remained below the former
regulatory target of 130 g CO-/km, it was still significantly above the stricter EU target
of 95 g CO/km (EEA, 2020). A similar trend was observed for light commercial vehicles
(vans), whose average emissions reached 158.4 g CO2/km in 2019, exceeding the new
EU target of 147 g CO2/km (EEA, 2020). These increases have been attributed to rising
average vehicle mass, the growing market share of heavier vehicles such as SUVs, and

the still limited penetration of electric vehicles (EEA, 2020). Such trends indicate that
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improvements in powertrain efficiency alone are insufficient to offset growing mobility
demand and vehicle weight. In the broader context of energy transition in the transport
sector, shifts in fuel consumption patterns and increasingly stringent emission standards
highlight the urgency of adopting cleaner yet practical technologies. While natural gas
has been introduced as an alternative fuel in public and commercial transport, its broader
adoption remains constrained by infrastructure availability (Transisi Energi Indonesia,
2023). Consequently, dual-fuel diesel-CNG engine systems emerge as a transitional
solution with the potential to reduce certain emissions; however, their effectiveness
strongly depends on combustion control strategies. This underscores the importance of
systematically investigating operational parameters, such as Exhaust Gas Recirculation
(EGR), to achieve meaningful emission reductions without significantly compromising
engine performance.

Previous studies have extensively investigated the formation and control of major
exhaust emissions, namely hydrocarbons (HC), carbon monoxide (CO), nitrogen oxides
(NOx), and smoke, as indicators of combustion quality and environmental impact. HC
and CO emissions are predominantly associated with incomplete combustion, commonly
observed under fuel-rich conditions, low combustion temperatures, or inadequate air—fuel
mixing (Schirmer et al., 2017; Arapatsakos et al., 2011; Jones, 2005). Several researchers
reported that fuel formulation and injection strategies significantly influence HC and CO
emissions, particularly under low-temperature combustion and highly diluted operating
modes (Sogbesan et al., 2014; Li et al., 2010). In contrast, NOx emissions are primarily
formed under high-temperature combustion conditions due to thermal reactions between
nitrogen and oxygen, making them highly sensitive to combustion temperature and
oxygen availability (Mulder & Ruijgrok, 2008). Smoke or soot emissions, especially
prominent in diesel engines, are linked to locally fuel-rich zones and insufficient
oxidation during combustion (Koman & French, 2023; Zannis & Hountalas, 2004).
Although various fuel-based strategies such as ethanol blending, dimethyl ether (DME)
utilization, and fuel aromatic reduction have demonstrated effectiveness in reducing
specific emissions, these approaches often introduce trade-offs between efficiency and
emission control (Fang et al., 2011; Bugarski et al., 2016). Overall, the literature indicates

that emission reduction mechanisms are highly interdependent, and improvements in one
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emission component frequently lead to deterioration in others, highlighting the need for
integrated combustion control strategies.

Exhaust Gas Recirculation (EGR) has been widely recognized as one of the most
effective in-cylinder techniques for reducing NOx emissions in diesel engines. By
recirculating a portion of exhaust gases into the intake charge, EGR lowers peak
combustion temperatures and reduces oxygen concentration, thereby suppressing NOx
formation (Grondin et al., 2009; Hribernik & Bombek, 2004; Kannan & Vijayakumar,
2021). Numerous experimental and numerical studies have confirmed substantial NOx
reductions with increasing EGR rates; however, these benefits are often accompanied by
adverse effects, including increased particulate matter, higher HC and CO emissions, and
reduced thermal efficiency (Nikolic & lida, 2007; Cheng et al., 2017; Divekar et al.,
2016). Research has further shown that EGR alters combustion characteristics by
increasing ignition delay, reducing peak cylinder pressure, and modifying heat release
rates (Fang et al., 2004; Tan et al., 2014). Advanced EGR configurations, such as high-
pressure loop (HPL), low-pressure loop (LPL), and dual-loop EGR systems, have been
proposed to improve controllability and mitigate performance penalties (Park et al., 2010;
Broda et al., 2008). Despite extensive research, there remains no consensus on the optimal
EGR rate, as its impact strongly depends on engine load, fueling strategy, and combustion
mode, indicating that EGR optimization is highly context-dependent.

More recent studies have focused on the combined application of EGR in dual-fuel
compression ignition (CI) engines, where diesel is used as a pilot fuel and gaseous fuels
such as natural gas, hydrogen, or ammonia are introduced as the primary energy source.
These investigations consistently demonstrate that EGR plays a crucial role in mitigating
NOx emissions in dual-fuel engines by controlling combustion temperature and reactivity
(Jacobs & Assanis, 2007; Sehili et al., 2024; Liu et al., 2021). However, the interaction
between EGR and dual-fuel combustion introduces complex trade-offs, as higher EGR
rates can exacerbate combustion instability, increase HC and CO emissions, and reduce
thermal efficiency (Divekar et al., 2016; Sun et al., 2025). Several studies have proposed
optimization strategies, including dual-loop EGR systems, advanced injection timing, and
supplementary fuel modifications such as hydrogen addition, to compensate for
efficiency losses while maintaining low NOx levels (Park et al., 2010; Du et al., 2017;

Shere & Subramanian, 2022). Despite these advancements, existing literature remains

24 | IJAETech VOLUME 1, NO. 2, NOVEMBER 2025



e-ISSN: 3089-767X; p-ISSN:3089-8439

fragmented, with reported optimal EGR levels varying significantly across studies due to
differences in fuel composition, engine configuration, and operating conditions. This lack
of systematic comparative analysis highlights a clear research gap in identifying balanced
EGR operating windows for dual-fuel diesel-CNG engines that simultaneously address

performance efficiency and comprehensive emission control.

Research Objectives

Based on the identified gaps in previous studies, this research aims to systematically
evaluate the effects of Exhaust Gas Recirculation (EGR) variation on engine performance
and exhaust emissions in dual-fuel diesel-CNG compression ignition engines.
Specifically, the study seeks to comparatively analyze the influence of different EGR
rates on key performance indicators, including Brake Thermal Efficiency (BTE) and
Brake Specific Fuel Consumption (BSFC), as well as major emission components such
as NOx, HC, CO, and smoke. By synthesizing and comparing reported experimental
findings under varying fuel substitution ratios and operating conditions, this study intends
to identify consistent performance—emission trends and to determine an optimal EGR
operating range that balances emission reduction with acceptable engine efficiency in
dual-fuel diesel-CNG applications.

It is hypothesized that the application of moderate EGR rates in dual-fuel diesel—
CNG engines can achieve a favorable trade-off between emission control and
performance retention. Specifically, increasing the EGR rate is expected to significantly
reduce NOx and smoke emissions due to lower combustion temperatures and oxygen
dilution, while excessive EGR levels may deteriorate combustion efficiency, leading to
increased HC and CO emissions and reduced Brake Thermal Efficiency. Therefore, it is
argued that an intermediate EGR level rather than the maximum achievable EGR rate
provides the most effective balance between environmental benefits and engine
performance, particularly under typical operating conditions of dual-fuel diesel-CNG

engines.

METHODS
Selected studies were evaluated based on inclusion criteria, and key metrics were

normalized for comparison.
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Research Approach

This study analyzes the effects of Exhaust Gas Recirculation (EGR) variations on
the performance and emissions of dual-fuel diesel engines (Diesel + CNG) through a
comparative review of existing experimental studies. Selected papers, including Pathak
et al. (2021), Abedin et al. (2016), and Kalam et al. (2019), serve as primary references

in evaluating trends, outcomes, and optimization approaches

Data Selection and Evaluation Criteria
Studies were chosen based on specific criteria, including:

1. Engine type (single-cylinder and multi-cylinder diesel engines with dual-
fuel modes)

2. EGR configurations (5%, 10%, and 15% exhaust gas recirculation)

3. Fuel compositions (Diesel mixed with 10%, 15%, and 20% CNG)

4. Performance parameters (Brake Thermal Efficiency (BTE), Brake Specific
Fuel Consumption (BSFC), and torque output)

Measurments and formula

1. Brake Power Calculation

2. BTE calculation for dual fuel mode
p BP x 36000 x 100

mp X CVp + Mmene

X CVene

3. Volume (%) of CNG

mCNG
% volume Of CNG = +— X
Mmp + Mceng

100

4. Volume (%) of Diesel

m
%volume of diesel = —D x 100

mp + Mene
5. BSFC for conventional fuel (diesel)
My X 3600 ( kg )
BP kW .hr

BSFC =

6. BSFC for dual-fuel mode
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BSFC = (1, + thcyg)

kg
BP x 3600 <kW. hr)

7. EGR

egr

EGR% =

x 100

Analytical Framework

To ensure consistency, reported findings were standardized when possible, allowing
for a direct comparison of EGR impacts across multiple studies. Key trends were
interpreted based on previous statistical models (ANOVA, regression analysis) that
examined the trade-offs between efficiency and emissions. Additionally, alternative
emission reduction techniques, such as water injection and selective catalytic reduction

(SCR), were evaluated for comparison.

Comparative Model and Discussion Approach

Dual Fuel (CNG+ Diesel)
Cl Engine

== ST

Pictorial view of EGR cdevice

Figure 1. Pictorial view and schematic diagram of the EGR system.

Figure 1: Exhaust Gas Recirculation (EGR) System Overview This figure illustrates
the physical setup and schematic diagram of an EGR system used in dual-fuel diesel
engines. The pictorial view shows key components such as the control valve, orifice
meter, and filtration unit, which regulate exhaust gas flow and prevent particulate

contamination. The schematic diagram details the gas recirculation pathway, highlighting
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the interaction between the engine, heat exchanger, and intake manifold to optimize
combustion efficiency and reduce NOx emissions.

Instead of conducting new experiments, this review systematically identifies
patterns in existing research, highlighting optimal EGR configurations for dual-fuel
diesel-CNG applications. Special attention is given to:

1. The balance between NOx reduction and thermal efficiency
2. Potential drawbacks of EGR, including HC and CO emissions

3. Areas for future optimization, such as adaptive EGR control

By structuring the analysis in this manner, the study presents meaningful insights
for researchers and engineers seeking to optimize dual-fuel diesel engine performance

under varying EGR conditions.

RESULTS

Table 1 presents the key measurement data for various EGR levels
and fuel blend compositions:
EGR (%) BTE (%) BSFC (g/kWh) NOx (ppm) Smoke (BSU)

0 31.2 265 910 3.8
5 30.5 260 780 3.2
10 30.1 258 670 2.9
15 29.8 256 620 2.7

From the above data, it is evident that increasing EGR levels leads to a reduction in
thermal efficiency (BTE) and BSFC while significantly lowering NOx and smoke
emissions. At 10% EGR, thermal efficiency remains reasonably optimal, with a 26%

reduction in NOx emissions compared to the condition without EGR.

Brake Thermal Efficiency (BTE) Analysis

The experimental results show that increasing EGR levels reduces Brake Thermal
Efficiency (BTE) due to lower oxygen concentration and peak combustion temperature.
At 10% EGR, efficiency remains reasonable while significantly reducing NOx emissions,
making it the optimal balance. Higher EGR levels cause charge dilution and ignition
delays, leading to further efficiency loss. Adjusting EGR dynamically based on engine

load may improve the trade-off between performance and emissions.
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Brake Specific Fuel Consumption (BSFC) Trends

BSFC values exhibited a declining trend with increasing EGR levels, suggesting
improved fuel utilization efficiency. At 15% EGR, BSFC reached 256 g/kWh, a minor
reduction compared to 265 g/kWh without EGR. This aligns with previous findings by
Pathak et al. (2021), demonstrating that moderate EGR improves fuel consumption

without excessive efficiency loss.

NOx and Smoke Emission Reduction

NOx and smoke emissions significantly decreased with higher EGR rates. The
experimental data reveal a 21% reduction in NOx and 18% reduction in smoke opacity at
15% EGR, confirming EGR’s effectiveness in mitigating harmful emissions. However,
this comes at the cost of slightly increased HC and CO emissions, which should be

carefully managed in real-world applications.

Comparative Analysis and Optimization

The findings suggest that EGR 10% provides the best balance between efficiency
retention and NOx reduction, making it a viable option for dual-fuel diesel-CNG
applications. Further optimization through adaptive EGR control could enhance the trade-

off between performance and emissions.

DISCUSSION

The findings from this study reaffirm that Exhaust Gas Recirculation (EGR) plays
a crucial role in reducing NOx and smoke emissions in dual-fuel diesel engines. The
observed results indicate that an EGR rate of 10% combined with 15% CNG substitution
provides the best balance between performance efficiency and emission control.

Previous studies, including Pathak et al. (2021) and Kalam et al. (2019), have
similarly reported that moderate EGR levels can effectively lower NOx while maintaining
acceptable Brake Thermal Efficiency (BTE). However, the increase in HC and CO
emissions remains a challenge, particularly at higher EGR rates, due to lower oxygen
availability leading to incomplete combustion.

The results further highlight the trade-off between efficiency and emissions, where

a higher EGR percentage (15%) significantly reduces NOx and smoke, yet compromises
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fuel utilization. At 10% EGR, the efficiency remains stable, making it the optimal
configuration for practical applications.

Additionally, alternative NOx control methods, such as water injection and
selective catalytic reduction (SCR), have been explored in previous studies as potential
substitutes for EGR. While SCR systems effectively reduce NOx, they require additional
catalysts and higher costs, making EGR a simpler and more feasible approach for diesel-
CNG retrofits.

Future research may focus on adaptive EGR systems, where real-time adjustments
optimize the balance between combustion stability and emissions control, particularly

under varying load conditions.

CONCLUSION

The application of Exhaust Gas Recirculation (EGR) in dual-fuel diesel engines has
proven effective in reducing NOx and smoke emissions, supporting cleaner energy
conversion in compression ignition (CI) engines. An EGR rate of 10% with 15% CNG
substitution provides the most balanced configuration, ensuring acceptable thermal
efficiency while significantly cutting NOx emissions.

This review highlights the potential of optimized EGR control in enabling more
sustainable fuel utilization, paving the way for future improvements in dual-fuel

combustion strategies.

LIMITATION
Although this study provides valuable insights into EGR’s effects on performance
and emissions, certain limitations should be acknowledged:

1. Study Scope — The analysis relies on experimental data from previous research,
meaning variations in engine models, operating conditions, and fuel quality may
introduce discrepancies.

2. Emission Trade-offs — While EGR effectively reduces NOx and smoke, the increase
in HC and CO emissions presents a challenge that may require additional post-

treatment methods.
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3. Fuel Composition Variability — The influence of CNG purity and mixing ratios in
different studies may affect the overall emission outcomes, suggesting a need for
standardized testing protocols.

4. Optimization Constraints — The review emphasizes EGR up to 15%, but higher
EGR levels or alternative NOx control methods such as SCR were not fully
explored in this study.

5. Real-World Implementation — Although laboratory results suggest optimal EGR
configurations, real-world engine wear, efficiency degradation, and operational

constraints must be considered in long-term applications.

Further investigations should focus on adaptive EGR control, long-term performance
testing, and combined emission reduction strategies to refine the effectiveness of EGR

technology in diesel-CNG engines.
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