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ABSTRACT

The global push toward climate change control and rigorous vehicular emission regulations has escalated
research into advanced internal combustion engine technologies and alternative fuels. Gasoline Direct
Injection engines have become a prominent technology, as they provide improved fuel efficiency and better
combustion control than traditional port fuel injection systems. However, GDI engines are associated with
challenges such as increased particulate matter along with particulate number emissions, particularly under
cold-start operating conditions. Simultaneously, ethanol-gasoline blends (flex-fuel) have gained attention as
renewable, oxygenated fuels that contribute to lower greenhouse gas emissions and strengthen energy
security. This review paper systematically examines the evolution of GDI technology, emission
characteristics, regulatory frameworks, and the integration of ethanol flex fuels in GDI engines. Key studies
on particulate emissions, fuel properties, engine management systems, and material compatibility are
systematically analyzed. Special emphasis is placed on Indian regulatory initiatives, ethanol blending
roadmaps, and safety standards. The review highlights the benefits and limitations of various combinations
of ethanol blends in GDI engines, including their impact on performance, emissions, cold-start behavior, and
engine durability. Finally, research gaps and future directions are identified, focusing on optimization
strategies, cost-effectiveness, and the role of flex-fuel GDI engines in achieving sustainable and compliant
transportation systems.
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1. INTRODUCTION

Road transportation is a key contributor to global greenhouse gas emissions and urban air pollution. Regulatory
bodies worldwide, including the U.S. Environmental Protection Agency and the European Environment
Agency, highlighted that reducing vehicular emissions is essential to meet climate targets and improve air
quality. Even with rapid advancements in electric and hydrogen-based mobility, spark-ignition internal
combustion engines remain widely adopted due to infrastructure, cost, and resource constraints. Therefore,
improving engine efficiency while reducing emissions remains a critical research priority.

Gasoline Direct Injection system received extensive adoption because of the capability to meticulously control
the timing of fuel injection, quantity of the fuel and fuel pressure, which results in enhanced fuel economy and
performance. Market studies indicate strong growth in GDI-equipped vehicles driven by more rigorous emission
regulations and consumer demand for efficient engines. On the other hand, the increasing concern over
particulate emissions from GDI engines requires supporting approaches, including alternative fuels such as
ethanol, to reduce environmental impacts.

The figure 1. illustrates the working principle of a gasoline direct injection engine, where fuel is injected directly
in the cylinder chamber. A high-pressure fuel injector sprays fuel accurately near the spark plug, ensuring better
air—fuel mixing. The air—fuel mixture is ignited by the spark plug, leading to efficient combustion. This
configuration improves fuel efficiency, power output, and combustion control compared to conventional port
fuel injection systems.
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Fig -1: Direct Fuel Injection System (Sharma, 2022)
2. LITERATURE REVIEW

The literature indicates a progressive evolution of gasoline direct injection (GDI) technology, beginning with
foundational developments that demonstrated improved combustion efficiency and fuel economy. Subsequent
studies as mentioned in Table 1, identified particulate number (PN) emissions as a major challenge in GDI
engines, specifically under transient and cold-start conditions. Research on ethanol and ethanol—gasoline blends
shown their potential to reduce soot and nanoparticle emissions while improving combustion characteristics,
with material compatibility for E20 fuel confirmed under Indian conditions. Recent reviews stress the role of
advanced engine management systems, regulatory frameworks, and sustainable biofuels in reducing emissions
and supporting decarbonization goals, emphasizing the need for optimized flex-fuel GDI systems.
Table -1: Overview of the Major Literature Reviewed

Year of .
Researcher(s) Publication Scope of Study Primary Outcomes
Iwamoto et al. 1997 Develognrgf:;[sof GDI Improved combustion and efficiency
Raza et al. 2018 PN emissions in GDI High PN emlssmns_under transient
operation
Stepien et al. 2016 Ethanol blends in GDI | <eduction in soot and nanoparticle
emissions
ARAI 2016 E20 fuel compatibility Materials compatible with E20 fuel
Giechaskiel et al. 2019 Regulatory_ frgmework PM emissions review related to EU
& emissions legislation and control strategies
. . Reviewed gaseous and particle
Gramsch et al. 2018 Bloe_tha}nol mixtures & formation variability with ethanol
emission variability blends
Sandaka & Kumar 2023 Sustainable alternative Critical review of blofuelg, m_cludmg
fuels ethanol, for decarbonization
Lokhande et al. 2023 Direct |nject_|on systems: Comprehe_nsn_/e review of_DI _systems
review and mitigation of injection issues
Pereira et al. 2023 Engine management Integrated de5|gn_ an_d contro_l strategies
systems for spark-ignited engines

2.1 Evolution and Fundamentals of GDI (Gasoline Direct Injection) Technology

The concept of GDI (Gasoline Direct Injection) system has its roots in the early twentieth century, with early
applications in aviation engines. Modern automotive GDI systems became effective in the late 1990s due to
advancements in high-pressure fuel pumps, injectors, and electronic engine control units. Gasoline Direct
Injection, injects the fuel directly in the cylinder chamber, enabling stratified and homogeneous charge
operation.

According to Zhao (2010) and lwamoto et al. (1997), GDI engines offer several advantages, including improved
volumetric efficiency, knock resistance, and precise air—fuel ratio control. Reviews by Chincholkar and
Suryawanshi (2016) and Lokhande et al. (2023) emphasize GDI as an efficient technology capable of meeting
rigorous fuel economy targets. However, fuel impingement, incomplete evaporation, and locally rich mixtures
contribute to higher particulate formation compared to conventional systems.

2.2 Emission Characteristics and Particulate Matter Challenges
One of the major drawbacks of GDI engines is elevated particulate number and particulate matter emissions.
Studies by Raza et al. (2018) and Giechaskiel et al. (2019) indicates that GDI engines can emit PN levels

MEO056 www.ijiird.com

1454



International Journal of Interdisciplinary Innovative Research & Development (1J11RD)
ISSN: 2456-236X
Vol. 11 Special Issue 02 | 2026

comparable to diesel engines under certain operating conditions. Cold-start operation, transient driving, and
high-load conditions are identified as crucial contributors to PM formation.

Storey et al. (2019) demonstrated that start—stop operation significantly increases GDI particulate emissions,
while Stepien et al. (2016) observed that nanoparticle emissions are strongly affected by fuel composition and
injector design. These findings have led to the introduction of gasoline particulate filters (GPFs) and stricter PN
regulations in Europe and other regions.

2.3 Ethanol-Gasoline Blends (Flex-Fuel) as Alternative Fuels
Ethanol is a renewable, oxygenated fuel derived from biomass, offering potential reductions in carbon
monoxide, hydrocarbon, and greenhouse gas emissions. The U.S. Department of Energy (2024) defines E85 as a
blend containing 51-83% ethanol, while India has focused on E20 blending as part of its national ethanol
blending program.
Gramsch et al. (2018) reported variability in gaseous and particulate emissions with ethanol blends, highlighting
both benefits and challenges. While ethanol’s elevated octane number and oxygen content boost combustion
efficiency, its less calorific value and substantial latent heat of vaporization can affect cold-start performance.
Stepien et al. (2016) further noted that detergent additives and ethanol concentration significantly influence
nanoparticle emissions in GDI vehicles.
The table 2 compares key fuel properties of gasoline and ethanol-gasoline blends (flex-fuel) used in GDI
engines. As ethanol content increases from EO to E85, the lower heating value decreases, while the research
octane number significantly increases, enhancing knock resistance. Ethanol blends also exhibit an increased
latent heat of vaporization, thereby enhancing charge cooling but may affect cold-start performance. These
properties strongly influence combustion behavior, efficiency, and exhaust profile of gasoline direct injection
systems.

Table-2: Comparison of Gasoline-Ethanol Blend Fuel Properties

Fuel Type Ethanol Contentin | LHV (Lower Heating RON (Research Latent Heat of
% Value) in MJ/kg Octane Number) Vaporization
Gasoline (EO) 0 42-44 91-95 Low
E20 20 ~38 ~98 Moderate
E85 85 =30 =108 High

The table 3 shows emissions trends of ethanol-gasoline blends (flex-fuel) in a GDI Engine. When ethanol
fraction in gasoline increases from E20 to E85, CO (Carbon-Monoxide) and HC (Hydrocarbon) emissions show
a consistent and substantial reduction, because of the oxygen-rich properties of ethanol, thereby enhancing the
combustion completeness. NOx (Oxides of Nitrogen) emissions exhibit a mixed but generally decreasing trend,
especially at higher blends (E60-E85). CO, (Carbon di-oxide) emissions decrease progressively with increasing
ethanol content because of ethanol’s lower carbon-to-hydrogen ratio and renewable origin. Particulate matter
(PM) emissions decline significantly, particularly at higher ethanol blends, as ethanol contains negligible
aromatics and suppresses soot precursor formation. However, aldehyde emissions, notably acetaldehyde,
increase with higher ethanol blends, attributed to partial oxidation pathways of ethanol during combustion.

Table-3: Emission Trends of Ethanol-Gasoline Blends (Flex-Fuel) in a GDI Engine

Ethan_ol- co HC L co, PM Aldehydes
Gasoline o . NOx Emissions o Lo
Blend Emissions Emissions Emissions Emissions (Acetaldehyde)
Minor Reduction or
E20 Minor Minor Remains largely unchanged Minor Minor Minor Increase
Reduction Reduction (engine and load Reduction Reduction

dependant)
Remains largely unchanged

Moderate Moderate - Moderate Moderate Moderate

E40 - - (engine and load - -

Reduction Reduction Reduction Reduction Increase
dependant)

E50 Moderate Moderate Minor Reduction Moderate Moderate Moderate
Reduction Reduction Reduction Reduction Increase
Significant | Significant . Significant | Significant Noticeable

E60 Reduction Reduction Moderate Reduction Reduction Reduction Increase
Significant | Significant . Significant | Very High Highly

E70 Reduction Reduction Moderate Reduction Reduction Reduction Increased

E85 Very High | Very High uRnethl;(;]edegr(gim?r:gs;rl%rgl]g;)é Very High | Very High Very Highly
Reduction Reduction g g Reduction Reduction Increased

dependant)
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2.4 Regulatory Framework and Indian Perspective

India has taken significant steps toward ethanol adoption through notifications by the Ministry of Road
Transport and Highways (MoRTH) and policy documents such as the NITI Aayog roadmap for ethanol blending
(Sarwal et al., 2021). Automotive Industry Standards (AIS) specify safety and procedural requirements for flex-
fuel and ethanol-blended vehicles, while Bureau of Indian Standards (BIS) standards define E20 fuel
specifications.

Automotive Research Association of India (ARAI), (2016) evaluated material compatibility and emission
performance of E20 blends, concluding that modern vehicles can safely operate with appropriate material
selection and calibration. These regulatory measures aim to balance emission reduction, fuel security, and
vehicle safety, while encouraging technological innovation in engine design.

2.5 Engine Management Systems and Technological Adaptations

The integration of ethanol blends in GDI engines requires advanced engine management systems capable of
adapting injection timing, pressure, and ignition strategies. Pereira et al. (2023) emphasized the importance of
flexible and adaptive engine control units (ECUs) for managing different fuel properties and to accurately
identifying ethanol concentration and implementing real-time calibration strategies across a wide blend range.
Modern EMS (Engine Management System) architectures employ closed-loop feedback control using wideband
oxygen sensors, ethanol content sensors, and in-cylinder pressure-based feedback to optimize air—fuel ratio
control under both steady-state and transient operating conditions. Sharma (2022) discussed the evolution of fuel
injection systems, noting that multi-pulse injection strategies and variable rail pressure control play a significant
role in improving fuel atomization, mitigating wall wetting, and reducing particulate matter (PM) emissions in
ethanol-fueled GDI engines, highlighting the role of electronic control in optimizing combustion and emissions.
Material compatibility remains a critical concern, as ethanol’s hygroscopic nature and solvent properties can
accelerate corrosion, degrade elastomers, and affect fuel system components such as injectors, pumps, seals, and
storage tanks. Studies and regulatory guidelines by ARAI and AIS recommend ethanol-compatible polymers,
stainless steel components, surface coatings and corrosion inhibitors to ensure long-term reliability. Revised
safety protocols addressing fuel handling, storage, and leakage prevention are also emphasized to mitigate risks
associated with higher ethanol concentrations.

2.6 Market Trends and Sustainability Considerations

Market analysis by Fortune Business Insights (2023) indicate strong growth in GDI technology driven by
emission regulations and fuel economy targets. However, from a sustainability perspective, life-cycle
assessment (LCA) plays a critical role in determining the true environmental benefits of ethanol utilization.
Sandaka and Kumar (2023) emphasized that tailpipe emission reductions alone are insufficient indicators of
sustainability, as upstream emissions associated with feedstock cultivation, fuel processing, and transportation
significantly influence overall greenhouse gas mitigation potential. Ethanol derived from second-generation and
waste-based feedstocks has been shown to offer superior life-cycle CO, reduction compared to first-generation,
crop-based ethanol, highlighting the importance of feedstock selection in national biofuel strategies.

In addition to environmental considerations, economic viability and supply chain resilience strongly affect the
scalability of ethanol blending programs. Factors such as feedstock availability, land-use competition with food
production, water consumption and price volatility remain key constraints for large-scale ethanol adoption.
Consequently, policy frameworks increasingly focus on improving conversion efficiency, agricultural
sustainability, and co-product utilization to enhance the overall feasibility of ethanol production.

While ethanol offers a near-term solution for emission reduction, its scalability depends on feedstock
availability, land use, and economic viability. Therefore, flex-fuel GDI engines are widely viewed as a
transitional technology enabling immediate emission reductions and supporting decarbonization of the transport
sector without requiring major infrastructure changes. By leveraging existing vehicle platforms and fuel
distribution networks, flex-fuel systems provide a practical pathway toward reduced fossil fuel dependence
while serving as a bridge to long-term zero-emission alternatives become widespread.

3. IDENTIFIED RESEARCH GAPS

Limited long-term studies on material durability in high-ethanol GDI engines.

Insufficient data on real-world particulate emissions under Indian driving conditions.

Need for optimization strategies combining injection parameters and ethanol blends.

Lack of comprehensive cost-benefit analysis for flex-fuel GDI adoption.

Future research should focus on integrated engine—fuel optimization, advanced after treatment systems, and life-
cycle sustainability assessments.
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4. CONCLUSIONS

This review highlights that gasoline direct injection engines, when combined with ethanol flex fuels, offer a
promising pathway toward improved efficiency and reduced emissions. While GDI technology provides clear
performance advantages, particulate emissions remain a critical challenge. Ethanol blends can mitigate most of
the emission issues while supporting renewable energy goals, particularly within the Indian regulatory
framework. Continued research, policy support, and technological innovation are essential to realize the full
potential of flex-fuel GDI engines in sustainable transportation.
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