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Variable compression ratio (VCR) technology has received considerable
attention as an effective approach to improving diesel engine efficiency,
combustion characteristics, and exhaust emissions under different operating
conditions. This review critically examines the effect of compression ratio
variation on the performance and emission characteristics of diesel engines
fuelled with biodiesel, renewable fuel blends, and alternative fuels.
Different VCR implementation methods are comparatively analyzed based
on combustion chamber integrity, mechanical complexity, control
accuracy, and operational flexibility. In addition, recent experimental
investigations conducted under various compression ratios and fuel
compositions are systematically reviewed and discussed. The findings
indicate that increasing the compression ratio generally improves brake
thermal efficiency and combustion quality while reducing carbon monoxide
(CO) and hydrocarbon (HC) emissions. However, excessively high
compression ratios may increase nitrogen oxide (NOx) emissions because
of elevated in-cylinder temperatures. The review further highlights the
strong potential of integrating VCR technology with renewable fuels to
achieve cleaner combustion and enhanced engine sustainability. Overall,
the study provides a comprehensive technical assessment of VCR diesel
engines and identifies promising directions for future low-emission and
high-efficiency engine development.

1. Introduction

During the Industrial Revolution, significant scientific and
technological advances occurred in many areas, including
combustion-related applications important to power
generation and transportation. Fuel’s chemical energy is
transformed into thermal energy and mechanical work. This
principle forms the basis of external combustion systems,
internal combustion engines, and boilers [1][2]. In response
to growing concerns regarding global warming, countries
have introduced strict regulations to improve energy

efficiency, reduce emissions from various fossil fuels, and
maintain a clean environment [3][4]. Switching to renewable
and sustainable alternatives is crucial to mitigate potential
shortages of fossil fuels, the current primary energy source.
Therefore, considerable research effort has been devoted to
developing sustainable fuels and cleaner combustion
technologies [5][6][7]. There are two types of internal
combustion engines: spark-ignition and compression-
ignition (diesel) engines. Although the diesel engine can have
a high thermal efficiency and torque, it generates pollutants
such as NOx and PM [8]. The VCR technology allows the
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compression ratio to be dynamically adjusted to enhance the
combustion efficiency and reduce emissions under different
operating conditions [9]. The idea of compression ignition,
an alternative to the widely used steam engines of the time,
was conceived by the inventor and engineer Rudolf Diesel in
1892 [10]. He presented his concept of using heat in internal
combustion in a lecture on 16 June 1897, attended by a large
number of scientists and academicians. It is known that diesel
engines have high efficiency and durability, especially in
heavy-duty transport and marine applications [11][12].
Diesel engines offer several benefits over spark-ignition
engines, including the ability to achieve high compression
ratios, which promote self-ignition of the fuel and increase
efficiency. The high compression ratios (14:1-22:1) of diesel
engines enable self-ignition of the fuel.

Under low-load conditions, a higher compression ratio
improves fuel economy, whereas a lower compression ratio
under high-load conditions reduces knocking tendency and
NOx emissions [9][13]. Diesel engines are supported by
advanced technologies such as EGR, SCR, and turbochargers
[14][15]. The transition in combustion and flame stability
properties in thermal and engine systems has been achieved
through the use of alternative fuels (biodiesel, synthetic fuels,
hydrogen, etc.) [16]. Alternative fuels enhance combustion
and reduce carbon emissions [17][16]. Extensive research
has been conducted to improve combustion technologies
such as reactivity-controlled compression ignition (RCCI)
and homogeneous compression ignition (HCCI) to achieve
cleaner, lower-emission combustion [18][19]. These
technologies are designed to reduce emissions by improving
fuel/air mixing and lowering combustion temperatures.
Although numerous studies have been conducted on VCR
diesel engines and alternative fuels, there are very few review
studies that have extensively explored the synergistic effects
of LPG—diesel dual-fuel operation and hybrid nanoparticle
additives under variable-compression-ratio  operating
conditions. The novelty of this manuscript lies in the
extensive overview of the Variable Compression Ratio
(VCR) technology and the unique combination of liquefied
petroleum gas (LPG), diesel, and hybrid nanoparticles. This
unique solution not only improves engine performance and
reduces pollutant emissions but also provides a viable,
scalable approach to meeting stringent environmental
standards. This manuscript explores the synergistic
integration of alternative fuels and advanced nanotechnology
to improve diesel engine efficiency beyond the scope of
previous review studies.

2. Variable Compression Ratios (VCR) in Diesel
Engines

2.1 Concept and Mechanics of VCR

In diesel engines, variable compression ratio (VCR)
technology dynamically adjusts the compression ratio in

response to operating conditions. VCR technology addresses
this difficulty by allowing the engine to adjust its
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compression ratio in real-time. An elevated compression
ratio at minimal loads enhances fuel economy by improving
combustion. A low compression ratio reduces the likelihood
of knocking and allows the engine to produce more power
under stress [9]. Comparative studies indicate that fuel
efficiency can be increased by 10—15% with VCR technology
under light-load conditions; higher compression ratios are
most effective under these conditions. Besides, VCR engines
can reduce their compression ratio in high-load situations to
reduce knocking, combustion noise, and power output.
Variable-compression-ratio systems can achieve this
adaptability mechanically by altering the combustion
chamber shape or modulating the piston stroke length. A
prevalent technique entails adjusting the cylinder head
clearance dimensions using hydraulic or mechanical
actuators [20]. Many mechanical schemes have been
suggested for implementing VCR systems, each offering
specific advantages in terms of combustion chamber
integrity, control accuracy, and mechanical complexity.
Figure 1 presents an author-developed classification and
comparative illustration of the major VCR implementation
mechanisms  based on the reported literature
[21][22][23][24]. VCR systems adjust the compression ratio
mechanically or hydraulically to optimize combustion
behavior under varying operating conditions.
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Figure 1. Classification and comparative features of major VCR
implementation mechanisms developed based on the reported literature

Among the reported VCR mechanisms, eccentric-based and
multilink systems demonstrated superior accuracy in
controlling compression ratio. In contrast, piston deck height
variation methods offered lower mechanical complexity and

easier implementation in conventional diesel engines.

2.2 Advantages and Obstacles of Implementing

VCR in Diesel Engines

The primary advantage of VCR technology in diesel engines
is its ability to reduce emissions and fuel consumption across
a range of operating conditions. Higher compression ratios
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improve fuel efficiency at low loads. Lower compression
ratios at high load help reduce NOx emissions and
combustion pressure [25]. Recent studies on hydrogen
combustion also revealed a substantial trade-off between
thermal efficiency and maximum engine load across various
compression ratios. The indicated thermal -efficiency
increased by about 5.2% when the compression ratio was
increased from 9.27 to 12.39. Still, the higher compression
ratio was unable to achieve high peak-load operation due to
higher maximum cylinder pressure limits [26].  This
adaptability could significantly improve fuel efficiency and
emissions management, enabling diesel engines to comply
with more stringent environmental standards without
compromising performance [13][27]. However,
implementing VCR in diesel engines poses several technical
challenges. Despite its advantages, VCR implementation
increases system complexity and control requirements.
Various methods have been proposed for VCR
implementation, including piston modification, cylinder head
adjustment, and eccentric crank mechanisms
[28][29][30][31].

Table 1 summarises recent studies on the performance and
emissions of VCR diesel engines operating under different
fuel blends and conditions.

Table 1. Summary of Recent Studies on VCR Diesel Engines

Fuel/ Compression -
Author Additive Ratio Range Key Findings
. Hydrogen- CR 18.5 improved
A;“E;nz% ot Diesel/Alg 16.5-19.5 efficiency and
' ae blend reduced emissions
Improved
HOE;?] al Diesel Optimised combustion and
' reduced NOx
Deb et al Hydrogen- Au? Zirtlii)end
’ Biodiesel R Variable '
[34] improved
CCI .
combustion
Dominu Diesel- Higher CR
15.84— .
ezetal. Hydrogen- 18.04 improved thermal
[35] Methanol ' efficiency
Higher CR
;z;rln[e}sél] Biodiesel 16-19 increased BTE
’ blends and reduced
CO/HC
Yanhui Lo Higher CR
Cheneta Biodiesel Variable reduces soot
blends S
1.[37] emissions
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3. Performance Evaluation of VCR Diesel Engines
3.1 Comparative Analysis of Fixed and Variable
Compression Ratios

Fixed compression ratio (FCR) engines are structurally
simple and operate reliably, but are not very efficient when
used at different operating conditions of the engine due to the
fact that the compression ratio cannot vary with the load and
operating speed. Variable compression ratio (VCR) engines,
on the other hand, adjust the compression ratio dynamically
to better control the combustion process over a wider range
of operation [39]. Comparative tests have demonstrated that
the fuel consumption of VCR technology can be reduced by
about 10—15% under light load conditions, and under these
conditions the higher the compression ratio the better the
combustion and the higher the thermal efficiency. However,
for high loads, decreasing the compression ratio will reduce
the tendency to knock, lower combustion noise, and enhance
engine durability [40]. In addition, at high load the
compression ratio is reduced which also reduces in-cylinder
peak temperature and thus emissions of nitrogen oxides
(NOx) and particulate matter (PM). The above benefits
confirm that VCR technology has great potential to provide
an effective balance between engine performance, fuel
economy and emission reduction in various operating
conditions. Venkateswara Raoet al.[41] found that brake
thermal efficiency (BTE) increased with the elevation of
compression ratio for all fuels under all load conditions. The
braking thermal efficiency (BTE) of blended fuel
consistently lagged behind that of diesel due to biodiesel’s
lower calorific value. The increase in BTE was observed with
a rise in compression ratio due to improved biodiesel mixing
at higher temperatures, leading to complete fuel combustion.

3.2 Brake Thermal Efficiency (BTE)

BTE measures how efficiently an engine converts
fuel energy into work. The engine’s braking power output-
to-fuel-input energy ratio is expressed as a percentage.
Engine performance and fuel consumption depend on
efficiency. Diesel pilot-ignited natural gas engines with
exhaust gas recirculation (EGR) have been shown to improve
emissions and brake thermal efficiency (BTE) [42][43][44].
Moreover, many studies have shown that intake throttling can
enhance brake thermal efficiency (BTE) while decreasing
THC and CO emissions [44][45][46]. Most studies reported
that increasing the compression ratio improves brake thermal
efficiency by enhancing air-fuel mixing, increasing in-
cylinder temperature, and promoting more complete
combustion. Silambarasan et al.[47] found that the BTE
increased significantly with increasing compression ratio. At
maximum load with the CR-19.5, the brake thermal
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efficiency (BTE) for A20 was 31.67%, practically identical
to pure diesel fuel (30.47%). However, excessively low
compression ratios reduce combustion quality and thermal
efficiency. Similarly, Patel and Patel [48] reported that brake
thermal efficiency increased by approximately 16% when
using a neem biodiesel blend (NB30) at a compression ratio
of 22:1 under moderate engine load conditions. The
improvement was mainly attributed to enhanced combustion
efficiency and improved fuel oxidation at higher compression
ratios. Venkateswara Raoet al. [41] found that brake thermal
efficiency (BTE) increased with the elevation of compression
ratio for all fuels under all load conditions. The braking
thermal efficiency (BTE) of blended fuel continuously
lagged behind that of diesel due to the lower calorific value
of biodiesel. The increase in BTE was observed with a rise in
compression ratio due to improved biodiesel mixing at higher
temperatures, leading to complete fuel combustion.

3.3 Brake-Specific Fuel Consumption (BSFC)

BSFC assesses an engine’s fuel efficiency by linking fuel
consumption to mechanical power output [45]. BSFC is
commonly expressed in g/lkWh. It is generally expressed as
fuel consumption per unit of generated electricity. Brake-
specific fuel consumption (BSFC) is an essential parameter
for evaluating engine performance and efficiency,
particularly in the automotive and aerospace industries. It
helps engineers and designers evaluate the efficiency of an
engine’s conversion of fuel into useful work. It is important
to compare different engines and identify opportunities for
improvement and optimization.

Since BSFC is a critical parameter that reflects the
efficiency of a combustion engine, it is essential to analyze
adjustments to improve it regularly. As a result, engine
efficiency will improve. Load, compression ratio, injection
pressure, and fuel quality affect the brake-specific fuel
consumption of a variable-compression-ratio diesel engine.
Research suggests that a higher proportion of biodiesel in
diesel blends is associated with increased fuel consumption.
B80, marked by insufficient atomization, is the origin of this
effect in all situations [49][50]. Certain academics propose
addressing this difficulty by increasing the compression ratio,
optimizing the load at maximum capacity, and increasing the
injection pressure. The shortened ignition delay of biodiesel
increases in-cylinder temperature during high compression
ratio and full-load operation [51][52]. Increasing the
compression ratio generally reduces BSFC by improving
combustion efficiency and reducing ignition delay. The
results of Ganesh S. Warkhade et al. [53] are summarized in
CR 14-18. The BSFC for LB100 increases by the largest
percentages at CR 14—18 and full load: 17.6%, 14.7%, and
8.8%, respectively, compared to the standard fuel PD. The
improvement in LB10’s brake-specific fuel consumption
(BSFC) has been measured at 3-12%, while Jindal S and
Salvi BL say 4-6% [54]. Lower compression ratios increase
fuel consumption due to incomplete combustion and lower
cylinder temperature.
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3.4 Exhaust Gas Temperature (EGT)

Exhaust gas temperature (EGT) in diesel engines is crucial
for optimizing engine performance and regulating emissions.
Monitoring and regulating EGT emissions is essential for
achieving optimal efficiency and complying with
environmental regulations. Increased exhaust gas
temperatures (EGT) can be advantageous for certain
processes, including after-treatment systems that employ
diesel particulate filters (DPF) and selective catalytic
reduction (SCR) systems [15][55]. These systems necessitate
a defined thermal threshold to purify and process exhaust
gases, significantly diminishing harmful emissions.
Excessively high exhaust temperatures can lead to
overheating, potentially causing engine damage or reduced
component lifespan.

Furthermore, EGT influences the engine’s energy balance,
thereby affecting the energy available for waste heat recovery
systems, thereby improving overall engine efficiency [15].
Therefore, additional studies should focus on developing and
improving exhaust systems to effectively regulate EGT. This
will be essential for enhancing diesel engine performance,
emissions, and thermal management. Exhaust gas
temperature is strongly affected by compression ratio and
fuel type. Higher compression ratios may improve
combustion and reduce EGT by shortening combustion
duration and improving fuel atomization.

3.5 Additional Performance Characteristics

Additional engine performance parameters, such as
volumetric efficiency, mechanical efficiency, and brake
power, are also affected by compression ratio and fuel
characteristics. In general, increasing the compression ratio
improves combustion stability and power output by
enhancing fuel-air mixing and increasing in-cylinder
temperature. However, excessively high compression ratios
may increase residual gas effects and mechanical losses,
slightly reducing volumetric efficiency under certain
operating conditions [56][57]. No significant difference
between diesel fuel and biodiesel blends in terms of
volumetric efficiency was observed by Eknath et al. [58] at a
compression ratios of 16 and 18, with variations within 1%.
In the same manner, Venkateswara Rao et al. [41] reported
that the reduction in the volumetric efficiency of blended
fuels was about 0.9% lower than that of diesel under full load
operation. The reduction was about 3.1%, with the increase
in compression ratio from 14:1 to 20:1, due to a higher
residual gas fraction in the clearance volume. Other factors
that affect mechanical efficiency include compression ratio,
engine loading, and fuel characteristics. Navaneetha
Krishnan et al. [92] noted that the mechanical efficiency of
the biodiesel blends increased with engine load, and at full
load, the mechanical efficiency for the B40 and B10 blends
was 93.77% and 87.62%, respectively. The higher the engine
load and the better the combustion quality, the greater the
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brake power; however, if the biodiesel concentration is too
high, brake power may decrease slightly due to the higher
viscosity of diesel and the lower calorific value of biodiesel.

4. Combustion Characteristics

Combustion characteristics in VCR diesel engines are
strongly influenced by compression ratio and fuel properties.
Increasing the compression ratio generally increases in-
cylinder pressure and heat release rate due to improved fuel
atomization, enhanced air—fuel mixing, and higher in-
cylinder temperature [56][59]. In a recent study by John et al.
[59], it was shown that a higher compression ratio (16:1 to
19:1) in a hemp biodiesel-fuelled diesel engine has a
significant impact on combustion behavior and thermal
efficiency. At CR 19:1, the brake thermal efficiency for the
HB30 blend was 29.47%, while the combustion duration and
heat release rate were found to be lower than those at lower
CRs. Higher compression ratios also reduce ignition delay
due to elevated pressure and temperature inside the
combustion chamber, leading to improved combustion
efficiency and faster heat release [60][61]. An elevated
compression ratio (CR) increases the chamber air intake
temperature, facilitating premature combustion and reducing
the ignition delay interval [60].

In contrast, lower compression ratios increase ignition delay
and combustion duration because of slower fuel evaporation,
incomplete combustion, and lower combustion temperatures.
However, excessively high compression ratios may increase
thermal stresses and lead to abnormal combustion behavior
under certain operating conditions [62][63].

5. Emission Characteristics

Emission characteristics in VCR diesel engines are
significantly influenced by compression ratio, combustion
temperature, and fuel composition. In general, increasing the
compression ratio improves combustion efficiency, leading
to reductions in carbon monoxide (CO), hydrocarbons (HC),
particulate matter (PM), and smoke emissions because of
more complete combustion and improved air—fuel mixing
[31][60]. In recent years, experimental work on sustainable
biodiesel mixtures also showed that the compression ratio
was the most important parameter for improving combustion
quality and reducing fuel emissions, increasing it from 15 to
18. The R30D mix resulted in about 9.54% improved brake
thermal efficiency at CR 18. At the same time, CO, HC, and
soot emissions were significantly lower than in the lower-CR
cases and in conventional diesel fuel. In general, the
emissions of NOx increased at high engine loads, but due to
the better combustion properties and oxygenated fuel
behaviour the higher biodiesel content and CR 18 slightly
decreased the formation of NOx [64]. Table 2 summarises
recent emission-related studies on VCR diesel engines
operating with different renewable and dual-fuel blends
under various compression ratio conditions.
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Table 2. Emission Characteristics of VCR Diesel Engines under Different

Fuel Blends
Author(s) Fuel Blend Compression Enl\:[i:;;:m Key
/ Additive  Ratio (CR) e e Outcome
Findings
Injection
Qiit;rg:ry Smoke pressure and
Khan et al. (diesel— Variable 192.85%, CO2 alcohol
[65] R 127.9%,NOx  blending
biodiesel— N )
17.36% improved
alcohols) :
combustion
.. Mahua Lower B20at CR 18
Vijayakumar biodiesel L ith showed
et al. [66] iodiese 17-18 emissions wit optimum
’ blends higher CR
performance
Biodiesel— Improved
Yeneneh et  ethanol 18:1 Reduced CO, combustion
al. [67] ternary ’ HC, and BSFC and thermal
blends efficiency
Brake power
Hydrogen— Lower NOx  and torque
Akhtaretal. oo o8 . emissions at  improved by
diesel dual Variable .
[68] fuel low engine 17% and
speed 16.5%,
respectively
.He‘?’p Reduced CO, HB30 é.it CR
biodiesel 19 achieved
John et al. HC, and .
[69] blends 16-19 smoke superior
(HB10— emissions combustion
HB50) behavior
. Higher cR ~_ CYlinder
Rice bran pressure and
Vasudeva et L reduced CO .
biodiesel 15-18 combustion
al. [70] and HC .
blends . efficiency
emissions -
increased
Higher CR Improved
Mahmood et Biodiesel 15.5-18.5 increased NO  combustion
al. [71] blends ’ ’ formation and efficiency at
CO: emissions  CR 18.5

Compression ratio optimization is a key factor in minimizing
incompletely combusted emissions while maintaining good
combustion quality under renewable and dual-fuel operating
conditions, as shown in the comparative results in Table 2.
At higher compression ratios, low emissions of CO, HC,
smoke, and particulate matter are evident, but NOx emissions
remain a significant problem due to higher combustion
temperatures. Although it is clear that CO, HC, smoke, and
particulate emissions have decreased, NOx emissions remain
significant at higher compression ratios due to higher
combustion temperatures. Higher compression ratios also
enhance oxidation reactions and shorten ignition delay,
which further reduces incomplete combustion products [72].
However, elevated compression ratios generally increase
nitrogen oxide (NOx) emissions due to higher in-cylinder
temperatures and peak combustion pressures [72][73].
Conversely, lower compression ratios reduce NOx formation
by lowering combustion temperature, though they may
increase CO, HC, and smoke emissions due to incomplete
combustion [74][75]. The use of biodiesel, dual-fuel
operation, and nanoparticle additives in VCR engines has
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shown considerable potential to improve emissions and
support cleaner combustion across varying operating
conditions [76][77].

6. Conclusion

Variable compression ratio (VCR) technology has proven to
be a promising approach for improving performance,
combustion, and exhaust emission characteristics of a diesel
engine under different operating conditions. The reviewed
studies indicate that increasing the compression ratio
generally improves brake thermal efficiency, particularly as
combustion quality improves due to better air-fuel mixing
and higher in-cylinder pressure and temperature.
Furthermore, it has been widely reported that blends of
renewable fuels and biodiesel significantly reduced CO, HC,
and smoke emissions when operated at optimized
compression ratios. However, excessively high compression
ratios can lead to higher nitrogen oxides (NOx) emissions due
to higher combustion temperatures and increased thermal
NOx formation.

The comparative analysis also showed that VCR technology
efficiency depends heavily on the chosen implementation
mechanism, fuel type, engine configuration, and operating
conditions. Renewable-fuel-based VCR engines have the
potential to achieve cleaner combustion and improve
sustainability without significant engine modifications. In
addition, combining advanced combustion methods,
emission control technologies, and optimization techniques
can improve the engine’s overall performance and
environmental compatibility.

Overall, VCR diesel engines represent a promising pathway
for developing high-efficiency, low-emission IC engines.
Intelligent control strategies, Al-driven optimization, hybrid
renewable fuel applications, and long-term durability testing
under real operating conditions should be the focus of future
work.

Nomenclature
VCR Variable compression ratio
BTE Brake thermal efficiency
BSFC Brake-specific fuel consumption
EGT Exhaust gas temperature
CO Carbon monoxide
HC Hydrocarbons
NOx Oxides of nitrogen
PM Particulate matter
RCCI Reactivity-controlled compression ignition

EGR Exhaust gas recirculation
CR Compression ratio
CI Compression ignition
DI Direct injection
HRR Heat release rate
D Ignition delay
LPG Liquefied petroleum gas
B20 20% biodiesel blend with diesel fuel
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