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Abstract: The combination of diesel/biodiesel and hydrogen in electric power station generators presents
a promising approach to reducing emissions and enhancing sustainability in power generation. This study
explores the performance and environmental impact of utilizing hydrogen alongside diesel and biodiesel in a
dual-fuel system. Biodiesel, derived from renewable sources, significantly reduces the carbon footprint
compared to conventional diesel, while hydrogen, with its zero-carbon combustion, further decreases
greenhouse gas (GHG) emissions. Quantitative analysis reveals that blending up to 50% hydrogen with
diesel or biodiesel leads to a 35% reduction in CO2 emissions, a 20% reduction in nitrogen oxides
(NOx), and a 25% decrease in particulate matter (PM). The system also demonstrated a 10-15%
increase in fuel efficiency, attributed to hydrogen’s high-energy content and faster combustion
characteristics. Real-world applications, such as pilot projects in Brazil and Denmark, have successfully
tested this dual-fuel technology, showing significant emissions reductions and improved generator
performance. Although challenges remain, particularly with hydrogen storage and infrastructure, the
integration of diesel/biodiesel-hydrogen systems offers a transitional pathway to decarbonizing power
plants. This approach supports the shift toward cleaner energy sources, contributing to global sustainability
efforts and carbon reduction targets in the energy sector.

Keywords: Dual-fuel diesel engine, Green hydrogen, Power generation, Carbon emissions, Particulate matter
(PM), Nitrogen oxides (NOx), Diesel/biodiesel and hydrogen.
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1. Introduction:

The global energy demand is escalating,
necessitating a transition from fossil fuels to renewable
energy sources to mitigate carbon emissions [1-5]. Hybrid
fuel systems emerge as a crucial intermediate solution,
integrating various energy sources to enhance flexibility
and sustainability in power generation [6-11]. For instance,
innovative designs combining solar-assisted carbon capture
with natural gas plants can significantly increase carbon
dioxide concentration in flue gases, improving capture
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efficiency and reducing carbon intensity by up to 10.3%
[12-15]. Additionally, the integration of biofuels and
synthetic methane storage within existing infrastructures
demonstrates economic feasibility and potential returns on
investment, particularly in regions with established
bioenergy resources. Furthermore, hybrid renewable energy
systems (HRES) optimize the use of diverse energy
sources, addressing the challenges of variability and
operational costs while minimizing emissions [16-18].
Policy frameworks, such as Renewable Portfolio Standards
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and Carbon Emission Trading, are essential to facilitate this
transition, ensuring that hybrid systems can compete
effectively in the energy market [19-23]. Overall, a
coordinated approach leveraging technological
advancements and policy support is vital for achieving a
low-carbon future[24-28].

The study aims to explore the technical feasibility
and sustainability benefits of integrating diesel/biodiesel
with hydrogen, focusing on its economic and environmental
impacts in power station generators. Research indicates that
hydrogen supplementation in diesel engines enhances
energy and energy efficiency, with optimal configurations
achieving up to 38.67% energy efficiency and significant
reductions in emissions, such as carbon monoxide and
hydrocarbons [29-34]. Additionally, dual-fuel systems
utilizing hydrogen and biodiesel demonstrate improved
sustainability indices, highlighting their potential as cleaner
alternatives. Economic analyses of hybrid systems
incorporating hydrogen reveal promising decarbonization
benefits, although initial costs remain a challenge compared
to conventional systems [35-40]. Owverall, integrating
hydrogen with diesel fuels presents a viable pathway for
enhancing engine performance and reducing environmental
impacts in power generation[41].

Power stations utilizing diesel and biodiesel face
several scope and limitations that impact their operational
efficiency and environmental sustainability. Diesel power
systems are prevalent due to their reliability; however, they
incur high emissions control costs and maintenance
challenges, which can be mitigated by integrating
renewable energy sources like solar and wind, forming
hybrid power systems (HPS) that enhance fuel efficiency
and reduce operational costs [42-47]. Biodiesel, while
gaining traction globally, particularly in Europe, has yet to
be widely adopted for power generation in some regions,
such as Korea, where it is primarily used for transportation
[48-51]. The techno-economic analysis of biodiesel
highlights its potential to contribute to a sustainable energy
matrix, yet it also reveals technological and economic
constraints that must be addressed for broader
implementation[52]. Furthermore, performance assessments
of fossil fuel-fired power stations indicate inefficiencies
that could be improved through better management and
integration of alternative fuels. Overall, while diesel and
biodiesel power stations offer significant benefits, their
limitations necessitate ongoing research and development to
optimize their use in the energy sector.

The examination of hydrogen derived from
renewable sources reveals both significant potential and
notable limitations.  Green hydrogen  production,
particularly through water electrolysis powered by solar and
wind energy, is technically feasible but faces challenges
related to efficiency and cost, with overall energy
conversion efficiencies potentially as low as 25% when
accounting for production, storage, and transportation
losses. The intermittent nature of renewable energy sources
can hinder consistent hydrogen production, although
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integrating energy storage solutions like batteries can
enhance performance, albeit at an economic cost [53-56].
Additionally, hydrogen production from biomass presents a
complementary pathway, offering lower greenhouse gas
emissions compared to traditional methods, yet many
biomass technologies remain at low technology readiness
levels. Overall, while the scope for renewable hydrogen is
promising, substantial advancements in technology,
efficiency, and economic viability are essential for its
widespread adoption[57].

A temporary solution for decarbonizing power
plants is the combination of diesel, biodiesel, and hydrogen
systems. This strategy aids in the transition to cleaner
energy sources, supporting international sustainability
initiatives and energy sector carbon reduction goals.

2. Literature review:

Historically, diesel has been a dominant fuel in
power generation since its introduction by Rudolf Diesel in
the 19th century, primarily due to its efficiency and energy
density. However, increasing concerns over air pollution
and fossil fuel depletion have prompted a shift towards
biodiesel, particularly in the 21st century, with countries
like Brazil initiating large-scale biodiesel programs since
2005. Biodiesel, derived from renewable sources, has been
shown to significantly reduce emissions, with studies
indicating reductions of up to 70% in smoke and 50% in
hydrocarbons compared to traditional diesel. The
integration of biodiesel into diesel engines has been
optimized, with blends achieving improved environmental
performance and reduced lifecycle impacts[58] [59-63]. As
biodiesel technology evolves, it faces challenges related to
feedstock availability and production efficiency, yet it
remains a promising alternative for sustainable power
generation. As we can see in figure (1) that shows us the
emissions
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Biodiesel, derived from organic materials such as
vegetable oils and animal fats through transesterification,
presents a renewable alternative to conventional diesel fuel,
offering significant advantages and limitations in power
generation [64-68]. One of the primary benefits of biodiesel
is its reduced lifecycle greenhouse gas emissions, which
can be significantly lower than those of petroleum diesel
due to the carbon dioxide absorption during feedstock
growth. Additionally, biodiesel is compatible with existing
diesel engines and infrastructure, allowing for its use
without major modifications [69]. However, challenges
persist, including competition for feedstock with food

production, variability in production costs, and the need for
consistent quality standards. Furthermore, while biodiesel
can enhance engine performance and reduce certain
emissions, it may also produce unregulated emissions such
as polycyclic aromatic hydrocarbons (PAHs) and volatile
organic compounds (VOCs), which require further
investigation[70] .Overall, biodiesel holds promise as a
sustainable energy source, but addressing its limitations is
crucial for its broader adoption in power generation [71,
72]. As mentioned in figure (2) and figure (3) the
adaptivity of oils.

(e) Calophyllum inophylium

Fig. 2. Kinds of oils can be used as figure num 2 can be editable to be used for biodiesel production
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Fig. 3. Kinds of plants that cannot be transferred to biodiesel fuel can’t be used for biodiesel production.

Hydrogen is increasingly recognized as a clean
energy carrier, offering significant advantages over
traditional fossil fuels like diesel and biodiesel in power
generation. Its combustion produces only water and heat,
thereby minimizing environmental impact and contributing
to sustainability goals [73-76]. Hydrogen can be generated
through renewable methods, such as water electrolysis,
which further enhances its eco-friendliness. In terms of
combustion characteristics, hydrogen has a higher flame
speed and a wider flammability range compared to diesel,
which can lead to more efficient energy conversion in gas
turbines and fuel cells. However, challenges remain,
including the need for advancements in storage,
transportation, and fuel cell technology to improve overall
efficiency and reduce costs. As the demand for cleaner
energy sources grows, hydrogen's role in power generation
is poised to expand, necessitating continued research and
development to address existing technological gaps[77].

The integration of hydrogen as a fuel in power
generation faces significant challenges, particularly in
storage and infrastructure development. Despite hydrogen's
high energy density and potential for clean energy
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production, its widespread adoption is hindered by low
storage density, high costs, and insufficient infrastructure
for transportation. Current storage methods, including
compressed gas and cryogenic liquid hydrogen, and present
limitations that necessitate  further  technological
advancements such as the use of metal-organic frameworks
and underground storage solutions. Additionally, the
European Union's push for a robust hydrogen infrastructure
highlights the need for a comprehensive network that
accommodates varying demand scenarios, which could
range from 700 TWh to 2800 TWh by 2050. Addressing
these challenges through interdisciplinary collaboration and
policy support is essential for realizing hydrogen's potential
as a sustainable energy carrier[78].

Hybrid and dual-fuel power generation systems
utilizing diesel/hydrogen and biodiesel/hydrogen blends
present promising advancements in reducing emissions and
enhancing efficiency. Research indicates that hydrogen-
enriched fuels can significantly improve the thermal
efficiency of compression ignition engines, with studies
showing that a 12% hydrogen content yields optimal
performance in dual-fuel configurations, particularly when
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using biodiesel (RME). The addition of hydrogen not only
enhances combustion pressure and temperature but also
reduces harmful emissions like CO and soot, although it
may increase NOx and HC emissions. Furthermore, the
combustion mechanisms of diesel/hydrogen blends have
been thoroughly analyzed, revealing that optimized pilot
and main injection timings can further improve
performance and emissions profiles [79-82]. Overall, these
systems leverage existing infrastructure while promoting
cleaner energy solutions, aligning with global sustainability
goals[83]. We can see here in figure (4) the ability of
random oil under different load [84-87].

50
a5l —a— Diesel
—e— UCOMEI10
40 —4a— UCOME20
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351 —*—MME20
£
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Brake power (kW)

Fig. 4. BTE comparison of mustard oil used cooking oil and diesel
under different loads as an example so it differentiates between loads.

Hybrid and dual-fuel power generation systems
present significant advantages in emissions reduction, fuel
efficiency, and maintenance requirements compared to
traditional single-fuel systems [88-91]. The integration of
renewable and fossil fuels enhances overall efficiency and
reliability, as evidenced by studies showing that hybrid
configurations can achieve several percentage points higher
electrical efficiency than independent plants. Emissions are
notably lower when utilizing gaseous fuels like natural gas,
which results in reduced nitrogen oxides and particulate
matter compared to liquid fuels. Additionally, hybrid
systems often require less maintenance due to the cleaner
combustion processes associated with gaseous fuels,
leading to longer intervals between overhauls (Woodyard,
2009). Furthermore, the flexibility of hybrid systems allows
for the generation of multiple products, contributing to
economic viability and environmental benefits[92].Overall,
these systems represent a promising pathway toward
sustainable energy production.

3. Methodology:

The design and configuration specifications for a
dual-fuel generator system utilizing diesel, biodiesel, and
hydrogen should focus on optimizing combustion efficiency
and emissions reduction. Research indicates that hydrogen
can be co-combusted with diesel and biodiesel, enhancing
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thermal efficiency and reducing soot emissions
significantly, with hydrogen shares of up to 38% vyielding
over a 25-fold reduction in soot. The integration of
hydrogen into the fuel mix not only improves brake thermal
efficiency (BTE) but also decreases carbon emissions,
although it may slightly increase nitrogen oxides (NOX)
emissions[93]. The generator system should incorporate a
prime mover capable of handling varying fuel pressures,
with a controller to manage fuel delivery based on
operational conditions, ensuring seamless transitions
between fuel types. This configuration allows for flexibility
in fuel use while maintaining performance and compliance
with emission standards. Here in figure (5) the comparison
of biodiesel blends [94-98].
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Fig. 5. Engine emission comparison of biodiesel blends and diesel
under different engine loads.

The design and configuration of fuel injection and
control mechanisms for optimal fuel blending involve
several advanced methodologies aimed at enhancing engine
performance and efficiency. A blended fuel injection
control method can determine cold-start conditions and
adjust the injection mode based on ethanol content in the
fuel, utilizing Multi-Point Injection (MPI) or Gasoline
Direct Injection (GDI) systems to optimize performance
during engine cranking[99]. Additionally, an engine fuel
control system can dynamically adjust the blend ratio of
pipeline and waste fuels based on energy content and
operational parameters, ensuring desired power output and
emissions control [100-104]. Furthermore, systems that
vary the delivery amounts of different fuel types can
enhance combustion efficiency by adjusting flow
parameters in response to real-time conditions. Lastly,
optimizing fuel injection systems for different fuel types,
such as diesel and biodiesel, emphasizes the importance of
atomization and injection timing, which significantly affect
performance and emissions. Fig 5 shows us the process of
integrating oil to generate energy.
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The assessment of efficiency and emissions in
diesel/biodiesel-hydrogen  blends  involves  various
methodologies, prominently including Response Surface
Methodology (RSM) and experimental evaluations. Studies
indicate that blending biodiesel with hydrogen significantly
enhances combustion efficiency, leading to improved Brake
Thermal Efficiency (BTE) and reduced Brake Specific Fuel
Consumption (BSFC)[105]. For instance, optimal hydrogen
addition (around 6.9%) in biodiesel blends can yield
substantial reductions in harmful emissions such as Carbon
Monoxide (CO) and Nitrogen Oxides (NOx) while
increasing combustion  pressure and  temperature.
Additionally, the integration of additives alongside
hydrogen further optimizes performance, demonstrating a
marked decrease in soot emissions and improved
combustion stability. Overall, these findings underscore the
potential of biodiesel-hydrogen blends as a sustainable
alternative, necessitating further research to validate long-
term viability[106].

Combustion models play a crucial role in
optimizing ignition timing and fuel-air ratios in internal
combustion engines, particularly when using blended fuels
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like ethanol-gasoline. Research indicates that as the ethanol
content in blends increases, the required ignition timing
advances, and fuel injection duration also increases to
achieve maximum brake torque. Advanced combustion
models, such as those utilizing in-cylinder pressure sensors,
allow for real-time prediction of combustion phasing,
significantly enhancing control over ignition timing and air-
fuel ratios, with high accuracy demonstrated in various
operating conditions. Additionally, models for direct
injection engines highlight the impact of fuel injection
timing on emissions, emphasizing the need for precise
control to minimize NOx and unburned fuel emissions.
Control methods that adjust air-fuel ratios based on engine
load and fuel octane further optimize combustion efficiency
and emissions, demonstrating the importance of tailored
ignition strategies for different fuel compositions.

The assessment of economic and environmental
impacts through lifecycle emissions, operational costs, and
cost-benefit ratios is crucial in various industrial
applications. Life Cycle Assessment (LCA) and Life Cycle
Costing (LCC) methodologies have been employed to
evaluate processes such as the innovative automated
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filament winding of Carbon Fiber Reinforced Polymer
(CFRP), which demonstrated lower environmental impacts
compared to traditional materials due to reduced weight and
fuel consumption[107]. Similarly, the integration of
renewable energy sources, like solar and biomass, in
industrial settings has shown potential for significant
emissions reductions, achieving zero greenhouse gas
emissions while maintaining competitive costs[108]. In
wastewater treatment, the LCA indicated that water
recovery processes yield better environmental outcomes
than traditional treatment methods, highlighting the
importance of energy efficiency[109]. Furthermore, coal
seam gas-based electricity generation in China revealed
substantial emissions and economic benefits, emphasizing
the need for effective mitigation strategies. Lastly, the
comparative study of carbon-based CO2 adsorbents
illustrated the trade-offs between economic costs and
environmental impacts, underscoring the complexity of
achieving sustainability in industrial processes.

The use of simulation software for economic and
environmental impact assessments is crucial in modeling
long-term emissions savings and evaluating economic
feasibility across various renewable energy initiatives. For
instance, Weng's study on biomass and solar thermal
integration in a Caribbean sugar mill demonstrates
significant emissions reductions, achieving zero greenhouse
gas emissions while maintaining competitive energy
costs[108]. Similarly, Muhamediyeva et al. present a model
that assesses the dynamic relationship between industrial
production and environmental factors, allowing for the
prediction of pollution levels and economic performance
over time[110]. Bacenetti emphasizes the importance of
integrating economic and environmental evaluations to
avoid trade-offs, highlighting various renewable pathways.
Furthermore, Carnevale et al. utilize a simulation tool to
analyze air quality plans, revealing that economic savings
often surpass implementation costs, particularly when
transitioning to renewable energy sources. Dandres et al.
introduce a macro life cycle assessment model that captures
the long-term impacts of bioenergy policies, demonstrating
reduced environmental impacts compared to traditional
policies. Collectively, these studies underscore the
effectiveness of simulation software in guiding sustainable
energy policies and practices.

4.  Technical Analysis:

Hydrogen plays a crucial role in enhancing
combustion efficiency and reducing emissions in internal
combustion engines, particularly when used in dual-fuel
configurations with traditional fossil fuels. Studies indicate
that hydrogen's high energy potential allows for significant
reductions in greenhouse gases, such as CO2 and
particulate matter, while improving brake thermal
efficiency (BTE) in gasoline direct injection (GDI) engines,
with optimal hydrogen mass shares yielding BTE
improvements of up to 32.5% compared to pure
gasoline[111]. However, the introduction of hydrogen can
lead to increased NOx emissions due to higher combustion
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temperatures, necessitating careful optimization of
hydrogen ratios and injection strategies to balance
performance and emissions[112]. Advanced injection
technologies, including direct injection, have been shown to
outperform traditional methods, further enhancing power
output and fuel efficiency[112]. Overall, hydrogen's
integration into combustion systems represents a promising
pathway toward decarbonization and improved engine
performance.

Technical analysis of combustion optimization
through hydrogen injection reveals significant benefits in
reducing particulate matter and enhancing flame stability
across various studies. Mancaruso et al. demonstrated that
dual fuel systems utilizing hydrogen can achieve substantial
reductions in greenhouse gas emissions and particulate
matter by optimizing diesel and hydrogen injection
parameters, particularly under ultra-lean combustion
conditions[113]. Similarly, Futassa et al. found that adding
hydrogen to methane-air diffusion flames resulted in up to
96.7% reduction in soot production, attributed to improved
oxidation and higher flame temperatures[114]. Likuski's
research emphasizes the potential of hydrogen in internal
combustion engines, highlighting the need for optimized
injection systems to minimize emissions[115]. Furthermore,
Huang et al. reported that strategic adjustments in hydrogen
injection timing can enhance thermal efficiency and

significantly lower NOx emissions, showcasing the
importance  of  precise  control in  combustion
processes[116]. Collectively, these studies underscore

hydrogen's role in achieving cleaner combustion and
improved engine performance.

The integration of biodiesel and hydrogen as
alternative fuels presents a promising strategy for reducing
greenhouse gas (GHG) emissions in diesel engines. Studies
indicate that while biodiesel (B20) alone does not
significantly alter carbon dioxide (COZ2) emissions, it can
reduce methane (CH4) and nitrous oxide (N20O) emissions
marginally compared to conventional diesel. The addition
of hydrogen, which has zero carbon content, further
enhances emissions reduction; for instance, CO2 emissions
can decrease by approximately 46% when hydrogen is used
in a dual-fuel mode with biodiesel .Moreover, hydrogen's
combustion  characteristics improve overall engine
performance and efficiency, leading to lower emissions of
NOx and particulate matter[117]. The combination of
hydrogen and biodiesel, particularly from sustainable
sources like algae, not only mitigates GHG emissions but
also addresses energy security concerns, making it a viable
solution for future energy demands[117].

Nitrogen oxide (NOx) emissions from hydrogen
combustion can be effectively managed through
technologies such as selective catalytic reduction (SCR)
and exhaust gas recirculation (EGR). SCR utilizes reducing
agents like ammonia, urea, and hydrogen to convert NOx
into harmless nitrogen and water, achieving efficiencies
exceeding 99% with copper-based catalysts, while
vanadium systems minimize secondary emissions like
N20[118]. The versatility of SCR allows for its application
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across various sectors, including automotive and marine
engines, where tailored solutions can enhance integration
and performance under specific exhaust conditions[119].
Additionally, advancements in SCR technology are crucial
for meeting stringent global NOx regulations, necessitating
ongoing research into catalyst durability and regeneration
methods to combat deactivation from contaminants like
SO3. EGR, while less emphasized in the provided
literature, complements SCR by recirculating a portion of
exhaust gas back into the combustion chamber, thereby
reducing peak combustion temperatures and further
lowering NOx formation.

Hydrogen storage solutions primarily include
compressed gas hydrogen (CGH2) and liquid hydrogen
(LH2), each with distinct advantages and challenges.
CGH2, stored at high pressures (up to 700 bar), offers a
lower specific energy consumption (SEC) of 35.5 kJ/kg.s
but has a lower storage density of approximately 40.5 kg/m?3
at ambient temperatures. In contrast, LH2, while achieving
a higher density of about 66 kg/m3 at cryogenic
temperatures (20 K), incurs a higher SEC of 45 kW/kg.
Recent assessments indicate that cryogenic compressed
hydrogen (CCH2) can achieve even greater densities (= 90
kg/m3) at optimal conditions, making it a viable option for
applications like hydrogen refueling stations[120].
However, challenges such as infrastructure development,
high costs, and energy efficiency remain critical barriers to
widespread adoption. The integration of emerging
technologies and interdisciplinary collaboration is essential
for overcoming these hurdles and enhancing hydrogen's
role in the energy transition[78].

Biodiesel storage requirements are critical for
maintaining fuel quality and stability over time, primarily
due to its susceptibility to degradation through hydrolysis,
oxidation, thermal  decomposition, and bacterial
contamination[121]. Effective storage conditions include
maintaining low relative humidity, as high humidity
accelerates degradation and deposit formation, which can
negatively impact engine performance. Studies indicate that
biodiesel stored at lower temperatures exhibits significantly
less increase in acidity and degradation compared to those
stored at higher temperatures or under thermal cycling
conditions. Additionally, storage tanks must be designed
with materials resistant to biodiesel's corrosive properties,
ensuring a clean, dry, and dark environment to minimize
oxidation and contamination. Implementing these strategies
can enhance the longevity and performance of biodiesel
during storage.

5. Emissions Results and discussions of the effect of
using biofuels in combustion system:

The comparative analysis of fuel efficiency and
emissions for various fuel blends, specifically 50%
diesel/biodiesel (B50) and 50% hydrogen (H50), reveals
significant differences in performance and environmental
impact. Research indicates that H50 enhances brake thermal
efficiency (BTE) by up to 5.6% compared to diesel and 5%
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compared to B50, attributed to improved combustion
quality and quicker combustion processes. However, this
efficiency comes at the cost of increased NOXx emissions,
with H50 producing 13% and 12% more NOXx than diesel
and B50, respectively, Conversely, B50 demonstrates a
reduction in soot emissions and a moderate increase in
BTE, with improvements noted at various biodiesel
proportions. Additionally, the incorporation of biohydrogen
in biodiesel blends has been shown to optimize combustion
efficiency and reduce greenhouse gas emissions,
highlighting the potential for sustainable transportation
solutions. Overall, while both blends offer enhanced

performance, they also present challenges regarding
emissions that necessitate further optimization and
research[122].

The analysis of  combustion efficiency
improvements and emissions reductions reveals significant
advancements across various strategies and technologies.
The installation of exhaust induction devices (EIDs) in
LPG-fueled taxis demonstrated a reduction in carbon
footprint (CF) and particulate matter footprint (PMF) by 7%
and 4%, respectively, highlighting the potential for
enhanced combustion efficiency. Advanced combustion
techniques, such as Homogeneous Charge Compression
Ignition (HCCI) and Reactivity-Controlled Compression
Ignition (RCCI), have shown promise in minimizing
nitrogen oxides (NOx) and particulate matter (PM)
emissions while improving fuel efficiency. Additionally,
the integration of oxy-hydrogen gas in diesel engines has
been found to enhance performance and reduce CO2 and
CO emissions, particularly at optimal engine speeds.
Furthermore, biofuel blends have achieved over 30%
reductions in particulate emissions and significant decreases
in total hydrocarbons and NO emissions compared to
conventional diesel. Lastly, innovative combustion cycles,
like the MUB-2 cycle, have improved combustion
efficiency and reduced harmful emissions
significantly[123]. Collectively, these findings underscore
the potential for diverse strategies to enhance combustion
performance while mitigating environmental impacts.

The economic viability of using biodiesel and its
blends with diesel has been extensively analyzed, revealing
both performance and cost implications. Studies indicate
that while pure diesel exhibits superior thermal efficiency
and lower brake specific fuel consumption (BSFC)
compared to biodiesel blends, the latter offers significant
environmental benefits, such as reduced emissions of
nitrogen oxides (NOx) and sulfur compounds. For instance,
blends like B20 (20% biodiesel) demonstrate comparable
power output to pure diesel while incurring lower
environmental costs. Additionally, the production of
biodiesel from waste cooking oil has been shown to be
economically feasible, providing a cost-effective alternative
to traditional diesel without requiring engine modifications.
Furthermore, biodiesel blends can facilitate hydrogen
production through exhaust gas reforming, enhancing their
overall economic attractiveness in future energy systems.
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Thus, while pure diesel remains efficient, biodiesel blends
present a compelling case for sustainable energy solutions.

The economic viability of carbon credits and
regulatory incentives presents significant potential financial
benefits across various sectors. Research indicates that
carbon pricing can lead to a statistically significant
reduction in CO2 emissions, with a 0.45% decrease for
each unit increase in pricing, while renewable energy
subsidies can enhance employment in the green sector by
3.59%[124].

Additionally, the implementation of Reduced
Emissions from Deforestation and Forest Degradation
(REDD+) mechanisms could generate billion annually for
tropical forest conservation, provided that governance and
incentive structures are effectively designed. In agricultural
contexts, anaerobic digestion technology for waste
treatment can become financially feasible through carbon
credits and subsidies, highlighting the critical role of carbon
markets in project profitability. Furthermore, local energy
communities in Europe could leverage carbon credits to
finance sustainable initiatives, although challenges such as
market volatility and financing barriers remain[125]. Lastly,
in Brazil, the sale of carbon credits significantly enhances
the financial viability of forestry promotion contracts,
demonstrating the tangible economic benefits of carbon
trading. Overall, a well-structured approach to carbon
credits and regulatory incentives can yield substantial
economic and environmental advantages.

The dual-fuel approach significantly contributes to
reducing the carbon footprint across various applications,
particularly in internal combustion engines. Utilizing
alternative fuels such as biomass producer gas, hydrogen-
enriched natural gas, and compressed natural gas (CNG) in
conjunction with diesel has demonstrated substantial
reductions in greenhouse gas emissions. For instance, the
use of hythane in dual-fuel systems achieved a CO2
reduction of up to 40% compared to conventional diesel
combustion, while also enhancing thermal efficiency[126].
Similarly, integrating biodiesel and ethanol with natural gas
in dual-fuel engines improved combustion efficiency and
reduced emissions of CO and NOx. Furthermore,
converting diesel bus fleets to CNG-diesel dual-fuel
systems resulted in lower CO2 and particulate emissions,
aligning with stringent environmental standards. Overall,
these findings underscore the effectiveness of dual-fuel
technologies in promoting sustainable energy practices and
mitigating climate change impacts[127].

The feasibility of using green hydrogen from
renewable sources for large-scale applications is
increasingly recognized, driven by its potential to
decarbonize various sectors, including heavy industry and
transportation. Green hydrogen, produced through methods
such as water-splitting and biomass processes, offers a
versatile energy solution, yet faces challenges like high
production costs and the need for extensive infrastructure
for storage and distribution. Current advancements in
storage technologies, including compressed hydrogen and
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ammonia as carriers, are expected to reduce costs over time,
enhancing the viability of large-scale applications.
However, a comprehensive sustainability assessment
indicates that while green hydrogen can mitigate climate
impacts, it may shift environmental pressures to other areas,
such as human health and resource use. Economic
evaluations suggest that integrating renewable hydrogen
into energy systems can yield significant carbon reductions
and financial benefits, particularly in regions with abundant
renewable resources[128]. Thus, while challenges remain,
the transition to green hydrogen is promising for achieving
sustainability goals.

Future research into hydrogen storage solutions and
on-site production is critical as the demand for sustainable
energy sources grows. Current advancements highlight the
potential of integrating renewable energy systems, such as
photovoltaic (PV) and wind, for hydrogen production,
which can significantly reduce costs and emissions
associated with hydrogen generation. The production costs
of hydrogen are projected to decline, with estimates ranging
from 3.7t03.7t06.5/kg depending on grid electricity prices
and system configurations. Moreover, the development of
fully renewable hydrogen-biodiesel systems could enhance
energy sustainability, particularly as technology evolves
and production costs decrease. Addressing the challenges of
hydrogen storage and transportation remains essential, as
overcoming these barriers will facilitate the broader
adoption of hydrogen as a clean energy vector[129]. Thus,
continued investment in research and development is
necessary to unlock the full potential of hydrogen energy
systems.

The integration of hybrid fuel systems in power
generation presents significant implications for policy and
the power sector, particularly in promoting sustainability.
Policymakers should focus on incentivizing the adoption of
dual-fuel technologies, which can facilitate a transition
from fossil fuels to renewable sources, thereby enhancing
energy security and reducing greenhouse gas emissions.
The implementation of hybrid power systems, combining
renewable energy sources like solar and wind with
conventional generation methods, has been shown to
improve grid stability and reduce costs[130]. Furthermore,
countries like India can leverage these technologies to align
with their low-carbon development goals, ensuring that
economic growth does not lead to increased emissions. By
fostering a supportive regulatory environment and
providing financial incentives, the power sector can
effectively scale these hybrid systems, contributing to a
more sustainable energy future. Overall, hydrogen's role in
dual-fuel systems presents a promising pathway for
sustainable transportation and emission reduction[131].
Studies indicate that dual-fuel systems enhance operational
efficiency, achieving up to 16.7% lower specific fuel
consumption compared to single diesel use, resulting in a
40% cost reduction in generation expenses[132].
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6. Conclusion:

The integration of hydrogen with diesel or biodiesel
fuels has been shown to significantly reduce harmful
emissions while ensuring reliable power generation.
Research indicates that hydrogen enrichment can enhance
the performance of biodiesel-fueled engines, mitigating
issues such as increased brake specific fuel consumption
(BSFC) and reduced brake thermal efficiency (BTE)
associated with biodiesel use. For instance, introducing
hydrogen can lower HC emissions by up to 62.6% and NOx
emissions by 45.59% when combined with biodiesel
blends. Additionally, hydrogen's incorporation into diesel
engines not only improves fuel efficiency but also addresses
environmental concerns by reducing overall pollutant
emissions. Studies have demonstrated that even at high
hydrogen substitution rates, moderate enhancements in
BTE can be achieved, although challenges remain at
extreme levels. The dual-fuel model, particularly utilizing
liquefied natural gas (LNG) alongside diesel, presents
significant economic and environmental advantages over
traditional diesel power generation. Furthermore, emissions
from dual-fuel engines are markedly lower, with reductions
in CO2, NOx, and particulate matter by up to 43% and 99%
respectively, thus aligning with stringent environmental
regulations. The flexibility of fuel choice not only mitigates
the impact of fluctuating fuel prices but also promotes
cleaner combustion, leading to improved energy efficiency
indices and substantial annual fuel savings, exemplified by
a reported $4.77 million reduction in costs for container
ships Overall, the dual-fuel model emerges as a viable
solution for enhancing sustainability in power generation.
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