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ABSTRACT

The transition to sustainable fuels has become essential in international initiatives to
mitigate climate change and attain carbon neutrality. Sustainable fuels —especially
bioenergy and low-emission hydrogen—are vital for decarbonizing high-emission
sectors like industry, transportation, and aviation. By offering alternatives where
direct electrification and energy efficiency fall short, these fuels enhance energy
security and diversification. Under the Net Zero Emissions (NZE) 2050 scenario, need
for low-emission fuels like biofuels, and hydrogen is expected to double by 2030 and
triple by 2050, highlighting their significance in meeting long-term climate goals. A
comparative analysis reveals that biofuels provide a unique advantage over
intermittent renewable sources like solar and wind, offering continuous energy
production capability. In 2023, biofuel demand reached 2.3 million barrels of oil
equivalent per day (mboe/d) and is projected to rise to 3.2 mboe/d by 2035 and 4.1
mboe/d by 2050, driven partly by the growing demand for sustainable aviation fuels
(SAF). Although biofuels have a higher carbon footprint than cleaner options like solar
and wind, they maintain compatibility with existing fossil fuel infrastructure, making
them particularly suitable for the transportation sector. Consequently, the need for
fossil fuels is expected to decrease significantly by 2050, with oil demand falling from
78.3 mboe/d in 2030 to 23 mboe/d, while biofuels and hydrogen-based fuels
experience a 72% increase over the same period. This study evaluates the current roles,
advantages, and disadvantages of sustainable fuels in the energy transition,
underscoring the demand for supportive regulatory frameworks, infrastructure
investment, and sustainability standards to encourage widespread adoption.
Sustainable fuels offer a critical opportunity to reduce carbon emissions in hard-to-
decarbonize sectors, playing a pivotal role in transitioning toward a low-carbon global
economy.
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1. INTRODUCTION

The transition to alternative fuels from fossil fuels has been an important problem
recently, with the need to address pressing issues like global warming, environmental
degradation, and the limited nature of fossil fuel resources. As the global population
continues to grow and energy demands continue to rise, dependence on fossil fuels,
which meet approximately 80% of the world's energy needs, is becoming increasingly
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unsustainable [1]. As can be seen from the Figure 1 below, total energy supply will
grow increasingly every year.
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Figure 1. World total energy supply (E]) through years [2]

As can be seen from following Figure 2, Transport consumption has an important
share in total final energy consumption. Fossil fuels also have an important share in
transport consumption. The role of sustainable fuels in decarbonising transport is
increasingly recognised as an essential part of international efforts to address climate
change. One significant source of greenhouse gas (GHG) emissions is the
transportation industry, accounting for about one-third of global energy consumption;
liquid transport fuels are the main source of energy in this sector [3].
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Figure 2. Total final energy consumption ratios in 2022 [2]

As countries strive to meet their climate commitments, switching to sustainable fuels
is critical to reduce the carbon footprint and achieve long-term sustainability in
transport systems. The transition from fossil fuels to sustainable fuels is a pressing
issue in the context of global energy consumption and environmental sustainability.
Statistical analyses reveal significant trends and correlations between fossil fuel prices,
carbon emissions, and the adoption of renewable sources. For instance, Khaw and Ni
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Khaw & Ni [4] demonstrate that in Asian developing countries, rising prices of crude
oil and coal correlate positively with an increase in renewable energy capacity. This
suggests that as fossil fuel costs escalate, there is a greater impetus for the adoption of
alternative sources, highlighting the economic drivers behind the transition to
sustainability. Sustainable fuels cover a range of alternatives to traditional fossil fuels,
like biofuels, hydrogen and natural gas. Biofuels derived from organic materials have
attracted attention due to their potential to notably decrease GHG emissions compared
to conventional fuels. For example, biodiesel produced from waste cooking oil
provides lower exhaust emissions and offers a more environmentally friendly solution
to energy problems [5]. Moreover, advanced biofuels which is able to be integrated
into existing infrastructure are especially important for hard-to-decarbonise sectors
such as heavy vehicles [6]. The compatibility of these fuels with existing engine
technologies is vital for a smooth transition, as this minimises the need for extensive
modifications to existing vehicles and fuel infrastructure [7].

Hydrogen fuel stands out as another promising way to decarbonise transport.
Hydrogen can fulfil various roles as a clean fuel for fuel cell vehicles, as an energy
storage medium and as a tool to facilitate the electrical grid's incorporation of
renewable energy [8]. In particular, the development of hydrogen production
technologies that minimise CO2 emissions is essential to realise the potential of this
fuel in the transport sector [9]. Furthermore, utilising carbon captured in hydrogen
production processes can facilitate the transition to a circular economy [8]. The
integration of hydrogen into transport systems can contribute significantly to the
decarbonisation of various modes of transport, including rail and maritime transport
[10].

The use of natural gas, especially compressed natural gas (CNG) and liquefied natural
gas (LNG), is also being explored as a transition fuel for decarbonising transport. These
fuels have a lower carbon intensity compared to conventional diesel and petrol and
offer an attractive option for reducing emissions in both land and maritime transport
[11]. The economic performance of natural gas vehicles (NGVs) has been evaluated
and it is suggested that they may provide a cost-effective way to reduce emissions
while maintaining energy security [12]. However, the long-term sustainability of
natural gas remains a controversial issue, especially in light of the requirement to
transition to fully renewable sources.

The implementation of sustainable fuels brings some challenges. Policymakers have
an significant role in facilitating the transition by creating supportive regulatory
frameworks and incentives for the adoption of alternative fuels [13]. The integration
of sustainable fuels into transport systems requires significant investments in
infrastructure, technology development and public acceptance [14]. Moreover, the
socio-economic impacts of the transition to sustainable fuels should be carefully
assessed so that the benefits of this transition can be fairly distributed among different
communities [15]. In the context of urban mobility, decarbonisation of transport can
be framed by two competing approaches, between a paradigm advocating a shift to
active transport and public transport and another paradigm promoting clean
technologies to preserve motorised mobility [16]. While both approaches have positive
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aspects, the integration of sustainable fuels into existing transport systems can offer a
pragmatic solution that provides immediate emission reductions while laying the
groundwork for long-term behavioural changes in mobility practices. Global pressure
for decarbonisation is manifested in various national and international policies aimed
at reducing emissions in the transport sector. For example, the European Union has
set the goal of becoming the first carbon neutral continent by 2050, and transport is
one of the key areas of this goal [17]. Countries such as Sweden have made significant
progress in decarbonising their transport sectors through the adoption of low-carbon
technologies and fuels [18]. However, the success of these initiatives depends on the
co-operation of multiple stakeholders such as governments, industry and civil society
to create sustainable transport strategies.

As a result, sustainable fuels play a vital role in decarbonising transport by providing
important alternatives to fossil fuels. The transition to these fuels is essential to meet
climate goals and ensure a sustainable future for transport. However, this transition
requires a concentrated effort from policymakers, industry leaders and communities
to overcome challenges related to infrastructure, technology and public acceptance.
When the globe advances toward a more sustainable transport system, the integration
of sustainable fuels will be a critical component of this transformation.

2. COMPARISON OF FOSSIL FUELS AND BIOFUELS

Biofuels, among other sustainable fuels, have emerged as promising alternatives to
fossil fuels. Biofuels are derived from renewable biological materials, like plant
biomass, and can significantly reduce greenhouse gas emissions compared to
conventional fossil fuels [19]. As an illustration, biodiesel made by transesterifying
vegetable or animal lipids has been shown to have a lower carbon footprint compared
to petroleum diesel [20]. Additionally, bioethanol obtained through the fermentation
of sugars is increasingly being blended with gasoline to decrease dependency on fossil
fuels in the transportation sector [21]. The development of these sustainable fuels not
only benefits the environment but also offers economic opportunities in rural areas
rich in biomass resources [22].

The connection between the cost of fossil fuels and the desire for renewable energy is
also noteworthy. Research indicates that as fossil fuel prices increase, there is also a
rise in demand for renewable energy sources [4]. This trend suggests that economic
factors play an significant role in the transition to sustainable fuels. Furthermore, the
volatility of fossil fuel markets, exacerbated by geopolitical tensions and supply chain
disruptions, underscores the need for stable and sustainable energy alternatives [23].
As countries strive to ensure energy independence and security, the transition to
renewable energy sources is becoming increasingly attractive. The graph below
illustrates the Capacity of Biofuels by Year according to IRENA’s 2023 Renewable
Energy Statistics Report.
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Figure 3. Capacity of biofuels according to years [24]

In the report, biofuels worldwide are examined in three categories: Solid Biofuels and
Renewable Waste, Other Solid Biofuels, and Liquid Biofuels. In the Solid Biofuels and
Renewable Waste category, key countries with high capacity and production are
concentrated in various regions. Europe leads in this category, with countries like the
United Kingdom, Sweden, and Germany possessing high capacities. The European
Union, in particular, makes the largest contribution, with a total production value of
138,070 GWh as of 2022. In the Other Solid Biofuels category, Asia and North America
have the highest capacities. In 2023, the United States recorded a capacity of 10,172
MW and a production value of 38,973 GWh. China and Japan also stand out with high
production values, producing 71,600 GWh and 34,483 GWHh, respectively. In the Liquid
Biofuels category, Italy is notable in Europe, with a production of 3,088 GWh in 2022
[24]. Biofuels differ from other renewable energy sources in several key aspects.
Compared to resources like solar and wind energy, the main advantage of biofuels is
their ability to provide continuous production capacity. While solar energy loses
production capability at night or on cloudy days, and wind energy loses capacity at
low wind speeds, biofuels can provide energy under all conditions. This feature makes
biofuels a more reliable renewable energy source; however, due to the production
processes and raw materials involved, biofuels lag behind cleaner options like solar
and wind in terms of carbon footprint.

In terms of capacity, the total capacity (CAP) and production (PROD) values of
biofuels fall behind fast-growing sources like solar and wind. Nevertheless, the ability
to use biofuels as liquid fuel, especially in the transportation sector, sets this energy
source apart from other renewables. Biofuels can work in harmony with fossil fuels
and integrate easily with existing infrastructure. However, renewable resources like
solar and wind are more often preferred for electricity generation due to their cost-
effectiveness and large-scale applicability. In conclusion, biofuels offer the unique
advantages of continuous energy production and compatibility with fossil fuel
infrastructure, though they fall behind in capacity growth, carbon emissions, and costs
compared to solar and wind. In the future, more efficient processes may help bridge
this gap. Table 1 below shows the sectoral distribution of global liquid fuel demand
(mb/d) according to the IEA's Net Zero Emission (NZE) Scenario.
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Table 1. Global liquids demand by net zero emission scenario (mb/d) [25, 26]

2030 2035 2050
Road Transport 31.9 20.1 23
Aviation and shipping 9.3 7.0 1.8
Industry and petrochemicals 19.7 18.2 13.1
Building and power 6.6 3.6 0.4
Other sectors 10.8 8.9 53
Liquid biofuels and low emissions hydrogen based | 6.7 8.8 11.5
fuels

The evaluation is as follows:

1. Road Transport: 31.9 mb/d in 2030, decreasing to 20.1 mb/d in 2035 and 2.3
mb/d in 2050. This decrease shows that the transition to alternative energy
sources and electrification in road transport should increase rapidly in order to
achieve zero emission targets.

2. Aviation and Maritime Transport: Demand falls from 9.3 mb/d in 2030 to 7.0
mb/d in 2035 and 1.8 mb/d in 2050. As these sectors are among the most
challenging sectors for carbon mitigation, a lower demand target has been set.

3. World Oil Demand: Total oil demand falls from 78.3 mb/d in 2030 to 57.8 mb/d
in 2035 and 23.0 mb/d in 2050. In the NZE scenario, global oil demand is
projected to decline significantly.

4. Liquid Biofuels and Low Emission Hydrogen Based Fuels: Demand increases
from 6.7 mb/d in 2030 to 11.5 mb/d in 2050. Biofuels and low-emission
hydrogen-based fuels stand out as low-carbon alternatives to fossil fuels.

5. World Liquid Fuel Demand: Total liquid fuel demand decreases from 85.0
mb/d in 2030 to 34.5 mb/d in 2050. This decrease indicates that fossil fuels will
be replaced by alternative energy sources in line with zero emission targets.

Oil and biofuel demand show significant differences in the process of a sustainable
energy transition. In 2030, oil demand is at a very high level, while by 2035, this
demand decreases by 26 per cent. This downward trend accelerates further in 2050,
representing a reduction of up to 70 per cent. This dramatic decline in oil demand
demonstrates the need to rapidly reduce the use of fossil fuels in order to achieve zero
emission targets. In contrast, the demand for biofuels and low-emission hydrogen-
based fuels is increasing. In contrast to oil demand, this continuously increasing
demand indicates that biofuels and low-carbon alternatives are beginning to replace
fossil fuels. In the period 2030-2050, the demand for biofuels and hydrogen increases
by approximately 72 per cent, while the demand for oil decreases by 70 per cent. This
shows how low-carbon fuels such as biofuels and hydrogen will play a critical role in
the process of replacing oil in achieving zero emission targets.
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In terms of emissions, oil causes high carbon emissions, while biofuels and low
emission hydrogen-based fuels offer a lower carbon footprint. In the NZE scenario, the
deployment of biofuels and hydrogen fuels offers a strategic approach to achieving
sustainable energy targets. By 2050, while oil demand is greatly reduced, biofuels are
an important alternative in sectors where decarbonisation is difficult, like industry and
transport. In conclusion, the rapid decline of fossil fuels and increase in biofuels in the
NZE scenario emphasises the importance of biofuels and low-carbon alternatives in
the transition to a sustainable energy future.

According to another evaluation, Figure 4 below shows the distribution of average
annual investments in fuel supply between 2030 and 2050 by type under different Net
Zero Emission scenarios.
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Figure 4. Average annual investments in fuel supply under the net zero emission
scenario [25, 26]

A. Increasing weight of investment in low emission fuels:

o In the NZE scenario, investment in low emission fuels remains very high for all three
years (2030, 2040 and 2050). This investment peaks in 2030 (USD 580 billion) and then
gradually declines, but is still as high as USD 375 billion in 2050, indicating that low
emission fuels will play a key role in future energy strategies.

o This indicates that the transition to sustainable energy will accelerate and the use of
low emission fuels (hydrogen, bioenergy, etc.) will replace fossil fuels.

B. Declining Investment in Oil:

¢ Oil investments show a rapid decline from 2030 onwards: USD 200 billion in
2030, falling to USD 100 billion in 2040 and USD 70 billion in 2050. This suggests
that the role of oil in energy supply will decline and the need for renewable
energy and low-emission fuels will increase.

e This reduction reflects the fact that the Net Zero Emissions (NZE) scenario is
based on limiting fossil fuel investments to reduce carbon emissions. Limiting
the use of fossil fuels such as oil is an important step to reduce carbon emissions.

C. Shifting Investments in Energy Transition to Renewable Energy:
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e Investment in low emission fuels is several times the size of investment in oil.
This indicates that the energy sector will make a significant transition towards
low-carbon energy sources and that future energy infrastructure will be built
on renewable resources and low-emission technologies.

e This transition can be considered as an important step in the fight against
climate change. These investments in low-carbon technologies are part of efforts
to limit the global temperature rise.

D. Peak in 2030 and Declining Low Emission Fuel Investments Afterwards:

e Investment in low-emission fuels peaks at USD 580 billion in 2030 and declines
slightly in 2040 and 2050. This decline may imply that investments until 2030
will be concentrated on building and developing infrastructure, while in 2040
and 2050 this infrastructure can be utilised more efficiently.

e In this case, the decline in investment in low-emission fuels after 2030 can
perhaps be attributed to the more established infrastructure of renewable
energy systems.

Besides biofuels, advances in technology are also facilitating the development of other
sustainable fuel options. For example, hydrogen fuel, produced by electrolysis or
reforming processes, has attracted attention as a clean energy carrier that can be
utilized in fuel cells to produce electricity where water is the only by-product [27].
Hydrogen has great potential to decarbonise various sectors such as transport and
industry, especially as production and storage technologies continue to improve [28].

3. GENERAL OVERVIEW AND ASSESSMENT

The future of sustainable fuels is also closely linked to the concept of circular economy,
which emphasises the importance of resource efficiency and waste reduction [29]. By
using waste materials and by-products from various industries as feedstock for biofuel
production, it is possible to create a more sustainable energy system that maximises
resource use while minimising environmental impact.

Despite promising developments in sustainable fuels, some challenges remain. The
economic viability of biofuels and other renewable energy sources is often hampered
by high production costs and competition with established fossil fuel markets [30].
Moreover, the infrastructure required for the widespread adoption of sustainable
tuels, such as fuelling stations for biofuels and hydrogen, is still inadequate in many
regions [31]. Policymakers play a critical role in facilitating this transition by
implementing supportive regulations, incentivising research and development, and
increasing public awareness of the benefits of sustainable fuels [32].

In conclusion, the comparison between fossil fuels and sustainable fuels reveals a
complex picture shaped by environmental, economic and technological factors.
Although fossil fuels have historically fuelled global development, their negative
impacts on the environment and their finite nature necessitate a transition to
sustainable alternatives. Advances in biofuels, hydrogen production and circular
economy principles offer promising pathways to a more sustainable energy future.
Going forward, continuing to invest in research, infrastructure and policies that
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support the transition to sustainable fuels is critical to ensure energy security and
environmental protection for future generations.

Sustainable aviation fuels (SAF) are attracting increasing attention. SAF has a lower
carbon intensity compared to conventional fossil jet fuels and offers a significant
opportunity to decarbonise the aviation sector. Expectations are for SAF to meet
around 2 per cent of global aviation energy demand by 2030, which could reach 10 per
cent by 2050. However, in order for SAF to be used on a large scale, many conditions
need to be fulfilled, such as reducing production costs, developing infrastructure and
providing regulatory support [25, 26].

In this context, integrating sustainable fuels into the future energy system offers an
important contribution towards reducing carbon emissions. Accelerating the adoption
of sustainable fuels is considered as a strategic step that will contribute to the
sustainable energy transition and the achievement of net zero targets.

Demand for liquid biofuels increased by 7% in 2023, reaching 2.3 million barrels of oil
equivalent per day (mboe/g). This demand may increase to 3.2 mboe/g by 2035 and
4.1 mboe/g by 2050. Especially the increase in the demand for sustainable aviation
tuels (SAF) supports this growth [25, 26].

Biogas and biomethane demand could double to 90 billion cubic metres equivalent
(bcme) by 2035. In all scenarios, the share of biomethane in total biogas demand is
expected to increase, driven by CO2 pricing, political support and economies of scale
[25, 26].

Low-emission hydrogen production also has an important place in the sustainable
energy transition and is expected to account for a significant share of global hydrogen
production in 2024 [25, 26].

The GHG intensity, best available technologies and CO- removal potential’, values of
selected biofuel production pathways under typical conditions are as follows:

» Corn Bioethanol: Typical GHG intensity is about 45 gCO:-eq/M], which can be
reduced to 20 gCO:-eq/M] when using low emission energy sources. With CO.
capture and storage, negative emissions of up to -20 gCO:-eq/M] can be
achieved [25, 26].

» Sugar Cane Bioethanol: Typical GHG intensity of about 20 gCO.-eq/M] [25, 26].
Renewable Diesel/SAF from Vegetable Oil (HVO/HEFA): The typical GHG
intensity of these fuels produced from vegetable oils or waste oils ranges
between 33-55 gCO:-eq/M]J. It can be reduced to 10-15 gCO:-eq/M] levels with
low emission energy sources [25], [26].

> Renewable Diesel/SAF from Waste Oil (HVO/HEFA): Typical emission
intensity is about 10 gCO:-eq/M] and exhibits lower carbon intensity [25, 26].

It shows how the GHG intensities of sustainable fuel production pathways can vary
with typical, best available technologies and CO: capture potential.
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4. CONCLUSIONS

In the World Energy Outlook 2024 report, sustainable fuels especially sources such as
bioenergy and low-emission hydrogen are presented as critical components of the
global energy transition. These sustainable fuels stand out as options that can play an
important role in reducing fossil fuels in some challenging sectors (for example,
industrial production, transportation and aviation). Low-emission hydrogen has the
potential to decrease carbon emissions, especially by using it in energy-intensive
sectors. Sustainable fuels are critical in the energy transition and play an important
role in reducing carbon emissions. These fuels increase energy security and diversity
by providing alternatives to fossil fuels, especially in sectors such as industry and
transportation, where direct electrification and energy efficiency are limited. Under
the Net Zero Emissions 2050 Scenario (NZE), by 2030 and 2050, the demand for low-
emission fuels like hydrogen, liquid biofuels, biogas, and hydrogen-based fuels should
have doubled. In order for sustainable fuels to become fully widespread, it is of great
importance to develop a common understanding of fuels to be considered
"sustainable". The development of common sustainability standards and policies can
support broader progress towards reducing carbon emissions by increasing the
investment attractiveness of sustainable fuels.
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