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FOREWORD
The transport sector is a giant when it comes to energy use. It’s responsible for 30% of the total final energy consumption. This means nearly a third of all 
energy we use goes into moving people and goods around. Over the past decade, energy demand in the transport sector has surged by 9%. As our world 
becomes more connected and mobile, this demand will only continue to grow, making it more urgent to find sustainable energy solutions.

We cannot achieve a decarbonised economy without addressing the transport sector. But there is a significant disconnect between where we are and 
where we need to be. Currently transport has the lowest share of renewables among all energy-consuming sectors; just 3.9%. This tiny fraction highlights a 
major gap and a huge opportunity for improvement. To close this gap, we need strategic alignment and a unified approach to boost the use of renewables 
in transport.

The Global Futures Report - Renewables for Sustainable Transport, Bridging Perspectives (GFR) asks forward-looking questions about how to close this gap. 
The report is unique. Unlike our other reports that focus on the status of renewable energy, the GFR captures the diverse perspectives and current thinking 
about the future of renewables. It doesn’t just present facts; it creates a framework for debate and discussion, shedding light on different viewpoints, blind 
spots, opportunities, and barriers to progress.

This report is particularly important as it addresses the critical disconnect between the transport and energy sectors. It offers a “toolkit” to foster discussions 
and inspire strategic actions to bridge this gap.

Renewables for Sustainable Transport, Bridging Perspectives is the result of contributions from many dedicated individuals and organisations. It’s a 
collaborative effort that provides valuable insights and encourages collective action. I hope you find this Futures Report thought provoking. It’s not just a 
report; it’s a call to action. Let’s use it to ignite discussions, inspire change, and work together towards a future where transport is fueled by renewables, 
facilitating both equity and addressing climate concerns. 

Rana Adib 
Executive Director, REN21
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RENEWABLE ENERGY POLICY NETWORK 
FOR THE 21st CENTURY

REN21 is unique. It is the only global, multi-stakeholder network dedicated to renewables.   

We create an enabling environment to support renewable uptake. Together, we build 
knowledge, shape dialogue and debate, and communicate this information to strategically drive  
the deep transformations needed to make renewables the norm.  

Shifting to renewables is more than a fuel switch; it requires engaging with market players and 
society at large. REN21 works in close cooperation with its community, providing a platform 
for all stakeholders to engage and collaborate. 

Through these collective efforts, REN21 builds bridges and amplifies positive and sustainable 
energy solutions. Our goal: enable decision-makers to make the shift to renewable energy 
happen – now.
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CROWD-SOURCED DATA

AND KNOWLEDGE

20 YEARS OF REN21 
This year marks two decades since the inception of REN21 – an opportunity to celebrate 20 years of instrumental 
contributions to the advancement, shaping and understanding of renewable energy worldwide. Established in 2004, 
REN21 emerged from the collective vision of global pioneers who convened to call for accelerated commitments 
towards renewable energy adoption. For two decades, REN21 has been pivotal in elevating renewables to the forefront 
of global agendas for leaders and decision-makers across all stakeholder groups, enabling knowledge exchange, 
dialogue and debate about the global transition to renewables.

The 20th anniversary celebration of REN21 is also the occasion to highlight REN21’s Global Future Report series. Issued 
periodically, these reports document the current, collective thinking of many experts about a certain aspect of the 
future of renewables. These reports do not present just one vision of the future, but rather a full and impartial range 
of visions, based on the collective and contemporary thinking of many. These reports complement REN21’s work by 
providing an objective framework for thinking about a renewable energy future.

20 YEARS OF CROWD-SOURCED, CROWD-OWNED KNOWLEDGE AND DATA
REN21’s data and knowledge collection method is unique, drawing upon the organisation’s global multi-stakeholder 
community of experts. Contributors from across the globe are invited to submit data, insights and stories on annual 
developments in renewable energy technologies, market trends, policies and local perspectives, resulting in a 
comprehensive and diverse dataset.

REN21 performs rigorous data validation and fact-checking throughout the report’s development, ensuring accuracy 
and reliability. Validation of the data is a collaborative and transparent process conducted through open peer reviews.

https://www.ren21.net/20-years-of-telling-the-renewable-energy-story/
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Figure S1: Overview of tension points
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SECTION 5
Different visions: The fuel of the future

SECTION 4
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transition?

 

Who funds the 
transition?

SUMMARY
REN21’s Global Futures Reports provide a framework to debate and discuss possible futures 
of renewable energy and to identify opportunities, barriers to progress and ways to overcome 
these. This report focuses on how to scale up renewables in the transport sector rapidly. 

Through wide-ranging consultations carried out across the extensive REN21 network, this report 
seeks to identify “tension points” where views of stakeholders diverge significantly, so as to direct 
attention to critical areas, and to shape conversations and strategic planning. It intends to be 
thought-provoking rather than to try to reach definitive conclusions. 

Why transport: Transport is a key energy end-use sector, accounting for 30% of total final 
energy consumption in 2021 and for 20% of total energy-related greenhouse gas (GHG). These 
proportions are expected to continue to rise in future years as demand for transport grows. 
However, the renewable energy share of transport is only 4% and is rising slowly. 

Renewables are only one pillar of action in the sector: There are many options for reducing 
emissions associated with the transport sector. These are often summarised in terms of the 
“Avoid-Shift-Improve” (ASI) framework, which involves avoiding or reducing the need for 
motorised transport, shifting to less carbon intensive travel modes, and finally improving 
efficiency, vehicle technology and fuels. Each of these components is an important driver for 
transport emissions. Renewables make a decisive contribution under the “improve” pillar of 
this framework. Renewable options for transport are the use of renewable electricity, the use of 
biofuels and of renewables-based hydrogen and its derivatives.

Disagreement centres around the “right” fuel mix: The survey responses and the expert 
interviews carried out for this report and the analysis of literature showed strong differences 
in opinion about what the “right” fuel mix will be, with differing views on the advantages, 
disadvantages and barriers to expansion. There were also some disagreements on a number of 
important cross-cutting elements. The main “tension points” are summarised in the Figure S1.

Why the fuel mix matters – money and responsibilities are at the heart of disagreements: The 
cross-cutting issues stem from the fact that a transition to a sustainable global transport system 
based on renewable fuels will have a significant impact on energy infrastructure at different 
levels of the supply chain, depending on the type of fuel used. Key questions include:

•  Can we implement renewable fuels quickly enough and still avoid stranded assets for renewable 
fuel infrastructure?

•  Who is responsible for steering and enabling the transition?

•  Do we have the funds to set up parallel infrastructure for multiple fuels?
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Each fuel has advantages and disadvantages, but views differ on what these are,and whether 
or how they can be overcome: The need to increasingly electrify transport is generally accepted. 
However, there is much less agreement about the extent to which this is likely to happen, in 
which transport segments and the pace that is desirable. The main concerns are around the 
availability of materials to produce batteries and motors and the GHG intensity of the electricity 
used. Views also differ on the extent of electrification for heavy vehicles, owing to technical and 
economic constraints. 

There is also general agreement among experts that a dramatic rise in the production and use 
of sustainably produced hydrogen – produced by the electrolysis of water using renewable 
electricity or through bioprocesses – is essential to the energy transition, complementing 
electrification and other measures. There is much less agreement about the role of other low 
GHG hydrogen and hydrogen use in the transport sector and for which modes and applications 
it is most appropriate. In particular, views differ on the feasibility of resulting trade and long-
distance transport of hydrogen and hydrogen-based fuels under scenarios with high use. 
Additional concerns arise around the safety of hydrogen and ammonia. 

Biofuels are currently used in road transport, but there is growing attention on the potential 
to use these fuels in the aviation and shipping sectors. The most contentious topic regarding 
biofuels is the sustainability of their production and use.  Sustainability concerns revolve around 
the actual GHG savings that can be achieved, impacts on biodiversity, air quality and water and 
on food availability. 

Decisions will ultimately be taken locally: This report highlights the issues around each tension 
point and the different expert views, including some helpful facts and figures. However, this 
report does not provide conclusions or policy recommendations. We recognise that decisions 
need to be tailored to fit national and local circumstances and that different solutions will be 
chosen across the globe. We hope that the arguments, facts and resources provided here will 
provide food for thought and inform these local debates. We provide a set of guiding questions 
that can make these debates effective, and help progress towards the sustainable, renewables-
based transport system which is an essential part of a sustainable future.
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i Previous versions can be found on https://www.ren21.net/reports/global-futures-report/.

ABOUT THIS REPORT
About REN21’s Renewables Global Futures Reports.

REN21’s Global Futures Reportsi provide a framework to 
debate and discuss the possible futures of renewable energy 
and to identify opportunities, barriers to progress and ways to 
overcome these barriers. Each report in the series seeks to 
capture the current thinking about one aspect of a sustainable 
energy future through wide-ranging consultations carried out 
across the extensive REN21 network. This consultation is used 
to identify “tension points” (where views of stakeholders diverge 
significantly), direct attention to critical areas, and shape 
conversations and strategic planning. 

The reports are intended to be thought-provoking documents 
that can be used to stimulate discussion. They do not attempt 
to reach definitive conclusions or achieve consensus, since 
different stakeholders are likely to maintain different views. It is 
also probable that solutions in different regions may differ. 

The objectives of the 2024 edition of the Global Futures 
Report.

In this report we address the question of how to rapidly scale 
up renewables in the transport sector. The report considers 
perspectives relating to different transport modes, geographic 
locations and interest groups and aims to pinpoint areas with 
significant disagreement about the “right” path forward. 

Transport is the second-largest energy end-use sector.1 
Reducing transport greenhouse gas (GHG) emissions is 
therefore crucial for tackling overall energy sector emissions. 

The renewable energy share of transport is currently around only 
4% and is rising slowly.2 To achieve a sustainable energy future, 
the transition to renewable-based energy sources in transport 
needs to accelerate rapidly – but there are different views on 
where to focus. 

We are not providing any conclusions or policy recommendations 
for this report. The objective is to explore different perspectives, 
to pinpoint areas with significant disagreement and present 
key facts that can support an evidence-based discussion. 
The information presented aims to help stakeholders to better 
understand other positions and support decision-makers to find 
appropriate solutions for their specific context. 

How we did it. 

Discussions about the future of transport and its energy and 
climate implications often happen in specialist “bubbles” that 
inhibit cross-cutting debate. To break down these barriers, 
this report is based on a wide-ranging consultation with a 
cross section of experts. The experts have different interests, 
including those specialising in overall transport systems and 
those focussing on social and economic issues, as well as 
technology and fuel experts, energy economists, and energy 
and climate modellers and planners. They have also provided 
different regional perspectives (p see Box 1). We have carefully 
considered all the views we have heard and taken into account 
other published views and opinions. 

The report is organised as follows: 

CHAPTER 1:  
The need for transport decarbonisation outlines the links between transport and global 
emissions, energy use in transport and the development of renewables in the sector.

CHAPTER 2: 

Options for reducing transport emissions: The role of renewables looks at approaches 
to reducing emissions, related to renewables as well as others, and at various scenarios 
for a possible future of transport compatible with 1.5 degrees Celsius (°C).

CHAPTER 3: 

Tension points: Where experts disagree explains how we arrived at the key questions of 
divergence that are discussed in chapters 4 and 5.

CHAPTER 4: 

Why fuel choice matters discusses different views on whether and how decisions 
on fuel choice need to be taken today and outlines different views on who drives the 
transformation and who should pay for it.

CHAPTER 5: 

Different visions: The fuel of the future provides contrasting expert views on key 
questions related to the use of each of the renewable fuels available for transport and 
aims to provide key facts related to the arguments used most commonly as a basis for 
further debate and discussion.

CHAPTER 6: 

Developing your local vision does not provide any conclusions or assessment, but is 
rather a set of guiding questions that can be used to stimulate discussion and debate 
and enable development of better communication between communities involved at a 
national and regional level. After all, decisions will need to be made locally based on 
specific local circumstances, not at a global level.

https://www.ren21.net/reports/global-futures-report/
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BOX 1   CONSULTATION WITH THE EXPERTS

In total, 134 experts were consulted on their views on the 
topic of transport decarbonisation. A wide-ranging group of  
76 experts were asked to complete a written survey designed 
to collect opinions on the future of transport, its links to energy 
and climate change, and the role of renewable energy options 
in a sustainable transport energy future. An additional group 
of 57 experts provided their opinions via a series of structured 
interviews which allowed more detailed discussions.

Of all the consultees, 36% described themselves as energy 
specialists, 29% as transport specialists and 26% as specialists 
in both domains. A total of 8% had other areas of expertise. Of 
the 82% of consultees who provided their gender, 73% were 
male and 26% were female. The research and academic 
community made up 35% of consultees, nongovernmental 
organisations (NGOs) comprised 23%, 22% were from 
intergovernmental and international organisations, and 17% 
were from private industry (p see Figure 1).

The surveys and discussions have provided insights into 
experts’ current thinking on the main issues affecting the 
future of transport and its implications for energy and the 
climate, and on the prospects for rapidly increasing the 
renewable energy share within the transport sector.

Figure 1: Affiliation of survey respondents (number of participants)
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1. THE NEED FOR TRANSPORT 
DECARBONISATION

The world is already experiencing the devastating effects of 
climate change on human societies and economies. A rapid 
and fundamental shift is required to move away from fossil 
fuels to meet the goals of the Paris Climate Agreement.3 Unless 
deep reductions in greenhouse gas (GHG) emissions occur 
immediately, global warming will exceed tolerable limits during 
the 21st century.4 The Global Stocktake conducted in 2023 
under the United Nations Framework Convention on Climate 
Change (UNFCCC) also calls on countries to contribute to the 
global effort and specifically asks for accelerated action to 
reduce emissions from road transport.5

Transport is a key energy demand sector, accounting for 26% 
of total final energy consumption in 2022 and for 24% of total 
energy related GHG emissions.6 Transport energy demand 
rose from 102 exajoules (EJ) in 2010 to 122 EJ in 2019 before 
falling to 105 EJ (due to the Covid-19 crisis) in 2020. Demand 
picked up again in 2021 and bounced back to almost 2017 
levels in 2022 at 118 EJ as travel and trade picked up again 
after restrictions were removed.

GHG emissions from transport grew at an annual average 
rate of nearly 1.8% from 2010 to 2019 (continuing a longer-
term trend), faster than any other end-use sector, before 

being slowed by the Covid-19-related reduction in transport 
demand (p see Figure 4).7 However, after the severe drop in 
GHG emissions from transport during the pandemic in 2020, 
the sector’s emissions rebounded in 2021 and 2022.8 Emission 
from transport is expected to continue to rise in future years 
as demand for transport grows. Rapid reductions in transport 
emissions are therefore an essential part of the transition to a 
sustainable energy system.

Transport energy demand is predominantly provided by oil-
based fuels (90.5%) and natural gas (5.5%). The remainder 
is from biofuels (3.6%) and electricity (1.4%), of which an 
increasing  share, 29.6% in 2022, comes from renewable 
sources (p see Figure 3).9 In terms of regional demand, Asia 
was the largest transport fuel user in 2021 (34% of total 
consumption), followed by North America (27%) and Europe 
(16%).10

Currently transport has the lowest share of renewables among 
the four demand sectors,i despite renewables’ benefits such 
as enhanced energy security, opportunities for the creation of 
local supply chains and reduced pollution. In 2022, renewables 
accounted for only 4% of the sector’s total energy consumption, 
made up of 3.6% biofuels and 0.4% renewable electricity.11

i Transport, industry, buildings and agriculture.
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Biofuels are used as a substitute for gasoline and diesel fuels, 
principally in road transport. Currently biofuels use in other 
sectors is very small, although their potential in the aviation 
and marine sectors is considered to be significant. Biofuel 
use is largely driven by policy, particularly blending mandates, 
because in most countries it is not cost competitive compared 
to its fossil fuel counterparts (p see Box 3: The role of fossil fuel 
subsidies). In addition, most conventionally produced biofuels 
cannot be used alone in existing motors without adjustments, 
although 100% biofuel vehicles exist, often as flexible-fuel 
vehicles that can run on pure biofuel as well as blends.

Electricity is primarily used in the light vehicle and rail sectors. 
While rail transport is largely electrified, the use of electricity 
in road transport is still small. Despite the exponential growth 
over the past years, overall electric vehicle (EV) stock is still 
small across all vehicle categories. The share of renewables in 
electricity is driven by steadily increasing renewable electricity 
generation.

Hydrogen is not widely used in transport owing to technical 
challenges and high costs (see Chapter 4.1 and Chapter 5.2 for 
detailed discussions).

Figure 3: Global transport energy demand by fuel type, 2010-2022

Source: IEA. See endnote 9
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Figure 4: GHG emissions from transport, 2010-2022

Source: IEA. See endnote 7
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2. OPTIONS FOR REDUCING TRANSPORT EMISSIONS:  
THE ROLE OF RENEWABLES

2.1  TRANSPORT DECARBONISATION 
OPTIONS

Many options are available for reducing emissions associated 
with the transport sector. These are often summarised in terms 
of the Avoid-Shift-Improve (ASI) model (p see Figure  5).12 
This approach aims to provide a framework to transition to 
a sustainable transport system. Applying this approach 
can reduce the climate impact of transport and contribute 
to improved access to mobility, reduced congestion and air 
pollution, and the provision of safe transport.

A key aspect of this framework is that it focuses on the mobility 
needs of people and goods as well as on the actual vehicles and 
infrastructure.13

The ASI system represents a complex matrix of complementary 
approaches across the different transport subsectors and 
considers the structure of local transport systems. Reducing 
energy demand as much as possible through avoid and shift 
measures as well as vehicle efficiency improvements will 
make it easier to replace significant shares of energy used 
with renewable alternatives. This is an important element of 
the Improve track, which seeks to replace GHG-intensive fuel 
systems with those that have lower GHG impacts.
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Figure 5: Avoid-Shift-Improve framework in the transport sector

Source: REN21. See Endnote 11

AVOID
Avoid or reduce the need
for motorised transport

SHIFT
Shift to more e�cient,
less carbon intensive modes

IMPROVE
Improve e�ciency, 
vehicle technology and fuels

■ Fuel economy
■ Renewable fuels

(e.g. sustainable biofuels, 
renewable electro-fuels)

■ Renewable-based
electric vehicles

■ Fleet and vehicle
management 

■ Public transport, intercity 
and high-speed rail and 
new mobility services 
(powered by renewable 
energy)

■ Energy e�cient logistics 
modes and last-mile 
delivery

■ Transport demand 
management 

■ Mixed-use, 
transit-oriented 
development

■ Active transport
(e.g. walking, cycling)

■ Optimised supply chains 
 

While policies and targets often focus on Improve 
measures, some estimates have shown that Avoid and 
Shift components could contribute to 40% to 60% of 
decarbonisation targets. Implementing these measures, 
along with improved energy efficiency for vehicles, is 
essential to be able to achieve deep decarbonisation of the 
sector, as they help reduce overall energy demand. Avoid 
and Shift measures can also have additional benefits for 
sustainable development, such as reducing congestion, 
increasing safety and providing more equitable access to 
mobility, which Improve measures usually do not address.14

       Let’s not forget that it is not 
just about electrification, it is also 
about having less congestion, less 
pollution, having inclusive transport, 
having safe transport.  

Oliver Lah, Wuppertal Institute



19

GLOBAL FUTURES REPORT – RENEWABLES FOR SUSTAINABLE TRANSPORT
 Transport 

decarbonisation
 The role of 
renewables

Tension 
points

Why fuel choice 
matters

The fuel  
of the future

Guiding 
questions

BOX 2   THE TRANSPORT VS. THE ENERGY VIEW ON TRANSPORT SECTOR DECARBONISATION

While the ASI approach outlined above addresses all 
elements required for decarbonisation, we find that 
transport experts and energy actors have a different focus 
in discussions. The two examples below illustrate the 
difference in perspective from the transport and the energy 
sector.

The Council for Decarbonising Transport in Asia envisions 
a future zero-carbon transport system (p see Figure 6)15.  
The focus is on the modes used and their connections, 
ensuring seamless and efficient mobility for all needs. 
Another focus is on the vehicles used. Fuels play only a 
minor role and are assumed to be fully renewable, in many 
cases without specifying the type of fuel.

From the energy perspective, transport modes are largely 
irrelevant and even vehicles are only of moderate interest. 
The focus is on feedstocks used and technologies for 
transforming feedstocks into usable fuels (p see Figure 7)16.
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Figure 6: Vision for a decarbonised transport sector

Source: Council for Decarbonising 
Transport in Asia. See endnote 15.



20

GLOBAL FUTURES REPORT – RENEWABLES FOR SUSTAINABLE TRANSPORT
 Transport 

decarbonisation
 The role of 
renewables

Tension 
points

Why fuel choice 
matters

The fuel  
of the future

Guiding 
questions

Notes: Processes specified as “conventional” are already fully commercially operational, while those specified as “advanced” are at various stages of development; carbon dioxide (CO2) or 
carbon monoxide (CO) for further processing of hydrogen to different e-fuels can be from direct air capture (DAC), from industrial or power sector sources based on chemical processes (e.g. 
cement, steel) or fossil fuel burning, or from point sources in combination with burning of biomass (so-called biogenic CO2). Other processes exist that convert biomass to hydrogen which we 
have not included in the graph for simplification as none of these are being discussed at large scale and all are in early development stages. N2 = nitrogen.

Source: Adapted from REN21. See endnote 16.
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       The key difference is that in Asia, urban density is relatively 
higher than many other regions. At the same time, things are 
moving very quickly. Urbanisation is complemented by motorisation 
and rapid population growth and economic development, making 
transport planning a bigger challenge. Thus, we need different 
measures and tailored pathways, taking into consideration the 
availability of informal transport, for example, which will influence 

mode shift and travel behaviour.  

Wei-Shiuen Ng, former ITF

Figure 7: Renewable energy pathways for transport
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       Every single policy that we come up with, 
the shifts we try to make, is a losing proposition 
for someone, and almost always someone 
powerful, like the fossil fuel industry. Humans 
are not very good at accepting that. If we fail, 
it will be because we haven’t managed those 
winners-losers trade-offs.

Lewis Fulton, UC Davis

Figure 8:  Survey – What do you think is the biggest challenge for decarbonising the transport sector 
in the country for which you are providing information?

Almost half of the experts that participated in the survey see 
the largest challenge in shifting to more efficient modes, 
emphasising that renewables are only one part of the puzzle. A 
large number agree that vehicle technologies and the availability 
of fuels are big challenges. Others see infrastructure – especially 
for charging and to stabilise power grids – cost and renewable 
electricity supply as the biggest challenges in their respective 
context.
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2.2  SCENARIOS FOR A LOW-CARBON TRANSPORT SYSTEM: DIFFERENT 
PERSPECTIVES ON FUTURE MOBILITY

Routes toward a low GHG future have been modelled in many 
energy and emission scenarios that include detailed projections 
for the transport sector. We are comparing the results of these 
modelling exercises to provide context and to help identify 
differences of views on how a future transport system could look 
in addition to the views expressed by the experts interviewed.

The analysis below focuses on reviewed scenarios that look at 
how a Net Zero Emission (NZE) or equivalent 1.5 degrees Celsius 
(°C) scenario might be delivered by 2050. The main scenarios 
considered provide consistent detail on several criteria, which 
allows the scenario results to be compared. Only one scenario 
is a transport-only scenario. All others look at economy-wide 
emissions, and the role of transport decarbonisation in those 
scenarios depends on assumptions for other sectors, especially 
regarding carbon removals. The scenarios are briefly described 
in Annex 1.

The three scenarios of the Intergovernmental Panel on 
Climate Change (IPCC) illustrate mitigation pathways (IMPs): 
IPCC IMP-LD, IMP SP and IMP-REN. One focuses on lowering 
demand (IMP-LD), one on high renewables penetration (IMP-
REN) and one on achieving both Sustainable Development 
Goals and climate policies (IMP-SP).17 In addition, it includes 
three energy scenario exercises (the International Energy 
Agency [IEA] NZE Scenario, the International Renewable 
Energy Agency [IRENA] 1.5°Ci and Bloomberg’s Net Zero 
Scenario) and three transport scenarios (the Transformative 
Urban Mobility Initiative [TUMI] Transport Outlook 1.5°, the 
ITF High Ambition scenario and the International Council 
on Clean Transportation [ICCT] Ambitious yet Feasible 
scenario) that are in line with the 1.5°C global warming limit 
(p see Figure 9).18 The IEA and IRENA updated their original 
scenarios in 2023. We include both the original and the 
updated scenarios in this analysis, as this also highlights the 
evolving thinking about how future transport systems will 
take shape.

While all scenarios show a clear reduction in GHG emissions, 
energy consumption and penetration of low-carbon fuels, the 
comparison shows:

•  GHG emissions: The level of emissions from transport in 2050 
varies considerably across different scenarios.

•  Energy consumption: There is no agreement on the magnitude 
of future energy consumption in the transport sector.

•  Fuel mix: There is no agreement on the fuel mix of the future.

In the analysis of the different scenarios, we again find the 
different focus described in Box 2 above: mode vs. fuels. While 
all scenarios show GHG emission projections, the detail provided 
on underlying assumptions is very different.

Scenarios developed in the transport community often do not 
provide details on energy-related aspects of the modelling. ITF, 
for example, focuses on transport demand projections and 
mode choice in different transport segments. The transition to 
cleaner fuels is often summarised using the term “zero emission 
vehicles” (ZEVs) without specifying individual fuel types. This 
limits the opportunity to directly compare scenarios. Energy 
modelling exercises, such as those conducted by the IEA or 
IRENA, provide detailed information on energy consumption 
and fuel types.

i Both the IEA and IRENA updated their scenarios in 2023, and we show values from the old and new scenarios to illustrate their changing outlook.

Figure 9:  Comparison of key results across selected 1.5°C compatible scenarios:  
Remaining GHG emissions in 2050

Source: Based on REN21 analysis of data in studied scenarios, see endnotes 17 and 18.
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GHG emissions: The level of emissions in the transport sector 
compatible with NZE/1.5°C depends on assumptions about 
the actions in other sectors and, to a large extent, on the ability 
to remove carbon from the atmosphere.i Cross-sectoral energy 
scenarios seem more optimistic about achieving low emissions 
in the transport sector than sector-specific scenarios. The 
exception is the TUMI scenarios, which achieve zero emissions 
in the sector.

Energy consumption: The differences in energy consumption 
across scenarios are the result of different assumptions about 
the implementation of ASI vehicle efficiency measures. The 
more efficient the transport system and its vehicles, the less 
energy will be required. If we assume the same amount of 
renewable transport energy can be realistically produced at a 
given time, lower total energy demand will increase the share. 
However, these activities are not the focus of this analysis.

Fuel mix: The scenario comparison shows some clear 
differences in the importance of different types of fuel, 
depending on the assumptions made (p see Figure 10). The 
IPCC illustrative pathways in particular show that similar 
climate results can be achieved with very different fuel mixes. 
The other scenarios seem to agree that large parts of transport 
need to be electrified by 2050, with shares between 50% and 
62%, but vary most in the reliance on biofuels (between 15% 
and 27%) and hydrogen-based fuels (15% to 21%).

So, the key question for renewable energy is: what is the 
right mix of fuels? To answer this, several further questions 
arise that are implicitly or explicitly included in the scenario 
assumptions. We will discuss these in Chapter 5.

i  Carbon dioxide removal (CDR) refers to a cluster of technologies, practices and approaches that remove and sequester carbon dioxide from the 
atmosphere and durably store the carbon in geological, terrestrial or ocean reservoirs, or in products. The feasibility of such removals is subject to 
intense debate, which is outside the scope of this report.

Figure 10: Comparison of key results across selected 1.5°C compatible scenarios:  
Energy use in 2050

Note: Hydrogen-based fuels include the direct use of hydrogen as well as all gaseous and liquid 
fuels produced from hydrogen, such as methane, ammonia and synthetic fuels.

Sources: Based on REN21 analysis of data in studied scenarios, see endnote 18
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3. TENSION POINTS:  
WHERE EXPERTS DISAGREE

Based on the survey responses and the expert interviews, we 
realised that there is no converging vision of how renewable 
energy will play out in the transport sector over the next decades. 
We therefore decided to support the ongoing discussions by 
highlighting the areas of divergence – tension points – and 
provide an overview of the arguments used to support those 
different opinions.

This is not to say that there is no agreement at all, but for the 
purpose of advancing the discussion, this report focuses on 
the questions about which there seems to be the most tension 
and the different visions for how the future will and should 
unfold.

Expert input as well as the analysis of low-carbon pathways  
(p see Chapter 2, Section 2) indicated that the largest 
disagreements are around what the “right” fuel mix will be for 
the future low-carbon transport system, but there were also 
some disagreements on cross-cutting elements. We have 
broken these down into key questions that summarise where 
opinions vary and gathered arguments frequently made on 
both sides of the spectrum. We also provide our assessment 
of how large the disagreement is within the expert community.

Additionally, we provide some key facts, figures and analysis 
relevant to the arguments put forward. They do not represent 
expert opinion but will help guide an evidence-based discussion 
around the key areas where there are significantly differing 
views.
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Figure 11: Overview of tension points

SECTION 4

Why fuel choice
matters

Can we avoid stranded 
assets in renewable fuel 

infrastructure?

Who drives the
transition?

Who funds the
transition?

SECTION 5 ELECTRICITY vs vsHYDROGEN BIOFUELS

Di�erent visions: 
the fuel of the
future Is the electricity

“green” enough?

Is road transport the 
best application for 

hydrogen use?

Do biofuels lead to
real GHG savings?

Is large-scale trade and 
transport of hydrogen 

practicable?

Are large-scale biofuel 
production and use 

sustainable?

Can and should 
heavy-duty trucks be 

electrified?

Are hydrogen and
ammonia safe?

Is su cient sustainable 
biomass available without 
impacting on food supply 

and security?

Will su cient and 
sustainable battery and 

motor materials be 
available?

WHAT WE DO:
•  The following chapters will provide an overview of the different arguments for each of 

those questions, as well as feedback and opinions from our respondents and other experts.

•  This report aims to stimulate discussion, which in most cases will need to be held at the 
national or even local level. The arguments can help ensure that all important aspects 
are taken into consideration in decisionmaking. The guiding questions in Chapter 6 aim to 
support this.

•  The analysis and facts related to key arguments, including historic developments and 
possible future scenarios, aim to provide a solid information basis that can support local 
discussion.

WHAT WE DON’T DO:
•  We do not provide our take on what the right answer is to each of the identified questions, 

based on the expert inputs. Unlike other Global Futures Reports, we do not focus on 
identifying converging views, but instead focus on where there is the most need for 
additional debate.

• We do not provide recommendations about what the right policies are going forward.

However, the pros and cons for supporting different fuels are based on differences in underlying 
assumptions and views on how systems and technology will develop. Figure 11 provides an 
overview of the questions that shape views and preferences for one fuel type vs. another. In 
addition, there are different views on several cross-cutting topics.
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4. WHY FUEL CHOICE MATTERS

We have shown that views vary on the relative importance 
of the different renewable fuels available for transport 
decarbonisation. But why is that important? Is a decision 
required, or is it something that will crystallise with time and 
market forces? Here, experts express views at both ends of the 
scale.

The transition to a sustainable global transport system based 
on renewable fuels will have a significant impact on energy 
infrastructure at different levels of the supply chain, depending 
on the type of fuel used.i Figure 12 illustrates the infrastructure 
and vehicle requirements for the different fuels across the 
supply chain.

In the transport sector, experts often focus on vehicles and 
the associated charging and refuelling infrastructure. In the 
energy sector, discussion focuses mainly on generation and 
production capacity for renewable fuels and the availability 
of raw materials. Other elements of the supply chain, such as 
transport and storage of feedstocks, intermediates and fuels, 
expansion of existing infrastructure, new infrastructure and 
new technologies are less often part of the overall discussion  
(p Chapter 5.3).

Experts agree that in principle, biofuels and drop-in fuels 
(based on biomass or hydrogen) do not require any changes to 

the existing infrastructure other than an increase in production 
capacity. This makes it easy for the transport sector, as investment 
needed for replacing existing infrastructure is minimal and no 
real change is required for distribution infrastructure, vehicle 
manufacturers or vehicle owners. Nevertheless, the investment 
required to provide the required amount biofuels is substantial, 
apart from other concerns related to biofuel production, which 
are discussed in Chapter 5.3.

However, there is less agreement among experts on possible 
constraints on biofuel supply, as discussed further in Chapter 5. 
With potential limits to supply, some additional fuel may be 
needed to decarbonise the sector. This will require significant 
additions and changes to infrastructure and vehicles, leading to 
a set of questions:

•  Can we implement renewable fuels quickly enough and still 
avoid stranded assets for renewable fuel infrastructure?

• Who is responsible for steering and enabling the transition?

•  Do we have the funds to set up parallel infrastructure for 
multiple fuels?

The following sections outline expert responses to these questions 
and why, in some views, the choice of fuel matters. However, not 
all experts have a clear view, and it is obvious that the situation is 
complex and will increase in complexity with new renewable fuels.

i  It will also depend on the amount of energy needed, which will depend on efforts to reduce energy demand from the sector through avoid, shift and 
vehicle efficiency measures, which are not the focus of this report and therefore are not discussed in detail here.
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Figure 12: Fuel supply chain and infrastructure requirements
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* p See Figure 7 on the distinction between advanced and conventional processes

** “Vehicles” in this graph refers to all types of vehicles, incl. planes, ships, cars, trucks, etc. 

Notes: RE = renewable energy; BEV = battery electric vehicle; FCEV = fuel cell electric vehicle; ICE = internal combustion engine; catenary = overhead electricity lines for charging during driving.  
RE generation reuse & recycling refers to the reuse and recycling of old wind turbine elements, photovoltaic (PV) panels and any other equipment used in RE generation.

Source: REN21.
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4.1  CAN WE AVOID STRANDED ASSETS IN RENEWABLE FUEL INFRASTRUCTURE?
RENEWABLE FUEL PRODUCTION CAPACITY
Experts agree that a key element in the assessment of risk 
for stranded production capacity is whether the product has 
sufficient demand to make it financially viable even if the transport 
sector develops in a different way than expected today. Demand 
from other sectors is also a critical question to consider because 
high demand can lead to competition for certain fuels across 
sectors, making them more or less attractive for transport in the 
long term.

There is broad agreement that production capacity for all types 
of renewable fuels needs to be expanded rapidly to achieve the 
required GHG emission reductions from the sector. Experts also 
agree that the speed needed to get there is unprecedented. In 
the past, the rollout of new energy sources to current scale took 
more than 30 years,19 while we only have around 25 years to 
achieve carbon neutrality in line with the Paris Agreement. The 
IEA estimates that currently announced projects for hydrogen 
electrolysers and liquid biofuel production are not sufficient to 
meet the demand in its Net Zero Scenario, and very few of these 
have yet reached a final investment decision.20

Investment decisionsi for production installations depend on 
the specific local combination of demand for the end product, 
the availability of energy sources and feedstocks, distribution 
options and available technologies, and their resulting economic 
viability.21 These factors can also be influenced by policy 
frameworks that can help or hinder the achievement of economic 
viability (p see also Box 4). The situation varies strongly between 
the different fuel options available for transport and across 
countries. Especially where renewable energy production is not 
currently financially viable, many experts are of the view that 
governments need to set framework conditions that ensure 
overall profitability, often including incentive schemes or tax 
breaks that impact countries’ budgets.

In some cases, this will require financial incentives or direct 
investment by governments. With limited public budgets, the 
question is where these funds are best spent in the long term 
and if uncertainty about future fuel preferences can lead to 
stranded assets in the future.

i  We are only looking at energy system-related elements here, although there are of course many more aspects influencing decisions, such as political 
stability, availability of skilled workers and geopolitical considerations.

WILL ALL RE PRODUCTION CAPACITY BE ECONOMICALLY VIABLE?

Non-transport sectors will generate sufficient 
demand for renewable fuels to make building 
new RE infrastructure viable.

Some fuels will not be economically competitive 
even in the longrun, so building up infrastructure 
could result in stranded assets as markets go for 
other fuels.

30%

Renewable
energy

Farben GFR

         Modernity is mastering complexity. While 
most decisionmakers are still looking for 
(simplistic) monolithic solutions, progress will 
come from our ability to engineer and operate 
sophisticated, complex solutions, suited to 
geographical contexts. 

Patrick Oliva, Transport Expert

         Investment decisions are long-lived and  
the risks of stranded assets high, so fixed 
infrastructure should be assessed with a  
long-term logic.  

IRENA, Geopolitics of the Energy 
Transformation, 2022

Medium 
agreement PROPRO CON
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BOX 3   THE ROLE OF FOSSIL FUEL SUBSIDIES

Competitiveness with fossil fuel alternatives is a key element determining the financial viability of renewable fuel production. 
Particularly where new production technologies need to be developed towards market readiness, governments often step 
in to support nascent industries. However, industries are expected to become competitive at some point, which largely 
depends on their price (assuming they offer the same functionality).

Subsidies provide a comparative advantage for fossil fuels in many countries. Governments provide support in various 
forms, from support for exploration to caps on end-user prices. The Global Subsidies Initiative estimates that public 
financial flows to fossil fuels in G20 countries reached USD 1.4 (United States dollars) trillion in 2022, which is twice the 
pre-Covid spending. While much of this was for consumer price support, around USD 440 billion was driving investment in 
new fossil fuel production.22 The International Monetary Fund (IMF) estimates that total fossil fuel subsidies amounted to 
USD 7 trillion in 2022, equivalent to nearly 7.1% of global gross domestic product (GDP), with explicit subsidies increasing 
from USD 0.5 trillion in 2020 to USD 1.3 trillion in 2022.23

The comparative disadvantage this poses for renewable alternatives can be countered by also providing subsidies to 
renewable fuels or by removing existing fossil fuel subsidies to level the playing field.

Renewable electricityi generation is already cheaper than 
fossil fuels in many parts of the world (p Figure 27),24 and 
investments have outpaced fossil fuel generation capacity 
for the last decade (p  Figure 18). With increasing electricity 
demand and the need to increasingly replace fossil fuel-
based infrastructure, investments in renewable electricity 
generation are largely financially viable and there is little 
danger of stranded assets. Adding transport demand can 
make renewable electricity production even more attractive, 
especially if electrification in transport is directly coupled with 
renewables. It can also make grid expansion into formerly 
unattractive areas, mini-grids and off-grid solutions more viable 
through increased demand. Limitations arise mainly from grid 
infrastructure and the need to balance variable renewables 
with demand.

Hydrogen is already used in many sectors, and demand in 
traditional uses in industry and refining has been growing at 
a slow pace.25 However, with production currently almost fully 
based on fossil fuels,26 the demand for hydrogen produced 
with renewable energy will increase steadily, as governments, 
companies and supply chains aim to decarbonise. Additional 
demand can be expected from new applications, including 
hydrogen-based direct reduction in steel production, industrial 
energy use, electricity storage and transport. However, owing to 
the properties of hydrogen, transport and storage are technically 
more challenging than the handling of fossil fuels today.27 The 
viability of investments will therefore largely depend on the 
available distribution infrastructure and on cost developments 
of hydrogen compared to fossil fuel alternatives. At current 
hydrogen prices, a FCEV in the United States was found to have 
a total cost of ownership of up to 40% above a comparable EV, 
with the extra expense mostly driven by fuel cost.28

Drop-in fuels are very specifically tailored to the needs of 
vehicles and certain types of engines. While they can also be 
used in other applications – much as diesel is used for power 

generation in some regions today – the main use is likely to be 
in transport applications, especially those where alternatives 
such as direct use of electricity or hydrogen is not technically 
feasible. While this limits the demand to some extent, there 
remains a clear and growing demand from the transport 
sector. Competitiveness will depend on the availability of cheap 
feedstocks and technological developments.

Biofuels are already well established, at least for conventional 
production processes. Similar to drop-in fuels, demand is likely 
to be mostly from the transport sector and has been mostly 
driven by policies, such as blending mandates.29 Sustainability 
concerns have driven the development of advanced production 
technologies based on organic residues and waste rather than 
dedicated crops. Demand for advanced biofuels will increase 
as overall biofuel demand increases and policy further regulates 
sustainability. Many advanced production processes, except 
fatty acid methyl ester (FAME) and hydrotreated vegetable oils 
(HVO)/hydroprocessed esters and fatty acids (HEFA) biodiesel, 
are still under development, although some are close to market 
readiness. Key risks relate to the continuous availability of high-
quality feedstock and the development of technologies to full 
commercial scale.30

Overall, the risk of stranded assets in production capacity 
seems low to medium for all renewable fuels from an energy 
demand perspective. Risks remain related to feedstock 
availability and technology maturity for advanced biofuels and 
drop-in fuels. The viability of green hydrogen production will 
rely on the availability of wholesale distribution infrastructure, 
such as adapted pipelines and shipping capacity. This will 
highly depend on local circumstances, so siting is crucial for 
new investments. Demand for conventional biofuels could be 
limited by sustainability concerns and blending limits, while 
demand for advanced biofuels will be determined by policy and 
cost developments as technologies mature (p see Figure 13).

i  Note that renewable electricity generation is not completely GHG emissions free. Emissions occur in the manufacturing and construction of generation 
capacity. However, emissions savings during operation far outweigh these emissions, resulting in very low emission factors on a lifecycle basis.
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DISTRIBUTION INFRASTRUCTURE
With growing sales of BEVs over the last years (p see Table 1), 
the incentive for private sector investment is clearly increasing 
but in most markets is not yet sufficient to enable the required 
rollout of charging infrastructure. This is even more the case for 
FCEVs, which have seen a much lower uptake, except in China, 
the Republic of Korea and the United States.31 To resolve this 
“chicken or egg” situation and drive the transformation, experts 
broadly agree that governments need to guide the transport 
system and incentivise investment accordingly.

However, views differ on whether we need to decide now on the 
fuel of choice for road transport and concentrate investment 
efforts accordingly or if parallel efforts are needed to speed 
up the transition.

Figure 13: Risk of stranded assets for new infrastructure investments

Source: REN21.
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ARE FUEL CHOICE DECISIONS NEEDED NOW?

Decisions must be taken now and investments 
based on a clear vision.

Making choices now will maximise overall GHG 
effects and minimise overall economic cost.

Policy should be technology neutral and the 
market will decide on the most practical and 
affordable solution.

         Transport planners must decide now 
on the sustainable transport systems they 
want in the future. 

ITF, Transport Outlook, 2023

         Technology neutrality will give the  
choice to citizens to assess which technology 
will best answer their needs, in terms of 
practicality and affordability.  

FuelsEurope, Genuine technology neutrality in 
transport benefits 2050 climate targets, 2024

No AgreementPRO CON
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ITF, for example, clearly advocates a “decide and provide” 
approach to infrastructure provision. This approach aims to make 
a conscious decision on the desired future transport system 
and then design infrastructure accordingly. This is a paradigm 
shift from the existing approach to “predict and provide”, where 
infrastructure decisions are based on the projection of demand 
based on past demand trends.32 ITF argues that there will be 
significant competition for renewable fuels between sectors and 
that policy makers must prioritise use in applications where cost 
and technology barriers make direct electrification unfeasible.33

Others argue that the full spectrum of low-carbon technologies 
will be required, and technology-neutral regulation must ensure 
fair competition between technologies. Customers and markets 
then decide on the solutions that fit best in their specific context.34

While biofuels and drop-in fuels may have a slightly higher 
investment risk for production capacity, they require no additional 
investment in distribution infrastructure at the wholesale or 
end-user level, as existing infrastructure can be utilised. This is 
different for the use of electricity and hydrogen in transport.

BEVs and FCEVs need specific charging and refuelling 
infrastructure. With the exception of Tesla, which rolled out its 
fast-charging network to promote vehicle sales, automakers have 
been reluctant to invest heavily in such infrastructure without 
clear demand, policy signals or government support. On the other 
hand, end users are not likely to buy a BEV or FCEV if they are not 
sure that they can refuel their vehicle on longer trips.

For BEVs, home charging is predominant today, with the 
majority of chargers privately owned either at home or at 
the workplace.35 Additional options are needed for car 
owners that do not have the opportunity to charge at home 
to achieve a higher adoption of EVs. Charging requirements 
differ for busses and trucks, where overnight charging at 
depots needs to be complemented by public “mid-shift” 
fast-charging infrastructure and for commercially used two- 
and threewheelers.36 Governments are increasingly shifting 
their focus to supporting charging infrastructure, expanding 
efforts to also address the challenges for other road transport 
segments and alternative charging solutions, such as battery 
swapping.37

For FCEVs, public fuelling infrastructure is key. Hydrogen 
refuelling stations are at the moment almost exclusively 
located in Asia, Europe and North America.38 While a lot of 
these stations have received some support from governments, 
some are also driven by private companies, especially those 
focusing on specific use cases, such as heavy-duty trucks or at 
ports.39 However, hydrogen stations have already experienced 
closures, for example in Denmark, where demand from the 
existing 136 FCEVs was not sufficient to ensure profitability.40 
This illustrates the high risk for this infrastructure unless it 
is clearly coupled with policy incentives for FCEVs and for 
hydrogen production to bring down prices for end customers.

4.2 WHO DRIVES THE TRANSITION?
ENERGY VS. TRANSPORT ACTORS
The choice of fuels not only determines the necessary 
infrastructure. It also influences who is responsible for acting 
to enhance renewable fuel use in transport (p see Figure 14).

As described above, production capacity for all renewable 
fuels needs to be ramped up quickly. This is mostly in the 
domain of energy ministries, often supported by ministries 
and agencies that are responsible for industry and economic 
development.

For already well-established fuels, such as biofuels, this 
largely remains undisputed. This is not as clear for renewable 
electricity and hydrogen use in transport, and views differ on 
which sector should take the lead in driving developments 
– the energy or the transport sector.

           Even in the scenario where well-intended policies make 
fossil fuel vehicles difficult to own, economic reality suggests 
that policy measures will make fossil fuel vehicles more 
expensive. While fossil fuel vehicles might become more 
expensive to own, they would not just disappear overnight 
because in some places, the infrastructure or lack thereof 
would only allow fossil fuel vehicles to be the feasible choice.  

Alok Jain, Trans-Consult Ltd.

WHICH SECTOR SHOULD TAKE THE LEAD?

The energy sector is traditionally responsible for 
fuel distribution and should also take the lead 
for new fuels.

Especially where new fuels require new vehicle 
technologies, the transport sector needs to take 
the lead.

         In order for e-mobility to work, we 
need cheap electricity. 

Warren Ondanje, Association for Electric 
Mobility and Development in Africa

         In the climate agenda, there is a sense that 
transport solutions will come from technology. 
What the research suggests is that we need both 
social (changes in travel behaviour and choices) 
and technological solutions – which makes it 
more complicated than other sectors like energy. 
However, the social solutions can be deployed 
more rapidly than most of the technological 
options with more immediate impact.  

Bronwen Thornton, Walk21

Limited 
AgreementENERGY ACTORS TRANSPORT ACTORS
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For biofuels and drop-in fuels, the role of transport ministries 
is largely limited to ensuring that there is demand, for example 
through setting blending mandates or other incentives. 
Otherwise, supply chain infrastructure is mostly set up and 
there is little coordination across sectors required. This limits the 
responsibility of the transport sector drastically and makes it an 
attractive choice for transport decision-makers. However, some 
form of coordination can also be beneficial here; otherwise, there 
is a risk of mandates not being achieved. There are examples 
of biofuel mandates that have been reduced or suspended 
because not enough biofuel was available in the country. China, 
for example, did not meet its 10% ethanol blending target for 
2020 and reduced its mandate to 4%.

For renewable electricity and hydrogen use in transport, the 
situation is very different. Here, a complex supply chain system 
needs to be developed – in many cases, from scratch – which 
requires a minimum level of coordination across sectors. While 
the expansion of production capacity for renewable electricity 
and hydrogen may not solely depend on the demand from the 
transport sector, the placing and type of wholesale distribution 
infrastructure may already be influenced by where demand is 
expected. Retail infrastructure for charging and refuelling must 
go hand in hand with expanded production and growing demand 
from BEVs and FCEVs.

Electricity and hydrogen as fuels for transport each have their 
own additional challenges that need to be tackled. Power grids 
need to be upgraded to be able to cater to vehicle charging 
needs. Ideally, this includes utilising the opportunities offered 
through vehicle batteries in balancing the grid through vehicle-
to-grid technologies. Hydrogen requires safety standards and 
sufficient wholesale infrastructure for transport and storage. 
All of these challenges require close collaboration between the 
transport and energy sector authorities.

Experts broadly agree that incentives, policies and government 
support should be coordinated in a way that ensures that 
vehicle types, wholesale and retail distribution infrastructure, 
and production capacity are developing at a similar pace. 
Otherwise, the transition will not be fast enough, investors 
along the supply chain may end up with stranded assets and 
government spending will have been ineffective. However, there 
is less agreement on who should take the lead in driving these 
developments and ensuring that all actors are aligned.

Of course, all these efforts need to be seen in the context of other 
efforts in the transport sector that aim to reduce travel demand, 
move to more efficient – or, where possible, non-motorised 
– modes of transport and to improve the overall efficiency of 
vehicles. These efforts are traditionally under the responsibility 
of transport ministries and often local administrations.

A good example of well-coordinated action across the sectors 
is the construction of the Ethio-Djibouti Railway in Ethiopia, 
which opened in 2018. The planning of the fully electrified 
760-kilometre (km) line connecting the two countries was 
conducted in parallel with works on new hydroelectric plants and 
grid extension, enabling benefits for the country’s development 
needs as well as the new rail connection.41

Figure 14: Responsibilities in the transport-energy nexus

Note: H2 = hydrogen.

Source: REN21
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         One key approach we need to adopt  
right now is to enable radical collaboration. We need 
more collaboration between sectors, including public and 
private sectors. Adequate public and private stakeholder 
engagement is required to invest in the right kind of 
transport infrastructure with governments leading the 
transition to net zero carbon.  

Wei-Shiuen Ng, former ITF
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NATIONAL VS. LOCAL ACTORS
It is not only unclear whether decisions that impact fuel choices 
in transport need to be driven by the energy or the transport 
sector. It is also unclear at which level these decisions need to be 
made. Particularly in the transport sector, many responsibilities 
lie at a local or regional level, as choices depend very much on 
specific local circumstances.

Here also, experts express different views on where the main 
responsibility to drive the transition is – more at the national 
or at the local level.

WHO HAS THE MAIN RESPONSIBILITY TO DRIVE THE TRANSITION?

Energy policy is mostly decided at the  
national level.

National level policies and regulations first need 
to enable local action.

In many countries important transport planning 
decisions are made at the local level where the 
specific circumstances are known best.

         In some developing countries, national 
governments are not a major transport 
player – but they should be. The decisions 
then are made at the provincial level and 
local levels. We can do a lot of things at the 
local level - not necessarily for transport but 
for planning in general. If we want walking 
and cycling at the local level, we need land 
use planning. Building new communities, 
for example, requires urban planning that 
optimises transport demand. 

Kristie Daniel, HealthBridge – Livable 
Cities Program

         Municipal governors are often restricted 
by state/national governments and have limited 
access to revenue and other resources to 
implement policy.  

Flaviá Guerra, United Nations University – 
Institute for Environment and Human Security 
(UNU-EHS)
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4.3 WHO FUNDS THE TRANSITION?
As outlined above, substantial investment is needed to enable 
the switch to renewable energy in the transport sector for 
production of fuels as well as distribution infrastructure. These 
investment needs will vary depending on local circumstances 
and fuel choices.

While key transport infrastructure is typically funded from 
public budgets, investments in fuel production and distribution 
are usually from the private sector. However, the public sector 
regularly provides incentives to ensure a sufficient and affordable 
energy supply.42

The business case for investments in renewable transport 
fuel production varies strongly across the different options 
and locations. Renewable electricity generation is already the 
cheapest option in many countries,43 so financial government 
support and investment are limited in many regions, except 
where power generation is state-owned.

The production of hydrogen from renewable electricity, 
hydrogen-based fuels and advanced biofuels is currently still 
more expensive than their fossil fuel alternatives. To make them 
commercially attractive, experts agree that either a clear and 
stable demand is required, for example through mandates, or 
through government support,i such as subsidies. Mitigating 
the risks outlined above can also increase the attractiveness 
of investment for the private sector at relatively low direct 
budgetary costs to governments.44 But overall, there is broad 
agreement that governments need to support new renewable 
fuels while they are not yet competitive.

A crucial question is whether these required investments are in 
fact additional to current spending, or if they can replace other, 
more carbon-intensive investments. In the transport sector, this 
needs to be seen in the context of the ASI approach. Investments 

in renewable fuels related to vehicles and infrastructure are 
likely to be additional if no meaningful measures to avoid and 
shift transport are implemented. Under a balanced approach, 
investment needs for road infrastructure could also be 
repurposed to enable the transition (p see Box 4).45

i  We focus on financial support here, but for successful rollout further factors play a role, such as the predictability and stability of the policy 
environment, technology development and availability, and the price of feedstocks.
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BOX 4    OVERALL TRANSPORT SECTOR INVESTMENT NEEDS UNDER 
DIFFERENT SCENARIOS

ITF estimates investment for sustainable transport could be lower than under the business-as-usual scenario. Total capital 
investment needs for core infrastructure for road, rail, airports and ports are in fact 5% lower in their ambitious policy 
scenario compared to the current ambition scenario.

Savings come from measures that address transport demand and the shift to more efficient modes, which finally reduce 
the need for road infrastructure. Investments in public transport infrastructure, policies that support the move to transport 
modes with higher occupancy or load factors, and more compact cities could potentially save governments from spending 
USD 4 trillion globally on road maintenance and investment (excluding investment in adaptation).

There are regional differences in the overall level of required investment and in potential savings under the ambitious 
scenario. Sub-Saharan Africa, the Middle East and North Africa (MENA) region, and Latin America and the Caribbean 
have the largest investment needs and could also benefit most from investing in a sustainable transport system.

Source: See endnote 55.

VEHICLES
As outlined above, there is little need to invest in new vehicles 
for the use of conventional biofuels and drop-in fuels. This is 
not the case for other renewable fuels, such as electricity and 
hydrogen. Consumers need to shift from their well-known 
vehicles to a new technology, which – at least at the moment – 
still comes at additional cost.

Views differ on whether governments should provide 
incentives for new technology vehicles.

WHO SHOULD FUND NEW VEHICLES?

Public support is needed to make new 
technology vehicles cost competitive.

Not all governments have the funds to provide 
financial support for vehicles.

Financial support for new vehicles mostly 
benefits higher income households and the 
automotive industry.

         Policy choices need to be regulatory 
and also financial to support a just 
transition. For instance, the phase out 
of fossil fuel subsidies must go hand-in-
hand with increased financial incentives 
for sustainable alternatives in line with 
the SDGs. This ensures that no one is left 
behind, especially poor and vulnerable 
communities. 

Flaviá Guerra, United Nations University 
– Institute for Environment and Human 
Security (UNU-EHS)

         Financing is the main challenge. African 
leaders have high-priority goals that are 
competing with climate goals. They might 
prioritise other pieces they're trying to solve 
over climate change mitigation. This will be the 
biggest obstacle. 

Wanji Nganga, Investment Expert

Limited 
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Some argue that public involvement is very likely needed for 
the uptake of new technologies, while the high up-front cost 
of vehicles prevents large-scale deployment. Incentives for 
vehicles can be in the form of direct cash transfers, tax breaks, 
low-interest (or no-interest) loans or other, non-financial, 
benefits that increase the attractiveness of the investment, 
such as preferential parking or use of bus lanes.46

They reason that the need to support the uptake of BEVs 
and FCEVs will decrease over time as more affordable 
models become more widely available. This process is 
already much further along for BEVs, with around 500 car 
models and many bus and truck models across all segments 
available.47 Compared to this, the model range available for 
FCEVs is very limited, especially for cars.48 By 2023, around 
50 FCEV models of various trucks and buses were available.49 
Reflecting these developments, many developed countries 
are moving from purchase or tax subsidies to other forms of 
incentives, including regulations such as emission standards, 
ZEV mandates or ICE bans.50

Others reason that in many countries, especially poorer 
developing countries, governments cannot afford to financially 
support vehicle purchases. There are also concerns that 
such incentives benefit the already more affluent parts of the 
population and ultimately sustain the profit margins of car 
makers. Additionally, there are challenges regarding how to 
incentivise actors in the informal transport sector, which plays 
an important role in many developing countries.

Survey respondents largely saw public funding as the primary 
source for transport decarbonisation, although it must be noted 
that this includes investment in nonfuel related measures in 
the transport sector, such as avoid and shift measures, that 
are typically funded from public budgets or in developing 
countries through development banks and international aid  
(p see Figure 15).

Figure 15:  Survey – Moving forward, what do you think will be the primary source of financing for transport 
decarbonisation in the country for which you are providing information?

Note: Multiple entries were possible.
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SURVEY

         Both the private and public sectors are 
contributing to the charging infrastructure 
deployment. To maintain high sales, car 
manufacturers need to invest in the deployment 
of charging infrastructure. Governments 
also have the responsibility to support these 
businesses and ensure equitable access as well.  

Zifei Yang, ICCT

Half of the experts see governments in the 
lead in funding the transition, as well as 
other public funding through development 
banks and international aid. 

Just over one-third see the private sector 
in the lead.
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DISTRIBUTION INFRASTRUCTURE
The critical question is about funding for electric charging and 
hydrogen fuelling stations, especially considering that specific 
infrastructure for different types of vehicles is needed, and 
stations designed for cars will not necessarily allow operation 
with trucks or buses. While conventional fossil fuel fuelling 
stations have a clear business model, this is not yet the case 

for electric charging or hydrogen fuelling, as demand is still 
limited and future developments in vehicle sales are uncertain.

Distribution infrastructure is at the nexus between the energy 
and the transport sector, and responsibilities are often not 
clearly defined. Similarly, views differ on who will foot the bill 
for infrastructure investments.

WHO SHOULD FUND NEW DISTRIBUTION INFRASTRUCTURE?

Public funding is needed to ensure access  
for all.

If governments want new fuels, they should also 
foot the bill.

Companies can use infrastructure to support 
their vehicle sales.

New fuel infrastructure should build on existing 
infrastructure, which is largely privately owned.

         We can't think about sustainable 
transport development without considering 
accessibility and inclusiveness. In order 
to achieve sustainable transport, we need 
to ensure accessibility for all users, not 
just the average user but people from all 
socio-economic groups. If we can improve 
the accessibility of the system for all, we 
can make it more efficient, resilient and 
sustainable in the long term.  

Wei-Shiuen Ng, former ITF

         Ultimately, I don't see the public sector 
will play a lasting role in providing charging 
infrastructure – it will eventually all become 
privatised. 

Cornie Huizenga, Climate and Environment 
Services Group

Limited 
AgreementPUBLIC PRIVATE 
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5. DIFFERENT VISIONS: THE FUEL OF THE FUTURE

The largest disagreements in the expert community are 
around the question of what the “right” fuel mix will be 
for the future low-carbon transport system. As outlined in 
Chapter  2.2, low-carbon scenarios show large variations in 
their use of electricity, hydrogen and biofuels for the transport 
sector. Expert responses to the survey and in interviews have 
confirmed that there is still substantial disagreement.

In this section we present the diverging arguments about the 
suitability of each of the renewable fuel choices, i.e. electricity, 
hydrogen and biofuels. We concentrate on key questions 
about which disagreements seem most pointed. Additionally, 
we provide some key facts related to the main themes found 
across the arguments made on both sides of the spectrum. We 
present a wide range of sources to provide clear and neutral 
facts, including in some cases explanations for observed 
differences in data.

5.1 ELECTRICITY

5.2 HYDROGEN

5.3 BIOFUELS
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KEY TENSION POINTS

Are sufficient and sustainable battery 
& motor materials available?

Can and should heavy vehicles  
be electrified?

RELEVANT FACTS51

•  Electric motors are three times more efficient than ICEs (on a 
tank-to-wheel basis).

•  Current battery designs based on lithium are relatively heavy 
and expensive.

•  The distance that can be travelled between recharges has 
improved, and charging times reduced, but the range of fully 
electric cars is generally still lower than that of petrol or diesel 
vehicles.

•  EVs are relatively silent and do not emit air pollutants and GHG 
emissions at the point of use.

•  Electric motors are simpler and contain less parts than ICEs, 
making them easier to build and maintain.

•  EVs can provide more rapid acceleration and regenerative 
braking, improving driver experience.

KEY DATA
•  The share of renewable electricity in transport grew from 

0.2% to 0.4% of total transport demand between 2009 and 
2022, driven by a 68% increase in electricity use in transport 
and an increased share of renewable electricity generation, 
from 19.5% to 29.6% between 2010 and 2022.52

•  Over 26 million electric cars were on the road in 2022, up 60% 
relative to 2021 and more than five times the stock in 2018.53

•  China is the largest market with nearly half of the global 
electric car stock, followed by Europe, where electric car sales 
increased by over 15% in 2022, reaching a market share of 
21%. The third-largest market is the United States, where sales 
increased 55% in 2022, with a sales share of 8%.54

•  The rail sector is the most heavily electrified sector. 
Electricity supplied nearly 50% of all rail transport in 2021.55

•  Two- and three-wheel vehicles are currently the most electrified 
road transport segment. The global stock of electric two/three-
wheelers is now around 290 million. Electric two/three-wheelers 
account for one-third of all two/three-wheeler sales.56

•  Electric light commercial vehicle sales worldwide nearly 
doubled in 2022 to more than 310,000 vehicles, making up 
3.6% of the total market.57

•  In 2022, global sales amounted to nearly 66,000 electric 
buses, about 4.5% of all bus sales. China dominates the 
production and sales of electric trucks and buses with over 
80% of global sales.58

•  In 2022, global sales of electric trucks amounted to 60,000 
medium- and heavy-duty trucks, or 1.2% of truck sales 
worldwide.59

5.1 ELECTRICITY

Is the electricity “green” enough?

       In terms of how I imagine the  
future of the transport sector, for  
light-duty vehicles it certainly should  
be electrification.  

Nicholas Wagner, IRENA

Table 1: Market development of EVs by vehicle category

Source: IEA Global EV Data Explorer

Stock share 2018 Stock share 2022 Market share 2018 Market share 2022

Cars 0.4% 2.1% 2.3% 14.0%

Busses 1.9% 3.1% 5.8% 3.8%

Light commercial 0.2% 0.6% 0.8% 3.6%

Heavy-duty trucks 0.2% 0.4% 1.0% 1.2%
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In many regions where EVs are being rapidly deployed, electricity 
is still largely based on coal and gas-fired generation. Some 
experts argue that the benefits of switching to EVs may therefore 
to some extent be compromised. Others see electrification 
as a viable way forward even in countries with highly carbon-
intensive power generation systems.

Views differ on whether it is useful to push for a mass rollout 
of EVs while a lot of electricity is still non-renewable.

GHG benefits of EVs
Emissions from EV manufacturing are higher than for ICEs, 
mostly due to battery production. However, for both vehicle 
types, most emissions over the lifetime of the vehicle come from 
fuel production and use.60 The current determining factors for 
EVs’ overall GHG effect are the GHG intensity of the production 
of vehicles and of the grid.i

Studies use different approaches in assessing GHG effects. 
Some compare specific EV models to conventional vehicles 
using a pre-defined mileage over the lifetime of the vehicle  
(p see Figure 16).61 Others determine how long it takes for the 
EV to break even with its conventional counterparts (p see 
Figure 17).62 Because grid intensity plays such a large role, most 
studies look at a range of assumptions, either using data from 
different countries or generation mixes.

DO EVs GENERATE GHG BENEFITS?

There are already GHG benefits even with fossil 
electricity.

RE shares are growing quickly, increasing future 
GHG benefits of EVs.

The focus should be on decarbonisation of the 
power sector.

There are concerns about the stability of  
100% renewable grids.

         Transitioning to trains, trams, cars, buses, 
and bikes that run on renewable electricity is a 
key strategy in achieving total decarbonization 
of the transportation sector. 

One Earth, Renewable Transport

         In some countries it will be a challenge  
to roll out renewable electricity production  
and supply.  

Henrik Gudmundsson, CONCITO
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         A 100% renewable electricity mix is 
challenging but possible. But there really 
has to be an acceleration of pace.

Oliver Lah, Wuppertal Institute

         Renewable electricity is sometimes  
seen as a problem for security of electricity 
supply. 

Ery Wijaya, Climate Policy Initiative

ARE EVs AND RE A COST-COMPETITIVE SOLUTION?

Efforts need to start today because of slow 
turnover of fleets.

Large-scale deployment is essential to enable 
innovation and drive down cost.

Electrification offers opportunities for local 
industrial development.

Focus should be on low-cost solutions first,  
e.g. vehicle efficiency.

Limited  
agreement 

Location specificPRO CON

         EV sales in leading market will help 
EVs reach cost parity (with ICE) as soon as 
possible. Developing countries should build 
up local EV manufacturing or assembling 
(of components) capacity. It is a great 
economic opportunity as countries can 
become EV manufacturing hubs.

Zifei Yang, ICCT

         Emissions from transport have not 
increased in the last decade, mostly due  
to efficiency. 

Nick Wagner, IRENA

30%

Renewable
energy

Farben GFR

i  In countries with predominantly renewable electricity, effects from manufacturing and disposal become the main driver of EV emissions, while for ICEs 
fuel use remains the main driver.

IS THE ELECTRICITY 
“GREEN” ENOUGH?

5.1 ELECTRICITY
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Figure 16:  Comparison of GHG emissions intensity of ICEs and EVs in 2021 and 2030 in Europe,  
the United States, China and India

Source: ICCT. See endnote 61.
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Figure 17:  Comparison of break-even points between a Toyota Corolla and a Tesla Model 3 under different 
electricity mix assumptions

Source: Reuters. See endnote 62.
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Reasons for variations in the estimates of GHG effects of EVs 
compared to ICEs in different studies include:63

• Use of actual vehicle models or average data.

• The type of ICE vehicle model/data used for comparison.

•  Different data sources for fuel efficiency of ICE vehicles  
(real world vs. test cycle; which test cycle).

•  Assumptions on mileage per year and/or total mileage  
over the lifetime of the vehicle.

•  Assumptions on emissions from battery manufacturing, 
including where they are produced.

Results show large differences in GHG benefits and break-
even times depending on the electricity mix, but experts 
broadly agree that even in countries with high-carbon 
electricity generation there are GHG benefits over the 
lifetime of the vehicle. With the current fuel mix for electricity 
generation, the IEA estimates that there was already a global 
benefit of around 80 million tonnes (Mt) of GHG emissions in 
2022, on a well-to-wheels basis.64

5.1 ELECTRICITY    IS ELECTRICITY “GREEN” ENOUGH?

ELECTRICITY

HYDROGEN

BIOFUELS
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Renewable electricity production more than doubled between 
2010 and 2022, from 4,201 terawatt hours (TWh) in 2010 
to 8,690 TWh in 2022. While hydropower is still the largest 
source, the rapid growth has been led by expansion in wind 
and solar PV generation (p see Figure 18).65 Since 2010, the 
renewables share of total electricity generation increased from 
19.5% to 29.6%.66

Although there is still a long way to go to reach a fully 
decarbonised power system, additions to renewable power 
generation capacity have outpaced new fossil fuel capacity for 
over a decade, driven by the strong business case and policy.67

This trend can be expected to continue, further increasing 
the share of renewable electricity even under current policies. 
The global average GHG intensity of electricity generation and 
delivery is expected to decline by between 28% and by 37% 
and the net GHG emissions avoided through the use of EVs to 
reach nearly 700 Mt CO2-equivalent (CO2e) in 2030.68

Increased renewable energy generation, particularly from 
variable sources such as solar and wind, is posing challenges 
for grid management. Especially in countries with an already 
fragile power system, the additional flexibility required from 
renewables requires substantial updates to the grid.69

Additional demand from transport users can exacerbate such 
challenges, if not managed well, especially if vehicle charging 
collides with peak demand from other sectors. However, 
power demand from EVs is building up slowly over time, giving 
policymakers and grid operators the opportunity to implement 
a wide range of measures to address upcoming issues through 
strategies, technology, changes in systems operations, 
regulation and market design. In its advanced stages, this can 
include bidirectional charging, enabling EVs to provide system 
services to the grid and thus help in stabilisation.70

Cost and economics for EVs and renewable energy
Encouraged by ambitious EV sales targets and climate reduction 
commitments, automakers have made various efforts. For 
example, the number of available EV models reached 500 in 
2022,71 and automakers around the world have over 70 EV 
models coming up by 2030.72 They are also planning to invest 
nearly USD 515 billion in EVs and batteries,73 and these plans 
will likely continue increasing in the next few years, driving 
down the cost of vehicles.

Apart from the purchase price, the total cost of ownership 
looks at all costs related to owning and operating a vehicle 
over a given time period and the mileage driven. This allows 
the comparison of different vehicle technologies. However, 
assessments depend on many assumptions as well as local 
conditions, such as fuel and charging prices, use cases (e.g. 
home charging vs. using public fast chargers), insurance 
costs, and vehicle prices in the specific market. Financing 
costs for different technologies and types of vehicles can also 
make a difference. Accordingly, some assessments come to 
the conclusion that EVs are overall more expensive than their 
ICE counterparts,74 while others find that they are already 
cheaper75 or are set to become cheaper in the near future.76

For renewables, the levelised cost of electricity (LCOE) 
generation has already seen a substantial drop over the last 
decade. Globally, some are already cheaper on average than 
the fossil fuel alternatives (p see Figure 19).77 This competitive 
cost development, together with policy support, continues to 
drive enhanced renewable electricity generation.78

Development of the EV supply chain has increased other types 
of local production and increased job opportunities locally. For 
example, Kenya currently has over 2,700 megawatts (MW) of 
installed capacity of electricity per year,79 with 90% of electricity 
coming from renewable sources; this provides a strong 
foundation to support electric mobility. As the government 
started to periodise the development of electric mobility, Kenya 
has become a hub for e-mobility start-ups,80 bringing more 
green investment and jobs.

Figure 18:  Annual power capacity expansion, 2002-2022

Note: GW = gigawatt

Source: IRENA. See endnote 65.
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In Vietnam, there is an abundant amount of high-quality nickel 
reserve. This makes Vietnam a global hub for lithium-ion 
battery production,81 attracting more business and jobs. Also 
in Vietnam, electric two-wheeler sales almost doubled from 
163,000 vehicles in 2019 to 237,000 vehicles in 2020 – sales 
that are dominated by local brands after local production was 
initiated in 2018.82

However, there are also limits to such opportunities. Not all 
countries have their own vehicle production, especially for larger 
vehicles. Countries without an established automotive industry 
can nevertheless use opportunities in the production of electric 
two- to three-wheelers, as seen in the case of Vietnam.

SOCIAL AND ECONOMIC IMPLICATIONS
In countries that still suffer from electricity shortages, or where 
demand is rising very sharply (such as in Southeast Asia), it may 
be difficult to meet extra demand for green electricity for transport 
(for more prosperous users) while providing universal access to 
sustainable electricity. However, as mentioned in Chapter 4.1, 
transport can also provide additional demand that can make 
grid extension, mini-grids or off-grid solutions more economically 
viable and thus help improve access.

GEOGRAPHIC DIFFERENCES
The generation mix varies widely between regions. For example, 
in China, two-thirds of generation is fossil fuel based, and mostly 
from coal, whereas in the United States the share of fossil fuel-
based generation is 60%, with 20% coal-fired generation and 
39% gas.83

The regional share of renewables in the power generation mix 
ranges from 4% in the Middle East to 68% in Central and South 
America and 80% in Brazil.84

Figure 19:  LCOE of renewable electricity generation by technology

Source: IRENA. See Endnote 77.
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The growth in demand for EVs and their batteries, along with 
the expansion of renewable energy technologies such as wind 
and solar PV and of storage systems, has pushed up demand 
for several critical minerals. From 2017 to 2022, demand from 
the energy sector drove a tripling in overall demand for lithium, 
a 70% jump in demand for cobalt and a 40% rise in demand for 
nickel, pushing up prices.85

Many experts expect that the growth of EVs will put further 
pressure on the supply chains for these minerals, especially 
as the mineral ores and processing and refining capacity are 
concentrated in a relatively small number of countries.86

The concentration in ore supply and refining capacity has given 
rise to concerns about the security of supply. Due to these 
concerns, other countries and regions, including the United 
States and the European Union, are looking to diversify sources 
and refining capacity.

Experts also raise concerns about the environmental and social 
implications of increased mining and refining activities and 
their impacts on local communities, which are often located in 
remote areas of developing countries. These include concerns 
about the GHG emissions associated with mining and refining, 
water use and impacts on water quality, and deforestation. At the 
same time, there are concerns about human rights violations, 
poor labour conditions and the use of child labour.

Others argue that supply will keep up with demand – based 
on technology innovation, enhanced capacity and increasing 
rates of recycling – and that the negative environmental 
and social impacts of minerals mining and refining can be 
minimised through technology and policies. Additionally, fossil 
fuel exploration and production are also cause for considerable 
environmental and social concerns.

Views vary on whether critical materials will be available at the 
required scale and in a sustainably produced way to support 
the large-scale electrification of vehicles.

WILL BATTERY & MOTOR TECHNOLOGY DEVELOPMENT PROVIDE SOLUTIONS?

New technologies less dependent on scarce 
minerals can minimise demand.

EVs are already pushing up the price and 
demand for critical materials.

         The discovery of an energy-dense 
battery that outperforms li-ion will 
revolutionise the transport sector. Battery 
breakthroughs could significantly reduce 
the costs/weights of EVs. 

Doug Vine, C2ES

         Lithium Carbonate price reached its all-
time high in November 2022, after a 200% 
increase in one year. 

Trading Economics, Lithium
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CAN RECYCLING MINIMISE DEMAND?

Recycling can minimise concerns about supply 
shortages or energy security.

The geographic concentration of ores and 
refining capacity pose threats to supply and 
energy security.

         Batteries today are already much more 
sustainable than oil on every dimension, 
and with increased recycling, they can be 
even more so. 

Anthony Eggert, Climate Works

         Scaling up recycling will require support 
from the government and international 
coordination on standards and policies. 

Zifei Yang, ICCT

PRO CONInconclusive

WILL SUFFICIENT AND 
SUSTAINABLE BATTERY 
AND MOTOR MATERIALS 
BE AVAILABLE?

5.1 ELECTRICITY     
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IS SUFFICIENT MATERIAL AVAILABLE?

Investment is growing and will keep up with 
demand.

Exploration, mining & refining present an 
economic opportunity.

New technologies and policies can minimise 
negative impacts.

Mining & refining will struggle to keep up with 
demand.

Mining & refining have significant environmental 
and social impacts.

         We keep discovering more lithium,  
and we get better at mining it. 

Hannah Ritchie, Oxford University

         An electric bike's lithium-ion battery 
carries approximately 200 times less rare 
earth materials than that of an EV car, yet  
in large part carries the same single person 
load. 

Mark Sutton, Cycling Electric
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Battery and motor technologies
BEVs use six times more minerals than conventional vehicles, 
especially copper, lithium, nickel, manganese, cobalt and 
graphite, which are used primarily in the battery systems. 
In addition, copper, cobalt and rare earth metals (especially 
neodymium, dysprosium, praseodymium and terbium) are 
required for the electric motors.87

Lithium-ion batteries are the most popular and regularly used 
batteries in today’s EV industry. There are three different 
lithium-based chemistries in use, with lithium manganese 
cobalt oxide (NMC) being the most popular. This is followed 
by lithium iron phosphate (LFP) cathode chemistries, which 
have seen increasing popularity in the last years driven 
by the preferences of Chinese equipment manufacturing 
companies.88

Solid-state batteries are an option to solve some of the 
problems with lithium-ion batteries. They are smaller and 
lighter and deliver higher energy density. They can also be 
charged faster and more often over their lifetimes,89 but 
the technology is still under development. For example, 
ProLogium signed a technical cooperation agreement with 
Mercedes-Benz in early 2020 to invest in solid-state battery 
development and production preparations.90

Other new battery designs are also under development. For 
example, sodium-ion batteries, which rely on sodium rather 
than lithium as the main conducting element, completely 
avoid the use of critical elements.91 Other developments 
aim to optimise existing chemistry designs. The recently 
announced NMC 811 increases the share of nickel and 
reduces the shares of manganese and cobalt from the 
normally used 33% to 10%.92

Efforts to improve anode chemistry to improve energy 
density and reduce the need for critical materials are also 
underway. Silicon is used to replace some of the graphite, 
and around 30% of anodes now contain silicon. Still under 
development is the use of lithium metal anodes, which could 
further increase energy density.93

The only commercially deployed motor types at present are 
brushless permanent magnet (BPM) and alternating current 
(AC) induction motors.94 Permanent magnet synchronous 
motors dominate the market but depend greatly on rare 
earth elements, mostly neodymium and samarium.95 So 
far, only Tesla and a few other manufacturers have used 
AC motors, which do not rely on rare earth materials for the 
magnets. However, AC motors have lower overall efficiency, 
and further efficiency losses at higher temperatures must be 
managed with effective cooling systems.

Other motor technologies being explored for EV applications 
include switched reluctance motors (SRMs), which 
potentially offer a high-efficiency and low-cost alternative. 
However, SRMs suffer from high noise, vibrations and torque 
ripple. Controlling and reducing these effects is the focus of 
development for this motor type.96

The increasing demand for EVs is one factor impacting 
mineral prices, but in return, mineral prices also influence 
battery chemistry developments (p see Figure 20).97 Cobalt 
prices, for example, increased between 2016 and 2018 
due to concerns about public acceptance of cobalt mining, 
leading to the development of batteries with lower cobalt 
content.98 The influence of increasing demand on prices can 
be clearly seen for lithium, for which prices spiked in 2022 
owing to demand outpacing supply. Expected increases in 
supply and a projected slowdown in demand growth led to 
prices dropping by around 20% in early 2023 compared to 
the peak price.99

The cost of batteries can vary from USD 4,000 to USD 20,000, 
depending on the vehicle brand and model.100 The price of 
batteries also varies across regions, with China having the 
lowest prices on average. This price discrepancy, according 
to the IEA, may be the result of 65% of battery cells and 
nearly 80% of cathodes being made in China.

5.1 ELECTRICITY    WILL SUFFICIENT AND SUSTAINABLE BATTERY AND MOTOR MATERIALS BE AVAILABLE?
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Figure 20:  Price of selected battery materials and lithium-ion batteries

Source: IEA, Trading Economics. See endnote 97.
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Recycling of materials
Approaches to mitigate these risks include increased efforts 
to recycle components containing critical minerals and to 
develop alternative battery and engine technologies that are 
less dependent on scarce resources.

With lithium-based batteries being mostly used today, 
recycling capacity is being installed at nearly a 25% increase 
annually, starting at 250 kilotonnes (kt) globally.101

Increased recycling efforts are mostly driven by government 
incentives and regulation.102 In the United States, for 
example, more investments have been announced for 
battery recycling. The US Department of Energy is set to 
invest USD 2 million to advance lithium-ion battery recycling 
and remanufacturing technologies.103 At the same time, the 
domestic content requirements of the Clean Vehicle credits 
under the Inflation Reduction Act also incentivise local 
recycling to meet the required local content thresholds.104 
Similarly, the European Union’s Critical Raw Materials Act 
requires 15% of annual consumption to be from recycled 
sources by 2030. The Republic of Korea also passed a 
bill that requires manufacturers to meet battery recycling 
targets.105

Available deposits, investment and ongoing 
exploration
Some 70% of cobalt is produced in the Democratic Republic 
of Congo, and 70% of refining capacity is in China. China’s 
share of global production of rare earth ores was over 
95% in 2010, but this fell to just over 60% in 2019 as the 
United States and other countries boosted production. Rare 
earth separation and refining operations are still heavily 
concentrated in China, which has almost 90% of the market 
share.

As demand for EVs and battery storage rises, the demand for 
the minerals required for these technologies is projected to 
increase 30 times by 2040. There will be a 21-fold increase 
in demand for cobalt, a 28-fold increase in demand for 
copper, a 41-fold increase in demand for nickel and a 43-
fold increase in demand for lithium.

Demand for graphite is expected to increase by 25%, silicon 
by 460% and rare earth elements by 15% by 2040.106 The 
energy sector is expected to be the leading end user of 
lithium and nickel in the future, accounting for 61% of the 
clean energy use cases for nickel and 40% of global lithium 
production in 2050 (p see Figure 21).107

5.1 ELECTRICITY    WILL SUFFICIENT AND SUSTAINABLE BATTERY AND MOTOR MATERIALS BE AVAILABLE?
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Figure 21:  Overall supply and demand of battery metals by sector, 2016-2022

Source: IEA. See endnote 107.
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According to the IEA, an EV requires six times the mineral inputs of 
a gasoline-powered vehicle, and the mining, manufacturing and 
disposal of the primary materials can all create environmental 
challenges.108 For example, nickel usually exists below the 
topsoil. The removal of topsoil can cause serious degradation 
and deforestation, as well as causing irreversible negative 
impacts to groundwater and wildlife habitats.

The largest public debate has been around the environmental 
impacts related to the extraction of lithium.109 There are two 
sources of lithium: salar brine water and spodumene, a hard 
rock and crystal mix.110 Lithium can be extracted from brine 
by direct extraction (although this technology is still being 
developed for commercialisation) and through evaporation 
concentration. The latter method can have significant impacts 

on groundwater and surface water; requires large areas of land; 
and can add to erosion, air quality deterioration and wildlife 
habitat destruction. Similar effects are connected to the surface 
mining of spodumene. The impacts of direct extraction from 
brine are potentially less than those of spodumene, especially 
if processed brine is pumped back into the aquifer, but these 
impacts can still cause disturbance to surrounding lands and are 
not yet well understood.111 Underground mining also has fewer 
impacts above ground, but this can release toxic materials and 
carries the added risk to workers of tunnel collapses.112

Environmental impacts can be minimised, for example, by 
adding lithium extraction to existing industrial processes 
that extract chemicals from brine, by re-injecting brine after 
extraction (which only works for direct extraction), and by 

managing waste streams resulting from the process.113 Policies 
that specify environmental minimum standards could also be 
used. However, certification of the environmental sustainability 
of minerals is not yet well established. Despite this, some 
sustainability initiatives are being more widely used, such 
as Towards Sustainable Mining (TSM) and the Initiative for 
Responsible Mining Assurance (IRMA).

SOCIAL AND ECONOMIC IMPLICATIONS
Battery raw materials are often produced in developing and 
emerging countries. This gives rise to concerns about the 
environmental consequences of GHG emissions associated 
with mining and refining, high levels of water use, and pollution 
of air and water courses. Concerns also arise about poor labour 

conditions, including low wages, child labour and poor safety 
conditions.

GEOGRAPHIC DIFFERENCES
The necessary raw materials are concentrated in a few countries, 
and China dominates the refining and production industries. 
This could pose a risk to sustainable supply and is leading 
countries to diversify their supply chains and install domestic 
battery production capacity.

5.1 ELECTRICITY    WILL SUFFICIENT AND SUSTAINABLE BATTERY AND MOTOR MATERIALS BE AVAILABLE?
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Electric motorbikes, tricycles, cars and vans are well established, 
and electric buses for local public transport are increasingly 
deployed. In all these sectors, range requirements are relatively 
limited, and the vehicles stay close to their base where charging 
can be facilitated. Their utilisation rates are largely compatible 
with charging cycles, say overnight.

Efforts are underway to extend battery vehicles to heavy goods 
transport. Some argue that technology development of vehicles 
and charging options will enable their widespread use for many 
heavy-duty applications as well.

Others are of the view that electrification is too expensive for 
these applications to allow for meaningful decarbonisation in 
the required time frame.

Overall, experts have different opinions on whether battery 
technology developments will allow their widespread use in heavy-
duty and long-haul applications and whether electrification is 
the best option for these vehicles (p see Figure 22).

CAN AND SHOULD 
HEAVY-DUTY TRUCKS 
BE ELECTRIFIED?

IS BATTERY TECHNOLOGY SUITABLE FOR TRUCKS?

Battery technology development will enable 
heavy-duty use in the near future.

The specific energy density of the battery is not 
sufficient for the heavy weight and long distances.

         Battery technology, which continues to 
improve, should be capable of meeting the 
needs of all road vehicle applications (from 
rickshaws to heavy trucks). 

Anthony Eggert, Climate Works

         The longer the daily operations, the heavier 
and larger the load, the more suitable hydrogen-
powered vehicle becomes. At the current technology 
development range, batteries are at a disadvantage, 
as the more range is needed, the larger and heavier 
the battery is – meaning less cargo space.

Hydrogen Europe, Long-term outlook on zero-
emission mobility, 2024
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ARE APPROPRIATE VEHICLES AVAILABLE?

More models for heavy-duty trucks are 
becoming available.

Cost considerations and turnover times constrain 
opportunities for electrification and hydrogen.

Biofuels and synthetic fuels can be a straight 
replacement for diesel.

         By 2050, it can be expected that a 
fossil-free heavy-duty transport system is 
possible (in the EU it can be already 2040). 
So, fossil-free but not necessarily net-zero 
emissions - to be careful. By 2050 it can be 
expected that all heavy-duty applications 
also can be electrified. 

Jonas Stromberg, SCANIA

         Heavy-duty transport is a fragmented sector in 
Southeast Asia. Fleets of heavy-duty vehicles often 
consist of only a few vehicles owned and operated by 
small business-owners, who find it challenging to invest in 
advanced conventional and/or electric vehicles. Also, we are 
talking almost exclusively about second-hand hand trucks 
running on diesel fuel. However, the direction taken by 
governments to require biofuels to be blended with diesel, 
helps reduce emissions from this sector.  

Glynda Bathan Baterina, Clean Air Asia
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ARE CHARGING OPTIONS COMPATIBLE WITH FREIGHT LOGISTICS?

High-powered charging stations and battery-
swapping speed up charging.

Recuperation and charging on-the-go can 
support batteries & increase range.

Charging time requirements make it impractical 
and uneconomic for freight.

         Battery swapping is rapidly gaining 
traction as an efficient alternative to 
traditional plug-in charging for commercial 
vehicle fleets. 

ICCT, How it works? Battery Swapping for 
Commercial Vehicles, 2024

         Hydrogen trucks will dominate road 
freight in the future, due to the ability to refuel 
a truck in only a few minutes, compared to 
potentially hours for battery recharging.  

Hydrogeninsight, Transport, 2022
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Figure 22:  Survey – What do you think will be the most consumed fuel type in the country for 
which you are providing information by 2050?

Note: Experts were able to name multiple fuels, which is why shares do not add up to 100%.
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There is no clear agreement 
among experts regarding the most 
important fuel for heavy-duty 
trucks in the future. Many see 
electrification as the way to go, 
while others envisage hydrogen as 
the fuel of choice.
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BOX 5    ELECTRIFYING SHIPS

For maritime transport, electricity is being more widely used in pleasure boats and for 
short-haul shipping, such as ferries, using batteries or hybrid systems. Such vessels go 
short distances and can recharge frequently. There are over 70 such ferries in operation 
in Norway and more under construction.120 Several ferry connections in Asia, the United 
States, Denmark and Sweden have also been electrified in recent years.121 A key challenge 
for moving towards alternative drive technologies in shipping is the long lifetime of vessels. 
Cargo ships generally operate for 30 years, inland vessels for about 45 years and 
passenger ships often longer,122 which leads to a slow turnover in stock.

For cargo transport, electric vessels are not yet common. In November 2021, the first 
fully electric – and potentially autonomous – container vessel, the Yara Birkeland, was 
launched with a battery capacity of 6.8 megawatt hours (MWh) and a carrying capacity of 
120 containers.123 In July 2023, an electric feeder container vessel was launched for use 
on the Yangtze River with 1,800 kilowatts (kW) of installed power and battery swapping 
technology. The vessel is set to cover up to 600 nautical miles. The construction of a 
second vessel started in May 2023.124

BOX 6    ELECTRIFYING AVIATION

In aviation, the key challenge in electrification is the weight of the batteries. Energy 
density in current battery designs limits the efficiency of electric aircraft.132 This is one of 
the reasons why the net zero strategy of the International Air Transport Association (IATA) 
expects that 65% of emission reductions needed for net zero by 2050 will come from 
sustainable aviation fuels and only 13% from new technologies, such as electrification 
and hydrogen-based solutions.133

The ICCT estimates that currently available battery technology limits aeroplanes to a 
range of 200-500 km.134 Similarly, the ITF estimates that battery electric aircraft could 
supply 18% of passenger-km for flights up to 500 km, but does not foresee any role in 
longer distances by 2050. The ITF projects a very limited role for hydrogen aircraft at 
this short distance with a share of 4% and an 8% contribution in the medium distance, 
covering 8% of passenger-km on flights between 500 km and 3,000 km.135

Several aeroplanes designed to carry small numbers of passengers over relatively short 
distances are under development136 and, as of October 2022, efforts to develop electric 
aircraft were in process in Australia, Brazil, China, France, Germany, India, Indonesia, 
Japan, the Republic of Korea, the Russian Federation, the United Kingdom and the 
United States. In 2021, DHL Express ordered 12 electric aircraft to be used for cargo 
from US-based Eviation, which successfully completed the maiden flight of its commuter 
plane, Alice, in September 2022, and already had 253 aircraft orders valued at over USD 
2 billion by May 2023.137

Challenges for hydrogen use in aviation include the needs for innovative fuel storage 
methods. So far, there are no commercial models available, but several companies are 
developing hydrogen-based aircraft. Airbus aims to bring a hydrogen-powered commercial 
aircraft to the market by 2035 with ranges of up to 2,000 km and a capacity of up to 200 
passengers,138 while a Dutch consortium plans to launch the first hydrogen-fuelled flight 
of 40-80 passengers as early as 2028.139

5.1 ELECTRICITY    CAN AND SHOULD HEAVY-DUTY TRUCKS BE ELECTRIFIED?

Availability of vehicles
In 2022, 60,000 medium- and heavy-duty electric trucks 
were sold worldwide, representing 1.2% of truck sales. China 
continues to dominate electric truck production and sales. 
Elsewhere, electric truck sale shares remain low across most 
major markets, with sales shares generally under 1%. However, 
the majority of trucks sold are light- and medium-sized, with 
90% of trucks sold in China being under 4.5 tonnes gross vehicle 
weight.114

The IEA estimates that sales of electric and fuel cell heavy 
trucks would need to reach 37% by 2030 and 65% by 2035 
to be on track to meet NZE ambitions by 2050.115 The ITF 
estimates that a fleet share of 18% zero-carbon heavy trucks is 
required by 2035, but expected developments under current 
policies would only achieve around 9%.116

Developments are influenced by the availability of models for 
medium- and heavy-duty applications. The range of models 
has significantly increased in recent years. In 2022, more than 
half of the 220 new models entering the market were medium 
and heavy-duty trucks, bringing the total number of available 
models to 840. Of all models currently available on the market, 
over 90% are battery electric. Only 12 models for fuel cell heavy-
duty trucks were available by 2022, with 8 more announced for 
2023-2024.117

The cost of an electric truck varies depending on the class. 
As major advances in zero-emissions technology continue 
and more infrastructure is deployed, clean trucks can become 
cost-effective and more readily available.

According to the US National Renewable Energy Lab (NREL), 
zero-emission electric medium- and heavy-duty trucks can 
reach total-cost-of-driving parity with diesel counterparts 
for many vehicle types by 2030 and for all trucks by 2035.118 

To drive down the costs, governments are investing more in 
trucking innovation and next-generation clean technologies.119
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Battery technology and range
More than 95% of heavy-duty trucks produced in China, 
the largest producer globally, were equipped with batteries 
incorporating LFP cathode chemistries. These are favoured 
due to their low cost and high lifetime mileage.125 The average 
range of electric trucks produced in China exceeds 300 km.126 
Globally, the range of heavy-duty trucks has increased only 
marginally between models launched in 2019 and 2022.127 
However, Tesla launched its Semi truck with a range of up to 
800 km in 2023, setting new standards, but not revealing the 
actual battery chemistry.128

A collaboration between truck manufacturer Scania and 
battery manufacturer Northvolt resulted in the development 
of a new lithium-ion cell with a declared lifetime of 1.5 million 
km, equivalent to a truck’s entire lifetime mileage and produced 
using 100% renewable electricity. However, there is again no 
information on the actual battery chemistry to date.129

Unlike electric light-duty vehicles (LDVs), heavy-duty electric 
trucks usually require more than one battery pack. For example, 
a Volvo battery electric truck is currently fitted with five or six 
battery packs, each with a capacity of 90 kWh and a weight of 
2.5-3 tonnes in total.130 Batteries are supplied by Samsung SDI 
and use nickel, cobalt and aluminium (NCA) cathodes.131

Charging options
Traditional charging for medium- and heavy-duty vehicles 
(HDVs) is wired stationary. The available options are overnight 
slow charging and mid-trip fast and ultra-fast charging. Even 
more than for cars, time requirements for charging play a critical 
role for heavy-duty applications, as any additional charging time 
will impact the profitability of the vehicle. Even charging times 
of 30 minutes using fast or ultra-fast charging are not realistic 
during working hours, although breaks for drivers can be used. 
Such breaks are mandatory in many countries.140

The installation of appropriate high-capacity charging stations 
for rapid truck battery charging is key for the large-scale 
rollout of electric heavy-duty trucks. This remains a challenge, 
but many countries have programmes and plans to expand 
relevant infrastructure.141 The European Union, for example, is 
planning to install more than 1,700 fast and ultra-fast (1 MW) 
charging points across Europe.142 In North America, several 
pilot programmes are on the way, in particular along the Pacific 
Coast, aiming to enhance the fast-charging network for trucks. 
These programmes are often led by manufacturers. Funding 
programmes launched by some jurisdictions include financial 
incentives for truck charging. In China, incentives are not 
tailored for specific types of chargers but rather cover all types 
of vehicles.143

However, several alternative charging solutions are emerging:

•  Battery swapping: Discharged batteries are replaced with fully 
charged ones, taking only a matter of minutes. Such systems 
are being commercialised in China, where they are typically 
offered under a battery-as-a-service (BaaS) business model. 
In 2022 alone, more than 12,000 battery swapping-enabled 
trucks were sold in China.144 Outside of China, the deployment 
is still limited, although activities are increasing. In Australia, 
for example, Janus Electric offers conversions of diesel trucks 
with battery swapping systems145 and truck maker Mitsubishi 
Fuso and swapping-station provider Ample plan to trial truck 
battery swapping in Japan.146

•  Connected on-road charging (catenary): Electric road systems 
are used involving either conductive connections between 
the vehicle and road, or via overhead lines such as overhead 
catenary charging. Such systems would be most effective on 
heavily used freight corridors such as motorways and would 
reduce the need for battery capacity and recharging facilities. 
Electric road systems have been demonstrated in Germany 
and Sweden, and system pilots are being considered in China, 
India, the United Kingdom and the United States.147

•  Wireless in-road charging: Batteries are charged by 
transferring electricity from magnetic coils embedded in the 
road to receiving coils fitted to EVs. The advantage of this 
technology is that it can also be used by electric cars, but its 
disadvantages include high infrastructure costs and additional 
space requirements for charging coils within trucks.148

•  Vehicle-integrated solar PV: Solar PV systems are directly 
integrated into the vehicle. For trucks in particular, the 
generated electricity while on the road can help power auxiliary 
systems and extend travel range.149

SOCIAL AND ECONOMIC IMPLICATIONS
Enhanced electrification of heavy vehicles would impact the 
cost of transport, especially freight, and consequentially end-
user goods. The extent of the cost and in which direction it 
would go depend not only on the cost of technologies, but also 
on price developments for fossil fuels and electricity as well as 
policy frameworks, such as energy subsidies. Depending on 
these factors, potential price increases for transport would be 
reflected in consumer prices, which are likely to affect poorer 
households disproportionately.

GEOGRAPHIC DIFFERENCES
Countries with high import costs for fossil transport fuels 
(or biofuels) could benefit from increasing the use of locally 
produced renewable electricity for heavy-duty applications.

Countries with high potential for producing biofuels or hydrogen 
are likely to favour that as a solution. Countries with lower 
potential may not favour importing these fuels because this may 
be seen as an energy security risk, and they may have concerns 
about sustainability governance in regions beyond their control.

Countries with large areas would face higher challenges 
and upfront investment costs for the required installation of 
infrastructure.

5.1 ELECTRICITY    CAN AND SHOULD HEAVY-DUTY TRUCKS BE ELECTRIFIED?
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Experts generally agree that a dramatic rise in the production 
and use of sustainably produced hydrogen – mostly produced 
by the electrolysis of water using renewable or other low GHG 
electricity (p see Figure 7) – is essential to the energy transition, 
complementing electrification and other measures.

There is much less agreement about the role of hydrogen in the 
transport sector and for which modes and applications it is most 
appropriate.

Experts also hold different views on the feasibility of resulting 
trade and long-distance transport of hydrogen and hydrogen-
based fuels under scenarios with high use. Additional concerns 
arise around the safety of hydrogen and ammonia. The latter 
two tension points are not strictly transport specific, but feature 
in many discussions in the sector and will influence decisions 
on future technology.

KEY TENSION POINTS

Are large-scale trade and transport  
of hydrogen practical?

Are hydrogen and ammonia safe?

RELEVANT FACTS
•  Hydrogen is usually classified into different colours (p  see 

Figure  23).150 These colours represent different sources or 
processes used to make hydrogen, with different implications 
for the resulting CO2 emissions.

•  Green and turquoise hydrogen create no CO2 emissions during 
production. The pyrolysis process in turquoise hydrogen 
production converts carbon directly to solid carbon black 
and thus does not need carbon capture, unlike blue carbon. 
Green hydrogen is produced based on renewable energy, 
mostly electrolysis using renewable electricity. However, other 
processes exist using biomass or biogases as a basis. Other 
colours – purple, pink and red – refer to processes based on 
nuclear energy.

The production of hydrogen through electrolysis is relatively 
energy inefficient. It takes three units of electricity to make 
one energy unit of hydrogen, with additional energy needed 
to compress hydrogen to allow its transfer by pipeline, and 
even more to convert it to its liquid form to allow long-distance 
transport.151

•  There are many potential applications for hydrogen in addition 
to current uses. Apart from applications in transport, it can 
be used for heating, in various heavy-industry applications, 
and to provide storage in the power grid to address variable 
renewable electricity generation.

•  Hydrogen can be used directly – in gaseous or liquid form – or 
be transformed to synthetic fuels or ammonia.

5.2 HYDROGEN

Is road transport the best application 
for hydrogen use?

Figure 23: Selected shades of hydrogen

Note: SMR = steam methane reforming. 

Source: IRENA. See endnote 150.
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Figure 24: Renewable hydrogen economy: Production, conversion and end uses

Source: IRENA. See endnote 150.
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KEY DATA
Hydrogen production and use
•  In 2021, total global production was 94 million tonnes 

of hydrogen (Mt H2), only 0.04% of which was produced 
by electrolysis.152

•  In 2022, 99.9% of hydrogen was produced using fossil 
fuels,153 resulting in GHG emissions of around 900 Mt 
CO2e per year.154

•  In 2021, around 60% of hydrogen was used in 
industry, mostly in the chemical industry for ammonia 
production, and most of the rest for refining. Only 
0.1% was used for new applications, such as in heavy 
industry, transport, power generation and the buildings 
sectors or the production of hydrogen-derived fuels.155

•  Despite the small absolute amounts of green hydrogen, 
on a year-to-year basis, its production increased by 
nearly 20% in 2021.156

•  Electrolysis capacity expanded to 510 MW by the end 
of 2021, an increase of 210 MW, or 70% relative to 
2020.157

•  Today, hydrogen trade is limited to a few existing 
hydrogen pipelines and a few pilot projects to 
demonstrate hydrogen trade by ship. Ammonia and 
methanol are globally traded as feedstocks for industry. 

Hydrogen uses in transport
•  In 2022, the stock of FCEVs increased 40% compared 

to 2021, reaching over 72,000 vehicles globally.159

•  About 80% of the FCEVs are cars, 10% trucks and 
almost 10% buses. In 2022, the fuel cell truck segment 
grew at a faster rate than cars and buses, increasing 
60%.160

•  The Republic of Korea is now home to over half of 
all fuel cell cars globally. Two-thirds of the additional 
15,000 fuel cell cars that hit the road in 2022 were 
in the Republic of Korea. The United States holds the 
second largest FCEV stock, with over 15,000 FCEVs.161

•  China dominates the heavy-duty fuel cell vehicle 
segments (trucks and buses). In 2022, China was home 
to over 95% of the global fuel cell truck fleet and almost 
85% of the global fuel cell bus fleet.162

5.2 HYDROGEN
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Sustainable hydrogen can play a role in decarbonising many 
sectors:

•  For power generation, reducing emissions from base load 
power through co-firing with coal163 or helping to keep up 
generation levels when generation from variable renewables 
sources such as wind and solar are at low levels.

•  For industrial processes, including for high-temperature 
applications such as steel manufacture.

•  For heating buildings, replacing natural gas and making use of 
existing distribution infrastructure.

•  For transport, being used across the whole spectrum of vehicle 
types. Hydrogen can be used in fuel cell-powered cars and 
light vehicles through to heavy road transport, rail, shipping 
and air travel (especially through the use of hydrogen carriers 
such as ammonia or synthetic fuels).

Some voices argue strongly for the widespread use of hydrogen, 
describing it as the “Swiss Army knife” for GHG reduction 
and believing that there are few technical limits to how much 
hydrogen could be produced, especially from wind and solar 
power and potentially from biomass.

Others argue that its use should be limited to those applications 
where it provides almost the only solution for reducing GHG, 
as the production of green hydrogen will be limited in the 
foreseeable future and existing hydrogen production needs to 
be replaced by sustainable alternatives first.164

For transport, the main controversy revolves around the 
question of whether the use of hydrogen in road transport is 
needed and desirable.

IS HYDROGEN EFFICIENT AND AFFORDABLE?

Hydrogen trade allows low-carbon transport 
where domestic RE production is limited.

Hydrogen production is much less efficient than 
the direct use of electricity.

Cost are higher than direct electrification.

Hydrogen will be more effective in other hard to 
decarbonise sectors.

         Hydrogen and other low-carbon 
alternatives will be necessary for energy 
security when solar and wind capacity are 
not high. We will not be able to electrify 
everything by 2050. We will need alternative 
solutions to complement the electrification 
process like hydrogen, sustainable biofuels, 
low-carbon gaseous and liquid fuels. 

Doug Vine, C2ES

         We should focus on direct 
electrification first because conversion 
through H2 is poorly efficient. At least, 
hydrogen should only be used when 
electrification is really not possible. 

Henrik Gudmundsson, CONCITO

PRO CON

Limited 
agreement 

Location specific

30%

Renewable
energy

Farben GFR

         For hydrogen there is also the 
competition with other sectors such as 
industry and it is also poorly efficient. 

Oliver Lah, Wuppertal Institute

IS HYDROGEN SUITABLE FOR ROAD TRANSPORT?

Hydrogen derivatives can be used as fuels in 
existing engine designs.

Electrification will not be possible in remote 
regions.

Major motor manufacturers are concentrating 
on BEVs.

High cost of vehicles and fuelling infrastructure.

         Hydrogen-based fuels...are easier to 
store and transport than pure hydrogen, 
and can often make use of existing 
infrastructure. 

IEA, Global Hydrogen Review, 2023

         The Japanese car industry pushed fuel-
cell cars, because they had R&D advantages  
to make hydrogen vehicles. But a fuel-
cell vehicle is so expensive and difficult to 
introduce in the market. In the LDV segment, 
EVs are the mainstream.  

Hironao Matsubara, Institute for Sustainable 
Energy Policies

PRO CON

Medium 
agreement 

CON

30%

Renewable
energy

Farben GFR

IS ROAD TRANSPORT 
THE BEST 
APPLICATION FOR 
HYDROGEN USE?

5.2 HYDROGEN     
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Figure 25:  Survey – Please rank the share of fuel type for LDVs that you expect to see in the country for 
which you are providing information by 2050
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Over 50 of the experts that responded see 
electricity as the main fuel for future LDVs.

There is less agreement on what will likely be 
the second most important fuel, with slightly 
more experts seeing hydrogen being more 
important than biofuels.

Efficiency, availability and cost of hydrogen
Both BEVs and FCEVs are far more efficient than using ICEs 
with hydrogen-based synthetic fuels. BEVs have a distinct 
advantage over FCEVs in that they store energy directly  
in their batteries without requiring an intermediate step  
(p Figure 26).165

While the exact numbers may be up for debate, it is a fact 
that each conversion step for creating hydrogen from water 
using electricity and then converting it back to electricity 
or converting it even further to synthetic fuels comes with 
great energy efficiency losses. This means that electricity-
based hydrogen production impacts the renewable electricity 
generation capacity required to meet the rising demand. This 
also influences the need for additional grid infrastructure and 
the grid design, which would be very different for a system 
with multiple new demand sources, such as BEVs, from a 
system with a limited number of high-demand sources, such 
as industrial-size electrolysers.

FCEVs, however, do offer upsides including reduced vehicle 
weight and, importantly for trucks and buses, increased range 
with a short refuelling time. The extra weight associated with 
the large batteries required for long-haul freight transport also 

reduces the amount of freight they can carry. Technology 
advancements in battery technology are anticipated to 
reduce battery weight allowing EVs to potentially carry weights 
similar to those carried by FCEVs or ICEs.166 Synthetic fuels 
have the advantage of not requiring any changes to existing 
infrastructure and vehicles.

Depending on regional gas prices, the levelised cost of hydrogen 
production from natural gas ranges from USD 1 to USD 3 per 
kilogramme (kg). Using carbon capture, usage and storage 
(CCUS) technologies to reduce the CO2 emissions from hydrogen 
production increases the levelised cost of production to around 
USD 1.5 per kg to USD 3.6 per kg. Right now, using electricity to 
produce hydrogen leads to cost ranges from USD 3.4 per kg to 
USD 12 per kg. However, in regions with excellent solar radiation, 
a further decline in the cost of electricity from solar PV could 
drive the cost of hydrogen production to USD 1.6 per kg.167 This 
would be equivalent to USD 0.05 per kWh for an EV.

In transport, FCEV prices are still high. On average, hydrogen 
trucks are twice as expensive as their electric counterparts, 
hydrogen buses at least 10% more expensive and, as of 2023, the 
cheapest hydrogen passenger car was selling for USD 50,000 
in the United States and Japan. Similar BEVs can be bought for 
less than USD 30,000 in the same markets.168

5.2 HYDROGEN      IS ROAD TRANSPORT THE BEST APPLICATION FOR HYDROGEN USE?
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Vehicles and infrastructure
As of the end of 2022, there were 72,000 hydrogen FCEVs 
on the road, about 20,500 of which were sold in 2022 (up 
40%) and with 15,000 of those being cars. In comparison, 
10.5 million EVs were sold in 2022 (up 55%). The market for 
FCEVs slowed during the first seven months of 2023, with 
sales falling by 9.6% on a year on-year basis. Japan saw the 
highest fall in sales, with a 63% reduction (from 642  units 
to 235 units). China witnessed the only growth market, with 
a rise of 66% (from 1,842 units to 3,073 units) from January 
to July 2023. In the Republic of Korea, FCEV sales dropped 
38% during the same period, and the Republic of Korea saw 
its market share plummet from 52% in 2022 to 35% during the 
first seven months of 2023.169

Although passenger cars still represent a large portion of 
sales, some governments are abandoning subsidy supports for 
passenger cars and turning their focus to buses, vans, trucks 
and filling stations. The Republic of Korea’s 2024 budget 
set out cuts to support for hydrogen-powered passenger 
vehicles but doubled its subsidies for hydrogen-powered 
buses.170 In September 2023, the Netherlands announced an 
increase to its hydrogen mobility subsidy scheme from the 
initial EUR  22  million (USD  24  million) approved in 2022 to 
EUR 150 million (USD 163 million). The plan offers subsidies 
for up to EUR 300,000 (USD 326,000) per truck, van or bus, 
and EUR 2 million (USD 2.17 million) per filling station.171

Estimates of existing refuelling stations for hydrogen vary. 
The IEA estimated that there were around 1,100 stations in 
operation as of June 2023,172 while the H2 Stations database 
shows 921 stations as of February 2024,173 with the difference 
likely owing to high uncertainties around the actual numbers 
in China. In 2023, the majority of new stations were equipped 
to refuel passenger vehicles, trucks and buses. Concrete 
plans are already in place for 338 additional refuelling station 
locations worldwide outside of China,174 but there are also 
closures of existing stations, such as the example in Denmark 
(p see Chapter 4.1).

Additionally, Shell closed all but one of its hydrogen stations for 
cars in California,175 and closures for car refuelling stations in 
the United Kingdom continue,176 with companies increasingly 
focusing on refuelling stations for trucks and busses.

GEOGRAPHIC DIFFERENCES
Most countries are concentrating their efforts on BEVs. 
However, some countries – notably Japan and the Republic of 
Korea – still have strong interest in hydrogen for transport and 
in fuel cell vehicles. This may be because of their perceived 
limited scope to produce renewable electricity and their 
access to green hydrogen in large quantities from the Pacific 
region and, notably, Australia.

In regions where electricity demand is stable or falling (such 
as North America or Europe), an increase in demand for direct 
electrification of transport can probably be absorbed in the 
short term.

In regions where electricity demand is rising quickly as 
populations and living standards are rising (such as Southeast 
Asia), additional electricity demand from transport will be more 
difficult to integrate.

Figure 26:  Individual and overall efficiency of cars with different fully renewable vehicle drive  
technologies
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Source: SLOCAT. See Endnote 165.
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Large-scale use of hydrogen will require very significant trade 
and transport of hydrogen. Experts agree that production of the 
necessary renewable power for hydrogen production at low costs is 
constrained in many of the large demand centres, including Japan, 
the Republic of Korea and Europe.

For these locations, some experts argue that it will be cheaper 
to import much of their hydrogen requirements from places with 
high low-cost renewables potential such as Africa, Australia and 
South America. They expect that production capacity could 
outstrip local demand in these areas.177 Additionally, hydrogen 
needs to be transported within countries from production points 
or ports to end users.

Experts expressed widespread agreement that hydrogen 
pipelines and trucks are the best solutions for transport over 
smaller distances. However, when quantities or distances 
become greater, other techniques are needed. In principle, 
there are three options for long-distance transport: ammonia, 
liquid organic hydrogen carriers (LOHCs) and liquid hydrogen.

IRENA predicts that about one-quarter of total global hydrogen 
demand could be satisfied through international trade by 
2050.178 Similarly, the IEA predicts that more than 20% of 
merchant demand for hydrogen and hydrogen-based fuels will 
be met through international trade by 2030.179

However, views differ about the practicality and costs of 
such long-haul transport. Some argue that hydrogen trade 
offers cheap renewable fuel options for countries with lower 
renewables potential and economic opportunities for those with 
a lot. Others find that the economics do not stack up and that 
large-scale trade will lead to new energy dependencies.

Overall, views differ on how practical and desirable the trading 
of hydrogen and transporting it over large distances is.

IS SUFFICIENT LOCAL RE POWER GENERATION FEASIBLE AND ECONOMIC?

Not all countries have the local capacity to produce 
enough renewable electricity for transport while 
meeting overall electricity demand.

It is better to produce green hydrogen in 
countries with high potential for low-cost 
renewable electricity.

Hydrogen and renewable electricity should  
be used locally first.

Hydrogen production for trade can affect 
energy access for people in the producing 
country.

         Hydrogen is an important ingredient in future 
economy: it is a storable form of renewable energy.  
We can store wind and solar in hydrogen. We can use 
more hydrogen and less carbon for cleaner fuels. 

Henrik Gudmundsson, CONCITO

         Energy access is a fundamental problem which could 
be solved by off-grid renewable generation. Charging 
infra will depend on economic development (ability to 
pay) of the region and also on the energy production.  

Warren Ondanje, Association for Electric Mobility and 
Development in Africa

PRO CON

Limited 
agreement 

Location specific

DOES HYDROGEN TRADE PROVIDE AN ECONOMIC OPPORTUNITY?

Hydrogen production can be an important 
source of revenue and employment for 
exporting countries.

Long-distance transport of hydrogen and 
derivatives is too inefficient and costly.

Large-scale trade in hydrogen can lead to 
energy security issues.

         Hydrogen can awaken the biggest 
economic opportunity of our lifetime,  
create countless skilled jobs.

Hydrogen Council, Why Hydrogen?, 2023

         Because of its unusual physical properties, some estimates 
indicate that hydrogen liquefaction uses up to 40% of its energy 
content (compared to 10% for LNG), and that ship costs would be 
higher than those used for LNG because of the lower temperature 
that liquid hydrogen must be stored at. Together, these factors, it 
is argued, render long-distance hydrogen transport inefficient and 
very expensive. 

BloombergNEF, The Unbearable Lightness of Hydrogen, 2022
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Medium 
agreement 
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30%

Renewable
energy
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Local renewable power generation potential, local 
demand and renewable energy cost

Potential and cost

Looking at global renewable energy potential, it becomes 
apparent that the cost of production of renewable electricity 
can vary significantly depending on the location. New-build 
renewables are becoming the cheapest energy resources in 
most major economies.180 However, this is a very dynamic 
process. With decreasing costs for renewable technologies 
and increasing costs for fossil fuels in many countries due 
to carbon pricing or reduced subsidies, renewables have 
become the most competitive solutions in many countries. 
In Japan, for example, coal remained the cheapest option 
for electricity generation in 2022. In 2023, for the first time, 
solar PV constituted the cheapest option (p see Figure 27).181

The high level of interest in hydrogen can be attributed to 
the possibilities it offers in terms of transporting renewable 
energy from areas with a low cost of renewable electricity 
generation to areas of high demand.

Local electricity demand
In 2022, 59 countries had no universal access to electricity, 
and around 770 million people had no electricity access.182 
Global electricity demand was set to increase by slightly 
less than 2% in 2023, down from a rate of 2.3% in 2022. 
Assuming an improving world economic outlook, demand 
growth is expected to pick up again in 2024, rebounding to 
3.3%.183

Electricity demand growth is mostly driven by the electrification 
of energy systems as efforts ramp up to reduce emissions, by 
the increasing use of indoor cooling as temperatures climb, 
and by robust demand growth in emerging and developing 
economies.184

However, clear differences exist across regions and among 
developed countries, emerging economies and developing 
countries. In most developed countries, there are few people 
without access to electricity, and demand based on income 

levels is already high. Growth is mostly due to increasing 
electrification across sectors, and additional demand from the 
decarbonisation of transport will largely need to compete with 
other sectors – even more so if electrification is not direct.

In emerging economies, further demand comes from 
increasing income levels and associated growth in energy 
use. Developing countries additionally often still need to 
provide basic access to parts of their population. This varies 
by region, with more than 80% of the global population lacking 
access to electricity living in sub-Saharan Africa.185 In such 
cases, producing extra energy for export can compete with 
increasing local energy demand and the need to decarbonise 
locally consumed electricity.

Cost and economics

Cost of transporting hydrogen

According to IRENA, in a 1.5°C future, around 25% of 
hydrogen could be globally traded: half in the form of ammonia 
transported by sea, and half through gaseous hydrogen 
pipelines concentrated in Europe and Latin America. Around 
70% of hydrogen traded would be used as feedstock and fuel, 
rather than reconverted to hydrogen following transport.186 In 
the IEA NZE Scenario, more than 20% of merchant demand 
for hydrogen and hydrogen-based fuels is met through 
international trade by 2030.187

Currently, the transport cost of hydrogen by ship ranges from 
USD 6.5 per kg of H2 to USD 17.3 per kg of H2.i Furthermore, 
transport costs depend on the size of the project and the 
distance that needs to be travelled. With increased scale, 
costs could potentially be reduced to USD 1.6-2.7 per kg of 
H2. For short distances, pipelines and liquid hydrogen are 
to be favoured, while for long-distance transport, transport 
via ammonia is the preferred choice.188 Shipping costs are 
expected to decrease in the coming years. However, the 
conversion of gaseous hydrogen to more energy-dense 
carriers (liquid hydrogen, ammonia or other LOHCs) and 
back to gaseous hydrogen will still constitute a large share of 
the total cost.189

Figure 27:  Countries where new-build solar and/or wind are cheaper than new-build coal- and gas-fired 
power, H1 2023

Note: The map shows technologies with the lowest LCOE excluding subsidies and grid connection costs and includes a carbon price where applicable.

Source: BloombergNEF. See endnote 181.
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According to BNEF, whichever way you look at it, the minimum 
cost of internationally traded hydrogen is between USD 3 per kg 
and USD 5 per kg.190

Indeed, other solutions need to be considered when weighing 
the different options for decarbonisation: ultra- and high-
voltage direct current (DC) cables are becoming more cost-
competitive to build, and the cost of locally producing hydrogen 
in areas where renewable energy is relatively more expensive 
can become the preferred option in the medium to long term 
(p see Figure 28).191

Local industry development

Many countries see an opportunity to build up local industry 
around green hydrogen production and create new jobs and 
added value for their economies. The Moroccan Ministry of 
Energy, Mines and Environment, for example, set out a roadmap 
on green hydrogen in 2021 under the National Hydrogen 
Commission (created in 2019). The country is expecting demand 
of up to 30 TWh by 2030, which would double its current 
electricity demand, and reach 307 TWh by 2050.192

The Chilean government announced its hydrogen strategy in 
2020. It aims to build on the country’s renewable energy potential 
to develop local and export markets for green hydrogen with an 
estimated increase of renewable energy capacity from 13 GW in 
2023 to 300 GW in 2050.193 The European Union aims to reach 
10 million tonnes of domestic renewable hydrogen production 
and 10 million tonnes of imported renewable hydrogen by 2030 
in line with the REPowerEU Plan.194

Australia had the largest number of announced renewable 
hydrogen plants worldwide as of 2022; due to its abundant solar 
and wind resources, the country is expected to see some of the 
lowest levelised costs for producing renewable hydrogen by 
2050.195 China was the largest producer of hydrogen in 2022, at 
around 25 million tonnes.196 The Chinese government has laid 
out a medium and long-term development plan for hydrogen 

(2021-2035), with the goals of bringing 50,000 FCEVs onto the 
road by 2025; producing green hydrogen using renewables to 
reach 100,000 to 200,000 tonnes annually by 2025; and using 
clean hydrogen in energy storage, electricity generation and 
industry.197

SOCIAL AND ECONOMIC IMPLICATIONS
The large-scale production of hydrogen in developing and 
emerging countries for export – mostly to developed nations – 
raises concerns regarding social equity.

Most developing countries have growing energy demand and are 
facing challenges in decarbonising their own energy systems. 
The question is raised as to whether additional capacity should 
first ensure local access to clean energy sources before exports 
are initiated.

Additional concerns are raised about the water demand for 
hydrogen electrolysis. Many countries with ample solar power 
potential have scarce water resources, which can lead to 
demand competition between hydrogen production, drinking 
water, agriculture and other uses.

GEOGRAPHIC DIFFERENCES
Potential exporting countries and regions are starting to gear up 
for hydrogen production and trade, while some countries that 
expect to have considerable hydrogen import requirements are 
also working to secure long-term supplies.

Between 2020 and 2021, 80 announcements were made 
for projects or collaborations that relate to global hydrogen 
or ammonia trade. Based on these announcements, the 
most active prospective importers are Germany, Japan and 
the Netherlands, and the most active prospective exporter is 
Australia.198

i USD 6.5 per kg of H2 for LOHC, USD 8 per kg H2 for ammonia, USD 17.3 per kg H2 for liquid hydrogen.

Figure 28:  Economics of delivered hydrogen

Note: LCOH = levelised cost of hydrogen. UHVDC = Ultra High Voltage Direct Current

Source: Agora. See end note 191.
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By their nature, all fuels have some degree of danger associated 
with them. The most obvious is from their desired property of being 
flammable and potentially explosive. If this happens outside the 
intended use, it can cause death, injury and damage. Additionally, 
fuels may have toxic properties that can affect human health and 
the environment if the fuel is released into the environment, for 
example through leakage, spills or accidents.

This applies to fossil fuels as well as to many renewable fuels, except 
for electricity, which has its own, but different, safety concerns. 
Drop-in fuels and biofuels have largely the same properties as their 
fossil fuel counterparts, so the risks involved are the same and well 
understood.

The risk profile is different for hydrogen and ammonia as energy 
carriers and fuels for transport. While both are being widely used 
today in chemical and industrial processes, we have little experience 
in their use as transport fuel.

Some experts argue that this new application requires a new and 
widespread infrastructure. With larger volumes being handled and 
many more users handling these substances, the risk is increased. 
Others focus on the existing experiences with the fuels and argue 
that this expertise can be used in the scale-up of operations.

Views vary on how safe extensive transport infrastructure 
and trade of hydrogen and ammonia are.

IS HYDROGEN SAFE REGARDING LEAKAGE & EXPLOSIVENESS?

Because hydrogen is much lighter than air, it 
dissipates rapidly when released.

Hydrogen-based drop-in fuels have the same 
properties as the fuels they replace.

Hydrogen has a lower autoignition temperature 
than conventional fuels.

Hydrogen is highly combustible.

Hydrogen can easily cause material failure, 
which in turn can lead to leakage.

PRO CON
Limited 

agreement

30%

Renewable
energy

Farben GFR

         As more and more hydrogen 
demonstrations get underway, hydrogen's 
safety record can grow and build confidence 
that hydrogen can be as safe as the fuels in 
widespread use today. 

EIA, Safe Use of Hydrogen

         One safety concern with hydrogen is that 
it takes very little energy to ignite.  

Center for Hydrogen Safety, Hydrogen 
Flammability

ARE HYDROGEN AND AMMONIA SAFE REGARDING TOXICITY?

Hydrogen is non-toxic.

Ammonia has been produced, transported and 
used for a long time.

Ammonia is highly toxic and transport poses 
risk to human health and biodiversity.

There is limited experience with highly 
distributed handling of ammonia.

PRO CONNo agreement

30%

Renewable
energy

Farben GFR

         The level of maturity of the process for 
ammonia production, handling and supply  
has been optimized for over a century. 

V. Negro et al., The Potential Role of  
Ammonia for Hydrogen Storage and  
Transport, 2023

         Bunkering it ‘wherever’ and burning  
it in a cramped engine room comes with  
much greater risks for workers and aquatic  
life compared to ‘just’ loading it as a 
commodity. There is limited experience with 
a highly distributed handling of ammonia, 
especially as a fuel.  

Stefanie Sohm, Kühne Foundation

ARE HYDROGEN AND 
AMMONIA SAFE?

5.2 HYDROGEN      
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Leakage and explosiveness
Hydrogen is the simplest and lightest element; it has low 
volumetric energy density and a very low boiling point. 
Storing hydrogen becomes a challenge because it requires 
low temperature or high pressure. Liquid hydrogen boils 
at -252.8°C, which means that it needs to be stored at low 
temperatures. Storing hydrogen as a gas also has challenges 
because it typically requires the use of high-pressure tanks 
(350-700 bar).199

The safety issues associated with hydrogen are similar to those 
of other flammable gases.200 Hydrogen has a low minimum 
ignition temperature, but leaks of hydrogen are safer than those 
of hydrocarbon-based fuels such as gasoline because they rise 
rapidly and dissipate quickly into the atmosphere. Hydrogen can 
easily cause material failure, which in turn can lead to leakage. 
If a leak is unidentified and the gas collects in a confined area, 
it can eventually cause an explosion. In hydrogen pipelines and 
steel storage vessels, hydrogen molecules are prone to react 
with metals, causing failure of the pipeline or storage vessel.

Even without ignition sources, high-pressure hydrogen leakage 
may cause spontaneous combustion and explosion. In 2019, 
there were several hydrogen explosions in Norway, the Republic 
of Korea and the United States. The explosion of a hydrogen 
fuel storage tank in the Republic of Korea caused two deaths 
and six injuries.201 The causes of the accidents were hydrogen 
cloud explosions and chain explosions caused by hydrogen 
spontaneous combustion. These once again caused widespread 
public concern about hydrogen energy safety.202

Moreover, hydrogen burns with a nearly invisible flame that 
requires special flame detectors. Hydrogen is currently used in 
a variety of common applications. Staff handling hydrogen need 
rigorous safety training, and systems need regular testing for leaks 
and other potential problems, ensuring it is produced, stored and 
dispensed safely. Rigorous safety regulations, safety codes and 
standards, the use of specific equipment to detect leakage, and 
the availability of specific fire extinguishers for hydrogen flames 
can mitigate, although not eliminate, such risks.203

While hydrogen itself is not a direct GHG, its chemical reactions 
change the abundance of the GHGs methane, ozone and 
stratospheric water vapor, as well as aerosols, and thus affect 
global warming indirectly. A recent Nature paper estimated a 
Global Warming Potential of 11.6,204 indicating that hydrogen 
leakage could dramatically reduce the GHG benefits of 
hydrogen use.205

Ammonia is colourless and characterised by a pungent and 
distinctive odour, perceptible by humans at low concentrations, 
which makes it easy to detect leaks. The risk of explosions 
generated by ammonia is lower than for traditional fuels, owing 
to its narrow explosion limit.206 It is also easier to store than 
hydrogen, with storage conditions similar to those of liquefied 
petroleum gas (LPG).207

Ammonia is also corrosive and will react with metals, which 
needs to be considered in designing fuel systems.208 However, 
even if the explosion risk is lower than traditional fuels, the risk 
remains, as does the risk of fire.209 Incidents of combustion and 
explosion of ammonia have been limited over the last decades, 
but with projected increases in its trade and use in vessels as 
fuel, experts expect an increase in such incidents.210

Toxicity
Hydrogen is not toxic, unlike conventional fuels. A hydrogen 
leak or spill will not contaminate the environment or threaten 
the health of humans or wildlife. In addition, because hydrogen 
is much lighter than air, it dissipates rapidly when it is released, 
allowing for relatively rapid dispersal of the fuel in case of a leak. 

Transporting hydrogen using a LOHC or in liquid hydrogen form 
does not present toxicity concerns. Concerns do arise regarding 
environmental effects in the case of LOHC and cost and energy 
inefficiencies for both carriers.

Ammonia also has disadvantages. Although the infrastructures 
for producing ammonia are in place, ammonia is a toxic 
substance that, if it leaks, has a negative impact on air, soil 
and water quality as well as the health of people living in the 
vicinity of the leak.211 Even in low concentrations, inhalation or 
contact with ammonia can cause burns, cough and irritation, 
and blindness; high levels can be fatal.212

Increasing the transport of ammonia will increase the likelihood 
of accidents, both on land and at sea. Spills at sea can be 
particularly difficult because the gas reacts with condensation 
in the air to form a toxic mist that does not dissipate easily and 
can harm personnel on the vessel. Additionally, any ammonia 
leaking into the water can kill sea life in a wide area, especially 
fish, and threaten important coastal ecosystems, such as 
mangroves and coral reefs, if spills occur in their vicinity.213

5.2 HYDROGEN      ARE HYDROGEN AND AMMONIA SAFE?
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Biofuels can be used as fuel in most transport vehicles. Most 
biofuels are currently used in road transport, but there is growing 
attention to the use of these fuels in the aviation and shipping 
sectors.

Biofuels can be used in existing engines and fuel distribution 
systems and so can be deployed rapidly.

The most contentious topic regarding biofuels is the sustainability 
of their production and use. Sustainability concerns revolve 
around the actual GHG savings that can be achieved and the 
impact of biofuels on biodiversity, air quality, water and food 
availability.

KEY TENSION POINTS

Are large-scale biofuel production 
and use sustainable?

Is sufficient sustainable biomass 
available without impacting food 
supply and security?

RELEVANT FACTS
•  Many routes are available to convert biomass feedstocks to 

biofuels (p see Figure 7).
•  Most biofuels today are produced from sugar and starch crops, 

vegetable oils, or animal fats. The most common routes are:
 -  The sugars within crops such as sugarcane, corn, wheat 

and other cereal crops are extracted and then converted by 
fermentation into ethanol.

 -  Vegetable oils or animal fats (including waste products 
such as used cooking oil) are chemically treated to produce 
biodiesel.

 -  Vegetable oil-based feedstocks can also be reacted with 
hydrogen to produce hydrocarbons, which are direct 
replacements for diesel (called HVO, HEFA or renewable 
diesel) or other fuels, including LPG or sustainable aviation 
fuel (SAF).i

 -  Biogas and biomethaneii are produced by the digestion of 
organic wastes.

 -  A range of options to produce transport fuels from 
lignocellulosic residues such as crop residues (sometimes 
described as advanced biofuels) are being developed and 
commercialised but are not yet contributing significantly to 
fuel supplies.

Some fuels (biodiesel and ethanol) are usually used in a blend 
with diesel or gasoline fuels with no engine changes and at higher 
concentrations would require some minor engine changes. 
Others (drop-in fuels such as HVO, bio-jet and biogasoline) have 
very similar properties to fossil fuels and can be used alone.

5.3 BIOFUELS

Do biofuels lead to real GHG savings?

KEY DATA214

•  Bioenergy currently provides 12.3% of global energy supply, 
with 6.7% of this coming from the traditional use of biomass 
for cooking and heating in developing countries, which is 
generally considered to be unsustainable.

•  Modern and efficient forms of bioenergy provided 5.6% of 
global energy supply in 2022. This is principally used for 
heating, where it provides 7.9% of energy requirements, 
with smaller contributions to electricity generation (2.4% of 
generation) and to transport energy (3.6%).

•  Global biofuel demand reached 4.1 EJ in 2022, representing 
over 3.5% of global transport energy demand, mainly for road 
transport.

•  The use of biofuels has expanded at nearly 6% a year for 
the past five years, except in 2020 (due to impacts of the 
Covid-19 crisis on overall transport demand).

•  Advanced renewable diesel and SAF represented only 8.7% 
and less than 0.1% of global biofuel production in 2021, 
respectively.

•  The production of ethanol is concentrated in Brazil and the 
United States, which produce 80% of global supply between 
them. Biodiesel production is more widely dispersed, with 
Brazil, the European Union, Indonesia and the United States 
being major producers (p see Figure 29).215

i SAF is also known as bio-jet.

ii Also known as renewable natural gas (RNG).

Figure 29: Global biofuel demand by fuel type and region, 2010 and 2021

Source: IEA. See endnote 215.
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Bioenergy systems usually produce CO2 at their point of use, 
when the fuels are combusted, releasing energy. However, they 
are widely considered as renewable energy sources because 
these emissions form part of a natural cycle, where CO2 
emissions are removed from the atmosphere during the growth 
of biomass. In contrast, fossil oil and gas use releases CO2 from 
the fossil storage. Bioenergy production and use therefore are 
considered to have much less impact on global GHG levels than 
the use of fossil fuels. However, this rationale is not universally 
accepted.

The GHG benefits of using bioenergy are reduced when 
bioenergy production and use lead to changes in carbon stocks 
in soils or vegetation or affect the ways in which the carbon 
cycle normally operates. An example of this is when forests are 
cleared to make space for agricultural areas to produce biofuels. 
These biogenic emissions are more difficult to understand and 
quantify than the supply chain emissions, and there is more 
controversy about their impacts and how best to mitigate them.

Views and opinions differ about whether different biofuels 
can achieve substantial GHG savings compared to fossil fuel 
alternatives.

ARE METHODOLOGIES FOR GHG ASSESSMENT OF BIOFUELS GENERALLY AGREED?

The GHG balances associated with fuels made 
from residues and wastes can be accurately 
estimated and are usually positive.

There are ongoing disagreements about 
methodology and input data for life-cycle 
assessment (LCA) calculations.

PRO CONNo agreement

30%

Renewable
energy

Farben GFR

         As policies based on actual GHG emission 
reductions of biofuels become more common,  
the carbon intensity of current and emerging 
biofuels is expected to decrease, for example, 
through the increased use of wastes and 
biomass residues as raw materials.

IEA, How Bioenergy Contributes to a  
Sustainable Future, 2023

         Some biofuels are considered first 
generation in the U.S. but second generation 
in the EU. The definitions of biofuels 
(conventional, advanced etc.) vary according  
to geographies.

Bharadwaj Kummamuru, World Bioenergy 
Association

        Biofuels, if produced sustainably, can 
have an almost carbon neutral balance and, 
if BECCS is included, even negative carbon 
footprint.  

Suani Coelho, University of Sao Paolo

DO BIOFUELS DELIVER GHG BENEFITS?

Biogenic emissions can be avoided by focusing 
on biofuels produced from wastes and residues.

Supply chain emissions will decrease as the 
global economy decarbonises.

At best biofuels only reduce emissions partially.

Biofuels can promote deforestation leading to 
net GHG increase.

Crop-based biofuels can lead to indirect land-
use change.

PRO CON
Limited 

agreement

30%

Renewable
energy

Farben GFR

         For the existing fleet the solution would 
be liquid biofuels and biogas from waste. 
From a system perspective, this is a circular 
solution that could achieve even negative 
emissions since it not only avoids the diesel 
that would have been used in the vehicles, 
recycles nutrients from organic waste that 
replaces fossil fertilizer, and also avoids the 
methane that would have been produced 
from the waste in landfills.

Jonas Stromberg, SCANIA

         Using biomass and biofuels made from 
biomass has positive and negative effects on 
the environment.

EIA, Bioenergy Explained, 2023

DO BIOFUELS LEAD TO 
REAL GHG SAVINGS?

5.3 BIOFUELS      
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CAN POLICY & REGULATION INFLUENCE GHG SAVINGS?

Policy and regulation can prevent biofuel 
production from causing direct land use 
emissions.

Without effectively implemented and enforced 
policies to reduce land-use-change, GHG 
savings will be minimal or negative.

PRO CON

Medium 
agreement 

PRO

30%

Renewable
energy

Farben GFR

         An integrated approach to waste 
management can ensure that the use 
of waste for energy is appropriate, and 
stringent air and water quality regulations, 
with regular monitoring and enforcement, 
can ensure that operations avoid negative 
impacts on air and water quality.

REN21, RESR, 2024

         Our results show: The state of current 
global land regulation is inadequate to  
control land-use-change emissions caused  
by modern biofuels produced from purpose 
grown feedstocks.

Leon Merfort, Potsdam Institute for Climate 
Impact Research

Methodologies for GHG assessment

Factors influencing GHG impacts of biofuels
The following elements summarise a number of factors that 
conceptually contribute to the overall GHG impacts of biofuel 
production. They may not be applicable in all circumstances 
but should be considered in assessments.

Supply chain: The GHG benefits of using bioenergy can 
be reduced if fossil fuels are used to provide energy to the 
supply chain (for processing or transport, for example) or 
GHG emissions related to fertiliser production and use are 
involved. These supply chain emissions can be calculated 
and compared with those from fossil fuel use using life-cycle 
assessment (LCA) systems. For biofuels based on residues 
and wastes, these supply chain emissions are the principal 
issue that needs to be considered.

Direct land use change: If the production of biofuels or other 
bioenergy involves a change in land use, this could lead to 
significant GHG emissions if carbon levels above and below 
ground are affected. For example, if natural forests are cut 
down and burned to make way for energy crops, the one-
time emissions would far exceed the GHG reductions that 
might come from displacing end-use GHG emissions.

Indirect land use change: Using or displacing crops usually 
grown for food by energy crops could also in principle have 
an effect that increases indirect land use change (ILUC) 
emissions. If food production just moves elsewhere to meet 
demand, additional land could be converted into cropland 
with consequent emissions increases.

GHG emissions from direct and indirect land use change are 
also referred to as biogenic emissions. Depending on the 
previous use of the land, land use change can have a positive 
or negative impact on GHG emissions.216

Differences in methodologies
LCA is a well-established methodology used for determining 
the GHG benefits of biofuels compared to fossil fuel 
alternatives. It is applied in many support schemes, including 
the European Union’s Renewable Energy Directive (RED), 
the US Renewable Fuel Standard (RFS) and Brazil’s Renova 
Bio programmes. Since many assumptions used in the 

assessments are very specific to the location, results usually 
only apply to the region and conditions set out in the study 
parameters.217

There is wide consensus around calculations relating to 
supply chain emissions, although we also find differences 
in methodology that can lead to different results. However, 
differences in biogenic emissions are usually much larger 
and largely determine overall effects. Apart from differences 
based on the feedstock used and the production process, 
differences in results are usually based on:218

METHODOLOGICAL CHOICES
• Inclusion or exclusion of direct and/or indirect land use 

change.

•  Assumptions to estimate the level of indirect land use 
change induced through biofuel production, including for 
the price and demand development of a wide range of crops 
and products as well as land demand from settlements and 
infrastructure.

•  Inclusion or exclusion of GHG effects from co-products, 
such as electricity or heat generated and used during 
biofuel production, or of marketable by-products, such as 
animal feed or biochemicals.

•  Method of attribution of GHG effects between the biofuel 
and co-products.

•  Methodology used for emissions from soil nitrous oxide, 
where the IPCC Tier 1 method is often used, with potentially 
very different results compared to higher-tier methods 
using site-specific parameters.

•  Assumptions on emissions or removal of soil organic 
carbon, for example through the removal of agricultural 
residues that would otherwise have been left on the field 
and would have increased soil carbon content.

•  Different approaches to account for the temporal impact 
of carbon emissions, i.e. the potential imbalance and time 
difference between the amount of carbon taken up through 
the growth of the feedstock and the amount released during 
burning of the biofuel.

5.3 BIOFUELS     DO BIOFUELS LEAD TO REAL GHG SAVINGS?   
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REGIONAL DIFFERENCES
•  Differences in energy demand for production (this also 

depends on technology) and transport of feedstock, 
intermediate products and fuels.

•  Differences in the carbon intensity of energy used in the 
production process, leading to lower GHG benefits of biofuels 
in regions with a high-carbon energy mix.

•  Assumptions on yields of used feedstocks, based on regional 
circumstances.

•  Assumptions on fertiliser input use, based on local soil 
properties and farming practices.

•  Assumptions on carbon stock released from land use 
change, which would be typically higher in tropical regions 
and where forests are replaced by cropland.219

It is also important to note that studies use a variety of units as the 
basis for their emissions comparison. Some compare emissions 
per unit of energy (MJ), while others use distance travelled 
(vehicle km), volume (litre), mass (kg/tonne) of biofuel or units 
related to the production, such as mass of biofuel feedstock or 
agricultural area. This makes it difficult to compare individual 
results.220 The results of LCAs therefore need to be carefully 
interpreted. Assumptions and methods used need to fit the 
intended purpose, so not every study can be used in any context.

GHG benefits from biofuels
As outlined above, there are many reasons for the GHG 
emission results of LCAs of biofuels to vary across studies, even 
for the same feedstocks and the same region, let alone across 
feedstocks and regions.

A meta-study analysing 179 articles including 613 assessments 
of different types of biofuels published between 2009 and 2020 
found that estimated results of GHG emissions benefits vary 
significantly across studies:221

•  Looking at first-generation biofuels without land use change, 
biofuels from all feedstock sources show clear GHG benefits 
compared to their fossil fuel counterparts. However, estimates 
vary strongly for most feedstocks, except sugarcane, with the 
largest variety found for palm oil.

•  Assessments of first-generation biofuels that include direct 
(and sometimes also indirect) land use change show a much 
higher variation. Only biofuels based on sugar beet show clear 
benefits compared to fossil fuels across all analysed studies. 
For some feedstocks, such as molasses and soybeans, most 
assessments find that lifecycle emissions are substantially 
higher than those of fossil fuels.

•  For advanced biofuels based on agricultural residues, land 
use change is not normally an issue, although there may 
be some indirect land use involved. Most studies analysed 
found clear GHG benefits for those biofuels, some even 
with overall negative emissions, based on benefits from co-
products. An assessment by the IEA Bioenergy Task Force 
further concludes that the conversion of marginal lands to the 
managed cultivation of lignocellulosic crops could also result 
in overall negative emissions.222

•  A limited number of studies looked at biodiesel from algae. The 
results of these studies differ widely, from producing absolute 
negative emissions to emissions that are multiple times those 
of fossil diesel. The differences are mostly a result of great 
uncertainties about algae yields and energy needs.

Overall, this shows that results are highly sensitive to assumptions 
and methods and need to be used carefully.

Policy and regulation influencing GHG savings
There is widespread agreement that clearing high-carbon 
stock land for biofuels production is undesirable (both from an 
emissions and biodiversity perspective). Constraints to using 
such land is incorporated in regulation in the European Union 
and other jurisdictions, but doubts remain about the extent to 
which such regulations are enforced and monitored.

Policy measures, such as the revised EU RED (EU RED II), 
are increasingly encouraging the use of residues and the 
production and use of non-food crops for biofuels production, 
especially on lower grade land, to reduce competition with 
food production and avoid potential ILUC emissions.223 The 
EU RED II provides default values for GHG reductions when 
biofuels replace fossil fuels (excluding ILUC emissions).224 The 
GHG emissions vary between 20% and 90% depending on 
feedstocks and production routes (p see Figure 30).225

          Arguments over which ILUC model is best are not terribly helpful, 
because all ILUC models require making several subjective assumptions 
that significantly impact their results. Instead, we should look at the range 
of ILUC estimates we get from different approaches to ILUC assessment 
and make a risk-aware decision about policy from there.  

Colin Murphy, UC Davis
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Figure 30:  EU RED II: Range of default values for GHG savings from biofuels compared to fossil fuel alternatives

Source: See endnote 225.

Within the European Union, biofuels contributing to the 
renewables share must provide at least 70% GHG savings 
compared to fossil fuels. Further measures constrain the 
amount of crop-based biofuels that are considered likely to 
pose a risk of emissions from ILUC, with these sources due to 
be phased out by 2030.226

Other support schemes, such as the California Low Carbon Fuel 
Standard (CLCFS) and the Brazilian Renova Bio system, directly 
incentivise higher levels of GHG reductions and make allowances 
for ILUC in their calculations.227 Japan also established a 
minimum GHG savings of 55% for biofuels compared to fossil 
fuels, based on LCA. Switzerland has a threshold of 40% 
minimum GHG emission savings to be eligible for tax benefits. 
Other countries, such as Norway, require mandatory shares of 
advanced biofuels, similar to the EU RED II.228

In Brazil, a law only allows oil palm plantations on areas that 
were deforested before 2007,229 but as with many other 
sustainability requirements, concerns have been raised about 
the enforcement of such rules and the indirect effects from 
pressuring other production into forest areas.230

The more widespread use of support systems that either set 
increasingly stringent minimum GHG reduction thresholds or 
incentivise GHG reductions will encourage higher levels of GHG 
reduction by minimising supply chain emissions and favouring 
feedstocks with a low risk of ILUC and other biogenic emissions. 
This will be complemented by the further development of 
routes to produce biofuels from a wider range of cellulosic 
feedstocks, especially to produce greater quantities of fuels 
for maritime and aviation transport.

Emissions can be further reduced through the collection 
and use of by-products. For example, collecting and using 
forestry by-products can form part of a sustainable forestry 
management plan that aims to reduce the risks of uncontrolled 
fires and thus preserve forest carbon stocks.231 Supporting 
such activities through policy could further enhance the 
sustainability of biofuel production.

5.3 BIOFUELS     DO BIOFUELS LEAD TO REAL GHG SAVINGS?   
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The wider debate about the sustainability of biofuels is a 
complex topic, given the many potential feedstocks, conversion 
processes and products. Potential environmental, social and 
economic impacts depend on the entire supply chain and on 
local circumstances.

Apart from the sustainability concerns regarding the actual GHG 
impact of biofuels discussed above and the potential competition 
with food production discussed in the next tension point, many 
experts express concerns that the inappropriate production and 
harvesting of biomass could lead to a loss of biodiversity or to 
the proliferation of invasive species. For example, natural forest 
could be replaced by monocultures (e.g., oil palm). Alternatively, 
over-harvesting of forestry residues can lead to negative impacts 
on forest biodiversity.

Experts argue that biofuels production and use can also have 
other environmental impacts – for example, on air quality due 
to emissions during the production and use of fuels. Water 
quality and availability can also be impacted by the release of 
untreated effluents during fuel processing or by water overuse 
in feedstock production.

Others, however, promote the positive effects of biofuels, such 
as the strengthening of local economies and positive co-benefits 
from using fuels that would otherwise cause worse harm. They 
argue that negative effects can largely be managed through 
appropriate policy and regulation.

Opinions differ on the magnitude of such potentially negative 
impacts and whether they can be adequately prevented or 
managed.

CAN POLICY & REGULATION ENHANCE SUSTAINABILITY?

Policy and regulatory measures can reduce 
negative impacts.

Policy can constrain use of feedstocks 
produced in sensitive areas.

Sustainable forest management practices can 
reduce negative impacts.

Sustainability measures are not implemented in 
all jurisdictions. 

Criteria for sustainability vary.

Monitoring and enforcement are lacking. 

Using marginal land can threaten biodiversity.

PRO CON
Limited 

agreement

30%

Renewable
energy

Farben GFR

         Stakeholders have called for the implementation of 
stringent sustainability criteria for bioenergy, related to 
land-use change, deforestation, pollution, greenhouse gas 
emissions and biodiversity. National or regional policies 
and regulations, and requirements imposed by supporting 
programmes, can ensure that such criteria are met. 

REN21, RESR, 2024

         It will be a major challenge to scale up 
biomass production to those levels while 
avoiding adverse environmental or social 
consequences. 

IRENA, WETO, 2023

DO BIOFUELS PROVIDE CO-BENEFITS?

Use of materials for bioenergy can have positive 
impacts.

Biofuels can be based on local resources.

Biofuels production can stimulate economic 
activity, especially in rural areas.

Combustion of biofuels continues air pollutant 
emissions.

Feedstock production can pollute water.

Feedstock production requires water.

Biofuel trade creates new dependence.

PRO CONInconclusive

         The short supply chains could create 
many skilled jobs, providing additional 
revenues in rural areas and driving industrial 
competitiveness.

JRC, Advanced Biofuels in the European  
Union, 2023

         We can never reach zero. If we use 
biogas, there are some lifecycle emissions. 
There are no zero-pollution solutions in the  
real world. All our creative efforts must 
be aimed at achieving net zero through 
appropriate engineering. 

Patrick Oliva, Transport Expert

ARE LARGE-SCALE 
BIOFUEL PRODUCTION 
AND USE SUSTAINABLE?
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Figure 31:  Survey - What energy source(s) do you consider to be "clean" and/or "sustainable"?

Only half of the experts responding to the survey 
think that biofuels and biomass are a clean and/or 
sustainable energy source.

The reasons for this are varied and explored in more 
detail below.
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Policy and regulation on sustainability
Policy and regulatory measures can be designed to favour 
bioenergy sources that rely on wastes, residues and crops 
grown on unused or underproductive land.

At a global level, various initiatives support sustainability for 
biofuels. For example, the Food and Agriculture Organization 
of the United Nations (FAO) has developed the Bioenergy 
and Food Security (BEFS) approach to support countries 
in designing and implementing sustainable bioenergy 
programmes, policies and strategies that promote food 
and energy security while advancing agricultural and rural 
development.232

The Global Bioenergy Partnership (GBEP) established 24 
voluntary indicators to guide and inform national analysis, 
policy development and monitoring.233 The Glasgow 
Declaration on Sustainable Bioenergy is an industry-led 
initiative to guide and support sustainability practices in woody 
biomass.234 Additionally, the International Organization for 
Standardization (ISO) developed sustainability criteria for 
bioenergy (ISO 13065:2015).235

At the national level, some countries have adopted 
regulations or standards to ensure that locally produced or 
consumed biofuels meet minimum sustainability standards.i 
Apart from the minimum requirements for GHG savings 
outlined above, the EU RED II prohibits the use of all biomass 
from primary and highly biodiverse forests (rather than just 
agricultural biomass, as under the previous rules) and the 
use of stumps and roots.236

Overall, awareness of the need for strict sustainability 
standards is growing, and this is leading to a widespread 
coupling of sustainability governance with schemes designed 
to provide financial support for biofuels use. This trend is 
expected to continue.

Certification plays a key role in verifying that sustainability 
regulations are met. Various certification schemes have been 
developed over the years, including by the Roundtable on 
Sustainable Biomaterials (RSB), the Council on Sustainable 
Biomass Production (CSBP), the International Sustainability 
& Carbon Certification (ISCC), the Roundtable on Sustainable 
Palm Oil (RSPO), the Roundtable on Responsible Soy (RTRS), 
Bonsucro, and the Forest Stewardship Council (FSC).237

The European Union developed detailed rules for the process 
for sustainability certification under the EU RED II, and the 
Commission has so far approved 15 certification schemes.238

Co-benefits of biofuels
Renewables can bring a host of other co-benefits, such as 
job creation and investment in local value chains. Unlike 
many renewable energy systems, many biofuels require 
considerable labour to produce, process and transport 
feedstocks as well as to manage conversion processes. This 
means biofuels production can be a stimulus to economic 
activity and create employment, especially in rural areas. This 
is further enhanced through the utilisation of co-products 
from the production process, such as organic fertilisers, oil 
cake and other commercial products, including opportunities 
for carbon storage.

IRENA estimated that in 2022 biofuel provided 2.5 million 
jobs.239 Under its 1.5°C Pathway, it estimated that 11 million 
additional jobs would be created by 2030 compared to 
the baseline scenario in agriculture and forestry to provide 
biomass feedstock.ii Additional jobs would be created for 
the installation and maintenance of infrastructure as well as 
business services.240

Renewables can co-exist with other activities, such as 
agriculture, as well as add value to existing infrastructure and 
degraded land.

i  Policies that aim to ensure minimum GHG emission savings from fuels were discussed in the chapter 5.3. “Do biofuels lead to real GHG 
savings?”, so we focus on other provisions here.

ii This includes biomass supply for non-transport uses.
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Biofuel production can have positive impacts. Anaerobic 
digestion of effluents to produce biogas and biomethane can be 
an important driver for improved treatment methods.241 Using 
crop residues as fuel rather than burning them in the fields can 
improve air quality.242

Enhanced energy security and reduced import dependence 
were major drivers for the implementation of biofuels policies 
in Brazil and the United States. Today, these same drivers are 
steering increased attention to biofuels for transport in India, 
Indonesia and other Southeast Asian countries. The increased 
use of bioenergy is also an important element in the European 
Union’s efforts to improve energy security.243

Overall, the contribution of biofuels to energy security depends 
on various factors:

• the potential for feedstock and biofuel production

• the demand for available biomass from other sectors

• the reliance on fossil fuel imports.

Countries with high oil or gasoline and diesel imports are more 
likely to promote biofuels to promote energy security. Even 
oil-producing countries, such as Brazil, often import refined 
gasoline and diesel and benefit from lowering these imports.244

SOCIAL AND ECONOMIC IMPLICATIONS
A danger concerning biomass production is the possibility that it 
could employ low-paid (below minimum wage) labour or involve 
child labour in the agricultural sector.i Large-scale biomass 
production in particular could potentially infringe on local land 
rights and protected tribal areas or out-compete small-scale 
local producers. Biomass certification schemes address these 
issues by requiring high labour standards, fair payment and 
informed local consent, but concerns that such standards may 
not be properly enforced persist.

GEOGRAPHIC DIFFERENCES
Biofuel production’s potential for negative effects on biodiversity 
and the quality and availability of air and water differs depending 
on local circumstances. Socio-economic factors such as 
demographics, politics (e.g. when involving land ownership) and 
culture influence whether bioenergy can be deployed at a site in 
a sustainable manner.245

Cars operated exclusively by ethanol were introduced in Brazil in 
1979246 and flex-fuel vehicles in 2003, and the country is home 
to the largest fleet of flex-fuel vehicles in the world.247 Flex-fuel 
vehicles are also available in other countries.

These are mostly E85 versions able to run on a mix with up 
to 85% of ethanol, although their deployment has been less 
successful compared to that of Brazil.

Generally, the effects of conventional energy crops are higher in 
all regions. This is however particularly the case in arid regions, 
where water use for energy crops can compete with other 
water uses. Similarly, effects on water quality from fertiliser and 
pesticides use could be higher in regions with low soil fertility, 
but this also depends on the potential alternative use of the land.

For biofuels from residues and waste, regional differences are 
less relevant. This is because negative impacts are mostly 
related to the actual production facilities and to the end use, 
which could be local or somewhere else if biofuels or feedstocks 
are traded internationally.

The amount of biomass feedstock needed to supply an 
enhanced contribution of bioenergy and biochemicals rises 
strongly in net zero and low-carbon scenarios compatible 
with ambitious GHG reduction ambitions.

Most biofuels are still produced using traditional feedstocks, 
such as maize, sugarcane, cereals such as wheat, and 
vegetable oils. The production of HVO and bio-jet fuels 
relies on an increased use of waste products, such as used 
cooking oil, but the supply of such materials is limited. 
Organic wastes can also be used to produce biomethane.

Many experts argue that the total available waste resource 
is constrained, with feedstock prices rising. The supply 
of such raw materials will not support a large increase 
in production if these fuels are envisaged in low GHG 
scenarios.248 Growth is therefore projected to rely on the 
use of other biomass feedstocks. Biofuels can also be 
produced from a wider range of 
crop and wood residues using a 
range of thermal and biological 
processes, but such processes are 
not yet widely deployed.

Experts also raise concerns that using food crops, such as 
wheat, corn, sugar and oil crops, as feedstocks for energy 
products could lead to food shortages or increase food 
prices. Others argue that there are many ways to improve 
the efficiency of food production and reduce waste, and 
that there is potential to supply both requirements.

Significant uncertainties therefore persist about the 
potential supply of feedstocks for bioenergy, especially when 
the concerns about the overall sustainability of biofuels and 
potential impacts on food supply are taken into account.

Views differ on whether large amounts of biofuels can 
be produced using feedstock that actually reduces GHG 
emissions and does not have negative effects on food 
production.

i  Similar to concerns outlined regarding mineral mining in Chapter 5, Section 1 above.
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IS THERE ENOUGH FEEDSTOCK SUPPLY?

New technologies will allow the large-scale 
processing of new feedstocks.

Using marginal lands can enable enhanced 
biofuel production. 

New feedstocks, such as algae, can provide 
additional feedstock.

Availability of continuous, and high-quality 
feedstock for individual large-scale processing 
plants is difficult to achieve economically.

The availability of wastes and residues is 
limited. 

PRO CON
Limited 

agreement

30%

Renewable
energy

Farben GFR

         Energy from waste is undoubtedly 
becoming more important in Asia, while 
China is rapidly rolling out these solutions, 
its potential is underexploited in other 
Asian countries. 

IEA, Will energy from waste become the 
key form of bioenergy in Asia?, 2018

         We know how to make biofuels, 
including bio-jet-fuel. But we don't know how 
to make large volumes sustainably. We might 
need on the order of exajoules if we want to 
run most ships and planes on biofuels. Trucks 
are another potential market vying for these 
fuels. We can probably supply all of this with 
oil-seed crops but it is probably unsustainable 
with respect to global agriculture and land-
use change. 

Lewis Fulton, UC Davis

CAN AGRICULTURE PRODUCE SUFFICIENT FOOD AND FEEDSTOCK?

The agricultural system is able to meet the 
demand for food and fuel.

Improved distribution of available food 
production can enhance efficiency.

Co-production of food and fuels can be 
mutually beneficial.

It will not be possible to produce enough for 
growing food and fuel needs.

Climate change threatens agricultural 
production in many regions. 

Production of biofuels can push up food prices. 

PRO CON
No 

agreement

         Asia will overtake the world in production 
of biofuels. India experiences regular excess 
in grain and cereals production that are 
usually dumped and wasted. These can be 
used for bioenergy production. Similarly 
in China straw and cereals are currently 
underutilised and can be used to produce 
ethanol. This over production of food in Asia 
has potential for providing farmers with new 
income streams.

Bharadwaj Kummamuru, World Bioenergy 
Association

         In practice, biofuels are not much 
considered right now. Feedstocks are not 
enough. There might be no competition with 
food production in Vietnam, in fact, food 
production is more attractive and crucial 
for food domestic consumption and for 
export purpose, so it is difficult to use edible 
feedstocks for biofuel production. 

Le Anh Tuan, Hanoi University of Science  
& Technology

30%

Renewable
energy

Farben GFR
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Feedstock demand and supply

Feedstock requirements
The role of bioenergy in other low-emission scenarios varies 
widely, depending on the extent to which it replaces fossil 
fuels and other sources in primary energy supply and the role 
that bioenergy with carbon capture and storage (BECCS) plays 
in carbon removals.249 In the IPCC scenarios, the biomass 
requirements vary from 40 EJ to 312 EJ. A review of other 
scenarios found a range of 45 EJ to 153 EJ.250

In 2020, global biomass supply for energy (excluding 
traditional biomass) amounted to some 38 EJ (up from 27 EJ 
in 2010). The IEA NZE scenario assumes that 100 EJ per year 
of biomass feedstock will be needed by 2050 for uses across 
all sectors.251 IRENA estimates that by 2050, 135 EJ per year 
of biomass would be required to remain below 1.5°C,252 with 
both organisations projecting a phase-out for the traditional 
use of biomass.

IRENA projects the use of bioenergy for transport to be 12 EJ 
by 2050, up from 9.1 EJ by 2030,253 and the IEA estimates that 
11 EJ of modern liquid bioenergy will be required by 2050, 
although demand peaks at 13 EJ in 2035.254

Feedstock availability
At present, feedstock availability is not a major impediment to 
short-term increases in biofuel production and use. However, 
there are indications that some preferred feedstocks, such as 
waste and virgin vegetable oils, are becoming short in supply.255

For example, total available vegetable oil supply is constrained, 
with feedstock prices already rising in some countries, such as the 
United States. The supply of alternatives, such as used cooking 
oil and animal fats, provides limited relief, even if all supply were 
directed towards bioenergy use. Additional supply will be needed 
from a broader range of wastes, such as palm oil mill effluent, 
tall oil and other agribusiness waste oils. Growth is therefore 
projected to rely on the use of other biomass feedstocks. These 

include feedstocks suitable for conversion via hydrogenation 
through the conversion of ethanol to renewable diesel, bio-jet 
and other hydrocarbons, or particularly of cellulosic residues 
such as crop and forestry residues.256

Bioenergy and overall development in the agricultural and forestry 
sectors are closely linked, and it is not possible to precisely 
determine the scale of bioenergy and BECCS deployment at 
which negative impacts outweigh benefits. Biomass availability 
also depends on many factors, including market demand, 
climate features, management, interactions with other markets, 
and sustainability criteria.

The IPCC has summarised recent assessments of the technical 
biomass potential, considering constraints for food security and 
environmental considerations. Its results indicate a potential 
of 4-57 EJ per year for residues and 46-245 EJ per year for 
dedicated biomass crops.257 A recent study by IRENA came to 
similar conclusions and estimated that the technical potential 
for energy from residues is between 30 EJ and 60 EJ per year.258

These estimates are generally lower than previous assessments. 
Earlier estimates varied from 47 EJ to 1,500 EJ for all feedstock 
sources, especially studies conducted up to 2007. More recent 
global assessments have a narrower range, particularly because 
they more strongly reflect likely limits on using land specifically 
for energy crops, but there is still not a strong convergence in the 
estimates. A meta-analysis of these estimates by IEA Bioenergy 
in 2020 concluded that biomass potential for the 2050 to 2100 
period probably lies within a range of 100 EJ to 250 EJ.259

The wide range of estimates is based on various factors:260

• the type of biomass resources considered by studies
•  the approaches used to determine the availability of a specific 

resource for bioenergy use
•  the assumptions made about key parameters, such as the 

availability of arable land, yield and population development
• the definition and availability of marginal and degraded lands
• the sustainability criteria applied.

Figure 32:  Annual bioenergy demand and supply potentials according to energy and 
climate scenarios
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Agricultural production and food distribution
The total production of calories is currently sufficient to feed 
the world population. However, availability and access to food 
is unequally distributed, and there is a lack of nutrient-dense 
foods, fruit and vegetables.261 Hunger affected between 691 
million and 783 million people in the world in 2022, some 
9.2% of the global population.262 It follows that both the overall 
production of calories and their distribution across regions are 
important.

The number of people affected by hunger has increased since 
2019 due to the Covid-19 crisis and the Ukrainian war. The major 
drivers of food insecurity and malnutrition are poverty, conflict, 
climate extremes, and economic slowdowns and downturns.263 
However, there are also losses within the food supply chain. 
According to the FAO, around 14% of the world's food is lost 
after it is harvested and before it reaches the shops. The United 
Nations Environment Programme (UNEP) has shown that a 
further 17% of our food ends up being wasted in retail and by 
consumers, particularly in households.264 Reducing such losses 
can be one element to enhance food security and enable growth 
in bioenergy supply at the same time.

In addition to the current challenges in many regions, global 
food consumption (in calories) is projected to increase by 
1.3% per year over the next decade, driven by income and 
population growth. Demand for livestock, aquaculture, milk 
and dairy products is also projected to grow, increasing overall 
feed demand.265

Calorie intake is however only one factor in human diets. 
“Sustainable healthy diets” have been defined by the FAO 
and WHO as “dietary patterns that promote all dimensions of 
individuals’ health and wellbeing; have low environmental pressure 
and impact; are accessible, affordable, safe and equitable; and 
are culturally acceptable”.266 While some people lack access to 
calories, others lack access to nutritious foods or favour harmful 
foods based on cost or cultural conventions. Improving the 
nutritional balance of diets could improve the overall health of 
societies and reduce pressures on food systems.267

Measures to improve food production
Several actions related to improved land and resource 
management and efficiency would make the required food 
supply easier to achieve, and therefore potentially release 
land for bioenergy production.268 These include, for example, 
improving food crop yields through improved crop varieties and 
management practices. Narrowing the “yield gap” between 
best practice and achieved food production in particular will 
enable more to be produced on less land.

Improvements can also be made in the land efficiency of animal 
husbandry, which could make more efficient use of the land 
used to raise animals for meat and dairy products. Moreover, 
efficiency in food production can be improved notably by 
reducing food waste and losses. Afforestation of derelict and 
abandoned land could also provide significant resources for 
local food and energy use.

The FAO supports the co-production of food and fuel when 
done appropriately. It has developed the BEFS Approach to 
support countries in designing and implementing sustainable 
bioenergy programmes, policies and strategies. The 
approach promotes food and energy security and contributes 
to agricultural and rural development. It consists of tools 
and guidance to support countries through the main stages 
of the bioenergy policy development and implementation 
process.269

Biofuel production and food price development
In 2008 and 2009, concerns were raised when a period of 
strong increases in global biofuel production coincided with 
increasing food prices. However, subsequent analysis showed 
that many factors (including high energy prices and market 
speculation) also contributed to these increases, with bioenergy 
being only one factor in a complicated picture.270 The general 
increase in energy prices at that time was considered to be 
the dominant influence on developments in commodity, and 
especially food, markets. The use of commodities by financial 
investors (the so-called financialisation of commodities) is also 
considered to have played an important role.

SOCIAL AND ECONOMIC IMPLICATIONS
Biofuels production can create new employment opportunities 
for skilled and unskilled workers. It can also provide additional 
opportunities for farmers to diversify their income. Its impacts 
on food prices are as yet not well understood and will be lower 
for biofuels based on residues and waste feedstocks. However, 
if there are effects on local food prices or availability, the most 
vulnerable populations will be affected most as the share of 
income spent on food is higher in lower income households.

GEOGRAPHIC DIFFERENCES
There are large differences in the potential for biofuel 
production, based on the local availability of biomass. For 
traditional biofuels, this depends mostly on the available land 
area and climatic conditions. For advanced biofuels from 
residues, production potential relies additionally on the types 
of crops typically grown and forestry practices deployed, which 
determine the amount of residues available. Waste-based fuels 
rely more on the size of the population and any industries that 
produce usable waste products.

Views on the potential to scale up biofuel production 
without compromising food security vary depending on the 
available production potential for biofuels and agricultural 
products. Countries with significant potential often focus on 
the opportunities from enhanced biofuels production, while 
regions with low local potential and the need for imports often 
take a much more cautious approach.
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6. GUIDING QUESTIONS FOR INFORMED  
DECISION MAKING

We are not providing any conclusions or policy 
recommendations for this report. The objective is to explore 
different perspectives and to pinpoint areas with significant 
disagreement on the “right” path forward. Decisions are 
not taken at a global level, as a look at global scenarios may 
suggest, but at a national, and sometimes local, level. They 
are highly dependent on national circumstances, influenced 
by existing infrastructure, fuel mix, renewables potential, 
available funds and governance structures. Accordingly, 
chosen solutions will differ across the globe.

The previous sections highlight arguments on both sides of the 
spectrum to help decision-makers and stakeholders understand 
what the relevant issues are. The facts and resources supporting 
these arguments hopefully provide a sound basis for national 
debates. We are not providing final answers.

This section provides a set of guiding questions to help focus 
the discussion and enable well-informed decision-making 
at the policy level as well as for individual project developers. 
The questions aim to ensure that decisions are based on a 
broad consideration of the issues and on their relevance in 
the respective local context. Not all questions will apply in all 
settings and to all stakeholder groups.
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PRODUCTION OF RENEWABLE FUELS

CURRENT SITUATION
  Which renewable energy sources are available 
in your country and region? How much are you 
already using them?

  Is electricity generation owned privately or by the 
state (including state-owned enterprises)?

  Is the transport fuel production owned privately or 
by the state?

  What is the cost of different renewable electricity 
generation technologies in your country? Are they 
competitive with fossil fuel alternatives yet? Which 
policy frameworks influence the competitiveness 
of different fuels?

  Do you already have local biomass feedstock 
production? Is that used locally or exported? Are 
there any sustainability concerns with the current 
production? 

  Are policies in place to ensure the sustainability  
of renewable fuels?

OUTLOOK
  What are the existing plans to expand? Are 
renewable capacity projects in the pipeline?

  Could changes in ownership structures of power 
generation facilitate sustainable development?

  Are there any plans to change the ownership 
structures of transport fuel production?

  Can additional renewable energy production 
and use improve local economic development? 
Which renewable fuels are most likely to provide 
the largest added value locally? Which policy 
frameworks could support the competitiveness of 
renewable fuels?

  What are the biomass potentials available in your 
country?

  Are there further possibilities to enhance the 
sustainability of renewable fuels in your country?

ENERGY DEMAND

CURRENT SITUATION
  Do you have universal access to electricity?

  Is transport already using renewable fuel in 
your country? Which fuels and to what extent?  
For which types of vehicles?

  How much is invested in research and 
development and innovation for renewable 
transport fuels in your country? How much 
by public entities? How active is the private 
sector?

  What is the energy mix for each end-use 
sector? Is all demand met? 

  How much fossil fuel do you import?  
How much of this is for transport purposes?  
How much of your GDP is used for this 
purpose?

  Are vehicle users allowed to generate their 
own renewable electricity (e.g. for public 
transport or fleet operators)? 

  What is the share of different modes in your 
country? What measures are in place to avoid 
motorised transport and shift to more efficient 
modes of transport? 

  Does your country have vehicle energy or CO2 
efficiency standards or import restrictions?  
For which types of vehicles?

OUTLOOK
  Are renewables likely sufficient to meet local 
electricity demand across all sectors?

  Do you foresee the need for renewable fuel from 
transport increasing? For which fuels and for 
which vehicles? Is any demand growth based on 
customer choices or policy?

  What energy mix do you expect for each sector in 
the future? How does that fit with existing plans for 
electricity and fuel production capacity?

  If you have your own oil resources: are different 
uses possible? What is the economic value of such 
alternatives?

  Is decentralised electricity production considered 
as an option in energy planning?

  Which mode shares do you expect for the future? 
Are there plans in place for how to achieve these? 
How are these funded?

  Are there plans to implement new or enhance 
(scope, i.e. including more vehicle types or levels) 
existing standards or import restrictions?

ELECTRICITY

HYDROGEN

BIOFUELS
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CURRENT SITUATION
  Do you have local vehicle production?  
For which type of vehicles?

  Do you have battery production capacity in the 
country?

  Does your labour force have the necessary skills 
to build and maintain new vehicle technologies?

  Which policies and incentives exist to influence 
the vehicle technology choices of manufacturers 
and/or customers?

  What are the requirements of fleet operators in 
your country? What types of vehicles do they use? 
How are they typically operated?

  Are policies in place to address the re-use and 
recycling of vehicles and components? What 
about regulations for safe disposal?

OUTLOOK
  Do plans exist to expand existing capacity or 
develop new production capacity? Are there 
plans to transition to alternative fuel vehicles (EV, 
FCEV)? 

  Are you planning to expand or develop new 
production capacity?

  Are new or additional measures to influence 
vehicle technology choices of manufacturers and/
or customers planned?

DISTRIBUTION OF RENEWABLE FUELS

CURRENT SITUATION
  How reliable is your power grid?

  Do you have gas infrastructure that could be 
upgraded for hydrogen use?

  Who owns and operates transport fuel 
distribution systems in your country? Is it 
publicly or privately operated? 

OUTLOOK
  Are there existing plans to upgrade? Do you need 
additional upgrades for enhanced electricity use in 
transport? Are there options for off-grid solutions?

  Are there plans or projects under development to 
upgrade gas infrastructure?

  What would new renewable fuels for transport 
mean for those transport fuel distribution systems? 
What are the cost implications for different fuel 
types? Who would fund this?

VEHICLES

CURRENT SITUATION
  How much do you earn from taxes on transport 
fuels? How much do you spend on subsidies for 
transport fuels?

  How do renewable transport fuels compare to 
fossil fuel alternatives for customers at the petrol 
station and over the vehicle lifetime?

  Which negative externalities do you experience 
from the use of fossil fuels in transportation (e.g. 
trade balance, health effects)?

  Where are public budgets invested in today 
(regarding electricity, fuel and transport 
infrastructure)?

OUTLOOK
  How would renewable fuels change this? Which 
measures could mitigate these changes, if 
necessary?

  Is there any need for action to ensure affordability 
of mobility?

  Which benefits can you expect from the enhanced 
use of different renewable fuels in transport in 
your specific national circumstances, in addition to 
reduced GHG emissions?

  Which benefits can you expect from the enhanced 
use of more efficient modes of transport, e.g. 
public transport, rail and shipping for freight? 
Which benefits can you expect from avoided 
transport and enhanced non-motorised transport?

  Could some of these funds be redirected to 
support a higher uptake of renewables in the 
sector?

COST AND BENEFITS

ELECTRICITY

HYDROGEN

BIOFUELS
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ANNEX 1: SCENARIO DESCRIPTIONS

IPCC SCENARIOS

The IPCC report Climate Change 2022: Mitigation of Climate Change contains a chapter 
on mitigation options for the transport sector. It includes a wide-ranging review of 
scenario analysis covering modelling by Integrated Assessment Models, as well as 
sectoral and regional modelling.271 The report also analyses three Illustrative Mitigation 
Pathways (IMPs) that limit warming to 1.5°C with no or limited overshoot (C1)i, including:

IMP-SP: Highlights pathways that align with both Sustainable Development Goals and 
climate policies. The scenario involves a reduction in energy for transport of about 40% 
by the end of the century. Fossil fuels are phased out and there is a switch to electricity 
and biofuels. Hydrogen provides a minor share by 2100. IMP-SP has a steady decline of 
transport sector CO2 emissions over the century and, by 2050, this scenario has a 50% 
reduction in emissions compared to 2020 levels.

IMP-REN: Focuses on deep renewable energy penetration and electrification. The 
scenario is characterised by a reduction in energy demand until 2050, followed by an 
increase back to modelled 2020 levels until the end of the century. By 2050, fossil fuels 
still represent two-thirds of fuel used, supplemented by 25% electricity. The final fuel 
mix in 2100 relies mostly on electricity and biofuels, with a minor share of hydrogen 
and a similar share of remaining fossil fuels. CO2 emissions from the transport sector 
decrease to 20% of 2020 levels by 2050.

IMP-LD: Emphasises low demand pathways. In this scenario, overall fuel demand 
decreases by 45% compared to 2020 levels by 2100. Oil is largely phased out by 2050, 
and electricity and hydrogen become the major fuels in the second half of the century. 
CO2 emissions from the transport sector decrease to 10% of 2020 levels by 2050.

The differences between these scenarios show the breadth of different visions for the 
future of sustainable transport and the relative importance of demand management, 
efficiency and the principal low GHG fuel options.

OTHER SCENARIOS

The key elements of some other specific scenarios compatible with a net zero or 1.5°C 
temperature rise objective are compared in Chapter 2.

Overall energy sector scenarios

IEA’s Net Zero Emissions Scenario:272 The Net Zero Emissions (NZE) by 2050 
scenario relies on the deployment of a wide portfolio of low-emissions technologies 
and emissions reduction options to reach net zero CO2 from the energy sector by 2050. 
The scenario achieves this without offsets from land-use measures but does utilise 
DACS and BECCS. The scenario combines ambitious energy efficiency measures with 
a rapid increase in renewable energy through the deployment of more than 550 clean 
energy technologies. The scenario is underpinned by detailed analysis of project lead 
times for minerals supplies and clean energy technologies as part of efforts to ensure 
the feasibility of the deployment.

IRENA 1.5°C Scenario:273 The focus of this scenario is on the rapid deployment of 
renewable energy in all end-use sectors. The largest GHG reductions come from 
the use of renewables in power generation and for direct uses in heat and transport, 
combined with energy conservation and efficiency. In all, 19% of total abatement by 
2050 comes from the direct electrification of end-use sectors. Another 19% comes 
from carbon removal measures, including carbon capture and storage (CCS), BECCS 
and other measures.

Bloomberg’s Net Zero Scenario:274 This scenario combines faster and greater 
deployment of renewables, nuclear and other low-carbon dispatchable technologies in 
power with the uptake of cleaner fuels in end-use sectors, most notably hydrogen and 
bioenergy. CCS accounts for 11% of all emissions abated over the scenario period.

Transport sector scenarios

TUMI 1.5° Scenario:275 The TUMI Transport Outlook 1.5°C aims for a clearly defined 
carbon budget of 110 gigatonnes (Gt) of CO2 until 2050 for the global transport sector, 
representing 26% of the total carbon budget of 400 Gt of CO2 as estimated by the IPCC. 
The modelling is based on the One Earth Climate Model (OECM), an energy model that 
was expanded to increase accuracy and resolution for transport demand projection 
and in the regional and global transport energy demand calculation. Removals in the 
scenario come exclusively from natural carbon sinks, without the utilisation of technical 
carbon removal technologies such as CCS or BECCS.

ITF High Ambition Scenario:276 This scenario is based on a set of bottom-up transport 
modelling tools that form a framework to test the impacts of policies and technology 
trends on transport activity and GHG emissions. The scenario provides detailed 
projections for transport demand for passengers and freight, with a slight reduction in 
passenger-km by 2050, but a 20% drop in tonne-km. Most GHG emission reductions 
come from shifts to cleaner modes of transport and the rapid adoption of zero emission 
vehicles (ZEVs).

ICCT 1.5°C Pathway Scenario:277 This “ambitious yet feasible” decarbonisation 
scenario combines measures that are technologically feasible while also considering 
practical matters such as cost, time required to achieve large-scale production and 
deployment, and differences in advertised versus real-world emissions. Emissions 
reductions come mainly from efficiency improvements of vehicles and operations, the 
adoption of ZEVs, electrification, and renewable fuel use for the remaining ICE vehicles.

i  IPCC scenarios are divided into eight different “climate categories” based on 21st century warming outcomes – labelled C1 through to C8. The C1 scenario aims to keep global temperatures below 1.5C with no or limited overshoot.
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