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Road transport is estimated to represent over 70% 


of GHG emissions from the overall transport sector 
 by 2050, if no further measures are taken. Energy 
 demand for transport is growing much faster than any 
 other sector. Transport still relies heavily on fossil fuels 


and has the lowest share of renewables, lagging far 
 behind developments in the power generation sector 
 as well as other end-use sectors. In 2018, transport 
 represented 29% of total final energy consumption, 
 but only 3.7% of this was met by renewable sources.



EXECUTIVE SUMMARY



EXECUTIVE SUMMARY


ENERGY CONSUMPTION AND RENEWABLE ENERGY SHARE IN THE TRANSPORT SECTOR, 2018


Source: own illustration based on IEA sources.
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A rapid and fundamental shift is required in the 
 transport sector to enable the decarbonisation required 
 to meet the objectives of the Paris Climate Agreement. 


Renewable energy will need to play a fundamental role in 
 the transport systems of the future, which will be much 
 more complex, with multiple players, technologies and 
 direct implications for energy generation. 


The transport and energy sectors are highly interlinked. 


To decarbonise our economy the transport and energy 
 sectors thus need to align their strategies. The uptake 
 of renewables in road transport depends on the rapid 
 decarbonisation of the electricity sector, for direct use of 
 electricity and for the production of renewable hydrogen, 


supplemented by the supply of advanced biofuels, 
 particularly for use in heavy-duty trucks. 


Renewable energy solutions for the road transport 
sector need to be embedded in a wider framework 
of actions that also reduce the demand for transport 
services, shift the choice of transport modes and increase 
the efficiency of vehicles (other elements of the Avoid-
Shift-Improve framework). Decarbonising the sector with 
renewables will only be possible with ambitious policies 
that address all these aspects and that take an integrated 
view of the implications for the wider energy system, 
considering the sustainability of the overall supply chain 
of different technology solutions. 



(8)Experts need to make it easy for decision-makers 
 and customers to manage increasing complexity. 


Renewable transport solutions need to be tailored to 
 the specific context and use case. To achieve this, a 
 large variety of actors need to improve collaboration to 
 develop economically and financially viable solutions 
 that appeal to end users.


Investment decisions on renewable energy generation 
 and distribution infrastructure focus on finding the 
 right technology for a given local context and depend 
 on the specific local combination of demand, available 
 energy sources and feedstocks, distribution options 
 and economically feasible production processes. In 
 comparison, the road transport sector is traditionally 
 more concerned with the vehicle technology and the 
 required fuel infrastructure. 


Which vehicle technology – with its corresponding 
 renewable fuel – is most appropriate depends strongly 
 on the type of vehicle and the use case. Passengers 
 or freight, small or large vehicles, urban or non-urban, 
 short or long distance, individual vehicles or fleets – all 
 have different demands on the vehicle technology. 


Finally, there are differences in the development level of 
 countries and regions, influencing renewable transport 
 challenges and opportunities. There is no ‘one size fits 
 all solution’ for enhancing the uptake of renewables in 
 road transport. 


Biofuels are still the dominating renewable energy 
 source in the transport sector, largely driven by 
 blending mandates, which exist in at least 70 countries, 
 although mostly with low blending rates. Biofuel 
 production is still mostly first-generation ethanol 
 and biodiesel, although the production of advanced 
 diesel substitute fuels (HVO/HEFA) is increasing. The 
 production of renewable electricity-based hydrogen 
 is still very low, although the number of projects and 
 installed hydrogen electrolyser capacity have grown 
 considerably. Production processes for advanced 
 biofuels and for PtX are not yet available at commercial 
 scale, with the exception of HVO/HEFA.


ACTORS IN THE RENEWABLE ENERGY AND TRANSPORT SECTORS


Source: own illustration.
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Internal combustion engines dominate the vehicle 
 market, accounting for 99% of the passenger cars 
 produced worldwide, with the majority of these being 
 gasoline or diesel. Shifts to new powertrains, such as 
 battery electric or fuel cell electric vehicles, require 
 major investments from the automotive sector as 
 well as for charging and fuelling infrastructure. Many 
 countries have put in place incentives for vehicle 
 purchases as well as for the development of associated 
 infrastructure. As a result, electric car sales have been 
 growing steadily in recent years. 


Increasing demand from transport electrification and 
 growing variable renewable energy generation require 
 a new paradigm concerning how electricity systems 
 work. Technical solutions to capture synergies between 
 the transport and energy system exist: unidirectional 
 controlled charging (V1G) solutions are already 
 commercially available. However, bi-directional vehicle-
 to-grid (V2G) solutions and vehicle-to-home/building 
 (V2H/B) technologies remain in early deployment 
 stages. Flexible power tariffs and power market reforms 
 to enable and support such solutions are only slowly 
 being implemented in individual countries.


Currently, only a few policies directly link renewable 
 energy and transport ambitions. Truly integrated 
 planning across sectors is largely absent, although the 
 EU is in the process of developing a pioneering energy 
 system strategy that integrates transport and other 
 end-use sectors. At least 28 cities and 39 countries 
 or states/provinces had independent targets both for 


EVs and renewable power generation, but the level of 
 ambition varies and is in most cases not sufficient for a 
 full decarbonisation across sectors. Only two countries 
 have incentive schemes that link renewable energy 
 requirements to vehicle or infrastructure subsidies.


THE ROLE OF RENEWABLE ENERGY IN ROAD TRANSPORT IN 
 THE OVERALL ENERGY SYSTEM APPROACH


Source: own illustration
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(10)The following recommendations aim to provide high-level guidance regarding what needs to happen to increase the 
 share of renewable energy in road transport:


Set long-term legally binding decarbonisation targets with a clear deadline and intermediate targets.  


GHG emission targets need to be set economy-wide, energy sector wide, transport sector wide, 
 and for individual transport sub-sectors. These targets need to be complemented by a clear vision 
 regarding the renewable energy pathways to achieve them. Energy and transport sector targets need 
 to be aligned and are ideally the result of integrated planning. Assigning clear responsibilities for target 
 achievement is paramount.


Be clear on technology choices.  


In designing policy instruments, decision-makers need to make a conscious decision in terms of 
 whether they favour specific vehicle technologies such as battery electric or fuel cell electric vehicles, 
 and thus specific renewable fuels, or if they leave this up to the market. 


Ensure a life-cycle approach.  


The transport sector needs to be accountable for up- and downstream emissions. A ‘well-to-cradle’ 


approach should be adopted as battery electric vehicles, hydrogen vehicles and biofuels gain market 
 shares, extending beyond vehicle operation to vehicle production and recycling/disposal as well as 
 fuel production and distribution. 


DEFINE A NATIONAL LONG-TERM ROADMAP FOR ENERGY AND TRANSPORT SYSTEM 
 DECARBONISATION
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Create space for collaboration across sectors.  


Energy and transport actors at all levels need institutionalised and permanent platforms to exchange 
 and discuss tailored low-carbon vehicle choices and renewable energy solutions for their local context.


Ensure collaboration, coherence and consistency between decisions and policies made at different 
 levels of government.  


National regulation and policies need to enable local actors to implement renewable energy solutions 
 that build on the locally available resources and are fit for the local circumstances and needs of their 
 transport systems. 


ENHANCE COLLABORATION BETWEEN THE ENERGY AND TRANSPORT SECTORS AND ENSURE 
 MULTI-LEVEL GOVERNANCE FOR THE IMPLEMENTATION OF RENEWABLE ENERGY SOLUTIONS



2


Ensure the consistency of policy instruments.  


There are several instruments in place that promote either renewable energy or low-carbon transport 
 technologies. These instruments are often not well coordinated and might be inconsistent, which 
 compromises their effectiveness to increase the share of renewables in transport. Other existing 
 instruments such as fossil fuel subsidies provide counteracting incentives for renewable transport and 
 should thus be removed.


Implement tailored support for renewable energy solutions identified in the roadmap.  


All renewable energy technologies require dedicated support to enable the speed of deployment 
 required for the decarbonisation of the transport sector and the overall energy system.


Provide frameworks to capture synergies between the renewable energy and transport sectors,  
 starting with the ‘low-hanging fruit’ which is electric mobility. With the growing electrification of vehicle 
 fleets, grid integration of EVs is one of the key areas where challenges and synergies across sectors need 
 to be addressed.


TAILOR POLICY INSTRUMENTS TO EFFECTIVELY IMPLEMENT THE ENERGY-TRANSPORT 
 ROADMAP 



3



(12)While many challenges for enhancing the uptake of renewables in road transport are relatively 
 universal, the details vary – and so do the solutions. A toolset is needed to conduct context-specific 
 diagnosis of the barriers and solutions for specific renewable fuels/electricity and low-carbon vehicles. 


This will support policy-makers in designing more adequate and effective regulatory and policy 
 frameworks. 


DEVELOP TOOLS FOR ASSESSING CONTEXT-SPECIFIC CHALLENGES AND SOLUTIONS



5


Develop a better narrative.  


Both the renewable energy community and the transport community would highly benefit from a 
 joint/cross-sectoral narrative that clearly emphasises the benefits of renewable energy and other 
 complementary elements of the ASI framework in addressing the mobility needs of citizens and 
 businesses, namely the provision of clean, reliable and affordable transport.


Ramp up formal training for new skillsets.  


Enhanced formal training is needed in the context of the energy and transport systems of the future. 


Training programmes at universities and vocational trainings need to be updated to account for the 
 linkages across sectors to better educate new generations of policy-makers, engineers, transport/


energy/urban planners, economists, business owners, entrepreneurs, and other future decision makers.


IMPROVE CROSS-SECTORAL KNOWLEDGE, DIALOGUE AND AWARENESS BETWEEN THE 
 RENEWABLE ENERGY AND TRANSPORT COMMUNITIES



4
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INTRODUCTION


When we talk about renewable energy, we first think 
 about wind turbines, solar photovoltaic (PV) systems 
 and other technologies for power generation. This is 
 not surprising, seeing the tremendous development 
 in this area over the last decades. Variable renewable 
 energy (VRE) has become a mainstream electricity 
 source and is increasingly cost-competitive compared 
 to conventional fossil fuel-fired power plants. However, 
 over 80% of final energy demand comes from heating, 
 cooling and transport where the advance of renewable 
 energy continues to lag far behind. 


Energy demand for transport is growing much faster 
 than any other sector and has the smallest share of 
 renewables than any other sector.1 In 2018, transport 
 represented 29% of total final energy consumption, 
 but only 3.7% of this was met by renewable sources.2  
 Because of a high reliance on fossil fuels, the transport 
 sector was responsible for 25% of global energy-
 related carbon dioxide (CO2) emissions in 2018.3
 Unlike other sectors, there is no sign of a change in 
 trend and enhanced efforts are clearly needed.4


Even if all of the announced policy measures are 
 implemented, the transport sector is expected to 
 increase greenhouse gas (GHG) emissions by 60% up 
 to 2050, largely driven by increasing freight and non-
 urban transport.6


This report focuses on road transport, which is 
 estimated to represent over 70% of GHG emissions 
 from the sector by 2050, if no further measures are 


taken (see Figure 1.2).7 This report therefore explores 
 options for speeding up the deployment of renewable 
 energy in road transport.i


A rapid and fundamental shift is required in the 
 sector to enable the decarbonisation required to 
 meet the objectives of the Paris Climate Agreement.8  
 Renewable energy will need to play a fundamental role 
 in the transport systems of the future. 



1. INTRODUCTION


FIGURE 1.1:  ENERGY CONSUMPTION AND RENEWABLE ENERGY SHARE IN THE TRANSPORT SECTOR, 2018


Source: own illustration based on IEA sources.5
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(16)This will need to be a part of an integrated effort 
 that increases the efficiency of the transport system 
 and of vehiclesi, promotes non-motorised modes 
 of transport and avoids some transport activity 
 altogether, while securing mobility of people 
 and goods (see Section 2.2). At the same time, 
 electrification of the transport sector provides an 
 opportunity for demand-side management through 
 electric vehicles (EVs).10


The renewable energy community has been 
 mainly concerned with finding economically 
 viable combinations of supply and demand, often 
 supported by policy instruments that trigger demand 
 for renewables or make renewable options more 
 competitive. With the rapid decrease in cost for many 
 renewable electricity technologies,ii fully renewable 
 scenarios are increasingly feasible and cheaperiii.11  
 The transport sector has had a strong focus on the 
 efficiency of vehicles in the past, although efficiency 
 gains have largely been offset by the growing number 
 and increasing size of vehicles.12  


Electrification receives increasing attention, mainly 
 driven by developments in China, and more recently 
 the EU and California. Electrification offers a good 
 opportunity to decrease transport-related GHG 


emissions, particularly for countries with high shares 
 of renewables in power generation. Although efforts 
 to reduce air pollution have been the main driver for 
 the EV exponential market growth over the last years, 
 linkages between renewable power which also has air 
 quality benefits, and electric vehicles are rare.13
 Direct electrification is not (yet) a broad solution 
 for some transport modes, like long-haul freight, 
 shipping and aviation. The development of electricity-
 derived liquid or gaseous fuels, so-called electro-
 fuels,iv is a new pathway to develop renewable-based 
 fuels, including renewable hydrogen or ammonia. 


These could be added to the renewable solutions 
 portfolio available to decarbonise transport, which 
 has so far mostly relied on conventional biofuels. 


These are technically mature, need no alterations to 
 the vehicle - at least for lower blends - and have a 
 history of government support, especially in Brazil 
 and the United States (US). Advanced biofuels 
 and renewable electro-fuels are mostly still in the 
 development phase and require additional support to 
 accelerate large-scale solutions and reduce costs.14  
 To date, most policy support for transport 


decarbonisation has focused on conventional 
 biofuels and fuel economy policies. More integrated 
 FIGURE 1.2: CO2 EMISSIONS GROWTH UNDER CURRENT POLICIES 2015 – 2050


Source: own illustration based on data from ITF.9
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planning, dedicated policies and investment are 
 needed to link alternative propulsion transport such 
 as electric vehicles to renewable energy sources. 


Increasing the share of renewables in the 
 transport sector requires massive investments 
 for production capacity and, for some solutions, 
 also for distribution infrastructure and in the 
 automotive industry. A joint understanding of the 
 future trajectory for renewables in the transport 
 sector will allow for targeted policy frameworks and 
 provide long-term certainty for investors and project 
 developers to ramp up investment in renewable 
 energy solutions.


This report explores both the renewable energy 
 supply perspective and the transport sector 
 perspective in order to foster enhanced mutual 
 understanding of the challenges and opportunities 
 to rapidly increase the use of renewables in the 
 transport sector. The focus is on where and how 
 enhanced collaboration and better integration of the 
 sectors is needed for the benefit of all. 


The transport and energy sectors are highly 
 interlinked. To decarbonise our economy the 


transport and energy sectors thus need to align their 
 strategies. These sectors and all of the actors involved 
 (see Figure 2.2) must work together to make the 
 radical shift needed to phase out fossil fuels, address 
 climate change and ensure the health of citizens.15
 To ensure a common understanding, Part I of 
 the report provides an overview of key concepts, 
 available technologies and their market trends, as 
 well as existing policy frameworks. Part II discusses 
 potential future pathways and analyses key challenges 
 deterring renewables penetration in the transport 
 sector. Finally, the report presents guidelines for 
 action that aim to overcome the identified challenges.


In developing this report, a workshop was held 
 in September 2020 with stakeholders from the 
 renewable energy and transport communities 
 Discussions of the key challenges and 


recommendations which took place at the workshop 
are reflected in the findings of this report.



(18)SIDEBAR 1: IMPACT OF COVID-19 ON THE UPTAKE OF RENEWABLE ENERGY IN THE ROAD TRANSPORT SECTOR


As lockdowns were imposed by governments worldwide in 
 2020 in response to the global health crisis of coronavirus 
 (Covid-19), economic activities decreased substantially and 
 total energy demand fell. Oil prices also dropped due to 
 recent dynamics in the global oil market. Renewable energy 
 has so far been the energy source most resilient to Covid 19 
 lockdown measures. 


In the first quarter of 2020, global use of renewable energy 
 in all sectors increased by about 1.5% relative to the same 
 period in 2019. Although renewable electricity has been 
 largely unaffected, demand has fallen for other uses of 
 renewable energy, including transport.16


Calls for a “green recovery” have gained momentum, with a 
 broad coalition of actors advocating for ambitious stimulus 
 packages that prioritise renewable energy, energy efficiency, 
 grid modernisation and resource-efficient transport. 


Rebalancing transport options post-Covid to ensure 
 communities have access to reliable, convenient, affordable 
 and sustainable transport will be essential to decarbonise 
 and reboot our economy. The shift in travel demand and 
 the operating landscape from Covid-19 will require new 
 strategies and commercial models.17 Despite governments’ 


stressing the need for recovery plans that contain actions 
 towards cleaner energy use in the transport sector, only 
 a few have included climate actions for transport in their 
 recovery plans.18  


The following are some examples of the inclusion of the 
 transport sector in national recovery plans:


•  Spain’s plan for boosting the automotive industry refers 
 explicitly to decarbonisation and the need to achieving 
 climate neutrality by 2050 through an economic and 
 technological transformation.19  


• In France, a EUR 20 million (approximately USD 22 
 million) fund was launched to support cycling when 
 lockdown measures were eased, subsidizing bicycle 
 repairs, cycling parking spaces and cycling training.20 The 
 recovery package also contains a EUR 7 billion (USD 7.8 
 billion) commitment to develop green hydrogen.21


•  As part of the Polish recovery plan, the Climate Ministry 
 provided a total of EUR 90 million (USD 101 million) 
 subsidies for electric buses, of which EUR 15 million (USD 
 17 million) are aimed at financing electric school buses 
 in rural areas and EUR 75 million (USD 84 million) are 
 dedicated towards urban transport companies.22


• The United Kingdom (UK) approved an emergency travel 
 fund of EUR 275 million (USD 308 million) to promote 
 pop-up bike lanes, wider pavements, safer junctions, 
 cycle and bus-only corridors as well as vouchers for bike 
 repairs. Additionally, EUR 11 million (USD 12 million) 
 enable local authorities to install up to 7,200 electric 
 car chargers and an e-scooter trial will be fast-tracked 
 to assess the benefits of the technology as well as its 
 impact on public spaces.23


•  China extended its subsidies and tax reductions for 
 electric cars until the end of 2020. Moreover, China 
 plans to expand its charging network by 50% this year to 
 stimulate electric vehicle deployment.24


As the Covid-19 crisis continues to disrupt mobility routines, 
 some regional governments and cities are also seizing 
 what they perceive as a unique opportunity to promote 
 new mobility behaviours that favour active mobility. 


These policies include speed limits and car-free zones 
 in city centres (e.g. London and Athens), making road 
 reallocations away from cars permanent, and investing in 
 new infrastructure such as bicycle lanes, bicycle parking 
 and expanded walkways. Cities are also providing rental 
 services and subsidies for the purchase and maintenance of 
 traditional and electric bicycles. 


NEGATIVE IMPACTS OF COVID-19


Slowdown of transport biofuel production. Like other 
industries, renewables are exposed to new risks from 
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Covid-19, which vary significantly by market sector and 
 technology. Even though countries all over the world began 
 to gradually lift some lockdown measures in early May, their 
 impacts are still far-reaching. Social distancing guidelines 
 and lockdown measures have been triggering supply chain 
 disruption and delays in project construction, as well as 
 having a direct impact on the commissioning of renewable 
 electricity projects, biofuel facilities and renewable heat 
 investments.25 The sharp reduction in crude oil prices puts 
 further pressure on the biofuels industry, as lower petroleum 
 product prices drag down biofuel prices. The effect of lower 
 biofuel demand, drives stocks higher in many markets 
 which reduces prices and compromises the profitability 
 of production.26 As a result, transport biofuel production is 
 expected to contract by 13% in 2020 – its first drop in two 
 decades.27


Decreased ridership of public transport. Public transport 
 operations in cities have been severely affected. As metro 
 and bus services have decreased, so has ridership, with 
 usage falling 50-90% worldwide leading to severe impacts 
 on employment in the sector and on the business model of 
 operators. While some of the travel was diverted to walking 
 and cycling, there has been an increase in use of private 
 motorised vehicles, with negative impacts on air quality 
 and congestion. As cities come out of lockdown, ramping 
 up services to provide as much capacity as is feasible while 
 ensuring safety and security for those who rely on the metro, 
 light rail and bus will be challenging. With an estimated EUR 
 40 billion (USD 45 billion) of revenue losses in the European 
 Union alone in 2020 due to the pandemic, many operators 
 are in a critical financial situation and require assistance. The 
 inclusion of USD 25 billion in emergency support for transit 
 agencies in the US CARES Act, approved in March 2020, 
 is one example of necessary policy support being provided 
 in a timely fashion.28 Additionally, the pandemic has 
 highlighted the lack of health and hygiene concepts in mass 
 public transport, which is now starting to be addressed by 
 operators and will be crucial for the future of sustainable 
 public transport.


POSITIVE IMPACTS OF COVID-19


Decrease in transport activity. The lockdown resulted 
 in new ways of working and interacting. Home office 
 and videoconferencing are now a common feature in 
 everyday life, even where lockdowns are slowly being 
 lifted. Companies had to quickly set up or broaden their IT 
 infrastructure to enable continuation of work, and many 
 have experienced how well this can work. While this is 
 not an option for everyone and also comes with its own 


downsides, it can be expected that there will be a sustained 
 change in how we work and interact, allowing for more 
 flexibility and reducing unnecessary business travel.


Shift to active modes of transport. Unlike with public 
transport, there has been a resurgence in active modes of 
transport such as walking and cycling particularly in cities 
worldwide, particularly as lockdowns are lifted. To support 
this trend, a number of cities, such as Milan, Paris, Rome, 
Brussels, Berlin, Budapest and Bogotá, have reallocated 
street and public space to pedestrians and cyclists.29
Surge in sales of e-bikes. Between January and April 2020, 
cars sales dropped by about 9 million (roughly one-third 
of sales during the same period in 2019). The timing and 
extent of plummeting sales were dictated by the timing 
and stringency of lockdowns. In China, the world’s largest 
car market, February 2020 sales were 80% lower than 
in February 2019. By April, US sales relative to 2019 had 
dropped by 50%, in Germany by 60%, and in France by 
90%.30 As lockdowns ease, initial signs point to robust latent 
demand for cars, and demand rebounds may be bolstered 
by the perceived safety and security benefits of cars 
compared for instance with public transport.31 Rapid and 
continuous growth in EV sales has also stalled as a result 
of lockdowns, but so far electric car sales have generally 
been hit less hard than non-electric sales.32  Indeed, EV sales 
prospects for the rest of 2020 are likely a silver lining in the 
current crisis cloud. Battery-powered bikes have become 
a compelling alternative for commuters who are being 
discouraged from taking public transport and/or ridesharing 
services. In March, sales of e-bikes jumped 85% from a 
year earlier. Amazon, Walmart and Specialized are sold 
out of most models. Even smaller brands like Ride1Up and 
VanMoof have waiting lists.33
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2. KEY CONCEPTS


2.1 SUSTAINABILITY


Sustainability is a broad concept and there is no generally 
 agreed definition. While there is an agreed framework 
 for assessing sustainability, encompassing economic, 
 social and environmental dimensions, in detail the 
 concept means different things to different groups and 
 in different contexts. Views on what is sustainable (or 
 not) also change with the time horizon used; measures 
 that may be less sustainable if looked at the short-term, 
 may be very sustainable in the long-term, and vice-versa. 


Despite the challenge in operationalising the concept, it is 
 essential for assessing the viability and attractiveness of 
 different renewable energy solutions and decarbonisation 
 pathways for transport. It is important to understand the 
 different views to reach a joint understanding of the best 
 way forward for decarbonisation.


Under the umbrella of the Sustainable Mobility for 
 All (SUM4ALL) platform, the transport community 
 has largely agreed that sustainable mobility needs to 
 ensure universal access, efficiency, safety and “green” 


mobility, of which the latter should minimise GHG 
 emissions, noise and air pollution.34 In the renewable 
 energy community, sustainability is mostly discussed 
 within the context of hydropower, especially large-
 scale installations, and bioenergy, mostly related to the 
 feedstocks used.35 More specifically in the electrification 
 of transport, the sustainability of batteries is increasingly 
 discussed, resulting in the formulation of ten principles 
 for a sustainable battery value chain by the Global Battery 
 Alliance.36


Although the details differ, the sustainability discussions 
 in the renewable energy and transport sector share 
 many common elements and challenges (See Annex 
 I). Both struggle with assessing related GHG emissions 
 and defining the scope and methods for calculations37
 and with the multitude of tools and models38 delivering 
 substantial variations in results.


For bioenergy, sustainability largely hinges on the 
 feedstock used, in combination with the selected 
 production process. In a first stage, bioenergy is often 
 grouped based on the feedstocks used.39 Annex II provides 
 an overview. First generation, or conventional biofuels, 
 are based on food and animal feed crops. Biofuels based 
 on energy cropsi, waste and agricultural residues which 
 achieve GHG emissions savings above a defined threshold 
 are often defined as second generation or advanced 


biofuels. Energy crops have a potential to compete with 
 food crops for land, while waste and residues are limited 
 in supply (see Section 3.1), encouraging the development 
 of alternative vegetable oil feedstocks such as jatropha, 
 camelina, and carinata. These can be grown on marginal 
 lands and thus arguably do not compete with food 
 production – a widely understood  barrier to the use of 
 conventional fuels. However, the development of entirely 
 new feedstock supply chains has proven challenging 
 and only limited volumes of alternative feedstocks are 
 yet available.40 Growing energy crops on marginal lands 
 produces a certain amount of energy and non-energy-
 related GHG emissions and is, as such, not able to deliver 
 zero GHG emissions.


For the electrification of mobility, sustainability largely 
 depends on how far the electricity used is generated 
 from renewable energy sources and on the sustainability 
 of batteries. For the latter, sustainability issues arise 
 from the mining of raw materials, with related social 
 and environmental problems. The lack of traceability of 
 the supply chain is not encouraging confidence in the 
 sustainability of the end product. A further issue is the 
 end-of-life treatment of batteries. When no longer fit 
 for use in vehicles, batteries can and should be used for 
 other purposes, for example to provide stationary storage 
 for grid balancing. Once the end of their usefulness is 
 reached, they need to be recycled, preventing harm to 
 people and the environment, while at the same time 
 limiting the need for input materials.41


For the purpose of this report, sustainable renewable 
 energy sources for road transport deliver absolute 
 GHG emissions reductions compared to fossil fuel 
 alternatives across the value chain, do not provide 
 health risks for workers and the public and do not 
 compete with resources used to food production.


With sustainability at the core of many of the drivers and 
 barriers for the deployment of bioenergy, including the 
 setting of sustainability criteria42 (see Section 5), and other 
 renewable options for the transport sector, we come back 
 to these concepts and definitions throughout the report.


2.2 THE AVOID-SHIFT-IMPROVE FRAMEWORK FOR 
 DECARBONISING TRANSPORT


Experts in the transport sector developed a holistic 
 approach that provides a framework for overall 
 sustainable transport system design. 
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(22)The avoid-shift-improve (ASI) framework prioritises 
 the mobility needs of people and goods instead of road 
 infrastructure and vehicles.43


The framework aims to develop transport systems 
 that reduce the overall demand for transport services 
 (avoid) and incentivise more efficient modes of 
 transport, such as high-capacity public transport and 
 rail freight (shift). This also includes motivating a shift 
 to non-motorised transport modes, i.e. walking and 
 cycling. All of these elements contribute to transport 
 systems that generate less travel and are overall more 
 efficient, using less energy per kilometre travelled for 
 each passenger (passenger-kilometres) and for each 
 tonne of freight (tonne-kilometres).44


Avoid and shift measures require changes in the overall 
 transport system setup – and are closely linked to 
 urban and rural planning. Additional measures then 
 address the efficiency of the individual vehicles and the 
 carbon content of the fuels used (improve). The ASI 
 framework is widely used by the transport community 


as a basic framework to define measures to enhance 
 the sustainability of the sector.45


Another useful way to look at the required system 
 changes has emerged over the last years. This approach 
 differentiates the mobility and the energy transition, 
 looking at all measures required to reduce the energy 
 need without compromising mobility. This includes 
 avoid, shift and energy efficiency measures for vehicles. 


The energy transition then aims to replace the remaining 
 energy demand with renewable energy sources.46
 Although this report focuses on the latter, it is essential 
 to be aware that renewable energy solutions need to be 
 embedded in the broader context of the ASI framework 
 or the mobility transition. Without these other elements, 
 energy demand from the transport sector will increase 
 substantially, increasing the challenge of the transition 
 to renewable energy alternatives. Renewable solutions 
 include the use of (1) bioenergy, (2) electro-fuels 
 based on renewable electricity, (3) hydrogen produced 
 using renewable electricity, and (4) the direct use of 


FIGURE 2.1: RENEWABLE ENERGY IN THE CONTEXT OF THE AVOID-SHIFT-IMPROVE FRAMEWORK IN THE TRANSPORT SECTOR


Source: adapted from REN21; Agora Verkehrswende et al.47
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renewable electricity. Some of these options can be used 
 in conventional motors, others require new propulsion 
 technologies. Figure 2.1 illustrates the different options 
 for the deployment of renewable energy in the transport 
 sector within the context of the ASI framework. 


2.3 ACTORS


When we talk about ‘the (renewable) energy sector’ 


or ‘the transport sector’, we need to be aware that 
 each encompass a wide variety of actors that have 
 sometimes complementary, sometimes opposing views 
 – there is no single ‘sector perspective’. 


In this report, we try to provide an overview of the issues 
 that the different actors face in transitioning to higher 
 shares of renewable energy in the transport sector, 
 providing a foundation for fruitful discussion on how to 
 overcome barriers and speed up the uptake of renewables. 


While some actors are currently only working in one 
 of the two fields, either renewable energy or transport, 


others are active in both. Still, that does not necessarily 
 mean that the same people are working on both topics. 


Development organisations and financial institutions, 
 for example, invest in both sectors, but that does not 
 necessarily mean that each individual entity does that, 
 or that departments within institutions share a common 
 view regarding the development of renewables in the 
 transport sector. 


Figure 2.2 provides an overview of relevant actors in 
 both sectors. It includes the fossil fuel industry and 
 associated actors as these strongly influence the 
 discussion and decision-making in both sectors.


It is important to note that only part of the sustainable 
 transport community is working on or aware of the 
 importance of climate and related topics, such as 
 renewable energy. The focus is mostly on access to 
 mobility and tailpipe emissions, while upstream GHG 
 emissions, for example from electricity generation, only 
 play a minor role.


FIGURE 2.2: ACTORS IN THE RENEWABLE ENERGY AND TRANSPORT SECTORS


Source: own illustration.
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3. TECHNOLOGY SOLUTIONS FOR  ENHANCING RENEWABLES IN 



TRANSPORT


This section discusses the main technology options to 
 decarbonise the transport sector, as perceived by the 
 renewable energy and transport sectors. Section 3.1 
 focuses on the supply of renewable fuels and electricity 
 for transportation applications and the elements that 
 encourage or deter investment in supply capacity, from 
 the renewable energy perspective. Section 3.2 analyses 
 the transition to renewable energy from the transport 
 sector perspective, where the mentioned renewable 
 energy options have different implications for vehicle 
 technology and distribution infrastructure. Section 
 3.3 assesses the nexus of the two sectors and which 
 technologies are key for better integration.


3.1 RENEWABLE ENERGY: THE FUEL PERSPECTIVE
 There are four general options for renewable energy use 
 in the road transport sector, as illustrated by Figure 2.1: 


(1) gaseous or liquid biofuels, (2) renewable electricity-
 based synthetic fuelsi, (3) renewable electricity-based 
 hydrogen and (4) the direct use of renewable electricity. 


Renewable electricity-based synthetic fuels and 
 electricity-based hydrogen are often also referred to 
 as power-to-X (PtX)ii as they include the conversion of 
 renewable electricity to other forms of energy. 


Most people are familiar with the options to produce 
 renewable electricity, namely solar PV, wind power 
 (onshore and offshore), geothermal power, hydropower, 
 bioenergy and ocean energy. The available technologies 
 for producing other transport fuels are less known, 
 particularly since many are still under development. 


Understanding the different options is crucial, as source 
 materials and processing technology have a large 
 influence on their suitability for transport purposes, 
 the cost-competitiveness of the resulting products and 
 their attractiveness for investment. Figure 3.1 provides a 
 simplified overview of the available conversion pathways.


Investment decisions on renewable energy 


infrastructure focus on finding the right technology for 
 a given local context. Different generation technologies 
 are available, and the individual investment will depend 


on the specific local combination of demand, available 
 energy sources and feedstocks, distribution options and 
 economically feasible production processes. The next 
 sections briefly discuss these different elements and 
 outline the main challenges for increasing production 
 from the perspective of investors and project developers 
 with a view to assessing their suitability for use in the 
 transport sector. 


Demand is key to make investment financially 
 attractive


Transport is only one of many uses for renewable 
 energy and electricity and many of the fuels – liquid 
 or gaseous – and intermediate products can be put to 
 a variety of uses. From a transport sector perspective 
 that means that it is competing with other uses for the 
 available renewable energy sources.


While many other factors play a role, investment in 
 a new production facility is only attractive if there is 
 certain – and ideally growing – demand. Related to 
 demand a potential investor will ask:


•   What is the current demand for the end product and 
 any by-products of the production process?


•   What is the expected future demand?


•   Where is this demand located and how expensive is 
 transport?


•   How far are products usable for more applications, 
 i.e. is there potential for larger demand?


•   How cost-competitive is the end product iii compared 
 to fossil fuel alternatives?


While the focus is often on the final product and its 
potential uses, an important factor for the financial 
viability of production facilities is the demand for 
intermediate products and ‘waste’ outputs such as 
heat, oxygen, animal feed or fertilisers. These products 
can either reduce production cost, if for example waste 
heat is re-used within the production process, or can 
generate additional income streams. 



(26)Generally, electricity consumption is still growing and 
 efficiency measures are still being overcompensated 
 by growing demand, due to increasing electrification 
 in end use sectors.49 However, demand depends on the 
 transmission grid to which the generation is connected 
 and is thus limited to the consumers connected to 
 the particular grid, although decentralised renewable 


electricity generation at the point of demand or at low 
 and medium voltage levels is becoming increasingly 
 popular globally, often combined with battery storage. 


Apart from the availability of the natural resources 
 for renewable power generation, grid infrastructure 
 is therefore key in determining demand for individual 
 renewable power installations. 


FIGURE 3.1: OVERVIEW OF CONVERSION PATHWAYS FOR RENEWABLE ENERGY USE IN TRANSPORT


Notes: Syngas = synthetic natural gas, a mixture of gases, mainly carbon monoxide, hydrogen and methane; FT = Fischer Tropsch; FAME = Fatty acid methyl ester; 


Drop-in fuels include diesel substitute fuels (hydrotreated vegetable oil, or HVO, and hydrotreated esters and fatty acids, or HEFA); numbers relate to the options 
 for renewable energy use in transport, as presented in Figure 2.1: 1) Gaseous and liquid biofuels; 2) Gaseous and liquid renewable electricity based synthetic fuels; 3) 
 Renewable electricity based hydrogen; and 4) Renewable electricity. 


Source: adapted from Baldino et al.; Danish Energy Agency and Energinet; Krishnaraj and Yu.48
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Hydrogen, generated through electrolysis using 
 renewable electricity or through bioprocesses, and 
 called “green hydrogen”, is chemically identical to fossil 
 fuel-based hydrogen and is fully compatible with all 
 uses of hydrogen. The differences from fossil fuel-
 based hydrogeni are in the production process and the 
 related cost, similar to electricity. Hydrogen demand for 
 transport is currently still in its infancy. The majority of 
 hydrogen consumed today is for ammonia production 
 (mostly for fertilisers) and in oil refineries. Limited 
 demand also comes from iron and steel production, 
 glass, electronics, specialty chemicals and bulk 
 chemicals. However, current hydrogen production is 
 almost exclusively fossil-fuel based (about 99%).50 For 
 the required full decarbonisation of the economy, all of 
 the fossil-fuel based hydrogen will need to be replaced 
 by renewable hydrogen, creating additional demand for 
 new renewable hydrogen production facilities.51


Biogasii is a much less standardised product. Depending 
 on the production process and the stage of upgrading, it 
 can contain different shares of various gases, meaning 
 that the energy content and chemical properties can 
 vary. In its most refined form, it consists mostly of 
 biomethane which can be used to replace conventional 
 natural gas and is often fed into existing natural gas 
 networks. Alternatively, syngas can be refined to 
 biomethane or liquid fuels. However, less refined 
 biogases, with varying shares of methane or hydrogen, 
 can also already be used for combustion.52 Biogas from 
 small-scale digesters is often directly used for heating 
 and cooking. Almost two thirds of the biogas produced 
 today is used for power and heat generation.53 It is also 
 used as a feedstock for the chemical industry. Further to 
 refining the biogas to more concentrated levels, it can 
 also be compressed or liquefied, which enables further 
 applications, such as the use in heavy-duty vehicles.54
 Liquid biofuels come in a variety of forms and are 
 mostly used for transport. First generation ethanol 
 and biodiesel are currently the main consumer 


products. They differ from fossil fuels in their blend wall 
 propertiesiii  55 and are mostly used in blends with fossil 
 gasoline and diesel.iv Advanced biofuels represented 
 only 9% of biofuel production in 2018.56  Current 
 demand has been largely triggered by corresponding 
 policies and future developments will also largely 
 depend on policy choices regarding the energy 


pathways in transport, as most of these fuels are not yet 
 cost-competitive with their fossil fuel competitors (see 
 Sections 3.1 and 5).


Supply of sustainable feedstocks remains challenging
 Availability of energy resources and feedstocks is key 
 for deciding which renewable energy technology to 


adopt in a specific local setting. Considerations for 
 investment include the energy content of available 
 resources, the availability on a continuous basis, cost of 
 the feedstock and the availability and cost of transport 
 of any required inputs to the production facility. 


For non-biomass renewable electricity generation, the 
 feedstock comes for free, so the main considerations 
 are availability and energy content in a specific location, 
 which need to be high enough to make an investment 
 economically viable. 


For bio-based renewable energy, the main challenges 
 are the continuous availability of feedstocks and 
 changes in properties over time. To mitigate this, many 
 biogas and biofuel plants can operate on a limited range 
 of different feedstocks, although flexibility in feedstocks 
 and in managing feedstock quality over time normally 
 increases cost for pre-treatment. Plants can operate 
 most cost-effective with a continuous feed, but not all 
 feedstocks are available all year round.57


Energy, food and feed crops, for example, are only 
 available once or twice a year at harvest and need to be 
 stored, leading to losses of about 5-10%. Wastes are 
 typically available throughout the year and low in cost, 
 but rarely available in large enough quantities within 
 reasonable transport distance to production facilities 
 if not used on site. In general, low energy content 
 limits the economically viable transport distance for 
 feedstocks.58


There is often a trade-off between the cost of the 
 feedstock and cost for pre-treatment. Waste and 
 lignocellulosic feedstocks are cheap, but require 
 complex and expensive pre-treatment and/or collection 
 processes and the amounts available in the local radius 
 of the plants are often limited. Producers typically 
 address these challenges by using a mix of waste, 
 residues and energy crops.59
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(28)Production processes for advanced biofuels and PtX 
 are not yet commercial


Most of the modern renewable electricity technologies 
 are available at commercial scale and are increasingly 
 cost competitive with fossil fuel alternatives, in some 
 regions even becoming the cheapest available source 
 and seeing tremendous growth over the last decade.61  
 Solar PV and wind energy are technologically mature 
 and proven in many local contexts. Concentrated solar 
 power (CSP) has also reached commercial maturity 
 and most new installations come with integrated 
 thermal storage, reducing the variability of power 
 supply. Geothermal and bio-power generation are also 
 commercially available.62 Ocean power is still largely 
 in the development stage and there are a number of 
 different technologies around tidal stream and wave 
 energy being tested.63


The maturity of a technology in most cases directly 
 translates into cost for installations (CAPEX) and thus 
 the more mature it is, the less initial investment is 
 required. It also indicates that earlier challenges in the 
 production process have been overcome. However, 
 with increased production new challenges can emerge. 


Larger shares of renewable electricity from variable 


sources will require enhanced grid balancing and 
 higher shares of biofuels necessitate modifications 
 in engines. These issues are already being addressed 
 in some countries as demonstrated by VRE shares 
 of 60% in Denmark and high shares of biofuel 
 consumption in Brazil, respectively.64   


Production processes for advanced biofuels and 
 for PtX are not yet available at commercial scale, 
 with the exception of HVO/HEFA. For some of the 
 advanced bioenergy processes, it is difficult to achieve 
 the economies of scale needed for fully commercial 
 operations, owing to limited availability of regionally 
 available feedstocks.65 To solve this, plants can be 
 built as bolt-on facilities, for example to existing 
 first generation ethanol facilities, to reduce cost and 
 enhance commercial viability.66 Another option is to 
 enhance efficiency through integration of production 
 steps with existing refineries, which could work 
 particularly for advanced drop-in fuels.67


Hydrogen production processes from fossil fuels 
 are well established. Producing hydrogen with 
 electrolysers using renewable electricity is still in its 
 early stage, although alkaline electrolysis is a mature 
 technology that has been around since the 1920s and 



SUPPLY OF OTHER RENEWABLE FUEL PRODUCTION INPUTS


BOX 1:


Feedstocks are the key issue for most bioenergy 
 forms. However, other materials that are 


required in the production process for all types of 
 renewable energy can also be a limiting factor. For 
 the production of hydrogen, for example, the main 
 feedstock – water – is normally not scarce, but 
 can be an issue in water-stressed areas.60 Other 
 individual components required in the production 
 process, for example for electrolyser membranes, 
 can also be limited in supply. This highlights the 
 need to develop full supply chains, creating a 
 big potential for jobs and economic activity, and 
 also opportunities to create local added value, 
 although this also requires a close look at the 
 sustainability of input production. 
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proton exchange membrane electrolysis since the 
 1960s. Solid oxide electrolysis cells (SOEC) are still 
 under development but have the advantage that they 
 can be used in reverse mode as fuel cells, allowing 
 them to easily provide grid balancing services.68 This 
 also means that fuel cell manufacturers are in a good 
 position to build SOEC electrolysers, possibly enabling 
 rapid commercialisation.


Cost assessments for different bioenergy processes 
 show that for some processes, especially advanced 
 cellulosic ethanol production, capital cost play the 
 major role in overall costs, while for others, such as 
 HVO production, feedstock cost is the main factor. 


Producing biofuels or biomethane from wastes is 
 significantly cheaper than from biomass feedstocks, 
 as the overall cost is influenced by the negative waste 
 feedstock costs. Producing Fischer Tropsch products 
 or gasoline synthetic fuels are significantly more 
 expensive than producing methane or methanol, 
 given the added process complexity and energy 
 requirements.69


Distribution remains crucial and can add to cost
 Commercial production of renewable energy is only 
 attractive if the product can be distributed to the 
 customer in a cost effective way. Accessing existing 
 distribution infrastructure where suitable helps to 
 reduce cost and makes the products more competitive. 


This is the case for renewable electricity, which mostly 
 uses existing transmission grids, and for biomethane 
 that is injected into existing natural gas grids. Liquid 
 biofuels can also largely utilise existing distribution 
 infrastructure, including those at filling stations.70
 However the use of existing gas and electricity grid 
 infrastructure comes with cost, usually to ensure 
 the quality of the end product, although it still saves 
 substantial capital investment compared to building 
 up completely new distribution channels.71


Where biogas cannot be injected into existing gas 
 grids, the gas is usually transported by truck in 
 high-pressure gas containers, or it is liquefied to 
 increase energy density. Liquefying is energy intensive 
 and expensive and only justified for long transport 
 distances (>100 km) particularly where there are few 
 available stops for refuelling.72


For renewable electricity the use of existing grid 
 infrastructure comes with the challenge of how to 
 integrate VRE, which can lead to additional investment 
 needs for transmission lines and grid management 
 as the share increases. Only solar PV, wind and CSP 
 produce power variably, depending on weather, 
 seasons and the time of the day. Solar PV and wind 


power have seen the largest growth over the last 
 decade among renewable energy technologies, most 
 of which has been without integrated storage.73 There 
 are a number of available solutions within the power 
 sector to balance variability, including:


•  Supply-side: enhanced weather forecasting, flexible 
 generation options


•  Grid flexibility: regional markets & 


interconnections, supergrids, large-scale storage


•  System-wide: mini-grids & distributed systems 
 providing services, optimising system operation, 
 utility-scale battery solutions, PtX solutions, 
 enabling technologies such as electric vehicles and 
 heat pumps


Many renewable power solutions are dispatchable, 
 such as hydropower, geothermal energy and 
 biomass-based power generation. Additionally, 
 enabling technologies that improve grid integration 
 for variable sources already exist, including 


combining variable generation installations with 
 battery storage, pumped hydro energy storage and 
 the use of hydrogen, with different options suitable 
 for different time scales, and with improved short-
 term forecasting for renewable power generation.74
 New CSP installations, for example, already typically 
 come with thermal storage, and hybrid systems aim 
 to use complementary generation patterns to reduce 
 variability.75 Additionally, enhancing and optimising 
 the grid infrastructure and operations is key for a 
 fully renewable power generation pathway (see also 
 Section 3.3). 


Managing demand is another alternative to address 
 variable power generation from VRE. Traditionally, 
 demand side management was mostly aimed 
 at curtailing demand of larger, often industrial, 
 customers. This developed further towards 
 managing individual appliances and technologies, 
 using modern communication technologies and 
 appropriate incentives, such as time-of-use tariffs.76
 Increasing rooftop PV systems with battery storage 
 and electrification in heating and cooling now allows 
 for those systems to also provide two-way services, 
 delivering power to the grid for balancing, and even 
 including the creation of virtual power plants, which 
 could reduce cost for transmission systems.77
 The transport sector has traditionally not been 
 involved in grid stabilisation, with the very limited 
 demand for electricity - mostly from rail services 
 - taken directly from the grid. With increasing 
 electrification of the sector, it can, however, play a 
 critical role for grid stability (see Section 3.3).
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