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The pivotal target of the Paris Agreement is to keep temperature rise well below 2 °C above the pre-industrial 

level and pursue efforts to limit temperature rise to 1.5 °C. In order to meet this target, all energy consuming 

sectors including the transport sector need to be restructured. The transport sector accounted for 19% of the global 

final energy demand in 2015, of which the vast majority was supplied by fossil fuels, of around 31,080 TWh. 

Fossil fuel consumption leads to greenhouse gas emissions, which accounted for about 8260 MtCO2eq from the 

transport sector in 2015. This paper examines the transportation demand that can be expected and how alternative 

transportation technologies along with new sustainable energy sources can impact the energy demand and 

emissions trend in the transport sector until 2050. Battery electric vehicles and fuel cell electric vehicles are the 

two most promising technologies for the future on roads. Electric ships and airplanes for shorter distances and 

hydrogen-based synthetic fuels for longer distances may appear around 2030 onwards to reduce the emissions 

from the marine and aviation transport modes. The rail mode will stay the least energy-demanding, compared to 

the other transport modes. An ambitious scenario for achieving zero greenhouse gas emissions by 2050 is applied, 

also demonstrating the very high relevance of direct and indirect electrification of the transport sector. Fossil fuel 

demand can be reduced to zero by 2050, however, the electricity demand is projected to rise from 125 TWhel in 

2015 to about 51,610 TWhel in 2050, substantially driven by indirect electricity demand for the production of 

synthetic fuels. While the transportation demand roughly triples from 2015 to 2050, substantial efficiency gains 

enable an almost stable final energy demand for the transport sector, as a consequence of broad electrification. 

The overall Well-to-Wheel efficiency in the transport sector increases from 26% in 2015 to 39% in 2050, resulting 

in a respective reduction of overall losses from primary energy to mechanical energy in vehicles. Power-to-fuels 

needed mainly for marine and aviation transport is not a significant burden for the overall transport sector 

efficiency. The primary energy base of the transport sector switches in the next decades from fossil resources to 

renewable electricity, driven by higher efficiency and sustainability. 
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THESIS STRUCTURE 

 

This work measures global transportation demand, specific energy consumption in all transport 

modes, transportation energy consumption, levelized cost of mobility, greenhouse gas 

emissions in transport.  
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1. Introduction 
 

Besides power and heat generation and industrial activities, transport is one of the major energy-demanding 

sectors. In 2015, the global transport sector consumed approximately 31,310 TWh of final energy [1] and 

represented around 14% of global greenhouse gas (GHG) emissions. To meet the goals of the Paris Agreement 

[2], this value has to be shrunk to zero by mid of the 21st century across all energy sectors. Fossil oil plays an 

integral role in all means of transport including road, rail, marine and aviation with roughly 28,840 TWh final 

energy consumption in 2015 [1]. Over 92% of the energy for transport is provided by oil, 3% by natural gas (NG), 

1% by electricity and other fuels contribute 4%. These values encompass all transport modes, passengers and 

freights [1]. Some major suppliers of fossil fuels for the transport sector expect no major changes of fossil fuel 

demand in the decades to come [3], despite the fact that fossil fuel use is the main reason for anthropogenic climate 

change and hazardous air pollution. 

 

Transport demand is rapidly increasing and with such high dependence on fossil fuels, there would be serious 

consequences for human health and energy security related issues [4] as long as this trend continues. Nonetheless, 

it is anticipated to encounter couple of vital changes towards mobility. These changes will be alternative fuels 

penetration, for example, electricity, hydrogen and renewable fuels such as synthetic fuels, but also biofuels to 

lessen the conventional fuel usage [5]. Technological efficiency and demand-side solutions are additional changes 

that are expected for the transport sector [6]. Electricity can be used in direct form in all transport modes, though, 

with distinct emergence in each mode: in road and rail modes to a greater extent, in marine and aviation to a lesser 

extent. Direct electricity-based transportation is one of the most promising technologies with high reliability, 

safety and efficiency for mobility. Baronti et al. [7] identified the main drawback for direct electricity-based road 

transportation in charging infrastructure immaturity and range limit. Hydrogen as fuel for the transport sector can 

be produced from electricity or fossil fuels and does not produce GHG emissions directly by useage. Hydrogen 

as an energy carrier can be based on renewable electricity via water electrolysis, but at present it is mainly based 

on NG and converted via steam methane reforming (SMR), which does not make it automatically a sustainable 

fuel [8]. Hydrogen will exist in all transport segments due to its flexible usage via fuel cells. Biofuels such as bio-

ethanol, bio-methanol and bio-diesel produced from biomass sources can directly substitute current fossil fuel 

demand. Electricity and hydrogen are emerging sources of energy for transportation, representing 2% of the final 

energy supply in the transport sector in 2015.  

 

The road mode is one of the most attractive transport segments to be electrified. Battery electric vehicles (BEV), 

hybrid electric vehicles (HEV) and plug in hybrid electric vehicles (PHEV) show high growth rates in recent times 

[9]. It is expected that these vehicle types will encounter substantial growth within the upcoming decades [10,11]. 

The internal combustion engine (ICE) is the dominating power train as of today, but the limited efficiency of 

around 30% [12] reduces the competitiveness of this type drastically, in addition to the rising concerns about air 

pollution [13,14,9]. HEV has almost the same complexity as ICE with an electric motor/ generator and a battery 

to improve the efficiency of the system. This hybridisation makes it feasible to benefit from regenerative braking 

to generate electricity and charge the battery that improves the efficiency to some extent. In this research, there is 

no focus on HEV, though PHEV is regarded. PHEV has the same feature as a HEV, but the battery is generally 
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larger and can be charged from the power grid for a range of typically up to 50 - 80 km [15].Therefore, it would 

be possible to use PHEV on a daily basis mainly on electricity basis for reducing the overall fuel cost and hence 

improving the fuel economy. PHEV is not a zero-emission vehicle, since fossil fuel is still used, but it has been 

observed that about 70% of all driven kilometers could be electric and only 30% are typically based on fossil fuels 

[16,17], which can drastically reduce GHG emissions, in particular if fossil-free electricity is used. BEV is a 

vehicle type that relies solely on electric propulsion and consists of comparable components as PHEV, though 

without the ICE and higher battery capacity and it could use a more powerful electric engine. Most BEV currently 

offered to the market are within a range of 100 - 250 km on a single charge basis [18,19] with the highest range 

up to 550 km [20]. Charging time is a peculiar drawback for BEV, depending on charger configuration, its 

infrastructure as well as operating power levels [21,22]. Similar to BEV, fuel cell electric vehicle (FCEV) uses an 

electric drive train, wherein the vehicle is powered by a fuel cell, typically using hydrogen to generate electricity 

that flows to the power module (electric motor) to turn the wheels. Therefore, both BEV and FCEV operate by 

electricity running the vehicle, though battery for BEV and hydrogen for FCEV are the supply sources. FCEV can 

be refueled in roughly 5 minutes that leads to 480 km range [23]. On the contrary, lack of refueling infrastructure 

and impossibility for FCEV to be charged at most residential homes is a key demerit [24,25,26]. Efficiency and 

cost remain controversial for the future of BEV and FCEV to determine which technology exceeds the other, but 

indications can be found, which favour BEV [27,28,29,30]. 

 

The rail mode is less environmentally critical, more energy efficient and may enable a faster transportation 

compared with other transport modes. These virtues also pose economic attractiveness and contribute to societal 

benefits. Electric trains have a higher final energy efficiency than conventional ICE trains. To achieve a higher 

overall efficiency for the rail mode the share of electrical rail transportation should be increased, as it is already 

achieved or aimed in many countries [31,32,33]. Renewable electricity leads to an even higher level of 

sustainability in also increasing the primary energy efficiency and reducing respective indirect GHG emissions. 

Currently, the shares of rail passenger and freight based on liquid fuels operation are 55% and 61%, respectively, 

in global averages [34], the rest is electricity. It is expected to change to higher electricity supply shares in the 

decades to come [31,32,33]. In 2018, the first commercial fleet of hydrogen-based trains have started their 

operations [35], however, in this study hydrogen-based trains are not considered. 

 

Marine transportation is a central element for global freight distribution. The compelling reasons are, firstly higher 

capability to carry bulk goods over long distances. Secondly, merchandise shipping is the most energy-effective 

approach to transport goods and thus an economically beneficial transport mode. Marine represents about 2.6% 

of the global GHG emissions. Almost all ships in operation for passenger and freight transportation are based on 

liquid fuels. However, hydrogen is expected to play a key role in the future of shipment, while LNG and electricity 

to a lesser extent. Hydrogen-based ships may compete with other alternatively powered ships [36,37,38,39]. 

Hydrogen-powered ships can play a significant role in reducing shipping emissions [40]. Full electric ships will 

become an attractive solution for marine transportation with shorter distances to decrease the energy consumption 

[41,42,43]. The other considerable benefit of electric propulsion ships, similar to other electric transport modes, 

is to minimise GHG emissions and further reduce cost [44,45]. However, the important question that remains is 

to what extent ships and ferries can be fully electrified. 
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Airplanes are operated solely by liquid fuels at present, while it is expected that this solitary propulsion system 

will be complemented by electricity and hydrogen in the upcoming decades to meet the emissions reduction goal 

[46,47]. The aviation industry is responsible for 12% of transport related GHG emissions and 2-3% of the entire 

anthropogenic GHG emissions [48]. GHG emissions can be reduced by either defossilising the used jet fuel [49], 

or by using alternative fuels without GHG emissions [50]. Hydrogen, used in compressed or liquid form, may be 

a solution to achieve the emissions reduction target in the aviation industry. Liquid hydrogen (LH2) fueled 

airplanes weigh lower than conventional kerosene fueled planes due to the higher gravimetric energy density of 

LH2, which leads to a better energy efficiency as pointed out by Kadyk et al. [48]. Electric aviation is another 

option to increase efficiency and reduce emissions [51,52,53]. Hepperle [54] calculates the total energy efficiency 

of battery electric planes to be 73%, substantially more than hydrogen-based fuel cell planes with 44% and 

conventional kerosene fueled turboprop planes with 39%. This excellent efficiency merit would offset the 

propulsion system, the increased airplane mass due to batteries and to some extent aerodynamic features.  

 

Power-to-gas (PtG) and even more Power-to-Liquids (PtL) are expected to play a significant role in the transport 

sector. PtL and PtG solely take electricity from renewable energy sources and convert electricity to liquid or 

gaseous fuels [55]. Synthetic fuels such as Fischer-Tropsch based fuels, methanol (CH3OH), dimethyl ether 

(DME), methane (CH4) and other hydrocarbons can substitute fossil fuels. These are zero emission fuels, since no 

fossil fraction is included and they are used in the transport sector [56]. 

 

The paper is organised as, Methods and Data (section 2), outlining methods for transportation demand, assumed 

technology shares with respective consequences on specific energy demand and specific GHG emissions. This is 

followed by Results (section 3) for transportation demand, energy demand, GHG emissions and cost 

considerations, which are discussed in section 4 and concluded in section 5. 

 

2. Methods and Data 
 

The methodology is divided into 7 subsections: First, transportation activity and respective demand is investigated 

for all transport modes. Second, specific energy demand, also known as energy intensity or efficiency, for all 

modes with different technologies is defined. Third, the fuel share options are linked to the transport modes. 

Fourth, economic considerations for the road mode are presented. Fifth, calculations of final energy consumption 

for all transport modes are defined. Sixth, GHG emissions are linked to the transport segments. Seventh, Well-to-

Wheel efficiency and insights on efficiency drivers for the transport sector are considered. 

 

2.1. Transportation demand data 
 

The four transport modes, road, rail, marine and aviation, are considered for the total transportation demand. The 

transportation demand is driven by activities for passenger and freight per mode. The transportation activity is 

measured in passenger kilometers (p-km), which is the movement of passengers for the kilometers of a journey, 

and in (metric) tonne kilometers (t-km), which is the movement of freight for the kilometers carried. Therefore, 

the transportation activities need to be investigated for the four modes and each for passenger and freight.  
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2.1.1. The role of GDP and population in transportation demand projections 
 

It is projected that transport activities benefit from prosperous economic development in the decades to come, 

which may lead to an average increase in global transportation activity of around 2.7% and 2.3% per annum for 

passengers and freight, respectively, as summarised in Table 2. The driving forces for the demand development 

in transportation are, according to Ribeiro et al. [57] and Royal Automobile Club Foundation [58] 

industrialisation, globalisation and urbanisation. The two dominating factors, which affect the growth in 

transportation activities are economic activity and population development. Economic activity is measured as 

gross domestic product (GDP), often referred to as GDP per capita (GDPcap) to indicate the specific economic 

activity per population for a country [59]. The development of population is used to project the transportation 

demand for a country or region. The transportation supply side consists of complete operations performed to 

provide transportation services, while the demand side includes final demand and intermediate demand that act 

with the aim of satisfying the transportation needs. The transport sector contributes to the GDP via provided 

services. The demand side has direct effects on GDP through reverse linkages to all supply sides of the economy 

and GDP generation [59]. The demand side of transportation is the scope of this research. Transportation activities 

and their future growth mostly depend on the growth of GDP per capita and population [60].  

 

2.1.2. Road and rail transportation activity 

 

The International Council on Clean Transportation (ICCT) roadmap data [61] is used to investigate transportation 

demand in road and rail segments from 2000 to 2050 for passenger and freight. Transportation activities in ICCT 

data are provided for several countries, such as United States, Canada, China, India, Russia and some others, and 

the rest for regions such as Africa, Middle East, 27 European countries, Asia-Pacific-40, Non-European countries 

and Latin America. For the road mode, transportation demand per country and region is split into the passenger 

segments, including light duty vehicles (LDV), buses (BUS) and two and three wheelers (2W/3W) and into the 

freight segments, which includes light heavy-duty trucks (LHDT), medium heavy-duty trucks (MHDT) and heavy 

heavy-duty trucks (HHDT). For this research LHDT and MHDT are merged into medium duty vehicles (MDV) 

and HHDT is renamed to heavy duty vehicles (HDV). Transportation road activity for passenger and freight is 

summarised in Table 1. Rail transportation activity is provided for passenger and freight in the ICCT roadmap 

[61]. 

For all countries being part of one of the aforementioned regions, a disaggregation method is required. As a best 

proxy, the GDP has been chosen, reflecting the correlation between GDPcap and population with transportation 

activity. Equation 1 represents the method used to disaggregate the passenger and tonne kilometers from a 

particular country j and a segment k out of its region.  

 
(𝑝𝑘𝑚)𝑖,𝑘 =

( 𝐺𝐷𝑃𝑖  𝑐𝑎𝑝 ∙  𝑃𝑖  )  

(𝐺𝐷𝑃𝑗 𝑐𝑎𝑝 ∙  𝑃𝑗  )  
∙ (𝑝𝑘𝑚)𝑗,𝑘              (𝑡𝑘𝑚)𝑖,𝑘 =

( 𝐺𝐷𝑃𝑖  𝑐𝑎𝑝 ∙  𝑃𝑖  )  

(𝐺𝐷𝑃𝑗 𝑐𝑎𝑝 ∙  𝑃𝑗  )  
∙ (𝑡𝑘𝑚)𝑗,𝑘 (1) 

 

Wherein, (𝑝𝑘𝑚)𝑖,𝑘 is road passenger transportation activity for country i and segment k, 𝐺𝐷𝑃𝑖  𝑐𝑎𝑝 and 𝑃𝑖 is the 

GDPcap and population of country i, the subscript j represents the respective region. (𝑡𝑘𝑚)𝑖,𝑘 is road freight 
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transportation activity for country i and segment k. 𝐺𝐷𝑃𝑖  𝑐𝑎𝑝, 𝑃𝑖  and 𝐺𝐷𝑃𝑗  𝑐𝑎𝑝, 𝑃𝑗 are the same values as for 

passenger transport. 

Table 1. Global aggregation of LDV, 2W/3W, BUS, MDV and HDV for all given countries and regions for 2015 to 2050 [61]. 

Vehicle Unit 2015 2020 2025 2030 2035 2040 2045 2050 

LDV b p-km 23,123 27,464 31,417 36,122 41,335 47,444 54,541 62,990 

2W/3W b p-km 4370 5605 6633 7749 8780 10,164 12,068 15,234 

BUS b p-km 18,610 21,642 24,223 27,228 30,430 34,289 38,687 42,514 

MDV b t-km 2918 3432 3893 4436 5063 5834 6694 7621 

HDV b t-km 9788 11,400 12,890 14,630 16,602 19,022 21,69 24,535 

 

Transportation activity values for the road mode can also be categorised in road passenger (sum of LDV, 2W/3W 

and BUS) and road freight (sum of MDV and HDV). Table 2 summarises transportation activities for road 

passenger and freight, as well as rail passenger and freight.  

Table 2. Global transportation activity for road and rail modes separated for passenger and freight for 2015 to 2050 [61]. 

Transport modes Unit 2015 2020 2025 2030 2035 2040 2045 2050 

Road Passenger b p-km 46,104 54,713 62,247 71,100 80,546 91,899 105,297 120,739 

Road Freight b t-km 12,707 14,832 16,783 19,066 21,665 24,856 28,385 32,156 

Rail Passenger b p-km 3821 4573 5171 5792 6280 6854 7504 8193 

Rail Freight b t-km 11,141 12,302 13,333 14,520 15,898 17,591 19,566 21,857 

 

2.1.3. Marine transportation activity 

The third International Marine Organization (IMO) greenhouse gas study 2014 [62] is used as the main data 

source. IMO provides data extracted from the United Nation Conference on Traded and Development (UNCTAD) 

that produces global data on seaborne transport of freight from 1970 to 2012 in billion tonne-miles. This data 

includes the following freight kinds: crude oil, other oil, iron ore, coal, grain, bauxite and alumina, phosphate and 

other dry cargoes. This classification can be categorised into total oil, coal, total (non-coal) bulk dry goods and 

total dry goods. It was extracted that total bulk dry goods in form of non-coal bulk cargo is 9400 billion tonne 

miles (t-mi), other dry cargoes in form of unitised cargo is 14,500 billion t-mi, total oil transported in the form of 

liquid bulk is 12,100 billion t-mi and coal transported in the form of bulk coal is 5000 t-mi. In total 41,000 t-mi 

for 2012 is regarded as the global goods shipped via seawater. In order to analyse the growth trend for the obtained 

value by 2050, scenario projections by IMO are used. For non-coal bulk cargo and unitised cargo the SSP5 

scenario and for liquid bulk and bulk coal the RCP2.6 scenario are used. This is to reflect a growing global 

economy, which intends to reduce the dependence on fossil fuels, still taking into account that fuels have to be 

transported, such as synthetic fuels in later periods [63,64,65]. From 2012 to 2050, linear approximation is applied 

for bulk goods, oil transported, and coal freight, and exponential growth for other dry cargoes is assumed. The 

sum of the four major cargo categories is projected to a marine transportation activity of 149,500 billion t-mi for 
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the year 2050, which translates to about 276,880 billion t-km. For the statistics on marine passenger activity, the 

European Commission data is used [66], which provides data for marine passenger and freight for the EU-27, the 

United States, Japan, China and Russia. The passenger and tonne kilometers for all given data are transformed 

into energy units. This has been done by using specific energy demand values that are introduced later. This 

delivers the share of energy demand for marine passenger and marine freight, for the listed countries. The share 

of marine freight of marine energy demand is found to be 96.8%, thus 3.2% of marine energy demand is to be 

allocated for marine passenger. This average factor has been used to estimate marine passenger energy demand 

based on better accessible data on marine freight on a country wise basis, according to Equation 2. 

 
𝐸𝑝,𝑖 = 𝐸𝑓,𝑖 ∙

0.032

1 − 0.032
 (2) 

 

Wherein, 𝐸𝑝 is the energy consumption of each country i for marine passenger and 𝐸𝑓  is the energy consumption 

of marine freight of the same country i, based on the accessible data for 2012. The energy consumption data is re-

converted to data for marine passenger activity. Finally, for each country the marine passenger demand is 

developed until 2050 by Equation 3. 

(𝑝𝑘𝑚)𝑖,𝑡+1 =
(𝐺𝐷𝑃𝑖,𝑡+1 − 𝐺𝐷𝑃𝑖,𝑡)

(𝐺𝐷𝑃𝑗,𝑡+1 − 𝐺𝐷𝑃𝑗,𝑡)
∙ (𝑝𝑘𝑚)𝑖,𝑡 

(3) 

 

Wherein, (𝑝𝑘𝑚)𝑖,𝑡+1 represents the marine passenger demand for a country i for the following time steps, which 

is typically an interval of 5-years in this research, (𝐺𝐷𝑃𝑖,𝑡+1 − 𝐺𝐷𝑃𝑖,𝑡) is the difference of the GDP of a country i 

for the respective time steps, whereas (𝐺𝐷𝑃𝑗,𝑡+1 − 𝐺𝐷𝑃𝑗,𝑡) is the difference of the GDP of a region j to which the 

country belongs. Landlocked countries are excluded in the calculation. Table 3 summarises the global marine 

transportation activity for passenger and freight for the period 2015 to 2050.  

Table 3. Global transportation activity for marine passenger and freight from 2015 to 2050 [62,66]. 

Transport modes Unit 2015 2020 2025 2030 2035 2040 2045 2050 

Marine Passenger  b p-km 125 151 184 226 278 339 411 491 

Marine Freight b t-km 83,961 98,797 116,550 137,401 162,471 192,967 230,438 276,878 

 

2.1.4. Aviation transportation activity 

For the aviation passenger activity, the ICCT roadmap [61] from 2000 to 2050 is used. The metric used by ICCT 

is revenue passenger kilometers (rp-km), which is almost identical to the used p-km metric, not accounting for 

pilot and flight attendants, which seems acceptable as a first order proxy. Thus, rp-km has an identical concept as 

p-km from a statistical standpoint and it is used as passenger demand. The aviation t-km demand is excluded in 

the ICCT roadmap, but extracted from the International Civil Aviation Organization (ICAO) [67]. Based on 

ICAO, 197,549 million t-km transportation demand has been handled in the global aviation industry in 2015. 

Airfreight demand is projected to grow by 6% per year until 2035 according to ICAO [68]. From 2040 to 2050, 

annual growth rates of 6.4% and 6.0% and 5.5% for 2040, 2045 and 2050, respectively, are considered as it was 
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evaluated that the global GDP may grow approximately 4-5% per year in that period, as also adopted by Toktarova 

et al. [69] and airfreight demand experiences a moderately swifter growth rate than GDP.  

Equation 4 indicates how aviation freight transportation demand is projected to develop in the period 2015 to 

2050. 

(𝑡𝑘𝑚)𝐺,𝑡+1
= (𝑡𝑘𝑚)𝐺,𝑡 (1 + GR)  𝑦𝑒𝑎𝑟𝑡+1−𝑦𝑒𝑎𝑟𝑡   (4) 

 

Wherein, (𝑡𝑘𝑚)𝐺,𝑡+1  is the global aviation freight transportation demand for the following time steps, which is 

typically an interval of 5-years in this research, GR is the growth rate for aviation freight transportation demand, 

yeart+1 and yeart represent the concrete years of each step. The aviation freight transportation demand from 2015 

to 2050 is distributed across countries to obtain the freight transportation demand for each country individually, 

as indicated in Equation 5. 

(𝑡𝑘𝑚)𝑖,𝑡 = (𝑡𝑘𝑚)𝐺,𝑡 ∙
( 𝐺𝐷𝑃𝑖,𝑡  𝑐𝑎𝑝 ∙  𝑃𝑖,𝑡  )

( 𝐺𝐷𝑃𝐺,𝑡  𝑐𝑎𝑝 ∙  𝑃𝐺,𝑡  )
 

(5) 

 

Wherein, (𝑡𝑘𝑚)𝑖.𝑡 is a freight demand of a country i for a point t in time, 𝐺𝐷𝑃𝑖,𝑡  𝑐𝑎𝑝 and 𝑃𝑖,𝑡 is the GDPcap and 

population of country i for a point t in time, the subscript 𝐺, represents the respective global. The regarded time 

period is from 2015 to 2050 and typically applied for intervals of 5-years. Table 4 summarises the transportation 

demand values for passenger and freight in the aviation industry during the transition period until 2050, in 5-years 

intervals.  

Table 4. Global transportation activity for aviation passenger [61] and freight [67,68] from 2015 to 2050. 

Transport modes Unit 2015 2020 2025 2030 2035 2040 2045 2050 

Aviation Passenger b p-km 5629 6865 8334 10,664 13,131 17,024 21,519 26,362 

Aviation Freight b t-km 197 264 353 473 633 862 1156 1514 

 

The total global passenger transportation demand and freight transportation demand through the transition from 

2015 to 2050, summarising Tables 2 to 4 is shown in Figure 1. 
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Figure 1. Development of global passenger transportation demand (left) and freight transportation demand (right) from 2015 

to 2050. 

2.2. Specific energy demand 
 

Specific energy demand of each segment is the next step to finally derive energy demand in the transport sector. 

Energy demand is expressed in electrical (-el) and thermal (-th) units, followed by a fuel specification for thermal 

units, such as TWhth,H2, TWhth,CH4, TWhth,liq, for hydrogen, methane and liquid fuels, respectively. All thermal 

energy units are provided and used in lower heating values (LHV). Specific energy demand units can be in (MJ, 

kWh) / (p-km, t-km). Specific energy demand estimations are analysed for each transport mode, segment and 

power train for the transition period. 

 

2.2.1. Road specific energy demand 

Heywood et al. [70] provide estimates for LDV fuel consumption in (liters/100 km) and in (kWh/100 km) for all 

power trains until 2050. The vehicle specific demand is linked to the number of passengers per vehicle, so that 

the specific energy demand in units of kWh/p-km is derived. Vehicle numbers and its occupancy known as load 

factor, or average people per vehicle and average freight in tonne per vehicle, is extracted from Greenpeace [34] 

and ICCT [61], for the period until 2050. The global weighted average of load factors is calculated by the global 

summation of vehicle occupancy multiplied by the respective vehicle numbers of a country and then divided by 

the total global number of respective vehicles. The units used in this research for the specific energy demand are 

kWhth/p-km, kWhel/p-km, and kWhH2/p-km for ICE, BEV, and FCEV, respectively. In case of PHEV, the electric 

driving range also influences the utility factor, also called electric driving share, as described by Plötz et al. [17]. 

The utility factor is calculated to be 0.7 for the range of current vehicles and is expected to grow to 0.78 by 2050. 

The specific energy demand for the thermal and electric parts of PHEV is based on the values for ICE and BEV. 

The number of passengers per vehicle is not varied for LDV of different power trains. 

The energy consumption for 2W/3W BEV is estimated to be around 3-5 kWhel/100 km for present vehicles 

according to [9], which is considered to be a constant value for the entire transition period. Mendes et al. [71] 

show that the specific energy consumption for 2W/3W ICE is 65% higher than for the BEV power train, and is 

also assumed constant throughout the transition period, and provided in units of kWhth/p-km. The global weighted 

average of vehicle occupancy for 2W/3W is calculated in a comparable way as for LDV. 

The specific energy consumption for BUS is taken from CIVITAS [72], in units of kWh/km for all power trains. 

The projection is available until 2030 and from then on is extrapolated based on the decrease rate from 2015 to 

2030 for all power trains, excluding BUS PHEV, which is composed by BUS ICE and BUS BEV. The utility 

factor for BUS PHEV is taken from [73] as a constant value of 0.5 throughout the transition period. The specific 

energy demand for BUS PHEV is composed of the respective BEV and ICE values. Equation 6a and 6b show the 

extrapolation. 

 𝐷𝑅 = (
𝑆𝐸𝐷𝑡𝑚

𝑆𝐸𝐷𝑡0

)

1

𝑡𝑚−𝑡0
− 1  (6a) 

 𝑆𝐸𝐷𝑡𝑘
= 𝑆𝐸𝐷𝑡𝑘−1

∙ (1 + 𝐷𝑅)𝑡𝑘−𝑡𝑘−1  (6b) 
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Wherein, DR is the decline rate, SED is the specific energy demand, tm is the year with the last provided data, t0 

is the begining of the transition period, tk is a year within the transition period. The BUS occupancy and its 

projection until 2050 is done similarly to LDV. 

The specific energy consumption of MDV BEV and HDV BEV is estimated to be 100 kWh/100 km and 

200 kWh/100 km in the year 2012, according to Boer et al. [74]. The specific energy demand is projected 

according to Equation 6a and 6b using decline rates from LDV BEV. Specific energy demand for MDV ICE and 

HDV ICE is 4.8 and 1.6 MJ/t-km for the year 2015 and 2.7 and 0.8 MJ/t-km for 2050, adopted from [34]. Fulton 

[75] investigated that FCEV trucks have 40% lower consumption compared with ICE trucks. Load factors for 

MDV and HDV to translate kWh/km units to kWh/t-km units are obtained in a similar way as the passenger 

number per LDV, though here for tonne per MDV and HDV. The utility factors for MDV PHEV and HDV PHEV 

are considered from [73] as a constant value of 0.4 and 0.3, respectively, throughout the transition period. The 

specific energy demand for MDV PHEV and HDV PHEV is composed of the respective ICE and BEV values. 

Table 5 summarises the used references for the specific energy consumption and load factors of road vehicles.  

Table 5. Sources for the specific energy consumption and load factors of road vehicles.   

Vehicle Item Unit reference 

LDV 
Energy consumption kWh/100 km [70]  

Load factor passengers per vehicle [61,34] 

2W/3W 
Energy consumption kWh/100 km [9,71] 

Load factor passengers per vehicle [61] 

BUS 
Energy consumption kWh/km [72]  

Load factor passengers per vehicle [1] 

MDV  
Energy consumption kWh/km [34,74,75] 

Load factor tonne per vehicle [61] 

HDV 
Energy consumption kWh/km [34,74,75] 

Load factor tonne per vehicle [61] 

 

2.2.2. Rail specific energy demand   

Trains are divided into two power trains, electric and diesel, and this is applied for passenger and freight transport. 

Schäfer et al. [76] introduced a specific energy demand scenario for passenger and freight electric trains and 

provide specific energy demand for the years 2010 and 2050, which is considered for this research. They have 

also investigated that electric trains are between 45-50% more energy efficient than diesel fueled trains, which is 

applied in this research. It is assumed that the specific energy demand for trains declines in a linear rate, so that 

all periods between 2010 and 2050 can be linearly interpolated. 

 

2.2.3. Marine specific energy demand 

Marine transportation is taken into account with three power trains ICE, battery electric and fuel cell electric, 

whereas ICE can be fueled by diesel and LNG, and the fuel cells by hydrogen. For the specific energy demand 

for marine freight, IMO [62] introduced the absolute fuel consumption of all vessel types for 2012, which is 
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accounted to 274,700 kt of bunker fuel, for both domestic and international shipping. Calorific values in kJ/g for 

heavy fuel oil, marine diesel and gas oil are provided by DNV GL [77]. Marine freight transportation demand is 

adopted from section 2.1.3 and adjusted to 2012 values, so that the specific energy consumption is obtained. 

Horvath et al. [36] provide efficiency values for marine diesel engines for 2030 and 2040 to be 46% and 47%, 

respectively, and for 2050, 48% is assumed. This efficiency development is used for specific energy demand 

projection. 

A comparison between the mechanical and electrical drives in ships is presented by Fireman and Arbor [51], 

introducing relative drag coefficients and propeller efficiency for both propulsion options, leading to about 65-

70% efficiency. This is linked to a fuel-to-power efficiency of 40% [36] and battery full charge cycle efficiency 

of 92%, resulting in a total power train efficiency of about 28% and 60% for ICE and battery electric ships, 

respectively for 2015. The ratio of battery electric to ICE efficiency develops from 2.16 to 1.80 from2015 to 2050. 

This ratio of relative efficiency can be used to obtain the specific energy consumption for freight battery electric 

ships. The same procedure is adopted for hydrogen-based fuel cell ships, though fuel-to-H2 efficiency is assumed 

to increase from 53% to 65%, from 2030 to 2050, based on [36]. The respective ratio of FC to ICE efficiency for 

ships develops from 1.08 to 1.27, from 2030 to 2050. In terms of marine passenger specific energy demand, 

Becken [78] indicated that for a couple of marine passenger transport types, including ferries and cruise ships, the 

average value is about 2.5 MJth/p-km for 2010. The marine passenger specific energy demand is projected in 

comparable correlation as freight marine, for battery electric and fuel cell electric ships.  

 

2.2.4. Aviation specific energy demand 

The specific energy consumption of ICE, battery electric and FC planes for passenger and freight transportation 

is estimated. The ICCT roadmap provides aviation data in units of (revenue passenger km) rp-km/kg jet fuel 

consumption. As a first order approximation rp-km/kg is considered as p-km/kg. Net calorific value is defined for 

jet fuels in [79], which is regarded in units of MJ/kg. ICCT [61] provides data for kg of jet fuel needed to enable 

respective p-km, which leads to the desired specific energy demand for ICE planes in MJ/p-km. 

For electric airplanes, there is a need of using batteries for power supply, which leads to an efficiency enhancement 

from 30% to 80% from turboprop engine to a full battery electric system, according to Mueller et al. [80]. They 

also investigate the efficiency increase of ICE to hydrogen-based FC and obtain a development from 30% to 

41.7% overall efficiency. The specific energy demand for battery electric and FC planes is estimated by these 

efficiency ratios of battery electric and FC planes to ICE planes. Table 6 summarises all references used to derive 

specific energy demand for the transport modes rail, marine and aviation.  

 

Table 6. Sources to calculate the specific energy demand for the transport modes rail, marine and aviation.  

Modes Item Unit reference 

Rail 
Specific energy demand MJel/p-km  [76] 

Specific energy demand MJel/t-km [76] 

Marine 

Bunker fuel consumption kilo tonne [62] 

Calorific value  kJ/g [77] 

Efficiency  % [51,36] 

Specific energy demand  MJth/p-km [78] 

Specific energy demand  MJth/t-km [78] 

Aviation Calorific value  MJth/kg [79] 
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Efficiency  % [80] 

Specific energy demand  MJth/p-km [79,80] 

Specific energy demand  MJth/t-km [79,80] 

 

 

2.3. Fuel share distribution of transport modes 

 
The above mentioned approaches are utilised to collect and calculate the transportation demand and specific 

energy demand for each transport mode. Thereafter, transportation demand is converted to energy demand with 

estimated fuel shares for the transition from the current form to sustainable and zero GHG emitting fuels 

throughout, until 2050. Sustainable production routes for all required fuels are established to link primary energy 

supply to final energy fuel demand. The following fundamental fuel types and its sustainable production routes 

are taken into consideration and depicted in Figure 2: 

 Road: electricity, hydrogen, liquid fuels (liquid hydrocarbons) 

 Rail: electricity, liquid fuels (liquid hydrocarbons) 

 Marine: electricity, hydrogen, methane, liquid fuels (liquid hydrocarbons) 

 Aviation: electricity, hydrogen, liquid fuels (liquid hydrocarbons) 

 

 

Figure 2. Transport modes and fuels (top) and value chain elements for sustainable fuels (bottom). Figure taken from Breyer 

et al. [81]. 

 

Road transport can be powered by electricity, liquid fuels and hydrogen. These fuels contribute with different 

shares through the years and complement each other. Share of each transport vehicle type within newly sold 

vehicles portfolio is estimated based on expected levelised cost of mobility (LCOM). The vehicles stock numbers 

are based on the historic structure and vehicles lifetimes, whereas newly sold vehicles substitute the existing stock 

at the end of their lifetimes, plus additional vehicles to satisfy a potentially growing transportation demand. 

Conversion to stock numbers is performed based on these newly sold vehicle shares and estimation of the total 

number of vehicles needed to satisfy the respective transportation demand. To calculate country wise vehicles 
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portfolios, the respective country transportation demand is divided by respective passengers per vehicle (or freight 

per MDV/HDV), and average annual distance per vehicle (Equation 7a). The number of newly sold vehicles for 

a respective year is comprised by the growth of the entire vehicle fleet and the reinvested vehicles (Equation 7b). 

Vehicles fleet growth is calculated in comparison to the previous period (Equation 7c). Reinvestment of vehicles 

is equal to vehicles expected to be decommissioned at the end of their lifetimes and respective need for substitution 

(Equation 7d). The number of new vehicles of each type is the product of the share of vehicle type in newly sold 

vehicles and the respective number of new vehicles added in that period. Stock numbers are the sum of newly 

sold vehicles during the expected lifetime of vehicles. 

 

 
𝑇𝐹𝑖,𝑗,𝑡 =

𝐷𝑖,𝑗,𝑡

𝑃𝑃𝑉𝑖,𝑗,𝑡 · 𝐷𝑃𝑉𝑖,𝑗,𝑡

 (7a) 

 𝑁𝑉𝑖,𝑗,𝑡 =  𝐹𝐺𝑖,𝑗,𝑡 +  𝐹𝑅𝑖,𝑗,𝑡 (7b) 

 𝐹𝐺𝑖,𝑗,𝑡 =  𝑇𝐹𝑖,𝑗,𝑡 − 𝑇𝐹𝑖,𝑗,𝑡−1 (7c) 

 𝐹𝑅𝑖,𝑗,𝑡 =  𝐹𝐺𝑖,𝑗,𝑡−𝑙𝑖𝑓𝑒𝑡𝑖𝑚𝑒𝑗
 (7d) 

 

Wherein, TFi,j,t is the total fleet per road segment j and country i and year t as an integer, Di,j,t is the transportation 

demand, PPVi,j,t is passengers (or freight) per vehicle, DPVi,j,t is average annual distance per vehicle, NVi,j,t is the 

number of newly sold vehicles in the total fleet, FGi,j,t is the number of newly sold vehicles to satisfy the growth 

of the vehicle fleet, FRi,j,t is the number of newly sold vehicles to substitute decommissioning of vehicles, t is the 

respective year, t-1 is the previous period, lifetime is the lifetime of vehicles. Road segments j are: LDV, 2W/3W, 

BUS, MDV, and HDV. The countries i are all countries in the world. The years t are from 2015 to 2050, in 

intervals of 5-years. 

 

Rail transportation is based on the fuel types, electricity and liquid fuels, applied to the shares of passenger and 

freight transport. The applied electricity and liquid fuel shares for the rail mode until 2050 are taken from 

Greenpeace [34]. This leads to electricity and liquid fuel shares for the rail modes in 2050 of 86% and 14%, 

respectively.  

 

Presently, the marine mode is practically powered solely by liquid fuels for both passenger and freight transport, 

neglecting small shares of methane-based LNG [82] and electric ships [83]. From 2020 onwards electricity, 

methane and hydrogen will play an increasing role as alternative fuels. For electric ships, a mileage limitation to 

maximum of 100 km on a single charge of lithium batteries is expected [84,85]. Hydrogen and methane-based 

LNG are not limited in mileage. The transportation share of low range trips for ships is evaluated for deriving the 

electricity contribution for the marine mode. Based on GHG emissions shares of international and domestic 

shipping [86], it is obtained that 11% of the total shipping is domestic and it is assumed that 80% of all domestic 

shipping is within a range for electrification. The assumed phase-in of electric domestic ships is visualised in 

Figure 3. In accordance with this assumption and marine transportation demand, the share of electric shipping is 

calculated. 
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Currently, aviation transportation is entirely based on liquid fuels. This will change in the upcoming decades. 

From around 2035 onwards, it is assumed that hydrogen and electricity start to gain market shares for powering 

airplanes, as documented by first policies for all-electric flights in Norway with up to 1.5 hours range [52] and 

expectations in technology enhancement for flights up to 3 hours [87]. Electric airplanes are limited in range due 

to the limited energy density of lithium batteries. Short haul flights up to 1.5 to 3 hours with utmost 100 passengers 

have the potential to be electrified according to Wilkerson et al. [88]. Consequently, this research assumes for the 

year 2050 that 18.7% of the flights will be electric and twice that is assumed to be contributed by fuel cell based 

flights fueled with hydrogen (37.4%), while the rest is projected to remain powered with jet fuel. The phase-in of 

all-electric flights is visualised in Figure 3, and based on the estimate of 11.7% of all p-km for flights up to 1.5 

hours and 23.4% of all p-km for flights within 1.5 and 3 hours, whereas 80% of these flights should be served by 

all-electric flights in the longer term, which is projected to be achieved between 2050 and 2060. 

 

  

Figure 3. Projected phase-in of all-electric domestic shipping as a percentage of all domestic shipping (left) and 

flights for ranges up to 3 hours as a percentage of all domestic and international flights in passenger kilometres 

(right). 

 

2.4. Capital expenditures, operational expenditures and lifetimes for road vehicles 

 
In this paper, the LCOM for road vehicles is used to obtain the evolution of the vehicle types. Capital expenditures 

(capex) for the vehicle types of LDV, BUS, MDV and HDV and their respective projections from 2015 to 2050 

are considered. This evaluation is done for four mentioned segments and the following power trains: ICE, BEV, 

PHEV, and FCEV. In addition, operational expenditures (opex) for all vehicle types and lifetimes are considered. 

Capex, opex, lifetime and weighted average cost of capital (WACC) form the key performance unit LCOM, so 

that all vehicle types within a vehicle class can be compared. LCOM is defined in Equation 8. Opex variable is 

defined in Equation 9. The capital recovery factor (crf) used for LCOM is defined in Equation 10. WACC is set 

at 7% in this study. GHG emissions cost (GHGcost) are adopted from Bogdanov et al. [89]. 

 

𝐿𝐶𝑂𝑀 =
[(𝑐𝑎𝑝𝑒𝑥𝑡𝑜𝑡 −𝑐𝑎𝑝𝑒𝑥𝑏𝑎𝑡)∙𝑐𝑟𝑓𝑡𝑜𝑡  +𝑐𝑎𝑝𝑒𝑥𝑏𝑎𝑡∙𝑐𝑟𝑓𝑏𝑎𝑡 +𝑜𝑝𝑒𝑥𝑓𝑖𝑥] 

mileage
+ 𝑜𝑝𝑒𝑥𝑣𝑎𝑟  (8) 

 

 𝑜𝑝𝑒𝑥𝑣𝑎𝑟 = 𝐸𝑐𝑜𝑛𝑠 ∙ 𝐸𝑐𝑜𝑠𝑡 + 𝐺𝐻𝐺𝑒𝑚𝑖𝑡 ∙ 𝐺𝐻𝐺𝑐𝑜𝑠𝑡  (9) 
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𝑐𝑟𝑓 =  
WACC ∙ (1+WAC𝐶)𝑁

 (1+WAC𝐶)𝑁−1
 (10) 

 

Wherein, capextot is total capital expenditure of vehicle, capexbat is battery capex of vehicle, opexfix is the fixed 

operational expenditure of vehicle, mileage is the annual mileage of vehicle, opexvar is the variable operational 

expenditure of vehicle, Econs is the specific energy demand per km of vehicle, Ecost is the specific cost of fuels used 

by vehicle, GHGemit is the specific emitted GHG emissions per km, GHGcost is the applied CO2eq price, and mileage 

is the annual mileage of vehicle. 

2.4.1. Capital expenditures 

Vliet et al. [90] investigated the regular diesel and gasoline prices in euros for LDV ICE vehicles. Vehicles consist 

of two major parts: platform and power train. The two liquid fuel LDV types are averaged in the following, and 

constant cost for LDV ICE platform and power train are assumed over the entire transition period. The capex of 

LDV BEV are split into three main components: platform, electrical drive and battery. The specific cost of the 

battery is high in the beginning, but a continued and drastic cost reduction is factored in, based on Bloomberg 

New Energy Finance (BNEF) [91] and UBS [19]. The starting specific cost of the battery is 198 €/kWhcap in 2017 

[91,19]. A cost reduction of 7.9% per year is assumed until 2030, based on BNEF and UBS assumptions, and 2% 

per year until 2050. The obtained specific battery cost for 2030 is confirmed by Nguyen and Ward [92]. The power 

train cost reduction is assumed at 7.9% per year until 2030 and 2% per year then onwards [91,19]. LDV PHEV is 

composed by ICE and BEV components, but with lower battery capacity. The cost reduction of the power train 

and battery is assumed to follow the same percentage as for LDV BEV. The battery capacity for BEV and PHEV 

is calculated to be 70 and 10 kWh, respectively by multiplying all electric range km of the vehicle to its specific 

efficiency in kWh/km [19]. LDV FCEV vehicles consist of the major components: platform, power train (fuel cell 

and electric motor) and hydrogen energy storage. The platform cost is adopted from Vliet et al. [90], with a fuel 

cell power of 100 kW and a range of about 500 km, leading to a hydrogen storage capacity of 140 kWhH2. 

Assumptions for the power train and hydrogen storage are considered from Bubeck et al. [93]. The fuel tank capex 

are considered to be fixed at 1.9 €/kWhH2, whereas the power train capex declines from 284 €/kW in 2015 to 48 

€/kW in 2050, according to estimates of UBS [19].  

 

BUS ICE capex is adopted from Lajunen and Lipman [94] and constant capex for the entire transition period is 

assumed. The platform cost share of BUS ICE is extracted from LDV platform cost share, according to Vliet et 

al. [90] and found to be 74% of the total capex, so that the other BUS power train types can be investigated. BUS 

BEV is composed of the platform capex plus the power train and battery. The platform cost of BUS BEV is 

identical to BUS ICE, and the BUS BEV battery cost is calculated by multiplying the battery capacity in kWh 

[94] with the specific battery cost. The reduction of battery cost for the BUS BEV by 2050 is according to the 

LDV method. BUS BEV power train capex is the same value as for BUS PHEV, which is described in Equation 

11. BUS BEV battery capacity is set to 333 kWh, according to Lajunen and Lipman [94], assuming the identical 

specific battery capex cost reduction as in LDV BEV. BUS PHEV capex components are split to the components: 

platform, battery, and power train (ICE and BEV). The platform cost is identical for all BUS vehicle types. Battery 

capacity is set to 49.7 kWh, according to Lajunen et al. [95] and the specific battery capex cost decline is assumed 

to be identical to LDV BEV. The BUS PHEV power train is calculated according to the respective development 
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of LDV, but based on BUS assumptions, as detailed in Equation 11, which can be applied for all years of the 

transition period. 

 

𝑐𝑎𝑝𝑒𝑥𝑝𝑜𝑤𝑒𝑟 𝑡𝑟𝑎𝑖𝑛,𝐵𝑈𝑆 𝑃𝐻𝐸𝑉,𝑦𝑒𝑎𝑟 = (𝑐𝑎𝑝𝑒𝑥𝑡𝑜𝑡𝑎𝑙,𝐵𝑈𝑆 𝐼𝐶𝐸 − 𝑐𝑎𝑝𝑒𝑥𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚,𝐵𝑈𝑆 𝐼𝐶𝐸) ∙
𝑐𝑎𝑝𝑒𝑥𝑝𝑜𝑤𝑒𝑟𝑡𝑟𝑎𝑖𝑛,𝐿𝐷𝑉 𝑃𝐻𝐸𝑉,𝑦𝑒𝑎𝑟

𝑐𝑎𝑝𝑒𝑥𝑝𝑜𝑤𝑒𝑟𝑡𝑟𝑎𝑖𝑛,𝐿𝐷𝑉 𝐼𝐶𝐸,𝑦𝑒𝑎𝑟
 (11) 

 

Wherein, capex is capital expenditures for the power train, the entire bus, total, and the platform., and year 

indicates the considered year in the transition period.  

 

Current BUS FCEV capex are adopted from Lajunen [95], leading to a cost decline of the vehicle, excluding the 

platform, of 5% per year up to 2030, based on Vliet et al. [90]. As technological similarities exist, a further cost 

decline of 2% from 2030 to 2050 is presumed. Finally, the aggregation of all components per BUS type leads to 

the total capex for each year within the transition period.  

 

MDV ICE capex is assumed to stay stable, according to Yeon and Thomas [96], from which the class 6 vehicle is 

regarded. In analogy to BUS, the LDV platform share of 74% is also applied for MDV vehicles. MDV BEV capex 

is composed of three capex contributions from the platform, power train and battery. The platform capex is 

identical to MDV FCEV. MDV BEV power train is estimated as the ratio of LDV BEV power train capex to LDV 

BEV platform capex, applied to the MDV BEV platform capex. The specific battery capex is assumed identical 

to LDV BEV, but for a battery capacity of 120 kWh [97]. The MDV PHEV capex is composed with the same 

logic as in LDV PHEV and MDV in general. The MDV PHEV platform capex is identical to MDV BEV, i.e. 74% 

of the total capex of MDV ICE. MDV PHEV power train capex is calculated similarly to Equation 11. The MDV 

PHEV battery capacity is taken as the MDV BEV battery capacity multiplied by the ratio of the battery capacities 

of LDV PHEV to LDV BEV, while the identical specific battery capex is assumed. MDV FCEV electric motor is 

set to 170 kW for the class 6 vehicle, according to Kast et al. [98], and the respective capex decline follows the 

percentage of LDV FCEV. The MDV FCEV hydrogen storage capacity is scaled according to the specific energy 

demand of MDV FCEV versus LDV FCEV and the identical specific hydrogen storage capex is assumed. The 

sum of the three capex components yields the total capex of MDV FCEV, which is then applied for all years 

within the transition period. 

 

Capex for HDV ICE is regarded as the average capex of several heavy duty trucks, according to Laitila et al. [99]. 

The method is identical to MDV. Specific values are HDV FCEV electric motor of 250 kW [98] with a capex 

decline according to MDV FCEV. Tesla [100] claims that by 2020 there will be 900 kWh battery capacity for 

their HDV BEV for 143 €/kWhcap, which is set as a reference, while the relative battery capex decline is assumed 

to be according to LDV BEV. The battery capacity for HDV PHEV is estimated according to the same method as 

in MDV PHEV, as also for the other components. 

 

2.4.2. Operational expenditures 

Opex fixed comprises of insurance and maintenance cost for the vehicles, and no change in the insurance cost is 

assumed throughout the transition period. The annual insurance cost for LDV ICE [101] is assumed to be the same 
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for all LDV types. LDV BEV maintenance cost is lower than for LDV ICE due to reduced complexity [102]. LDV 

ICE and LDV BEV maintenance costs are assessed in [53] and used in this study. LDV PHEV maintenance cost 

is comprised of the full LDV ICE maintenance cost plus half the maintenance cost of LDV BEV. LDV FCEV 

maintenance cost is assumed to be comparable to ICE and BEV, thus comprising half of each.  

 

Insurance cost for BUS is taken from [103] and assumed to be identical for all BUS types. BUS ICE maintenance 

cost is taken from [94], as 0.16 €/km for an annual distance of 66,667 km. Maintenance costs for BUS BEV, 

PHEV and FCEV are based on BUS ICE and scaled according to the LDV types. Insurance costs for MDV ICE 

and HDV ICE are taken from [104], whereas the respective classifications for MDV and HDV are taken from 

[98]. MDV ICE maintenance costs for diesel MDV is estimated to be between 300 to 600 USD/month, therefore 

450 USD/month are applied and converted by long-term average currency exchange rate of 1.3 USD/€. Other 

MDV type maintenance cost is scaled in accordance to LDV. HDV ICE insurance cost is set identical to all HDV 

types and taken from Bento et al. [105]. HDV maintenance cost is set to be identical to BUS for all HDV types. 

 

Table 7 provides all sources used for capex and opex for all road vehicle types 

Table 7. Sources used for vehicle, battery and hydrogen storage prices as well as maintenance and insurance costs. 

Vehicle Item Unit reference 

LDV 
Vehicle price € [90] 

Battery/ hydrogen price €/kWh  [91,19,93,92] 

BUS 
Vehicle price € [94] 

Battery/ hydrogen price €/kWh  [94,95] 

MDV 
Vehicle price € [96] 

Battery/ hydrogen price €/kWh  [98] 

HDV 
Vehicle price € [99] 

Battery/ hydrogen price €/kWh  [98,100] 

All types 
Insurance €/vehicle [101,103,104] 

Maintenance €/vehicle [19,94,102] 

 

2.4.3. Lifetimes 

Vehicle lifetime is determined as an average vehicle age from starting operation to scrappage stage. Vehicle 

lifetimes for all vehicle types are assumed to stay constant until 2050. Battery lifetime has to be considered for all 

BEV and PHEV road segments. Changes in scrappage patterns for LDV and the consequence of a higher average 

lifetime is discussed by Bento et al. [105]. Whereas, Dun et al. [106] point out that vehicle lifetime heavily depends 

on annual mileage, which is assumed to be roughly 10,000 km for LDV. Battery lifetime is assumed to be identical 

for BEV and PHEV, as discussed by Guenther et al. [107]. Laver et al. [108] discuss the concept of useful lifetime 

for BUS, which is concluded to be between 12 and 14 years. In this study, the planned useful lifetime chosen is a 

bit longer to also cover the period until decommissioning. Lajunen [95] describes 80,000 km for the BUS battery 

lifetime in case of city operation, which can be translated to 3000 – 12,000 full charge cycles or 5 - 10 years 

[109,110,111]. 2W/3W vehicles lifetimes are taken from [9]. Battery installed in 2W/3W vehicles can be valve-

regulated lead-acid (VRLA) or lithium ion battery with different lifetimes, whereas lithium ion technology is 
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assumed as the standard, also due to more promising future and longer lifetime in mobile applications, according 

to Weinert et al. [112]. MDV lifetime is similar to LDV decommissioning age, and average age of MDV is taken 

from [113]. HDV lifetime is slightly longer than that of MDV or LDV [108,113]. Tables 8 and 9 summarise the 

vehicle and battery lifetimes for all road segments and vehicle types.  

 

Table 8. Vehicle lifetime for all road segments  

Vehicle Unit 2015-2050 reference 

LDV years 15 [105,106] 

2W/3W years 10 [9] 

BUS years 15 [108] 

MDV years 15 [113] 

HDV years 16 [108,113] 

 

Table 9. Battery lifetime for all technologies on the road  

Vehicle type Unit 2015-2050 reference 

LDV BEV years 10 [107] 

LDV PHEV years 10 [107] 

2W/3W BEV years 9 [9] 

BUS BEV years 9 [95] 

BUS PHEV years 6 [95] 

MDV BEV years 10 [107] 

MDV PHEV years 5 [107] 

HDV BEV years 10 [107] 

HDV PHEV years 5 [107] 

 

2.4.4. Annual kilometers for the road segment 

The annual kilometers driven per vehicle type is the weighted average kilometres of vehicle types with their 

occupancy and number of vehicles for all countries globally. Table 10 summarises the annual kilometers for all 

road vehicles. 

 

Table 10. Annual kilometres per vehicle. 

Vehicle type  Unit 2015 2020 2025 2030 2035 2040 2045 2050 

LDV km/a 14,603 14,004 13,357 12,993 12,728 12,468 12,217 11,971 

2W/3W km/a 7224 7380 7453 7494 7435 7427 7480 7702 

BUS km/a 64,744 67,178 68,854 70,810 72,610 74,503 76,293 77,465 

MDV  km/a 22,865 23,332 24,614 25,389 26,154 26,631 27,140 27,601 

HDV km/a 54,541 53,521 52,941 52,582 52,188 51,747 51,312 50,866 

 

2.5. Global final energy demand in the transport sector 
 

The final energy demand for the transport sector can be derived on basis of transportation activities, specific 

energy demand for each transport mode with all transport segments and vehicle types, and the respective fuel 

share distribution. The GHG emission intensity of the used fuels further determine the GHG emissions of the 
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transport sector. An overview diagram of the key factors, from transportation activity to total final energy demand 

and GHG emissions via specific energy demand and fuel share distribution is visualised in Figure 4. 
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Figure 4. Process flow for deriving final energy demand and respective GHG emissions for the transport sector.  

 

The final energy demand is calculated according to Equation 12, which allows a detailed consideration of all 

transport activities of the different transport modes and segments, the differentiation of vehicle types, the evolution 

of fuel shares and the development of the specific energy demand per vehicle type, fuel and segment. The structure 

of the Equation 12 is also visualised in Figure 4. This calculation can be carried out per geographic entity, for 

instance a country, and then aggregated to larger regions, continents and the world. 
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Wherein, EFD is the final energy demand, year is the considered year within the transition period, TA is the 

transport activity, VT is the vehicle type, F is the fuel share distribution, ED is the specific energy demand and the 

indices are i for the transport mode (road, rail, marine, aviation), s for the transport segment (passenger, freight; 

for road: LDV, 2W/3W, BUS, MDV, HDV), v for the vehicle type (road: ICE, BEV, PHEV, FCEV) and f for the 

fuel type (electricity, hydrogen [electricity, fossil], methane [electricity, fossil], liquid fuels [electricity, biofuel, 

fossil]). 

The final energy demand according to Equation 12 can be categorised in different ways, e.g. as the global total 

for all countries and all transport activities, or per country for a transport mode or transport segment, or for a 

specific fuel type. 

The analysis can be further differentiated for the total primary energy demand of the transport sector. This requires 

the consideration of the conversion of primary energy sources to the final energy forms of required fuels. Figure 

2 indicates this for modern synthetic fuels. For deriving the full primary energy demand, an energy supply scenario 

is required reflecting the development of the electricity mix, the applied hydrogen production technology, in 

particular electricity-based electrolysis and steam methane reforming based on fossil natural gas, the methane 

supply mix, in particular fossil natural gas and power-to-gas, liquid fuel mix based on fossil fuels, biofuels and 

electricity-based Fischer-Tropsch fuels. This is detailed in section 2.7. 

 

2.6. GHG emissions from the transport sector 
 

Well-to-Wheel (WTW) GHG emissions analysis for the various fuels used is the decisive metric, since it considers 

the fuel value chain from primary energy to final use. WTW consists of Well-to-Tank (WTT) comprising fuel 

refining and logistic requirements from primary energy to final energy and Tank-to-Wheel (TTW), which 

comprises the GHG emissions of the final energy fuels used. GHG emission factors for fuels are taken from IPCC 

[114], using average values for liquid fuels comprised of diesel, gasoline, jet fuel, residual fuel oil and biofuel for 

the TTW balance, and fossil natural gas for LNG TTW emissions. The TTW values for hydrogen and electricity 

as a final energy fuel are zero. The TTW GHG emission values for LNG and liquid fuels will decline until 2050 

based on the applied energy transition scenario, which can imply an electricity share for methane via power-to-

gas and a RE share for liquid fuels, comprised of biofuels and electricity-based FT fuels. The shares of the various 

sustainable fuels are according to sections 2.3 and 3.2.3. WTW GHG emission intensity for liquid fossil fuels are 

taken from Rahman et al. [115], who averaged five North American conventional crudes, and derived values for 

gasoline, diesel and jet fuel, which have been averaged for liquid fossil fuels, as used in this analysis. WTW GHG 

emissions from sugarcane and corn as bioethanol feedstock are taken from Wang et al. [116]. GHG emissions 

from palm oil as biodiesel feedstock are taken from Nylund and Koponen [117]. The finally used emission value 

for biofuel is the weighted average of bioethanol and biodiesel with their available market shares and represented 

by the main producers the USA and Brazil, as taken from [118]. WTW GHG emissions for fossil LNG is 300 

gCO2eq/kWhth in the 100-years-GWP consideration of methane emissions, as suggested by IPCC in its 5th 

assessment report and discussed here [119]. The WTW emission intensity of liquid fuels and LNG declines as a 

consequence of the applied energy transition scenario through an expected increase of RE shares used for these 

final energy fuels. Presently, hydrogen production is dominated by fossil natural gas based steam methane 

reforming (SMR), leading to a WTW GHG emission of 380 gCO2eq/kWhH2. Similar to liquid fuels and LNG, these 

emissions decline as the share of used RE increases, as a consequence of the energy transition. Hydrogen from 
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SMR is expected to be substituted by hydrogen from renewable electricity based electrolysis, as discussed in 

Fasihi et al. [120] and Elgowainy et al. [121]. Electricity WTT GHG emissions, better called Well-to-Grid (WTG) 

GHG emissions, depend on the used electricity supply mix and its composition with primary fuels such as coal, 

fossil natural gas, fuel oil, nuclear and the various forms of renewables. The GHG emission values of fossil oil 

and fossil natural gas used for the final energy fuels are also used for the electricity supply. GHG emission values 

for lignite coal (400 gCO2eq/kWhth) and hard coal (390 gCO2eq/kWhth) are taken from Schuller [122]. The two coal 

emission factors are weighted into a unified GHG emission value, based on their total global production, according 

to Skone [123]. The specific GHG emission values in thermal energy units are converted to the average efficiency 

of thermal power plants used for electricity generation. The considered thermal power plants are oil-based ICE 

generators, coal power plants and open cycle and combined cycle gas turbines. All efficiency values and the 

assumed energy transition scenario is taken from Bogdanov et al. [89]. The energy transition scenario for the final 

energy fuels is according to sections 2.7 and 3.5. GHG emission intensities of the considered final energy fuels 

during the energy transition period, as obtained by applying the energy transition scenario is summarised in Table 

11 for TTW and WTW considerations, which also allows a WTT analysis, if required.  

 

Table 11. GHG emission intensity for all applied final energy fuels for TTW and WTW consideration.  

Fuel Method Unit 2015 2020 2025 2030 2035 2040 2045 2050 

Electricity TTW gCO2eq/kWhel 0 0 0 0 0 0 0 0 

Hydrogen TTW gCO2eq/kWhH2 0 0 0 0 0 0 0 0 

LNG TTW gCO2eq/kWhCH4 237 237 237 230 194 135 54 0 

Liquid fuel TTW gCO2eq/kWhth 266 266 266 258 218 151 71 10 

Electricity WTW gCO2eq/kWhel 513 373 140 47 15 6 2 0 

Hydrogen WTW gCO2eq/kWhH2 389 395 334 223 148 65 21 0 

LNG WTW gCO2eq/kWhCH4 300 300 300 294 251 176 71 0 

Liquid fuel WTW gCO2eq/kWhth 368 366 366 358 305 211 96 8 

 

The total GHG emissions of the transport sector on different levels of aggregation and for different years can be 

calculated according to Equation 13, which is closely linked to Equation 12. The structure of Equation 13 is also 

visualised in Figure 4. This calculation can be carried out per geographic entity, for instance a country, and then 

aggregated to larger regions, continents and the world, in the same way as for the final energy demand. The TTW, 

WTW or WTT GHG emissions can be analysed separately, by applied respective values according to Table 11. 

 

𝐺𝐻𝐺𝑡𝑜𝑡𝑎𝑙,𝑏,𝑦𝑒𝑎𝑟 =   ∑ 𝑇𝐴𝑖,𝑠 ∙ 𝑉𝑇𝑣 ∙ 𝐹𝑖,𝑠,𝑣,𝑓 ∙ 𝐸𝐷𝑖,𝑠,𝑣𝑖,𝑠,𝑣,𝑓 ∙ 𝐺𝐻𝐺𝑓,𝑏 (13) 

 

Wherein, GHGtotal is the total GHG emissions, b is the balancing of WTT, TTW or WTW, year is the considered 

year within the transition period, TA is the transportation activity, VT is the vehicle type, F is the fuel share 

distribution, ED is the specific energy demand, GHGf is the specific GHG emission per final fuel, and the indices 

are i for the transport mode (road, rail, marine, aviation), s for the transport segment (passenger, freight; for road: 

LDV, 2W/3W, BUS, MDV, HDV), v for the vehicle type (road: ICE, BEV, PHEV, FCEV), and f for the fuel type 

(electricity, hydrogen, LNG, liquid fuels). 
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The total GHG emissions according to Equation 13 can be categorised in different ways, e.g. as total global for 

all countries and all transport activities, or per country for a transport mode or transport segment, or for a specific 

fuel type.  

 

2.7. Primary energy demand and Well-to-Wheel efficiency 
 

Well-to-Wheel (WTW) efficiency analysis for various fuels and vehicle types used is a key metric for the transport 

sector, since it considers the entire energetic value chain from primary energy to final mechanical use. The WTW 

concept consists of Well-to-Tank (WTT), comprising the fuels production chain from primary energy to final 

energy fuels, and Tank-to-Wheel (TTW), which comprises the final energy fuels used in vehicles. For WTT, the 

full life cycle chain of the fuels is evaluated for analysing the fuel efficiency. The conversion steps comprise the 

principle routes from primary input to final energy fuels, as characterised in Table 12. Primary energy is defined 

as the first form of energy provided by an extraction technology from nature. This applies to fossil fuels (coal, 

natural gas and crude oil), nuclear fuels (uranium), biofuels (biomass) and renewable electricity (solar PV, wind 

electricity, hydropower). Losses of power transmission and distribution are considered for all electricity 

generation. For renewable electricity, there are two further loss types, which are considered for the WTT value 

chain: curtailment and storage. Curtailment and storage losses related to renewable electricity are taken from 

Bogdanov et al. [89] and overall power transmission losses are taken from Sadovskaia et al. [124].  

 

Table 12. Overview on conversion processes from primary input to final energy fuels for the WTT perspective. 

Primary Input Conversion Final energy Fuel 

Fossil fuels Refinery liquid hydrocarbons, diesel, gasoline 

Fossil fuels Power plants (coal, gas, oil) electricity 

Fossil fuels Steam methane reforming hydrogen 

Nuclear fuels Nuclear power plant electricity 

Electricity Fischer-Tropsch liquid hydrocarbons 

Electricity Electrolysis hydrogen 

Hydrogen Methanation methane 

Methane Liquefaction LNG 

Biomass Biorefinery 
biofuels, liquid hydrocarbons, 

biodiesel, bioethanol 

 

For example, if the final energy fuel is LNG, the efficiency chain from raw material extraction to the vehicle tank 

has to be taken into account, and in the case of renewable electricity, the electricity generation, the conversion 

steps, electrolyser, methanation and liquefaction are required and the losses due to power transmission, 

curtailment and storage have to be considered. Table 13 details the WTT efficiencies taken into account for all 

final energy fuels. The references indicated are used for the respective efficiencies. 

Table 13. WTT efficiency values for all final energy fuels. Renewable electricity (RE) is mainly composed of 

solar PV, wind electricity and hydropower. Conversion of fossil fuels to electricity is volume averaged for the 

power plant types of coal, combined cycle gas turbines, open cycle gas turbines, and internal combustion engines. 

Primary 

origination 

Fuel 

type 

WTT 

efficiency  
2015 2020 2025 2030 2035 2040 2045 2050 
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Fossil Diesel [125,126] % 83 84 85 85 86 87 87 88 

Fossil Gasoline [125,126] % 85 86 86 87 88 88 89 90 

Fossil Liquid Hydrocarbons % 84 85 85 86 87 87 88 89 

RE Liquid Hydrocarbons [127] % n/a n/a n/a 53 53 53 53 53 

Fossil Electricity [89] % 44 46 47 48 47 46 46 0 

Nuclear Electricity [89] % 33 33 33 33 37 37 37 38 

RE Electricity [89] % 100 100 100 100 100 100 100 100 

Fossil Hydrogen [128]  % 85 85 85 85 85 85 85 85 

RE Hydrogen [89] % 84 84 84 84 84 84 84 84 

Fossil LNG [129] % 85 85 85 85 85 85 85 85 

RE LNG [127] % 57 57 57 57 57 57 57 57 

Corn Bio-Ethanol [125]  % 61 61 61 61 61 61 61 61 

Sugarcane Bio-Ethanol [125]  % 48 48 48 48 48 48 48 48 

Palm Biodiesel [125] % 80 80 80 80 80 80 80 80 

Biomass Liquid Hydrocarbons % 60 60 60 60 60 60 60 60 

 

Fossil liquid hydrocarbons is an average of diesel and gasoline in the ratio 1:1. Similarly, biomass-based liquid 

hydrocarbons is the weighted average of the two main biofuels, composed by 79% of bio-ethanol and 21% of 

biodiesel [130]. Hydrogen and LNG are considered from fossil fuels and renewable electricity with changing 

shares during the transition period. Electricity is supplied from renewable sources, nuclear and fossil fuels with 

changing shares during the transition period from 2015 to 2050. Production route shares for the final energy fuels 

are indicated in Table 14, in case more than only one route exists. Electricity is factored in according to the 

generation mix of the respective period. 

Table 14. Shares of final energy production routes. 

Final enegy 

fuel 
Input 

Contribution 

share 
2015 2020 2025 2030 2035 2040 2045 2050 

Electricity 

Fossil % 68 50 19 7 2 1 0 0 

Nuclear % 10 10 7 4 2 1 1 0 

Renewable % 22 40 74 89 96 98 99 100 

Hydrogen 
Fossil % 100 90 75 50 35 15 5 0 

Electricity % 0 10 25 50 65 85 95 100 

LNG 
Fossil % 100 100 100 97 82 57 23 0 

Electricity % 0 0 0 3 18 43 77 100 

Liquid 

hydrocarbons 

Biofuel  % 3 4 4 4 4 4 4 4 

FT fuels % 0 0 0 3 18 43 73 96 

Fossil % 97 96 96 93 78 53 23 0 

 

TTW efficiency for the four transport modes is calculated to represent how much final energy can be converted 

by the power trains to mechanical energy and the rest is allocated as loss. Table 15 shows the TTW efficiencies 

for the road transport segments, while Table 16 shows the TTW efficiencies for the transport modes rail, marine 

and aviation. 
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Table 15. TTW efficiencies of all vehicles types for road transport. 

Vehicle  Type 
TTW 

efficiency 
2015 2020 2025 2030 2035 2040 2045 2050 

LDV 

ICE [131] % 20 22 24 26 26 27 27 28 

BEV [132] % 74 77 81 84 86 87 89 91 

PHEV – ICE % 20 22 24 26 26 27 27 28 

PHEV - EV % 74 77 81 84 86 87 89 91 

FCEV [131] % 30 34 39 43 45 47 48 50 

2W/3W 

[133] 

ICE % 12 13 14 16 16 16 16 17 

BEV % 44 46 48 50 51 52 53 54 

BUS 

[134] 

ICE % 33 33 34 35 35 36 36 37 

BEV % 73 76 79 83 85 86 88 90 

PHEV - ICE % 33 33 34 35 35 36 36 37 

PHEV - EV % 73 76 79 83 85 86 88 90 

FCEV % 44 46 48 50 52 54 56 58 

MDV 

ICE [135] % 32 32 33 33 34 34 35 35 

BEV [136] % 73 76 79 83 85 86 88 90 

PHEV - ICE % 32 32 33 33 34 34 35 35 

PHEV - EV % 73 76 79 83 85 86 88 90 

FCEV [136] % 45 47 49 51 53 55 57 59 

HDV 

ICE [135] % 41 42 43 43 44 45 45 46 

BEV [136] % 73 76 79 83 85 86 88 90 

PHEV - ICE % 41 42 43 43 44 45 45 46 

PHEV - EV % 73 76 79 83 85 86 88 90 

FCEV [136] % 45 47 49 51 53 55 57 59 

 

Table 16. TTW efficiencies for the transport modes rail, marine and aviation. 

Modes Type 
TTW 

efficiency  
2015 2020 2025 2030 2035 2040 2045 2050 

Rail, trains 

[137] 

Electric % 76 77 78 79 80 81 82 83 

Diesel % 31 33 34 35 36 36 37 37 

Marine, ships 

[138,36] 

Electric % 62 63 64 64 65 66 67 68 

Hydrogen % 45 48 51 54 56 57 59 60 

LNG % 45 46 48 49 50 50 51 51 

Diesel % 42 43 45 46 47 47 48 48 

Aviation, 

airplanes [54] 

Electric  % 73 74 75 76 77 78 79 81 

Hydrogen % 44 46 47 49 50 52 54 55 

Jet fuel % 39 40 41 42 43 44 44 45 

 

 

3. Results 
 

3.1. Global, regional and country level transportation demand 

 

The transportation demand is structured into the four transport modes, road, rail, marine and aviation, each 

for passenger and freight transportation, as detailed in section 2.2. The geographic structuring of the global 

results are in accordance to Bogdanov et al. [89], for the nine major regions: Europe, Eurasia, Middle East 

Northern Africa (MENA), Sub-Saharan Africa, South Asian Association for Regional Cooperation 

(SAARC), Northeast Asia, Southeast Asia, North America and South America. The scaling of the geographic 

results and aggregation is visualised in Figure 5 for the global road passenger and freight transportation 
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demand during the entire energy transition period. The European aviation transportation demand for 

passenger and freight is shown in Figure 6. The marine transportation demand in France for passengers and 

freight is depicted in Figure 7. The disaggregated values for all countries, transport modes, and transport 

segments can be found in the Supplementary Material (spreadsheet). The global transportation demand for 

the transport modes rail, marine and aviation across the 9 major regions during the transition period is 

presented in Figures 8-10. All transport modes are faced with strong global transportation demand growth, 

as also mentioned in section 2.1.  

 

  

Figure 5. Global road transportation demand for passenger and freight in the nine major regions in resolution of 5-year 

intervals from 2015 to 2050. 

 

   

Figure 6. European aviation transportation demand for passenger and freight in the country resolution for the years 2015 to 

2050. 

 

   

Figure 7. France marine transportation demand for passenger and freight for the years 2015 to 2050. 
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Figure 8. Global rail transportation demand for passenger and freight in the nine major regions for the years 2015 to 2050. 

 

  

Figure 9. Global marine transportation demand for passenger and freight in the nine major regions for the years 2015 to 

2050. 

 

  

Figure 10. Global aviation transportation demand for passenger and freight in the nine major regions for the years 2015 to 

2050. 

 

3.2. Specific energy demand, road LCOM and shares of vehicle and fuel types 
 

3.2.1.  Specific energy demand 

The specific energy demand and energy intensity values for all transport modes are calculated according to the 

methods introduced and are presented in detail in this section. Values for specific energy demand for the road 

transport mode are presented in greater detail in Table 17 with a variety of segments (LDV, 2W/3W, BUS, MDV, 
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HDV) and vehicle technologies (ICE, BEV, PHEV, FCEV). The values of specific energy demand for the 

transport modes rail, marine and aviation are presented in Table 18, also comprising differentiation according to 

passenger and freight transportation and the fuel options. 

 

Table 17. Specific energy demand for the transport mode road. The values are detailed according to the road transportation 

segments, vehicle types for the years 2015 to 2050. 

Vehicle Type Unit 2015 2020 2025 2030 2035 2040 2045 2050 

LDV 

ICE kWhth/p-km 0.485 0.456 0.413 0.368 0.336 0.308 0.260 0.211 

BEV kWhel/p-km 0.113 0.101 0.089 0.078 0.072 0.067 0.061 0.055 

PHEV kWhth/p-km 0.145 0.114 0.091 0.081 0.074 0.068 0.057 0.046 

PHEV kWhel/p-km 0.079 0.075 0.069 0.061 0.056 0.052 0.048 0.043 

FCEV kWhH2/p-km 0.172 0.164 0.136 0.130 0.119 0.118 0.097 0.091 

2W/3W 
ICE kWhth/p-km 0.126 0.126 0.126 0.126 0.125 0.125 0.125 0.125 

BEV kWhel/p-km 0.044 0.044 0.044 0.044 0.044 0.044 0.044 0.044 

BUS 

ICE kWhth/p-km 0.233 0.224 0.210 0.210 0.205 0.199 0.193 0.189 

BEV kWhel/p-km 0.107 0.101 0.095 0.091 0.087 0.083 0.079 0.076 

PHEV kWhth/p-km 0.116 0.112 0.105 0.105 0.102 0.100 0.097 0.095 

PHEV kWhel/p-km 0.053 0.050 0.048 0.045 0.043 0.041 0.039 0.038 

FCEV kWhH2/p-km 0.178 0.166 0.156 0.147 0.139 0.132 0.124 0.118 

MDV 

ICE kWhth/t-km 1.334 1.229 1.132 1.043 0.961 0.885 0.815 0.751 

BEV kWhel/t-km 0.549 0.479 0.419 0.367 0.333 0.302 0.275 0.251 

PHEV kWhth/t-km 0.801 0.737 0.679 0.626 0.576 0.531 0.489 0.450 

PHEV kWhel/t-km 0.220 0.191 0.168 0.147 0.133 0.121 0.110 0.101 

FCEV kWhH2/t-km 0.801 0.737 0.679 0.626 0.576 0.531 0.489 0.450 

HDV 

ICE kWhth/t-km 0.445 0.403 0.365 0.330 0.299 0.271 0.246 0.222 

BEV kWhel/t-km 0.237 0.207 0.181 0.159 0.144 0.130 0.119 0.108 

PHEV kWhth/t-km 0.311 0.282 0.255 0.231 0.210 0.190 0.172 0.156 

PHEV kWhel/t-km 0.071 0.062 0.054 0.048 0.043 0.039 0.036 0.032 

FCEV kWhH2/t-km 0.267 0.242 0.219 0.198 0.180 0.163 0.147 0.133 

 

The load factor for each transport segment is assumed to be identical within each vehicle category. For example, 

in the case of LDV BEV, the same average number of passengers in the vehicle as in LDV ICE is assumed. The 

load factor for MDV and HDV is measured in tonnes per vehicle, and it is assumed to be identical, independent 

of the vehicle type. The values in Table 18 show the energy required to transport one passenger or one tonne over 

one kilometer, depending on the road transport segment, the vehicle type and fuel used. The specific energy 

demand declines over time for all road transport segments and vehicle types, due to enhancements in vehicle 

technology. The relative efficiency of the vehicle types is a structural element of the results, since the least specific 

final energy demand is required for BEV, followed by FCEV, PHEV and finally, ICE. PHEV mixes ICE and 

BEV, so that both fuels, electricity and liquid fuels, are required. By 2050, all values decline to its minimum value, 

since no reduction in efficiency is assumed. 2W/3W BEV appears to be the most efficient vehicles for passenger 

transportation in the road transport mode with 0.044 kWhel/p-km and MDV ICE, the least efficient with a 

consumption of 0.751 kWhth/t-km, as it requires more energy with less tonne capacity.  

 

Table 18. Specific energy demand for the transport modes rail, marine and aviation. The values are detailed according to the 

segments passenger and freight transportation, and the assumed fuels for the years 2015 to 2050. 

Modes Type Unit 2015 2020 2025 2030 2035 2040 2045 2050 
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Rail 

Electricity  kWhel/p-km 0.068 0.065 0.063 0.060 0.058 0.055 0.053 0.050 

Diesel kWhth/p-km 0.105 0.104 0.102 0.101 0.099 0.097 0.096 0.094 

Electricity kWhel/t-km 0.034 0.032 0.030 0.028 0.026 0.024 0.022 0.019 

Diesel kWhth/t-km 0.065 0.063 0.060 0.058 0.056 0.054 0.052 0.050 

Marine 

Electricity  kWhel/p-km 0.315 0.319 0.323 0.325 0.325 0.325 0.325 0.325 

Diesel kWhth/p-km 0.680 0.657 0.634 0.612 0.605 0.599 0.592 0.586 

LNG kWhCH4/p-km 0.680 0.657 0.634 0.612 0.605 0.599 0.592 0.586 

Hydrogen kWhH2/p-km 0.000 0.000 0.000 0.566 0.521 0.484 0.472 0.461 

Electricity kWhel/t-km 0.019 0.020 0.020 0.020 0.020 0.020 0.020 0.020 

Diesel kWhth/t-km 0.042 0.041 0.039 0.038 0.037 0.037 0.037 0.036 

LNG kWhCH4/t-km 0.042 0.041 0.039 0.038 0.037 0.037 0.037 0.036 

Hydrogen kWhH2/t-km 0.000 0.000 0.000 0.035 0.032 0.030 0.029 0.029 

Aviation 

Electricity  kWhel/p-km 0.204 0.194 0.184 0.175 0.166 0.157 0.149 0.141 

Jet fuel kWhth/p-km 0.545 0.517 0.490 0.465 0.442 0.419 0.398 0.377 

Hydrogen kWhH2/p-km 0.392 0.372 0.353 0.335 0.318 0.302 0.286 0.271 

Electricity kWhel/t-km 0.053 0.050 0.048 0.045 0.043 0.041 0.039 0.037 

Jet fuel kWhth/t-km 0.142 0.134 0.128 0.121 0.115 0.109 0.104 0.098 

Hydrogen kWhH2/t-km 0.102 0.097 0.092 0.087 0.083 0.079 0.075 0.071 

 

In the transport mode rail, the specific final energy demand of electric trains is lower than their diesel (liquid fuels) 

counterparts in the year 2015, with a trend of increasing energy efficiency for both power trains. The highest 

energy efficiency of freight transportation is enabled by ships. The relative specific final energy demand for freight 

transportation in 2015 for marine (0.042 kWhth/t-km), rail (0.065 kWhth/t-km), aviation (0.142 kWhth/t-km), 

clearly indicates that bulk transportation is most energy efficient by ships, followed by trains, and only highly 

valuable cargo to be transported in airplanes, as a consequence of relative efficiency. The longer the transport 

distances, the more relative efficiency matters. Another clear trend that can be observed in the relative specific 

final energy demand values for all transport modes for fuels. Electricity-based transportation is for all transport 

modes the most energy efficient option, but currently only accessible for railways in substantial volumes. As soon 

as more electricity-based ships and airplanes are available, the relative transportation share can be expected to 

rise, as a consequence of efficiency gains. Since energy density for long-distance transportation is a severe 

challenge for batteries, hydrogen appears as a valuable option for the energy transition in the transport sector. The 

conclusions of Horvath et al. [36] confirm this observation. The final energy fuel hydrogen is emission free, the 

fuel can be based on sustainable electricity and the relative end-use efficiency places hydrogen-based solutions 

between direct electricity-based options and liquid fuel options, which are currently in use. The fundamental 

insights for the relative efficiencies of electricity, hydrogen and liquid fuel based options can be observed in all 

four transport modes. 

 

3.2.2.  Road LCOM 

Levelised cost of mobility (LCOM) is considered for the road transport mode, so that the fuel shares and vehicle 

types can be better derived for the road transport segments. The fuel shares for the other transport modes are 

obtained from other sources, and are described in section 3.2.3. LCOM is comprised of capex and opex fixed, as 

detailed in Equation 8. The capex values for all road vehicle types for the energy transition period are derived 

according to section 2.4 and summarised in Table 19. The respective opex fixed values for the LCOM are 

calculated according to section 2.4 and summarised in Table 20. The opex variable values are based on 

assumptions shown in Table 21 and summarised in Table 22, for all road transport segments and vehicle types, 

separated for the cost of energy and cost of GHG emissions. The energy scenarios presented by Bogdanov et al. 
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[89] and Breyer et al. [81] are considered. LCOM for all road transport segments and vehicle types are presented 

in Table 23 and visualised in Figure 5. 

 

Table 19. Capex for all road transport segments and vehicle types for the year 2015 to 2050.  

Vehicle Type Unit 2015 2020 2025 2030 2035 2040 2045 2050 

LDV 

ICE €/unit 20,260 20,260 20,260 20,260 20,260 20,260 20,260 20,260 

BEV €/unit 50,070 30,126 25,805 22,850 22,279 21,756 21,279 20,843 

PHEV €/unit 25,466 23,874 22,593 21,679 21,510 21,296 21,153 20,974 

FCEV €/unit 46,396 35,144 28,199 23,896 23,199 22,572 22,006 21,496 

BUS 

ICE €/unit 225,000 225,000 225,000 225,000 225,000 225,000 225,000 225,000 

BEV €/unit 289,735 254,988 230,663 213,534 210,143 207,020 204,142 201,489 

PHEV €/unit 255,089 242,750 233,279 225,952 224,403 222,946 221,573 220,280 

FCEV €/unit 742,500 612,085 511,172 433,088 413,592 395,519 378,765 363,234 

MDV 

ICE €/unit 78,950 78,950 78,950 78,950 78,950 78,950 78,950 78,950 

BEV €/unit 102,177 89,739 81,039 74,918 73,707 72,592 71,565 70,618 

PHEV €/unit 89,458 85,136 81,813 79,237 78,692 78,179 77,695 77,240 

FCEV €/unit 11,1138 92,009 80,203 72,888 71,703 70,637 69,676 68,808 

HDV 

ICE €/unit 152,000 152,000 152,000 152,000 152,000 152,000 152,000 152,000 

BEV €/unit 337,364 265,925 217,695 185,132 178,896 173,219 168,051 163,343 

PHEV €/unit 172,922 164,376 157,833 152,784 151,718 150,715 149,772 148,883 

FCEV €/unit 189,358 161,228 143,866 133,108 131,365 129,797 128,384 127,108 

 

The steep decline in the capex of batteries can be observed for all road transport segments. For instance, capex 

for LDV BEV is the highest among all LDV options in 2015, but second lowest in 2050, close to LDV ICE. BUS 

FCEV has by far the highest capex in 2015, which still remains the highest capex in 2050, but at a much smaller 

relative difference. BUS BEV starts in 2015 as the second highest next to BUS FCEV, but it becomes the least 

capex option from 2030 onwards. MDV FCEV starts as the highest capex option for MDV in 2015, but emerges 

as the least capex option for MDV from 2030 onwards. A similar trend is found in HDV, for which HDV FCEV 

may be the most attractive capex option from 2025 onwards. 

 

Table 20. Opex fixed for all road transport segments and vehicle types for the year 2015 to 2050. 

Vehicle Type Unit 2015 2020 2025 2030 2035 2040 2045 2050 

LDV 

ICE €/year 1207 1207 1207 1207 1207 1207 1207 1207 

BEV €/year 898 898 898 898 898 898 898 898 

PHEV €/year 1318 1318 1318 1318 1318 1318 1318 1318 

FCEV €/year 1053 1053 1053 1053 1053 1053 1053 1053 

BUS 

ICE €/year 36,983 36,983 36,983 36,983 36,983 36,983 36,983 36,983 

BEV €/year 30,775 30,775 30,775 30,775 30,775 30,775 30,775 30,775 

PHEV €/year 39,212 39,212 39,212 39,212 39,212 39,212 39,212 39,212 

FCEV €/year 33,879 33,879 33,879 33,879 33,879 33,879 33,879 33,879 

MDV 

ICE €/year 15,461 15,461 15,461 15,461 15,461 15,461 15,461 15,461 

BEV €/year 13,098 13,098 13,098 13,098 13,098 13,098 13,098 13,098 

PHEV €/year 16,310 16,310 16,310 16,310 16,310 16,310 16,310 16,310 

FCEV €/year 14,280 14,280 14,280 14,280 14,280 14,280 14,280 14,280 

HDV ICE €/year 33,468 33,468 33,468 33,468 33,468 33,468 33,468 33,468 
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BEV €/year 27,260 27,260 27,260 27,260 27,260 27,260 27,260 27,260 

PHEV €/year 35,697 35,697 35,697 35,697 35,697 35,697 35,697 35,697 

FCEV €/year 30,364 30,364 30,364 30,364 30,364 30,364 30,364 30,364 

 

The structural results show that the opex fixed of PHEV is the highest, since the maintenance cost is the highest, 

as two different power trains for the ICE and the BEV have to be maintained, leading to higher complexity. This 

can be observed for all transport segments. Second highest opex fixed can be observed in ICE vehicles, due to the 

maintenance cost, which is a consequence of the relatively high complexity of ICE, compared to the lower 

complex FCEV and in particular, BEV. BEV shows the least opex fixed of all road transport segments. 

 

Table 21. Opex variable assumptions for all road transport segments and vehicle types for the year 2015 to 2050. 

Quantity Unit 2015 2020 2025 2030 2035 2040 2045 2050 

Electricity price excluding distribution €/kWhel 0.070 0.067 0.063 0.060 0.057 0.054 0.052 0.049 

Electricity price including distribution €/kWhel 0.093 0.088 0.084 0.080 0.076 0.072 0.069 0.065 

Fuel price excluding distribution €/kWhth 0.070 0.075 0.081 0.088 0.094 0.102 0.109 0.118 

Fuel price including distribution €/kWhth 0.079 0.085 0.092 0.099 0.106 0.115 0.123 0.133 

Hydrogen price excluding distribution €/kWhH2 0.139 0.130 0.120 0.110 0.104 0.099 0.094 0.089 

Hydrogen price including distribution €/kWhH2 0.181 0.170 0.156 0.144 0.137 0.130 0.123 0.117 

CO2 price €/t 9.000 28.00 52.00 61.00 68.00 75.00 100.00 150.00 

Fuel price  €/l 0.700 0.750 0.812 0.875 0.943 1.016 1.094 1.179 

 

Table 22.  Opex variable for all road transport segments and vehicle types for the year 2015 to 2050. E and GHG indicate the 

energy related and GHG related opex variable, respectively. 

Vehicle Type   Unit 2015 2020 2025 2030 2035 2040 2045 2050 

LDV 

ICE 
E €/km 0.062 0.064 0.063 0.061 0.060 0.060 0.055 0.049 

GHG €/km 0.002 0.006 0.009 0.010 0.008 0.006 0.003 0.001 

BEV 
E €/km 0.017 0.015 0.012 0.010 0.009 0.008 0.007 0.006 

GHG €/km 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

PHEV 
E €/km 0.030 0.027 0.024 0.022 0.020 0.019 0.018 0.016 

GHG €/km 0.001 0.001 0.002 0.002 0.002 0.001 0.001 0.000 

FCEV 
E €/km 0.050 0.046 0.035 0.031 0.027 0.026 0.020 0.018 

GHG €/km 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

BUS 

ICE 
E €/km 0.323 0.342 0.363 0.384 0.407 0.431 0.457 0.484 

GHG €/km 0.010 0.030 0.055 0.061 0.057 0.043 0.026 0.006 

BEV 
E €/km 0.174 0.160 0.146 0.134 0.123 0.113 0.104 0.095 

GHG €/km 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

PHEV 
E €/km 0.248 0.251 0.249 0.259 0.265 0.272 0.280 0.289 

GHG €/km 0.005 0.015 0.026 0.031 0.028 0.021 0.013 0.003 

FCEV 
E €/km 0.566 0.507 0.446 0.392 0.355 0.322 0.291 0.264 

GHG €/km 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

MDV 

ICE 
E €/km 0.179 0.183 0.185 0.187 0.189 0.192 0.194 0.194 

GHG €/km 0.002 0.006 0.010 0.010 0.009 0.006 0.004 0.001 

BEV 
E €/km 0.087 0.074 0.063 0.053 0.047 0.041 0.036 0.032 

GHG €/km 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

PHEV 
E €/km 0.142 0.139 0.136 0.134 0.132 0.132 0.131 0.129 

GHG €/km 0.003 0.010 0.017 0.018 0.016 0.011 0.007 0.001 

FCEV 
E €/km 0.247 0.219 0.189 0.164 0.146 0.130 0.116 0.102 

GHG €/km 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

HDV ICE 
E €/km 0.277 0.277 0.276 0.275 0.273 0.272 0.271 0.268 

GHG €/km 0.004 0.012 0.021 0.021 0.018 0.013 0.008 0.001 
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BEV 
E €/km 0.174 0.148 0.125 0.107 0.094 0.083 0.073 0.064 

GHG €/km 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

PHEV 
E €/km 0.246 0.238 0.231 0.224 0.220 0.215 0.211 0.207 

GHG €/km 0.006 0.017 0.029 0.031 0.027 0.019 0.011 0.002 

FCEV 
E €/km 0.382 0.332 0.282 0.241 0.211 0.185 0.162 0.141 

GHG €/km 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

 

Table 23. LCOM for all road transport segments and vehicle types for the year 2015 to 2050. 

Vehicle Type Unit 2015 2020 2025 2030 2035 2040 2045 2050 

LDV 

ICE €/km 0.299 0.314 0.329 0.335 0.340 0.345 0.347 0.350 

BEV €/km 0.491 0.340 0.309 0.285 0.283 0.282 0.281 0.281 

PHEV €/km 0.318 0.313 0.312 0.310 0.313 0.316 0.319 0.322 

FCEV €/km 0.471 0.396 0.346 0.314 0.310 0.309 0.304 0.303 

BUS 

ICE €/km 1.286 1.291 1.314 1.319 1.326 1.335 1.364 1.426 

BEV €/km 1.196 1.070 0.986 0.918 0.881 0.847 0.815 0.793 

PHEV €/km 1.310 1.258 1.225 1.200 1.183 1.168 1.166 1.184 

FCEV €/km 2.348 2.012 1.753 1.542 1.447 1.359 1.280 1.216 

MDV 

ICE €/km 1.240 1.233 1.193 1.169 1.144 1.132 1.125 1.128 

BEV €/km 1.190 1.083 0.973 0.904 0.866 0.841 0.816 0.794 

PHEV €/km 1.312 1.263 1.190 1.144 1.111 1.091 1.075 1.067 

FCEV €/km 1.405 1.263 1.127 1.042 0.993 0.957 0.923 0.893 

HDV 

ICE €/km 1.194 1.227 1.254 1.263 1.270 1.278 1.295 1.323 

BEV €/km 1.458 1.271 1.134 1.037 1.015 0.996 0.980 0.967 

PHEV €/km 1.263 1.261 1.259 1.249 1.250 1.252 1.262 1.279 

FCEV €/km 1.306 1.218 1.143 1.086 1.059 1.037 1.018 1.002 

 

The LCOM for all road transport segments are summarised in Table 23. All results for capex, opex fixed, opex 

variable, and input data for lifetimes, WACC and annual average mileage are used to calculate the LCOM, 

according to Equation 8 for the transport segments LDV, 2W/3W, BUS, MDV and HDV and the vehicle types 

ICE, BEV, PHEV and FCEV. The results for LDV, identify LDV ICE as the least cost type in 2015, but from 

2025 onwards, LDV BEV is the least LCOM option for LDV. For BUS, the BEV option is already in 2015 slightly 

lower in LCOM than BUS ICE and BUS BEV remains the least LCOM option for BUS. This fundamental insight 

seems to be recognised in China, since there are by far the highest number of BUS BEV operating in China [139], 

with Shenzhen in the lead, at the end of 2017, all city buses have switched to the BUS BEV option [140, 141]. 

The results for MDV reveal a similar dynamic as in BUS, however, this has not yet been observed in the market. 

The results for HDV show similarities to LDV, however the HDV BEV and HDV FCEV LCOM are very close, 

so that a co-existence of both vehicle types may occur. 

 

The results of Table 23 are further visualised in Figure 11 for a more detailed discussion of the important road 

transport mode. The structural result is that for all transport segments, the BEV option shows the least LCOM 

from 2025 onwards, which is a very strong indication that practically all road vehicles will have a strong tendency 

to transition towards the BEV option. However, for LDV and in particular HDV, the FCEV option is rather close, 

so that a technological co-existence of both vehicle types seems to be rather likely. For BUS, the BEV option is 
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by far the least LCOM option, so it may be expected that the other vehicle types may not play a significant role 

in the years to come. The PHEV option outperforms the ICE option for all road transport segments form 2025 

onwards, clearly indicating that the ICE option will decline in newly sold market shares rapidly, across all 

transport segments. PHEV is the second highest LCOM option, however it may be still competitive in many parts 

of the world, since this option can overcome infrastructure restrictions for electricity supply in developing and 

emerging countries, as liquid fuels can still be used, as a kind of backup for weak electricity supply grids. 

 

 

 
 

Figure 11. LCOM for road transport segments LDV, BUS, MDV and HDV for the vehicle types ICE, BEV, PHEV and 

FCEV for the years 2015 to 2050. 

 

3.2.3. Vehicles and fuel type shares 

Liquid fuels, electricity and hydrogen are used in the transport modes of road and aviation. Marine mode uses in 

addition, LNG. The rail mode uses only liquid fuels and electricity. Figure 12 presents the fuel shares of the road 

mode for LDV, BUS, MDV, HDV and 2W/3W, and also the fuel shares for the modes rail, marine, and aviation. 

In 2015, LDV operate fully on liquid fuels. While, electricity dominates the final energy demand with 82.2% in 

2050. Hydrogen used for LDV reaches a maximum share of 8.6% in 2050. Similar to LDV, MDV and HDV are 

operated by liquid fuels in the beginning of the transition period with a negligible share of electricity. This is 

expected to change, so that the electricity demand for MDV and HDV will be 82.4% and 54.7% in 2050, 

respectively, taking into account the BEV share plus the PHEV share with the respective utility factor. The 

electricity share of BUS is expected to be around 10% in 2020, which is the highest for road vehicles and is 

expected to reach 93% in 2050. Electricity, liquid fuels and hydrogen contribute with different shares through the 

years. LCOM is used to calculate the shares of each type of road transport vehicle in the newly sold vehicles 
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portfolio. Newly sold vehicles replace decommissioned vehicles in the existing stock at the end of their lifetimes. 

Table 24 shows the stock shares of all road vehicle types.  

 

Table 24. Stock shares of all the vehicles from 2015 to 2050.  

Vehicle Type Unit 2015 2020 2025 2030 2035 2040 2045 2050 

LDV 

ICE %  99.6  97.3  90.4  72.6  46.3  25.3  12.1  6.9  

BEV %  0.2  1.3  4.8  19.1  42.5  61.9  71.8 74.4 

PHEV %  0.2  1.3  4.8  7.9  10.0  10.0  10.0 10.0 

FCEV %  0.0  0.0  0.0  0.4  1.1 2.8  6.0 8.6 

2W/3W 
ICE %  74.3  69.5 64.6  53.9 40.2  25.6  15.9  9.3 

BEV %  25.7  30.5  35.4  46.1  59.8  74.4  84.1  90.7 

BUS 

ICE %  89.4  85.7 71.1  46.3  22.7  8.9 4.8  3.9 

BEV %  10.0  13.5  27.6  51.5  74.2  86.9  90.0 90.0 

PHEV %  0.5 0.7  1.2  2.1  3.0  4.1 5.1 6.0 

FCEV %  0.1 0.1 0.1 0.1  0.1  0.1 0.1 0.1 

MDV 

ICE %  99.6  95.8  88.1 69.9 45.3  20.9 7.8 3.9 

BEV %  0.2  3.7 10.4 26.9  48.9 68.9 78.6  80. 

PHEV %  0.2  0.5  1.1 2.1  3.1 4.1 5.1 6.1 

FCEV %  0.0  0.0 0.4 1.1  2.8 6.0 8.6 10.0 

HDV 

ICE %  100  99.1 94.7 86.6  69.2 42.4  18.7 6.1 

BEV %  0.0  0.4  3.3 8.6  18.3 33.1 44.3 50.0 

PHEV %  0.0  0.4  1.1 2.1  3.1 5.2 9.9 13.9 

FCEV %  0.0  0.2 0.9  2.7  9.5 19.3 27.1 30.0 

 

At present, the rail mode has the highest electricity share in all transport modes with 45% for passenger and 39% 

for freight. Electricity will contribute approximately 87% of the energy demand from the rail mode leaving the 

rest for liquid fuels in 2050.  

Marine uses only liquid fuels in 2015. While, from 2020 onwards LNG is projected to contribute more for marine 

passenger. By 2050, the fuel shares in the marine mode are comprised of 20% LNG, 45% hydrogen, 26% liquid 

fuel, and 9% electricity, which is used for domestic shipping.  

Currently, aviation operates with 100% liquid fuels, while from 2035 onwards, electricity and hydrogen 

penetration is expected, but still on very small shares. Liquid fuels will play an important role in the aviation of 

passenger and freight with 44% and 63%, respectively in 2050.  

 

  

 



41 
 

  

 

  

 

  

 

Figure 12. Vehicle types and fuel shares of LDV (top left), BUS (top right), MDV (center top left), HDV (center top right), 

2W/3W (center bottom left), rail (center bottom right), marine (bottom left), and aviation (bottom right) for the years 2015 to 

2050. 

 

3.3. Global final energy demand for the transport sector 
 

Global final energy demand for the transport sector is calculated according to Equation 12, applying the results 

for the vehicle and fuel shares and the inputs of the transportation activity and specific energy demand per 

transport mode, segment and vehicle type. The results are shown per transport mode and segment in Figure 13, 

and the fuels for covering the final energy demand, as summarised in Table 25. The final energy fuels are 

electricity, hydrogen, LNG and liquid fuels. 
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Figure 13. Final global transport energy demand in absolute (left) and relative (right) values for the years 2015 to 2050. 

 

The road transport mode dominates the total final energy demand of about 31,613 TWh in 2015 with 76%, in 

which road passenger transportation contributes the major share. The final energy demand of about 32,540 TWh 

in 2050 is roughly the same as in 2015, which is a result of the strong shift towards higher efficient vehicle types 

and fuels, since the transportation demand triples, as presented in Figure 1. Not all transport modes benefit from 

the strong shift towards direct electricity, as for marine and aviation. Therefore, a bit more than 50% of all final 

energy demand in 2050 is needed to cover marine and aviation transportation. From about 2025 onwards and 

more prominently from 2030 onwards, the relative final energy demand of the road mode declines, as a 

consequence of strong direct electrification with BEV in all road transport modes. 

 

Table 25. Total global final energy demand of the transport sector aggregated into the four fuel types. 

Fuels Unit 2015 2020 2025 2030 2035 2040 2045 2050 

Electricity TWhel/a 531 878 1787 3861 6432 8506 10,046 11,462 

Hydrogen TWhH2/a 3 9 42 182 685 2027 4518 8197 

LNG TWhCH4/a 0 21 47 107 188 368 869 2067 

Liquid fuels TWhth/a 31,079 33,891 33,973 31,459 26,456 21,275 16,325 10,816 

Total TWh/a 31,613 34,799 35,848 35,609 33,761 32,177 31,758 32,542 

 

Liquid fuels dominate the total final energy demand with 98% in 2015, and can still contribute 33% of the final 

energy demand in 2050, which is mainly for marine and aviation transportation. Electricity grows from a final 

energy demand supply of 2% in 2015 to 35% in 2050. In 2015 most of the electricity is used for already electrified 

rail transportation, but most direct electricity is needed in 2050 for road transportation. Hydrogen is practically 

not used at present, but it can contribute 25% in 2050, meeting the demand form the transport modes road, marine 

and aviation. Whether hydrogen will dominate the marine transport mode as fuel in 2050 is still uncertain. 

However, LNG is currently introduced in marine transportation as a fuel, which could contribute higher shares in 

2050 with about 6% of the total transport sector final energy demand, mainly based on the power-to-gas option, 

as indicated by Horvath et al. [36] and Breyer et al. [81]. 

 

3.4. Total GHG emissions in the transport sector 
 

GHG emissions in the transport sector are investigated using the method and parameters introduced in section 2.7. 

In the following, the TTW and WTW GHG emissions are presented. The most GHG emissions of combustible 
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vehicles happen at TTW (downstream), while, emissions of alternative fuels mostly happen in WTT (upstream) 

[142]. Figure 14 depicts the GHG emissions of the entire transport sector and highlights the road transport mode, 

as the dominant transport mode, not only in terms of final energy demand, but also in GHG emissions. The road 

mode can be defossilised by transitioning to alternative fuels such as electricity, synthetic fuels, mainly hydrogen, 

and biofuels [143]. Road passenger LDV is the dominant segment for GHG emissions. This high share of more 

than one third in 2015 declines to small shares from 2040 onwards, as a consequence of high efficiency gains due 

to massive electrification and in addition due to defossilisation of the electricity supply, as indicated by Bogdanov 

et al. [89]. Aviation passenger and marine freight will evolve as the main GHG emission contributing transport 

segments, from around 2035 to 2040 onwards. These results clearly indicate that the pressure on airlines and ship 

operators will dramatically increase to curb their GHG emissions, in order to comply with the targets of the Paris 

Agreement.  

 

  

 

  

 

Figure 14. GHG emissions of the entire transport sector (bottom) and road transport mode (top) for the TTW (left) and 

WTW (right) for the years 2015 to 2050 for all transport segments. 

 

3.5. Primary energy demand and Well-to-Wheel efficiency 

 

The WTW efficiency covers all conversions from primary energy to final mechanical energy. There are two phases 

of losses: first, losses that are induced by conversion of primary energy sources to final energy fuels (WTT 

efficiency) and second, from the fuel conversion of final energy to mechanical energy by the vehicles (TTW 

efficiency). 

The energy flow for the WTT and TTW efficiency in the global transport sector is depicted in Figure 15 for 2015 

(fossil fuel dominated) and 2050 (renewable electricity dominated), and summarised in Table 26. In 2015, almost 

all losses are related to the combustion of fuels, while for the year 2050, relatively more losses are for the 
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conversion of primary energy to final energy fuels and substantially reduced combustion processes and related 

losses. The overall efficiency in the transport sector is drastically increased from from 26% in 2015 to 39% in 

2050, i.e. by 50%, measured in mechanical energy at the vehicles versus the total primary energy input for the 

global transport sector. The conversion efficiency from primary energy to final energy fuels decreases from 82% 

in 2015 to 62% in 2050, which is mainly caused by synthetic fuel production for the marine and aviation transport 

modes, whereas the conversion efficiency from final energy fuels to mechanical energy is drastically increased 

from 31% in 2015 to 62% in 2050. This doubling in TTW efficiency is mainly driven by direct electrification of 

the road transport mode.  

 

 

Figure 15. Energy flow for total global primary to mechanical energy for all transport modes in 2015 (top) and 2050 

(bottom). 

The transport activity increases from 2015 to 2050 by about 210% (freight) and 260% (passenger) (Tables 2 to 4 

and Figure 1), which requires about 105% more mechanical energy for which only about 3% more final energy 

fuels are needed, but for 36% more primary energy demand. These numbers reveal not only a higher efficiency 

of used mechanical energy, but also an enormous gain in efficiency from final energy to mechanical energy, which 

is a consequence of drastically reduced combustion processes and use of electric power trains, fueled by electricity 

and hydrogen. The increase in primary energy demand is attributed to more electricity demand for synthetic fuels. 
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Figure 15 also reveals that the primary energy base for the transport sector is fully exchanged during the transition 

process, from 95% fossil fuel dominance in 2015 to 98% renewable electricity dominance in 2050. 

Table 26. WTW energy demand for the global transport sector and respective transport activities for passenger and freight for 

2015 and 2050. 

Year Primary Energy Final Energy 
Mechanical 

Energy 

Transport activity 

passenger 

Transport activity 

freight 

 TWh TWh TWh b p-km b t-km 

2015 38,565 31,613 9921 181,273 108,006 

2050 52,571 32,542 20,292 646,522 332,405 

relative change 36.3% 2.9% 104.5% 257% 208% 

 

 

4. Discussion 
 

4.1 Data analysis 
 

The transportation demand drastically grows by about 210% to 260% from 2015 to 2050, as shown in Figure 1. 

This growth can be observed for all transport modes and transport segments on a global scale. While some 

countries grow stronger, in particular developing and emerging countries, others, mainly developed industrialised 

countries grow slower or even stagnate in transportation demand. This strong transportation demand is not 

translated into final energy demand, which remains roughly constant as a consequence of massive fuel shift 

towards higher efficient fuels, such as direct electricity and hydrogen conversion, also supported by further 

efficiency increase in existing power trains. 

 

The most prominent decline is that of specific energy demand for the road mode, as summarised in Table 11. All 

road vehicle types are expected to further increase efficiency, which is further improved by a shift from ICE to 

BEV and some FCEV, wherein the two latter lead to higher efficiency for the road mode, in particular BEV. These 

two fundamental trends can be also observed for the three other transport modes, as summarised in Table 12, i.e. 

higher efficiency of all power trains, and in addition, a shift from liquid fuels towards hydrogen and direct 

electricity, where applicable. 

 

These efficiency trends and rise of alternative power trains are clearly documented by the shift of fuels for 

covering the final energy demand, which is presented in Table 16. The total final energy demand peaks around 

2025 to 2030 and declines in the following years by about 9% until 2050, despite the continued growth of 

transportation demand. Interestingly, if all the 2050 technologies could be used at present, the final energy demand 

for the transport sector would reduce from about 31,610 TWh to about 21,370 TWh. Even more interesting, using 

today’s technology status for the transportation demand in 2050, the energy demand would drastically rise to 

about 90,500 TWh, which is about 280% of the final energy demand derived with technological progress and fuel 

shift, as projected in this research. 
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The dominant role of the road mode in 2015 with a final energy demand of about 76% is substantially reduced to 

about 45% in 2050, due to a massive shift towards higher efficient BEV. As long-distance shipping and flights 

cannot be directly electrified, the two transport modes marine and aviation cannot benefit from the efficiency 

gains of electric ships and planes, which are projected to proliferate in short distance transport of up to 100 km 

for ships and up to 1500 km for flights. This leads to a substantial increase in final energy demand of marine, 

growing from 11.5% to 27.5% and of aviation growing from 9.8% to 24.2% for 2015 and 2050, respectively. 

 

The full LCOM is only considered for the road mode, so that the vehicle type and fuel shift of the most important 

road mode can be better understood and discussed in greater detail. All road transport segments show the same 

fundamental result: dominance of BEV, which is driven by high efficiency power trains, competitive fuel costs, 

declining GHG emissions, projected rapid cost decline of batteries and finally a lower level of complexity 

compared to ICE vehicles, leading to lower maintenance costs. The first road transport segment for which BEV 

is the least LCOM solution is BUS, which is indicated by the fast ramp up of BUS BEV in China [139] and already 

full 100% BUS BEV penetration in Shenzhen [140,141]. Other world regions may follow quite soon. LDV BEV 

may grow even faster for end-users that have the opportunity for solar PV self-consumption, since it accelerates 

LDV BEV phase-in, due to enhanced economic performance of even lower costing electricity supply and even 

higher storage flexibility, all over the world [144], and also for tenements, as analysed for the case of Germany 

[145]. FCEV emerges as the second least LCOM in all road transport segments, and HDV and LDV FCEV may 

evolve as a second option, or at least a backup solution, in case BEV does not develop as fast as projected. Robinius 

et al. [146] have investigated in a low market penetration scenario, the cost of infrastructure for both LDV BEV 

and LDV FCEV and found comparable costs. Nevertheless, if 20 million vehicles appear in a scenario for a 

country like Germany, an investment for the battery charging infrastructure may roughly cost 51 b€ and the 

hydrogen infrastructure may cost 40 b€, according to Robinius et al. [146]. However, the total transport segment 

cost should include the energy system cost for fueling the LDV FCEV and the LDV BEV, which has to take into 

account the relative efficiencies that are substantially higher for LDV BEV and may balance out a potential 

infrastructure cost drawback. 

From 2025 onwards, ICE is the highest LCOM option resulting in a massive decline of newly sold ICE vehicles. 

PHEV may be a compromise in developing and emerging countries, despite the fact that they are the second 

highest LCOM. PHEV can use the higher efficient electric power train, but still can use liquid fuels as a backup 

in case of lack of electricity supply and weak grids. 

The least LCOM of BEV is from the 2020s onward and enables GHG emissions reduction benefits if powered by 

renewable electricity. The levelised cost of electricity in the power sector is expected to decline, as the renewable 

energy share increases, which is pointed out by Bogdanov et al. [89]. Since renewable electricity powered BEV 

shows a highly attractive GHG emission profile close to zero GHG emissions [147], not only BEV LCOM are 

lower than those of ICE vehicles, but also GHG emissions, leading to GHG emissions reduction benefits, as found 

earlier in different regions and for different applications due to solar PV in the power sector [148]. 

 

The two fuels gaining most ground are electricity and hydrogen, both due to the higher efficiencies compared to 

current power train options. Hydrogen may only complement direct electricity in the road mode, however, in 

marine and aviation, hydrogen would have the potential to emerge as the dominant fuel for long-distance 
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transportation [36], in case existing technical challenges are overcome. Hydrogen produced via SMR still causes 

GHG emissions and will not have much market chances in a climate constrained energy system. However, 

renewable electricity based electrolysis can provide clean and low cost hydrogen [120], also improving the overall 

economics of hydrogen as a fuel for the transport sector. 

 

Hydrocarbon fuels can still be used in the transport sector, but they have to be defossilised, which can be achieved 

by biofuels that are volume constrained and can cause sustainability issues, such as for palm oil, or by electricity-

based liquid fuels. Creutzig et al. [149] clearly point out that the total available sustainable biomass potential for 

the energy sector is about 100 EJ (27,780 TWh) without compromising sustainability constraints, such as 

sustainability guardrails [150], and thus could provide biofuels of about 16,670 TWh according to the efficiency 

of about 60% of biomass-to-biofuel conversion. This compares to the 12,880 TWh of LNG and liquid hydrocarbon 

demand identified in this research. This means that 77% of all sustainably available biomass would be needed to 

only cover the remaining LNG and liquid hydrocarbon demand in the transport sector in 2050, and thus massively 

limiting the available biomass resource potential for the other energy sectors. Already, this clearly emphasises the 

massive requirement to directly electrify all transport modes, as much as possible. In addition, electricity-based 

liquid fuels are an option for power-to-gas based LNG in marine transportation and in particular for Fischer-

Tropsch based jet fuel in the aviation sector, so that the biofuel demand can be reduced to a minimum level and 

thus releasing more limited potential for other energy sectors. LNG as a marine fuel suffers from the possibility 

of methane leakage, which is a major threat for this fuel option due to the very high global warming potential of 

methane emissions. This may reduce the economic potential of renewable based LNG as a major fuel option for 

the marine mode. 

 

A full defossilisation of the transport sector can be achieved by direct and indirect electrification and the respective 

transition towards sustainable fuels [36,81]. A first modeling in full hourly resolution of a zero GHG emission 

transport sector is presented by Ram et al. [151], which further demonstrates the technical feasibility and economic 

viability of a zero GHG emission transport sector. GHG emissions in the transport sector are projected to peak 

between 2020 and 2025 and then decline to zero in 2050, based on the applied energy transition scenarios for the 

power sector and transport sector. About 76% of all GHG emissions are contributed by the road mode in 2015, as 

shown in Figure 7. Whereas, form 2040 onwards the GHG emissions are dominated with more than 50% by 

marine and aviation, which is also a consequence of hard-to-abate long-distance transportation. The consequence 

will be that as soon as the road mode shifts for newly sold vehicles to BEV or sustainable hydrogen-based FCEV 

options, the pressure on ship operators and airlines will grow fast for ambitious defossilisation measures. The 

pressure for airlines may be more drastic, as recent research indicates that zero GHG emissions for the aviation 

sector may not be possible with fuel measures alone, since contrail-cirrus formation cannot be reduced to zero 

[152]. Lund et al. [152] conclude that the 100-years of global temperature change impact of contrail-cirrus 

formations is about 12% of the aviation CO2 emissions. Burkhardt et al. [153] point out that 80% reduction in 

atmospheric ice crystals can reduce the global contrail cirrus radiative forcing by 50%. Synthetic fuels are an 

effective means to reduce soot and thus atmospheric ice crystals in the required amount. A remaining net positive 

GHG emissions impact of the aviation mode would have to be balanced by negative CO2 emissions technologies, 

such as enabled by CO2 direct air capture [154] and broadly discussed by Fuss et al. [155]. 
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In the year 2015, 95% of primary energy need for the transport sector is supplied by fossil fuels. Only 4% is 

contributed by biofuels and the rest is renewable and nuclear electricity. While in 2050, renewable electricity 

supplies 98% of the energy need for the transport sector via direct and indirect electrification. The relative losses 

for freight and passenger transportation in 2015 are 74%, while this can be reduced to losses of 61% in 2050, 

measured in the WTW perspective. The much lower relative loss in 2050 is mainly driven by direct electrification 

of the road transport mode, while the penalty of power-to-fuels for the marine and aviation transport mode does 

not limit dramatically the overall increase in transport sector efficiency. The overall transport sector WTW 

efficiency can be increased by 50% from 26% in 2015 to 39% in 2050, which is a clear benefit of overall direct 

and indirect electrification of the transport sector, that is further supported by a fuel switch from less efficient 

liquid hydrocarbon combustion to higher efficient hydrogen use in fuel cells and highly efficient use of electricity 

in electric drives. There are several trends observable for efficiency change: first, mechanical energy demand 

grows by 105%, while transport activities grow to nearly 210% to 260% (Table Z2), indicating further substantial 

improvements in efficiencies of transport vehicles. The fuel and power train switch from liquid fuels to hydrogen 

and in particular electricity allows that a growth of only 3% in final energy fuels enables a 105% growth in 

mechanical energy, documenting the low efficiency of combustion processes. The requirement of electricity-based 

synthetic fuels leads to an increase in primary energy demand of 36%, which seems to be moderate from energetic 

point of view and attractive from economic point of view. Renewable electricity costs further decline [89], and 

thereof solar PV is projected to continue the outstanding cost decline to historically unrivalled levels [156] 

enabling multiple power-to-X processes [157]. While, fossil fuels are expected to increase [158,159]. The 

conversion efficiency of electricity to liquid hydrocarbons of about 53% can well compete with biomass to liquid 

hydrocarbons of 48-80%, while the latter is mainly based on area limited energy crops, whereas the area for 

renewable electricity based on solar and wind resources is practically not limited on a global scale. The drastic 

primary energy switch from 95% fossil sources in 2015 to 98% renewable electricity in 2050 is a consequence of 

several major trends, such as drastically declining renewable electricity and battery cost, enabling not only a 

massive road transport electrification, but also affordable synthetic fuels, and finally the requirement of a zero 

GHG emission energy system according to the Paris Agreement, which is not possible with fossil fuels combustion 

in mobile vehicles. 

 

4.2 Comparison to other results 
 

In this study, the total final energy demand for the transport sector is calculated for the years 2015 to 2050 in 5-

year intervals. In the following, these findings are compared to results of comparable studies. Table 27 illustrates 

the results of the final energy demand found in other major studies. Table 27 also shows the total final energy fuel 

demand share for all transport sector scenarios in 2050. All known global 100% renewable energy studies 

presenting details for the transport sector are included [160]. García-Olivares et al. [161] do not specify when 

exactly their ‘future’ 100% renewable transport sector would be, thus it is estimated by 2050. Brown et al. [162] 

discuss standard claims against 100% renewable energy studies and debunk these standard myths.  
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Table 27. Total global final energy demand of the transport sector for the years 2015 to 2050 in the referenced scenarios. Various kinds of energy units are converted to TWh for comparability. 

Total final energy fuel demand shares in 2050 of all transport sectors are listed in the right part of the table. For IEA, BP, ExxonMobil and US DoE EIA scenarios the fuel share values for 2040 

are considered.   

           final energy fuel shares in 2050 

Source 
Publication 

year 
Unit 2015 2020 2025 2030 2035 2040 2045 2050 

fossil 

fuels 
biofuels 

synthetic 

fuels 

electric

ity 

this study 2019 TWh/a 31,613 34,799 35,848 35,609 33,761 32,177 31,758 32,542 0 1 63 35 

Greenpeace [E]R [34] 2015 TWh/a - 26,129 25,599 25,070 - 21,808 - 19,159 29 14 20 38 

Greenpeace [E]R adv. [34] 2015 TWh/a - 25,850 24,897 23,207 - 18,020 - 14,836 0 14 35 51 

Teske, 1.5 °C [163] 2019 TWh/a 30,752 - 29,411 25,606 - 19,604 - 17,001 0 16 36 48 

Teske, 2 °C [163]  2019 TWh/a 30,752 - 26,142 20,371 - 15,919 - 14,279 0 25 29 46 

Jacobson et al. [164]  2018 TWh/a - - - - - - - 13,113 0 0 33 67 

Löffler et al. [165] 2017 TWh/a 31,298 32,434 28,910 24,069 20,258 16,706 13,326 10,414 0 15 44 41 

Pursiheimo et al. [166]  2019 TWh/a - - - - - - - 23,480 0 30 33 37 

García-Olivares et al. [161] 2018 TWh/a - - - - - - - 28,383 n/a n/a n/a n/a 

WWF 167]/ Deng et al. [168] 2011 TWh/a 29,102 29,598 28,714 25,940 24,420 19,533 17,998 17,741 0 74 0 26 

World Energy Council [169] 2016 TWh/a - 31,842 - 35,471 - 37,018 - 37,169 77 15 2 6 

DNV GL [29] 2018 TWh/a 29,513 30,555 31,945 31,388 30,555 28,472 25,694 25,000 42 16 2 40 

IEA, WEO NPS [170]   2018 TWh/a 31,308 - 36,564 38,530 40,088 42,065 - - 90 6 0 4 

IEA, WEO SDS [170]   2018 TWh/a 31,308 - 34,250 33,668 - 30,703 - - 73 13 0 14 

Luderer et al. B200 [171] 2018 TWh/a - - - - - - - 31,945 32 29 18 21 

Luderer et al. B800 [171] 2018 TWh/a - - - - - - - 36,110 47 26 12 15 

Shell, Sky [172] 2018 TWh/a 30,812 33,019 34,989 34,611 36,290 37,686 38,837 40,630 67 13 2 18 

BP Energy Outlook [173] 2019 TWh/a 29,656 32,564 34,890 36,053 37,216 37,099 - - 89 7 0 4 

ExxonMobil [3] 2017 TWh/a 32,530 - 36,633 - - 40,736 - - 94 4 0 2 

US DoE EIA [174] 2017 TWh/a 32,823 33,703 35,168 37,806 40,736 44,400 - - 98 0 0 2 
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The Greenpeace E[R] scenario [34] defines a high RE penetration in its scenario, which leads to a very low final 

energy demand for each time step. The Greenpeace E[R] advanced scenario [34] introduces extremely high RE 

penetration to its transport sector scenario achieving a 100% RE share in 2050, leading to merely 15,703 TWh 

final energy demand in 2050, which demonstrates a very high level of ambition. Electricity and hydrogen represent 

a final energy demand of 8122 TWh (51.7%) and 3900 TWh (24.8%), respectively, complemented by biofuels 

(13.9%) and synfuels (9.5%). 

Teske [163] defines three scenarios out of which 1.5°C and 2°C are selected for comparison. By around 2030, 

electricity is projected to supply 12% of the transport sector’s total final energy demand in the 2 °C scenario, 

while in 2050, the share will be 47%. In the 1.5 °C scenario, the annual electricity demand will be 38% in 2050. 

Hydrogen will contribute 13% and 14% for the 2 °C and 1.5 °C scenarios, respectively, by 2050. Biofuel will be 

also used as complementary renewable option with around 19% and 20% for the 2 °C and 1.5 °C scenarios by 

2050. 

Jacobson et al. [164] projects 16,638 TWh for the year 2050, which is a very ambitious target. The scenario aims 

to only use electricity and hydrogen as a final energy fuel for all transport modes.  

Löffler et al. [165] show the most ambitious scenario with the least final energy demand for the transport sector 

among all scenarios of around 10,410 TWh in 2050. The final energy share of electricity and synthetic fuels is 

41% and 44%, respectively, and the rest is supplied by biofuels (15%). 

Pursiheimo et al. [166] define a scenario with an ambitious final energy demand of around 23,480 TWh in 2050. 

The reason for such a low value is to replace fossil fuels fully with biofuels, synthetic fuels and electricity with 

30%, 33% and 37%, respectively. 

Deng et al. [168] and WWF [167] indicate 26% electricity share in 2050, and the rest of the fuel share stays with 

biofuels, which is the highest biofuel share of all scenarios.  

World Energy Council [169] projects a couple of scenarios with various fuel shares and as a consequence different 

final energy demands. In the most ambitious scenario, named Unfinished Symphony, opted for this study, 

electricity contributes only 1.3% and 5.8% for the year 2020 and 2050, respectively. The hydrogen share is 0.04% 

and 1.66% for the same period, respectively. Biofuels contribute 15% in 2050. The fossil fuel share is still 78% 

in the year 2050, leading in total to a final energy demand of 37,169 TWh. 

DNV GL [29] shows a reduction of the fossil fuel share from 99% in 2015 to 43% in 2050. Biomass and electricity 

are projected to reach 12% and 45% by 2050 with a negligible hydrogen share. 

The World Energy Outlook of the IEA [170] projects in a very similar way in the New Policy Scenario as 

ExxonMobil a high fossil fuel demand (90%) and low electricity penetration in the total final energy demand, 

which leads to a strong demand increase until 2040, which is about a quarter higher than in this study. The same 

source, but in the Sustainable Development Scenario projects 30,703 TWh final energy demand for the transport 

sector for the year 2040. This energy demand is provided by 73% fossil fuels, complemented by, electricity (14%) 

and biofuels (13%). 

Luderer et al. [171] define a couple of different scenarios generated by integrated assessment models, of which 

the scenarios B200 and B800 from the GCAM model are selected. The B200 and B800 scenarios require final 

energy for the transport sector of 31,945 TWh and 36,110 TWh, respectively, for the year 2050. Energy demand 

in B800 scenario is more than B200 due to a higher share of fossil fuels. The two scenarios assume a fossil fuel 
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share of 34.7% and 49.6% for the B200 and B800, respectively, which is hardly in line with the targets of the 

Paris Agreement.  

Shell [172] indicates the share of fossil hydrocarbon fuels in 2015 at around 98.8%. This share dwindles 

moderately to 80% in 2050. Electricity and hydrogen shares are projected to reach 17.6% and 2.4%, respectively 

by 2050, and the reason for the high final energy demand is the low level of electrification. 

The BP Energy Outlook [173] provides a scenario with liquid fuels, LNG and electricity as fuel supply. In 2040 

energy demand will be more or less high due to low appearance of RE and in particular electricity, since a major 

part (86.2%) of all final energy demand is still expected to be supplied by fossil oil, which blocks more efficient 

fuel and vehicle options.  

ExxonMobil [3] projects a total global final energy demand, which is very similar to the projection of US DoE 

EIA, in assuming 88.5% of fossil fuel supply for the transport sector energy demand. The 2040 total global final 

energy demand is the highest of all compared scenarios, with about 40% higher final energy demand as in this 

study, mainly driven by assuming a very slow rise of alternative fuels and vehicle types, in particular BEV in the 

road mode. 

The Energy Information Administration [174], part of US Department of Energy, projects the total global transport 

sector final energy demand until the year 2040 and finds a continuous final energy demand increase. The 2040 

final energy demand of 44,400 TWh in 2040 is the highest of all compared studies. This may be a consequence 

of practically ignoring the opportunities provided by more sustainable fuels and more efficient vehicle types. The 

fossil fuel share in 2040 is 98.3% of the total global final energy demand in the transport sector.  

 

4.3 Outlook and further investigations 
 

Indications of this study and also results by Jacobson et al. [164], Teske [163] and Pursiheimo et al. [166] clearly 

indicate a massive increase in electricity demand for a sustainable transport sector, whereas this study and 

Jacobson et al. [164] project a transport sector practically fully based on electricity in 2050, via direct and indirect 

electrification, and thus avoiding sustainability conflicts of biofuels, respecting sustainability guardrails [150]. It 

remains a research question to investigate what this means for a fully sector coupled energy system. The high 

dynamic flexibility of electrolysers [175] in conjunction with decreasing capex [89, 120] allows a most valuable 

demand response leading to a very effective energy system integration of variable renewables, in particular solar 

PV and wind energy, thus reducing curtailment, higher costing storage demand and total system cost. These effects 

require more analyses. In addition, the enormous fleet of BEV in road transport allows another form of large-scale 

demand response in the form of smart charging and vehicle-to-grid, both leading to optimised variable renewable 

electricity system integration [176, 177]. This is confirmed by Mathiesen et al. [178] who point out that variable 

renewable energy can be linked to new sources of flexibility, such as synthetic fuel storage and BEV in a Smart 

Energy System design, which may even allow a bioenergy-free 100% renewable energy system. Brown et al. 

[179] find fast defossilising road and rail transport modes due to high efficiency and attractive economics, further 

supported by high flexibility benefits due to smart charging and vehicle-to-grid services. 

 

Further analyses will be required to better understand the financial parameter setup needed to phase-in all elements 

required for a fully sustainable transport sector. The road transport mode has been investigated in this study with 

clear results that in the 2020s the road mode will switch to BEV solutions, driven by least LCOM. However, 
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synthetic fuels required for the marine and aviation mode need very low-cost electricity, high GHG emissions 

cost and further scaled synthesis processes. Demand centers for synthetic fuels are often in regions of moderate 

solar and wind resource conditions, which may be by-passed by imports of synthetic fuels from solar and wind 

resource rich regions, such as Patagonia [65,63], Maghreb [64], Horn of Africa or Western Australia [180]. The 

generated value of additional energy system flexibility with electrolysers, BEV smart charging and vehicle-to-

grid needs to be better quantified and analysed. More research is required to better understand the key drivers for 

a cost effective and rapid phase-in of synthetic fuels. 

 

Material resource limitations have to be investigated in a substantially improved manner. Junne et al. [181] found 

in a very first comparative study on highly renewable energy systems indications for very challenging resource 

limitations for the transport sector, in particular due to the materials neodymium, dysprosium, lithium and cobalt, 

needed for electric motors and lithium-ion batteries. Greim et al. [182] conclude that a continuously growing road 

transport mode cannot be matched with the economically extractable lithium resource availability leading to an 

entirely depletion of expected resource in the 2060s, but even earlier if recycling rates and collection rates of end-

of-life batteries would not be very close to 100%. Grandell et al. [183] conclude that silver would be the most 

critical metal for a global energy transition, and thus also highly critical for the transport sector, since solar PV is 

the dominant source of energy for the transport sector as discussed by Breyer et al. [81]. Detailed research by 

solar PV experts cannot confirm this concern as the specific silver demand can be further reduced [184] so that 

the present silver cost level can be prolonged, and furthermore silver can be substituted by copper so that an 

effective substitution is in place and applied as soon as required [185,186, 184]. 

 

Ramp-up of renewables has continuously generated new jobs in recent years as monitored by IRENA [187]. 

Highly renewable energy scenarios have been coupled to analyse the impact on jobs, as done since several editions 

for the Greenpeace scenarios [34], but also by Jacobson et al. [87] and recently by Ram et al. [188] who integrated 

for the first time jobs related to electricity storage. Consequences for jobs for a transport sector flipping from more 

than 95% fossil fuel supply in 2015 to an entirely renewable energy supply in 2050, almost fully based on 

electricity and requiring massive power-to-fuels capacities are of highest interest. The chances are high that more 

jobs can be generated for the energy supply of a fully sustainable transport sector, compared to a fossil fuels based 

transport sector as of 2015. 

 

The fast progressing anthropogenic climate change [189] requires a fast and drastic response in radical GHG 

emission reductions to zero, the sooner the better, so that the temperature rise can be limited to 1.5°C compared 

to pre-industrial levels. Progress in tackling this historic challenge is much too slow and GHG emissions reduction 

is not on track at all [190]. The Fridays For Future global youth movement has created a massive momentum 

within a very short period of time, started in August 2018 by Greta Thunberg. Scientists all around the world have 

confirmed that the claims and concerns of the global youth are more than justified [191, 192], and a massive and 

radical response is required to avoid a collapse of civilization. Climate change mitigation requires a societal 

tipping point, so that a drastic response to tackle the climate crisis can be initiated. A new consciousness of humans 

is needed to respect and rebalance within the planetary boundaries [193]. The impact on the transport sector may 
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be that a really drastic reaction may require zero GHG emissions for the year 2040 or even earlier, implying 

substantially more ambitious measures than discussed in this paper.  

 

 

5. Conclusions 
 

Transportation demand will drastically expand due to population growth, urbanisation, globalisation, and overall 

economic development. The central finding of this study is that a by about 210% (freight) and 260% (passenger) 

increased global transportation demand by 2050 can be managed by a stable final energy demand compared to 

2015. This surprising result is driven by ongoing efficiency increase of all vehicle types, a consequent shift to 

fuels enabling more efficient transportation and in particular a massive direct electrification of the road mode in 

all road transport segments. This leads to a decline of the road final energy demand share of about 80% in 2015 

to about 50% in 2050. Long-distance transport by marine and aviation suffers from the inability to switch to direct 

electric propulsion due to the too low energy density of batteries for long distances. For shorter distances direct 

electric transportation is also projected for marine and aviation. 

Economic analyses for the road mode have revealed that electricity-based BEV will become the dominant newly 

sold vehicle type from 2025 onwards due to least LCOM of all vehicle options. Hydrogen-based FCEV are close 

to BEV and therefore may receive some market shares and can be regarded as major backup option in case of 

slower than expected BEV development. Form 2025 onwards, the ICE vehicles are the highest LCOM option and 

thus will lose quickly market shares of newly sold vehicles and with a lifetime-dependent delay this will also have 

a strong impact on the vehicle stock, which is expected to mainly switch from ICE to BEV by 2035 to 2040. 

The GHG emissions in the transport sector are projected to peak between 2025 and 2030. Then more BEV are 

based on electricity which is assumed to be also switched to renewable electricity, thus drastically reducing the 

GHG emissions in the road mode. This will lead in 2035 and 2040 to a majority GHG emission contribution of 

marine and aviation transportation which may induce a fast accelerating pressure on ship operators and airlines to 

drastically reduce their GHG emissions by fuel switch to defossilised fuels. 

The most important fuels for the transport sector during the energy transition will be electricity, then based on 

renewable electricity, and hydrogen, which can be also produced with low-cost renewable electricity. Hydrogen 

could also become the dominant fuel for long-distance marine and aviation transportation, but existing technical 

challenges may be backed by electricity-based synthetic hydrocarbon fuels, such as jet fuel produced in Fischer-

Tropsch units. 

Direct and indirect electrification of the transport sector increases substantially the Well-to-Wheel efficiency from 

26% in 2015 to 39% in 2050, despite the more energy intensive production processes of electricity-based liquid 

hydrocarbon fuels. This reduction in relative losses should enable a cost-effective energy transition of the transport 

sector to full sustainability. The Well-to-Wheel efficiency of biofuels is comparable to electricity-based synthetic 

fuels, whereas the latter are not restricted much by area or other sustainability issues. The primary energy base of 

the transport sector is practically entirely switched from fossil fuels to renewable electricity. 

The global transport sector can achieve zero GHG emissions by 2050 fully supporting the ambitious 1.5°C target 

of the Paris Agreement. This will require respectively demanding policies for the transport sector and the public 
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insisting on achieving the targets. All required technologies are known, or already introduced to markets. 

Renewable electricity will be the low-cost basis for direct and indirect electrification of the global transport sector. 
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