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ABSTRACT 

Motorsport has depended on internal combustion engines (ICEs) for decades, but 
growing concerns about energy efficiency and environmental impact have increased 
interest in alternative powertrain technologies. This paper compares internal combustion 
engine (ICE), battery-electric vehicle (BEV), and hydrogen fuel-cell electric vehicle 
(FCEV) powertrains in motorsport. The three powertrains are evaluated according to 
well-to-wheels and powertrain efficiency, energy replenishment, environmental impact, 
economic factors, and regulatory development. Published data are collected and 
analyzed to quantify well-to-wheels energy consumption, greenhouse gas (GHG) 
emissions, and thermodynamic efficiency, with comparisons also made between 
motorsport and conventional vehicles to examine how the distinct performance 
requirements of motorsport affect powertrain efficiency and environmental impact. For 
the selected racing cases, BEVs and FCEVs exhibit approximately 42.4% and 47.6% of 
the WTW energy consumption of ICEs, respectively, while their estimated WTW GHG 
emissions are 21.5% and 3.25% of those of ICEs under the selected upstream energy 
pathways. The analysis shows that ICEs offer well-proven high-performance 
characteristics and fast refueling, but they have a lower energy-conversion efficiency 
and produce direct GHG emissions. BEVs offer highly efficient electric propulsion 
together with regenerative braking; however, limited capacity of battery energy storage 
and the demand for charging remain significant challenges. FCEVs combine electric 
propulsion with hydrogen energy storage, but currently they suffer from additional 
energy-conversion losses, substantial infrastructure demands, and difficulties in 
production. The future use of these powertrains will depend on the specific 
requirements of racing, technological developments, regulations, manufacturing 
infrastructure, and the energy sources employed in producing electricity, fuels, and 
hydrogen. 
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Introduction 
 
The majority of vehicles we see on the road today use gasoline or diesel internal 
combustion engines, or ICEs. The development of the ICE started with Nikolaus Otto’s 
1876 invention of the single-cylinder four stroke coal-powered engine, which was 
especially revolutionary because it was two to three times more efficient and had a 
much larger operation radius than the traditional steam-powered engine, and could start 
instantaneously. Over time, with many upgrades, Otto’s four stroke engine gradually 
became the modern ICE, which is still the dominant automotive power source today1. 

 
Despite its longstanding presence in vehicles, ICEs are facing growing challenges 
concerning energy efficiency and environmental impact. More than 15% of total 
greenhouse gas emissions in the United States are released just by ICE-containing 
Light Duty Vehicles, such as passenger cars and small trucks. These emissions have 
been proven to be deadly to humans and the resulting air pollution is projected to cause 
between 6 and 9 million deaths a year by 2060. An analysis conducted by Ahmed et al. 
found that a lifetime 11.8 tons of emissions were released by one ICE vehicle. In 
addition to directly releasing greenhouse gases, ICE vehicles are relatively inefficient in 
many areas. They have a 12-30% tank-to-wheel efficiency; only a small amount of the 
fuel is actually being turned into power for the wheels2. Overall, these environmental 
and efficiency issues demonstrate the need for alternative powertrains.  
 
Historically, motorsport vehicles have depended heavily on ICEs. Internal combustion 
engines have been used in  motorsport for decades, as high power output is essential to 
vehicle performance; in modern motorsport, combustion engines produce approximately 
440–630 kW of power. However, this high power also comes with a cost: motorsport's 
historical reliance on fossil fuels contributes to greenhouse gas emissions and other 
environmental concerns3.  
 
Formula 1, known as the “pinnacle of motorsport,” has served as an environment for 
new gasoline powertrain experimentation, and its innovative solutions have been 
implemented throughout the commercial automotive industry as well. Its rules and 
regulations have continued to evolve from traditional fully gas-powered ICEs to 
incorporate hybridized mechanisms3. As of 2025, Formula 1’s Net Zero pledge to 
carbon neutrality by 2030 has already seen a 26% reduction in its carbon footprint 
compared with its 2018 baseline4. The new powertrain regulations ahead of the current 
2026 season included a requirement for all teams to use Advanced Sustainable Fuels, 
which are sourced from carbon-capture, local waste, and biomass5. As a result of the 
new regulations, Formula 1’s footprint is likely to diminish further.  
 
In contrast, Formula E, a racing series established in 2014, was built entirely around 
sustainable battery-electric vehicles (BEVs). The Fédération Internationale de 
l’Automobile (FIA), which oversees Formula E, states that the goal of this series is to 
accelerate net zero transformation, foster sustainable and innovative solutions, and 
drive sustainable change6. Compared to ICE vehicles, battery-electric vehicles have a 
higher energy efficiency and zero direct tailpipe emissions. However, their overall 



environmental impact depends on factors such as the source of the electricity used for 
charging7. Further limitations to the widespread adoption of BEVs in motorsport include 
battery capacity, range, and charging requirements.  
 
Lastly, though less common, green hydrogen has also been proposed as an alternative 
to fossil fuels for motorsport in the Middle East and North Africa Region (MENA)8. 
Hydrogen fuel-cell vehicles (FCEVs) generate electricity through a reaction between 
hydrogen and oxygen that have no direct GHG emissions. Compared with ICEs and 
BEVs, hydrogen vehicles also take less time to refuel and have longer driving ranges. 
However, their usage is limited by high costs, few hydrogen stations, and the large 
amount of energy required to produce hydrogen7. Furthermore, hydrogen generated 
using renewable electricity produces less emissions than hydrogen derived from fossil 
fuels, so green hydrogen has also been an option for a component of Formula 1’s 
transition toward greater sustainability, although its application within F1 remains 
relatively new8. 
 
Though each engine has its own advantages against the others, there is no single 
universal environment-friendly powertrain that fits for all forms of motorsport. The goal 
of this paper is to compare the benefits and limitations of three possible powertrain 
options for motorsport: internal combustion, battery-electric and fuel-cell powertrains. 
They will be evaluated based on the following dimensions: well-to-wheels analysis, 
thermodynamic performance, and environmental impact. Well-to-wheels analysis entails 
studying the total emissions and energy use in the whole journey from extracting the 
fuel to the vehicle usage. Thermodynamic performance stands for the efficiency at 
which each powertrain converts its fuel into mechanical energy. And finally, the 
environmental impact measures the footprint, both direct and indirect, that the 
powertrain has induced across its whole lifecycle. This comparison of powertrains will 
help to determine the best path forward for a more sustainable future in motorsport.  
 
 
 
Methods  
Well-to-Wheels Energy Consumption and GHG Emissions 
WTW analysis combines well-to-tank (WTT) emissions from producing and delivering 
an energy carrier with tank-to-wheel (TTW) emissions from using that energy onboard 
the vehicle. The JEC Well-to-Wheels framework9 is used to standardize the upstream 
pathways. For each powertrain, the same selected energy pathway is applied to the 
ordinary and race vehicle so that the effect of race energy consumption and GHG 
emissions could be compared consistently.  
 
Under the JEC framework, the WTW energy consumption is defined as  
WTW energy consumption (MJ/km) = TTW energy consumption (MJ/km) • (1 + WTT 
expended energy (MJ/MJ fuel)),  
where the WTT expended energy factor represents upstream energy expenditure per 
unit of delivered energy and excludes the energy content delivered to the vehicle.  



The WTW GHG emission is defined as  
WTW GHG emission (g CO2 eq/km) = TTW GHG emission (g CO2 eq/km) + TTW 
energy consumption (MJ/km) • WTT GHG (g CO2 eq/ MJ fuel) 
 
The JEC WTW framework publishes data for energy consumption and GHG emissions 
for ordinary vehicles as well as the upstream pathway expended energy and GHG 
emission factors.  
 
Published motorsport data for gasoline, electricity, and hydrogen consumption are used 
for the ICEV, BEV, and FCEV analyses, respectively10,11,12.  
 
In Summa et al.10, the TTW gasoline consumption of ICE cars in three motorsport races 
are reported together with the gasoline’s low heating value (LHV). The TTW energy 
consumption ETTW,ICE is calculated as  
ETTW,ICE = average of the gasoline consumption x LHV / distance of the race 
 
Ros et al.11 reports 635 kWh of charging electricity over the assumed 2,000-km life of 
eVarta. The electricity consumption per km can be converted to TTW energy 
consumption and further to WTW energy consumption through the JEC framework. The 
only GHG emission contribution comes from the WTT stage whose value can be 
evaluated as TTW energy consumption x WTT GHG by the JEC framework.  
 
David et al.12 models a Formula Student endurance event in a simulation and calculates 
H2 consumption of 16.4 g for one approximately 1-km lap. Using H2 LHV, the TTW 
energy consumption is estimated. Similarly to ICE and BEV, the WTW energy 
consumption and GHG emission can be calculated through the JEC framework. 
 

Powertrain Thermodynamic Efficiency 
Unlike well-to-wheels efficiency, powertrain thermodynamic efficiency measures the 
fraction of onboard stored energy converted into useful mechanical output. ICEs lose a 
substantial portion of fuel energy through heat and other losses, while electric motors 
convert much more electrical energy into mechanical power. Thermodynamic efficiency 
is evaluated using TTW efficiency, ηTTW = (useful mechanical energy / stored onboard 
energy) × 100%. Racing raises energy demand primarily through high-power 
acceleration, aerodynamic drag at higher speeds, tire losses, braking, and other 
performance demands, rather than simply through a large reduction in conversion 
efficiency. However, the TTW efficiency does not necessarily increase accordingly. 
Published data for TTW efficiency is collected through various sources to compare the 
energy conversion for ordinary and motorsport vehicles with the three powertrains.  
 

 



Results 
Data of WTW energy consumption and GHG emissions 
WTW energy consumption and GHG emissions data are listed in Table 1 and plotted in 
Figure 1 for the three types of powertrains in ordinary and motorsport vehicles. For the 
selected racing cases, the motorsport vehicles have greater WTW emissions per 
kilometer than their ordinary counterparts because they require more energy per 
kilometer. The ICEV increase is especially large because the Formula SAE car reported 
by Summa et al.10 consumes substantially more fuel per kilometer than the JEC 
passenger-car reference. Race-vehicle WTW energy consumption is approximately 
4.57, 2.66, and 2.86 times the corresponding ordinary-vehicle values for ICEV, BEV, 
and FCEV powertrains, respectively. In all three selected powertrain comparisons, the 
racing cases exhibit substantially greater energy consumption per kilometer than their 
ordinary-vehicle counterparts, reflecting differences in vehicle design and operating 
conditions associated with motorsport. At the same time, the emissions consequences 
differ strongly because the upstream pathway and direct combustion emissions differ. 
 

Table 1. WTW energy consumption and GHG Emissions: Ordinary vs. Race Vehicles 

* FCEV values use a selected JEC renewable-electricity hydrogen pathway (WDEL1/CH2 - 
hydrogen generated through centralized electrolysis powered by wind electricity).  See detailed 
calculations in Appendix A1-A6. 
 

Figure 1. Comparison of WTW energy consumption and GHG Emissions 

 
 
Data of Powertrain Efficiency 
Ren et al.13, for example, uses 95% motor and controller efficiencies and 96% reducer 
and differential efficiencies in a Formula Student EV model, corresponding to a 

Powertrain 
Ordinary WTW 
energy​
 (MJ/km) 

Race WTW 
energy​
 (MJ/km) 

Ordinary WTW​
 (g CO2 e/km) 

Race WTW​
 (g CO2 e/km) 

ICEV 1.75 7.99 127.8 585.0 
BEV 1.27 3.38 47.1 125.8 
FCEV* 1.33 3.80 6.6 19.0 



combined drivetrain efficiency of about 83.2%. Di Pierro et al.14 provides 
production-FCEV efficiency context, while Büchi et al.15 supplies the race FCEV system 
efficiency value (Table 2). 
 

Table 2. Published Powertrain Efficiency Estimates: Ordinary vs. Race Vehicles 
Powertrain Ordinary efficiency estimate Race efficiency estimate 
ICEV 16–25%16 50%17 

BEV 65–69%18 83%*,13 

FCEV 50–60%14 60%15 

* See estimation of this value in Appendix A7.  

 

Among the three powertrain types, ICE vehicles show the largest difference in 
thermodynamic efficiency between ordinary and race vehicles, with a factor between 2 
and 3.125. BEVs show a smaller difference, with a factor between 1.203 and 1.277, 
while FCEVs exhibit the smallest difference, with a factor between 1 and 1.2. 

 

Discussion 
Energy Replenishment  
Although WTW analysis and TTW efficiency evaluate the total energy required across 
each powertrain's energy pathway and thermodynamic efficiency onboard the vehicles, 
motorsport performance also depends on how efficiently and rapidly that energy can be 
replenished during competition. The method used to replenish energy is especially 
important in motorsport because the time spent charging or refueling directly plays a 
role in race strategy. Liquid fuels are advantageous in these situations because large 
amounts of energy can be transferred into a vehicle quickly. In contrast, battery-electric 
vehicles require electricity to be transferred and chemically stored into a physical 
battery. Faster charging can reduce this disadvantage, but there is still the problem of 
charging power, battery temperature, and battery degradation. As a solution, Formula E 
uses a combination of battery storage and regenerative braking, which allows cars to 
recover a substantial amount of energy during the race rather than fully relying on 
external charging19. Hydrogen can be replenished more rapidly than conventional 
battery charging, which gives FCEVs a potential advantage for endurance races with a 
longer range7. However, the hydrogen first needs to be produced, compressed, 
transported, and stored before it can be transferred to the vehicle. On top of this, the 
U.S. Department of Energy reports that low-temperature PEM electrolysis systems had 
an energy efficiency of approximately 61% in 2022, demonstrating that significant 
energy may be lost before hydrogen even reaches the vehicle. 
 
These differences present a significant tradeoff between energy efficiency and energy 
replenishment. Battery-electric powertrains offer highly efficient conversion of onboard 
energy to wheel power and can recover energy through regeneration, making them 



particularly attractive for races which are designed around limited energy use. However, 
battery capacity, mass, charging, and thermal management can become increasingly 
important factors as the race distance increases. Hydrogen reduces the dependence on 
a large traction battery and potentially permits faster energy replenishment, but its 
overall pathway encompasses additional conversion steps and specialized 
high-pressure infrastructure. ICEs have lower powertrain efficiency but benefit from 
compact, energy-dense liquid fuels and rapid refueling. Consequently, the suitability of 
each system for motorsport cannot be determined from drivetrain efficiency alone. Race 
duration, vehicle mass, permitted refueling, energy-storage regulations, and the source 
of the energy must all be weighed. Formula 1 itself increasingly reflects this 
compromise: its 2026 regulations raise the electrical contribution from roughly 20% to 
around 50% while retaining an ICE rather than transforming entirely to battery-electric 
propulsion20. 
 

Environmental, Economic, and Government Policy Considerations 
The environmental performance of each powertrain is influenced by more than just the 
emissions of the race car itself. ICEs directly produce GHG via combustion of fuel, while 
also creating upstream emissions via the creation, refining, and transportation of fuel. 
BEVs do not produce tailpipe GHG emissions, but their environmental impact is 
influenced by both the generation of the electricity for their battery and the production of 
the vehicle and its battery. Similarly, hydrogen FCEVs do not directly create GHG 
emissions from the proton-exchange membrane fuel cell, while the production of 
hydrogen can create substantial upstream emissions. Ahmed et al.2 therefore highlights 
the need to consider production and lifecycle costs in comparing ICEVs, BEVs, and 
FCEVs, while Brousek et al.21 demonstrates that the comparative GHG performance of 
these powertrains depends on the country in question since electricity and hydrogen 
production are dependent on local energy systems. This is particularly important for 
hydrogen, as U.S. Department of Energy highlights that most hydrogen in the United 
States is currently produced from natural-gas reforming, while electrolysis can achieve 
significantly lower emissions when using low-carbon electricity. In addition, WTW 
greenhouse gas emissions do not represent every environmental burden. Life-cycle 
assessment11 can also include fossil-resource depletion, particulate-matter formation, 
toxicity, mineral-resource scarcity, manufacturing, transportation, and end-of-life 
processes. Therefore, the WTW results in Table 1 should not be interpreted as a 
complete life-cycle assessment of the three powertrains. 
 
Economic factors represent a further barrier to replacing conventional powertrains with 
alternatives. ICE technology benefits from a well-established fuel-production and 
vehicle-transportation infrastructure, while BEVs require battery and charging systems 
and hydrogen requires both fuel-cell technology and an entirely new set of hydrogen 
production, transportation, storage, and refueling systems. Ajanovic and Haas7 find that 
costs and infrastructure are critical factors in determining the prospects of BEVs and 
FCEVs, while Méndez et al.22 shows that the economics of conventional, battery, and 
hydrogen vehicles are closely tied to their local energy and operating conditions. 



However, the economics of EVs continue to change rapidly: the International Energy 
Agency reports on both the decrease in battery prices and the ability of electric cars in 
several circumstances to have lower costs of ownership over their lifetimes than ICE 
vehicles, although purchase prices still remain higher in many markets23. Meanwhile, 
hydrogen remains heavily dependent on lowering production costs; the current U. S. 
Department of Energy initiatives target substantial reductions in electrolyzer and 
clean-hydrogen costs. 
 
Aside from the technical considerations, regulation can either promote or restrict the 
adoption of each technology in motorsport. The FIA has explicitly highlighted 
sustainable-energy and low-carbon technology as priorities, while different 
championships are pursuing different solutions rather than converging on a common 
powertrain. Formula E provides a completely electric platform, while Formula 1's 2026 
regulations retain a turbocharged V6 ICE but significantly increase electrical power and 
require fully sustainable fuels5,6. The FIA has produced dedicated technical rules for 
hydrogen-powered competition vehicles, including both fuel-cell and 
hydrogen-combustion systems, thus showing that hydrogen continues to be considered 
for its potential in future motorsport applications. Therefore, the future of motorsport is 
unlikely to solely depend on which technology has the highest theoretical efficiency: the 
environmental performance, cost, available infrastructure, safety standards, and 
championship regulations will dictate where ICE-hybrid, battery-electric, and hydrogen 
technology can practically be used. 
 

Limitations 

This research uses data published in academic journals and industry reports to 
calculate energy consumption, GHG emissions and powertrain efficiency. A major 
limitation of this study is the heterogeneity of the available data. Unlike ordinary 
vehicles, motorsport vehicles do not have standardized energy-consumption testing 
procedures, and the ICEV, BEV, and FCEV data used in this study were obtained from 
different vehicle designs, racing conditions, tracks, and research methods. Some values 
may also include testing or simulation rather than exclusively competitive racing. 
Therefore, differences among the three powertrains cannot be attributed solely to 
powertrain technology, and the calculated results should be interpreted as 
representative case comparisons rather than direct controlled comparisons. In addition, 
the WTW results depend strongly on the selected WTT pathways. Electricity and 
hydrogen can be produced through multiple pathways with substantially different energy 
requirements and GHG emissions, while gasoline production also varies according to 
crude-oil source and refining conditions. The standardized JEC pathways used in this 
study provide a consistent basis for comparison, but they may not represent the actual 
energy supply used by each motorsport vehicle. Consequently, the WTW results 
illustrate the performance of the selected vehicle-pathway combinations rather than 
universal values for ICEVs, BEVs, and FCEVs. Furthermore, applying the same JEC 
WTT pathway factors to ordinary and race vehicles assumes that both receive fuel, 
electricity, or hydrogen through the same upstream production and distribution pathway; 



this improves comparability but may not reflect the actual energy sources used in 
individual motorsport events. 

 
Summary  
The study looked at internal combustion engines, battery-electric powertrains, and 
hydrogen fuel-cell powertrains in the context of their structure and power output, as well 
as their powertrain and well-to-wheels efficiency, energy replenishment, environmental 
impact, economic aspects, and regulatory development. It shows that each of the 
technologies offers a different balance between performance, efficiency, and 
environmental sustainability.  

 

For the selected motorsport cases, BEVs and FCEVs exhibit WTW energy consumption 
that is approximately 42.4% and 47.6% of the WTW energy consumption of ICEs, 
respectively. Their WTW GHG emissions are approximately 21.5% and 3.25% of that of 
ICEs. Although BEVs and FCEVs have relatively similar WTW energy demands in these 
cases, the FCEV exhibits substantially lower GHG emissions, primarily because the 
selected hydrogen pathway uses wind-powered electrolysis, whereas the BEV analysis 
assumes the EU 2016 electricity mix. These results therefore depend on the upstream 
energy-production pathways rather than solely on the powertrain technologies. In 
addition, representative racing BEV and FCEV powertrain thermodynamic efficiencies 
are approximately 1.66 and 1.20 times that of the racing ICE powertrain, respectively, 
based on published efficiency estimates. Because the analysis combines published 
data from different racing vehicles and operating conditions, these numerical 
comparisons represent selected vehicle-pathway scenarios rather than universal 
performance differences among the three technologies. 

 

ICEs have benefited from extensive development in the field of motorsport, together 
with high power output and the use of high energy density fuels, and also feature quick 
refueling times. Nevertheless, their relatively low energy-conversion efficiency and the 
fact that they produce direct combustion emissions are important drawbacks. BEVs offer 
highly efficient electric propulsion as well as regenerative braking, together with zero 
tailpipe emissions, although in some racing applications the battery's mass, its energy 
capacity, and the need for charging can be limiting factors. FCEVs also benefit from 
electric-motor propulsion and an alternative means of storing energy using hydrogen, 
but there are significant challenges associated with hydrogen production, conversion 
losses, storage, the existing infrastructure, and the cost. Moreover, the environmental 
benefits of BEVs and FCEVs cannot be judged solely on the basis of tailpipe emissions, 
since electricity generation and hydrogen production can result in considerable 
upstream emissions.  

 



Overall, the analysis indicates that no single powertrain offers the optimal solution 
combining considerations of emissions performance, energy efficiency, and operational 
practicality across all motorsport applications. The future of sustainable motorsport will 
likely involve multiple powertrains, with their suitability determined by race requirements, 
energy-production pathways, infrastructure availability, and continued technological 
development. 
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Appendix A. Calculation of Comparative Results 
A.1 Ordinary ICEV 
JEC COG1 energy consumption = 140.74 MJ/100 km = 1.4074 MJ/km. 
JEC conventional-gasoline WTT expended energy factor ≈ 0.24 MJ/MJ, estimated from 
Figure 55 of the JEC Well-to-Tank Report v524. 
WTW energy consumption = 1.4074 × (1 + 0.24) = 1.75 MJ/km. 
JEC conventional-gasoline WTT GHG factor = 17.0 g CO2 e/MJ. 
WTT GHG emission = 1.4074 × 17.0 = 23.9 g CO2 e/km. 
JEC TTW GHG emission = 103.92 g CO2 e/km. 
WTW GHG emission = 23.9 + 103.92 = 127.8 g CO2 e/km. 
 

https://www.fia.com/news/fia-and-formula-e-reveal-all-electric-gen3-race-car-monaco
https://www.formula1.com/en/latest/article/2026-regulations-explained-all-you-need-to-know-about-f1s-new-power-units.14jfv7a36905uDJDdNyfQd?utm_source=chatgpt.com
https://www.formula1.com/en/latest/article/2026-regulations-explained-all-you-need-to-know-about-f1s-new-power-units.14jfv7a36905uDJDdNyfQd?utm_source=chatgpt.com
https://doi.org/10.1016/j.jclepro.2026.147706
https://doi.org/10.1016/j.energy.2025.136899
https://www.iea.org/reports/global-ev-outlook-2025


A.2 Race ICEV  
Summa et al.10 reports gasoline consumption of 4.39, 4.70, and 4.10 L for three 22-km 
Formula SAE endurance events. 
Average fuel = (4.39 + 4.70 + 4.10) / 3 = 4.397 L/22 km. 
JEC gasoline LHV ≈ 32.2 MJ/L. 
TTW energy consumption 4.397 × 32.2 = 141.6 MJ. 
TTW energy use per km = 141.6 / 22 = 6.44 MJ/km. 
JEC conventional-gasoline WTT expended energy factor ≈ 0.24 MJ/MJ. 
WTW energy consumption = 6.44 × (1 + 0.24) = 7.99 MJ/km. 
JEC conventional-gasoline WTT GHG factor = 17.0 g CO2 e/MJ. 
WTT GHG emission = 6.44 × 17.0 = 109.48 g CO2 e/km. 
JEC-consistent gasoline TTW intensity ≈ 103.92 / 1.4074 = 73.84 g CO2 e/MJ. 
TTW GHG emission ≈ 6.44 × 73.84 = 475.52 g CO2 e/km. 
WTW GHG emission ≈ 585.0 g CO2 e/km. 
 
A.3 Ordinary BEV 
JEC BEV200 reference vehicle with EMEL3A pathway energy consumption = 42.77 
MJ/100 km. 
Energy use = 42.77 / 100 = 0.4277 MJ/km. 
JEC EMEL3A WTT expended energy factor = 1.96. 
WTW energy consumption = 0.4277 × (1 + 1.96) = 1.27 MJ/km. 
JEC BEV WTT GHG factor = 110.1 g CO2 e/MJ. 
WTW GHG emission = 0.4277 × 110.1 = 47.1 g CO2 e/km. 
Direct TTW GHG emissions are taken as zero. 
 
A.4 Race BEV 
Ros et al.11 reports 635 kWh of charging electricity over the assumed 2,000-km life of 
eVarta. 
Electricity use = 635 / 2000 = 0.3175 kWh/km. 
Using 1 kWh = 3.6 MJ: 0.3175 × 3.6 = 1.143 MJ/km. 
JEC EMEL3A WTT expended energy factor = 1.96. 
WTW energy consumption = 1.143 × (1 + 1.96) = 3.38 MJ/km. 
JEC BEV WTT GHG factor = 110.1 g CO2 e/MJ. 
WTW GHG emission = 1.143 × 110.1 = 125.8 g CO2 e/km. 
The reported electricity consumption represents an assumed vehicle operating lifetime 
that may include testing and other activities beyond competitive racing. 
 
A.5 Ordinary FCEV 
JEC FCEV 2015 WDEL1/CH2 energy consumption ≈ 69.74 MJ H2/100 km. 
Energy use = 69.74 / 100 = 0.6974 MJ/km. 
JEC hydrogen WTT expended energy factor ≈ 0.9 MJ/MJ, estimated from Figure 128 of 
the JEC Well-to-Tank Report v524. 
WTW energy consumption = 0.6974 × (1 + 0.9) = 1.33 MJ/km. 
Selected renewable-electrolysis hydrogen pathway = 9.5 g CO2 e/MJ H2. 
WTW = 0.6974 × 9.5 ≈ 6.6 g CO2 e/km. 
 



A.6 Race FCEV 
David et al.12 models a Formula Student endurance event in a simulation and calculates 
H2 consumption of 16.4 g for one approximately 1-km lap. 
For the full endurance event, the paper reports approximately 366 g H2. 
Using the standard 22-km endurance distance: 0.366 / 22 = 0.01664 kg H2/km. 
Using H2 LHV ≈ 120 MJ/kg: 0.01664 × 120 ≈ 2.00 MJ/km. 
JEC hydrogen WTT expended energy factor ≈ 0.9 MJ/MJ. 
WTW energy consumption = 2.00 × (1 + 0.9) = 3.8 MJ/km. 
Selected renewable-electrolysis hydrogen pathway = 9.5 g CO2 e/MJ H2. 
WTW GHG emission = 2.00 × 9.5 ≈ 19.0 g CO2 e/km. 
 
A.7 Representative BEV TTW Efficiency 
Ren et al.13 provides values for the following metrics of a representative Formula 
Student drivetrain. Motor efficiency = 95%; Motor controller efficiency = 95%; Reducer 
efficiency = 96%; Differential efficiency = 96%. 
As a result, ηBEV = 0.95 × 0.95 × 0.96 × 0.96 = 0.8317 ≈ 83.2%. 
The representative racing BEV drivetrain efficiency is estimated by multiplying the 
assumed efficiencies of the motor, motor controller, reducer, and differential. This value 
represents the combined conversion efficiency of the modeled drivetrain components 
rather than a complete vehicle-level tank-to-wheel efficiency. 
 


