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Global greenhouse gas (GHG) emission targets can only be 

met by significantly decarbonising road transport. The only 

long term way to do this is via the electrification of 

powertrains combined with the production of low carbon 

electricity or hydrogen. Current assumptions and models, 

such as the IEA BLUE Map, demonstrate that this is 

technically possible, but assume growth in demand for 

transport services will only double by 2035 and triple by 

2050, largely driven by growth in developing economies. 

However, another transport revolution, automated vehicles, 

could drive growth in transport services significantly further, 

which without electrification will have a large negative 

impact on efforts to curb transport related emissions. In 

contrast, it is shown in this paper that automated vehicles 

could significantly improve the economics of electric vehicles, 

and therefore make the electrification of powertrains more 

likely, which could help reduce emissions. Despite this 

uncertainty, little work has been done on understanding how 

these factors will affect each other, particularly the timing 

and uptake of automated vehicles and their effect on future 

transport related GHG emissions and economics, yet the 

impact on transport policy, infrastructure and society will be 

profound and should be of interest to policy makers, the 

automotive and energy industries, and society as a whole. 

Introduction 

Our vehicles are currently powered by burning fossil fuels in internal 

combustion engines, which makes a significant contribution towards 

both local air pollution and GHG emissions 1. An over-reliance on a 

single energy source also puts our transport systems at significant risk 

from future oil shocks and declines in the production of conventional 

fuels 2. International efforts to meet all three of these major 

challenges have identified that the electrification of powertrains is 

necessary in the long term (30-40 years) if we are to clean the air in 

our cities, prevent the worst excesses of climate change and diversify 

and secure our future energy supplies 3. Electrification in this context 

can take multiple forms, and does not necessarily mean solely battery 

electric vehicles, but that the majority of the vehicle power comes 

originally from electricity 4, and hence could also be plug-in-hybrids or 

fuel cell vehicles. At the same time it is predicted by the International 

Energy Agency (IEA), in their business-as-usual scenario, that the 

passenger vehicle fleet will need to double to 1.7 billion in 2035 and 

triple by 2050 in order to sustain even modest global economic 

growth 3. More accurately this should be considered that demand for 

transport services will increase, which the IEA then assumes means 

more vehicles. How this increase in demand for transport services is 

going to be delivered at the same time as managing global GHG 

emissions to minimise climate change is not clear.  

Electrification is necessary as even if the average efficiency of 

combustion engine is doubled, and the oil industry’s most optimistic 

assumptions of oil supply in 2035 are met 2, it will not be possible to 

meet the demand projected by the IEA with incumbent technologies. 

Therefore a lack of mature alternatives could in the long run result in 

significantly less growth in the availability of transport services than 

predicted by the IEA. This would result in many negative 

consequences. In all these reports, models and assumptions 5, 

automated vehicles do not appear to have been considered. For 

example the 2007 IPCC report on mitigation 6 mentioned many 

measures that can reduce demand for travel and/or car usage and 

improve driving style in addition to new technologies that can all 

reduce GHG emissions. Although they state that their effectiveness 

may be counteracted by growth in the sector, automated vehicles are 

not mentioned.  

Automated vehicles will change our world 

Automated vehicles will be a technology revolution that will affect 

every facet of our lives. Although many previous transport 

technologies have revolutionised the way we travel, such as the 

invention of the railway, aviation, mass production, containerisation, 

roads and the motorways, as yet nothing has been able to break the 
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link between needing one driver hour for every vehicle hour except in 

very controlled environments or applications. This link has given rise 

to a phenomenon known as constant average travel time, which is 

that the average travel time per person has remained constant at 

about an hour a day for at least the past 30 years over, and the 

number of trips has remained roughly constant at one thousand trips 

per year, although distance has increased by 50% because we can 

travel faster 7. Travel time appears to be mostly independent of all 

other indicators, with the world average commuting time being 

around 40 minutes whether you are in Africa, Europe or America 8. 

This is because everyone has an equal number of hours in each day, 

and travel has a cost in terms of competing with other activities for 

time, such that the marginal value of travel declines as total travel 

time increases 7. If it is assumed that reducing the negative cost of 

travel; by making it possible to use that time to undertake other 

activities simultaneously, will significantly increasing the percentage 

of our time that we are prepared to spend travelling. Then an 

unintended consequence of automated vehicles is that they are likely 

to significantly increase demand for transport services 9. This could 

make the IEA predictions of increases in demand for transport services 

a significant under-estimate. However, automated vehicles also have 

the potential to decrease the energy consumption per kilometre due 

to more efficient driving and reducing congestion, but by making 

travel cheaper and increasing the number of vehicles we can fit on our 

roads, will further increase demand. Therefore how automated 

vehicles could affect the assumptions and calculations of future GHG 

emissions is highly complicated. However, on the upside, breaking the 

link between a unit of human effort and a unit of economic activity by 

a significant amount, what defines a technology revolution 10,  could 

trigger a technology revolution and revitalise our economies.  

Automated driving systems can be classified according to the degree 

of automation versus human control according to Society of 

Automotive Engineers (SAE) standard J3016 11, as summarised in table 

1, with the term autonomous vehicles being either level 4 high 

automation or level 5 full automation. Although full automation has 

numerous challenges to overcome and might be a long way off the 

transition has already begun, with the emergence of multiple 

advanced driver assistance, partial and conditional automation 

systems which are becoming standard 12, many of which are stepping 

stones towards high or full automation as described in table 1. 

Table 1: Summary of the SAE J3016 standards for automated driving system 

SAE level & name SAE narrative definition 

0 - No Automation The full-time performance by the human driver of 
all aspects of the dynamic driving task, even when 

enhanced by warning or intervention systems 

1 – Driver Assisted The driving mode-specific execution by a driver 

assistance system of either steering or 
acceleration/deceleration using information about 

the driving environment and with the expectation 

that the human driver perform all remaining 
aspects of the dynamic driving task 

2 – Partial Automation The driving mode-specific execution by one or 

more driver assistance systems of both steering 
and acceleration/deceleration using information 

about the driving environment and with the 

expectation that the human driver performs all 
remaining aspects of the dynamic driving task 

3 – Conditional 

Automation 

The driving mode-specific performance by an 

automated driving system of all aspects of the 

dynamic driving task with the expectation that the 
human driver will respond appropriately to a 

request to intervene 

4 – High Automation The driving mode-specific performance by an 
automated driving system of all aspects of the 

dynamic driving task, even if a human driver does 

not respond appropriately to a request to intervene 

5 – Full Automation The full-time performance by an automated 
driving system of all aspects of the dynamic 

driving task under all roadway and environmental 
conditions that can be managed by a human driver 

However, there is a risk that public perception of initiatives like the 

‘google self-driving car’ oversimplify the challenges both technical 13, 

control 14 and legal 15 that remain ahead in order to introduce high or 

full automation. Industry predictions for high or full automation range 

from the near-future of 2020 to a more cautious second half of the 

twenty-first century, and so although driving is likely to become more 

automated and drivers are likely to become accustomed to  

automated driving in some environments, for example on flowing 

motorways, it is hard to predict how long it will take before all 

 

Figure 1: (a) Battery utilisation as a function of vehicle range for a plug-in-hybrid (PHEV) (Δ) also showing electric only range (●), and (b) for an electric 

vehicle (EV) with (Δ) and without (■) infrastructure (i.e. fast charging) also showing days in use when without infrastructure (○)  
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journeys can be driven autonomously 16. The DARPA Grand Challenge 

and Urban Challenge competitions led the way in translating research 

on automated driving into real world conditions 17. Since then, many 

projects have made significant progress in recent years, for example 

the AdaptIVe project, a consortium of 29 partners, and its 

predecessor, interactIVe, developing technologies for partial and 

highly automated driving on motorways, urban scenarios, and close-

distance manoeuvres 18,19 , or the V-Charge project which focussed on 

developed an electric automated car outfitted with close-to-market 

sensors 13. 

The effect of automated vehicles on the electrification of 

transport 

In previous work a number of influential reports were reviewed and 

the results confirmed that predict that there will be no significant 

difference between conventional and alternative powertrain costs by 

2035 4. However, all these studies aggregate behaviour into a single 

market average, and assume current behavioural patterns, vehicle 

ownership models, and vehicle utilisation rates, will continue with no 

change. None of these assumptions are necessarily true. Limited data 

has shown that innovative ownership & business models like car clubs 

can increase vehicle utilisation 20 and spread out the fixed costs of 

vehicle ownership 21. Therefore if it is assumed that automated 

vehicles will have a similar, if not greater, effect 9, then automated 

vehicles will substantially change the economics of alternative 

powertrains. The effect of increasing vehicle utilisation rates will 

improve the economics of low running cost vehicles more than others, 

and changing ownership models will improve the economics of high 

capital cost vehicles more than others, both of which are 

characteristics of BEVs.  

Furthermore, if automated vehicles are used in fleets of vehicles 

operating as point-to-point on-demand car clubs, then this mode of 

operation would significantly improve the battery utilisation in BEVs, 

further improving their economics. The most well-known 

disadvantage of BEVs is range anxiety which forces vehicle 

manufacturers to design BEVs with heavy and costly battery packs 

capable of driving a hundred kilometres or more, despite the fact that 

on average most people only drive 30-50 kilometres per day 22. This 

has a serious detrimental impact on battery utilisation and hence BEV 

economics. A hybrid fleet with vehicles with different ranges and 

battery recharging requirements has recently been modelled, and 

supported the hypothesis that hybrid and BEVs with different ranges 

can be used in routing problems successfully 23. This would enable the 

full range of the BEVs in a fleet to be maximised and potentially used 

multiple times a day, significantly increasing the battery utilisation, 

whilst long distances journeys (>160 km) could still be met by a small 

number of vehicles powered by chemical fuels, as these typically 

represent only 12% of all vehicle kilometres undertaken 22.  

How significant this effect could be is shown in figure 1, which plots 

the battery utilisation for different vehicles based upon average 

vehicle usage data extracted from the UK National Travel Survey, as 

described in previous work 22. All assumptions and the cost model 

used are described in detail in previous work 4.  

For a plug-in-hybrid (PHEV) there is an optimum battery size around 

5-15 kWh depending on vehicle size, with an electric only range of 24-

56 km, giving a battery utilisation between 50-70% per day. For an 

electric vehicle (EV) with a typical range of 160 km, battery utilisation 

for an average vehicle user will be around 20% without infrastructure, 

i.e. assuming the vehicle owner can only charge the vehicle overnight 

at home and will only drive if they have sufficient range. With 

charging infrastructure, then battery utilisation will increase to around 

28%, but still significantly below a PHEV. Smaller battery packs could 

in theory have very high utilisation, but would require multiple and 

regular charging throughout the day, especially for long journeys, 

impractical for most drivers, however this could happen in the case of 

roadbed inductive charging 24. Table 2 shows some typical 

commercially available vehicles, their battery size and typical electric 

only range. It should be noted that actual electric range can vary 

considerably when taking into account real world behaviour, traffic 

congestion and road type 25. 

 

Figure 2 (a) Battery utilisation for low (■) and high mileage (●), and (b) Cost per km as a function of vehicle battery range assuming a single overnight charge 

for ICE/PHEV with low (Δ) and high mileage () and cost per km for a BEV with unlimited charging for low (□) and high mileage (○) 
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Table 2: Typical electric and plug-in-hybrid electric vehicle battery size and 

electric only range 

Type Model Nominal 

Battery 
Size 

Typical Electric 

Only Range 

PHEV18 Toyota Prius Plug-in 

Hybrid 

4.4 kWh 10 km (EPA) 26 

PHEV32 Ford Fusion Energi 7.6 kWh 30 km (EPA) 26 

PHEV40 Mitsubishi Outlander 
PHEV 

12 kWh 52 km 
(Mitsubishi) 27 

PHEV56 2015 Chevrolet Volt 17 kWh 61 km (EPA) 26 

BEV120 2013 Nissan LEAF 24 kWh 134 km (EPA) 26  

BEV333 Tesla Model S 60 kWh 333 km (Tesla) 28 

 

Figure 2 shows how larger battery packs increase the running cost per 

kilometre considerably. The cost over 5 years (100% depreciation of 

powertrain cost and fuel cost only) for ‘low’ yearly mileage of 13,216 

km is compared to a vehicle utilisation rate increased by 5 times to a 

‘high’ yearly mileage of 66,064 km. This is indicative only, as how 

much automated vehicles could increase vehicle utilisation rates has 

not been studied. Energy costs of 28.5 $ GJ-1 for petrol (4.5 $ Gallon-1) 

and 35.9 $ GJ-1 for electricity, and  fuel consumption of 1.7 MJ km-1 (58 

mpg) for an ICE, 1.34 MJ km-1 (73 mpg) (petrol mode) and 0.79 MJ km-1 

(125 mpg) (electric mode) for a PHEV, and 0.6 MJ km-1 (165 mpg) for a 

BEV, were assumed 4. Over 5 years for a BEV with a 160 km range and 

‘low’ mileage the cost would be 17.3 cents km-1 compared to the 

cheapest option, the ICE, at 10.8 cents km-1. However, if a ‘high’ 

mileage is used, the battery utilisation for the BEV is increased from 

23% to 113% and the cost per kilometre is now the cheapest at 5.2 

cents km-1 compared to the next cheapest option, the PHEV with a 24 

km battery range costing 5.6 cents km-1. If the vehicle lasts longer 

than 5 years, the ongoing running cost per kilometre for the BEV is 

only 2.1 cents km-1 compared to 3.4 cents km-1 for the PHEV. This 

clearly demonstrates that changing vehicle utilisation rates changes 

the economics of alternative powertrains unequally. 

Conclusions 

Changing vehicle utilisation rates has been demonstrated to change 

the economics of alternative powertrains unequally. On a cost per 

kilometre basis, increasing vehicle utilisation rates spreads out the 

fixed costs of the powertrain and increases the battery utilisation rate 

which significantly improves the economics of BEVs and to a lesser 

extent PHEVs, but in both cases significantly more than ICE vehicles. If 

it is assumed that automated vehicles will substantially increase 

vehicle utilisation, then automated vehicles could make BEVs the 

winner in the long term. This could have a large positive impact on 

efforts to curb global GHG emissions. However, automated vehicles 

by mitigating the negative cost of travel, by making it possible to use 

that time to undertake other activities simultaneously, and by 

increasing vehicle densities on roads and mitigating congestion, could 

significantly increase demand for transport services making current 

predictions of future transport demand unrealistic. This could have a 

large negative impact on efforts to curb global GHG emissions. 

However, despite this uncertainty, there has been little work done to 

date on understanding potential transition pathways that include 

automated vehicles and electrification together, even though it is 

clear they are both going to happen at the same time. The potential 

effect of automated vehicles on behavioural patterns particularly 

vehicle ownership and vehicle utilisation rates, as well as overall 

demand for transport services, is in urgent need of study. Combined 

with electrification automated vehicles could make it easier to reduce 

global GHG emissions, make our transport systems more energy 

secure, improve safety, solve local air quality problems, solve 

congestion and meet future growth in mobility services. Or they could 

make it worse. We can’t afford to leave it to chance. 
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