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Energy consumption, CO, emissions
and other considerations related to
Battery Electric Vehicles

Abstract

1. Electric vehicles consume less primary energy and substantially less final energy than fossil fuel
vehicles of same weight and performances (excluding driving range).

2. Taking account of the emissions generated by the production of electricity in the EU, the refining of oil
and the distribution of energy, electric vehicles generate less than half the CO, of fossil fuel vehicles
of same weight and performances (excluding driving range).

3. In addition, because of their limited range, electric vehicles will mainly be used for daily commuting and
urban traffic. They will therefore generally be smaller and lighter than fossil fuel vehicles and
consequently even cleaner and more fuel-efficient. They will also contribute to a reduction in traffic
and car park congestion.

4. Taking account of the production of electricity in the EU and the production and refining of oil, as well as
of their distribution, it appears that, on average, the four electric vehicles analysed in this study
consume around 1.7 times less primary energy and generate less than half the CO, of a Toyota
Prius.

5. Electric vehicles will not require significant increases in electrical infrastructure until their
number reaches 20-25%. However, they will provide electricity producers with financial incentives
towards improving the energy efficiency and CO2 emissions of electricity production.

6. If the use of electric vehicles became commonplace for city driving, the results worldwide would be:

To save around 20% of oil production.

To significantly reduce urban pollution.

To eliminate almost all traffic noise.

To reduce traffic and parking congestion.

.000.
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Energy consumption and CO, emissions
generated by Electric Vehicles

Comparison with fossil fuel vehicles

1. Summary and Conclusions

1.1 Electric vehicles consume less energy than fossil fuel vehicles.

If we calculate “Tank-to-Wheel’, that is to say only on the vehicle, an electric vehicle consumes
around three times less final energy (= petrol, diesel or electricity) than a fossil fuel vehicle with
the same weight and the same performance (excluding driving range).

However, energy is required to produce fossil fuel and electricity, as well as to distribute them. If
we include this energy, then fossil fuel vehicles consume “‘Well-to-Wheel” 20 to 80% more
primary energy than electric vehicles of the same weight and performance, excluding driving range
(20% = diesel-lead comparison, 80% = petrol-lithium comparison).

1.2 Electric vehicles generate significantly less CO, than fossil fuel vehicles.

Electric vehicles do not produce emissions and therefore, on a “Tank-to-Wheel’ basis, cause
infinitely less pollution than fossil fuel vehicles.

If we compare ‘Well-to-Wheel’ CO, emissions generated from the source of the primary energy
(oil well, mine...) to the vehicle, an electric vehicle generates on average, with the EU electricity
mix, less than half the CO; of a fossil fuel vehicle of the same weight and performance (excluding
driving range).

1.3 Electric vehicles will generally be smaller and lighter and therefore even cleaner and
more fuel-efficient.

In fact, because electric vehicles have a range limited by battery capacity, their use will essentially
be limited to commuting and city-like trips, for daily distances of less than 50-100km. Such trips
represent about 80% of the mileage covered by cars. For this usage, a small light vehicle is clearly
preferable because it is more manoeuvrable in traffic and can be parked easier: it is only for longer
trips that the comfort and luxury of a large car are really advantageous. Smaller and lighter
vehicles are intrinsically less energy consuming and therefore even cleaner and more fuel-
efficient.

In addition, the small size of electric cars will help reducing congestion on roads and in car parks.
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1.4 The electric cars in production or in the pipeline consume less energy and generate
significantly less CO, emissions than the cleanest fossil fuel cars.

We compared the Toyota Prius hybrid (one of the cleanest petrol-engined cars on the market) with
four electric cars: the Indian REVAI micro-car (the only electric car available to date in Belgium),
the EV1 marketed by General Motors in 1999, the Dutch QUICC! mini-van (scheduled for end
2009) and the American Tesla Roadster sports car (in initial production phase).

Compared with the Prius, these electric cars consume on average almost 4 times less final energy
(Tank-to-Wheel) and 1.7 times less primary energy (Well-to-Wheel). With the EU electricity mix,
they generate “Well-to-Wheel’ less than half the CO,.

1.5 Electric vehicles will have a positive impact overall on electricity production.
Since most users will recharge their electric vehicle at night during off-peak hours,

e Electric vehicles will essentially be recharged using the least energy-intensive and CO2-
emitting fraction of the electricity production.

e Overall, BEVs will provide a financial incentive for electricity producers to improve the
efficiency of electricity production and reduce its CO, emissions.

e Little expenditure on electricity infrastructure will be required until the number of BEVs
exceeds 20-25% of the total number of cars.

1.6 The use of electric cars would yield to other major advantages.

Since city-like driving represents around 80% of all car journeys, worldwide use of electric cars for
this type of driving would provide:

A saving of around 20% in oil production.
A significant reduction in urban pollution.
The elimination of almost all traffic noise.
A noticeable reduction of traffic and car park congestion.

2. Energy consumption

Electric vehicles consume less primary energy and significantly less final energy than fossil fuel
vehicles of the same weight and performance (excluding driving range).

2.1 ‘Tank-to-Wheel’ energy efficiency

For this purpose, let us compute the nominal Tank-to-Wheel energy efficiency for electric and
fossil fuel vehicles, that is to say, the ratio of the energy transmitted to the wheels divided by the
final energy (petrol, diesel or electricity) input into the car (via its fuel tank or electrical plug) in
standard test conditions.
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o Fossil fuel vehicle: The Tank-to-Wheel energy efficiency (from the fuel tank to the wheels)
of the best internal combustion vehicles (excluding hybrids) is, in nominal operating
conditions, generally less than 22% for diesel and 18% for petrol.

Note that the nominal figures are computed in rather ideal conditions. They vary a lot with
driving style and traffic conditions and are generally lower in real life. They are notably
quite lower in congested urban traffic, since then the engine operates often at low or high
rotation speeds at which its efficiency is low, and because fuel vehicles consume energy
when idling.

In other words only 22% of the energy contained in diesel and 18% of that contained in
petrol is transmitted to the wheels in ideal conditions — the rest is lost as heat!

e FElectric vehicle: The Tank-to-Wheel energy efficiency (from the electrical plug to the
wheels) is typically 60% (55 to 65%) with lead-acid batteries and 72% (65 to 80%) with
lithium batteries: approximately 85-87% for the charger and 75-85% for the charging and
discharging cycle with lead batteries; approximately 88-90% for the charger and 85-95%
for the charging and discharging cycle with lithium batteries; 96-98% for the electronic
engine management; and 90-95% for the electric motor.

These numbers vary little with driving style and conditions, since electric motors have a
reasonably constant efficiency at most rotation speeds and because electric vehicles
consume no energy when idling.

In other words, typically 60-72% of the electrical energy consumed at the plug is
transmitted to the wheels — and 40 to 28% is lost as heat! These figures are valid in all
driving conditions.

The “Tank-to-Wheel” energy efficiency of electric vehicles is therefore around three times better
than that of the best fossil fuel vehicles (excluding hybrids) in ideal conditions. It is even better if
computed in real-life conditions.

This means that an electric vehicle consumes at least three times less final energy than any
fossil fuel vehicle (excluding hybrids) with the same weight and performance (excluding range).

2.2 ‘Well-to-Wheel’ energy efficiency

The Well-to-Wheel energy efficiency of a vehicle is the ratio between the final energy transmitted
to the wheels divided by the primary energy at the source (oil well, mine...). It is equal to the
Tank-to-Wheel efficiency (as computed above in 2.1), multiplied by the Well-to-Tank efficiency,
which is the efficiency from the source of final energy (oil well, mine...) to its introduction into
the vehicle (fuel tank or electrical plug).

2.2.1 Fossil fuel vehicle
The Well-to-Wheel energy efficiency (from the primary energy source to the vehicle wheels) for

the best performing conventional fossil fuel vehicles (excluding hybrids) is nominally around
15% for petrol and 18% for diesel (and lower in most real traffic conditions):
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e The Well-to-Tank energy efficiency (from the primary energy source to the fuel tank),
which takes into account the energy consumed by the production, refining and transport of
the fuel, is around 83%.

This means that the production, refining and distribution of a litre of fuel delivered to the
vehicle and fuel tank consume the equivalent of a fifth litre of fuel.

e The nominal Well-to-Wheel energy efficiency of the best fossil fuel vehicles (excluding
hybrids) is therefore around 15% (= 16% x 83%) for petrol and around 18% (= 22% x 83%)
for diesel.

This means that, in ideal driving conditions, only around 15% (petrol) or 18% (diesel) of
the primary energy is transmitted to the wheels — the rest is lost as heat!

e These numbers can be significantly lower depending on traffic conditions and driving style,
because engine’s efficiency depends largely on rotation speed and since fuel vehicles
consume energy when idling.

2.2.2 Electric vehicle

The “Well-to-Wheel’ energy efficiency (from the primary energy source to the car wheels) of an
electric vehicle is around 22% with lead-acid batteries and around 27% with lithium batteries:

e The *Well-to-Tank’ energy efficiency (from the primary energy source to the electrical
plug), taking into account the energy consumed by the production and distribution of the
electricity, is estimated at around 37%:

o The energy efficiency of electricity production is difficult to estimate, because it
varies widely depending on the type of power plant: approximately 30-40% for
conventional power plants, 50-55% for combined-cycle power plants with
integrated gasification, 50-60% for combined-cycle gas power plants, up to around
90% for combined systems were all the steam is re-utilised. Furthermore, any
comparison is difficult for power plants which do not use fossil fuels (wind turbines,
hydroelectric, nuclear, etc).

A figure of around 40% is however often considered a useful average for this type
of calculation. In other words, only around 40% of the primary energy arriving at
the power plant is converted into electricity — the rest is lost as heat!

o The energy efficiency of electricity distribution is around 92.5% (90 to 95%). This
means that approximately 92.5% of the electricity produced at the power plant
arrives at the consumer — the rest is lost as heat!

o The “Well-to-Tank’ energy efficiency is therefore estimated at around 37%
(= 40% x 92.5%). This figure is close to the JRC figure of 35% quoted in annex 1.
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e Given that the *“Tank-to-Wheel’ efficiency averages 60 % for electric vehicles with lead-
acid batteries and 72 % for those with lithium batteries (see 2.1), the average “‘Well-to-
Wheel’ energy efficiency of electric vehicles is therefore:

o around 22% (= 60% x 37%) with lead-acid batteries,
o around 27% (= 72% x 37%) with lithium batteries.

This means that only around 22% (lead-acid) to 26% (lithium) of the primary energy is
transmitted to the car wheels — the rest is lost as heat! These numbers depends little on the driving
style and traffic conditions, since electric motors have a reasonably constant efficiency over most
rotation speeds and because electric vehicles consume no energy when idling.

2.2.3 Comparison
Nominally, the “Well-to-Wheel’ energy efficiency:
e of an electric vehicle with lead-acid batteries is on average:

o 1.2 times better than that of the best diesel vehicles (excluding hybrids).
o 1.5 times better than that of the best petrol vehicles (excluding hybrids).

e of an electric vehicle with lithium batteries is on average:
o 1.5 times better than the best diesel vehicles (excluding hybrids).
o 1.8 times better than the best petrol vehicles (excluding hybrids).

In real traffic conditions, these ratios can be much higher.
This means that over 20 to 80% more primary energy is required for a fossil fuel vehicle

(excluding hybrids) than for an electric vehicle with the same weight and performance
(excluding driving range).

3. CO, emissions

Electric vehicles generate significantly less CO; emissions than fossil fuel vehicles with the same
weight, power and performance (excluding driving range).

3.1 Tank-to-Wheel emissions of CO,

The manufacturers of fossil fuel vehicles only provide figures for the emissions generated directly
by the operation of the car’s engine, in other words of the ‘Tank-to-Wheel’ emissions (from the
petrol tank to the wheels).

For electric vehicles, which emit nothing during their operation, the Tank-to-Wheel CO, emissions
are zero: electric vehicles are therefore infinitely cleaner than fossil fuel vehicles.
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3.2 Well-to-Wheel emissions of CO,

It is more appropriate to compute Well-to-Wheel CO, emissions in order to compare electric
vehicles with fossil fuel vehicles, that is to say the CO, emissions generated not only by the vehicle,
but also by the power plant or the oil refinery and by the distribution of the fuel or electricity.

3.2.1 Petrol-engined vehicle

Nominally, for each kwWh of energy transmitted to the wheels, around 5.6 kWh (= 1 kWh /
18%) of petrol in the tank is required Tank-to-Wheel (18% = efficiency — see 2.1). This
number is higher in most real traffic conditions.

According to appendix 2, the Joint Research Centre of the European Commission estimated
in 2006 that in order to obtain the Well-to-Wheel value for CO, emissions from a petrol-
engined vehicle, it is necessary to add 17% to the Tank-to-Wheel figures. Since:

- the combustion energy from petrol is around 37 MJ/l and 1 kwWh = 3.6 MJ,

- the combustion of 1 litre of petrol produces around 2.35 kg of CO,,

Therefore Well-to-Wheel, each kWh of energy transmitted to the wheels emits nominally
around 1490 g of CO; (= 5.6 kWh x 3.6 MJ/kWh / 37 MJ/l x 2.35 kg CO2/l x (1+17%) x
1000 g/kg) — and generally more in real traffic conditions.

3.2.2 Diesel-engined vehicle

Nominally, for each kwWh of energy transmitted to the wheels, around 4.5 kWh (= 1 kWh /
22%) of fuel is required (22% = Tank-to-Wheel efficiency — see 2.1). This number is
higher in most real traffic conditions.

According to appendix 2, in order to obtain the Well-to-Wheel value for CO; emissions of
a diesel-engined vehicle, it is necessary to add 19% to the Tank-to-Wheel figures. Since:

- the combustion energy of the diesel engine is around 38 MJ/l and 1 kWh = 3.6 MJ,

- the combustion of 1 litre of diesel fuel produces around 2.7 kg of CO»,

Therefore, each kWh of energy transmitted to the wheels emits, Well-to-Wheel, around
1380 g of CO, (= 4.5 kWh x 3.6 MJ/kWh / 38 MJ/I x 2.7 kg CO>/I x (1+19%) x 1000 g/kg)
— and generally more in real traffic conditions.

3.2.3 Electric vehicle with lead-acid batteries

For each kWh of energy transmitted to the wheels, an average of 1.7 kwh of electrical
energy is required Tank-to-Wheel (= 1 kwWh / 60% — see calculation in 2.1), whatever the
driving style and traffic conditions.

According to the JRC, the production and distribution of one kWh of electricity generates,
with the 2006 average European Union (EU) energy mix, around 443 g of CO, (see
appendix 1). Therefore Well-to-Wheel, each kWh of energy transmitted to the wheels
generates on average 738 g of CO, (= 1.7 kWh x 443 g CO2/kWh).
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3.2.4 Electric vehicle with lithium batteries

For each kWh of energy transmitted to the wheels, an average of 1.4 kwWh of electrical
energy is required (= 1 kWh/ 72% — seek calculation in 2.1), whatever the driving style
and traffic conditions.

Therefore, with the average EU energy mix, each kWh of energy transmitted to the wheels
generates around 616 g of CO, Well-to-Wheel (= 1.4 kWh x 290 g CO2/kWh).

3.2.5 Comparison of CO; emissions

With the average EU electricity mix, Well-to-Wheel CO, emissions of an electric vehicle are, on
the average, nominally less than half the CO2 emissions of a fossil fuel vehicle with the same
weight and performance (excluding driving range) in nominal traffic conditions — and even less in
most real traffic conditions :

CO; of a diesel powered car = 1.9 x CO, of an electric car with lead-acid batteries
CO; of a petrol powered car = 2.0 x CO, of an electric car with lead-acid batteries
CO; of a diesel powered car = 2.2 x CO, of an electric car with lithium batteries
CO; of a petrol powered car = 2.4 x CO, of an electric car with lithium batteries

These ratios are generally higher in real traffic conditions.

3.2.6 Remark

The emissions generated by electric vehicles in a country depend on the electricity mix in that
country. For instance:

The Belgian electricity mix emitted, in 2003, 290 g CO2/kWh (according to IEA - annex 1).
With this number, Well-to-Wheel CO, emissions of an electric car in Belgium are more
than three times less than a fossil fuel vehicle with the same weight and performance:

CO; of a diesel powered car = 2.9 x CO, of an electric car with lead-acid batteries
CO; of a petrol powered car = 3.1 x CO, of an electric car with lead-acid batteries
CO; of a diesel powered car = 3.4 x CO, of an electric car with lithium batteries
CO; of a petrol powered car = 3.7 x CO, of an electric car with lithium batteries

O O O O

If an electric vehicle is recharged mainly with renewable or nuclear electricity, which
generate practically no CO, emission, its Well-to-Wheel CO, emission are close to zero.
This is the case in countries such as Norway, Sweden and France.

If an electric vehicle is recharged mainly with coal power plants, which generate over
1000 g CO./kWh, its Well-to-Wheel CO, emissions are equal to or higher than a fossil
fuel vehicle with the same weight and performance. This is the case in countries such as
Luxemburg and Poland.
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Given that electric cars have a limited range due to their battery capacity, their use will essentially
be limited to commuting, town trips and other short trips which are often made in dense traffic
conditions and with a single person on board. Also, it is generally accepted that about 80% of cars
mileage are for trips of less than 50 km with a single person on board.

4. Weight and power considerations

For this type of traffic, a small light car is clearly preferable because it is manoeuvrable in traffic
and can be parked more easily. It is only for longer journeys that the comfort and luxury of a large
powerful car are really advantageous.

Indeed, most electric cars currently in production or in the pipeline are small and light:

e Small manufacturers specialised in electric cars (such as REVA, Duracar and Lumeneo)
generally opt for tubular chassis with plastic bodies, which are much lighter than steel
bodies.

e Several major manufacturers are getting prepared to test the market by converting their
smaller models to electric power (such as SMART, MINI and Mitsubishi iMiev). If
successful, it is not unlikely that they will thereafter design models specifically for electric
propulsion.

e It must be noted that, although batteries are much heavier than fuel tanks, electric cars can
be made lighter than conventional cars while having a driving range sufficient the daily
trips of most drivers:

o An electric motor is several times lighter than an internal combustion engine with
the same power.

o An electric car does not require a gearbox.

o An electric car does not require the heavy acoustic insulation and the steel body that
are necessary to damp the sound produced by the engine.

o It can be expected that batteries will become increasingly smaller and lighter in the
future, which will further reduce electric vehicles’ weight to range ratio.

It is therefore likely that electric vehicles will tend to become increasingly smaller and lighter.
Obviously, for a same technology, small light cars are more energy-efficient and emit less CO;
than large powerful ones.

Therefore, electric cars will be even more energy efficient and emit even less CO; than fossil fuel
cars.

Furthermore, their reduced size will also contribute to reducing traffic and parking congestion.

5. Comparison between some vehicles

To illustrate these figures, let us compute the quantity of primary energy consumed by four electric
vehicles and their Well-to-Wheel CO, emissions in nominal conditions.
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e The REVAI is a heavy Indian electric micro-quadricycle with 2+2 seating, very
manoeuvrable in town and with a top speed of 80 km/h. In production since 2001, it is
currently the only electric car marketed in Belgium and in many European countries.

e The EV1 is the two-seater electric coupe that General Motors marketed in the United States
from 1996 to 1999.

e The QUICC! from Duracar is a small Dutch electric two-seater minivan. It is scheduled to
go on sale in the second half of 2009.

e The Tesla Roadster is an American two-seater electric sports car based on the Lotus Elise
with performance competing with the best petrol-engined sports cars. Pre-marketing began
this year in the United States.

5.1 Fossil fuel reference vehicle

As a point of comparison, we have chosen the 2008 Toyota Prius, one of the cleanest fossil fuel
vehicles on the market whose nominal petrol consumption is 4.3 litres per 100 km and whose
nominal Tank-to-Wheel emissions are 104 g CO./km. Therefore:

e The nominal Tank-to-Wheel energy of the Prius is around 44 kWh/100km
(= 4.31/100km x 37 MJ/I / 3.6 MJ/kWh).

This figure must be divided by the Well-to-Tank efficiency in order to obtain the Well-to-
Wheel values (approximately 80% - see 2.2.1). So we have:

e Nominal Well-to-Wheel consumption: approximately 55 kWh/100km
(= 44 KWh/100km / 80%) of primary energy.

e Nominal Well-to-Wheel emissions of CO;: approximately 122 g CO,/km
(=104 g CO2/km x (1 + 17%) (see 3.2.1).

5.2 REVAI electric car

The Indian REVAI is a small electric car that has lead-acid batteries and uses technology
developed ten years ago. The nominal figures provided by the constructor (www.revaindia.com)
are:

e Electricity consumption for each full charge: approx. 9 kWh

e Range on a full charge: 80 km nominal

Therefore:

e Nominal Tank-to-Wheel consumption: approximately 11 kWh/100 km of electricity
(= 9 kWh/charge / 80 km/charge x 100), or almost 4 times less than the Prius.

e As for all electric vehicles, Tank-to-Wheel CO, emissions are zero.
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