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Abstract: The motivations for the move to electrified vehicles are discussed with reference to their
improved energy efficiency, their potential for lower CO2 emissions (if the electricity system is
decarbonized), their lower (or zero) NOx/particulate matter (PM) tailpipe emissions, and the lower
overall costs for owners. Some of the assumptions made in life-cycle CO2 emissions calculations are
discussed and the effect of these assumptions on the CO2 benefits of electric vehicles are made clear.
A number of new tribological challenges have emerged, particularly for hybrid vehicles that have
both a conventional internal combustion engine and a battery, such as the need to protect against
the much greater number of stop-starts that the engine will have during its lifetime. In addition,
new lubricants are required for electric vehicle transmissions systems. Although full battery electric
vehicles (BEVs) will not require engine oils (as there is no engine), they will require a system to cool
the batteries—alternative cooling systems are discussed, and where these are fluid-based, the specific
fluid requirements are outlined.

Keywords: energy efficiency; emissions; tribology; lubrication; battery electric vehicles; hybrid
electric vehicles; life cycle analysis; thermal cooling fluids

1. Introduction

Many countries around the world have signed up to the legally binding international
treaty on climate change agreed at COP 21 in Paris 2015 [1]. The goal of the treaty (an
agreement within the United Nations Framework Convention on Climate Change (UN-
FCCC)), which entered into force in November 2016, is to limit global warming to well
below 2 ◦C, and preferably to 1.5 ◦C, compared to pre-industrial levels. Each signatory to
the agreement develops increasingly ambitious 5-year plans for climate action, known as
Nationally Defined Contributions (NDCs). Since passenger cars in developed countries
account for approximately 10–20% of global CO2 emissions [2–5], and since the sector is
relatively easier to decarbonize than others (such as shipping and aviation), it has been a
key focus of many countries in their early plans to reduce their CO2 emissions. Initially,
different regions, such as Europe, Japan, and China have introduced tough fuel consump-
tion targets for passenger car vehicle fleets. Up until around 2021, most of these targets
can and have been met by original equipment manufacturers (OEMs) developing more
efficient conventional gasoline and diesel engines, with a small number of electric vehicles
(either full battery electric vehicles (BEVs), plug-in hybrid electric vehicles (PHEVs) or
mild hybrid electric vehicles (MHEVs)). Mild hybrid cars are those which have a relatively
small battery that is charged up by the internal combustion engine, such as the original
Toyota Prius. However, future anticipated fuel consumption targets for Europe (for 2025)
and China will not be met without significant electrification of the passenger car fleet.

In addition to CO2 targets, local air pollution is also an issue in some countries and
cities, and in such locations, electric vehicles are being favoured due to the lower tailpipe
emissions of NOx and particulate matter. In some cities, older conventional vehicles that do
not meet current emissions standards have either been banned entirely or face significant
costs to enter parts of the city (for example, in Central London, at the time of writing, a
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daily charge of GBP 12.50 is payable by drivers of passenger cars, unless their vehicles
meet Ultra Low Emission Zone standards—and this is in addition to a daily “congestion”
charge that is in operation from 0700–2200. Drivers of electric vehicles would generally not
need to pay the emissions charge [6]).

This paper discusses in some detail (1) the energy efficiency benefit of electric vehicles,
(2) the potential CO2 benefits of electric vehicles, and how these benefits are calculated
using life cycle analysis (3) the lower tailpipe emissions of electric vehicles, (4) the various
tribological challenges that will need to be overcome regarding electrified vehicles (particu-
larly hybrid electric vehicles, in which there is both a conventional engine and a battery),
and finally (5) the different fluid requirements of such vehicles are outlined.

2. The Motivations for Electrification of the Passenger Car Fleet

The main motivations for electrifying the passenger car fleet are (1) much improved
energy efficiency, (2) the potential for lower CO2 emissions (provided the electricity system
is sufficiently decarbonized), (3) reduced or zero particulate matter (PM) and NOx emissions
(zero emissions if it is a BEV, and potentially reduced emissions if it is a PHEV, depending
on how much the engine in the hybrid vehicle is used), (4) the potential for lower total cost
of ownership, and (5) the rapid recent improvements in battery technology. These different
motivations are discussed in more detail below:

2.1. Energy Efficiency

OEMs that manufacture and sell electric vehicles are required to give information
on how much energy is needed for the vehicle to travel 100 km. These energy efficiency
figures will have been obtained on standardized driving cycles, such as the older NEDC
driving cycle used in Europe until 2017, or the more recent WLTC driving cycle or their US
equivalents. Figure 1 shows the vehicle speed versus time profile of some typical European
standard driving cycles. Based on these driving cycles, electric vehicle manufacturers
report energy efficiency figures of between 15 and 25 kWh of energy to travel 100 km
(with heavier vehicles requiring more energy to travel 100 km) [7,8]. This can be contrasted
with a fuel-efficient passenger car that is powered by a gasoline engine. For the sake of
argument, assume the gasoline car has a fuel consumption of 6 L/100 km (which is the
equivalent to about 47 miles per (imperial) gallon). The energy content of 1 litre of gasoline
is approximately 34 MJ [9], and so the energy needed for the car to travel 100 km is about
204 MJ, which is about 57 kWh. Therefore, a BEV is typically between 2 and 3 times more
energy efficient than a conventional gasoline car. (In fact, since most gasoline cars on the
road are likely to have significantly higher fuel consumption (i.e., higher than 6 L/100 km),
BEVs could be even more energy efficient than this simple estimate suggests).

Just for clarification, it should be noted that vehicles with the same mass, driven
on the same driving cycle, will have exactly the same power requirements at the wheel,
irrespective of whether the car is electric or driven by a conventional gasoline engine.
The only difference between an electric vehicle and a conventional gasoline vehicle is the
amount of useful power that gets to the wheels from the propulsion unit (the engine or
battery). In the case of an electric vehicle, approximately 70–80% of the power in the battery
is available at the wheels, compared to a conventional gasoline engine, in which only
10–20% of the power contained in the gasoline gets to the wheels [10] (for a typical driving
cycle, such as the New European Driving Cycle (NEDC), the average power required at
the wheels, assuming a car mass of 1200 kg, is only about 4 kW). The NEDC cycle has a
duration of approximately 20 min, and the distance travelled is 10.93 km. If it is assumed
that the battery uses 15 kWh for 100 km of travel, and that 80% of this energy gets to the
wheels, then for a distance of 10.93 km, the energy at the wheels is about 1.3 kWh, and
if we divide this by 1/3 h (the duration of the driving cycle), the average power at the
wheels is 3.9 kW. For a gasoline engine, the energy required from the fuel to travel 10.93 km
is approximately 6.2 kWh, but only 20% of this gets to the wheels [8], about 1.24 kWh,
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which gives an average power at the wheels, of 3.72 kW, in reasonable agreement with the
calculation for the electric vehicle.
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Figure 1. Typical standard driving cycles used for evaluation of vehicle energy efficiency (either in
kWh per 100 km for an electric vehicle, or litres of fuel consumed per 100 km, for a conventional
vehicle). Cars would generally start these cycles from cold (20–25 ◦C). The NEDC cycle is the older
driving cycle (NEDC = New European Driving Cycle) which was in use until 2017, but has now been
superseded by the WLTC cycle (WLTC = Worldwide Harmonized Light Vehicle Test Cycle) which is
thought to be more representative of real life driving conditions (for Europe and Asia, the WLTC
Class 3b test cycle would generally be used).

2.2. The Potential for Lower CO2 Emissions

BEVs clearly have no local CO2 emissions, but CO2 will be emitted at the power
station that generates the electricity. In addition, CO2 emissions generated during vehicle
manufacturing should also be accounted for. Useful data on the CO2 content of different
fuels used to generate electricity are found in reference [11]. Figure 2 shows the estimated
CO2 emissions from BEVs running on electricity from different types of fuel, using the
data of [11], and compares them to a gasoline vehicle (in this case, the gasoline vehicle
was assumed to have a fuel consumption of 6 L/100 km). Figure 2 shows that if electricity
is generated from coal, the “in use” CO2 emissions are actually higher than those from
a gasoline car. On the other hand, if electricity is generated from natural gas, or even
better, solar, wind or nuclear energy, significant reductions in CO2 emissions are potentially
achievable.
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Figure 2. CO2 emissions (in kg) for a car travelling 100 km. The electric vehicle emissions
were in accordance with an assumed energy consumption of 20 kWh per 100 km, and for
the gasoline car, it was assumed that the fuel consumption was 6 L/100 km. The data in
Figure 1 use the equivalent CO2 emissions per kWh from reference [11] and assume that
2.3 kg of CO2 is emitted per litre of gasoline consumed [12].

The CO2 emissions of the various types of fuel used to generate electricity, as reported
in [11], are summarized in Table 1.

Table 1. Equivalent CO2 emissions per kWh for different sources of electricity generation [11].

Source of Electricity Generation gCO2eq/kWh

Coal 846
Natural Gas 488

Solar Photovoltaic (PV) 88
Wind 38

Nuclear 26
UK average (2019) 219

A more detailed, total life cycle calculation of CO2 emissions that compares electric
and conventional cars needs to account for the greater CO2 emissions involved in the
manufacture of electric vehicles, and also needs to make assumptions about the lifetime
mileage of such vehicles, and what happens to the batteries at the end of vehicle life. This
is discussed in more detail in Section 3.

2.3. Reduced Particulate Matter (PM) and NOx Emissions

Although CO2 emissions are of global concern, at a local level, air pollution can be
a significant issue. Conventional cars, particularly those containing diesel engines, can
emit high levels of both particulate matter (PM) and various oxides of nitrogen (generally
referred to as NOx). Although different regions around the world have limits on these
tailpipe emissions, it has recently transpired that some manufacturers designed their
emission control systems so that vehicles would meet the legislated limits on the official
test cycles, but that the emissions could be significantly higher in real world driving
situations. This has led to a number of cities (particularly in Europe) imposing bans on
older vehicles (with higher emissions) and/or the payment of fees to enter certain regions.
Clearly, BEVs will emit no PM or NOx, and so should help to improve local air quality.
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PHEVs will emit no PM or NOx when the car is driving in electric-only mode, but will emit
these pollutants when it is driving using the conventional engine, and so the emissions of
PHEVs will depend on how much of the time the car drives in electric only-mode compared
to driving using the engine.

2.4. The Potential for Lower Total Cost of Ownership

BEVs generally have fewer parts than those of conventional cars and need less
servicing—no oil/oil filter changes are needed, for example. Clearly, tyres, brakes, and
transmissions still need servicing, but in general, servicing costs would be expected to be
lower than those for conventional vehicles.

In addition, at the time of writing, electricity costs are substantially cheaper compared
to the cost of gasoline or diesel (particularly in Europe, where fuels are heavily taxed).
Returning to the example of a conventional car travelling 100 km, where it was assumed
that the conventional car had a fuel consumption of 6 L/100 km. At the time of writing,
the cost of the fuel needed for this 100 km journey would be approximately GBP 7.20
(assuming a gasoline cost of GBP 1.20 per litre). On the other hand, using a typical UK
electricity price (GBP 0.18 per kWh), the cost of the journey (using an average energy
consumption of 20 kWh per 100 km) would be just GBP 3.60, roughly half the cost. In fact,
if the electric vehicle is charged up at home via solar panels, or using cheaper overnight
electricity tariffs, the cost savings could be even higher. Clearly, if the majority of the car
fleet becomes electrified, governments may, in the future, have to introduce a car mileage
tax to recover lost tax revenues (from lower fuel duties). Although this calculation has
been performed using UK figures, studies from other countries (such as the USA) have also
calculated a lower total cost of ownership (despite the fact fuel is taxed at a much lower
rate in the USA) [13].

Even though, at the time of writing, electric vehicles are more expensive to purchase
than conventional vehicles, the total cost of ownership over the lifetime of the vehicle can be
lower for electric vehicles, provided the vehicle mileage is sufficiently high (>100,000 miles)
to offset the higher purchase cost of the vehicle. It is anticipated that electric vehicles will
become cheaper to manufacture than conventional vehicles in the 2025–2030 timeframe [14].

2.5. Rapid Improvements in Battery Technology

In the last 10–20 years, battery technology has improved by such an extent that the
cost of battery electric vehicles is now rapidly approaching that of conventional vehicles
that use an internal combustion engine. For example, in 2010, a lithium-ion battery pack
cost approximately USD 1200 per kWh, whereas, in 2020, the cost was around USD 156
per kWh. Given a 60 kWh battery in an electric vehicle, the cost of the battery pack would
have been USD 72,000 in 2010, compared to USD 9400 today. Bloomberg have forecast
battery pack prices of USD 100 per kWh in 2024 and USD 60 per kWh in 2030 [15]. Similarly,
the energy density of lithium-ion batteries has also improved substantially. In 1990, energy
densities were approximately 90 Wh/kg, and these improved to 150 Wh/kg in 2000 and
250 Wh/kg in 2010. A 60 kWh battery pack would have weighed 670 kg in 1990, 400 kg in
2000 and 231 kg in 2010 (this compares to the weight of a typical 2.0 litre gasoline engine
of 80–100 kg). Further decreases in battery pack price and increases in battery energy
density will help to ensure that battery electric vehicles become more and more competitive
compared to conventional gasoline engine vehicles. Some commentators [14,15] believe
that it will be cheaper for manufacturers to make electric cars (compared to conventional
vehicles) by 2025—this is partly also due to the fact the cost to make an emissions-compliant
conventional vehicle will likely rise (as more and more complex, and costly, aftertreatment
systems will be needed to meet lower future emissions requirements).
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3. Deeper Dive into Life Cycle CO2 Emissions of Electric Vehicles
3.1. Life Cycle CO2 Emissions

The previous section demonstrated that in-use CO2 emissions are substantially de-
creased for electric cars that use electricity from low carbon fuels (in particular, solar, wind
and nuclear energy). However, the energy used to manufacture an electric car is often
greater than that used to manufacture a conventional car. Therefore, life cycle analysis is
used to better understand the CO2 emissions of electric vehicles and conventional vehicles
over their entire lifetime. Two recent papers reported useful data [16,17]. Holmberg and
Erdemir [16] calculated both in-use CO2 emissions and CO2 emissions arising from vehicle
manufacture. For a conventional vehicle that uses a gasoline engine (and the authors
assumed a fuel consumption of 7 L/100 km), it was estimated that total CO2 emissions
were 224 g per km, of which 31 g originated from vehicle manufacturing, maintenance,
and recycling, 30 g is from the gasoline production stage, and 163 g is from CO2 emissions
from the combustion of gasoline. For an electric vehicle, Holmberg and Erdemir [16]
estimated a higher level of emissions from the vehicle manufacturing stage (48 g per km).
The emissions from electricity generation were quoted as being 180 g/km for electricity
generated by coal, 84 g/km for electricity generated from gas, and only 8 g per km if
electricity is generated from solar or wind (these figures for gas, solar and wind are compa-
rable to those from reference [11]). The authors also commented that the emissions from
electricity generation would be 60 g per km for an electric car using electricity generated
from the average “mix” in the EU, giving total life cycle emissions of 108 g/km (compared
to 224 g/km for a conventional gasoline car). It is believed that the total vehicle mileage
used in these calculations was 200,000 km.

Qiao et al. [17] reported similar data for Chinese electric vehicles. They assumed a
lifetime mileage of 150,000 km, and assumed a 27 kWh capacity battery in the electric
vehicle. CO2 emissions for vehicle manufacture were quoted as being approximately
10.5 tonnes for the conventional vehicle and 13 tonnes for the electric vehicle (with about
3.2 tonnes being due to battery manufacture). Since lifetime mileage was assumed to be
150,000 km, the CO2 emissions from manufacture were thus approximately 87 g/km (as
compared to the figure from Holmberg and Erdemir [16] of 48 g/km). The total life cycle
greenhouse gas emissions of an electric vehicle in China were estimated to be 41 tonnes
CO2eq in 2015, decreasing to about 34 tonnes CO2eq in 2020, compared to emissions from a
conventional vehicle of around 50 tonnes CO2eq. This is based on the electricity generation
mix in China. The authors also noted that further reductions in greenhouse gas emissions
were possible if batteries could be recycled (or re-used in other applications) at the end of
the vehicle’s life.

It is worth pointing out that a major assumption in these life cycle calculations is the
lifetime mileage of the vehicle. If the CO2 emissions from the manufacture of an electric
vehicle were to be averaged over 250,000 km, the manufacturing CO2 emissions would
only be 52 g/km, whilst Qiao et al. [17] assumed a lifetime mileage of 150,000 km, which
corresponded to around 87 g/km. If, on the other hand, the owner of the electric vehicle
only travelled 75,000 km during the vehicle’s lifetime, the manufacturing CO2 emissions
would be 173 g/km!

As Qiao et al. [17] also mentioned, if EV batteries can be recycled at the end of vehicle’s
life (or re-used), then this would mean that the CO2 emissions from battery manufacture
could be spread over a longer time period, which would further reduce CO2 emissions
from electric vehicles.

3.2. Decarbonization of Electricity Generation

It is clear that significant CO2 reductions can potentially be achieved by the widespread
use of electric vehicles, provided that electricity is generated from low-carbon sources.
Useful historic data on electricity generation in the UK are available from reference [18].
Figure 3 shows how the source of electricity generation in the UK has changed over the last
few decades. Table 2 summarizes the mix of UK electricity generation types from 2018 [18],
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when for the first time, low carbon electricity generation exceeded 50%. Finally, Figure 4
shows how UK electricity generation has varied over the last few decades. One concern
regarding electric vehicles is that much new electricity generation capacity is needed for
the anticipated future demand. What Figure 4 shows is that, in fact, over the last 20 years,
electricity demand in the UK has decreased substantially from its peak (which occurred in
the early 2000s). A full analysis of why there has been a drop in UK electricity demand
from 2005 to the present day is beyond the scope of this paper, but it is likely to be a
combination of (1) widespread use of energy efficient appliances and low energy lighting,
and (2) the move in the UK from heavy industrial manufacturing to more of a service-based
economy. Since there will not be a sudden transition to everyone suddenly having an
electric vehicle, there will potentially be time to build up electricity generation capacity in
line with increased EV ownership.
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Figure 3. Graph showing mix of UK electricity over time. From the 1950s until 2000,
coal was dominant (although in 2020 is now much less than 5%). In 2020, natural gas,
wind/solar and nuclear were the main sources of electricity in the UK.

Table 2. UK electricity mix in 2018. For the first time, low carbon sources constituted more than 50%
of the total [19].

Source of Electricity Generation %

Coal 5
Natural Gas 39.4

Nuclear 19.5
Renewables 33.3

Oil and Other 2.8
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Figure 4. Graph showing UK electricity demand (in TWh) over time. Note the peak demand was
around 2005 at approximately 380 TWh, compared to the 2020 demand of about 300 TWh. Data are
from reference [18].

3.3. CO2 Emissions of Plug-In Hybrid Electric Vehicles

Although most of this section has dealt with BEVs in which there is no internal
combustion engine, it is well known that there are many hybrid vehicles in use. PHEVs
have both a conventional engine and a battery. In many cases, the battery is typically large
enough to allow an electric only driving range of around 50 km (for example, in the current
Mitsubishi Outlander PHEV, a 13.8 kWh battery is installed which allows for 45 km of
electric only driving). The reader may well ask how the fuel consumption of such a vehicle
can be calculated. Roughly speaking, the vehicle is driven on the standard driving cycle
on the internal combustion engine only, and fuel consumption Fengine (litres per 100 km)
is measured in the usual way. Then, the vehicle is driven in electric model only, and the
maximum range, R (in km) that can be driven in electric-only mode is calculated. The
overall fuel consumption, Foverall (litres per 100 km) is then calculated as:

Foverall = Fengine/(1 + R/25) (1)

More details may be found in reference [20].
For example, the previous model of the Mitsubishi Outlander PHEV, when run on the

older NEDC driving cycle (which was used in Europe until recently), had a measured fuel
consumption of 6.4 L per 100 km (approximately 44.1 miles per imperial gallon). It also
had a range R of 54 km. Using Equation (1) above, the calculated overall fuel consumption
is 2.03 L per 100 km (approximately 139 miles per imperial gallon). Clearly, these figures
assume that owners regularly charge up the battery in their PHEV. If such vehicles are only
ever run on the engine only, then the official fuel consumption will greatly underestimate
their CO2 emissions. “Super credits” were available to vehicle manufacturers that sold
PHEVs that had CO2 emissions (calculated by the method above) less than 50 g/km. A
wide selection of PHEV vehicles were previously available in Europe when the older NEDC
driving cycle was used to estimate CO2 emissions. Now that the new WLTP driving cycle
is in use, fewer PHEV models are available, since it is more difficult to develop a PHEV
with CO2 emissions less than 50 g/km. This is because the fuel consumption of the internal
combustion engine is higher on the WLTP test cycle, and also because the range that the
vehicle can go in “electric-only” mode is lower for the WLTP test cycle.



Lubricants 2021, 9, 66 9 of 14

3.4. e-Fuels and Green Hydrogen

There has been much recent discussion about the use of renewable electricity to
create e-fuels (from hydrogen, oxygen, and CO2) or green hydrogen. As has been pointed
out by Mackay [21] and more recently by Cebon [22], if renewable electricity is used
to create hydrogen, approximately four times as much electrification would be needed,
compared to simply using renewable electricity directly in batteries. As for e-fuels (which
are also known as synthetic fuels), there are significant doubts as to whether these could
be manufactured economically and sold at a price attractive to consumers. In addition,
there is a significant reduction in energy efficiency from e-fuels, compared to simply using
the renewable electricity directly in electric vehicle batteries. As an example, assume there
is 100 kWh of renewable electricity available. If used directly in the battery of an electric
vehicle, this could propel the electric vehicle over a distance of 400–600 km. If, however, it
is assumed that 50 kWh of renewable electricity was used to make an e-fuel, the energy
content of this e-fuel (the remaining 50 kWh) would only propel the conventional vehicle a
distance of around 88 km. In addition, of course, there would be CO2 emissions from the
vehicle during driving, from the combustion of the e-fuel. Although these considerations
suggest that e-fuels and hydrogen may not be sensible for passenger cars, there may be
other “harder to decarbonize” sectors (such as shipping, aviation, heavy duty transport) in
which these find their niche.

4. Tribological Challenges with Electric Vehicles
4.1. Electric Vehicle Transmissions

Electric vehicle transmissions are quite different from those in conventional cars.
In a modern conventional car, an automatic transmission may have as many as 8, 9, or
even 10 gears. However, in an electric vehicle, there are only three gears at most, so shaft
speeds in an EV gearbox will generally be higher than those found in a conventional
car (Gangaopadhyay [23] noted that shaft speeds could be 15,000 rpm or greater). In
addition, of course, there is the possibility in some EV gearboxes that the lubricant may
come into contact with copper wiring. Therefore, lubricants for EV gearboxes need to be
formulated to protect against lubricant aeration and foaming and require improved copper
compatibility. In addition, Gahagan [24] and Beyer et al. [25] also reported that lubricant
electrical and thermal properties need to be chosen carefully. Beyer et al. [25] also noted
that the formulation balance is not straightforward, since additives that impart friction
durability, and anti-wear additives tend to be antagonistic towards copper, and also tend
to increase electrical conductivity.

4.2. Mild Hybrid and PHEV Engine Lubrication

For MHEVs and PHEVs, there is both an engine and a battery. In a mild hybrid
vehicle, the battery is charged up via the engine only, and the battery tends to be relatively
small (for the first-generation Toyota Prius XW30, from 2012 to 2016, the battery size was
only 4.4 kWh). In a PHEV, the battery tends to be larger (12–15 kWh), and the vehicle can
typically travel around 50 km in electric-only mode. In addition, in a PHEV, the battery
can be charged externally. A very recent review that contains data on the different battery
sizes, in kWh, for different vehicles can be found in reference [26].

Both MHEVs and PHEVs have engines that are generally fitted with stop-start systems
(so that when the vehicle is stationary with the parking brake engaged, the engine will
stop). This means there will be many more stop-starts than for conventional vehicles,
potentially leading to higher levels of wear. Fan et al. [27] found that when the PHEV was
run in electric-only mode, the engine could still engage if accelerations were high and/or if
the battery charge level became too low. The intermittent nature of engine operation can
lead to lower engine oil temperatures (compared to that typical of conventional engines). In
addition, Fan et al. [27] found higher levels of fuel dilution in the lubricant (more details are
given in Section 5). They also noted that tailpipe emissions (NOx and PM) could be higher
since the aftertreatment systems were not always at optimum operating temperature. There
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is also the danger that the engine could start operating when the vehicle is at high speed
on a motorway if the battery charge level is too low. If this happens and the oil pump
has not sufficiently distributed oil to key components (such as pistons and valve trains),
then the components could be operating at high speed with insufficient lubricant. The car
manufacturer would need to ensure that the oil pump operates before the engine starts in
such conditions to avoid this possibility.

When the engine is operating in electric-only mode, the engine is constantly being
vibrated but no lubricant is flowing around the engine. Niizato, of Honda, highlighted that
this could lead to fretting wear of the main engine bearings [28].

It should be noted that there are different configuration possibilities for hybrid electric
vehicles. In a vehicle such as the Mitsubishi Outlander, the engine is connected directly to
the wheels, and operates essentially as a conventional combustion engine, and conventional
engine oils are used for engine lubrication. On the other hand, there are vehicles (such
as those using Nissan’s e-Power technology [29]) in which the engine operates only as
a generator for the battery (and the engine is not connected to the vehicle wheels). In
this type of system, the battery does not need external charging, yet impressive vehicle
fuel consumption figures can be achieved (Nissan’s Note e-Power Nismo S is quoted as
having a fuel consumption of 2.9 L per 100 km [30], equivalent to 97.4 miles per imperial
gallon). In this type of design, the engine will operate over a much more restricted range of
engine speeds and loads (compared to a conventional engine), and in principle, an engine
lubricant could be optimized just for this operating cycle, the formulation of which could
differ substantially from that of a conventional engine lubricant.

5. Fluid Requirements for Electric Vehicles

BEVs will clearly not need engine oil, but will still need transmission oil, will need
grease (both for the electric motors and other grease lubricated parts of the vehicle), and
will also potentially need thermal fluid for the battery.

5.1. Thermal Fluids for Control of Battery Temperature

At vehicle start-up, the thermal fluid will need to warm the battery up, and for high
ambient temperatures, and/or for when the battery is being charged, the thermal fluid
will need to cool the battery. The battery works optimally in a temperature range of about
20–40 ◦C. If the battery is too cold, the electric vehicle’s range will decrease substantially. If
the battery becomes too hot, there is a possibility of a thermal runaway reaction, which
could lead to a battery fire. Good recent reviews of (fast) battery charging and cooling
methods for batteries can be found in references [31,32].

As discussed in reference [32], some electric vehicles (such as the Nissan Leaf) are air
cooled—they simply rely on the flow of air through the battery cells to cool the battery
(some cars rely on the motion of the vehicle for airflow through the battery, whereas others
actively pump the external air so that it flows faster through the battery cells). However,
this is not entirely satisfactory as the air ambient temperature can vary widely. Many
electric vehicles use indirect cooling, in which the batteries are in contact with a surface
that is cooled (via the flow of a fluid). In a Tesla vehicle, thin pipes run through the battery
cells, whilst a 50:50 propylene glycol/water mixture is pumped through the pipes, enabling
heat to be removed from the battery. In a Tesla, the coolant volume is 7 L. In other vehicles
(such as BMW electric vehicles), the bottom surface of the vehicle is cooled by a refrigerant
(the same fluid as used in the air conditioning system, R1234yf) and the battery cells sit on
top of this cooled surface.

Direct (or immersive) cooling of batteries is thought to be the best solution but requires
a redesign of the battery cell so that the insulating thermal fluid can flow directly over the
battery cells. This thermal fluid would be in direct contact with the battery cells, and the
amount of cooling (or heating) could be controlled by changing the flow rate. At the time
of writing, no commercial electric vehicles available today use this technology, although it
is used in some Formula E racecars.
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Thermal fluids are commercially available from a number of suppliers, such as 3M
(Novec fluid [33]), Solvay (Galden perfluorpolyether (PFPE), [34]), MIVolt [35], and es-
tablished lubricant companies such as Shell and Castrol are jointly working with direct
immersion cooling companies (such as Kreisel Electric [36] and XING Mobility [37]) to
develop thermal fluids based on hydrocarbon base oils. Some of these thermal fluids have
also found application in direct immersion cooling of server circuit boards (resulting in
significant electricity savings in server data centres). The final choice of fluid used will gen-
erally depend on a combination of density, thermal conductivity, heat capacity, flash-point,
cost, and environmental friendliness.

Finally, it should also be mentioned that some research is ongoing into the use of phase-
change materials for electric battery cooling. Such materials rely on the large latent heat of
vaporization that occurs during a phase change (for example, when a wax melts to become
a liquid). Further information on work in this area may be found in references [38–40].

5.2. Electric Vehicle Transmission Lubricants

As pointed out in [41], the requirements of electric vehicle transmission lubricants
are quite different from those of conventional automatic transmission fluids (ATFs). The
specific requirements depend on whether the electric motor is in contact with the lubricant
or not (wet e-motor or dry e-motor). The requirements relating to the fluid are set by the
different electric vehicle transmission manufacturers, and there is, as yet, no industry stan-
dard specification. The key performance requirements for the transmission fluid in electric
vehicle transmissions are copper compatibility, electrical insulation, thermal properties
(as the fluids need to cool e-motors), foam control and thermal stability. Friction control,
which is key for standard ATFs, is of lesser importance for EV transmission fluids.

5.3. Engine Oils for PHEVs and MHEVs

Generally, both MHEVs and PHEVs have used conventional engine oils for their
lubrication. There is no separate industry standard lubricant specification in place for
hybrid electric vehicle engine oils at the present time. The Toyota Prius has been a popular
MHEV (over 5 million of these vehicles have been sold worldwide) and in the USA and
Japan, the engine oil used is a standard API or ILSAC specification lubricant (whilst in
Europe, a standard ACEA lubricant is used). There have only been a few studies on
the impact of engine lubricant on hybrid electric vehicle lubrication. In 2014, Clarke [42]
reported field trial data from Toyota hybrid vehicles used in a taxi service in New York
City (taxi type operation is generally regarded as the most severe type of driving for a
passenger car). The vehicles in the trial used ILSAC GF-5 quality engine oils. It was found
that hybrid vehicle operation resulted in cooler lubricant operating temperatures, and more
frequent engine starts. However, engine teardowns after more than 250,000 miles, for two
vehicles, did not find significant wear issues, and there were no issues with wear metals or
oxidation, with 10,000-mile oil drain intervals. There was some evidence of sludge, varnish,
and lacquer in some of the vehicles.

Fan et al. [27] recently investigated the impact of oil viscosity and driving mode
(hybrid versus conventional) on fuel dilution of the lubricant and emissions (including
particle number) for different drive cycles (WLTC, the World-Wide Harmonized Light Duty
Driving Test Cycle, and the continuous, ECE-15 portion of the New European Driving
Cycle, NEDC). For hybrid operation, the state of charge of the battery was controlled at a
low level (10–13%) to ensure more engine starts. It was found in both driving cycles that
frequent engine starts resulted in high particulate number (PN) and unburned hydrocarbon
emissions. Lower oil operating temperatures were also reported. For the ECE-15 driving
cycle, the oil temperature for conventional engine operation at the end of the driving cycle
was approximately 95 ◦C, whereas for hybrid engine operation, in the same driving cycle,
the final oil temperature was slightly under 80 ◦C. Fuel dilution was measured for both
conventional and hybrid vehicle operation during continuous driving (using repeats of the
ECE-15 cycle). After around ten ECE-15 cycles, the fuel dilution for conventional driving
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levelled off at around 1.5%. However, for hybrid operation, fuel dilution kept increasing as
the number of ECE-15 cycles increased, and after twenty ECE-15 cycles, the fuel dilution
increased to over 3%. The work showed that fuel dilution is potentially a critical issue for
PHEV vehicles. The work by Fan et al. [27] used Geely vehicles equipped with a 1.5 litre
turbo-charged direct injection (TGDI) engine. In the work, engine oils with viscosity grade
SAE 0W-20 and SAE 5W-30 were tested, and, as expected, use of the SAE 0W-20 lubricant
viscosity grade gave lower fuel consumption figures.

Some lubricant manufacturers market lubricants which are claimed to be optimized
for stop-start operation. However, since there are no industry standard tests for stop-start
operation, these claims are based on in-house tests. It is possible that as the numbers of
hybrid vehicles increase, some OEMs may start to consider whether a separate lubricant
specification should be developed.

In the work referenced above, both types of vehicle contained engines that were
directly connected to the vehicle wheels, and so essentially operated as conventional
engines, over a wide range of speeds and loads. There are vehicles available that operate
differently, in which the engine in the hybrid vehicle is not connected to the wheels, and
essentially operates as a generator for the electric battery (the vehicles that Nissan have
in the e-Power range operate like this [29]). In this case, the engine operates over a much
narrower range of speeds and loads than a conventional engine, and there would be
potential benefits of developing an optimized lubricant for this specific type of operation.

5.4. Greases for Electric Vehicles

Electric vehicles are already affecting greases. Since electric vehicles generally use
lithium-ion batteries, the demand for lithium is rapidly increasing, leading to higher
lithium prices, which impacts the costs of lithium complex greases. Therefore, there has
been a surge of interest in developing alternative greases that do not contain lithium [43]
(see, for example, the recent increased interest in the development of calcium complex
greases [44]). For electric vehicle application, low noise greases are desirable (due to the
lower overall noise level in an electric vehicle). In addition, there is increased interest in
the performance of lubricants (and greases) in the presence of electric fields, as discussed
in two recent reviews [45,46].

6. Conclusions

Some of the motivations behind the increasing electrification of the passenger car
vehicle fleet have been discussed, with the main ones being much improved energy effi-
ciency, the potential for lower CO2 emissions, lower (or zero) local emissions of NOx and
particulate matter, lower overall total costs of ownership, and the rapid progress being
made in battery technologies.

In Europe, there has been increasing decarbonization of the electricity systems, and
examples have been given of how the UK electricity system has transitioned to lower
carbon fuel sources in the last ten to twenty years.

With BEVs and PHEVs come new tribological challenges particularly for electric
vehicle transmissions and the engine that is used in a hybrid electric vehicle. To overcome
these challenges, new fluids are needed for these applications, and even though a BEV will
not need engine oil, it will generally need thermal fluid (to ensure that the battery stays
within an optimum temperature range during both driving and fast charging).

The changing vehicle landscape will continue to provide challenges for tribologists
and fluid developers, and there will be increasing interest, in the future, in how lubricants
and fluids are impacted in the presence of electric and magnetic fields.
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