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When the device is in use, the reactions reverse as the battery 
discharges. Unfortunately, during charge and discharge some 
energy is dissipated to the surroundings as heat, so the useful 
energy you get out is always less than the energy you put in. 
The efficiency is always less than 100%. To make matters worse 
these batteries degrade over time, so portable devices are not 
able to store very much energy.

There is significant interest in using batteries to help 
store electricity for our homes and vehicles. By applying an 
understanding of energy, power and electricity we can consider 
whether lithium-ion batteries are up to the task. 

Keeping the lights on
The National Grid Control Centre is responsible for keeping the 
lights on each second of every day. To prevent power cuts, they 
instruct power stations on how to vary the amount of electricity 
generated so that the amount supplied matches demand.

Every time you plug in your smartphone, tablet or 
laptop its lithium-ion battery is doing something it 
really does not want to do — store energy. During 

charging, the positive lithium ions are pushed to one side 
of the battery. This requires energy because, according to 
Coulomb’s law, like electrical charges repel each other. The 
energy used to charge the battery is stored by reversible 
chemical reactions.

Will electric cars 
break the  
National Grid?

Barry Smith

The terms in bold link to topics in the AQA, Edexcel, OCR, WJEC and 
CCEA A-level specifications, as well as the IB, Pre-U and SQA exam 
specifications.

When discussing our likely energy demands, key ideas include 
power and the conservation of energy, and the units in which 
power and energy are measured. 

Exam links 

Will the UK’s National Grid be able to cope as more people  
switch to electric vehicles? Barry Smith considers the  
challenges and some solutions currently being researched 
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Boiling 1 litre of water in a kettle requires more than 
300 000 joules (J) of energy. This would mean that the digits on an 
electricity meter measuring in joules would be changing too fast 
to see. Instead, we usually measure electricity in kilowatt-hours 
(kWh — Box 1). Boiling a kettle only requires around 0.1 kWh.

The amount of electricity that we use varies during the course 
of each day. Figure 1 shows the electrical power supply for Great 
Britain. Not much electricity is used in the early hours of the 
morning, when most people are in bed. Demand increases when 
people get up and go to schools and jobs, and then it usually 
peaks in the evening when most people are at home, cooking 
their evening meal. The minimum demand usually occurs in 
the summer and the maximum in the winter, when it is colder 
and darker, and most people are indoors. The total power can 
exceed 50 gigawatts (GW), equivalent to around 14 000 kWh of 
energy each second.

On top of daily and seasonal variations, the UK National 
Grid also has to cope with TV pickups. These are when demand 
spikes due to the curious British urge for a hot drink at the end 
of television programmes, as households across the country 
switch on their kettles at the same time. (The record TV pickup 
was 2.8 GW, when England lost on penalties in the 1990 World 
Cup semi-final.) Due to changing viewing habits TV pickups are 
becoming less severe, although in future the charging of electric 
vehicles and switching from gas to electricity for heating have 
the potential to cause even larger demand spikes.

Pumped hydro energy storage
To accommodate such large fluctuations, at present the UK relies 
on pumped hydro energy storage. This type of power station 

has two reservoirs of water at different heights, connected by a 
network of pipes. In periods of low demand, when electricity is 
cheaper (usually in the early hours of the morning), the water is 
pumped from the lower reservoir to the storage reservoir uphill. 
When demand increases rapidly the water is released from the 
top reservoir and flows through turbines, which spin generators 
to produce electricity (Box 2).

The largest of the UK’s four pumped hydro plants is Dinorwig, 
in Wales. It is among the quickest-responding power stations in 
the world, able to generate 1.7 GW of power less than 16 seconds 
after being called into service. At full power it can provide 
electricity for 5 hours, selling electricity at a higher price when 
demand is high. What is more, so as not to spoil the landscape in 
Snowdonia National Park, most of the power station is hidden 
inside a mountain. To fit all the equipment, engineers had to 
hollow out a cavern bigger than St Paul’s Cathedral.

While pumped hydro plants are very useful, they are very 
expensive to build. Also, the UK does not have the space required 
for more similar energy storage schemes. This is a problem 
because demand for electricity is increasing. 

The increasing demand for electricity
To avoid the worst consequences of climate change, by the 
middle of the century the burning of fossil fuels will have to be 

Box 1 Energy units

We usually measure electrical energy in kilowatt-hours (kWh). 1 kWh 
is equivalent to the energy used by a 1 kilowatt (kW) device running 
for 1 hour (h). We can work out how much this is in joules if we 
convert to watts and seconds:

energy transferred (J) = power (W) × time (s) 
energy transferred (J) =1000 W × 3600 s = 3.6 × 106 J = 3.6 MJ

In exams a common mistake is confusing energy and power. 
The kilowatt-hour is a unit of energy because it is the product of 
multiplying power and time.

Figure 1 Great Britain’s electricity demand over an average day
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Marchlyn Mawr reservoir is used as the high-level 
water source for the Dinorwig pumped hydro plant
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dramatically reduced. We are therefore becoming more reliant 
on renewable energy technologies, such as wind and solar, 
which are variable, unlike the predictable output of coal, gas and 
nuclear power stations. 

As part of the United Nations agreement on limiting climate 
change, by 2050 the UK aims to have reduced its carbon dioxide 
emissions to only one-fifth of the amount released in 1990. To 
reduce pollution from transport, governments around the world 
are also phasing out petrol and diesel vehicles; the UK plan is to 
ban the sale of these vehicles by 2040. 

Electric vehicles
Rather than burning petrol or diesel in an internal combustion 
engine, we can power vehicles using batteries to turn electric 

Box 2 The physics of pumped hydro 

The upper lake at Dinorwig has around 6.7 million cubic metres of 
water. 

Each cubic metre of water has a mass of 1000 kg. To lift water uphill, 
work is done against the Earth’s gravitational field. The increase in 
gravitational potential energy of 1 m3 of water when it is lifted 500 m 
between the lakes at Dinorwig can be found using the equation:

 
change in gravitational 

potential energy
 = mass × 

gravitational 
field strength

 × change in height 

 ∆Ep = mg∆h (2.1)

So, in this case:

∆Ep  = 1000 kg × 9.8 m s–2 × 500 m 
= 4.9 × 106 J 
= 4.9 MJ

When electricity is needed the stored water is released, flowing 
downhill through six turbines. These spin the generators, so that 
energy is transferred by electrical working from the generators to the 
National Grid and distributed. 

Using the principle of conservation of energy, we can work out how 
fast the water is flowing when it reaches the turbines:

 kinetic energy = ½ × mass × velocity2

 Ek = ½mv2 (2.2)

 gain in kinetic energy = decrease in gravitational potential energy

 ½mv2 = mg∆h (2.3)

If we rearrange Equation 2.3 to make v2 the subject, the mass m 
cancels:

v2 = 2g∆h (2.4)

In this case:

v2  = 2 × 9.8 m s–2 × 500 m  
= 9800 m2 s–2 

So:

v = 99 m s–1

Unfortunately, some energy is dissipated by heating the pipes and 
the bearings of the turbine and generator due to friction. In fact, the 
overall efficiency of the pumped storage is only around 75%. Even so, 
pumped storage still works out cheaper than trying to rapidly vary the 
output of other power stations.

motors. If the electricity is produced using renewable energy 
or nuclear power stations, this can also help reduce harmful 
emissions, such as carbon dioxide, nitrogen oxides and 
particulates. 

Already, barely a week goes by without an established car 
manufacturer announcing plans to build a new electric car. They 
seem to be taking seriously the threat of the automotive and 
energy company, Tesla, to sell us its Powerwall home battery 
systems, with which to charge their expanding range of vehicles.

What would happen if all our petrol and diesel cars were 
replaced with electric ones? Running an electric car may double 
the 3000–4000 kWh of electricity used each year by a typical 
household. If everyone gets home from work and plugs their 
car in to charge at the same time, the people at the National 

Construction of the Dinorwig pumped hydro plant
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regenerative braking to charge the battery when the car slows 
down) to provide an acceptable driving range. For example, the 
40 kWh battery pack in a Nissan LEAF electric car can provide a 
range of around 160 miles — less than half that of a comparable 
petrol car.

Another issue is that batteries lose capacity (known as 
capacity fade). After fully charging and discharging a battery 
a few thousand times it cannot store as much energy. This is 
a problem for an electric vehicle because after a few years it 
may not be able to reach the distant destinations that it used to 
manage without stopping at a fast-charging point, which are not 
always easy to find.

Scientists and engineers are researching ways to make 
batteries more powerful and energy dense. Perhaps the next 
generation of electric vehicles will be fitted with solid-state 
batteries, lithium-air batteries or one of the other types of 
battery in development, all of which promise a significant 
increase in performance.

Car manufacturers are also carrying out trials to see if old 
electric vehicle batteries could be used to provide energy stores 
connected to the grid. These so-called second-life batteries could 
continue to be used even after their performance is no longer 
good enough to meet the high-power demands of vehicles. 

The future of storage
The problem of storing energy has led to a variety of ingenious 
engineering solutions that apply a range of physics ideas. While 
large batteries are now being connected to provide storage 
on the national grid, they are still dwarfed by the 30 GWh 
capacity of the UK’s pumped hydro stations. However, batteries 
are only one possibility. Other options that are being actively 
researched include flywheels, producing hydrogen, compressing 
or liquifying air, ultracapacitors and superconducting magnetic 
energy storage.

The growth in energy storage in tandem with electric vehicles 
will be defining technologies in the years ahead. Perhaps some 
of you reading this will choose careers in which you will be 
helping to keep the lights on.

Barry Smith is a former physics teacher, who has returned to 
university to undertake research on energy storage and its 
applications.

Grid Control Centre would not be happy, because the surge 
in demand could cause power cuts. If we do not plan for this 
eventuality, the lights will go out. The transition to electric 
vehicles must be managed effectively, to ensure this does not 
happen. Thankfully, electric vehicles may be part of the solution.

Rather than build many large, fast-responding power stations, 
we may be able to make use of the batteries in electric cars. 
When the car is parked and plugged in the battery can be used 
to supply energy to the National Grid instead of the vehicle. 
Sending power from the vehicle to the grid is being trialled. The 
car owners specify the times they do not need the battery to be 
charged and are prepared to sell electricity to the grid. Then, at 
times when demand is high, the car’s battery can send power 
to support the grid. When demand drops the vehicle’s battery 
can be charged steadily, using cheaper electricity overnight. 
However, there are some hurdles still to be overcome.

The road to better batteries
One concern about switching to electric vehicles is known 
as range anxiety — how far can you drive before the battery 
runs out? This problem can be illustrated by comparing how 
much energy petrol stores with energy stored by a lithium-ion 
battery. The chemical energy stored in 1 kilogram of petrol is 
around 70 times the amount stored by a 1 kilogram lithium-
ion battery. This means that you need a very heavy battery (and 

Further information about our energy uses, and a discussion of 
related challenges:

Mackay D. J. C. (2009) Sustainable Energy — Without the Hot Air, 
UIT Cambridge. 

An updated version of the book can be downloaded free of charge 
from: www.withouthotair.com/download.html

For more information about the Dinorwig pumped hydro storage 
system:  www.electricmountain.co.uk
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Electric car lithium battery pack and power connections

Charging points are becoming 
more widespread
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