CHANGING LIGHTBULBS

an instrument that directs a laser onto the
wafer surface and measures the angle of
reflectance. This tool has helped engineers
to learn how to insert layers beneath the
LED to control the shape of the wafer.

UK LED MANUFACTURE
The research group led by Professor Sir
Colin Humphreys FREng at the University
of Cambridge has mastered the growth of
gallium nitride (GaN) LEDs on 6-inch silicon
substrates, which will substantially reduce
their cost. It has also succeeded in reducing
the high density of defects in such LEDs,
which significantly increases their efficiency.
Thus low-cost high-efficiency GaN LEDs on
large-area silicon can now be grown, which
will enable the widespread adoption of LED
lighting in our homes and offices. This has
the potential to save the UK about 10% of
its total electricity use and about 10% of the
carbon emissions from power stations.
Humphreys’ group set up a spinoff company, CamGaN, to exploit their
technology, which was acquired by
Plessey Semiconductors in 2012. Three
of Humphreys’ postdoctoral researchers
are working with Plessey to transfer the
technology and the company is aiming to
manufacture 2 million LEDs per week at
its factory in Plymouth, with commercial
production due to start later this year.
This will be the first ever manufacturing of
LEDs in the UK.
Plessey has yet to unveil results for its
devices. However, there is evidence that
LEDs on silicon can offer a performance
that is close to their conventional cousins.
Gallium-nitride-on-silicon (GaN-on-Si)
devices produced by the US firm Bridgelux
have an efficiency about 10% below that
of the leading commercial devices and
have demonstrated a light output of
135 lm/watt. Toshiba now uses Bridgelux’s
process to make LEDs that will compete
with those launched by Plessey. In this race
for commercial success, one advantage that
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the UK firm has over this rival – and others
developing GaN-on-silicon LEDs – is that it
uses a far thinner stack of layers between the
substrate and the LED, which reduces the
stresses within the structure and trims the
production costs.

BRIGHTER FUTURE
From a consumer perspective, which
company goes on to be the most successful
GaN-on-silicon LED manufacturer is not
important. The desire is to see firms creating
LEDs that deliver the efficiencies required to
make high-quality, competitively priced light
bulbs. That will increase the LED content in
our homes so that they can be used in all
types of lighting.
The growing pressure to tackle climate
change is also likely to drive down the costs
of making LEDs. Even if they do not match
the price of existing lighting technologies,

the rising cost of electricity will make LEDs
more attractive. For example, one estimate
is that advances in LED technology could
reduce the wattage of airfield lighting by
up to 90%. When San José in California
switched to LED traffic lights, its annual
costs fell by nearly $1.7 million to $160,000.
These potential gains have persuaded
some governments to spend money
on programmes to encourage the
development of the technology. For
example, South Korea, a major maker of
LEDs, has established a $6 billion stimulus
package to promote green homes which
includes LEDs for lighting in public
facilities. The US Department of Energy
has estimated that rapid adoption of such
lighting in the US over the next 20 years
could reduce electricity demand for
lighting by 33% which would represent a
tremendous saving in energy.

KEEPING TRACK
OF ENERGY
Cathay Pacific’s first and business class lounge at Heathrow airport has been fitted with LED-based
lighting. This project was undertaken by PhotonStar of Romsey, Hampshire © Cathay Pacific

Dr Richard Stevenson, a freelance science and technology journalist, is editor of Compound
Semiconductor magazine and a Contributing Editor to IEEE Spectrum. The author would to like
to thank Michael Kenward for his help in the writing of this article.

The London Underground system hosts over a billion passenger
journeys a year and the number is rising. Escalating fuel costs
and the need to control tunnel temperatures and cut carbon
emissions mean that the Tube has to be as energy-efficient as
possible. Kevin Payne, Head of Power, Communications and
Cooling at London Underground, explains how the capital is
tackling its energy challenges.
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When a deep rail tunnel in London is first opened, the air within
it is around 14°C, the same temperature as the surrounding soil.
However, as soon as trains begin to run, dissipating energy, the air
and infrastructure begin to warm up.
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The world’s first underground
passenger railway was a fourmile line from Paddington to
Farringdon in London, which
opened in 1863. The 18-minute
journey was first made in gaslit
wooden carriages pulled by
steam locomotives. It proved
an instant success, with 40,000
passengers riding on the
first day. Now, the London
Underground system hosts over
a billion passenger journeys a
year
on its 250 miles of track.
Energy efficiency is always
a priority for underground
networks so that costs can be
kept to a minimum. Urban
electric railways, light railways,
and tramways are among
the most efficient means
of transport but, without
intervention, predicted
passenger demand would
drive London Underground’s
electricity consumption up
by more than 30% a decade,
from its current level of
1200 GWh/year.
A further incentive for
energy efficiency has come from
the London Mayor’s office. It
has set a target for 2025 to cut
carbon dioxide emissions to
40% of their 1990 levels. And
finally, the Tube network has
the challenge of controlling
temperatures on the deep
tunnel lines of the Underground
so that passengers don’t get too
uncomfortable in the summer.
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The London Tube map shows the average temperature in the central deep-level Tube network during the early
evenings of summer 2012. Edgware Road (opened in 1907) on the Bakerloo line is a particular warm spot while Bond
Street on the more modern and less deep Jubilee Line is much cooler because of the different amounts of ventilation
on the two lines

TUNNEL
TEMPERATURES
The first sections of the London
Underground were built just
below street level with large
tunnels and good ventilation.
Then, from 1890, London
pioneered the use of ‘tube’
railways with small tunnels bored
through the clay deep below the
surface. When a deep rail tunnel
in London is first opened, the air
within it is around 14°C, the same
temperature as the surrounding
soil. However, as soon as trains
begin to run, dissipating energy,
the air and infrastructure begin
to warm up.

After about five years, a new
equilibrium temperature is
reached which can be 10°C
higher than when it opened.
The exact temperature reached
depends upon the number, type,
and speed of trains operated. It
is also governed by the amount
of fresh air driven through the
tunnels by a combination of
ventilation fans and the pistoneffect of the moving trains. When
the number of trains is increased,
temperatures rise again and
the background temperature
now reaches 28°C on summer
evenings. This is too warm to be
comfortable, and a combination

of energy efficiency and cooling
measures is being used to
prevent further service increases
pushing temperatures higher.
A key means to secure
energy efficiency and reduce
heat is to use regenerative
braking. This converts the kinetic
energy in a moving train back
into electricity as it stops at a
station. The recycled energy is
then transmitted to other trains
that are accelerating, saving
approximately 25% of the
energy needed to run a given
train service when compared
with traditional forms of
braking. Automatic control of

trains also helps control energy
consumption by ensuring that
every train follows the optimum
cycle of motoring, coasting and
braking by regeneration, taking
into account the curvature and
gradients between each pair of
stations. By 2018, services on
eight of London Underground’s
10 lines will be operated by trains
with regenerative brakes, running
under automatic control.

CONTROLLING
HEAT LEVELS
With a fully loaded train
accelerating away from each
central London platform
30 times each hour at peak
periods, energy efficiency
alone is not enough to control
temperatures to acceptable
levels. On the recently upgraded
Victoria Line, the throughput of
fresh air has been doubled, and
additional cooling systems have
been installed at two stations,
with a third to follow.
The conventional solution
to double air throughput would
have been to sink additional
ventilation shafts, but property
acquisition costs and timescales
have made this unviable.
Instead, London Underground
has installed new fans into the
existing shafts. The fans have
capacities up to 100 m3/s and
the greatest challenge has been
to control their operating sound
levels. A lot of the fans are

Simplified cross-section showing how air movement is maintained by the combination of fans and the piston-effect
of trains moving in the tunnel. Ambient air is drawn in through the stations, moves along the tunnel, collecting heat
energy, and is expelled through the fan shaft. The fans have to be capable of dealing with the changes in air pressure
that result from trains passing the bottom of the ventilation shaft. This is achieved by careful selection of blade angle,
use of power-electronic drives for the fan motors, and, in some cases, provision of anti-stalling rings

TUBE FACTS AND FIGURES
• Distance travelled by each Tube train each
year: 114,500 miles/184,269 km
• Total number of passengers carried each
year:1,107 million
• Average train speed: 33 kph/20.5 mph
• Length of entire network: 402 km/249 miles
• Proportion of the network that is in
tunnels: 45%
• Longest continuous tunnel: East Finchley to
Morden (via Bank): 27.8 km/17.25 miles
• Total number of escalators: 426

• Station with most escalators: Waterloo; 23
• Carriages in London Underground’s
fleet: 4,134
• Total number of stations served: 270
• Total number of staff: approximately 19,000
• Busiest station: Waterloo. During the threehour morning peak, 57,000 people enter
this station, while 82 million passengers pass
through every year
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DEVELOPING COOLING UNITS
Development of the full-scale AHUs, each of 100 kW cooling capacity and weighing almost 3 tonnes,
drew on expertise from several specialist engineering suppliers. The key components and subassemblies were designed using software tools, which proved especially valuable when examining
options for lifting and positioning the AHUs. Each part was then subjected to extensive test-house
and field-trial evaluation.
The resulting system includes of a set of support fixings that can be fitted quickly to existing bolts
that hold together the cast-iron segments of the tunnel linings. This universal set of fixings accounts
for adjustments within the horizontal and vertical curvatures of the tunnels, which differ even within
the length of a single station platform.
The support fixings are fitted over successive nights, and on the final night the AHU is delivered
by train. The final lift of an AHU can be accomplished in less than 90 minutes, allowing three, the
maximum number needed in the length of a platform, to be installed in a single night. The intention
is to make the installation time even shorter and, through work with specialists in aircraft tooling,
ground support equipment and bespoke precision engineering, London Underground is developing
a system to allow an AHU to be lifted from a railway wagon and positioned above the tracks, under
the control of two people, in a few minutes.

SUSTAINABILITY

situated alongside residential
accommodation and others are
in areas that are otherwise very
quiet at night.
Splitter-plate attenuators,
each about the size and weight
of a small delivery van, have
been fitted on each side of each
side of the new fan. In several
cases, it has been necessary
to fit the attenuators within
the narrow shafts descending
through the tunnels or within
the ‘chimneys’ that convey the
warm air out and above the roofs
of adjacent buildings. All of the
new fans and the dampers can
now be controlled remotely so
that air flows can be shut off or
reversed when necessary.

AIR HANDLING UNITS

Air handling unit schematic: fans and coils are housed in the support structure, with a ‘strong-back’ structure used
to support the unit from the tunnel lining. Cool water passes through a series of finned coils, across which warm air
is blown by small fans

The air handling units in situ with coils, fans and other components supported by a frame, attached to a set of
hangers suspended from lining rings on the tunnel roof

24

INGENIA

At Victoria, Green Park and
Oxford Circus stations, there
was no viable way of achieving
the amount of cooling required
using fans. A review of
alternatives identified water,
ideally from a naturally cool
source, as the medium to
transport heat energy out of the
system. London Underground
worked in partnership with
researchers and engineers at
London South Bank University
on concept development. To
avoid creating condensation
problems and to limit energy
consumption, they decided to
supply cool, rather than very
cold, water, which meant that
large water/air heat exchangers,
known as Air Handling Units
(AHUs) would need to be
installed. This would give the
required 200 kW of cooling
needed for each tunnel at
each station.
Owing to the lack of
space in tunnels, the only
space available for the AHUs
was above the tracks in the
station platforms. The London
Underground design team set
out to create units that would
require little maintenance, have

Approximately 80% of the electricity used on the London
Underground is expended on operating the train service.
The remaining 20% of energy drawn for non-train operations is
used for anything from heating and lighting in staff accommodation
to general station lighting and powering escalators.

low energy consumption, be
visually acceptable, and which
could be installed during the
normal night-time maintenance
shutdown of train services – a
window of around four-and-ahalf hours.
A small-scale trial system
was installed above a concourse
within Victoria station in 2006,
using 50 kW AHUs supplied with
cool water from an underground
river that drains to a huge sump
below the station. The trial was
successful and secured a Carbon
Trust Innovation Award in 2007 –
see Developing cooling units.
By June last year, 24 AHUs
had been fitted at Green Park
and Oxford Circus, in time to
improve the environment for
passengers attending the London
2012 Olympic Games. Each unit
provides a stream of air, cooled
to around 16°C, that circulates
around passengers waiting on
the platform, and is then driven
into the tunnel by the pistonaction of the moving trains.
Cool water to supply the
AHUs is sourced differently
at each station. At Green
Park station, water is from the
chalk aquifer 130 m below the
ground. The two uptake and
two re-injection boreholes were
created with the assistance of
the Royal Parks in the adjoining
park. At Oxford Circus, water
is circulated to rooftop heat
exchangers; ambient air
provides most of the cooling,
with refrigerant chiller units

supplementing the system in
warm weather. The full system
at Victoria will be installed as
part of the major upgrade of the
station that is underway, and will
use water from the same sump
that is used to supply the trial
installation at the site.

ENERGY INITIATIVES
Approximately 80% of the
electricity used on the London
Underground is expended on
operating the train service. The
remaining 20% of energy drawn

for non-train operations is used
for anything from heating and
lighting in staff accommodation
to general station lighting and
powering escalators. In recent
years, London Underground has
run an ‘Energy Saving Challenge’
to encourage staff to use energy
carefully. With the installation
of smart metering, local station
managers now receive rapid
feedback about electricity use
at stations through the ‘Station
Energy Dashboard’, displayed on
the company intranet, and can
respond accordingly.

London Underground also has
pilot installations of energyefficient LED lighting in use
at stations and is installing a
combined heat and power
system at a train care depot to
replace old and inefficient boilers.
Future initiatives for reducing
energy and heat include a
collaborative scheme with
rolling stock manufacturing
partners. London Underground
has developed a concept design
for future deep tunnel trains
that incorporates a new type
of articulation, with adjacent

Borehole Cooling

Abstraction Borehole
River Terrace
Gravel
Clay
Chalk

Reinjection Borehole

Water
Filtration Unit

Air Handling Unit
Complete with a
cooling coil.
Cooling coil is similar
to a radiator but
providing cooling
instead of heating
Cool Water from
the Aquifer
below London
Submerged Pump

Warmed Water
returned to Aquifer
at a distance from
abstraction points

At Green Park station, naturally cool water is drawn up from two deep boreholes in the park next to the station.
The water is pumped through filtration units and then circulated through the eight air handling units in the station.
The cool air from the AHUs is driven into the tunnels by the action of the trains acting as pistons
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The Highview cryogenic energy
storage demonstrator plant in Slough

The Tube is a complex but well-bounded system. It can
independently control and manage its energy needs. In the future,
it will seek to source much more of its electricity from low-carbon
energy generation.

cars sharing bogies, or pivoting
frameworks carrying the wheel
sets, which reduces train weight.
The bogies are also much more
flexible – which reduce frictional
losses between wheels and rails
as the train passes around curves.
These trains will also have wide
gangways linking cars, creating
the space for more passengers

on each train. The concept train
is expected to deliver a 20%
reduction in train weight for each
passenger compared with the
most recently delivered deep
tunnel trains.
London Underground is also
seeking tenders for the supply
and field-trial of a prototype
unit to further increase the

amount of energy that is
recovered and recycled through
regenerative braking. The
traction power supply system
operates at a relatively low
voltage, in the range of 630 V
to 890 V direct current, which
limits the distance over which
regenerated energy can usefully
be transmitted to 4 miles. By
inverting the regenerated
energy, to create alternating
current, and transforming it
to a high voltage, it can usefully
be transmitted much further.
The trial unit is expected to
enter service in 2014 and
is predicted to save 0.8 GWh
each year.
The Tube is a complex but
well-bounded system. It can
independently control and
manage its energy needs. In
the future, it will seek to source
much more of its electricity from
low-carbon energy generation.

All of the energy used by the
Underground arrives through the
National Grid, but by choosing
which generating stations the
electricity is sourced from, it is
possible to influence the level of
emissions. London Underground
is also exploring the possibility
of partnerships that may allow
generating station owners to
fund the installation of new,
lower emission plant, on the
strength of long-term energy
supply contracts.
As it upgrades its stations,
trains and signalling systems,
Transport for London (TfL),
which is responsible for London
Underground, will look to limit
both energy use and spending.
TfL’s objective is to create “A world
class transport system for a world
class city”. By using innovative
engineering it aims to deliver a
transit network that remains fit
for the 21st century.

BIOGRAPHY
London Underground is introducing air-conditioned trains on the shallower
sub-surface lines. By 2016, 40% of the Tube network will use the S-Stock Tube
trains, which have saloon air conditioning. These trains have the first walkthrough gangway carriages on the Underground. The inside of the train is one
continuous length, providing improved capacity, security and passenger flow
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Kevin Payne joined the former British Rail as a trainee in 1976
and has worked on urban and suburban rail schemes across
the UK. He is a Chartered Electrical Engineer and holds an MSc
in Engineering Safety Management.

ENERGY STORAGE
TECHNOLOGIES
Energy storage already plays an important
role in balancing supply and demand
across the electricity grid. With an increase
in intermittent generation, the flexibility
provided by using new forms of stored
energy has the potential to both reduce the
costs and improve the security of the overall
system. Dr Jonathan Radcliffe looks at some
of the technologies being considered that
could enable future energy storage systems

Unlike most manufactured
goods and commodities,
energy, especially electricity,
is not easily stored after it has
been generated. The ‘stores’ of
primary energy have traditionally
been reserves of oil, gas, coal
and fissile material, with most
energy systems holding a
relatively small amount of
hydroelectric power behind
dams. The result is that power
suppliers have usually installed
generating capacity to meet
peak demand, with a safety

margin for breakdowns and
maintenance. One consequence
of having significant amounts of
intermittent renewable energy
is that power stations would run
at capacities lower than they
currently operate at.
Governments and public
bodies are now actively
considering energy storage
as a way of providing greater
flexibility for systems that
will have new forms of
generation and changing
patterns of demand.
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