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Durham University - 2011

National status

Complete University Guide (4™), Good
University Guide (6") and Sunday Times
University Guide (3" securing the position
as the North of England's finest university
and the UK's best university outside the
'‘Golden Triangle'.

World status
92 place overall in the QS Waorld
University Rankings 2010.

85 place overall in the Times Higher
Education (THE) world rankings.

In the top 25 globally for employer
reputation in the QS rankings.
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Durham - background

« 1992 — start on silicon gyroscope
« 1999 — incubation of Senstronics
« 2000 — new phase of devices

« 2004 — new clean room: unique capability for
organics and semiconductor based devices

« 2007 — new equipment suite

* 2010 — clean room extension and
nanopatterning capability
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Collaborations with Industry

UCI Healthcare — microhole formation  Invibio — metal deposition Nano ePrint—
dielectric

RFMD — RF MEMS / materials
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The Idea

* A petrol engine is ~25-30% efficient (higher for diesel)
* Most of the remaining energy is dissipated as heat
 ~40% of engine power is dissipated as

heat using the exhaust system
30%

Coolant

There must be some way of 25% Useful
recovering such a large Power: mobility

amount of wasted energy and car systems

and converting it into
electricity 5% Friction

and 20%
This energy could be used to Parasitic Exhaust

improve the fuel efficiency of Losses Gas
2B the vehicle

http://www.sankey-diagrams.com/engine-efficiency-of-cars/
W Durham

- [1] F. Stabler, “Automotive thermoelectric generators: design & manufacturing”, Proc. MRS Spring Meeting, San
Unlver51ty Francisco, USA, April 13-17, 2009, Symposium N: Materials and Devices for Thermal-to-Electric Energy Conversion.




Why energy recovery from
exhaust pipe heat?

The most significant advantage that exhaust pipe
energy recovery has over other technologies is that
It works all the time.

By contrast, other technologies, such as
regenerative braking and automatic engine switch-
off when stationary, only recovery energy for a
small fraction of the duration of a typical journey.
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Calculating How Much Energy 1s
Available

Thermal Camera Images

135.1°C

Left: Toyota Yaris T3 D-4D 1.4 litre
(2003)

- 80

Below: Jaguar 4 litre (1998)

These images were taken while
the vehicles were stationary
with the engines at 3000 rpm
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Calculating How Much Energy is
Available 75 %J
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temperature to the fourth power
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Assuming an average
temperature, a power
for the whole exhaust
can be calculated

http://natgeotv.com/uk/megafact
‘ ' Durham ories/videos/engine-pleasure
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http://natgeotv.com/uk/megafactories/videos/engine-pleasure
http://natgeotv.com/uk/megafactories/videos/engine-pleasure
http://natgeotv.com/uk/megafactories/videos/engine-pleasure
http://natgeotv.com/uk/megafactories/videos/engine-pleasure

Calculating How Much Energy 1s
Available

Jaguar 4 litre
Power from Temperature profile:
« At 3000 rpm, exhaust pipe temperature is approx. 250 — 330 C
« Exhaust has an approximate surface area of 2.4 m?
» This is equivalent to a power of :

9-17 kW

Power Efficiency estimations:
 From engine speed graphs, total engine power at 3000 rpm is 400 kW
* 40-45% of this power dissipated to exhaust pipe, which is 160-180 kW

« 10-20% of exhaust power dissipated as heat through pipe surface, a
power of:

16-36 kKW
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Implications

The available energy values may vary because:
Engine of older car, less power than when new

The percentage values are estimations and will vary depending on external
conditions

The emissivity of the exhaust surface was estimated, not measured

Vehicle electrical power requirements:
« 300-1500 W needed during typical consumer driving

« The recovered energy could be used to offset against the above power
consumption, or perhaps run additional ancillaries, e.qg.

« 200-800 W needed for electric coolant pump
« 3000-5000 W needed for air conditioning
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Methods of Recovery

Thermoelectric effect

« A device with one side hot and one side cold is used, and a temperature
difference causes a current to flow from the hot side to cold side

This technology is currently being tested and implemented in prototype
vehicles at both BMW and General Motors

The aim is to achieve a 10% improvement in fuel economy
The schematic of such a device can be seen below:

Hot Fluid in Hot Side Hot Fluid out
Exhaust Gas Heat Exchanger

Thermoelectric Electric Power

Modules

Cold Fluid in Cold Side >
1] . Coolant or air Heat Exchanger Cold Fluid out
“\
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Methods of Recovery

Thermoelectric effect Such a device requires its own

v . cooling system to maintain
Long life Span high temperature difference

Extensive integration into vehicle — installed in-line with exhaust
Requires maximum temperature difference - cooling
Heavy — reduces fuel economy

Uses tellurium - even if the global annual production of tellurium was
doubled and all of this used for thermoelectric devices, less than 1% of
new vehicle production would be accounted for

Current output
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The Possible Alternatives
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Radiation

The wavelength of maximum emission
intensity A, IS related to the surface
temperature T by

Mnax = 2.9 x 103 x 1/T

This gives wavelengths in the 3-10 pm
region: in frequency terms, 30-100 THz

Different methods of energy recovery
Interpret radiation in two different ways:

*Solar cell — discrete patrticles (photons)
*Radio antenna — continuous EM wave




Methods of Recovery

Photovoltaic
Same technology as a solar cell for sunlight only in the infrared range

(thermophotovoltaic-TPV) rather than the visible “‘\N

v" No moving parts

v" Voltage output
v' Can be manufactured into an exhaust wrap

x At temperatures available, radiation collection
efficiency is low

% Only converts some of the radiation, the rest just acts to heat up the
structure
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Previous Work

Yang et al. have previously used TPV with a small fuel cell
This cell burns hydrogen to reach 700-1300 °C

The TPV uses GaSb solar cells, which are optimised for a wavelength of 1.7um,
where there will be some radiation but not much at our working temperatures

Has an overall efficiency of 0.66%

Cooling fins

: PV cells covered
: \_\yilhﬁllcrs
LT T 7 7 P P P

- / \
SiC emitter

\-_Cgmbu&ign_chgmbcL_.

Experimental Study of micro-thermophotovoltaic

20
‘ ' Durham systems with different combustor configurations.

. Yang, W M, et al., Energy Conversion and
Unlver51ty Management 48, pp 1238-1244 (2007).




Methods of Recovery

Rectenna — Antenna + Rectifying Diode

This involves using an antenna to pick up the radiation in the same way
as for a radio

Frequency of radiation from exhaust heat is much higher than that of a
radio — in the region of 30-100 THz

Work is ongoing separately to find the most suitable antenna design for
this application

The radiation must be diode rectified from AC to DC
This means that the diode must be able to switch at 30-100 THz

AR
W Durham

University




Methods of Recovery

Rectenna Array — Rectifying Diode

« MOM (metal-oxide-metal) diodes will be used. These work via a
tunneling current operating between metals through a very thin oxide
layer

The frequency cut off of the metal-oxide-metal diodes to be used is
determined by

B 1

= 2nR.Cy where

oo A d = oxide thickness
0=y ;
A = surface area of diode

E.D —
ﬂ: RA = antenna resistance

fc

Because the oxide thickness must remain in the range 2-5 nm, the
surface area of the diode must be minimised to increase the cut-off
frequency into the THz range
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Dipole Antenna
—r

desired
Al-AlO.-Pt

Methods of Recovery )

Aluminum Platinum

Rectenna Array
Jeffrey Bean et al.
Rectenna array can be tailored to temperature profile of the exhaust
pipe
Manufacturing onto a wrap is possible

Relies on natural resonance, determined by physical geometry of
antennas

Voltage output

» Limited by switching speed of diodes

% A huge number of antenna structures in the arrays as each antenna is
of the scale of nanometres

N

‘ ' Durham J. A. Bean, B. Tiwari, G. H. Bernstein, P. Fay and W. Porod, “Thermal infrared detection using dipole antenna-
UanCrSlty coupled metal-oxide-metal diodes”, J. Vac. Sci. Technol., Vol. 27, pp. 11-14, 2009.




Initial Diode Manufacture

Initial diodes produced with
overlapping metal strips, separated
by a thin oxide layer

Base layer of titanium (horizontal), 3- S
4 nm of native oxide then grownina |
furnace, followed by a top layer of

platinum (vertical)

Dissimilar metals cause asymmetry
on |-V characteristic and hence
rectification

Gold contact pads used so a good
contact can be made for testing

Present sizes >10 um square - . | . -

et [mode | mag LI L ———tom—— |

Aiming for sub-100 nm dimensions Y e —
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Initial Diode Analysis

Flt a 9th Order oo I-V for Ti-TiO, -Pt Diode (9th Order Fit)
polynomial to the I-V

characteristic of a diode
(for low voltages)

Calculate the zero bias
resistance and curvature
coefficient 0.0+

Other similar diodes 021
range from O - 2 3 V-l 06 05 04 -03 -02 -01 00 01 02 03 04 05 06
. ) ’_ Voltage (V)

We have aChIeved typlcal a0 Resistance Vs Voltage for Ti-TiO -Pt Diode
results in the region of

4.4 -6.8V1
Curvature is bias

dependent so biasing
provides higher values
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Initial Diode Analysis

Curvature coefficients:
*Resistor: 0.005 v
*Our Ni-Al diodes: 0.71 v
*Our Ti-Pt diodes: 4.4-6.8V1
Stock diode: 24.8 — 28 V1
Our diodes are ~3 orders of magnitude better than a resistor, with a
stock diode being 1 order of magnitude greater again

 The diodes do work — at large sizes. Can the same happen when they
are shrunk?
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Advantages of this
Approach

How to integrate this into an exhaust wrap:
E-beam lithography used by others is not scalable for manufacture
Silicon substrates are also not suitable to wrap around an exhaust!

Billions of devices printed using nano-imprint stamping on a flexible
substrate

Our method promises a low cost, high volume solution

How useful will this be?

« 1f 100% efficient, at 3000 rpm the availability of an additional 16-36 kW
of electrical power is significant

 Furthermore, this device works all of the time
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How realistic? —

Silicon DRAM ICs

Now at 8Gb per chip
30 nm feature size
100 bits pm-2

$10-8 per bit

26 mask levels
>4000 processes
$24 billion factory

AR

a comparison (1)

Our device potential

Larger feature size

1 device pm

Cheaper per bit because:-
3 mask levels

~40 processes, having

A much cheaper factory

W Durham Sources: ITRS roadmap 2010, Samsung
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How realistic? — a comparison (2)

How many?

1 device um gives 2 x 102 per exhaust

$10-8 per device gives $20 thousand (!) per exhaust

50 million cars/year - 10%° devices/year vs 100 devices/year for ICs

Too ambitious?

$200 per exhaust would need 102 reduction in unit price (~10 years for ICs
according to the ITRS roadmap)

Simpler process, cheaper factory and materials could give 102 reduction
Ambitious, but not unrealistic

AR
WDurham  Soyrces: ITRS roadmap 2010, OICA
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How realistic? — a comparison (3)

Does the basic rectenna technology work? — yes
Is it scaleable? — yes

Will it be low cost in materials? — yes

Will it be simple to make? — yes (compared to ICs)
Can it integrate with an exhaust? — yes

Challenges

1. Improve diode technology — materials, design, size
2. Optimise integration density

3. Reliability, esp. when subject to heat stress

4. Scale up of manufacturing technology
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The Next Steps

Further characterise the diodes, with
focus on high frequency limitations

Produce small diodes using FIB
technology

Scale diodes down to submicron

feature sizes, to realise terahertz

range performance, using nano-
«4.0k oos6 18RV 10w imprint technology

*Couple diodes with antennas
*Test the rectenna device at high
temperatures

*Test larger surfaces of these arrays for " ' ‘5 rha
manufacturing potential . a
~ University
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