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Main requirement for Deep Space:
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Nature Nanotechnology 8 471 (2013)
Further efficiency enhancement will
Require both nanstructuring for efficient Coafse“'ng / Nano-features growth

phonon scattering and electronic

optimization for enhanced transport

properties, combined with the required ¥4

stability demands.

Using novel TE materials, a new generators
technology should be developed?

Long Term Stability

Closest distances to the Sun:
Venus : 107,400,000 km
Mercury : 45,900,000 km

Earth: 147,100,000 km
Mars : 207,000,000 km
Jupiter : 740,000,000 km
Saturn : 1,346,400,000 km
Uranus : 2,742,000,000 km

Neptune : 4,460,000,000 km
Pluto : 4,425,000,000 km

Is there any contradiction
between nanstructuring &
stability?
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PRL 101 025502 (2018)




More “earthy” applications VERDRI

Grant agreement n°: 286503
Start and end dates: Feb. 2012-Feb. 2014
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SEVENTH FRAMEWORK
PROGRAMME

Coordinator: European Thermodynamics Ltd, UK, Kevin Simpson and Barri Stirrup,

barri.stirrup@etdyn.com.

Consortium: Power Driver (13 partners - 5 RTDs, 6 SMEs and 2 Other Enterprises)

Ricardo (Cedric Rouaud, Peter Feulner) UK and Germany

Nanoker (Sergio Rivera, Ramon Torrecillas) Spain

Rolls Royce (Mark Husband) UK

11 Thermex (Julian Crossley lvan Robinson) UK
12 DTS (Marco Stella, Carlo Bonfreschi) Italy

=
w

-

FCT (Jurgen Hennicke) Germany

1 BGU (Yaniv Gelbstein, Yossi Marciano) Israel
2 IML (Jonathan Tunbridge, Richard Dixon) UK
QMUL (Mike Reece Huanpo Ning) UK
JLR (Robert Gilchrist) UK
Halyard (Richard Summers) UK

Tecnalia (Ifigo Agote) Spain
ETL (Kevin Simpson) UK

RTD - Telluride Materials — synthesis
/ thermoelectric characterization
RTD- Silicide Materials — synthesis /
structural characterization
RTD- Silicide / Telluride Materials —
SPS / characterization
Other Enterprisers and End Users
SME - Marine.

RTD- Silicide Materials — SPS /
structural characterizations
SME - TEG development /
coordination
RTD — TEG / Heat Exchanger design
and Manufacturing
SME - Silicide Materials SPS up-
scaling.

Other Enterprisers and End Users
SME - Heat Exchanger
SME- Exhaust, Dissemination,
automotive application
SME- SPS
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Main Objectives SEVESI;’S FRAMEﬂ\:éIORK
Development of thermoelectric generators in the range of 300-600W output electrical

power for automotive applications (gasoline engines) by utilizing the waste exhaust heat
generated into useful electrical power. The project has also a target of more than 1.5kW
for marine (Diesel engines) applications such as leisure boats and several kW for Large

Diesel/Gas engines.
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Collaboration with Prof. Eugene Katz, Dr. Ofer Beeri
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Project Title Coordinator/ comments
presenter

" BROGRAMME Subcluster 1 — TE bulk nanomaterials
ThermoMag Nanostructured energy harvesting ESA /A. Amaldi 6.4M€/3.5y
thermoelectrics based on Mg,S1 ZT~1.4(n), 0.5(p)

NexTEC Next Generation Nano-Engineered KTH, Sweden / 6.4M€/3y
Thermoelectric Converters — from M. Muhammed Skutterudites (ZT~1.5), nano-Bi,Te;

concept to industrial validation (ZT~1.15)
NEAT Nanoparticle embedded in alloys CEA, France /J. S1,Ge,_, (Mo inclusions)- ZT~0.8, n-

thermoelectrics Simon Mg,Si1, 4Sng 4 (ZT~0.9)

Subcluster 2 — TE thin film nanomaterials

NanoHitec Nanostructured High-efficiency Oerlikon / G. Span Bi,Te; flexible modules, Short term
Thermoelectric Converters (8€/W), Long term (2-3€/W)
GreenSilicon Generate renewable energy efficiently Univ. Glasgow / A. Ge/SiGe superlattices
using nano - Si Samanelli Nano-fabrication (ZT~0.49)
H2ESOT Sustainable Organic TE devices Simon Woodward, Potential ZT~0.45 based on A. Kasiyan.
Univ. Nottingham / Basic science — long term replacement
ETL of Bi,Te,
SINERGY Silicon Friendly Materials and Device Luis Fonseca, IMB- 4.8M€/(1/11/2013-31/10/2016)

Solutions for Microenergy Applications ~ CNM (CSIC), Spain Power Microgeneration and Storage
Novel Si technology materials

Subcluster 3 — TE systems
NanoTEG Smart integration of electronics CEA /J. Simon cooling

SMARTOP Self powered vehicle roof Fiat / M. Brignone Commercial BiTe modules (Gentherm)

HeatRECAR Waste heat recovery in light duty trucks Fiat / M. Brignone Filled skutterudites (ZT~1(n),0.5(p))
target - 1-2€/W modules, 2-3€/W system and comerical BiTe modules

PowerDriver
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15t EU Nano4Te Cluster Workshop, September 17t 2013, host event
of the EMRS 2013 Fall Meeting, Warsaw University of Technology,
Warsaw, Poland. —
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EU New Car CO, Regulation

To achieve their 20% reduction in total CO, emissions
by 2020 from a 1990 base, the EU has adopted the
New Car CO, Regulation. This sets out to deliver
pan-European sales-weighted average new car CO,
figure of 130g/km by 2015 and 95g/km in 2020.

The 2020 target is a 45% reduction from 2007.

Manufacturers each face their own specific target,
which includes a weight based element to reflect

the different composition of manufacturers’ fleets.
Manufacturers can use super-credits and eco-
innovations to help meet targets and can apply for a
derogation if they are a small-volume or niche producer.

If targets are missed then penalties apply - of up to
€95 for each gram CO, missed multiplied by the EU-
wide registration volume. The 2015 target includes
a phase-in, so 65% of the manufacturer fleet must
meet their target by 2012, 75% by 2013, 85% by
2014 and 100% by 2015.

Average CO, emissions of new passenger cars in the EU
... In grams per kilometer (and liters fuel consumption per 100 kilometer)*

1/100km gCO,/km

The 2020 targets were established during

a

political process

European Parliament and Council.

involving

2012 -

8.0 — 200 s
183 @1 178
6.0 — 150 A
2015 target: 130 gikm
(5.1 1100km)
4.0 — 100 A 2020 target: 95 glkm oy
(3.8 1/100km)
5.1%
4 3.7
20 — 50 Annual reduction rates: 5.7% 2.3%
2.6%
22%
1.7% 1.6%
1.5% 1.5%
1.1% 1.1% 1. 1.0% 1% 06% 0.7%
uy - T @ o o @« N ™ < [Te) - T @ @ o
=] = - -] o o o o o o =] e o o 2 v =
o = - - ] o o o o o o9 =] o o o e o o
= = - = - o~ (] ] (] o~ (] o (] (] o o~ (3]
Sourosa: EL) CGOZ monitoring (EE&). ACEA
Average fuel consumption in the EU by vehicle manufacturer
... in liters per 100 kilometer (and grams CO, per kilometer)*
Status 2012 Target 2020
EU-AVERAGE | 5.3 (132) 3.8 (95)
Fiat 4.7 (118) 3.4 (86)
PSA (Peugeot-Citroén) 4.9 (122) | 3.8 (94)
Toyota 4.9 (122) ' 3.7 (93)
Renault-Nissan | 5.1 (128) 3.7 (93)
Ford | 5.2 (129) ' | 3.7 (92)
Volkswagen = 5.3 (133) 3.8 (96)
GM (Opel) | 5.4 (134) | 3.9 (97) |
Bmw | 55 (138) | 4.0 (100)
Daimler | 5.7 (143) ‘ 4.0 (101)
J 1
-10% -20% -27%

the

Souros: Eurn;
and a COZ2 conversion factor

Required reduction 2015-2020

uuuuuu Environmantal Agsney (2012 data). Caloulation of 2015 and 2020 valuss aseums na changse
of 2.5 kg per litsr.

n vehiols weight
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HORIZON 2020 - WORK PROGRAMME 2014-2015
Leadership in Enabling and Industrial Technologies
Nanotechnologies, Advanced Materials, Bictechnelogy and Advanced Manufacturing and Processing
NMP 16 — 2015: Extended in-service life of advanced functional materials in energy
technologies (capture, conversion, storage and/or transmission of enersy)

Specific challenge: Functional materials are enabling the large scale market penetration of
secure, sustainable and affordable energy based on low-carbon, decentralised power
generation. The benefits of using advanced functional materials can often be demonstrated in
terms of e.g. more efficient energy generation, storage or transmission, under controlled
conditions. The high up-front investment costs of new power plants requires lifetimes of the
order of 20 to 25 vears, with minimal down and service time However, not enough is known
about the degradation of such materials during long-term service. This can seriously hamper
the industrial uptake of such materials, increase inifial investment costs due to the over-
specification of the material requirements: or increase the exploitation costs, either by
mncreased downtimes due to materials related failure or because of more intensive
maintenance schedules.

Scope: Proposals should investigate the long-term in-service degradation of functiomal
materials that have already demonstrated enhanced performance in terms of energy capture,
conversion, storage and/or transmission, and the capability of a production at a scale that
could warrant an industrial uptake. Proposals nmst include relevant modelling and festing
vnder realistic condifions at pilot level. Thev should focus on improving the practical
understanding of long-term in-service degradation on the performance of the functional
material and its impact on the overall performance of the technology components and
systems. The development of improved materials solutions, as well as relevant roadmaps and
a catalogue of good practices, should be included.

Activities expected to focus on Technology Readiness Level 6.

The Commission considers that proposals requesting a contribution from the EU between
EUR 6 and 10 million would allow this specific challenge to be addressed appropriately.
Nonetheless, this does not preclude submission and selection of proposals reguesting other
aMICURLS.

Expected impact:

. Reduction of the capital (CAPEX) and/or operating (OPEX) expendifures in specific
low carbon energy technologies;

. Implementation of relevant parts of the Materials Roadmap Enabling Low Carbon
Energy Technologies (SEC(2011)1609); and relevant objectives of the SET-Plan
(COM(2009)519).

Tvpe of action: Innovation Actions

The conditions related to this fopic are provided at the end of this call and in the General
Annexes.



Call identifier

Type of Action Budget Deadline Deadline
(M Euro) 2014 2015
Nanotechnologies, NMP - Two Stage 114.2 Stage 1
advanced Materials RIA + IA and CSA (2014) Stage 2 26.3.15
and Production - (2 stage) 7.10.14 Stage 2
NMP Topics (2014): 8.9.15
10,13,18,20,21,26,28,35 152
NMP Topics (2015): (2015)
11,12,15,06)19,22,23,24,29,30
NMP- Single Stage 66.2 Closed 26.3.15
RIA, IA and CSA (2014)
(1 stage)
NMP Topics (2015): 2,3,6,7
66
(2015)
CSA 12.5 Closed 26.3.15
(single stage) (2014)
NMP Topics (2015):
32, 38, 40 > 65
(2015)
NMP GV - 2014 16 7.10.14 -
NMP 17
(single stage)
ERA-NET-2015 10 - 26.3.15

NMP 14
(single stage)
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Phase Separation - |

AGy, =AH,, —TAS,, =w-x-(1—-x)+T-R-[(1—x)-In(1—x)+ x-In(x)]
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(PbTe)
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(b) Cahn-Hilliard equation—

Time =01 Epsilon = 0.02

Evelyn Sander and Thomas Wanner, Monte-Carlo simulation

(a) Yaniv Gelbstein, Mercouri Kanatzidis et al., Adv. Energy Mater. 3 815-820 (2013)
(b) John Androulakis et al., J. Am. Chem. Soc. 129 9780-9788 (2007)
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Alloying Effects

Large F are required !!! 5 B 2 , 3
= (2 i n) F = s m_* 2 2rmokT /2
k2 -1 5 ’ e, \mg , G = T
(Z?FG'EXPH) +(§+b)T

“alloy scattering”
in solid solutions an additional carriers scattering mechanism is introduced due to the random
distribution of different atoms in the same lattice site.

In the absence of nano-features, the reduction of the lattice thermal conductivity in A B, , solid
solution alloys, « 4,,, COMpared to the pure involved compounds, ; ., due to only umklapp
and alloying/disordering point defects, can be predicted using:

2
Kialloy _ arc tan(u) , m-0p-Q AM Aa
Ki,pure B u 2R -v2 Kipure x(1—x) M tTe a

, U

a- the linear thermal expansion coefficient (CTE)
r- Poisson’s ratio

B- Bulk modulus

v- Grineisen parameter

Physica Status Solidi B 251(7) 1431-1437 (2014).
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TRL increase — TE couples/devices challenges
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Bi, Te; based materials
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Conclusions-

Many classes of thermoelectric materials are being investigated at BGU
for various power generation applications including automotive, marine
and PV-TE.

Both high efficiency and nano-structures stability under practical
applications conditions are considered.

Both experimental and theoretical approaches are being applied for
achieving the group’s agenda.

Advanced methods for nano-structuring of bulk thermoelectric materials
Including thermodynamic / physical metallurgy driven nano-features
methods are investigated.

High maximal thermoelectric figure of merit (ZT) values of >2 were
obtained so far with reasonable stability characteristics, putting the
materials developed in the group at the first line of the most advanced
thermoelectric materials developed so far globe wide.

Couples and devices results are on the way.
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