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This	
  talk	
  is	
  about	
  a	
  journey...	
  

…a	
  journey	
  toward	
  a	
  promised	
  land	
  

The	
  land	
  of	
  portable	
  electronics	
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The	
  promised	
  land	
  

	
  	
  
This	
  is	
  the	
  land	
  of	
  wireless	
  micro-­‐sensors	
  that	
  con;nuously	
  and	
  

ubiquitously	
  measure,	
  process	
  and	
  transmit	
  data	
  to	
  improve	
  our	
  living.	
  

This	
  is	
  the	
  long-­‐;me	
  announced	
  revolu;on	
  where	
  the	
  ci;es	
  become	
  
smart	
  and	
  the	
  human	
  and	
  animal	
  health	
  is	
  monitored	
  and	
  controlled.	
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The	
  promised	
  land	
  

The	
  land	
  where	
  computers	
  are	
  as	
  small	
  as	
  dust	
  par;cles	
  

and	
  more	
  powerful	
  than	
  the	
  human	
  brain	
  

dust	
  par;cle	
  

computer	
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The	
  promised	
  land	
  

Why	
  are	
  we	
  not	
  there	
  yet?	
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The	
  promised	
  land	
  
But,	
  as	
  in	
  any	
  promised	
  land….	
  There	
  is	
  a	
  desert	
  to	
  cross	
  

In	
  our	
  case	
  the	
  desert	
  is	
  the	
  distance	
  between	
  the	
  energy	
  required	
  and	
  
the	
  energy	
  available	
  to	
  power	
  the	
  portable	
  electronics	
  	
  



7	
  Source:	
  IDTechEx,	
  “Energy	
  Harves8ng	
  and	
  Storage	
  2009-­‐2019”,	
  Cambridge	
  2009.	
  EH:	
  
Energy	
  Harves8ng;	
  WSN:	
  Wireless	
  Sensors	
  Network	
  	
  

Energy	
  required	
  to	
  
operate	
  the	
  portable	
  

devices	
  

Energy	
  available	
  from	
  
portable	
  sources	
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Energy	
  required	
  to	
  
operate	
  the	
  portable	
  

devices	
  

Energy	
  available	
  from	
  
portable	
  sources	
  

In	
  recent	
  years	
  we	
  have	
  made	
  progresses	
  but….	
  There	
  is	
  s;ll	
  some	
  room	
  for	
  improvement	
  



9	
  

Energy	
  required	
  to	
  
operate	
  the	
  portable	
  

devices	
  

Energy	
  available	
  from	
  
portable	
  sources	
  

We	
  need	
  to	
  bridge	
  the	
  gap	
  by	
  ac;ng	
  on	
  both	
  arrows	
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Energy	
  available	
  from	
  
portable	
  sources	
  

Ques;ons:	
  
-­‐  What	
  is	
  the	
  best	
  technology	
  for	
  energy	
  harves;ng	
  ?	
  
-­‐  How	
  can	
  we	
  improve	
  efficiency	
  in	
  energy	
  transforma;on	
  ?	
  
-­‐  How	
  do	
  the	
  system	
  scale	
  when	
  we	
  go	
  to	
  micro	
  and	
  nano	
  scale	
  ?	
  
-­‐  …	
   -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  	
  

Few	
  things	
  that	
  I	
  know…	
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Energy	
  harves;ng	
  

1)  Significant	
  progresses	
  in	
  recent	
  years	
  in	
  photo-­‐voltaic,	
  thermoelectric	
  and	
  
kine;c.	
  

2) 	
  In	
  kine;c	
  EH	
  introduc;on	
  of	
  non-­‐linear	
  oscillators	
  allowed	
  for	
  improved	
  
efficiency	
  for	
  broad	
  band	
  vibra;on	
  harves;ng	
  

Plus	
  some	
  patents:	
  	
  	
  
-­‐  IT	
  RM	
  2007A00079,	
  Generatore	
  piezoelecrico	
  bistabile	
  -­‐	
  15/2/2007.	
  	
  
-­‐  PCT/IT2008/000081	
  -­‐	
  “Bistable	
  piezoelectric	
  generator.”	
  2008.	
  	
  	
  
-­‐  WO/2008/099437	
  -­‐	
  	
  “Bistable	
  piezoelectric	
  generator.”	
  2008.	
  
-­‐  US2010207491	
  (A1)	
  “Bistable	
  piezoelectric	
  generator.”	
  2008	
  



Video	
  available	
  at:	
  www.wisepower.it	
  



Vibra;on	
  database:	
  RealVibra;ons	
  
It	
  is	
  very	
  important	
  that	
  we	
  can	
  characterize	
  the	
  spectral	
  features	
  of	
  the	
  vibra;on	
  we	
  want	
  
to	
  harvest…	
  

Vibra,on	
  sources	
  digital	
  library	
  	
  
This	
  Task	
  is	
  devoted	
  to	
  the	
  realiza;on	
  of	
  database	
  containing	
  digital	
  ;me	
  series	
  and	
  spectral	
  
representa;ons	
  of	
  experimentally	
  acquired	
  vibra;on	
  signals.	
  

Signal	
  presenta,on:	
  
• 	
  Descrip;on	
  
• 	
  Power	
  spectrum	
  
• 	
  Sta;s;cal	
  data	
  
• 	
  Time	
  series	
  download	
  (authorized	
  users)	
  

www.nipslab.org	
  

realvibra;ons.nipslab.org	
  



New	
  App	
  for	
  contribu;ng	
  to	
  the	
  database	
  

Available	
  on	
  the	
  App	
  Store:	
  RealVibra,ons	
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Energy	
  available	
  from	
  
portable	
  sources	
  

Ques;ons:	
  
-­‐  What	
  is	
  the	
  best	
  technology	
  for	
  energy	
  harves;ng	
  ?	
  
-­‐  How	
  can	
  we	
  improve	
  efficiency	
  in	
  energy	
  transforma;on	
  ?	
  
-­‐  How	
  do	
  the	
  system	
  scale	
  when	
  we	
  go	
  to	
  micro	
  and	
  nano	
  scale	
  ?	
  
-­‐  …	
  

-­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  	
  

Key	
  issue:	
  energy	
  transforma,on	
  at	
  micro	
  and	
  nanoscale	
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Energy	
  required	
  to	
  
operate	
  the	
  portable	
  

devices	
  

-­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  	
  
Ques;ons:	
  	
  
-­‐  How	
  much	
  can	
  we	
  decrease	
  the	
  energy	
  consump;on	
  ?	
  
-­‐  Is	
  there	
  any	
  limit	
  to	
  the	
  minimum	
  energy	
  required	
  ?	
  
-­‐  What	
  is	
  the	
  future	
  technology	
  (beyond	
  CMOS)	
  ?	
  
-­‐  …	
  



	
  	
   	
  Energy	
  efficiency	
  in	
  
compu;ng	
  systems	
  has	
  
become	
  a	
  major	
  issue	
  for	
  
the	
  future	
  of	
  ICT	
  

	
  

The	
  problem	
  with	
  ENERGY	
  EFFICIENCY	
  in	
  present	
  ICT	
  



ICT	
  -­‐	
  Energy	
  
	
  	
   	
  Energy	
  efficiency	
  in	
  

compu;ng	
  systems	
  has	
  
become	
  a	
  major	
  issue	
  for	
  
the	
  future	
  of	
  ICT	
  

	
  

E.	
  Pop,	
  Energy	
  Dissipa8on	
  and	
  Transport	
  in	
  Nanoscale	
  Devices,	
  Nano	
  Res	
  (2010)	
  3:	
  147–169	
  

in	
  
U
S	
  

Electronics	
  Beyond	
  Nano-­‐scale	
  CMOS,	
  Shekhar	
  Borkar	
  

Present	
  status	
  

Research	
  direc,ons	
  and	
  challenges	
  in	
  nanoelectronics	
  
R.	
  K.	
  Cavin1,	
  V.	
  V.	
  Zhirnov,	
  D.	
  J.	
  C.	
  Herr1,	
  Alba	
  Avila	
  and	
  J.	
  Hutchby,	
  2006	
  



It	
  will	
  be	
  a	
  clear	
  future	
  priority	
  world	
  wide	
  to	
  decrease	
  mankind’s	
  carbon	
  footprint.	
  	
  
	
  

According	
  to	
  the	
  SMART2020	
  study,	
  the	
  share	
  of	
  ICT	
  on	
  the	
  world	
  wide	
  energy	
  consump;on	
  
today	
  is	
  in	
  the	
  range	
  of	
  2-­‐5%.	
  	
  
	
  
	
  
	
  

Hence,	
  it	
  becomes	
  more	
  and	
  
more	
  important	
  to	
  consider	
  and	
  
improve	
  the	
  energy	
  efficiency	
  of	
  
ICT.	
  	
  
On	
  the	
  short	
  term,	
  it	
  will	
  be	
  an	
  
obvious	
  and	
  prac;cal	
  solu;on	
  to	
  
exploit	
  becer	
  the	
  poten;al	
  of	
  
technologies	
  that	
  already	
  exist	
  or	
  
are	
  currently	
  in	
  the	
  making.	
  On	
  
the	
  long	
  term,	
  new	
  and	
  
disrup;ve	
  ideas	
  will	
  be	
  needed,	
  
and	
  we	
  must	
  start	
  to	
  search	
  for	
  
those	
  ideas	
  already	
  now.	
  	
  
	
  

hcp://cordis.europa.eu/fp7/ict/fet-­‐proac;ve/docs/shapefe;p-­‐wp2011-­‐12-­‐10_en.pdf	
  

Energy	
  inpact	
  of	
  ICT	
  is	
  under	
  discussion	
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Energy	
  required	
  to	
  
operate	
  the	
  portable	
  

devices	
  

-­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  -­‐	
  	
  
Ques;ons:	
  	
  
-­‐  How	
  much	
  can	
  we	
  decrease	
  the	
  energy	
  consump;on	
  ?	
  
-­‐  Is	
  there	
  any	
  limit	
  to	
  the	
  minimum	
  energy	
  required	
  ?	
  
-­‐  What	
  is	
  the	
  future	
  technology	
  (beyond	
  CMOS)	
  ?	
  
-­‐  …	
  

Key	
  issue:	
  energy	
  dissipa,on	
  at	
  micro	
  and	
  nanoscale	
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They	
  both	
  sits	
  on	
  a	
  common	
  scien;fic	
  ground:	
  	
  

Micro	
  and	
  nano	
  scale	
  energy	
  management	
  

Ques;ons	
  like:	
  
	
  
-­‐ How	
  does	
  electric	
  energy	
  get	
  converted	
  into	
  heat	
  at	
  nanoscale	
  
-­‐ How	
  can	
  we	
  find	
  an	
  informa;on	
  transport	
  solu;on	
  that	
  does	
  not	
  add	
  to	
  dissipa;on	
  
-­‐ How	
  can	
  we	
  harvest	
  thermal	
  vibra;ons	
  to	
  power	
  nanoscale	
  devices	
  
-­‐ …	
  
	
  
Could	
  be	
  asked	
  and	
  answered	
  within	
  this	
  framwork.	
  	
  

In	
  order	
  to	
  becer	
  contestualize	
  the	
  issue	
  let’s	
  focus	
  on	
  a	
  scheme	
  for	
  ICT	
  devices…	
  

Key	
  issue:	
  energy	
  transforma,on	
  at	
  micro	
  and	
  nanoscale	
  

Key	
  issue:	
  energy	
  dissipa,on	
  at	
  micro	
  and	
  nanoscale	
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An	
  ICT	
  device	
  is	
  a	
  machine	
  that	
  inputs	
  informa;on	
  and	
  energy	
  (under	
  the	
  form	
  of	
  work),	
  
processes	
  both	
  and	
  outputs	
  informa;on	
  and	
  energy	
  (mostly	
  under	
  the	
  form	
  of	
  heat).	
  

	
  
Energy	
  efficiency	
  is	
  usually	
  defined	
  as	
  the	
  percentage	
  of	
  energy	
  input	
  to	
  a	
  device	
  that	
  is	
  
consumed	
  in	
  useful	
  work	
  and	
  not	
  wasted	
  as	
  useless	
  heat,	
  	
  
	
  

Energy	
  (work)	
  

ICT	
  device	
  

Dissipative properties 

Inf. Processing properties 

Heat	
  sink	
  

Informa;on	
  

Informa;on	
  



	
  
We	
  propose:	
  	
  
to	
  address	
  the	
  problem	
  at	
  a	
  very	
  fundamental	
  level:	
  	
  
-­‐ 	
  what	
  are	
  the	
  basic	
  mechanisms	
  behind	
  the	
  heat	
  produc;on?	
  	
  
-­‐ 	
  How	
  can	
  we	
  take	
  advantage	
  of	
  the	
  fluctua,ons	
  instead	
  of	
  avoiding	
  them?	
  	
  
-­‐ 	
  How	
  the	
  physics	
  of	
  the	
  heat	
  and	
  charge	
  transport	
  can	
  be	
  merged	
  with	
  the	
  phonon	
  
engineering	
  in	
  order	
  to	
  advance	
  the	
  compu;ng	
  tasks?	
  	
  

It	
  is	
  not	
  simply	
  an	
  incremental	
  progress	
  toward	
  the	
  reduc;on	
  of	
  heat	
  produc;on	
  in	
  room	
  
temperature	
  conductors	
  or	
  new	
  technology	
  beyond	
  CMOS.	
  	
  
	
  
It	
  is	
  a	
  new,	
  visionary	
  approach	
  that	
  challenges	
  the	
  very	
  basic	
  founda;on	
  of	
  
thermodynamics.	
  We	
  propose	
  to	
  understand	
  the	
  dissipa;ve	
  mechanisms	
  at	
  nanoscale	
  
with	
  the	
  aim	
  at	
  sepng	
  the	
  bases	
  for	
  a	
  new	
  thermodynamics	
  of	
  ICT	
  devices.	
  	
  

Presently:	
  	
  
the	
  main	
  effort	
  is	
  aimed	
  at	
  cooling	
  down	
  the	
  heat	
  produced	
  during	
  computa;on	
  with	
  
specific	
  acen;on	
  to	
  the	
  charge	
  transport	
  on	
  one	
  hand	
  and	
  on	
  the	
  other	
  hand	
  on	
  
reducing	
  the	
  voltage	
  opera;ng	
  levels	
  up	
  to	
  the	
  point	
  of	
  not	
  compromising	
  the	
  error	
  rate	
  
due	
  to	
  voltage	
  fluctua,ons.	
  	
  
	
  

Energy efficiency / Dissipative properties 



Informa;on	
  is	
  physical	
  !!!	
  

	
  
The	
  well-­‐known	
  laws	
  of	
  heat	
  and	
  work	
  transforma;on	
  that	
  lie	
  at	
  the	
  base	
  of	
  the	
  
classical	
  thermodynamics	
  are	
  going	
  to	
  need	
  a	
  rethinking.	
  The	
  very	
  basic	
  mechanism	
  
behind	
  energy	
  dissipa;on	
  requires	
  a	
  new	
  defini;on	
  when	
  non-­‐equilibrium	
  processes	
  
involving	
  only	
  few	
  degrees	
  of	
  freedom	
  are	
  considered.	
  	
  
	
  

the	
  descrip;on	
  of	
  energy	
  transforma,on	
  processes	
  at	
  the	
  nanoscale	
  aimed	
  at	
  
unveiling	
  new	
  mechanisms	
  for	
  powering	
  next	
  genera;ons	
  of	
  ICT	
  devices.	
  
	
  

CHALLENGE:	
  

Industrial	
  Revolu;on	
  	
  
XVIII-­‐XIX	
  	
  

Heat-­‐Work	
  	
  
rela;ons	
  

ICT	
  Revolu;on	
  	
  
XX-­‐XXI	
  	
  

Fluctua;on-­‐Dissipa;on	
  
rela;ons	
  

ON	
  A	
  BROADER	
  PERSPECTIVE	
  



 
-  Jan 2008, Brussels. Expert Consultation on “Molecular-scale Information 
Systems” 
-  July 2009, Call FP7-ICT-2009-5 - ICT 2009.8.6 Towards Zero-Power ICT 
- Feb 2010, Brussels. Consultation workshop on "Disruptive Solutions for Energy 
Efficient ICT" 
-  Aug.1st 2010 three project started (SiNAPS, GREEN SILICON, NANOPOWER) 
-  Jan 1st 2011 ZEROPOWER C.A. started 
-  26 July 2011 FP7 CALL 8, ICT 9.8 FET Proactive: Minimising Energy 
Consumption of Computing to the Limit (MINECC)  
-  12 Oct 2011 FET Proactive Information Day (MINECC) – Brussels 
-  12 June 2012 MINECC Project coordination meeting – Brussels 
-  1 Sept 2012 Starting of the 7 MINEC funded projects (Landauer, …) 
 

This is part of an ongoing effort at European level  



Timeline 

2010             2011           2012            2013            2014           2015           2016  



Networking	
  ac8vity	
  

ZEROPOWER is aimed at creating a coordination activity among consortia involved in “Toward Zero-Power ICT” 
research projects (FET proactive call FP7-ICT-2009-5, Objective 8.6) and communities of scientists interested in 
energy harvesting and low power, energy efficient ICT.   

Tyndall National Institute, University College Cork, Ireland 
Institut für Photonische Technologien E.V., Jena, Germany 
École Polytechnique Fédérale de Lausanne, Switzerland 
Imperial College of Science, Technology and Medicine, London, U.K. 
Aquamarijn Research B.V., Zutphen, The Netherlands 

School of Engineering, University of Glasgow, U.K. 
L-NESS, Politecnico di Milano, Como, Italy 
Institute for Semiconductor and Solid State Physics, Universitaet Linz, Austria 
Electron Microscopy, ETH Zürich, Switzerland 

NiPS Laboratory, Università degli Studi di Perugia, Italy  
Julius-Maximilians Universität Würzburg, Würzburg, Germany  
Valtion Teknillinen Tutkimuskeskus, VTT, Espoo, Finland  
Catalan Institute of Nanotechnology, Bellaterra (Barcelona), Spain  
Université de Genève, Genève, Switzerland 
Universita degli Studi di Camerino, Camerino, Italy 16 

Groups 



2010 2011 

Educa;onal	
  ac;vi;es	
  

Summer School - 23-27 July 2012, Erice (Sicily) 2012 

Summer School "Energy management at micro and nanoscales" 
Perugia (IT), July 8-10, 2013 
www.nipslab.org/summerschool 

2013 



29	
  

A	
  new	
  devoted	
  web	
  site	
  has	
  been	
  realized	
  
and	
  opened	
  at	
  
www.nanoenergylecers.eu.	
  	
  
	
  	
  

In the last two issues we have started a special 
session devoted to the publication of original 
scientific papers. Instruction for submission 
procedure is available at: 
http://www.nanoenergyletters.eu/submission 
 

!

The last issue has been distributed to 
more than 800 subscribers  
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ZEROPOWER Research Agenda 
A research agenda for “ICT-Energy” roadmapping, 
including strategic objectives, identification of 
research drivers and measures for assessment.  
 
A first draft of the ZEROPOWER Research Agenda 
has been made publicly available via deliverable D3.1  

Available	
  on	
  www.zero-­‐power.eu	
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ZEROPOWER	
  group	
  

www.zero-­‐power.eu	
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www.nanoenergy2013.eu	
  

You	
  are	
  invited	
  to	
  par;cipate	
  and	
  send	
  students/researchers	
  to	
  the	
  summer	
  school	
  


