


Reazione	  e	  so*oreazioni	  

Ele$rolisi	  inversa	  (reazione	  fortemente	  
esogena),	  evitando	  l’effe$o	  Hindenburg	  
	  
	  

	  
Separazione	  della	  reazione	  in	  due	  
so$oreazioni	  ele$rochimiche	  –anodica	  
e	  catodica–,	  riducendo	  la	  dinamica	  

2	  



Vantaggi	  e	  svantaggi	  

Generazione	  termoele*rica	  convenzionale	  
En.	  ChimicaCaloreEn.	  MeccanicaEn.	  Ele$rica	  

Pile	  a	  combus7bile	  	  
En.	  ChimicaEn.	  Ele$rica	  (+	  calore)	  

Vantaggi	  
	  efficienza	  
	  (vincoli	  di	  Carnot	  assenF)	  
	  assenza	  di	  emissioni	  
	  assenza	  di	  parF	  in	  movimento	  
	  silenziosità	  
	  ricarica	  rapida	  

Svantaggi	  
	  costo	  dei	  materiali	  aHvi	  
	  durata	  dei	  materiali	  aHvi	  
	  avvelenabilità	  dei	  catalizzatori	  
	  cineFca	  chimica	  limitata 	  	  

3	  



Tecnologie	  FC:	  AFC	  =	  Alkaline	  FC	  (Bacon)	  	  
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•  Ele$rolita:	  soluzione	  acquosa	  di	  idrossido	  di	  potassio	  al	  35÷50	  o	  85%,	  
immobilizzata	  
•  CombusFbile:	  H2	  

•  Temperatura:	  60÷120°C	  o	  220°C	  
•  Catalizzatore:	  Pt	  
•  Densità	  di	  potenza:	  0.15-‐0.4	  W/cm2	  

•  Potenze	  Fpiche:	  1-‐100	  kW	  
•  Rendimento:	  60-‐70%	  

•  Svantaggi:	  
•  Vita	  breve	  (ostruzione	  degli	  ele$rodi	  con	  carbonaF)	  
•  Costo	  elevato	  

•  Applicazioni:	  NASA	  (Gemini/Apollo/S-‐Shu$le)	  –	  ora	  dismesse	  
•  Nuovi	  sviluppi:	  Flowing	  electrolyte	  –	  AFC	  (ele$rolita	  fluido,	  catalizzatore	  Pt-‐free)	  



Tecnologie	  FC:	  PAFC	  =	  Phosphoric	  Acid	  FC	  
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•  Ele$rolita:	  acido	  fosforico	  al	  85%	  immobilizzato	  
•  CombusFbile:	  H2	  

•  Temperatura:	  180-‐200°C	  
•  Catalizzatore:	  Pt	  
•  Densità	  di	  potenza:	  0.15-‐0.3	  W/cm2	  

•  Potenze	  Fpiche:	  50-‐1000	  kW	  
•  Rendimento:	  40-‐50%	  

•  Vantaggi:	  
•  Cogenerazione	  (η=80%)	  
•  Tecnologia	  matura	  
•  FC	  staFche	  più	  diffuse	  

•  Svantaggi:	  
•  Start-‐up	  problemaFco	  
•  Uso	  staFco	  –	  servizio	  conFnuaFvo	  



Tecnologie	  FC:	  MCFC	  =	  Molten	  Carbonate	  FC	  
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•  Ele$rolita:	  miscela	  di	  carbonaF	  alcalini	  fusi	  
•  CombusFbile:	  H2	  o	  CH4	  o	  CO	  

•  Temperatura:	  600-‐650°C	  
•  Catalizzatore:	  Ni	  
•  Densità	  di	  potenza:	  0.1-‐0.3	  W/cm2	  

•  Potenze	  Fpiche:	  100-‐100,000	  kW	  
•  Rendimento:	  42-‐64%	  

•  Vantaggi:	  
•  Insensibili	  all’avvelenamento	  	  
•  Cogenerazione	  (η=80%)	  

•  Svantaggi:	  
•  Start-‐up	  problemaFco	  
•  Uso	  staFco	  –	  servizio	  conFnuaFvo	  



Tecnologie	  FC:	  SOFC	  -‐	  Solide	  Oxide	  FC	  
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•  Ele$rolita	  Fpico:	  ossido	  di	  zirconio,	  dopato	  con	  ossido	  di	  i$rio	  	  
•  CombusFbile:	  H2	  o	  CH4	  o	  CO	  

•  Temperatura:	  600-‐1000°C	  
•  Catalizzatore:	  ossidi	  di	  perovskiF	  
•  Densità	  di	  potenza:	  0.25-‐0.35	  W/cm2	  

•  Potenze	  Fpiche:	  10-‐100,000	  kW	  
•  Rendimento:	  50-‐60%	  

•  Vantaggi:	  
•  Insensibili	  all’avvelenamento	  	  
•  Cogenerazione	  (η=90%)	  

•  Svantaggi:	  
•  Start-‐up	  problemaFco	  
•  Uso	  staFco	  –	  servizio	  conFnuaFvo	  
•  Tenuta	  termica	  



Tecnologie	  FC:	  PEMFC	  -‐	  Polymer	  Electrolyte	  
membrane	  FC	  (e	  DMFC	  –	  DEFC)	  
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•  Ele$rolita:	  membrana	  polimerica	  sulfonata	  (Nafion)	  
•  CombusFbile:	  H2	  (o	  CH3OH	  o	  C2H5OH)	  
•  Temperatura:	  20-‐90°C	  
•  Catalizzatore:	  Pt	  (Ru)	  
•  Densità	  di	  potenza:	  0.3-‐0.1	  W/cm2	  

•  Potenze	  Fpiche:	  50-‐250	  kW	  (o	  50	  W)	  
•  Rendimento:	  40-‐50%	  (o	  10)	  

•  Vantaggi:	  
•  Start-‐up	  rapido,	  dinamica	  “elevata”	  	  
	  
•  Svantaggi:	  

•  GesFone	  dei	  fluidi	  complessa	  
•  Avvelenabilità	  
•  Costo	  elevato	  
•  Vita	  limitata	  



PEMFC	  –	  Campi	  di	  applicazione	  
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• Applicazioni	  stazionarie	  
•  Unità	  generaFve	  autonome	  o	  a	  bassa	  connessione,	  con	  dinamiche	  elevate	  

•  Unità	  da	  4,5	  kW	  

	  



PEMFC	  –	  Campi	  di	  applicazione	  
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• Applicazioni	  mobili	  
•  Trazione	  ele$rica	  –	  FCEV:	  tecnologia	  più	  idonea	  	  (7PQ-‐EU	  /	  DoE)	  	  

•  Mercedes,	  DC-‐Mercedes,	  Ford,	  GM,	  Honda,	  Kia,	  Mazda,	  Nissan,	  Suzuki,	  Toyota,	  
Hyundai	  

	  



• Studi	  e	  sviluppi	  avanza7	  

•  Stazionari	  
•  Energy	  hub	  =	  unità	  di	  generazione/consumo	  ad	  elevata	  autonomia	  

•  generazione	  da	  rinnovabili	  
•  accumulo	  in	  H2	  
•  generazione	  con	  PEMFC	  
•  consumo	  
•  interconnessione	  ac	  o	  dc	  

• Mobili	  
•  Trazione	  ele$rica	  lunare	  con	  PEMFC	  rigeneraFve	  (ESA)	  

•  accumulo	  di	  H2,	  O2	  e	  H2O	  
•  generazione	  con	  PEMFC	  
•  docking	  energeFco	  

	  

PEMFC	  –	  Campi	  di	  applicazione	  
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Comportamento	  fisico	  
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•  Alimentazione	  dei	  reagenF	  (starving)	  
•  Asporto	  dei	  prodoH	  (stragling)	  
•  Controllo	  del	  trasporto	  (flooding)	  
•  Controllo	  termico	  (aging)	  
•  Condizionamento	  ele$rico	  
•  Supervisione	  di	  sistema	  



PEMFC	  –	  Competenze	  mul7disciplnari	  
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•  Ele$rochimica	  
•  Ingegneria	  dei	  materiali	  
•  Fluidodinamica	  (percolazione	  e	  microcanali)	  
•  Termodinamica	  

•  ELETTROTECNICA	  (Electrical	  Engineering):	  
•  So$osistemi	  di	  power	  management	  e	  supervisione	  
• ModellisFca	  mulFfisica	  1-‐2-‐3D	  di	  componenF	  e	  di	  FC	  
• ModellisFca	  0D	  ele$rica	  di	  sistema	  	  
•  OHmizzazione	  stru$urale	  di	  componenF	  e	  FC	  
•  OHmizzazione	  funzionale	  di	  sistema	  



PRIN	  

• PRIN	  2006:	  DMFC	  

• PRIN	  2008:	  PEMFC	  
• Unità	  di	  Padova	  –	  DIE	  (Stella)	  
• Unità	  di	  Padova	  –	  DiSC	  (Di	  Noto)	  
• Unità	  di	  Salerno	  (Spagnuolo)	  
• Unità	  di	  Venezia	  (Polizzi)	  

14	  



PRIN	  2008	  -‐	  Padova	  DiSC	  

• Direct	  polymer	  electrolyte	  membrane	  fuel	  cells:	  
synthesis	   and	   study	   in	   prototype	   cells	   of	   hybrid	   inorganic-‐
organic	  membranes	  and	  electrode	  materials	  

• Research	  lines:	  
  Research	   Line	   1.	   Development	   of	   hybrid	   inorganic-‐organic	  

proton-‐conducFng	   membranes	   for	   applicaFon	   in	   PEMFCs	  
fuelled	  with	  hydrogen.	   PreparaFon,	   characterizaFon	  and	   tests	  
in	  single	  fuel	  cell	  

  Research	   Line	   2.	   Development	   of	   advanced	   nanostructured	  
electrocatalysts	  for	  the	  oxygen	  reducFon	  reacFon	  (cathode)	  for	  
applicaFon	   in	   PEMFCs	   fuelled	   with	   hydrogen.	   Synthesis,	  
characterizaFon	  and	  tests	  in	  single	  fuel	  cell	  

15	  
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Membrane(a)	   Log10[Proton	  ConducFvity	  /	  S	  cm-‐1]	  (b)	  

[Nafion/(ZrHf)0.05]	   -‐1.11	  
[Nafion/(ZrHf)0.10]	   -‐1.24	  
[Nafion/(ZrHf)0.15]	   -‐1.21	  
[Nafion/(SiHf)0.05]	   -‐2.04	  
[Nafion/(SiHf)0.10]	   -‐2.24	  
[Nafion/(SiHf)0.15]	   -‐2.39	  

Nafion	  115	  reference	   -‐1.46	  

(a)	  “Core-‐shell”	  inorganic	  nanofillers:	  ZrHf	  =	  [(ZrO2)·∙(HfO2)0.25]	  ;	  
SiHf	  =	  [(SiO2)·∙(HfO2)0.28]	  	  
(b)	  Measurement	  based	  on	  broadband	  electric	  spectroscopy	  in	  sealed	  cell	  at	  T	  =	  85°C.	  

PRIN	  2008	  -‐	  Padova	  DiSC	  -‐	  Research	  line	  1	  



•  Support	  made	  of	  Graphene	  nanoparFcles	  (20	  nm)	  
•  Supported	  catalyst	  consists	  of	  carbon-‐nitrate	  electrocatalyst.	  
•  Carbon-‐nitrate	  electrocatalyst	  are	  made	  of	  Graphene	  layers	  where	  less	  then	  

5%	  of	  carbon	  atoms	  are	  subsFtuted	  with	  nitrogen.	  
•  Thus	  nitrogen	  atoms	  in	  the	  Graphene	  layers	  form	  coordinaFon	  nests	  for	  the	  

metal	  nanoparFcle	  acFve	  sites.	  

17	  

PRIN	  2008	  -‐	  Padova	  DiSC	  -‐	  Research	  line	  2	  
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Electrocatalyst	   Pt	  Mass	  efficiency	  [gPt/Pd	  kW-‐1	  (a)]	  

PdCoAu-‐CNh	  600	   0.51	  

PdNi-‐CNh	  900	   0.75	  

PtNi-‐CNl	  600/G	   0.30	  

PtFe2-‐CNl	  600/G	   0.32	  

PtNi-‐CNl	  600/Ni	   0.42	  

PtNi-‐CNl	  900/Ni	   0.51	  

Pt/C	  reference	  (EC20)	   1.12	  

(a)  Measurement	  in	  single	  fuel	  cell	  at	  T	  =	  85°C;	  RH	  =	  100%;	  
fuel	  =	  hydrogen;	  oxydant	  =	  pure	  oxygen;	  back	  pressure	  =	  4	  bar	  

PRIN	  2008	  -‐	  Padova	  DiSC	  



Bibliografia	  e	  altre	  informazioni:	  
	  

	  www.chimica.unipd.it/lab_DiNoto/	  
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PRIN	  2008	  -‐	  Padova	  DiSC	  



PRIN	  2008	  -‐	  Salerno	  
	  Celle	  a	  combus7bile	  dire*e	  basate	  su	  membrane	  polimeriche	  a	  

conducibilità	  protonica:	  	  
tecniche	  di	   controllo	   ada*a7ve	  e	   circui7	  ele*ronici	   di	   potenza	  
per	   il	   miglioramento	   delle	   prestazioni	   e	   l'allungamento	   del	  
tempo	  di	  vita	  
	  
•  Temi	  di	  ricerca	  dell’Unità	  di	  Salerno	  	  

  	  Modellazione	  della	  cella	  a	  combusFbile	  
  	  Ele$ronica	  di	  potenza	  dedicata	  al	  fuel	  cell	  system	  
  	  Tecniche	  ada$aFve	  per	  il	  controllo	  del	  flusso	  di	  O2	  
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PRIN	  2008	  -‐	  Salerno	  

	  

•  Modellazione	  della	  FC	  
•  Sviluppo	  di	  un	  modello	  dedicato	  a	  un	  simulatore	  circuitale	  
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IdenFficazione	  dei	  
parametri	  della	  FC	  
mediante	  EIS	  e	  
osservatori	  dello	  stato	  

G.Spagnuolo,	   G.Petrone,	   S.V.Araujo,	   C.CecaF,	   E.Friis-‐Madsen,	   E.Gubia,	   D.Hissel,	   M.Jasinski,	   W.Knapp,	   M.Liserre,	  
P.Rodriguez,	   R.Teodorescu,	   P.Zacharias:	   “Renewable	   energy	   operaFon	   and	   conversion	   schemes”,	   IEEE	   Industrial	  
Electronics	  Magazine,	  Vol.4,	  No.1,	  pp.38-‐51,	  March	  2010.	  
C.A.Ramos-‐Paja,	   R.Giral,	   J.Romano,	   A.Romero,	   L.MarFnez-‐Salamero,	   G.Spagnuolo:	   “A	   PEM	   fuel	   cell	   model	   featuring	  
oxygen	  excess	  raFo	  esFmaFon	  and	  power	  electronics	   interacFon”,	   IEEE	  TransacFons	  on	  Industrial	  Electronics,	  Vol.57,	  
No.6,	  pp.1914-‐1924,	  June	  2010	  
L.Spampanato,	  M.C.Pera,	  D.Hissel,	  G.Spagnuolo:	  "Performance	  parametric	  analysis	  of	  a	  PEMFC	  model",	  Proc.	  of	  2010	  
IEEE	  InternaFonal	  Symposium	  on	  Industrial	  Electronics	  (ISIE),	  pp.2041-‐2046,	  Bari	  (Italy),	  4-‐7	  July	  2010.	  	  



PRIN	  2008	  -‐	  Salerno	  
•  Ele$ronica	  di	  potenza:	  
•  Power	  management	  per	  l’a$enuazione	  dei	  disturbi	  alla	  FC	  in	  

applicazioni	  a.c.	  
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senza	  controllo	  aHvo	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  con	  controllo	  aHvo	  

fc	  current	  
bulk	  voltage	  

fc	  voltage	  

A.GiusFniani,	  G.Petrone,	  G.Spagnuolo,	  M.Vitelli	  "Low	  frequency	  current	  oscillaFons	  and	  
maximum	  power	  point	  tracking	  in	  grid-‐connected	  fuel	  cell	  based	  system",	  IEEE	  TransacFons	  on	  
Industrial	  Electronics,	  Vol.57,	  No.6,	  June	  2010,	  pp:	  2042-‐2053.	  	  



PRIN	  2008	  -‐	  Salerno	  
•  Tecniche	  per	  il	  controllo	  del	  flusso	  di	  O2	  
•  Fondamentale	   per	  massimizzare	   l’efficienza	   globale	   e	   evitare	  

che	  la	  membrana	  subisca	  l’oxygen	  starvaFon.	  
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C.A.Ramos-‐Paja,	  G.Spagnuolo,	  G.Petrone,	  R.Giral,	  A.Romero:	  "Fuel	  cell	  MPPT	  for	  fuel	  
consumpFon	  opFmizaFon"	  Proc.	  of	  2010	  IEEE	  InternaFonal	  Symposium	  on	  Circuits	  and	  Systems	  
(ISCAS),	  pp.2199-‐2202,	  Paris	  (France),	  May	  30	  2010-‐June	  2	  2010.	  	  



PRIN	  2008	  –	  Padova	  DIE	  
	  •  Celle	  a	  combus7bile	  ad	  alimentazione	  dire*a	  basate	  su	  

membrane	  polimeriche	  a	  conducibilità	  protonica:	  
modellis7ca	  mul7-‐fisica	  non	  lineare,	  o]mizzazione	  
stru*urale	  e	  funzionale	  e	  integrazione	  circuitale	  

•  Temi	  di	  ricerca	  dell’Unità	  
 Modellazione	  circuitale	  
 Modellazione	  mulFfisica	  3D	  
  	  OHmizzazione	  
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PRIN	  2008	  –	  Padova	  DIE	  –	  Modellazione	  circuitale	  

	  •  Trasporto	  di	  massa	  monodimensionale	  in	  direzione	  assiale	  
•  Perdite	  di	  aHvazione	  ai	  catalizzatori	  (sovrapotenziali)	  
•  Perdite	  di	  conduzione	  ionica	  nella	  PEM	  
•  Variazioni	  spazio-‐temporali	  di	  concentrazione/pressione	  dei	  

reagenF	  
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models describe steady-state operations of fuel cells; however, in real operating
conditions fuel cells can experience rapid changes in load and fuel supply. Only a few
models have been proposed in literature to simulate PEMFCs in dynamic conditions
(Philipps and Ziegler, 2008; Wang et al., 2005). An equivalent circuit has been proposed
recently for passive methanol fuel cells (Alotto et al., 2009). In this work, a detailed
circuit representation of non-linear static and dynamic effects occurring inside a
passive PEMFC is presented.

II. Dynamic circuit modeling
The multiphysics circuit model takes into account: diffusion through carbon porous
electrodes (Fick’s laws), activation kinetics (Butler-Volmer’s and Tafel’s laws), charge
generation at TPBs (generalized continuity equations), electronic conduction in
diffusion layers and current collectors (Ohm’s law), ionic conduction and hydration in
the polymeric electrolyte (mass conservation laws), and the hydrogen-oxygen-water
permeation across the membrane (crossover).

A. Modeling domain and main assumptions
Figure 1 shows a schematic of the PEMFC domain, where arrows indicate mass and
charge flows. The PEMFC domain is divided into eight regions: hydrogen reservoir
(tank), anode and cathode diffusion layers (adl, cdl), anode and cathode catalyst layers
(acl, ccl), PEM, and anode and cathode collectors (acc, ccc). The following subscripts
are used: a anode, c cathode, ai and ci current collectors, ad and cd diffusion layers, ac
and cc catalyst layers, a0 hydrogen reservoir, c0 bulk air, and m membrane.

Typical region thicknesses are: d0 ¼ 1022m, dad ¼ dac ¼ 1024m, dac ¼ dcc ¼
1025m, and dm ¼ 2 £ 1024m. The fuel tank capacity Va0 (m23), which gives the
amount of stored hydrogen, can be in the order of 1 l (O’Hayre et al., 2006).

A one-dimensional geometry is assumed in the model since layer thicknesses are
much smaller than transverse sections (mm vs cm2) so that mass and charge flows are
directed mainly along the x-axis (Figure 1). Heat generation and transport are not
modeled so that temperature is uniform across the cell, even though temperature

Figure 1.
Schematic of a proton

exchange membrane fuel
cell (PEMFC)
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Circuit model
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PRIN	  2008	  –	  Padova	  DIE	  –	  Modellazione	  circuitale	  

	  
•  Equazioni	  ele*riche:	  

•  Tensione	  reversibile	  (f.e.m.):	  	  

•  Sovrapotenziali	  di	  aHvazione	  (A	  e	  C):	  

	  
•  Conservazione	  di	  carica	  (A	  e	  C):	  

•  Conducibilità	  protonica:	  	  
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dependence is taken into account in lumped parameters. The current density is uniform
over the fuel cell cross-section as reaction rates are assumed to be uniformly distributed
inside catalyst layers.

B. Thermodynamic reversible cell potential
PEMFCs can be regarded as electrochemical conversion systems exploiting the
chemical energy given by the hydrogen oxidation reaction:

2H 2 þ O2 ) 2H 2O ð1Þ
which corresponds to a (reversible) Nernst potential in standard conditions
E 0 ¼ 1.23 V (T 0 ¼ 298.15 K, p0 ¼ 100 kPa). The reversible cell potential for the
actual operating conditions is computed from Nernst equation (O’Hayre et al., 2006):

E ¼ E 0 2
›E

›T
DT þ RT

2F
log

pH 2
p1=2O2

pH 2O
ð2Þ

where R, F are the perfect gas and the Faraday constants, respectively, DT is the
temperature increment with respect to T 0, and p are partial pressures. The reversible
cell potential is represented as an ideal voltage generator in the proposed equivalent
circuit scheme (Figure 2).

C. Mass transport and mass balance equations
Reactants and products flow across diffusion and catalyst layers either in gaseous or in
liquid form. A rigorous treatment of transport dynamics of multiphase mixtures is
very complex; therefore, a simplified binary mixture model is considered instead
(O’Hayre et al., 2006). In this model, equivalent diffusion coefficients can be considered
in order to treat mass transport of each phase separately according to Fick’s law:

N ¼ 2D
7p

RT
; ð3Þ

Figure 2.
Schematic of the PEMFC
equivalent circuit
(electric section)
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•  Equazioni	  non	  ele*riche:	  

•  Trasporto	  di	  massa	  ai	  diffusion	  layers	  e	  agli	  ele$rodi:	  	  

	  
•  Trasporto	  di	  H2O	  nella	  membrana:	  

•  Trasporto	  di	  H2	  nella	  membrana	  (crossover)	  

27	  

Back-‐diffusion	  	  	  	  	  	  	  Electro-‐osmoFc	  drag	  
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•  Modellazione	  circuitale:	  
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ConcentraFon+	  
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Losses	  
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Losses	  
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Cathode	  Ohmic	  losses	  

Charge	  
accumulaFon	  at	  
catalysts	  

Anode	  Ohmic	  losses	  
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•  Simulazione	  sulle	  scale	  dei	  tempi	  brevi	  

Water	  vapor	  parFal	  pressure	  at	  catalyst	  layers	   Dynamic	  fuel	  cell	  voltage	  and	  PEM	  conductance	  
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PRIN	  2008	  –	  Padova	  DIE	  –	  modelli	  MF	  3D	  

	  
•  Modello	  per	  trasporto	  di	  massa	  e	  di	  carica	  nella	  PEM	  

	  
•  Dominio:	  0.2	  m	  x	  0.2	  m	  x	  2÷3	  10-‐4	  m	  	  	  

	  con	  reFcolo	  regolare	  109	  nodi	  
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•  Modello	  per	  trasporto	  di	  massa	  e	  di	  carica	  nella	  PEM	  

	  

34	  



35	  

ConducFvity	  along	  the	  membrane	  
thickness	  during	  transient	  	  

Local	  increase	  of	  current	  density	  due	  to	  
a	  manufacturing	  defect	  	  
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•  PGD:	  Proper	  Generalized	  DecomposiFon	  (fully	  meshless)	  
•  Numerical,	  adapFve,	  variable	  separaFon	  
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•  PGD	  -‐	  Separated	  IteraFve	  soluFon	  
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•  PGD	  -‐	  IteraFons	  -‐	  nested	  loops:	  

•  Boundary	  condiFons:	  
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•  PG	  -‐	  IteraFve	  refinements	  
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•  PGD	  -‐	  valida7on	  
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■  Micro-‐DMFC	  /	  Li-‐ion	  ba$ery	  
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•  Simulink	  model	  for	  long-‐Fme-‐scale	  dynamics	  
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•  Simulink	  model	  for	  short-‐Fme-‐scale	  dynamics	  
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■  ConflicFng	  goals	  
•  Maximize	  duraFon	  	  
•  Minimize	  crossover	  

	  	  
■  Parameters	  

•  diffusion/catalyst	  layer	  thicknesses	  
•  diffusion/catalyst	  layer	  thicknesses	  
•  membrane	  thickness	  
•  fuel	  concentraFon	  in	  the	  tank	  
•  room	  temperature	  	  
•  current	  density	  
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Conclusioni	  
•  Strategia	  di	  ricerca	  sulle	  PEMFC	  
•  Ricerche	  mulFdisciplinari	  fortemente	  correlate	  
implicano	  
competenze	  mulFdisciplinari	  
e	  lavoro	  di	  squadra	  

•  The	  basic	  units	  for	  advanced	  researches	  nowadays	  are	  
mul6skilled	  teams,	  no	  more	  singles	  researchers	  
(F.	  Faggin,	  Padova,	  giugno	  2011)	  

•  Grazie	  a	  tuH	  per	  la	  pazienza	  e	  l’a$enzione	  
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