
Energia	  per	  l’Astronave	  Terra



Le	  sfide	  della	  scienza	  nel	  21th	  Secolo

"...If	  our	  black	  and	  nervous	  civiliza5on,	  based	  on	  coal,	  shall	  be	  followed	  
by	  a	  quieter	  civiliza5on	  based	  on	  the	  u5liza5on	  of	  solar	  energy,	  that	  will	  
not	  be	  harmful	  to	  progress	  and	  to	  human	  happiness...	  "

“...For	  our	  purposes	  the	  fundamental	  problem	  from	  the	  technical	  point	  
of	  view	  is	  how	  to	  fix	  the	  solar	  energy	  through	  suitable	  photochemical	  
reac5ons.	  To	  do	  this	  it	  would	  be	  sufficient	  to	  be	  able	  to	  imitate	  the	  
assimila5ng	  processes	  of	  plants...”

Giacomo	  Ciamician	  in	  “The	  Photochemistry	  of	  the	  Future,”	  Science	  (1912),	  
36(926)



Consumo	  globale	  energia
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Consumo	  globale	  energia

80%	  combus5bili	  fossili

Rinnovabili	  16%



Consumo	  globale	  energia

Domanda	  energe5ca	  per	  gruppi	  di	  paesi



Consumo	  globale	  energia

Domanda	  energe5ca	  per	  5po	  di	  combus5bile



Consumo	  globale	  energia

Energia	  rinnovabile	  per	  generare	  eleOricità	  in	  Cina



Consumo	  globale	  energia

Energia	  eleOrica	  generata	  da	  combus5bili



Consumo	  globale	  energia

Capacità	  in	  energia	  nucleare



Consumo	  globale	  energia

Consumo	  carbone



Consumo	  globale	  energia

Consumi	  di	  Petrolio



Consumo	  globale	  energia

Punto	  di	  arrivo
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Consumo	  globale	  energia

Formulazione	  consumo	  globale	  energia	  

E=	  N	  x	  (GDP/N)	  x	  (E/GDP)

E	  =	  consumo	  globale	  energia	  (TW)	  

N	  =	  popolazione	  mondiale
N	  growth	  =	  +0.9%/yr	  (i.e.	  from	  6	  to	  9.4	  billion	  GDP/N	  is	  per	  capita	  GDP)

GDP	  =	  prodoOo	  interno	  lordo

GDP/N	  =	  prodoOo	  interno	  lordo	  pro-‐capite	  
GDP/N	  growth	  =	  +1.4%/yr	  (i.e.	  from	  $7500	  to	  $15000)

E/GDP	  =	  energy	  intensity	  (energy	  consumed	  per	  unit	  of	  GDP)



Popula5on	  Growth	  to	  10	  -‐	  11	  Billion	  People	  in	  2050

Per	  Capita	  GDP	  Growth	  at	  1.6%	  yr-‐1

Energy	  consump5on	  per	  Unit	  of	  GDP	  

declines	  at	  1.0%	  yr	  -‐1

Consumo	  globale	  energia



Richiesta	  energia	  pro-‐capite

Valori	  per	  alcuni	  paesi
energy use per person in different countries
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more affluence equates

to greater energy use



Richiesta	  energia	  procapite

Alcune	  considerazioni	  per	  il	  2050

energy use per person in different countries
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if we all live like ___ 
then the demand in 2050 is:

US   102.2 TW
N. America   84.1 TW
W. Europe   45.4 TW

Equatorial Guinea 30.4 TW
Africa

India

(G
j)

thus need to push hard on energy intensity!

3.2 B of
6.2B

(2002)



Consumo	  globale	  energia

Formulazione	  consumo	  globale	  energia	  

E=	  N	  x	  (GDP/N)	  x	  (E/GDP)

1	  Opzione

Diminuire	  N	  
Educazione	  femminile



Consumo	  globale	  energia

Formulazione	  consumo	  globale	  energia	  

E=	  N	  x	  (GDP/N)	  x	  (E/GDP)

2	  Opzione
fonte	  di	  energia	  rinnovabile	  e	  accessibile	  per	  tuS

Daniel	  Nocera:	  “distributed	  (personalizez)	  energy	  is	  the	  key	  for	  non-‐legacy	  world.	  
Do	  not	  downsize	  current	  energy	  system,	  owing	  to	  balance	  of	  system	  cost	  -‐	  start	  
with	  a	  black	  piece	  of	  paper	  and	  create	  and	  invent!”

“the	  soluBon	  to	  the	  energy	  challege,	  in	  my	  opinion,	  rest	  in	  providing	  the	  non-‐
legacy	  world	  a	  carbon-‐neutral,	  sustainable	  energy	  supply”.

IMPO:	  Il	  problema	  principale	  riguardante	  l’energia	  nei	  paesi	  in	  via	  di	  sviluppo	  è	  il	  
costo	  e	  non	  l’efficienza!	  Anche	  perchè	  più	  alta	  è	  l’efficienza	  più	  al^	  sono	  i	  cos^.



Consumo	  globale	  energia

Globale	  vs	  Locale
1/3	  energia	  proviene	  dal	  petrolio.	  Se	  eliminassimo	  il	  problema	  del	  petrolio	  
rimarrebbe	  cmq	  il	  problema	  dei	  16	  TW.US Energy Input/Output



Consumo	  globale	  energia

Quanto	  petrolio	  abbiamo	  ancora	  in	  s5va...

We have enough oil…

200 years Oil
(pessimist ÷ 2)



Consumo	  globale	  energia

Quanto	  gas	  abbiamo	  ancora	  in	  s5va...

We have enough methane…

400 years Natural Gas
(pessimist ÷ 2)



Consumo	  globale	  energia

Quanto	  carbone	  abbiamo	  ancora	  in	  s5va...

We have enough carbon-based energy…

2000 years Coal
(pessimist ÷ 2)

and I can do anything with coal, generate 
electricity, make gasoline, polymers, etc...



Emissioni	  globali	  CO2

Top	  Ten?	  Worse	  ten!



Emissioni	  globali	  CO2

Problema	  
complesso	  che	  
affronteremo	  in	  
seguito...

aOenzione	  però	  ad	  
affrontare	  bene	  il	  
problema!



Emissioni	  globali	  CO2

Halved	  CO2	  emissions	  
scenario

Forecasts	  of	  electric	  power	  
supply	  mix	  and	  CO2	  emission	  
volumes	  under	  a	  scenario	  in	  
which	  CO2	  emissions	  are	  
halved

Extended-‐line	  CO2	  scenario

Forecasts	  of	  electric	  power	  
supply	  mix	  and	  CO2	  emission	  
volumes	  under	  a	  scenario	  in	  
which	  current	  reduc5on	  
policies	  remain	  unchanged



Emissioni	  globali	  CO2

AOen5	  alle	  estrapolazioni...

Nineteenth-‐century	  ci5es	  depended	  on	  thousands	  of	  horses	  for	  their	  
daily	  func5oning.	  All	  transport,	  whether	  of	  goods	  or	  people,	  was	  drawn	  
by	  horses.	  London	  in	  1900	  had	  11,000	  cabs,	  all	  horse-‐powered.	  There	  
were	  also	  several	  thousand	  buses,	  each	  of	  which	  required	  12	  horses	  per	  
day,	  a	  total	  of	  more	  than	  50,000	  horses.	  In	  addi5on,	  there	  were	  
countless	  carts,	  drays,	  and	  wains,	  all	  working	  constantly	  to	  deliver	  the	  
goods	  needed	  by	  the	  rapidly	  growing	  popula5on	  of	  what	  was	  then	  the	  
largest	  city	  in	  the	  world.	  Similar	  figures	  could	  be	  produced	  for	  any	  great	  
city	  of	  the	  5me.	  The	  problem	  of	  course	  was	  that	  all	  these	  horses	  
produced	  huge	  amounts	  of	  manure.	  A	  horse	  will	  on	  average	  produce	  
between	  15	  and	  35	  pounds	  of	  manure	  per	  day.	  Consequently,	  the	  
streets	  of	  nineteenth-‐century	  ci5es	  were	  covered	  by	  horse	  manure.



Emissioni	  globali	  CO2

In	  1898	  the	  first	  interna5onal	  urban-‐planning	  conference	  convened	  in	  
New	  York.	  It	  was	  abandoned	  aker	  three	  days,	  instead	  of	  the	  scheduled	  
ten,	  because	  none	  of	  the	  delegates	  could	  see	  any	  solu5on	  to	  the	  growing	  
crisis	  posed	  by	  urban	  horses	  and	  their	  output.	  The	  problem	  did	  indeed	  
seem	  intractable.	  The	  larger	  and	  richer	  that	  ci5es	  became,	  the	  more	  
horses	  they	  needed	  to	  func5on.	  The	  more	  horses,	  the	  more	  manure.	  
Wri5ng	  in	  the	  Times	  of	  London	  in	  1894,	  one	  writer	  es5mated	  that	  in	  50	  
years	  every	  street	  in	  London	  would	  be	  buried	  under	  nine	  feet	  of	  manure.



Proiezioni	  energePche	  2050

Nocera,	  Daedalus	  2006	  “Cerchiamo	  disperatamente	  di	  raggiungere	  
35TW)”

Future Global Energy Inventory?

biomass...
1.28 × 1013 m2

20% earth's surface
all cultivatable land 
not used for food
(7-10 TW)

nuclear...
8000 new nuclear
power plants (8 TW)

hydro limit (0.7 TW)

wind theoretical limit
all class 3 (5.1 m/s
10 m above ground) (2.1 TW)

–(CH2O)n– + nO2 nCO2 +  nH2O

all biomass: lignin, cellulose 

Why?Why?
Photosynthesis has a 10.5% theoretical efficiencyPhotosynthesis has a 10.5% theoretical efficiency
Best crops:Best crops: switchgrassswitchgrass, , miscanthusmiscanthus (1% storage)(1% storage)

cyanobacteriacyanobacteria (5% storage)(5% storage)
 and then there is corn (0.4% storage) and then there is corn (0.4% storage)

Nocera, Daedalus, 2006

solar energy
• 120,000 TW
• 800 TW land mass
• more sun hits surface in 1 hr, 

than energy used in one year

Solar energy is a source of 
sufficient scale to meet global 

future energy needs



Proiezioni	  energePche	  2050

Ocenere	  Energia	  dal	  Sole	  è	  certamente	  
una	  delle	  vie	  più	  green

Solare	  Fotovoltaico

Solare	  termico...

TheorePcal:	  1.2x105	  TW	  solar	  energy	  
potenPal	  (1.76	  x105	  TW	  striking	  Earth;	  
0.30	  Global	  mean	  albedo)
Energy	  in	  1	  hr	  of	  sunlight	  	  14	  TW	  for	  a	  year

	  

PracPcal:	  	  >	  600	  TW	  solar	  energy	  
potenPal
	  	  	  	  (50	  TW	  -‐	  1500	  TW	  depending	  on	  land	  
frac^on	  etc.;	  WEA	  2000)
	  	  Onshore	  electricity	  genera^on	  poten^al	  
of	  	  ≈60	  TW	  (10%	  	  conversion	  efficiency):	  



Proiezioni	  energePche	  2050

Potenzialità	  dell’idrogeno



Proiezioni	  energePche	  2050

• not only because of PV materials issues and price
•can’t run a society only if and when the sun shines

Solar is only 0.1% of the market

Solar will have difficulty penetrating a 
market until it can be stored



Proiezioni	  energePche	  2050

Demand-‐Solar	  energy	  genera5on

Immagazzinamento	  Energia	  solare



Costo	  prodon	  vs	  produzione

Proiezioni	  energePche	  2050

large-scale manufacturing are already an

emerging trend in the capture and

conversion of solar energy. Thin film,

ribbon and ‘‘plastic’’ (i.e. polymer)

photovoltaics each have the promise of

low cost because they can be adapted to

high throughput manufacturing. Indeed,

in the case of thin film CdTe photovol-

taics, low manufacturing cost owing to

high volume production of cells possess-

ing a minimal amount of semiconducting

material has resulted in a multibillion

dollar market. However, the development

of photovoltaics is not enough for the

non-legacy world. Solar energy needs to

be stored because it is diurnal and also

subject to intermittency arising from

variable atmospheric conditions as shown

in Fig. 2. An analysis of the power

frequency (f) bears this out; the power

spectrum of the solar output is f!1/3.11

Accordingly, a 24/7 plentiful and large

scale energy supply will only be possible if

an inexpensive storage mechanism is also

developed.

In light of the message of Fig. 1, the

energy density of the storage medium is

an extremely important parameter for the

deployment of solar energy in the non-

legacy world. Most current methods of

solar storage are characterized by low

energy densities and consequently they

present formidable challenges for large

scale solar implementation. This is also

true of batteries, which are often dis-

cussed as an effective energy storage

medium for solar PE. Though consider-

able efforts are currently being devoted to

battery development, most advances have

to do with power density (i.e. the rate at

which charge can flow in and out of the

battery) and lifetime. Energy densities of

batteries are low ("0.1–0.5 MJ kg!1) with

little room for improvement because the

electron is stored typically at a metal

center of an inorganic network juxta-

posed to an electrolyte. The volume in

which the electron and attendant cation

reside and transfer is thus limited by the

physical density of materials. Some of the

lightest elements in the periodic table, and

hence lowest physical densities, are

already used as battery materials and

consequently energy densities of batteries

have approached a ceiling. Continuing

along this line of reasoning, the smallest

volume element in which electrons may be

stored is in the chemical bond. It is for this

reason that the energy density of liquid

fuels ("50 MJ kg!1) is 100 times larger

than the best of the foregoing storage

methods; hydrogen possesses an even

greater energy density. Indeed, society has

intuitively understood this disparity in

energy density as all large scale energy

storage in our society is in the form of

fuels. For this reason, it is likely that

solar-derived fuels will prevail, especially

as an energy storage medium for solar PE

in the non-legacy world.

Water splitting is a particularly attrac-

tive storage mechanism for highly

distributed solar energy,

solar storage: 2H2O + solar ¼ 2H2 + O2

solar release: 2H2 + O2 ¼ 2H2O +

electricity

In this reaction, solar light rearranges

the low energy content bonds of water to

the high energy content bonds of oxygen

and hydrogen. Solar light is thus stored in

the re-arranged bonds of water. At a later

Fig. 1 Manufacturing costs of consumer (non-hi-tech) goods as a function of weight and

production volume. Data provided by Professors Martin A. Schmidt and Alexander H. Slocum

(MIT).

Fig. 2 (a) Power output (kW) sampled with one minute resolution for a 4.6 MW solar PV array

over the daylight period of one day. (b) Real power output (kW) sampled with one minute resolution

for the same 4.6 MW solar PV array for one week. Data taken from ref. 11. The PV array is operated

by Tuscon Electric Power in northeastern Arizona.

994 | Energy Environ. Sci., 2010, 3, 993–995 This journal is ª The Royal Society of Chemistry 2010
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Una	  possibile	  via	  di	  fuga

Cerchiamo	  di	  “imitare	  la	  natura”	  -‐	  Water	  spliZng

O2 + “2H2” = NADPH

CO2

sugar

Photosynthesis Stores Solar 
Energy by Water Splitting

Most of the energy storage 
in photosynthesis is in 
water splitting, not CO2

fixation



Una	  possibile	  via	  di	  fuga

OOenere	  energia	  dall’acqua

C

C

HH

HH
O O+ H2O + CO2 + ENERGIA

H

O
H

O
H H

2H2 + O2 + ENERGIA

but you need an energy input to rearrange the low energy bonds to make high energy ones



Una	  possibile	  via	  di	  fuga

La	  reazione	  di	  decomposizione	  dell’H2O	  procede	  secondo	  lo	  schema:

H2O	  →	  H2O	  +	  1/2	  O2

è	  un	  processo	  non	  spontaneo	  a	  T	  e	  P	  ambiente	  (dG0	  =	  237.2	  kJ/mol)

è	  un	  processo	  fortemente	  endotermico	  (dH0	  =	  258	  kJ/mol)

Per	  oOenere	  H2	  e	  O2	  	  occorre	  lavorare	  intorno	  ai	  3000	  K



Una	  possibile	  via	  di	  fuga

La	  reazione	  di	  water	  splinng	  presenta	  però	  diversi	  svantaggi	  quali:

3000	  k	  è	  una	  temperatura	  proibi5va	  per	  tuOe	  le	  tecnologie	  e	  i	  materiali	  
aOualmente	  a	  disposizione

bisogna	  evitare	  la	  ricombinazione	  di	  H2	  e	  O2

La	  miscela	  H2/O2	  è	  altamente	  esplosiva

Per	  rendere	  il	  processo	  aOraente	  bisogna	  quindi:

lavorare	  a	  temperature	  basse

evitare	  la	  formazione	  di	  miscele	  H2/O2



Una	  possibile	  via	  di	  fuga

Quanta	  energia	  nel	  water	  splinng

How Much Energy in Water Splitting?

2H2O 2H2 + O2  energy = 237 kJ/mol

energy = 13 million J/liter

volume of MIT pool to H2 and O2 per sec = 42.7 TW

3.2 million liter of H2O

MIT pool

so Water + Light does indeed = Oil (and Coal)



Una	  possibile	  via	  di	  fuga

Condizioni	  necessarie	  per	  rendere	  il	  water	  splinng	  aOraente

Semplici condizioni di reazione

facile ed economico da produrre



Una	  possibile	  via	  di	  fuga

Cerchiamo	  di	  imitare	  la	  natura
Inability to Generate O2 has Subverted Artificial 

Photosynthesis

(2) Not stable
OEC resides in D1 
protein, which is 

repaired by excision 
and replacement every 

30 minutes

(1) Simple, all-inorganic redox core
a Mn-oxo core 

self-assembled from water
only oxygen ligands

O2 Generation:

(3) from neutral water at 1 
atm and RT

(4) at low overpotential

(5) with proton carriers
since water is a poor base, 

need alternative base for proton 
transport e.g., quinones



Una	  possibile	  via	  di	  fuga

D.	  Nocera,	  Science	  2008

Recent breakthrough 

1.29 V 

 
SEM image 
 
Film is 2:1 as Co:Pi 

 
Conducting glass, such as indium tin oxide 
 
0.5 mM Co(NO3)2 
 
0.1 M KPi (potassium phosphate) 
  

e- e- 

Kanan, M. W. & Nocera, D. G. Science 321, 1072–1075 (2008). 
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Alternative: 
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Scien5fic	  Challenges

Cheap	  materials	  that	  are	  
robust	  in	  water

Catalysts	  for	  the	  redox	  
reac5ons	  at	  each	  
electrode

Nanoscale	  architecture	  
for	  electron	  excita5on	  	  
transfer	  reac5on

http://www.youtube.com/watch?
v=ZAkM_dV6CFs

http://www.youtube.com/watch?v=ZAkM_dV6CFs
http://www.youtube.com/watch?v=ZAkM_dV6CFs
http://www.youtube.com/watch?v=ZAkM_dV6CFs
http://www.youtube.com/watch?v=ZAkM_dV6CFs


Una	  possibile	  via	  di	  fuga

Foglia	  arPficiale

http://www.youtube.com/watch?v=sSo005x9hCc

http://www.youtube.com/watch?v=sSo005x9hCc
http://www.youtube.com/watch?v=sSo005x9hCc
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Self-‐repair	  mechanism,	  in	  situ	  forma5on

Co2+,	  Co3+,	  Co4+	  species	  likely	  responsible	  for	  balancing	  different	  
oxida5on	  steps

Co2+-‐HPO42-‐	  (aq)	  ⥭	  Co3+-‐HPO42-‐	  (on	  electrode	  surface)	  	  

Composed	  of	  earth-‐abundant	  materials

Long	  las5ng	  O2	  produc5on	  at	  low	  overpoten5al,	  neutral	  pH,	  room	  
temperature/pressure

Drawbacks:	  large	  ini5al	  overpoten5al,	  not	  effec5ve	  at	  high	  current
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Fuel	  Cell	  e	  Solar	  Fuel	  Cell
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La	  nostra	  nuova	  casa??
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Cosa	  abbiamo	  faOo...cosa	  faremo??We Have Done This Before

mainframe

an easier 
problem

no need to 
network

personal computers network

grid personal energy
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Energia	  personalizzata!


