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Met Geothermal, Solar, Wind, Wood
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Energetical resources:
fossil and nuclear fuels compared to the energy from the Sun

energy coming from the sun per year
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Renewable energy

hydro 5 TW=5x1012 W

geotherm. —up to 20 TW

wind — 50 TW (27 % area of Earth)
biomass 20 TW (31% area of Earth)

sun 600 TW Natan Lewis, Caltech
Present and expected energy demand

2010: 15 TW
2050: 28 TW

generation of 20 TW at 10 % eff.
requires 8.8 % area of USA



Cent/kWh

Electricity - production costs
(USA, 2002)
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Growth of photovoltaic industry
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Photovoltaics — energy from the sun




Topics
1. The characteristics of sunlight

2. Electrons and holes in semiconductors: band model, doping,
current transport, absorption of light, defects and recombination

3. Junctions: pn, heterojunction

4. Principles of solar cell: photovoltaic effect, conversion efficiency,
basic design, efficiency limits and photovoltaic losses

5. Simulation of solar cells performance
6. Monocrystalline solar cells: silicon, GaAs

7. Thin film solar cells: amorphous silicon, heterojunction cells (CIGS,
CdTe)

8. Other concepts: Graetzel cell, organic etc

9. 31 generation photovoltaics, new ideas

10. Modules: design, problems & solutions

11. Light management: concentration, light confinement

12. Photovoltaic systems: stand-alone, grid-connected, concentrator



Literature

J. Nelson ,,The physics of solar cells”

S.R.Wenham ,Applied photovoltaics”

R.H. Bube ,Photovoltaic materials”

A. Rockett ,The materials science of semiconductors”
P. Wurfel ,Physics of solar cells”

PV CDROM



History

*Becquerel 1834 electrolyte

Adams & Day 1877 Se

*Chapin, Fuller, Pearson 1954 Si 6%
*CdS pn junction 6% 1954
*Vanguard 1, 1958

The First Practical Solar Cell-1954

Bell System Solar Battery Converts Sun's Rays into Electricity!
fell Teleph Labriarn

Fea

ENIC 6/24/06
H. Atwater Calfech

Photovoltaic effect
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Efficiency (%)
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Best Research-Cell Efficiencies
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Multijunction Concentrators

¥ Three-junction (2-terminal, monolithic)
A Two-junction (2-terminal, monolithic)

Single-Junction GaAs
ASingle crystal

A Concentrator

WV Thin film crystal

Crystalline Si Cells

® Single crystal

O Multicrystalline

# Thick Si film

@ Silicon Heterostructures (HIT)

I1BM
(T. J. Watson
Research Center)

Sandia

: Westing-
National house

Lab

Thin-Film Technologies

® Cu(In,Ga)Se;

o CdTe

O Amorphous Si:H (stabilized)
+ Nano-, micro-, poly-Si

O Multijunction polycrystalline
Emerging PV

o Dye-sensitized cells

@ Organic cells (various types)
A QOrganic tandem cells

# Inorganic cells

< Quantum dot cells
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Electromagnetic radiation
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Solar spectrum in visible light

AM - air mass

AMO: just outside the atmosphere
1.3661 kW/m? (solar constant)
Per year: 1.188 kWh/cm?

AM1=after 1 atmosphere thickness
AMX=AM1/cosd

AM1.5 =1 KW/m2 ¢ =48.2°

(it corresponds to ~42° latitude on equinox)

wha
:i‘»'*ﬁf-i‘:
N AM 1.5
T /f&z."/——*
' AM 0
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How to measure Air Mass coefficient

o
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: shadow length, s Y
AMX=AM1/coso < >

AM = J1 + (E)Z
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Black-body radiation
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Planck’s distribution

2nthe?

E(A,T)= he
X[e™T —1]

Stephan-Boltzmann law

photons:
E = hv=hc/A
A=cC/v

TE(X,T)dk - oT* [W/m?]

h=6.6x1034 Js Planck’s constant
k=1.38x1023 J/K Boltzmann’s constant

14




Spectral Irradiance (W/m2/nm)

Solar Radiation Spectrum
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EARTH'S ENERGY BUDGET

Reflected by Reflected Reflected from
atmosphere by clouds earth's surface
6% 20% 4% 649 6%
- Radiated to [E=
Incomin spa
solar ﬁ?ﬁg}, from clouds and
1005 atm osphere —._
Absorbed by

atmosphere 16%

Absorbed by land
and aceans 51%
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Direct and Diffuse radiation

10% diffuse component at clear skies, AM1

Melbourne, Array Tilt 60°

Overcast
Winter
Day

Relative OQutput Current

Time (Hours)

Input 100%

Absorbed
Total 18%

Scattered
to Space

molecules

Water
vapour

Lower
dust
layer

0-3km

Scattered to
Earth 7%

Directto Earth
70%

Typical clear sky absorption and
scattering of incident sunlight



Solar Radiation Research Laboratory (BMS)
February 2008 Solar Calendar (NREL)

Solar irradiation monitoring
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Peak Sun Hours

Area Under Curve = Solar Insolation
F 3

d

T kW/m® 1 KW/m?
=
o
2 Equal areajunder
o the two clrves
o
§ T
=
ol
> Ti fS
ime of Da
Time of Day Peak Sun Hours Y

Peak sun hours = solar insolation if the sun were shining
at its maximum value for a certain number of hours

8 kWh/m?2 per day = 8 hours of sun at 1 kW/m?2 per day
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Average insolation intensity
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World insolation chart — energy (kWh/m?) during winter day

peak sun hour data= total daily insolation kWh/m2
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WORLD SOLAR ANNUAL RADIATION (kWh/m2
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Annual Sum of Global Irradiance 2004

670

2015
kWh/m?

2% s #7 Deutsches Zentrum
K DLR fiir Luft- und Raumfahrt eV.
universitdt[OLDENBURG

MINES PARIS in der Helmholtz-Gemeinschaft

23



