Solar Photovoltaics, AUA
Solar System




Photovoltaics - PV

* Photo Voltaic effect — phenomenon, when
light energy directly converts into electricity.

* First was detected in 1839 by French
physicist Alexandre-Edmond Becquerel.

* A quintessential source of energy — operation
Is absolutely clean environmentally, no
moving parts.

* However its production process is not
perfect, but overall PV performs
environmentally much better than any other
source. o )



GW

Trend: PV capacity growth EPIA
- European Photovoltaic Industry Association -

forecast 2014-2018
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Photovoltaics: Principles

* Introduction - Quantum mechanics

* Physical principles of Photovoltaic (PV)
Conversion
» Efficiency, degradation, price

* \arious realizations:
- flat panel
- concentrator
- tracking/non-tracking

 Materials: Si, Thin film

PV1



Popular Quantum Mechanics

* Interference of Particles.

* Bohr's model of atom.

* Energy states in a crystal.

* Metals, semiconductors, insulators.
* P-N-Junction

* PV modules

* PV system components.

PV1



Electromagnetic (EM) radiation

Light wave

A = wave length
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Dualism of EM radiation

EM radiation exhibits both wave
behavior and particle behavior

e Thomas
young’s and

Richard
Feynman's

two-slit
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Single-slit pattern

Double-slit pattern
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Bohr’'s model of atom.

n=3

n=2 -€
n=1 “/’\/.\/\/\/\-’

AE = hv

®Ze

PV1
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P Y\ - * Electron can
change its

T “orbital” by
receiving or

releasing a

= photon or

thermal energy.
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Absorption only happen if the photon energy match the
atom’s energy discrete values! Emission generates a
photon with strictly discrete value.

Absorption Emission
l’]]_lllﬁl’lLlj ﬁmnmqmjpnuj
Incoming photon is Higher-energy
absorbed by the atom photon is emitted
Excited
Nucleus _ o _ state _ ¢ Electron
energy

o [~ level ~ Q

’ N Lowest ’
Electron & N\ energy o s
S lewel S
Incoming photon is Lower-energy

photon is emitted
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Energy

Atom Energy Levels

 |solated atom’s energy

levels correspond to the
orbitals

The Pauli exclusion
principle is the quantum
mechanical principle that
states that two or more
iIdentical fermions
(particles with half-integer
spin - electrons in our
case) cannot occupy the
same quantum state within
a quantum system

simultaneously. y



Energy

A system of two atoms

e N=2
*Energy levels are

split into two
levels
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Energy

N — atom system

e N=4
*Energy levels are
split into 4 levels
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So

Solid body — crystalline lattice:

N >> primary energy levels
are split into zones or “bands”

\ free<clectron energy

Energy

y unfilled bands
At OK temperature all
states are free in the
s conduction band ~ CONduction band

band gap At OK temperature all

E states are occupied
valence band |
in the valence band

y filled bands

)

id body — crystalline lattice: formation of bands



When N >>, e.qg. in solid bodies,
10%3 atom per cm®.

CRYSTALLINE SOLID - 1023 ATOMS

INDIVIDUAL ATOM (only 24 atoms drawn here)
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TP = Triple Point

Normal melting points are in °C.

Pressure is listed if not 1 atm.
Allotrope is listed if more than one allotrope.

Periodic Table of the Elements

Atomic
Number

Melting Point

3 4 5 6 7 8 9 10
Jut IVB VB VIB VIIB VIl ——
3B 4B 5B 6B 7B 8
1 1541 99 1668 23 1910 24 1907 25 1246 26 1538 27 1495 28 1455
Scandium itani di Chromi Mang; Iron Cobalt i
44.956 4788 50,942 51.99 54938 55.933 58933 58693
7 39 1522 40 1855 41 2477 42 2623 43 2157 44 2334 45 1964 46 15548
Yttrium Zirconium Niobium Molybd Techneti Ruthenit hodi Palladi
88.906 91.224 92,906 95.95 98.907 10107 102.906 106.42
727 57.71 72 233 73 3017 74 342 75 3185 76 3033 246 7g 17682
Hafnium 1 g heni Osmium Tridium Platinum
17849 180.948 18385 186.207 19023 19222 195.08
104 Unknown jog  unknown  jgg  unknown 3q7  unknown g unknown 7gg  unknown 17q  unknown
Rutherfordium Dubnium Seaborgglum Bohrium Hassium Meitnerium  Darmstadtium
1261} 2621 1266] [264] [269] [268] 1269]
1016 6]

Lanthanide
Series

Actinide
Series

79

Au

Gold
196.967

unknown

111

Rg

Roentgenium
1272)

12
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41953

Zn

Zinc
65.39

30

32107

Cd

Cadmium
112411

-3883

Hg

Mercury
200.59

48

80

unknown

112

Cn

Copernicium
277
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Transition
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i
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Electronic Energy Bands

Conduction band
Forbidden zone

Valence band _‘._0._
o—0-

* |[n solids the
atomic energy
levels turn into
bands

™

The allowed bands

i\/’
The energy levels
of allowed values

Forbidden energy
values

The energy bands

Fig. ]

>

»

r - distance between atoms: gas vs. liquid. vs solid crystalline lattice
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Metal vs. Semiconductor, vs. Insulator

the band structure defines if a substance metal,
semiconductor or insulator (at OK temperature).

overlap

Fermi level Bandgap

Electron energy

metal semiconductor insulator 21



At non-zero temperatures,
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FERMI-DIRAC DISTRIBUTION FUNCTION

The function f(E), the Fermi-Dirac distribution function, gives the Rasutt [Gccupaton Funceon =l |
probability that an available energy state at E will be occupied by an e lE,'
electron at absolute temperature T. g
os E
o, I . F
fE)=—Z=%y £ g
l+e XT § :
i)
os i
k is Boltzmann's constant (k = 8.62 x 10> eV/K = 1.38 x 10-2 J/K). {
Tis the absolute temperature in Kelvin. s . o P t
F (untless ‘
E;is called the Fermi energy or the Fermi level. *
J’M&)om :

www.yaser-rahmati.ir
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Silicon crystal structure

PV1
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P-N-Junction

p-type n=type
Anode silicon silicon Cathode

* P-N-Junctions

have the ability B e

to form built in
electric field in
the space i

charge region.
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PV power generation

Iectton

£l e-n/-e-

Electrons shared
Pho phoru by 'ghbou ng




ELECTRONS AND HOLES

As the temperature of a semiconductor is raised from 0 K, some

electrons in the valence band receive enough thermal energy to be

excited across the band gap to the conduction band.

The result is a material with some electrons in an otherwise empty
conduction band and some unoccupied states in an otherwise filled

valence band.

For convenience, an empty state in the valence band is referred to
as a hole. If the conduction band electron and the hole are created
by the excitation of a valence band electron to the conduction
band, they are called an electron-hole pair (abbreviated EHP).

www.yaser-rahmati.ir
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Example. 1 : Assum that £=1.1 eV, £=0.7 eV, T=0 to 300 K. Compute f(E).

Solution. 1:

First let us compute the value of a. For this, substituting the given values in the equation a=(E-Ef)/KT, we get :

_E-E, (1.1-0.6)x(1.6x10™")

=19.3
kT 1.38 x 102 %300

a

Then:
1

l+ el9.3

f(E)= —4.05x107° ~0

The result of computation shows that there exists only a negligible amount of free electron states at 300 K, when E=1.1 eV,

E=0.7 eV.

www.yaser-rahmati.ir
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Now,

what will
happen if
a
semicon-d
uctor
structure’s
p-n-junctio
nis
bombar-d
ed with
photons?
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P-N-Junction

* The interface of the p-doped and n-doped
semiconductors is called P-N-Junction

 P-N-Junction in fact is a diode

* P-N-Junction has a built in electric field,
without spending any electric power

* P-N-Junction electric field separates the
photogenerated electron-hole pairs, and
creates external voltage and current.

PV1
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Example. 2 : Compute the number of holes in a heavily doped N-type semiconductor material with intrinsic
concentration n =1.5x10*% cm=.

Solution. 2:

Assume that heavy doping means n=1x10'® cm=. Then using the mass-action law, we get :

20
(1.5x10")* =10"p=p =% =225x10" em™®

www.yaser-rahmati.ir
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Summary of physical principles of
Photovoltaic (PV) Conversion

Energy, eV

()

A\
()
A\

E=hv>Eg

separation of
photogenerated
charge carriers

X
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PV power generation

solar PV cell is a
diode due to the
pP-n-junction.
This large area
diode is capable
to convert solar
electromagnetic
energy into
electric power

34



Light emission diode = LED

* LED performs the opposite function —
converts electric power into visible light.

« Conversion is performed due to
recombinative radiation j
+ | -
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Sensitivity Spectrum

* Why PV cells are sensitive to light
spectrum?

» What will happen if a photon, with energy
of hv < Eg will hit the semiconductor?

« Semiconductor will be transparent to this

Spectral parts Spectral parts
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Sensitivity Spectrum — via
wavelength or equivalent via
photon energy
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Summary of physical principles of
Photovoltaic (PV) Conversion

. Y g Barrier
$ o —-— ’,@( s 5 n-type | layer p-type
F % b
ree A, t
. (ﬁleclron f; \%ﬁ Conduction band
=~ L~ -9 ®® Electrons
5 2 Y. : o
. . A{%@} L]
. eoe
Sttty % %, ‘ Energy gap
g , atom ) atoms T Cu I\ . L ———————— &
(i) '@ @ @ I [T le
i e e ) e e ) e o . oles | Barrier
. s@f "a.J ! N | height
L J o ° O
Valence band
| Front Back Oistance=
. o . (positive) from front
Existance cF Built in electric i Sfaa-
electrones field in the

and holes serg\iﬁonductor 38



load
solar PV cell is a

diode due to the
l p-n-junction
e
silicon
‘"h/ junction
\ p-type
silicon
Summary of
physical
principles of
AL Photovoltaic (PV)
“hole” flow Conversion
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Factors Influencing Efficiency

Semiconductor related
1. Percentage of spectral overlapping

2. Quantum efficiency, Absorption depth vs.
p-n-junction depth and thickness

3. Recombination of electrons and holes in
the bulk of Si:
diffusion length L or lifetime .

4. The reverse current in the p-n-junction,
because of recombination

PV1 40
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Spectrum vs. Energy

A
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Absorption depth vs.
p-n-junction depth and thickness

— -0X
| (x)=1,6e"

1\’()
\
T ' /~— Small «
I‘.’
~
\ss
“ -
- ~
. X —
M
— (I
v >
i
7 e ®

PV1

Absorption coefficient (cm ")

Photon energy (eV)

2 1.5 1 0.7

10° ; T I I | T
10° |- A
' Gag 3Ing 7A8( 64P ) 36
] / InGaAs
104 |—
10°
107 Amorphous |
43 1
Si 1
1
1
! b
10 | l §) 1 | |
0.2 0.6 1 1.4

Wavelength ()



Recombination of electrons and
holes

PV1 44



The reverse current in the p-n-junction —
defects inside SCR that enhance
recombination, i.e. loss of electron-hole
pairs.

hv

45



Shockley-Quei
sser Limit

W
2.

 —
<

o 1

The Shockley-Queisser limit for the
efficiency of a single-junction solar
cell under unconcentrated sunlight.
This calculated curve uses actual
solar spectrum data, and therefore
the curve is wiggly from IR
absorption bands in the
atmosphere. This efficiency limit of
~34% can be exceeded by
multi-junction solar cells.

Max Efficiency (%)
N
o

-

1

T T T T 1

2 3

Bandgap (eV)

PV1
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Factors Influencing Efficiency

Factors outside the semiconductor
1. Surface reflectance

2. Shading by collecting electrode, effective
surface. Optical Fill Factor (OFF).

3. Unbalanced load — non-maximal power
point. Electrical Fill Factor (EFF).

PV1 47



Surface reflectance

* By the semiconductor surface
* By the weather encapsulation
* By the low-iron, tempered glass

* Anty-reflective coatings decrease
the reflectance but are expensive.

PV1 48



Optical Fill Factor (OFF)

* The area that is open for the radiation
» Shading by collecting electrode
 Effective surface of the module
 Distance between modules

e Distance between rows in the solar
field

* The solar system total area

PV1 49



Electrical FiII Factor (EFF) is the
aI/( SC, oc)

I -s ort circuit current,
VO = open circuit voltage

This is a so called
|-\V-curve for the 1 4

e[ solar PV cell diode i b------—————==4

N ______\. p-n-junction Paas

i
|
|
|
> V
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Max Power Point
P =1_V__never happensin

max SC OC

realsquaﬁons
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Organic PV cell test, AUA

5! Solar Cell.vi

Solar Cell Characterization l Solar Power and Temperature

Settings V-1 Characterization of photovoltaic cell Plot 0 Piot1 [N Ptz  EEN Plots RN Plot ¢ I 0
rogress
0.09 - ‘ r—
Power Supply Name i i i |
: ’ 0.085 -
L Pxiislot? | |
i .
0.08 -~ e ' |
| |
Channel Name 1 0.075 — aaa ]
X EH
Yoltage Level {lower) 0.07 - =
1.0000m 0.065 - j |
| |
Number of Mes Units 0.06-x = |
200 0,055 [ |
= [ |
Current Level {lower) g 0.05 =
1.0000m = 0.045 -
5 [ |
Current Level {upper) S 0.04- .
300.00m 0.035 - =
Mes Duration (ms) 0.03 - gl 1 |
10 |
0.025 =
0.02- e =
EE
Duration Interval of 0.015-g¢ =
Measurements (sec) I |
‘ 0.01- | |
L' puppn |~ |
7§ 2000 0.005- Ea
- 0-y 1 1 1 1 1 1 1 |
Run Immediately 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Yoltage (Volts) STOP
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Types of Solar Converters

1. Crystalline Silicon: Single-crystal (c-Si) — eff 22%
2. Crystalline Silicon: Multi-crystalline

(mc-Si) or Poly-crystalline Si (poly-Si) — eff 17%
3. Amorphous Silicon (Si-A) — eff 9%, degradation.

All Si technologies make 86% of the market.

Thin Film:

« CdTe is easier to deposit and more suitable for
large-scale production. Eff = ususally 6%-10%, up to
15.8% in experiments.

 Copper Indium Gallium Selenide (CIGS) are
multi-layered thin-film heterojunction composites.
19.5% Potentially up to around 30%, could be put on
polyamide base.

«  Multijunction stacks - Gallium arsenide (GaAs),
eff = 47%!!

- space applications. Albeit extremely expensive,
- thus uses in the concentrated PV
PV1
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PV cell materials in the market

» Market share percentage of PV cell
technologies installed in Malaysia until the
end of December 2010

* Production by country, 2012

PV Module Production by Region, 2012 (MW)

ma-S
B Monocrystalline

B Polycrystalline
B CdTe

mCiS

® Tandem

BHIT

Europe, 3,743, 11%
o 3%\
Rest of Asia, 5,858 ,
16%




PV cell materials in the market

» Market share percentage of PV cell
technologies installed in Malaysia until the
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Efficiency

* [n 1884 the first Selenium Solar cell had
1% efficiency.

* The theoretical maximum is 64% for
stacked PV structures!

* The real, economically productive values
are 16% - 24%.

PV
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Stacked multi jJunction solar cells

n+ n p [n P p+ p++

AllnP | InGaP | InGaP InGaAs{inGaAs| InGaP |AlGalnP

Ed e e
Ef A a

(a) (b)

InGaP top

Tunnel junction L45

GaAs middle

Tunnel junction

- z[|v =||=®

200 400 600 500 1000 1200 1400 1600 1800 2000

Wavelength (nm)
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Front contact/ Contact layer
Anti-reflective coating

n*-AlinP window layer
n-GalnP emitter

p-GalnP base

p*-Galn barrier layer
p*-AlGalnP barrier layer
p**-AlGaAs

n**-GalnAs

n*-AlGalnP/AllnAs barrier layer
n-GalnAs emitter

p-GalnAs base
p*-GalnAs barrier layer
p**-AlGaAs

n**-GalnAs

n-dot. buffer and barrier layer

Active Ge substrate, p-doped

Production efficiency (AM 1.5) (e substate 110 im

Si: 19 % (1x) GaAs triple-junction solar cell:
35 % (1x), 43 % (500 x) Rear-side contact




Components of the PV System

* Photovoltaic (PV) panels
» Battery Bank
* Charge controllers

* Invertors
e |Load

PV

60



.

Bottom-up Modeled System Price of PV
Systems by Sector, Q4’09 - Q4°13

$6.91

$6.06
$4.28
$3.74
$3.29
Q4 Q4 Q4 Q4 Q4
2009 | 2010 | 2011 | 2012 | 2013
Residential

$5.11

$4.74

$3.26
$2.65

:

Q4
2009

Q4
2012

2010 | 2011

Commercial

PV

2013

oeos |
@ inverter |
$4.36 .2
$3.74
$2.54
$194
Q4 Q4 |- Q4 | Q4
2010 | 2011 | 2012 2013

Utility ground mount (Fixed axis)
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PV System calculation approach

for net metering case

Find out from your monthly bills your total annual kWh-s of
consumption - E_.

Find out your local monitoring data — amount of global horizontal
(GH) kWh-s (E ). At tilted angle (30° for Yerevan) you can have
more than 20% a advantage, reaching 1800 kWh/m? annually.
However due to shading or other losses — you will need to make
an assessment — you can take for E_ e.g. 1500 kWh/m? for
calculation.

Remember that since @ 100% efficiency your modules 1 m?
corresponds to 1 kW of rated power, the E_/E_ = P your needed
system power capacity. E.g. @ E_= 3000; E e g.= 1500 kWh/m?
annually, P = 2 kW. Here 1500 kWh/m IS replaced by 1500
KWh/KW.

Homework: calculated the price of your system, look at previous

slide.
PV
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Types of Solar Converters

* Photoelectrochemical cells —
now up to eff of 10% In
experiments.

* Polymer solar cells = 4-5%

*nanocrystal Si (nc-Si) solar
cells, quantum dot technology

PV 63



Concentration PV

* Photovoltaic concentrators have the added
benefit of an increase in efficiency due to the
nature of solar cells. Commercial solar cells
operate with an efficiency of around 15% in
standard sunlight, however when the sunlight is
concentrated the efficiency can go above 21%.

» Concentrators reduce the cost. Solar cell are
fairly expensive, however mirror and optics are
much cheaper. So a small solar cell
concentrated can produce more energy with
mirrors or optics than the equivalent area with a
larger solar array.

PV 64



Multi-junction Solar cells

 under illumination of at least 400 suns, MJ
solar panels become practical

PV1 65
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BIPV

« Similarly, if it is possible to use part of the windows or
glazing of the construction to integrate PV cells inside,
one can avoid paying for the PV modules’ glazing the
second time, as well as economize on the support
structure.

* At the same time the Integrated PV is an innovative,
aesthetically interesting element that can be a part of the
architectural idea - recently popular PV module
placement location is the south facing portions of the
building envelop, perfectly helping to address both
economizing dimensions of the integrated PV.

PV 68



Efficiency

* [n 1884 the first Selenium Solar cell had
1% efficiency.

* The theoretical maximum is 64% for
stacked PV structures!

* The real, economically productive values
are 16% - 24%.

PV1
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Best Research-Cell Efficiencies

» ,;}N?:I_ National Renewable Energy Laboratory National Center for Photovoltaics “

- . Spectrolab
36 Multijunction Concentrators Y
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Best Research-Cell Efficiencies
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| VThin fim Emerging PV 179x conc.) ——
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Best Research-Cell Efficiencies i:NREL

NATIONAL RENEWABLE ENERGY LABORATORY

Multijunction Concentrators Thin-Film Technologies Spectrolab Fraunhofer ISE  Boging. JSolar
| v Three-junction (2-terminal, monolithic) @ Cu(In,Ga)Se; (metamorphic, 299%) | (metamorphic, 454x) Spectro‘-fa (Iamognrf]g?ghed

A Two-junction (2-terminal, monolithic) o CdTe (Iaﬂicg Srgatched, Spire 418x)

Single-Junction GaAs © Amorphous Si:H (stabilized) X Semiconductor /
- : - micro- -Sj Boeing-Spectrolab  Boeing-Spectrolab (metamorphic,

ASingle crystal * Nan? ek poly-Si ; (metarg\orphic,ﬂgx) (metar?]orphic, 240x) \406x) L 43.5%

A Concantiton O Multijunction polycrystalline \\

NREL
' Emerging PV i -

| VThinfilm crystal ging Fv (inverted, metamorphic) NREL (inverted,

Crystalline Si Cells Q Dye-sgnsuhzed a3 NREL— > : metamorphic,

® Single crystal @ Organic cells (various types) Boeing- SB:(;::?a-b 325.7%) Sharp
— O Multicrystalline A Organic tandem cells Spedik NREL?inverted (I@M' s

® Thick Si film # Inorganic cells hiisg) SPodl metamorphicﬂ-sg'g_ LR
| @ Silicon Heterostructures (HIT) < Quantum dot cells Japan  Spectrolab - e S e F?1?7IXS)E

NREL  Energy —v" IES-
_ Varian Spectrolab Ra&?iSUd (1026x) / Alta
Varian  (216x) SunPower (4.0 cm2, 1-sun) S eGaISE AA Devices
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Stanford g = - —— R s Qe mm——————————=m (92x)
140x KODIN A 0 o o o o o o o o o o i o oo o O e O (O
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Best Research-Cell Efficiencies iiNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies Spectrolab Fraunhofer ISE  Bosing-
| v Three-junction (concentrator) ® Cu(In,Ga)Se; (metamorphic, 299x) | (metamorphic, 454x) Spectro%ab Solar
W Three-junction (non-concentrator) o CdTe (1amcg Bnlatched, Spire Junction
A Two-junction (concentrator) © Amorphous Si:H (stabilized) X Semiconductor ('am&";i;med’
— : : Nano-, micro- -Si Boeing-Spectrolab  Boeing-Spectrolab (metamorphic, %
SAmSgIe-lJunctltoln oy ; Miltci}dncti%r? ;’)(?I?IL:yrySsltalline {neknogi:17eg (melamorphwx) 40 N s
Ingle crysta ; NREL Solar
| AConcentrator Emerging PV (inverted, metamorphic) . Junction
¥ Thin-fim crystal o Dye-sensitized cells NREL g e (g e
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B lnéingle crystal :l()rganig tanci!em cells peNREL(inyened, 7 Sharp (IMM, 1-sun) v
O Multicrystalline (IS S NRE me‘amo.rph'f: ’-1-'§u-r1)---v'|':he-|se 1-sun
| Thick Si film < Quantum dot cells Japan  Spectrolab Shotil e gpremees i (1-sun) -
@ Silicon Heterostructures (HIT) NREL  Energy \ ES-UPM (177, Alta
W Thin-film crystal o Vaan Specioib GRS (0280 T DRl
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Best Research-Cell Efficiencies @

NATIONAL RENEWABLE ENERGY LABORATORY

Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies
LM = lattice matched © CIGS (concentrator)
— MM = metamorphic ® CIGS
IMM = inverted, metamorphic O CdTe
V' Three-junction (concentrator) O Amorphous Si:H (stabilized)
| V¥ Three-junction (non-concentrator) @ Nano-, micro-, poly-Si 4.4%\'4
A Two-unction (concentrator) O Multijunction polycrystalline 43.6%]c}
A Two-junction (non-concentrator) Emerging PV
Bl Four-junction or more (concentrator) O Dye-sensitized cells
— |E Four-junction or more (non-concentrator) © Perovskite cells
Single-Junction GaAs : Organilc cells (various types)
A Sirigle cryesl Organlc_ tandem cells
— @ Inorganic cells (CZTSSe)
< Quantum dot cells

WV Thinilm crystal

Crystalline Si Cells
B Single crystal (concentrator)
B Single crystal (non-concentrator)
O Multicrystalline
| @ Thick Sifilm
® Silicon heterostructures (HIT)
WV Thin-film crystal

~ UNSW
UNSW

UNSW
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NREL
(CdTe/CIS)

~/ NREL
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— R0eing ndlak ‘(‘7""7‘, >\?]\(‘C‘J
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U. Linz
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Best Research-Cell Efficiencies isNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Multijunction Cells (2-terminal, monolithic) ~ Thin-Film Technologies
LM = lattice matched © CIGS (concentrator) Boging: Sharp
— MM = metamorphic ® CiGS Secold Solar  (IMM, 302x)
IMM = inverted, metamorphic O CdTe (&1 364%) Slirs Junction itec
V' Three-junction (concentrator) 2 ﬁmorphoys SiH ﬁstzaspilized) Spectrolab | Fraunhofer ISE Sem\cgnductor (LM, 8420) /" (4, 297x) 44.7%|0]
|~ ¥ Three-junction (non-concentrator) ano-, Micro-, poly-ol (MM, 299x) | (MM, 454x) (MM, 406x) 44.4%\°4
A Two-junction (concentrator) E : : ; )
merging PV -Spe - ; NREL
A Two-junction (non-concentrator) o D)?e-sgnsitize — Boez?ﬁhA§$;§;30|ab Boil&gMS;%iBI;?Iab ﬁog% (@327
= g Eourjunc:@on Gl-more Econcentratotr) for) O Perovskite cells (not stabilized) NREL (IMM) NREL Solar( h ) Boeing-
our-junction or more (non-concentrator : : :
Singl J] tion GaA 2 8322'&2 s NREL - Bodng. M- 3257 uncien, - ZE“""I';‘;f“’) g
ingle-Junction GaAs N al 37.9%
A gSin o ol @ Inorganic cells (CZTSSe) Boeing- Spectrolab Rty V"MM W) :
ol Cor?centrn;tor <> Quantum dot cells Spectrolab/” 2 ap )
V' Thin-film crystal Spectrolab Spegc?rg%;;b NREL (IMM) Sharp (IMMm) NREL
- NREL/ e Soh e+~ ¥ FhG-ISE (467x)
Crystalline Si Cells Japan Spectrolab .
- 3 | Y
B Single crystal (concentrator) NREL Energy e IES-UPM FF&;E - Alta NFEL
B Single crystal (non-concentrator) Varian NREL Spectrolab (1026x) Devices
O Multicrystalline Varian (216x) — RadboudV. oo oe AA 5y Ala
| @ Thick Sifilm (205x) AA U”g 6?(')“"3f Amonix (232%) Devices panasonic
@ Silicon heterostructures (HIT) - EREL_ s _( Qr=—————————————=e == (9%) _Alta Panasonic / SunPower
V' Thin-film crystal Stanford K= === e e e ——————————————— ISE Devices (large-area)
(140x) KDNA L e emmmm e mm m == = =i ™ Radboud U
Varian UNSW UNSW NREL (14.7x)
B IBM _...._..__..-—--""' UNSWUNSW ; REN15.4 e O Solexel
(TJ. Watson A= ====""" 4 UNSW/  NREL Sanyo oo NN L =P R ZS%VS B Solr
Research Center) B UNSW fspen Georgia  Eurosolare  (14x) zsw ZSW (Flex poly) Solibro
— Georgia gorgia  Tech - KRICT
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- 3 Sharp First SO , Researc
No. Caroli oridat Y Ushi NRELY7\ * . KRICT
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Solar NREL EUO-CIS e Solar  S™2®8) jrited Solar (aSilncSiincS).  Chem. Sharp Electronics
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Matsushita i ¢ Kaneka " Heliatek Chem.
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Best Research-Cell Efficiencies i:NREL

NATIONAL RENEWABLE ENERGY LABORATORY

Sharp
Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies (IMM, 302x)
LM = lattice matched © CIGS (concentrator) 5 Soitec
= MM = metamorphic ® CIGS S fg‘%%b Solar (4-J, 297%)
IMM = inverted, metamorphic O CdTe (LF?J 3354)() Spire frivis If:srgyrér;?‘fg 6.0% |0
e 5 o 1. 94 a 46.
v Three-!uncl!on (concentrator) O Amorphous Si:H (stabilized) Spectrolab | Fraunhofer ISE Semiconductor (M, 5ty e NREL oo
L X $hre¢-jur1tpt|on (non-c:)ntcentralor) Emerging PV (MM, 299x) | (MM, 454x) (MM, 406x) v 44.4%)°4
Y Two-!uncl!on (concentra 0? " O Dye-sensitized cells Boeing-Spectrolab  Boeing-Spectrolab Soitec NREL
Wwo-juncion (non-concentrator) © Perovskite cells (not stabilized) (MM, 179%) (MM, 240x) @ 3o (327
Bl Four-junction or more (concentrator) @ Organic cells (various types) . 7 2 Boein
— O Fouruncti : . NREL (IMM NREL Solar g-
‘our-junction or more (non-concentrator) A Organic tandem cells HREL (IMM) (MM, 325.7%) _Junction o Spectrolab (5-J) e
N + ’ A o o
Single-Junction GaAs @ Inorganic cells (CZTSSe) Boeing- (LM, 418x) W Sharp (IMM) 37.9%h 4
A Siigh <> Quantum dot cells Boeing- g Spectrolab Sharp (IMM) .+
[~ A Concentrator fedmd Boeing- ' v’ Sharp (IMM)
V' Thin-film crystal NREL Sps Spectrolab NREL (IMM) V;;\G ISE 'ig?"
e an ssssnsssns q x
Crystalline Si Cells - Spectrolab __f ¢ - Spvwz(i‘?? auanss 4 /( )
[ B Single crystal (concentrator) Vs NREL  Energy PO wpene IES-UPM (1026%) FhG-ISE (117x) NREL
W Single crystal (non-concentrator) 216 NREL e o o o o
o i i X Alta Devices ~Alta Devices
Multicrystalline Varian \ e g Sl = ISE AA 29.1%
| ® Silicon heterostructures (HIT) (205x) AA\’a”a“_ " n— Amonix (2324) Panasonic LG Electronics Sg1¥:T78
V' Thin-fi | A TREL SUNPOWET (96X) _ | | o o o om = o o (924) ; S A
in-film crystal Stanford B= [ ———— T S SunPower 27.5% JaN
i s gl e ==~ " Pan asonc Lo
(1) \ip A Yl mmmm mm i = == = == = = = Radboud U, FRGISE Alta Devices oo - (large-area)
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(T.J. Watson D--= . & Stanford UNSW/ NREL Sanyo First Solar
Research Center) UNSW Georgia  Eurosolare  (14x) Trina Solar A
— ARCO Georgia Georgia  Tech 'SP = Slggbéo
Westing- Tech Tech NREL  NREL = Mo lexel IcT
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Sandia » . irst Sola Resee?rcﬂ
— \ =Y 2,
No. Carolina Florida® Y Matsushita NRELV U Stuttaart Mitsubishi Re h KRICT
Mobil State U. Solarex NREL uttgar Chem esearc!
éolar t Solarex Boeing NREL EUro-CIS jiteq Solar United Solar (aUS”lnnecdS?r?‘czgr)%oA!ST 13.6%
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How to compare
solar cells?
Efficiency
[ ongevity — time to
degradation
*Peak walt price



Notion of the peak power price (PPP)

* Price of a cell, module or a system, per
conditions when the solar illumination in
normal incidence is equal to standard
reference radiation, 1000W/m?, in $/Wpeak.

* Note that this is more important than the
solely the efficiency.

» Correct way of comparing the prices of
various solar options — for any technology.

* |s there a peak watt notion for wind?

PV1 78



How to compare PV cells,
modules?

*Peak power price - $/Wp.
*ifetime — years before
substantial degradation, e.qg.

15%
Efficiency, %






PV module cost per peak watt —
logarithmic
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Plummeting Cost of Solar PV
(Projected beyond 2009. All data in 2009 dollars.)

Source Data to 2009: DOE NREL Solar Technologies Market Report, Jan 2010; Projections by Naam 2011
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Crystalline PV Module and Polysilicon Prices
Crystalline PV Module Prices (S/W) - Contract, Spot and Blended Average Polysilicon Prices (S/kg)
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Price trends for poly-Si
me-Si wafers, cells and
¢-Si modules (Assumption:
43 4Wafer/kg poly-Si

with ~23,8 g/Water and
average me-Si cell power
0f 4,13 Wp)(6].
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2004 world status of PV industry.

3000
2500 -
2000 -
1500 -
1000 -

Capacity installed (MW)

S
o o
1

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004

= USA = Japan = Europe ~ ROW = Total

FIGURE 1. World PV production. Source: PV News, Volume 24, April 2005
PV1
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TABLE 3. 2004 world cell production by cell technoiogy (MW)

Technology us Japan Europe ROW Total Share
{%)
Single-crystal flat-plate 85 111 115.8 29.6 341.4 29
Polycrystalline 14.2" 393.5. <158 104 669.2 56
Single and 99.2; 504.5 2738 133" 10106 83

polycrystalline total

Amorphous silicon: outside 14 10 8.6 7 G

Amorphous silicon: inside - 1.9 — - 75 -
Amorphous silicon total 14 75" 86 Z 47.1 3.9
Crystal Si concentrators 0.5 - - - 0.5 -
Ribbon (silicon) 16 — 25 — 41 3.4

Cadmium telluride; indoor -— = = = = m

Cadmium telluride: outdoor 6 - 7 - 13 1.1
Copper indium diselenide 3 — — - 3 0.3
Microcrystal Si/single Si - 20 - - 20 1.7

Si on low-cost substrate - - - - - -

A-Si on Cz slice (HIT) - B0, - = 60 i A

Total 139 602 314.4 140 1195.2 100



Annual Production [GWp/vr]
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Solar Cell Production
2001 —2010

(data source: PV News 2009 4, 20105, 2011 5)
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Types of Solar Converters

* Photoelectrochemical cells —
now up to eff of 10% In
experiments.

* Polymer solar cells = 4-5%

*nanocrystal Si (nc-Si) solar
cells, quantum dot technology

PV1 90



PV manufacturing from Ore to Cells.

 Silicon resource, abundant, but...

» ... stringent requirements to the ore
* Metallurgic silicon

» Silane gas

 Poly-Silicon

» Czochralsky (CZ) method

* Other methods

 New alternate methods

PV1 91



Realizations

Fixed tilted flat panel

*Concentration PV
(Tracking systems)

‘Integrated PV



PV systems
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Photovoltaic wall at MNACTEC

Terrassa in Spain




PV standalone solar system

e,
* Solar PV field By soaebvicssion
« Support Structure ~ o
 Batteries (voltage?) 4 \L .d-,.:'*:;f;--
and charge Ny ...
controllers. gy Centroller
 Inverter

 Load — DC and AC.

DC Loads
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PV grid con

Solar PV field
Support Structure
Grid Inverter
Load — AC.

One may have very
small, “backup” DC
Load and related
battery with charge
controller.

nected solar system

Webisite monsor

Bresker panel

Meter

Cormection 10 electric utility company
Excess electricty exported
Any additional electricty purchased
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PV grid connected solar system

Solar PV Panels or Array Sl -

P ~
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AUA SPVS general information

« Each panel has approximately 0.7
square meters surface and 70 watts of
peak power

* The 72 solar photovoltaic panels are
iInstalled on a special earthquake
resistant structure

 Total battery bank storage is 1150
amper hours at 48 volts. Equiv. of 57.5
kWh

* Qutput is 3-phase 400 volt through
3x230V, 10 kVA
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PV Arrays
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PV Arrays
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Current Rooftop Setup




AUA Solar Rooftop Strategy
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» Should fit to the irregular shape of AUA
rooftop

* Be earthquake resistant
* Be light enough to 4
be possibleto 4/
mount on

the
rooftop

Support g Structure
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AUA SPVS general information

Project Participants:
 SEUA Heliotechnics Lab team

* Viasphere Technopark Transistor Plus
team

* AUA team with Dr. Melkumyan’s group
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Components of the PV System

* Photovoltaic (PV) panels
» Battery Bank
* Charge controllers

* Invertors
e |Load
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PV Cells

» Manufactured by Krasnoye Znamye,
Russia

* 125 x 125 mm rounded square

« Capacity of each cell — 2.2 Watt

* Price of each cell — $4.62

* Price per peak Watt — $2.1

 Number of cells — 2800

» Efficiency — 15% (actually almost 16%)
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PV Cells
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PV Panels manufactured in

Armenia
* PV panels are manufactured by
Heliotechnics Laboratory of the SEUA
» Used is a Windbaron Laminator

» Glass bought in the USA — by a price of
small lot

 EVA and Tedlar bough by a discount
 Frame manufactured in Armenia
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PV Panels manufactured in
Armenia




Battery Bank

* The voltage used is DC 48 Volts

* We use eight Rolls Solar Deep Cycle
batteries, connected in series

* Each - 6 volt, of 1150 amper-hour capacity

 Total battery bank storage is 1150 amper
hours at 48 volts. Equiv. of 57.5 kWh
storage
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Charge Controllers

* The PV array is devided into 3 sub-arrays:
- Right
- Center
- Left

» Charge controllers use three steps of
connection: 1, 2, or 3 subarrays

» Charge controllers are Xantrax, 40 amps,
120 amps total
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Inverters — made in Armenia

» Designed and Manufactured by
Transistor Plus of the Viasphere
Technopark who has a long history of
power supply/inverter design and
manufacture

* Output is 3-phase 400 volt through
3 x230V, 10 kVA, - 3 sine-wave
Inverters

PV1
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Inverter Performance
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Load

* Currently the load is the DESODEC
(Solar HVAC) equipment

« With two controllable powerful duct
fans, drives, pumps, valves, controlls,
sensors, efc.

* A circuitry automatically switches the
load to the electric grid when the battery
bank is exhausted
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Performance and benefits of the

system
* Efficiencies of the different components:
- PV panels: >12%
- cables: 90%

- batteries 60% - 90%
- Inverters 90%

* Dependency on weather
* Dependency on load
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PV System calculation approach

* See the handout “PV System calculation
approach”
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Homework

List the main components of the solar PV
system. Which components can be omitted In
urban areas?

Imagine your PV system costs $2400 per
installed kW. Calculate the cost of 1 kWh in
Yerevan if the system lifecycle is 50 years.
Remember AUA solar monitoring data.

In which cases a solar PV system is feasible or
more economical in contrast to electric power
supplied from the grid? Explain.
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