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Conversion pathways

* Solar energy conversion
— Solar to electric:

photovoltaic

— Solar to electric:
solar thermal plus power cycle

=PrL

Source: Solarcellideas
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Renewable Energy

e Qutline:
— Fundamentals
* History
* Solar irradiation characteristics
e Semiconductors
— Working principle
— Efficiency
— PV technologies
— Sustainability
— Market
— Aecsthetics
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Learning outcomes of todays lecture

* Solar to electricity via PV:
— Working principle of photovoltaic cell
— Efficiency calculation for ideal cell
* What influences efficiency (operating conditions)
* Materials and their influence on efficiency
— Overview of various PV technologies

 Current efficiencies and potential

* Differences, advantages and disadvantages
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History

* 1839: E. Becquerel discovers photovoltaic effect
(at age of 19), AgCl was placed in an acidic
solution while connected to Pt-electrodes,
generating voltage and current, which

increased with illumination

o 1883: Charles Fritts, an American inventor, described the first solar cells
made from selenium wafers. Based on W. Smith and W. Adams

Investigations

* 1904: Photovoltaic effect 1s theoretically described by A. Einstein

=PrL
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History

* 1954: Bell Laboratories, D.M. Chapin, C.S. Fuller, and G.L. Pearson,
published the results of their discovery of 4.5% efficient Si
solar cells, raised to 6% only a few months later

* Early 1950 and later: market driven by space applications

* 1963: Sharp Corporations developed first useable Si cell-based modules

* 1970 and later: First use of PV technology on earth

See more:

http://www.pvresources.com/Introduction/Historical Overview.aspx

http://www.nrel.gov/education/pdfs/educational resources/high school/solar cell history.pdf
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Solar irradiation characteristics

e Solar irradiation:
— Power density [W/m?] is
location, date, and time

dependent:

Source: NASA

L

Energy distribution for blackbody at 6000 K
Solar irradiance outside atmosphere

— Spectral-dependence given by 25 x 10°

black-body radiation at 5800 K, 20} i W/ sorradanc s psinanormaty
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(sun) and absorption in iy sk /!
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atmosphere: e Ll

— Energy of photon: E = %

photon
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Solar irradiation characteristics

Py Solar radiation: 25 x 10° [ Energy distribution for blackbody at 5000 K
Solar irradiance outside atmosphere
— Black body emissive power: 5. "/ e ot
3
2 g~ 15
2hc 3 &
E, (A,T)= -
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Hemispherical spectral emissive power eyp(A T)
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Solar irradiation characteristics

e Definitions: i
— Air mass (AM): %% %
AM is the path length which light | }
travels through the atmosphere 4
normalized to the shortest possible path
length (sun 1s directly overhead).
AM quantifies the reduction in the
power of light as it passes through the
atmosphere and 1s absorbed by air and dust:  AM =

1 Y

cosd X

— AMO: solar spectrum outside of the atmosphere with 1367 W/m?
— AMXx defines both the spectrum and the power density

— AM1.5D = only direct radiation, normalized at 900 W/m?

— AM1.5G = including diffuse radiation, normalized at 1000 W/m?
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Working principle

The operating principle of a solar cell relies on the direct conversion:

1) of incident energy of photons (solar spectrum) on a semiconductor

2) in electricity, by creation of charge carrier pairs (electrons, n-, and holes, p™)

in the semiconductor

3) separation of these thanks to an internal electrical field (p-n junction)
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Semiconductors

 Semiconductor:

— Materials which have electrical conductivity

between a conductor and an insulator

— Properties dependent on state

* Three important types:

Metals

Conduction Band

Valence Band

Semiconductors

Conduction Band

Eg
Valence Band
Insulators
Conduction Band
Eg

Valence Band

— Elemental: elements mainly of group IV, e.g. S1, or Ge

— Compounds: Elemental combinations of

* Groups III-V, e.g. GaAs
* Groups II-VI, e.g. CdTe
— Alloys: S1,Ge , or AL,Ga;  As

IB [IB
mCu BOZn G

63,54 65.37

I-D?E% 11240
Au H

196967 200

a Ge As Se

69,72 7258 74.922 78,96 79.909

14 15 16
32 33 34 35
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Sn Sb Te

IIA IVA VA VIA VIIA
B C N O

10,811 1201 14.007 15.999 18.998

F
Al si P s ¢l

26,982 28.086 30.974 32.064 35.453

Br

1 14_32 118.69 121.75 12760 126904

9 Tl Pb 'Bi Po At Rn

20719 208.980 (210) {2100
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Semiconductors

 Semiconductor:

— Excited electrons can move in conduction band, leave behind a
hole; electron and hole pairs contribute to conduction

— Intrinsic charge carrier: f(temperature,band gap)
¢.g. for S1 (Misiakos):
8 ( ) n, =5.29-10" (T /300)**" exp(—6726/T)
— Additionally, doping can be used to increase charge carriers:
* n-doped: material with more
valence electrons than base material
(electrons are majority carrier)

* p-doped: materials with less

valence electrons than base material

(holes are majority carrier)
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Semiconductors

10

e Semiconductor under irradiation: | ' ' =

N

— Electron-hole pairs are generated

by solar irradiation, if the energy

i1s larger than the band gap energy g«
they are absorbed :

100 1 1 1 1
200 400 600 800 1000 1200 1400
wavelength (nm)

— Absorption depth 1s inversely proportional to absorption

coefficient, according to Beer’s law:
=1/

[ =1,exp(—al) I = I,exp(-1)—>0.36-1/,

— Generation rate (electron-hole-pairs): ‘ % = aN, exp(—al)

Photonflux [#/m2/s] = l/E/
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Semiconductors

Semiconductor under irradiation:

— Once an electron hole-pair 1s generated, they can recombine:

 Radiative recombination

—_

* Shockley-Read-Hall recomb.

* Auger recombination

_ 11 1 1

J—

Diffusion coef.
R D~

2
T rv, T, T, An l\

Recombination rate

W

Diffusion length

— Free charge carriers randomly moving, but no net movement

— Net movement only if «drivery:

* Diffuse in the material according to the concentration gradient

dn dp
Jen=9D,— J., =qD,—

dx P dx

* Drift in the material according to an electric field

Jonw=qnu, b J, = qpu E,

e Continuity equation: dn _14dJ,
dt q dx
* Plus Poisson eq. for electric field

dp 14dJ,

dt q dx
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Working principle

* A ssolar cell 1s an electronic device which directly converts sunlight
into electricity.

Light shining on the solar cell produces both a current and a voltage
to generate electric power.

antireflection coating

—Q front contact
emitter
sunlight

external
load “7" pase
Q9

electron-hole
pair

rear contact

* This process requires

— a material in which the absorption of light raises an electron to a
higher energy state

— the movement of this higher energy electron from the solar cell
into an external circuit. The electron then dissipates its energy in
the external circuit and returns to the solar cell.
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Working principle

* To efficiently separate the generated electron-hole pairs before they
recombine, often electric field required

* pn-junction a possible approach to generate electric field:

n-Side p-Side
Neutral charge, but © Electron
extra (nonbonded) Extra holes ®Hole
electrons free on in p-type side. B
n-type side. + Positive Charge
Buildup

QO Silicon Atom
@ Donor Atom
@ Acceptor Atom

==y Normal Bond

with 2 Electrons

£+ Bond Missing an

Electron
(l.e., a Hole)

@@=+ Bond with Extra
Electron from
Donor Atom

Contact Surface
Contact Surface

Basic photovoltaic principles and methods, 1981.

=PrL
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Working principle

* pn-junction:

E —
n-Side p-Side n-Side p-Side
When p and n are Positive lons Negative lons
joined, electrons
move from n-side to +
fill holes on p-side.
| /+
+5
2
E 3
E
o +
w
S s
° Near the junction, Large negative
& most of the free charge is created at
2 electrons on the the junction
Positive charge Negative charge n-side have moved because of the
begins to build on begins to build on to the p-side, transfer of electrons
the n-side of the the p-side as creating a large to the p-side to
junction because of |electrons fill bond positive charge at fill holes.
the loss of electrons. | vacancies (holes). the junction.

Basic photovoltaic principles and methods, 1981.

=PrL

Haussener — RE | March, 2026




Working principle

. . n-Side p-Side
* pn-junction:
. . . + =
— At equilibrium drift and diffusion e | =
@ |
3 s
currents are equal, zero net current .
o —
) s
K-
S ®
+- —
oo R
Once the junction Once the junction
has fully formed, it has fully formed, it
presents a barrier to | presents a barrier to
additional crossover | the possible transfer
of electrons to of holes from
p-side. p-side to n-side.
. . Basic photovoltaic principles and methods, 1981.
— Behaves like a diode: '
) ]." o & I V
v Ly I=1exp| L= |-1
__ Fg, kT’
- V
' ] — »>

=PrL
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Working principle

* pn-junction in a photovoltaic cell:

n-Type Silicon p-Type Silicon

—

Many Holes
Junction Region at

which Charge Is
Accelerated

Light /Elaet%tron

&

Junction

Basic photovoltaic principles and methods, 1981.

=PrL
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Working principle

* pn-junction in a photovoltaic cell:
— Light induced current

Lt ) I VY/ == +1,
9 ! tjl Y / v =—1 +Io[exp(ﬂj—lj

Vi L

max

Power: IV
Maximum power: [ V

pmax ' pmax

Fill factor: FF= L meax/ U Vo)
=PrL
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Working principle

* pn-junction in a photovoltaic cell:
— Ideal diode
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Working principle

* pn-junction in a photovoltaic cell and charge collection:

— Charge Collectlon * Light Generates Light Is Absorbed
* Electron and Hole at Back
|
Electrical Reflected Muks et
Contacts Light \ Top Electrical
! Gfid7
€]
n-Type Silicon =~ : O ARCYRICEESE External
Junction | ‘ J ) Load
| ® ®
QIfFfmm == % -——--
p-Type Silicon ——f—» \1 @ o
77 ‘ ®\ J
Metal Contact =
© Electron ©
S ——

® Hole
Basic photovoltaic principles and methods, 1981.

— Voltage and current depend on material
e.g. crystalline Si /=0.6 V, i=35 mA/m?
* High voltage: in series
* High current: large area

Sosmmm_ |-

11 + + + * 1n
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Working principle
I PV cell:

— Characteristics changes with irradiation, temperature, and age
25

20

15¢

% 0.5 i ' 2&

1.5 2
D (V)

— Maximum power point tracker (MPPT):

i (mA/cmz)

high efficiency DC to DC converter that presents an optimal electrical

load to a solar panel or array, produces a voltage suitable for the load
(e.g. a battery system or an a DC/AC converter).

— Most common use “perturb and observe” algorithm
=PrL
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Working principle

e PV cell:

— For grid usage, use inverter (electrical device that converts DC to
AC current).

— For PV inverters usually include an MPPT tracker and additional
functions such as voltage/frequency stability, fault ride through
capability, anti-islanding

Solaron PV inverters, 500 kW,
installed at a 35 MW PV
plant, near Coalinga, CA

SMA, «Sunrny boy», 3kW ‘

=PrL
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Efficiency

* PV material choice: availability

n 109_ R L) R RN RN RARN RN AR
© - Rock.f Relative abundance of
S A orming the chemical elements in -
5 108 [ Alﬁ' elements Earth’s upper continental crust -
?E :-H Na Ca Fe -
s | o :
= 100 [ NF Rare earth ]
o -y _elements

£ - \/gN Ce ]
- Y Nd Pb 7 ]
© B La\sm | . D\, . U_
o 1 Pr =
7 Eu

E | |
S . .

© - Major industrial -
¢ 1073 . metals in Bold _
_LE L Precious metals Rh  Rarest “metals” os ]
- Cin [talic i
g 10'6 | 1 IIIIII IIIIIIIII IIIIIII IIIIIIIII |IIII|I 111 IIIII IIIIII IIII IIIIII III|IIII| IIIIIII II| 111

10 20 30 40 50 60 70 80 90
Atomic number, Z

US Geological Survey, Fact Sheet 2002

=PrL
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Efficiency

PV material choice:

Source: Solarcellideas

h h
E photon = 7C gap = ﬂd_c
gap

c =3x108 m/s

h=6.63x1034Js

1eV=16x10"1J
=Pr-L

Material E;ineV

Ge 0.7 ——» Ag=1.78 um
CulnSe, 1

Si 113 ——>»{ Ag=1.13 um
GaAs 142

CdTe 145

AlSb 1.55

CuGaSe, 1.7

a Si (amorph) 1.7

Al 5Gay 1sAS 1.9

GaP 23

cds 245 —[» /=051 um
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Efficiency

* PV: simple efficiency calculations

‘(////-1:6—117”

Material

Es

Ao

useful

not useful

[eV]

[mm]

[%]

[%]

Ge

0.7

1.78

91.94

8.06

CulnSe2

1

1.24

81.84

18.16

Si

1.13

1.10

76.62

23.38

GaAs

1.42

0.88

64.12

35.88

CdTe

1.45

0.86

62.81

37.19

AlSb

1.55

0.80

58.45

41.55

CuGaSe2

1.7

0.73

52.05

47.95

a Si

1.7

0.73

52.05

47.95

AlGaAs

1.9

0.65

43.98

56.02

GaP

2.3

0.54

30.12

69.88

CdS

2.45

0.51

25.80

74.20

Useful Solar Energy [%]

L R T T
90 e @
B o b e e e e T R |
B0 oo b

ot

YTV SIS RSSO SNSRI SOOI SNSSUSMON SO

0.5

T | T T T
1 15 2
Bandgap Energy [eV]
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Efficiency

* PV: simple efficiency calculations

— But for wavelengths smaller than band gap wavelength, not all energy

useful for charge generation I
[a]  Si single junction

1600 4 P | AM.B spoctum
g 1400 )' 'h.‘, B s 92 0v)
"é 1200 4 |' Thermalizaben lasses
; l of]
< * \
e 1000 )
z | Energy thal can be
T p
3 800 - | | | ased by a Si solar ced
C / f
= 800 - \ '\'u
o | | |
E 400 4/ | Transrisson l0sses
& .

200 A (g
o L /'. A A
UL 1800 200U RETHL

Wiavelergin (nm)

— Consequently, efficiency is given by:
A

g
= = e, dA = e, dA= F
jeibdl i m,i m,i
0
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Efficiency

* PV:simple efficiency calculations — Example S1, £,=1.1 eV

=PrL
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Efficiency

* PV theoretical efficiencies
— Theoretical efficiency limit by Shockley and Queisser, 1961

Energy Gap 'u'g —

0 2z 3l

Ultimate efficiency

=PrL
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Efficiency

* Efficiency: "
— Temperature dependence: i
* Decrease in band gap energy o
* Slight increase in 7 L“f,‘;'“”a‘“’“

* But decrease in V_,

i

o
o

Yoc decreases

N
o

—h
o

Conversion Efficiency (%)

0 100 200 300 40C
Semiconductor Temperature (°C) \

“PFL . Basic photovoltaic principles and methods, 1981. "~
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Efficiency

=P

-
1

Efficiency:
— Concentration dependent:
[ linearly increases with concentration (no effect on efficiency)

* V .increases logarithmically
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Efficiency

» Efficiency:

— Realistically also to consider:
 Surface reflection
* Opacity of current collectors
* Limited thickness
* Limited minority carrier lifetime
* Material quality (e.g. crystal boundaries)
* Series resistance of cell
* Shunt resistance of cell
* Irradiation condition (spectral changes, directional changes)
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Efficiency

* PV cell with higher efficiency:

— Multi-layers with different materials:

Si single junction

1600 -
1400 :
1200 4
1000 +
ane :

800 -

Spectral Irradiance (W/m? pm)

200 4

400 4/

o

— In series, connected with tunnel junctions: try to be current matching!

=PrL

LUl

I AMIE spostum
B s 20y

' ! Thermalizaben lasses
)

Energy thal can be
Jsed by a S solar ool

" . Transrsuon logses
|

L8 )
i A  Adam

"

JULU 1600 e

Wavelergin (nm)

LU

Spectial lnadiance (WATE pm)

k] Triple junction

160C - T ]AM1.5 spactran
1400 %’f\ B P (1.0 e
‘ ] Galnas (1.18 8}
120€ - ‘ ﬂ. B e (0.57 V)
10004 | \
30C 4 ) |
N
60C 1 1| |
l I
40C -
20C
o A=,
LUL 100U 10U 2000 2h0U

Weavalength inr)
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Efficiency

* Measurement of efficiency:

— Standard test conditions (S7'C), Module at 25°C, spectrum AM1.5G
(global), light intensity 1000 W/m?

P

max

— Efficiency: 7=

in |STC

— Modules are sold according to W or W (=W peak), with respect to 1000
W/m? (AM1.5G) ) Ky

— Rule of thumb: in CH or Germany 1 W of

roughly to 1000 hours of full sun, 1.e.
1x1000 = 1kWh)

Source: Meteotest
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Technologies

Photovoltaics: Technologies and market

Crystalline silicon
Mono and multicrystalline

Status: main market share

T

hin films

CIGS, CdTe, Thin film silicon

Concentrator technologies
Mostly IlI-V based

Status: trying entering the
\market, many start-ups

N (E

J

Status: stabilised market share
: : N
merging technologies
Nano inorganic
Organic-Polymer
Dye sensitized and variation
Status: niche application
\ PP /

Novel PV concepts
Quantum dots, intermediate band, ... Ballif, PV-lab, EPFL
Status: attempt of demonstration
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Technologies

» Efficiencies of various technologies

Best Research-Cell Efficiencies

52
1lI-V Multijunction Cells Thin-Film Technologies Hybrid Tandems (2-terminal)
4g | (2terminal, monoiihic © CIGS (concentrator) A Perovskite/Si R e FHGISE
LM = latfice matched ® CIGS A Peroyskite/organic . ! \mﬁ'ﬁ ! ! (43,6650 47.6% )4
MM = metamorphic O CdTe ) B O Perovskite/CIGS ,§"f'gj'zﬂ;\ o
IMM = inverted, metamorphic O Amorphous SiH (stabilized) W II-V/Si Spectrolab | FhG-ISE ~ SpireSemicon ‘ NREL (4-))
44—V Two-, t_hreej, and four-junction (concentrator)  Emerging PV (3,299 | (3454 (3-J,406%)
'V Three-junction or more (non-concentrator) O Dye-sensitized cells Boeing-Spectrolab e
i i - (3-J, 240x) R
A Two-junction (non-concentrator) (.) gerovs_k\te ‘cl:eHs Boeing-Spectrolab - ; Boeinu"b Bocing-
- Single-Junction GaAs rganic cells (3417%) Spectrola . (
40 A%in o A Organic tandem cells LG \SVJ_N}RZEEL?K; (341, 364%) “’e“;'a_“‘f‘”___.....---------""‘V teeene o NREL v
ge o # CZTSSecells Boeing- .-
v Concentrator <> Quantum dot cells Bocing- Spectrlab (3] . " FhG-ISE
36— Thin-fim crystal <& Perovskite tandem cells Spectrolab \pfi‘fﬁlah B T N FHISE FhG-ISE/AMOLF ! oK u
Crystalline Si Cells BJ . %‘F}P Sharp (3-) | ONGi A A
B Single crystal (concentrator) , & MW KAUST<A& LONGi 5
o W Single crystal (non-concentrator) o NREL/Spectrolab (3-) M\!JREL () = H lovs Ug‘f‘[uh;\ﬁ A
S~ 32 O Mulicrystaline i NREL (2-) et ML ae” g ML NG EPFL,LSEP  Nanjing Univ/Renshine
~ Jaren NREL (2-) i HGISE A (256 Dewlces Soochow U A
® Silicon heterostructures (HIT) (216x) = —— - - ———————mmm—— . N iy Nﬁ[l LONGi— ow
> ficon ! - A PGISE@32) [ Ata At SunPower(rg-area) 16 Oxford PY__£X47p UNSW/BL
¥ . Japan Energy A o A Na 7 H1B %
[$) V' Thin-fiim crystal Varian "\ = A ‘ KRKF?U St 42 Nammq Univ || yoNGi °
— . v, P: 16 () d] 4
% 28 Stonford Surﬁasr 0 e o = = = = = AmoNi (92) Radboud Univ L “"m“l‘[ A'U' - -A A xfn)y(ﬂdvp ‘M Nu\ _. nergy A
o (140x) e e —Hzle__r"\d Panasom( | Kaneka o UST a
BM - Radboud U. hG- . = A OO0 . SMU/ \
—_— - y ISFH”
= 24 (1. Watson - UNSW Panasonic NREL 147y Slexel 75w Clis KISt
——— W ! o Sany . wlﬂl Evolar/UU
L Research Center) mmm———— - o Stanford Stanford, UNS¥ . Sanyo Sanyo N0 NRELH first Solar &/ . I \c\arF t\er =
————— W " - _- S
= A--= N UNSW/ MRl Samyo e =" EMPHIH&! paly) - p B,
Q 20 N ) Georgia ke ———— 7 Sl . \ Fhé- REAS U(L Trina Walvlnannla
— ARO. N G [] 1G-15F — g Y ISW  Canadian Solar
8 Georgia corgia Tech P o T,
© ; Spire ian 2- " e Tech u : NREL AL ‘SFH—W Solexel 0P ‘KW T | smcrmis e
. p Varian (2-)) W r
Westing- UNSW NREL  NREL -= T O/ O Solibro first Solar SITU/BUM
house u U » e NREL EEIT S a4 GEW Soafon ity U HKAUW op/CAS
161 Sandia Lo / Vo Fistsolar G (1 e | i  SITU-Uass loP/CAS
No.Carolina Florida £ =/ Matsushita NREL V\-U Stuttgart Univof Queensiand oy
Mobil State U.(2) ey SO‘N?X _ NREL -l UniSolar Witsubishi
Solar Boeing e Euro-CIS ) (aSi/ncSi/ncSi) Visubishi
12 . o ) / NREL UriSolar UniSolar T
— Kodak Kodak y Boeing Sharp \
Boeing  Kodak . { =\ A\ EPFL
et ‘ “AMETEK Photon Energy ) B, B o2 Phi\limﬁﬁl VAN ety
Matsushita oda Bocing Boeing o Iz K k ™ mitomo Voot 1A UaA
A \onarka X B
8 Lt Monosolar Solarex ! Unislar Solarmer — @@= '/A Heliatek, i N\ HKUST
of Maine < P \
NRH 7 " ¥ ¥, U Toronto
UM Boeing i VRELU‘ [{nnarka Konarka S %\ UToronto
of Maine EPFL Groningen - tomo (PbS-QD) .
4+ 8- Plextronics A7 Hellsek E%
U.linz i e U.Dresden —/ NREL U Wuppertal %
" (1n0/PbS-QD] w ©
) =
0 | I N T I T T T T T N S A T T S A A [
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

https://www.nrel.gov/pv/cell-efficiency.html
=PrL
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Technologies

» Efficiencies of various technologies:
— Crystalline (Si: mono and poly):
* Efficiency: 16-23%

* Potential: 22-27%

* Thin film (CdTe, CIGS a-Si/ pc-Si):
 Efficiency: 14-18%
* Potential: 16-20%

— Concentrated (III-V-based):

 Efficiency: 25-30%
* Potential: 30-50%

=PrL
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Technologies

e Market shares:

100% ‘ I I Production 2024 (GWp)

e ‘ i W Thin film* 16
S 80% i B Multisi 0
S |
3 70% B Mono-Si 687
2
% 60% ‘ Total 703 (ITRPV)
2 |
E 50% ‘ :
G 40% - *only First Solar and Avancis were
& ‘ considered in totaling the thin film
= 30% ‘ 1 technology.
Q
E 20% ‘

10% ‘

0%

0%@"5%0'\'&6%@'\' O & O Do DO AN
P o ) 9 H° N AV A WO NP o ¥ o> Year
Data: from 2000 to 2009: Navigant; from 2010 to 2021 IHS Markit; from 2022 estimates based on IEA and other sources. Graph: PSE Projects GmbH 2025 . Date of data: 05/2025

Historical c-Si Cell Technology Market Data

100%
90%
80%
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Technologies

* Crystalline Silicon: Manufacturing

— Get the raw material (S10,)

— Produce high quality material by carbothermal reduction:
S10,+C—S1+CO,, 98.7% pure, 1-3 CHF/kg

and Siemens process:
S1+HCl—S1HCl;+H,, and distillation, 2ppb impurity
2S1HCl;—S1+2HC1+S1Cl,, «solar grade», 0.1ppb impurity, 15 CHF/kg

— Dopping of the material (often p-doping)

— If monocristalline quality needed: Czochralski process or edge-
defined film-fed growth

— Sawing
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Technologies

* Cristalline Si: Manufacturing

— Czochralski process
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Technologies

Crystalline Silicon: Manufacturing

— Chemical surface attacking with hot HF or NaOH
texturing of surface (20um) to reduce surface reflection (40% reflection
reduced to about 15%)

— Doping (n-doping): diffusion of phosphorous into surface

— ,,printing* of the contacts and ,,electron
connector* grid (often in a single assembly
line, automatic)

— Printing of back contacts (Al, Ag, ...)

— Potential additional antireflection coating on front | “

— Assembling of panel, sealing and transportation

e A
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Technologies

 Photovoltaics:

— Crystalline silicon:
Processing of wafers

Series connection of individual solar cells

— Thin film:
Depositions on large area substrate

“monolithic series integration™ of the cells (typically by lasering)

=PrL
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Technologies

 (Concentrated PV:

— Expensive solar cells can be cut and light concentrated
— Good heat management required
(because of V. and FF decrease with temperature)

— The more you concentrate, the lower the acceptance angle

Converging Lens

- High efficiency solar cell

v H
heat dissipation

=PrL
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Technologies

* Organic solar cells, e.g. dye sensitized solar cells

— Based on excitation of electron from a dye attached to a titania
nanoparticles network, and fast transfer of electron to titania

— Electron conduction through electrolyte solution

* Based on Brian O'Regan and Michael Gritzel, 1991, A low-cost,
high-efficiency solar cell based on dye-sensitized colloidal Ti02
films, Nature 353 (6346): 737-740.

Conducting
Glass

EN vs SCE
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Technologies
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Production and Installation

* Production

* Installation
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Cost

* Photovoltaics: Learning curve

Includes all commercially available technologies:

100 .
Learning Rate:

Each time the
cumulative PV module

=
3 1980 | production doubled
5 10 4 .

o 8 the price went down
ow
£79 by about 25% for the
(1] +
S35 last 41 years.
oo
O w©
=c N )

S Estimated cumulative PV module

IZ production up to Q4-2021:

@ Fraunhofer ISE [ ] C'Si 958 GWp
2020- 10 —
¢ Thin Film 62 GWp
0.1 — ; - .
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Data: from 1980 to 2010 estimation from different sources: Strategies Unlimited, Navigant Consulting, EUPD, pvXchange; from 2011 IH5 Markit; Graph: PSE 2022 Eé
0.1 4 :
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Data: from 2006 to 2010 estimation from different sources : Navigant Consulting, EUPD, pvXchange; from 2011: IH5 Markit. Graph: PSE 2022

* Price for a Si-based module: ~ 1 €/W, ~ 150 €/ m?
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Sustainability
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Photovoltaics: Life cycle assessment - History
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Irradiation: 1700 kWh/m?2/a at an optimized tilt angle; Years: Estimated average year of original data.

Learning Rate taking into account efficiency improvements.
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Sustainability

* Photovoltaics: Life cycle assessment - Technology

EPBET for PV and CPV Systems [years]
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Sustainability

* Photovoltaics: Life cycle assessment - Location

Si PV rooftop, Cz PERC cells module with 19.9% efficiency

Irradiation (GTI, kWh/m2?/a) EPBT*?
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¥ EPBT = Energy Pay Back Time in years: Calculated for a PV system with
Cz PERC 60-cell modules with 19.9 % efficiency, produced in China
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Aesthetics

* Photovoltaics: early modules

* Fully integrated today:

=PrL
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Aesthetics

Photovoltaics: various colors

* Covered by prints

=PrL
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Learning outcomes of todays lecture

* Solar to electricity via PV:
— Working principle of photovoltaic cell
— Efficiency calculation for ideal cell
* What influences efficiency (operating conditions)
* Materials and their influence on efficiency
— Overview of various PV technologies

 Current efficiencies and potential

* Differences, advantages and disadvantages
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Literature

Web:

— pveducation.org

Books:

— A. Goetzberger, Sonnenergie: Photovoltaik, Teubner, Stuttgart
(1997)

— Da Rosa: Fundamentals of Renewable Energy Processes,
Elsevier, 2005.
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