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Why solar?

Wind in 2018

Uranium reserve

(excluding sea-water & breeder)

Coal reserve

Oil reserve EE—

Gas reserve —

Total Primary Energy ——

Su PP ly Adapted from M. Perez et al.,
in 2018 IEA-Solar Heating and cooling program, 2015
18 TWy

Solar power in 2018

(land only, including weather)

23 000 TWy

1000 W/m?  direct
In France,
150 W/m*  on average

(day/night, clouds & rain...)

French electricity production in 2018
&

15% of road surfaces
(including weather & efficiency)

Diffuse, intermittent... certainly !

But still an energetic manna ! 2



he sky is the [imit!

Annual PV additions: historic data vs IEA WEO predictions

In GW of added capacity per year - source International Energy Agency - World Energy Outlook

1 2000 el P\ History

—WED 2018 Mew Policies Scenario (NPS)

please send comments to:
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1995 2005 2015 20235 2035

0.0

2020 : 140 GWp installed !

IEA PVPS Global Market Snapshot 2021

Installed / nominal / nameplate / rated
capacity

Maximal power when everything’s ok

Actual production=
Installed capacity
X
Load factor
(PV 15%, wind 20%, thermal 80%)

Always check the units (power? energy?) and the definitions of a quantity under scrutiny !



I. Solar energy resource

Il. Thermodynamics of solar energy conversion
A. Solar heating
B. Concentrated solar power
C. Photovoltaics

Ill. Overview of the silicon PV technology

V. PV today and tomorrow




Solar flux — the usual approach

Surface temperature : 6000 K Emitted power: Stefan law Pz = 47TR?D oT?

Intensity reaching the Earth : Photon flux reaching the Earth :
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Solar flux — a different approach

__ _cosb E3
Emitted spectrum : Planck law ¢E(E7 Q) T 4m3h3c? ( E )_1
P\ 5T
B
Black body has a Lambertian emission or(Q) = [dE¢R(E, Q) = CO;QUT4

1 :
\\I P = —dS / cos 0dQY x oT2 = sin® OgundS x 0T
sun 7-‘-
dS etenvdue
Low concentratngh concentration

The power received by a surface depends ~ 02, X 0T5,,dS = O'Ts4und8
on the optical étendue of the system Qaun

~

x oT? dS

sun

v



Solar flux — back on tracks

sun Surl

Surface temperature : 6000 K P — ldS/cos 0dQ) x oT* = sin? OsundS X oT?
T

g

~
etendue

Angular diameter: 2000 = 2 ( Fsun ) — (0.52°
la.u.

Intensity reaching the Earth : Photon flux reaching the Earth :

Gsc = sin® Ogun x 0T = 1360 W /m? Jnv =4 x10°'m~2.s71 =700 A/q/m2

600




A little bit of Sci-Fi

Niklai’s Kardashev scale (1964)
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SETI International

streetwisereports

, S o i In 2015, world consumption
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Solar radiation on Earth

Intensity reaching the atmosphere : 20l |
Gsc = 1360 W /m? £l
g |
. . = 1.0
Intensity transmitted through the atmosphere: & |
0.5}
{GAMM, = 1000 W/sz ; |
00500 1000 1500 2000 2500 3000

A [nm]

Influence of latitude,

AM

Influence of seasons,
Influence of day-night cycles,

Influence of weather conditions

Grrance = 150 W /m?




Spatial distribution of the solar resource

SOLAR RESOURCE MAP
GLOBAL HORIZONTAL IRRADIATIO (@) worosankerove | ESMAP  (IEED
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Daily totals: 2.2 2.6 3.0 34 38 4.2 4.6 5.0 5.4 5.8 6.2 6.6 7.0 7.4

— . KWy

Yearly totals: 803 949 1095 1241 1387 1534 1680 1826 1972 2118 2264 2410 2556 2702



| Gmean = 150 W/m?
Energy transformation Gmax = 1000 W /m?

To biomass To heat To heat then electricity To electricity directly
Photo-synthesis Solar heating (and cooling) Concentrated Solar Power(CSP) Solar Photovoltaics (PV)
1% efficiency 80% efficiency 20% efficiency 20% efficiency
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Spoiler alert
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I. Solar energy resource

Il. Thermodynamics of solar energy conversion
A. Solar heating
B. Concentrated solar power
C. Photovoltaics

Ill. Overview of the silicon PV technology

V. PV today and tomorrow




Solar heating

: Q
qun = —= x oT2 dS Power absorbed from the Sun
T sun
Evacuated Tubes Flat Panel
)= oT*..dS Power radiated by the absorber
rad cell
0 1/4
Steady state temperature Teon < ( ;un) Tun
Q'in = qun — Qrad The remaining power is used for heating

See PC 8
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Solar heating

““““‘l“‘vv‘ “v:v f"‘ ""\\“\'\\‘\‘\

Capacity [GWy;], Energy [TWh]

600

=== (lobal solar thermal energy yield [TWh]

mmmm Global solar thermal capacity in operation [GWs]
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2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Global solar thermal capacity in operation and annual energy 2000 - 2020

90% used for Domestic Hot Water

\ \\ A A
.000*""’

YT TR AN

Flat Panel

Evacuated Tubes

Energy source shares in global heat consumption, 2018

0.3%
0.5%

Traditional use of

biomass
i
12.5% 0.7%
1.8%
Modern
2 renewables
Fossil fuels & 10.2% 6.9%
others
7%
Modern bioenergy I Renewable electricity Solar thermal

B Renewable district heat B Geothermal —o=—Share of renewables in heat (right axis)

IEA (2019). All rights reserved.
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From light to work: the MUzer engine

O\

QSUI’I

Qrad — UTélelldS
7,

Qin — qun — Qrad

Tatmo

Tcell

Qout —

W — Qin - Q(;ut

sun

qun — X O'T4 dS
T

Qin

Power absorbed from the Sun

Power radiated by the absorber

The remaining power is provided to a Carnot Engine

Heat must be expelled such that S, =S,

The remaining power can be converted into work
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From light to work: the MUzer engine

QSUI’I

qun — % UTs4undS Ideal absorber (blackbody) + ideal converter (Carnot) = Muzer engine
: 4
W p— 1 —_ T TCGH 1 - Tatmo
. qun QSUD Ts4un Tc:ell
\ / Qrad = UTéLelldS
~ - Tl — T
0.05} :
| _ , 0.04}
Qin — qun — Qrad . U.UE?—
L
0.02
. Tt . :
Qout = Qin 0.01¢
Tcell [
goopf 00—
300 350 400 450 500
T Abs

W = Qin — Qout Bad trade off |

17




I. Solar energy resource

Il. Thermodynamics of solar energy conversion
A. Solar heating
B. Concentrated solar power
C. Photovoltaics

Ill. Overview of the silicon PV technology

V. PV today and tomorrow




Option 1: light concentration

Quun = foun < oT% dS Same power coming from the sun

T sun

Size of the lens

: 4 .
Qrad = 01 ds Smaller absorber = less emission

>

Size of the cell

Size of the cell = size of the image of the Sun through the lens ds = fQqun

Steady state temperature

1/4 1/4
Tcell < qun @ Tsun — ﬁ Tsun
7 f2

IN THIS HOUSE, WE OBEY
* THE LAWS OF

THERMODYNAMICS!




Optical concentration - solution

You can’t make an arbitrarily small image because
optical étendue is conserved (or increased) but never reduced

Qgun /™
etendue = sin? fg,,dS = cste = sin® Oepsds ds = — S; ——dS
Sin“ Glens
.2 r 2
Low concentration Sin“ Gleps ~ Jfgs ds = [“Qsun
. . 92 qun
Large concentration Sin” Qiens ~ 1 ds = dsS
T
1/4
Qeun dS . 9
Tcell § ( 7s:n E Tsun — (Sln 9161‘18)1/4 X Tsun g Tsun
Can you use a magnifying glass 1 T
Y sNITYING 8 Concentration factor 1 < < = 46000

and moonlight to light a fire? sin? O ens Qsun 20



Optical concentration

- qun
Qsun = x o1 dS
T

dsS
) Qrad ldS O-T4ell
C
1<C < = 46 000
N QSUH
Q-in — qun — Qrad

. T ¢ .
Qout = = Qin

Tcell
* W — Qin —

Qout

Power absorbed from the Sun

Power radiated by the absorber

The remaining power is provided to a Carnot Engine

Heat must be expelled such that S, =S,

The remaining power can be converted into work
21



Concentrated Solar Power = Solar Thermal Electricity

Qsun = Psun X Ts4undS Muzer engine under concentration
W — _ T Télell _ Tatmo
qun - (1 O X qun T4 1 Tcell
dsS
P Quua = 0Tgds = Téleu Val
1<C< = 46000 0.8/
qun _
S . 0.6
Qin — qun - Qrad
w 0.4
' Tatmo : I
Qou — Qin I
' Tcell 0'2-

0.0; -
* W = Qi — Quut 1000 2000 3000 4000 5000 6000
Tﬁ.bs




Concentrators technologies

Parabolic trough Linear Fresnel reflector Parabolic dish Central receiver
‘ Solar Tower
» . . »
Curved
& mirrors Ea
Z > Reflector [ [, \”\ recabeX Do '>"§
Absorber tube | engine, /. 4"
— Solar field piping d Y_.}Y_é K_A l'j 1'7[7
u Reflector Heliostats
Absorber tube
and reconcentrator
C=30-80 C=30-80 C =1000 - 3000 C=200-1000

Historical installations : parabolic trough, with no thermal storage

Current projects : solar tower, with thermal storage
23



Concentrated solar power plant

Grid

Receiver
Generator  Power
Turbine

Heat
Rejection

'/\ Thermal

Storage System

Heliostats . : .
Receiver : .

Tower

Collector :
Field

Pump/
Compressor

Tower /
Receiver System

Exchanger

Control Power
Room Block

NREL

Built in energy storage (thermal)

No high-tech materials involved
(mirrors, pipes, turbine, generator)

Pretty impressive powers

Require direct illumination
(can’t concentrate diffuse light)

Need tracking (mechanics)

More expensive than solar PV
(storage not included)

Need large installations to optimize infrastructures



Produced elec [TWh]

CSP production

— —
o N

on

[ s | s v v e O |
Q{:} %43 N th "D
S

World electricity in 2019 = 26 000 TWh
Solar electricity = 700 TWh
CSP =16 TWh

Installed capacity =5 GW
Load factor = 16/5*8.76 = 25%

25



CSP today

USA - 1745 MW

WORLDWIDE - 4805 MW

SolarPACES (2016)

CANADA - 1MW
®

H PARABOLIC TROUGH

EUROPE - 5 MW

SPAIN - 2304 MW ®

MENA - 140 MW
MOROCCO - 180 MW .

SOUTH AFRICA - 200 MW

.‘

e
SolarFA el | o SE

http://www.nrel.gov/csp/solarpaces/
B POWER TOWER mCLFR

CHINA - 10 MW
&

INDIA - 205 MW

THAILAND -5 MW _
® 9

AUSTRALIA - 10 MW

B DISH ENGINE

N



I. Solar energy resource

Il. Thermodynamics of solar energy conversion
A. Solar heating
B. Concentrated solar power
C. Photovoltaics

Ill. Overview of the silicon PV technology

V. PV today and tomorrow




Option 2: introduce a gap

0.05}
Back to the Muzer problem o.o4§-
« 0.03}
wl
Can we prevent the cell from emitting radiations ? 0.02
\ / 0.01
~ - Ologél . — . .
Kirchhoff: absorptivity = emissivity 300 350 400 450 500
at each wavelength Thvs
, o Blackbody at 5800 K 7
il Blackbody at 300 K-
= [ (scale x50) '
But well distinct spectral regions ! £ 1.9 :
NE | f 7 qun
Z 1.0/
& I
Introduce a gap 05
Ifhv<Eg,A=0
If hv>Eg, A=1 0.0l G
100 500 1000 5000 10%

A [nm]



Solar cell : the origins

The photovoltaic effect was discovered in 1839 by the Frenches Antoine and Alexandre
Edmond Becquerel (father and son respectively)

AW Nobel Prize in Physics (ft P&M Curie)

\

Anfbine César Becquerel Alexandre Edmond Becquerel Antoine Henri Becquerel
[1788-1878] [1820 -1891] [1852-1908]

A-E. Becquerel, "Mémoire sur les effets électriques produits sous I'influence des rayons solaires," Comptes rendus hebdomadaires des séances de I'Académie des sciences, vol. 9, pp. 561-567, séance du Lundi4 novembre, 1839

29



What do you need to make a solar cell?

[ph/m?/eV]

dn/10%"

I © :
{ g Relaxation 4 key functions :
| | Absorb light

|

Load

Prevent electrons from recombining

W
o
v
o
[%2]

€ oV Transport carriers to the contacts

Provide carrier selectivity



he handwaving approach

Relaxation

Load

W
o
y)

E [eV]

Nb of electrons generated / sec

I x qfhszg Gsun (hw)dw

Energy per electron
~ Eg

Out power :
P = fthEg ¢Sun(hu})dw X Eg

Rolle’s theorem: there has to be an optimal gap !

Output power [W]

=)

1000,

400

800}

600}

2%%

/ 44% \

5 10

15 20 o5

Bandgap [eV]

First trade off
bewteen absorption and energy
Leads to optimal gap

See PC 8



hermo’s back !

by

——

O
A =4
(o
Q)
O
wn

“Abs.

(“\\\\

WA
3

— |

4

1 2
E [eV]

Relaxation

Load

Output power [W]

1000 ——

400

200{

WAIT ! PV : not just total output power! Output useful, electrical power.

Extracted energy

E:NXEg

Electrical power

P=1IxV

800}

600}

2%%

/ 44% \.

5 10 15 20 o5

Bandgap [eV]

Thermodynamics

AE =W +Q



Chemical potentials (again !)

1/ At thermal equilibrium, a population is entirely defined by two quantities

Temperature (T), chemical potential (u) O O O
Average energy per electron ~ %kBT He
~J H_EC
Number of elecrons N¢ exp ( kT ) [Lh

2/ W = variation of the free energy when adding/removing 1 particle

_9F
He = BN,

TavaNh
Change in free energy = maximal amount of work recoverable over the transformation !

Transformation = remove 1 electron from CB, add 1 electron to VB Wouw = AF = e — bh

qV p— AM 33



he thermodynamic approach

PV : not just total output power! Output useful power. L ® J
0°00%¢ %

fhe

Electrical engineering : P=IxV

Lh

Thermodynamics: AE =W +Q ﬁ

20
W =Au=qV |
15}
More particles - Larger Au - More V, no | Current
. S 10
Extract particles - Decrease Ap - More |, Less V S
Second trade off 5|
bewteen voltage and current
. . Power
Leads to maximal power point _
Ot

Current

See PC 8 0 5 10 15

Voltage



he thermodynamic approach (contd.)

Extracted energy

E:Nng

Electrical power

P=1IxV

Thermodynamics

AE=W +Q

— P=N x Ay

Output power [W]

10 15 20 5 5i
Bandgap [eV]

[
en



L

og_.‘o

he detailed balance approach

.

-ﬁ-

Thermal

Cold, few carriers

Thermal Thermal
Cold, few carriers Cold, many carriers
How much energy is actually radiated by the converter ? 1000 —
E? :
RO(nXpO(g(E)eX (E—A,u,)_l aonl
Kirchoff’s law : E o0k
If a system can absorb a radiation at wavelength A, 2 [
: : i Q i
it can also emit a radiation at the same wavelength. = ,qp
S L
E(F) = A(F) 3 A
200+
Detailed balance

Transitions to a band = Transitions from the band

g

1.0

1.5
Bandgap [eV]

50 55

Shockley & Queisser, 1961



he limits of Shockley-Queisser

Underlying assumption:

Full absorption

Step like absorptivity

Ideal transport

Infinite mobility

Perfect contact

Flat band & selective

Radiative regime

Radiative recombination only

J.F. Guillemoles et al., Guide for the perplexed to the Shockley—Queisser model for solar cells, Nature (2019)

No light management
(ARC, texturing, back mirror...)

No thickness
(ultra thin films...)

No interface optimization
(series resistance, passivation...)

No defects,
No interactions between carriers

37



A very simple mode, and vyet...

300} ~
| Si @ GaAs
2501
< | clGs @ CdTe.
E 200t Perovskite
N i
g 150
s |
g 100}
50
35 10 15 20 25

Bandgap [eV]

J.F. Guillemoles et al., Guide for the perplexed to the Shockley—Queisser model for solar cells, Nature (2019)
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B. Concentrated solar power
C. Photovoltaics
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Conversion efficiencies

IL]’;[lU([‘(l . ARTICLES nature ARTICLES
é}’ PUBLISHED: 20 MARCH 2017 | VOLUME: 2 | ARTICLE NUMBER: 17032 ene rgy A e T
- _‘l) Check for updates
Silicon heterojunction solar cell with interdigitated 2 o . ) )
back contacts for a photoconversion efficiency E SIX'junCtlon I11-V solar cells with 47.1% conversion
over 26% g efficiency under 143 Suns concentration
Kunta Yoshikawa*, Hayato Kawasaki, Wataru Yoshida, Toru Iie, Katsunori Konishi, Kunihiro Nakano, John F. Geisz® =, Ryan M. France ®, Kevin L. Schulte®, Myles A. Steiner®, Andrew G. Norman®,
Toshihiko Uto, Daisuke Adachi, Masanori Kanematsu, Hisashi Uzu and Kenji Yamamoto Harvey L. Guthrey ®, Matthew R. Young, Tao Song and Thomas Moriarty

/

Silicon record Overall record
(Yoshikawa et al., Nature Energy (2017)) ( mu Itl] on CtiO n )
Geisz JF, Nature Energy (2020)-

Commercial g
systems ! l o
22 27 30%
0.305—
0.25 Si®
%0'20: C|G/S. ._CdTe . ..

% 0.15: Perovskites The.0retlfia| IIrT“t ThermOdynamiC
010l i forsingle junctions upper bond
ool (limite de Shockley

e Queisser)
008510 15 20 25 40

Eg [eV]



PV technologies

CLASSIFICATION OF PV CELLS

PV CELL MATERIALS

NON-ORGANIC

ORGANIC

Hybrid organic & non organic

CRYSTALLINE (c-Si)

Monocrystalline
(sc-5i)

Multicrystalline
(me-5i)

Concentrated PV**

SILICON (Si) NON-SILICON
I |
| I
THIN FILMS
! |
Amorphous Silicon Cadmium telluride
(a-51) (CdTe)

Highly efficient multi-
junction solar cells

Multi-junction thin-film
] silicon
(a-Sif pc-Si)

Copper-Indium-
Diselenide (CIS)

Copper-Indium-
Gallium Diselenide
(CIGS)

Organic PV (OPV)

Dye-sensitized solar
cells(DSSC)

41



Welcome to the jungle

52
Multijunction Cells (2-terminal, monolithic) ~ Thin-Film Technologies Ianh%rSZx Soitec NREL
LM = lattice matched © CIGS (concentrator) Boeing- (MM, 3029 .5, 2070 6-J,143
48— wmm= metamorphic ® CIGS S ectroJ\ab FhG-ISE/ Soit ™
IMM = inverted, metamorphic O CdTe (LF;»’I. 364 gola,QJLmC i -ISE/ Soitec o =
V' Three-junction (concentrator) O Amorphous Si:H (stabilized) Spectrolab | FhG-ISE SoiveSaiot (LM, 942x)
— ree-junction (non-concentrator, i (MM, 299x) | (MM, 454x MM, 406x o
44 V' Three-junction ( trator) Emerging PV MM, 299x) | ( ) ( ) 5] TRV
A Two-junction (concentrator) e , .
A e O Dye-sensitized cells Boeing-Spectrolab  Boeing-Spectrolab Soitec NREL
Two-junction (non-concentrator) O Perovskite cells (not stabilized) (MM,179x) (MM, 240x) (4J,310¢) (4. 327x)
- & Four-junction or more (concentrator) A Perovskite/Si tandem (monolithic) . NREL SSlariling: Boeing- NREL (6-J)
40 O Four-junction or more (non-concentrator) @ Organic cells (various types) N}Q‘ERLEL (IMM) (MM, 325.7%) (LM, 418%) Spectrolab (5-J) = a
inale- i A Organic tandem cells Boeing- Sharp (IMM
SA"IQSI;J::;':;? -as L 2 Ino%ganic cells (CZTSSe) Boeing- Spectrolab Sharp (IMM) ... a’w L -
36 A Quantum dot cells Spectrolab i NREL A Tiah \ NREL (38.1x)
Concsritrator (various types) Spectrolab Boeing- IMM sem Sharp (IMM) FhG-ISE A
V' Thin-film crystal yP p spectrolab  IMM), (oo
e ’ Spectrolab 4 RREL (467 NREL (MM)aLG
(O\ Crystalline Si Cells Japan Spectrolab ¥ Spectrolab P it . 2 EL (467x) o L A A
— S -
&,3&% ¢ ¢ ———-m-——Mr—_g ——'EW(WWW mmthin == L -
mgecrysta non- concentrator (216x) S EEE e T A
5 O Multicrystalline Varian \ e Radboud Univ XA 257 Alta Devices X
L @ Silicon heterostructures (HIT A = = —
G.C) 28 v Thin-film crystal ( ) 205 NREL SUHPOV\éEI’ (96)() - - =1 Amonix (92x) fTa_STIE_ _K Li— - e e—*%l' Ox%):dfo};g z\h/G SE 27.8% e
i Stanford [ = s o /e o s pffom mm o = o oo &2 5 LY =S s o o -—- Pawasoxc ancks '
o (140x) ANOPIN A = = = = Rboud U FhGISE  Alta ' "0 EPrLoH Ay :
:Ifl 24 — ____—-___..--—- UNSWUNSW — . Sanyo Sanyo Panasr\cl)ir?nEcL 154%(3 % 0 e'):(:;tZSSovl\ér re S‘f{gﬁﬁ?’gﬂ?’ 26,10 b
IBM ——————— - anyo (& ¢ [ ]
o Sanyo - FhG-ISE ~=ISCAS
— (T.J. Watson A e UNSW/  NREL Sanyo e __----5 = EMPA Fex poy) NREL TR ToNsT KRICT o
[) 20 | Research Center) _— —_— Georgia  Eurosolare  (14X) R m === i\l ) T FhCASE 8
(@) ; Georgia %(jcr%la Tech ] NREL SFH_ X = KRICT First Solar iy of 21.2% V4
V\'/estmg Spire Varian UNSW Tech g a Bl NREL NREL NREL  NREL NREL Stigart e *FHE. ;g Solexe\ Solioro | 7E Queensland
16 Sandia ot = s » S - GE Flré SolarFron S(S:lCJJTngU 16.6% <.>
— 0 . S— ‘,7 E
No. Carolina Florida* =V Matsushita NRELYZ > . Stuttgart - AIST Raynergy Tekof Taiwan
Mobil State U. gojare SOWGX NREL UniSolar Mitsubishi AIST A-|CCAS 14.2% DN
Solar Boeing Euro-CIS ; (aSi/ncSi/ncSi) b A " .0% [®)
___—. NREL UniSolar UniSolar SCUT/eFlexPV
12+ Boeing Kodak Kodak odak ARCO__ARCO .'. Boeing oy Sharp, ——i ZuCLA CCAS 13.0% 6
ik " ; AMETEK Photon Energy O BM IBM‘ Ph|llips 66 UCLA
Matsushita 0Ce ™ Boeing Boeing s y
® O Solarex ARCO 2 Konarka . U.Toronto
8 U.of Maine Monosolar UniSolar Solarmer < MIT  U.Toronto
Boeing RCA NREL / Konarka Konarka U. Toront
U.of Maine EPFL Groningen U. Linz (Pbgr-%nD(;
4r- s Plextronics A¢ Heliatek
U. Linz . iemens U. Dresden NREL
RCA (ZnO/PbS-QD)
0 | | [ I N [N N N Y N NN (N (N Sy S NN S NN N (N (N IS I T Iy A N Y Y N N B |
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1st order: PV = silicon technologies

About 150* GWp PV module production in 2020
* >

Thin film 0
2010 Mono-Si B

Multi-Si

@ Fraunhofer ISE

2000
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echno overview: silicon

Monocrystalline

Polycrystalline

Silicon is the historical backbone of PV

1954 : First cell >6% efficiency
1960s’ : First commercial systems

(actually, two types of crystals, very similar behavior)

c-Si [Crystalline Silicon]

multi/poly-Si [multi/poly crystalline Silicon]

Silicon PV originates in the electronics industry.

Excellent electronic properties (mobility, lifetime),
Not so good optical properties, but ideal gap

Benefitted from the experience curve of electronics

““Silicon shortage’ in 2006 — 2010
—> emergence of a dedicated market

Under the Si

common sand

Bell System Solar Battery Converts Sun’s Rays into Electricity!

Polysilicon Prices $/kg
500
$475

400
300
200

100
$17

0
2004 2006 2008 2010 2012 2014
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From quartzite to pure silicon

Polysilicon Ingots Wafers Solar Cells

M. Woodhouse et al., NREL Tech report, 2019

PV Modules
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From quartzite to pure silicon

SiO, - quartzite

Sio,
: quartz Electrical Botsidh HOT
' - , Energy Input Carbon oy (~1150°C)
monoxide
= to scrubber
4 Iy
N/ —a — COLD
\erd o~
. ,.."”]j. | Fingﬂica__dust
[ Electric
AT rnace
sicl,
I ~ Power Gas (H,)
‘aﬁ - applied outlet| (SiHCI,)
Solidification «¥sssa. for )
- : .':"%’_JZ’ Resistive Gas inlet
v . o ' Heating SiHCl,+H
Sloz +2C=>Si+2.CO Industrial \": 5 (Trichlorosifane and Hydrogen)
Grade “‘", -

Si 99.8% Siemens Reactor

Alluminium
Steel
Silicone

s gl
Metallurgic grade
98.5-99.5%

N =

Electronic grade poly-Si

(9N) 99.9999999%
(4.5N) 99.995%

Electronics
Solar cells



From silicon to wafers

Polysilicon

Ingots

Wafers

M. Woodhouse et al., NREL Tech report, 2019

Solar Cells

PV Modules
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Monocrystaline wafers

| Czochralski Process

1. Siemens chunk and 2. Load Siemens 3. Melting of 4. Introduction of 5. Beginning of 6. Crystal pulling.
fluidized bed reactor (FBR) chunk and FBR polysilicon, doping. the seed crystal. crystal growth. 7. Extraction of crystal
polysilicon feedstock. granules into crucible. ingot from puller with some
4

Etch (recondition) cropping pot scrap left in crucible.

and squaring scrap

Boule chords. ‘

‘ Boule crown and tail. * dp
e ——

11. Gluing to 10. Grinding and polishing 9. Bricking or squaring 8. Cropping (band sawing) of silicon ingot.
glass substrate. of ingot corners. (band sawing).

!

A

F

4‘UJJIH!I'UN‘I(IIlll"'~"l!lylﬂ‘\w'lq
13. Chemical bath 14. Cleaning, singulation, and inspection of 160 um monocrystaliine silicon wafers
to dissolve glue and having a surface area of 244 cm? per wafer. The net silicon utilization (including all kerf
12. Wafering with diamond release wafers from glass. and yield losses, and with crown, tail, and chords recycling) is estimated to be around
wire: 90-100 pm of kerf loss 16.0 g per wafer. For a cell efficiency of 21.5%, this would be 3.05 g/W(pc).

per cut wafer.

M. Woodhouse et al., NREL Tech report, 2019
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Multi-crystalline wafers

.

1. Siemens chunk 2. Quartz crucible filled with 3. Place quartz crucible into 4. Melting of polysilicon 5. Directional solidification. 6. Annealing and then cooling.
polysilicon feedstock. polysilicon feedstock. crucible box. Load feedstock.
. into vacuum furnace.
Recycling ‘

I&

13. Grinding and polishing of 11. Ingot band sawed into 10. Finished ingot block
multicrystalline silicon brick. 6 by 6 bricks. after cropping.

12. Lifetime testing of bricks.

8. Breaking and removal of 7. Removal of ingot and
quartz crucible mold. crucible from furnace.

i ) i recycling
14. Brick chamfering and 15. Wafering (wire sawing): 16. Chemical bath to 17. Cleaning, singulation, and inspection of 180 ym multicrystalline silicon wafers having a surface area of
gluing to glass substrate. 150 um kerf per cut wafer. dissolve glue and 246 cm? per wafer. The net silicon utilization (including all kerf and yield losses, and with partial ingot recycling)

release wafers from glass. is estimated to be around 16.9 g per wafer. For a cell efficiency of 20.5%, this would be 3.35 g/W(pc).

M. Woodhouse et al., NREL Tech report, 2019

49



From wafers to cells

Polysilicon

Wafers

Solar Cells

PV Modules

M. Woodhouse et al., NREL Tech report, 2019
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Inside a solar cell

1. Test wafer. 2. Saw damage removal and 3. POCI, diffusion. 4. PSG removal, rear side
surface texturization. planarization, and edge isolation
by single-side etching.

ST N R R
=y — - :

8. Screen-print frontside Ag 7. Laser opening of dielectric 6. PECVD of SiN, for frontside 5. Rear-side deposition of silicon
paste for fingers and busbars, layers for ohmic contact anti-reflection, backside oxide or aluminum oxide layer.
rearside Ag paste for tabbing between Si and Al BSF. reflection and surface passivation.
and stringing, and then Al
paste for BSF. Cofire.

it >
5
w 4

9. J-V measurement and cell binning. 19 - 22% Cells

M. Woodhouse et al., NREL Tech report, 2019
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From cells to modules

Polysilicon Wafers Solar Cells PV Modules

M. Woodhouse et al., NREL Tech report, 2019



Moduling

i A
Solar cell g&s&s?&sssss
. \——— o ing ribbons g T = 555&
e hekmlaka PRt e S
Front to back stringin

3. Automated cell loading, tabbing, stringing, ang
contactiess infrarag soldering to front and

/ back silver on cells.

77,
St
> AALT T FH AT
1. Automateg glass loading.

4

Module layup - automa

cell strings, Manua|
soldering of string

ted pPlacement of
Or automated
connector fibbons,

-

M. Woodhouse et al., NREL Tech report, 2019

e motae s S mperon i o Lt e g s,
Aluminum frame and silicone sealan;, ) N
flip
module \
v 4 '

e ——
~ backsheet

/" 2nd encapsulant sheet
solar cell
1stencapsulant sheet

8. Solder string connector leads in
J-box and |

. . 9.1-¥ module testi
With potting agent. insp
Sticker placement ang module curing.

glass

ng and electroluminescenoe
ection. Module sorting and Palletizing. Move to
Warehouse to await shipping to Cuslomer,
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Solar cell shopping list

par kWh
Poids en gramme par Wc ensoleillement 1700 kWh/m?an

efficacité : 20% facteur de perf. 85%
25 ans, -0.5%/an

- Gallum [P 0.000 001 0.000 000 003
4 0.02 0.000 6
1700 8.5 0.25

co, 50 1000 30



Recyling

Europe's first solar panel recycling plant
opens in France

Geert De Clercq 3 MIN READ L J f

“This is the first dedicated solar panel recycling plant in
Europe, possibly in the world,” Gilles Carsuzaa, head of
electronics recycling at Veolia, told reporters.

G. De Cleerq, Reuters, June 2018

Recycling
Or downcycling ?

250 000 t _
Recycling of
2016 2050 non-Si
techno ?

End of life management, IEA — IRENA, 2016

disassembling
the aluminium
and glass parts

P

& 2
2 0, thermal 1w
e processing ‘
o at 500°C o
95% - 1007%
glass metal
reused reused
 the covering
" -
plastc
: = evaporates
phiysically reused as Sl
¥ e heat =ource r
cell modules

etching

@ ¢ away

-5 silicon
__,?_ SIiLCon

’._ o o wafers

melting
6 broken
wafers

https://www.greenmatch.co.uk/

80%
I'|'|-i'.I{':|.J|L'7t: E

relsed

g =
silicon reused



Lecture 6 —solar energy

l.  Solar energy resource

Il. Thermodynamics of solar energy conversion
A. Solar heating
B. Concentrated solar power
C. Photovoltaics

Ill. Overview of the silicon PV technology

IV. PV today and tomorrow



Cost evolution

1976
100S/W

average module sales price [USD R018/Wp]

cumulative PV module shipments [MW]

ki Ty T
1100
ITRPV 2019 ]
110
® historic priceg data
— 2312% (1976 - 2018)
] 3918% (2006 - 2018)
== =TTy Lo | ==Y T ==Y LB L ) 01
107" 10° 10’ 102 10° 104 10° 10° 107

57



Module cost

Module cost

Module assembly

Module materials

Other celluling costs
Metalization

Waffer treatment

Waffer production

0.24 $/W

NREL (2019)

Polysilicon

Ingots Wafers Solar Cells

M. Woodhouse et al., NREL Tech report, 2019

PV Modules
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Installed cost

Module cost

Module assembly

Module materials

Other celluling costs
Metalization

Waffer treatment

Waffer production

0.24 $/W

NREL (2019)

Installed cost

Soft costs
(taxes, S, marge...)

Installation

Hardware (other)

Electronics
Module

1.07S/W

IRENA (2019)

Fifteen 335 watt Solar Panels

z=e=e
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Levelized cost

O

Module cost

Module assembly

Module materials

Other celluling costs
Metalization

Waffer treatment

Waffer production

0.24 $/W

NREL (2019)

Installed cost

Soft costs
(taxes, S, marge...)

Installation

Hardware (other)

Electronics
Module

1.07S/W

IRENA (2019)

Levelized cost of electricity

About 1/3 of electricity bills (J. Percebois)

Maintenance [llumination

Degradation

NS

-0,5% /an

Efficiency: 20% - 17%
in 30 yrs

40-60 $/MWh

ITRPV (2019)



Levelized cost (continued)

140
=
< 120
=
S~
¥ 100
Q
o]4)
5 80
C
N
S 60
©
2 40
E
20
©
S
@)
O

Solaire  Ferme Eolien Eolien Biomass Nuclear Combiné
toiture solaire terrestre offshore gaz

Fraunhofer ISE, Levelized cost of electricity — renewable energy technologies (2018)

EIA, Levelized Cost and Levelized Avoided Cost of New Generation (2019)
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EPBT in years

Energy pay back

- ARTICLE

PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS Received 2 Feb 2016 | Accepted 28 Oct 2016 | Published 6 Dec 2016

Prog. Photovolt: Res. Appl. (2014)

Pubished anine in Wiy Oriine Library (wileyoninsliary.com). DOI: 10.1002/pip 2548 Re-assessment of net energy produchon and

greenhouse gas emissions avoidance after 40
years of photovoltaics development

Colt carbone de I'électricité

BROADER PERSPECTIVES

Update of energy payback time and greenhouse gas
emission data for crystalline silicon photovoltaic Atse Louwen', Wilfried G.J.H.M. van Sark!, André P.C. Faaij® & Ruud E.I. Schropp® 800 en gCOZ/kWh
modules
Thomas Wetzel* and Stephanie Borchers SoUrce B GIEC
15 - b EPBT - years
e | L | Y 600
| 1
5 +y
O O 101 . I-LI: 400
O O E ¥ Loy }
7 I [ I 1 A | B\
k%. | # *lalh!_ ; .
i '.I: I . k
1 SN A 5"‘ N & O &
| N — — = | - ; 200 ¢ & & 0
O $ A o
_ _ _ _ & S T S
T. Wetzel & S. Brochers, Prog. In PV, _ 10° 4 f.'
2014 1| A Poly-Si A
0,2 ] ® Mono-Si () —— | . |
1975 1980 1985 1990 1995 2000 2005 2010 2015 TT | TTTTTTTTT | TTTTITTTTT I TTTTTTTTT | TTTTTTITTT I TT
year 1975 1985 1995 2005 2015
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Installed PV capacity

10001
= ;
% 100r +42%/an ]
S 1ol

0AL. _ ]
1995 2000 2005 2010 2015 202 :

P > F O o o

S R S T A

BP (2015) & IEA-PVPS (2019)

In 2018,
World :
500GW installed

650 TWh actually produced
(=2.5% of the world production)

France :
8.5 GW installed

10 TWh actually produced
(= 2% of the French production)
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PV distribution

100%

Installed power in 2020 Cumulative installed power until 2020

90%

China; 35% -

80%

Rest of World; 1994 - 70%

Rest of World
14%

60%

Brazil; 2% ---—-- ol
Spain; 3% -

Inclia; 396 - 40%
South Korea; 3% -

0y

Germany; 49 30%

Australia; 4% .

Japan; 69 ---------seeee
~ i o
ViEtnam; L ; 10%
i IRENA 2021
United States; 145 - | Fraunhofer 2021 0%

SOLARPOWER EUROPE 2021

mroof tbp m power plant

ITRPV 2019

2018

W building integrated

Centralized,
Grid connected

Decentralized,
Grid connected

Fraunhofer Institute, PV report, 2018

floating

2017



Solar module production
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imeline of PV in Europe

2000 | China market 2006 | Renewable Energy Law 2012 | 12th Five Year Plan for
share 2 % gives broader support for solar Renewable Energy Development
2001 | EU Renewable Energy 2008 | China increases market 2013 | 8 of 10 top manufacturers
Directive sets national targets share through exports from China & Taiwan
80s & 90s | RD&I and net-metering 2003 | Japan reduces 2009 | Japan's new FIT 2013 | European solar frade
create technical leadership for Japan support for solar increases domestic demand
_2000 | Germany 2009 | EU Renewable Energy
introduces EEG Directive sets binding 2020 targets

measues against China

1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 200 2010 2011 2012 2013 2014
2000 | 200 MW global 200508 | Silicon shortage 2010 75 % of installed
cell production raises prices capacity globally is European
. 2014 | No European manufacturer
2008|0Yermaqtyleadsm in world top 10
large fall in PV prices 4,500 MW global cell production

2008 | Financial crisis begins

China has 69 %
Europe's market share peaks at market share in 2014

33 %

in 2007

PV module production market share (%)
by region 1997-14. Fraunhofer ISE

Japan's market share peaks
at 52% in 2003/04

Assessment
of
Photovoltaics
European
Commission
(2017)

Rest of World market
share is 16% in 2014



Industrial processes

Scale up (european)
production capacities
(aiming at TW scale)

Paving technologies

9
Coating technologies ?

Consider end-of-life at
conception stages




Broader applications

Mechanical properties




Wernet et al., Adv. Mat. (2018)

he quest for high efficiencies

How to overcome the 30% Shockley-Queisser limit
and aim at much higher efficiencies?

Architecture Light

Transparent electrode

1000
Perovskite top cell
— 100
Transparent electrode &
>
£
v 10
O
Transparent electrode
oy
Silicon bottom cell FOt.ou“ 1
Back reflector E N SSAT 0.1

Four-terminal tandem cell

1.6

1.7

Carriers

1.8 1.9
Energy (eV)

2.0

2.1
69

2.2

Yang et al., Nat. Photonics. (2016)



Grid integration

Multi-vectors
T -

-

—

\\H, Fuels and chemicals
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Match supply and consumption




ake home message

Orders of magnitude

Thermodynamics with radiative heat exchange

(D~

Different ways to convert solar energy

85 10 15 20 25
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