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Solar Energy (1)
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QOutline

1. Why to deploy Solar Energy massively?
2. Photovoltaics Fundamentals
3. Market and Cost Situation for PV Technology

4. Conclusions
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65% of our carbon budget compatible with a 2°C goal already used
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65% of our carbon budget compatible with a 2°C goal already used

Global anthropogenic CO, emissions
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Energy demand is rising quickly: here electricity
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IEA scenarios for global electricity generation
until 2050 (4DS and 20S scenario)
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High electrification scenario by Professor
Christian Breyer, based on IEA figures
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Primary Energy Use 2014

FOSSIL FUELS

RENEWABLE
ENERGY

NUCLEAR POWER
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WIND, SOLAR,
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The renewable potential

DLR

SOLAR"
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World energy use
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CSP versus PV

c S P Receiver Receiver
Direct Normal Irradiance
Receiver .
(DNI) = clear sky is necessary
Concentrator Heliostats Concentrator
Sonnenlicht PV
Antirefiex - l& DNI + diffuse radiation
Beschichtung Frontkontakt

- PV-Cells als work with cloudy
sky
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Charakteristics

Resource

Block size
Installation:
Capacity factor :
Backup:

Inst. Power (2015)

Electricity price

i DLR

mWatt up to 100 MW

everywhere (rooftops etc.)
700 — 2000 full load hours
External
227 GW

0,03 - 0,13 €/kWh

Direct radiation

10 MW up to 100 MW

Flat unused land

2000 — 7000 full load hours
therm. storage + foss. Backup

5 GW

0,06 — 0,20 €/kWh
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Thermal vs. electric storage
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i DLR




DLR.de « Chart12 > EPS-SIF International School on Energy> Prof. Robert Pitz-Paal > Solar Energy | >21.07.2017

QOutline

1. Why to deploy Solar Energy massively?
2. Photovoltaics Fundamentals
3. Market and Cost Situation for PV Technology

4. Conclusions

i DLR




DLR.de « Chart 13  2FEPS-SIF International School on Energy> Prof. Robert Pitz-Paal > Solar Energy | >21.07.2017

Photoelectric effect

Photoelectric effect: emissions of electrons from the atom or atomic group by the
action of electromagnetic radiation.

The energy distribution of the detached electrons is not determined by the
intensity of the incident light, but by its frequency. The electron has the energy of
the absorbed photon, which is reduced by the amount liberation energy
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Photovoltaic effect

Photovoltaic effect: The effect of an electrical potential difference between two

electrodes under light irradiation, i.e. light is directly converted into electrical
energy.

To external
consumer

Excited state

Form external e ;
consumer
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Isolator - Semiconductor — Conduc

Energy bands model in solids :
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Excitation of Electrons in semiconductors

1. Absorption of light. An electron (blue)
is excited with at least the bandgap
energy. Generation of an electron-
hole pair. (105 s) L
2. The electron relaxes to the minimum :
band, the hole (red) to the
bandmaximum. (1012 s)

2.

AN

Electron (hole) "lives" on
Band minimum (-maximum).

If no band gap were present, the excitation
(Up to ms range)

energy would immediately be converted into
thermal energy - no metals as PV material

- o R
v, I‘ < .» : li:’:.' S ‘}"‘},
DLR ‘\".éii"ﬁg ’A,:f,m .

yelle: Vorlesung von Prof. Dr.-Ing. Wolfgang Heering und Prof. Dr.-Ing. Uli

emmer
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Band gap energy

Material E;ineVv
Planck-Einstein equation | Ge 0.7 — T Ag=1.78 um
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Solar Spectrum

The solar radiation is often approximated with the radiation of a black body (BB) of
5780 or 5800 K.
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Types of solar cells

* Thick film solar cells

* Mono crystalline silicon (c-Si)

* Multi crystalline silicon (mc-Si)
* Thin film solar cells

« amorphous silicon (a-Si)
Micro crystalline silicon (c-Si)
CdTe
GaAs
CIGS —

* Dye solar cells (Gratzel-Zelle)
* Organic solar cells

i DLR



DLR.de o Chart 21 > EPS-SIF International School on Energy> Prof. Robert Pitz-Paal > Solar Energy | > 21.07.2017

Silicon crystal structure

Representation Incoming
of a Tetrahedral Light

Light-Generated
Free Electron

valence band to conduction band - Electron
OsSilicon Atom
= Bonds with Two Shared Electrons

Electrons & wholes move in the crystal lattice

©
s
® =%
RIS IR :
] a
185—1——1!1 A bond missing an §
I!I.I'I.I electron is a hole. S
i === (O, It can move freely
Si-atoms has 4 covalent bonds. |.|.|.I'I L e L §
O e x> r=>(r because electrons o
I.l.l.l.l from nearby bonds 2
Incident photons excite electrons from ® (s==(= switch places with it. &
o
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.
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Methods, 1981

until they recombine .
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Silicon lattice doping

Normal Electron Bond with Normal Bond Boron A Hole is a
2 Shared Electrons with 2 Shared Atom Bond Missing

Phosphorus Electrons an Electron
Atom Replaces

a Silicon Atom
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The hole can move relatively freely as a
The extra unbound electron from the nearby electron leaves its bond and pops

phosphorus atom is relatively free to into it, moving the hole to the bond from
move about. ’ which the electron came.

The semiconductor material is contaminated with atoms of another element group to provide n-type
and p-type crystals.

Excess electrons (or holes) move freely in n-type crystals (or p-type crystals).
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IMEORTANT: Both doped materials are electrically neutral!
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pn-junction — 1/4

n-Side

p-Side
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pn-junction—2/4

When p and n are

joined, electrons © Electron
move from n-side to @ Hole
fill holes on p-side. : — Negative Charge
Buildup
+ Positive Charge
Buildup

O Silicon Atom
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Q;:QNormal Bond
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Bond Missing an

Electron
(i.,e., a Hole)

=
=
E
o
o
w
c
o
=
o
=
=
-

-+

Quelle: NREL, Basic Photovoltaic Principles and

Positive charge Negative charge —
begins to build on | begins to build on fp-2+C> Bond with Extra &
the n-side of the the p-side as Electron from A
junction because of | electrons fill bond Donor Atom 3
the loss of electrons. | vacancies (holes). g
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pn-junction— 3:4-43;

de p-Side
Positive lons Negative lons ® Electron
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+ — — Negative Charge
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to the p-side, transfer of electrons Electron from < 4
creating a large to the p-side to Donor Atom PR
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er pn-junction — 4/4
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PN-diode: Space charge region

p-Gebiet Raumladungszone n-Gebiet
® @ @ ® @ 0 0 © © 6
@ ® ® @ |- — o0 0 0 O

freie LLocher : Dhiffusion freie Elektronen

® ® 6 & & - 0 6 O & O

@@@(D[_][q-]@@@@

Ladungsverteilung

Cuelle: Volker Quaschning - Regenerative Energiesysteme
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Energy Band Modell
p-Gebiet Raumladungszone n-Gebiet
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Absorption — practical application — 2/6

Absorption in the emitter
Let us consider Photon 2. It is
absorbed within the highly
doped emitter.

Lichteinfall - ntireflexschicht

n*-Emitter

Due to the high doping, the : fifﬂmm
diffusion length is extremely Ra”";fn":”gs{ L
small, so the generated hole | e e T =t um

Diffusionslange L

most probably recombines (z.B. 100 um) olo
I C e L e e --f4--1—x=100 um

before reaching the space } %

charge zone.

p-Basis

i DLR

Quelle: Konrad Mertens; Photovoltaik - Lehrbuch zu Grundlagen, Technologie und

Praxis; HANSER, 2013
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Absorption — practical application — 3/6

Absorption in the space charge
zone

The absorption of the photon 3 6

. . Lichteinfall wntireflexschicht
takes place here within the space 5 )

n*-Emitter | EEQ! = x =
charge zone. The field prevailing S H _21
in the space charge zone Ra”"iff:"gs{ T
separates the generated A2 KX ] Ao
. . Diffusionslange L,

electron-hole pair and drives the & 100um) o'o
two charge carriers in different [T } & B
directions. The electron is driven "
to the n-domain and then to the Ea e

— x =180 um
minius contact of the solar cell. E* '
i DLR

delle: Konrad Mertens; Photovoltaik - Lehrbuch zu Grundlagen, Technologie und
is; HANSER, 2013
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Absorption — practical application — 4/6

Absorption within the diffusion
length of the electrons

Photon 4 is only absorbed deep
into the solar cell. The generated
electron is not in an electric field :
but diffuses "aimlessly" through Ra”"ifnd;'”gs'{ \
the crystal. If it happens to arrive g
near the n-side it can flow to the  ¢s. 100um "

o'o
contact. "““"----""-------_-_-}-—S-- --4--1—x=100um
ovo

Lichteinfall - ntireflexschicht

n*-Emitter

p-Basis

|
-«
X
Il
@]
Quelle: Konrad Mertens; Photovoltaik - Lehrbuch zu Grundlagen, Technologie und

raxis; HANSER, 2013
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Absorption — practical application — 5/6

Absorption outside the diffusion
length of the electrons

A real loser is Photon 5, which is
absorbed only in the lower
region of the solar cell. The
electron diffuses through the p- Ra”"ifnd;'”gs'{ ‘
base, but recombines with a hole g

Lichteinfall - ntireflexschicht

n*-Emitter

Diffusionslange L

before it could reach the space (2.8. 100 pm)

O
---_______-..__--__-________}, ------ --4--1—x=100 um
charge zone. %

p-Basis

-«
X
Il
@]
Quelle: Konrad Mertens; Photovoltaik - Lehrbuch zu Grundlagen, Technologie und

raxis; HANSER, 2013
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Shockley-Queisser Limit — 1/2

Theoretical limit for photovoltaic cells, calculated in 1961 by William Shockley and Hans

Queisser.
e e .. AW Ag
Part of the limitation is the spectral efficiency M= oo —nc fo E;(A) # A xdA
solar*/t*

Spekir. Bestrahlungsstérke £, (1)

spectral
nutzbarer Anteil -D o IOSS Of
Transmissionsverluste (19,3 %) . :
silcon PV :
cell |

300 600 900 1200 1500 1800 2100 2400
Wellenlange A in nm

5, Y/ .

k Heinrich Haberlin; Photovoltaik — Strom aus Sonnenlicht fur Verbundnetz und

@Selanlagen;

JE Verlag, 2010
Grafik: Konrad Mertens; Photovoltaik - Lehrbuch zu Grundlagen, Technologie und
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Multijunction PV-Cells

« Multiple pn junctons with tuned bandgaps, which absorb the irradiation
over a broader spectrum > higher efficiency

« Shockley-Queisser Limit only valid for a single pn-junction 1]
* 1-jct. (Shockley-Queisser Limit): 30%
« 2-jct.: 42%
* 3-jct.: 49%
« co-jct.: 68%
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Scenarios for global PV deployment [ nstated

in 2050 4,300 GW 7000 GW 14,800 GW

Cum. production 5,600 GW Q.600 GW 16,700 GW
% of IEAWEQ 13% 24% 44% |
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Own illustration * CAGR = Compound Annual Growth Rate; ** Suggested market growth by year: 2014-2020: ~20 %; 2020-2030: 14%;
2030-2040: 8%; 2040-2050: 4%; Considered by applying the S-curve approach to all scenarios
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Cost structure of PV systems
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Learning rate for PV modules
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The efficiency of a solar cell is one key driver for cost reduction
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Cell effciency has a major impact on BOS cost

Today: 2050:
(~15% module efficiency) (~30% module efficiency)

E ~2x efficiency ~1

football ~50% surface football
fields

fields

Effect of higher module efficiency:

Less modules to install
Less weight to transport
Less structures to build
Less surface to use

Fraunhofer ISE (2015): Current and Future Cost

of Photovaoltaics. Long-term Scenarios for Market
Development, System Prices and LCOE of Utility-Scale
PV Systems. Study on behalf of Agora Energiewendg|

Own illustration * Football field (Fifa) = 7140 m?
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Learning curve for inverter
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Historical development of German feed-in tariff

ct/kWh*
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Expected cost development of PV electricity

* Real values EUR 2074; full load hours based on [27], investment cost bandwidth based on different scenarios of market,
technology and cost development; assuming 5% (real) weighted average cost of capital.
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Conclusions

» PV Cells use the photoelectric effect to excite electrons and convert light into electricity

* The energy (wavelength) of the photon needs to be sufficient to overcome the bandgap in a

semiconductor material

» PV cells consist of a junction of differently doped semi-conductors to separate the excited

charge carriers

PV electricity has reduced its cost dramatically over the last 20 years and is today one of

the lowest cost electricity producer

 This is driven but scaled automated manufacturing and efficiency improvements in the

semiconductor

 Further cost reduction is expected
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