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Goals

= Master the various solar energy
conversion pathways

= |dentify pros and cons of each
conversion technologies

= Apply a basic knowledge to real case
scenarios

Jordan Holweger - jordan.holweger@epfl.ch
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Outline

Introduction
* The sun: spectrum, black body and airmass
approximations
Solar to Electricity
« Semiconductor technology (conversion)
« Solar cells, solar modules and solar systems

Solar to heat
 Principles
« Solar collector
» Solar concentrator

Solar to fuel
« Conversion pathways

Solar systems
 Self consumption
« System integration
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The Sun
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=PFL  The energy from the sun

World primary energy needs: Spectrum of Solar Radiation (Earth)

160°000 TWh/yeaI’. | uv Visible Infrared »
» Covering 0.1% of earth surface ~ ? 3
with 20% efficiency solar panels g ° |
. y . E i Sunlight without atmospheric absorption
is enough to cover this need. T |
§ ~§ 1.5
z ] ~ 5778K blackbody
s Key figures : S e
a3 g N
% ° Irro%diance: I = fg HO Sunlight at sea level
é fO E(/’{’ 5780K)d/1 E 0.5 Atmospheric
; ﬁ absorption bands
5« |n space (~black body) = 1360 HO cq
5 W/m2 ol
g , 250 500 750 1000 1250 1500 1750 2000 2250 2500
é ® At Earth S Surface 1000 W/m2 Wavelength (nm)
;
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Iradiance and location : Air Mass

(Air mass: path length the light has to travel through the )

atmosphere

* AM,: solar spectrum outside atmosphere 1360 W/m2

* AM, 5p: solar spectrum in our latitude at noon, only direct
radiation, normalized at 900 W/m2

*  AM, s;: include diffuse radiation, normalized at 1000W/m2

 AM,.: defines both a spectrum and power density

1 v
AM = ==

\_ "~ cos@® X y

1360 W/m2

Jordan Holweger - jordan.holweger@epfl.ch
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Iradiance and location : Air Mass

OBVIOUS WARNING (not to remember) : Position of
the sun is location and time dependent!
e (p:azimuth angle =>sin¢@ = cosdsinw /cosa

§: solar declination => rising/setting slope
¢: location latitude (47° for Switzerland)
w: hour angle => 15°*(Solar time -12h)

The solar intensity with respect to the AirMass is
given by :

[=1.11,-074M°"

a . elevation angle => sina = sin¢ siné + , \,@
\ Elevation T

coSs ¢ cos 6 cos w \LF\JB
Aamm‘/

Jordan Holweger - jordan.holweger@epfl.ch ~
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Avallability (location dependant)

SOLAR RESOURCE MAP

GLOBAL HORIZONTAL IRRADIATION (@) womosanksrove - ESMAP
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© 2019 The World Bank
S Glebal Solar Atlas 2.0
resource data: Solargis

Long-term average of global horizontal irradiation (GHI)
Daily totals: 2.2 2.6 3.0 3.4 3.8 4.2 4.6 5.0 5.4 5.8 6.2 6.6 7.0 7.4

L B B KWh/m

Yearly totals: 803 949 109? 1241 1387 1534 1680 1826 1972 2118 2264 2410 2556 2702

This map is published by the World Bank Group. funded by ESMAP, and prepared by Solargis. For more information and terms of use, please visit http://globalsolaratlas.info.
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In Switzerland:

Annual irradiance: ~1000-1300 kWh/m2
=> 1000h equivalent solar hour
(1000W/m2)

As comparison :

LHV_ Diesel : 10 kwh/I

=> Switzerland can produce 100 L of diesel
/m2 over the year!

SOLAR RESOURCE MAP — NKCROUP
PHOTOVOLTAIC POWER POTENTIAL @ R
SWITZERLAND ESMAP ETED

6°E b1 i M 10°E

©2019 The World Bank
Source: Global Solar Atlas 2.0
Solariresource data: Solargis

Long term average of PVOUT, period 1994-2018 ——1 20km
Daily totals: 22 26 3.0 3.4 3.8 4.2
- DO Kk

Yearly totals: 803 949 1095 1241 1387 1534

This map is published by the World Bank Group, funded by ESMAP. and prepared by Solargis. For more information and terms of use. please visit http://globalsolaratlas.info
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How to harvest solar energy

r

Photoconversion

n=20% Electricity

.

r

Solar Thermalisation

energy n = 50% Heat

TECHNOLOGY

Thermochemical
reaction

n=12%

Jordan Holweger - jordan.holweger@epfl.ch
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Solar to Electricity

Semiconductor technology :
Conversion

Solar cell modeling
Solar modules manufacturing
Solar systems components

Jordan Holweger - jordan.holweger@epfl.ch



=pFL  Basic principle

@ electron

O holes

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

= Standard test condition:
= | =1000W/m2, AM1.5G

Useful power Iv=o.7
dissipated on Ry, I_? ? ?

<

+
Simplified solar cell cross-section

S
1

Simplified solar string schematlrc];

= T=25°C
= P is always measured in this condition

efficiency : n=

. Pypp = VI
I * Scell

Increase voltage by connecting
cells in series. The industrial
standard is 60 or 72 cells in

series.

=V =40-50V & |=7A

Jordan Holweger - jordan.holweger@epfl.ch
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Semiconductors : the conversion key

This is called a P-N

®—90—»
b0
®—90—»

0
o—o—eo

overall
neutral

®—90_—»
)l ()
®—0—9

®—0—»
overall
neutral with free electrons

—Type (-)
® ® ) S
—Type (+) | Silicon semiconductor ® ® e junction!
Undoped Si n —Type (-) p —Type (+)

®—90—»
Jowaroe ) ()
extra hole

®—9"_—»

®—90—»
overall
neutral, with free holes

. Si atom
. Group V atom (P)
. Group III atom (Al,B)

Jordan Holweger - jordan.holweger@epfl.ch
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n —Type (-)
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Semiconductors : the conversion key

@ p doped : negative potential E

+

+ + +

\j@
+
Junction

L

Once the junction
has fully formed, it
presents a barrier to
additional crossover
of electrons to

p-side.

Once the junction
has fully formed, it
presents a barrier to
the possible transfer|
of holes from

p-side to n-side.

n —Type (-)

p —Type (+)

= Light can generate and electron-hole pairs,
if hv > E, (E,: semiconductor bandgap)

= Electrons (Negative charges) have to travel
to the n-side

= Holes (Positive charges) to the p-side

= The junction act as a barrier and filter out
electron from holes

In a range at the n-p interface the charges will cancel out.
But overall an electric field is generated ACROSS the juntion

Jordan Holweger - jordan.holweger@epfl.ch
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Semiconductors : the conversion key

Step 1: Step 2:

a photon hits an The electron and

electron-hole the hole split

pair and move P

around O
Step 3: Step 4:

The electron gets The electron and
dragged by the the hole are
electic field of collected at

the P-N juntion

the contacts

Ja
N

Note : this can happened in
the p and n regions, it does not
matter

jordan.holweger@epfl.ch
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= The trick is : not every photon can split an
electron hole pair

* The photon needs to have an energy superior to

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

the band-gap (Eg) of the semiconductor

For an insulator, the gap is so large, no «earth»
photons can provide enough kick to split an e-I

pair Metals

Conduction Band
Valence Band

Semiconductors

TEg

Insulators

ﬂﬁg

Conduction Band

Intensity (Wm=2nm=1)

Valence Band

Conduction Band

Valence Band

150 1
125 1
100 4
075 1
050 4
025 1

Semiconductors : the conversion key

absorbed not-absorbed

Energy (V)

302015 10 075 05 04
: : : materials bandgap
Lo --- csi
i Ge
- === (alnAs
I === a5iP
1 1
1
]
1
1
T - II - T T T T T
0 500 1000 1500 2000 2500 3000 3z00 4000

Wawvelength (nm)

Jordan Holweger - jordan.holweger@epfl.ch



=Pl Solar photovoltaic technologies

All based on the same semiconductor principles : Some with different materials, different manufacturing methods...

Crystalline Silicon

Polycrystalline

Monocrystalline
+ IBC
* PERC/L/IT

e Tilting ribbons...

Thin-films
CIGS
CaTe

Multi-junctions

111-V cells
Stacks of
cells

Jordan Holweger - jordan.holweger@epfl.ch
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From cells to modules

= A solar cell in its own is very thin (250um) and very
brittle. To protect it, ensure long term usage and

safety, we encapsulate them in modules

Temperature Irradiance
heat, frost, night- sun, sky
day cycles
Mechanical -~ VFarsbssssas Sheath s Humidity
Stress D ) 1
wind, snow, hail
Atmosphere Moisture

salt mist, dust, sand,
pollution

rain, dew, frost

Crystalline PV lay-up : the active
component is sandwiched between
two polymeric encapsulants.

Jordan Holweger - jordan.holweger@epfl.ch

Glass

Polymer
Solar cell

Polymer

Backsheet
or glass

The stack is then laminated up to 200°C
to seal the module.

= WARNING: Poor encapsulation and lamination is a
MAJOR cause Of failure (yellowing, humidity protection, delamination....)



=Pl Solar cell & module charactenrization ”

= In first approximation, a solar cell
behaves as a diode:

1. It shows a highest potential but no
current .
o no electrons cross the junction, but

they really want to

2. It shows a highest current but no

potential

o All electrons cross freely the junction >
3. It shows some potential and some
current but not at max values
This directly comes from the P-N junctions

» Electrons can go to the n-side but not back to the p-
side (max potential, but no current)

* In other words, the current can only go in one
direction

» https://www.youtube.com/watch?v=B
HA4teZmwTO

v Open-circuit conditions
I = 0 => V = ‘/OC

Jordan Holweger - jordan.holweger@epfl.ch

Short-circuit conditions
V=0= I =—-I,, 35—
For a standard a=156mm cell: I, = 84

Ideal power
Rypp  dissipation on Ry pp

Rypp = Vupp/Iupp

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY



https://www.youtube.com/watch?v=BHA4teZmwT0

=Pl Solar cell & module charactenrization
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_ _ qv
I oaa = Ip — Iph = Iy [exp kT -1 _Iph

A

Short-circuit conditions
_ mA
I V=0$ISC=_Iphz35W

For a standard 156mm cell: I, =~ 84

I

V¥  Open-circuit conditions
[=0=>V =V,

Ideal power
Rupp dissipation on Rypp

Rypp = VMPP/ Ippp

<
v

_ Pupp _ IvppVupp

Pupp Fill factor (FF): =1 v. =",

Jordan Holweger - jordan.holweger@epfl.ch



=P7L  System component: MPPT

For the moment, we did not consider how to extract power from solar cell (ie. what
happens after the charges are collected at the contacts)

= |n order to extract a maximum of power, we need
an MPPT : Maximum Power Point Tracker

The MPPT will ensure max power output, for whatever outdoor conditions.

= [rradiance effect

Irr 7= Ige 2, Voo =7 = Pypp 7

= Temperature effect:
T /‘ = ISC }'I/OC I/ = PMPP \l (fOf C'Sl)

START
Mo =olkT) - olkT-T)
A= (kT )~ i(kT -T )
AP = P(KT ) - P(KT-T )
Li .
| Av=0 A

- :

Y ap/dv=0 ai=0 Y Pup
N N
4P/ 4> 0N Yois0 / \\ >
e '
=p(kT+T) =v(kT ) + AV {0(kT+T ) =v(kT ) - AV

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
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Grid tie inverter : (fully grid coupled PV

System component : Inverter

utility)

Converts DC current from PV to AC

current of the grid

Usually attached and coupled with

the MPPT

Measure the voltage on the grid
(high freq.) then inject current

synchronously

Have shorter lifetime than PV array

15 years vs 25-30 years

PV panel(s)

DC current

Inverter

*

Grid

AC current

22

Jordan Holweger - jordan.holweger@epfl.ch
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PV production and Market
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Cell Efficiency (%)
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Best Research-Cell Efficiencies

2 EINREL

el
Transforming ENERGY

Multijunction Cells (2-terminal, monolithic)  Thin-Film Technologies

LM = [attice 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) Emerging PV

A Two-junction (concentrator)
A Two-junction (non-concentrator)
Bl Four-junction or more (concentrator)

O Dye-sensitized cells
O Perovskite cells
A Perovskite/Si tandem (monolithic)

[~ O Foursunction or more (non-concentrator) @ Organic cells (various types)
Single-Junction GaAs A Organic_ tandem cells
A Single crystal 4 Inorganic cells (CZTSSe)

< Quantum dot cells (various types)

4 Concenirator O Perovskite/CIGS tandem (monolithic)

V' Thin-film crystal
Crystalline Si Cells

Sharp Soitec
(IMM, 302x) | =9€C NREL
Boeing- (4-J, 297x) (6-J,143x)
Sp‘eclro»ap SolarJunc |FhG-ISE/ Soitec o
LLwl_ 364x) (LM, 942x) o
Spectrolab | FhG-ISE SpireSemicon NREL

(MM, 299x) | (MM, 454x) "\ (MM, 406x) 5]
Boeing-Spectrolab  Boeing-Spectrolab o NREL
(MM,179%) (MM, 240x) ( ajméicqx: (4-JB327><,>
< s oeing-
" RE SolarJunc t 0 NREL (6-J
N (M 325 73) (LM 4189 Speptonab (6) RS
Boeing- W Sham (IMM)
Boeing- SDEC“OHD Sharp (IM ...4’
Spectrolab REL 2 a3 G NREL (38.1x)
Spectrolab IMM) ,.e*"° FhG-ISE
NREL/ Spectrolab gl
Spectrolab eees" N

Spectrolab NREL (ﬂ)A = = o NREL

| : Japan ¥ Spectrolab » ) [
o’ Single crystal (concentrator) Vetian NREL  Energy 1080 et TES-UPM (1026 FIGISE L
m Single crystal (non-concentrator) (216x) NREL e vttt e Syl LG
O Multicrystalline Varian X ; - ) Radboud va SE ( x) @_Alla SunPower (large-area)
L @ Silicon heterostructures (HIT) 205x oL Panasonic | ALG
WV Thin-fiim crystal (2050 prarre SUTPORET (90 _ _ _ o om om om o o m o e o om0 ATIONK (92X) Y AN
Stanford K= = = m= o= /e == = o o o o S R L AL v i NP Panaso'\;c Kanekg
(140x) Kopin L e mm e cm e — - —-——————————— = h"lSE Alta
) Varian ONSW adboud U =
- . UNSV UNSW UNSW AV pS Panasonic E L (470> exel ZSW
e Spire : UNSW™ Sanyo 200 REL (1 3 First Solar
BM i ————— UNSW NSW UNSW FRGSE  ganyo Sanyo e ) = HzB
(TJ. Watson A== i Stanford UNSW UNSW/  NREL Sanyo o == EI'APA‘FM‘\,V,‘ NREL s S NinkoSolar
Research Center) W Georgia  Eurosolare  (14X) T = == Sy e o ISCAS Trina Solar
ARCO Georgia  Georgia  Tech = NREL ISFH %7 ¢ KR!CT FrKflng JUNIST\ Canadian Solar
Westing- Spire \ \ Tech Tech ] L NREL Solex S .. Univ.of Queensland
sl ! Varian of|  UNSW - . NREL NREL NREL NREL  NREL W0 o oo o -FhGISE OV P oo Fist Sola iU
Sandia S : L <
B e . Flort . T Vatsushi s GF Soarf| e Solarfron MR Sl CHES
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Transforming ENERGY

Hybrid
O Hybrid four-junction (conc.)

Silicon
O Silicon multicrystalline
D Silicon mono Passivated Emitter Rear Contact (PERC)

O Silicon mono interdigitated back contact (IBC) Chalcogenide
A Silicon mono heterojunction IBC O cdTe
WV Silicon thin-film o ciGs
— < silicon other A CIGSS
Amorphous Silicon (a-Si
P o Emerging PV

A Amorphous silicon
V¥ a-Si two-junction
& a-Si three-junction

O Organic PV
O Perovskite

GaAs lII-V

A\ GaAs single-junction (non-concentrator)
WV GaAs three-junction (concentrator)

W GaAs three-junction (non-concentrator)
o GaAs four-junction (concentrator)

Honda/
SunPower

/“NS‘;J> UNSW/Gochermann

Module Sizes (Area cm?)

@ >14000

6,500 - 14,000
800- 6,500
200- 800

Large module
Standard module
Small module O UNSW

Submodule Fraunhofer ISE

Amonix Fraunhofer ISE

Amonix

¥ sharp

Alta Devices

WAAM Devices
Panasonic ~ Kaneka

SunPower
Hanwha,

Alta Devices

SunPower

Sandia/UNSW/Entech SunPower
= $Gpai Trina Solar_ &ells T”:’ISD':' Hanwha Q-cells
Kyocera chott Solar £ lar Frontier &
SunPower ’ 3 BT © - - - .o First Solar
UNSW! Schott Solar. Cells 41...--" > First Solar Panasonic
copes ¥ %
= Sandia gt - Solar Frontier Panasonic
’ First Solar ™~ A 3
v Siemens Showa. Shell Miasolf & @ "Tirst Sojar e UniTest
Siemens Solar {m) -8 TEL Solar, Trubbach Labs
: Fuii ! Solar  Texas SI?H;EH& e i - -/ PrinTeStar T TEL Solar, Trubbach Labs Microquanta
o AF::CIC.).. Ejectric l"SS.L..-..,.!?mmf“s o o_-a(bsisomr" A S D esiscens o/ Toshiba ZAE Bayern
Seeveann,, ... ABCO = gascii - LG Electronics
Solarex LR s SRR vl r \  BP Solarex LG Electronics
O e 0= ="" Solar  Golden \ o
s Photon Golden 20ar™\ Cellsnc. Photon \ Pacific Solar
ol ; 2 3 = Toshiba
Energy Photon (I?’Hs, USsC Matsushita ECN Petten oshiba
ARCO & |
ussc
] ] | ] ] 1 1 | 1 ] ] 1 | 1 1 ] ] | ] ] 1 1 | ] | ] ] | ] 1 1 ] | 1 ]
1990 1995 2000 2005 2010 2015 2020



=F7L PV production and Market "

Lab Industrial eff Cost (CHF/W) ;

(Module eff) (module level) 5

Mono c-Sl 27% 24% (20%) 0.3 5

Multi c-Si 23% 20% (16%) 0.3 P

Thin films 23% 19 % (12%) 0.3
Multi-junctions  47% 41% 0.77

5,000
4,500

4,000

+ cost of inverter (0.3 CHF/W)

= 3,500
(almost as much!) £ o
. . w
+ installation cost £ 2500

. %2,000
Still, the cost of solar 2 1500

decreases every year. !

Q4| Q4 Q4| Q4 Q4| Q4 Q4|Q4 Qi| Q| Qs Q4
2006|2007 2008|2009 2010|2011 2012|2013 2014|2015 2016|2017 |2018 2019 | Year

B ME-409 ENERGY CONVERSION AND RENEWABLE




=PFL P\ modules matenal
breakdown

Aluminium
Frame
S 15.40% Encapsulant
10.74%

Silicon
8.63%

Other
1.27%

\ Photovoltaic solar cells

Encapsulant material - EVA

\ |n5ulating back sheet

\ Junction box

Glass
63.96%

Energy payback time: 0.4 to 1.5 years

EU,PEFCR, Photovoltaic Modules Used In Photovoltaic Power Systems For Electricity Generation,2019

contact
aluminium
0.34%

contact tin
0.08%

contact silver
0.08%

N
=

jordan.holweger@epfl.ch
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Principles
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Principles

P
Solar thermal /,o \

Heat
transport
medium at

Adrien Saury - adrien.sau



=F7L " Principles

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

2 main approches :

Non or low concentrating

= Low temperature 30°C<T <
240°C
= Working fluid (heat transport
medium): air, water, oil
(methanol)
= Technologies:
 Flat plate collectors

« Evacuated tubular collector
» 2D compound parabolic collector

Concentrating

= High to very high temperature
range (300°C< T < 1000°C)

= Working fluid : water, molten salt

= Technologies:
 Parabolic through
* Linear Fresnel
* Towers
 dishes

Adrien Saury - adrien.saury@epfl.ch
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Non or low concentrating

= The most simple solar collector

/ Unglazed Solar Collector

GSunIight

Cold water
recirculated
from use

QCirculation

\

water
to use

QUse

/

Adrien Saury -adrien.saury@epfl.ch
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Non or low concentrating

» Flat Plate solar collector

Characteristics:

» Operating temp range: 30-80°C

+ Concentration ratio : 1

» Use only direct radiation

»  Working fluid, air or water (topology
adaptation, see next slide)

Heat loss source:
* Reflection (flat plate)
* Radiative (use vacuum to reduce
emissivity)
* Conduction (mitigated by good
insulation)
* Convection (use better insulation)

Ambient Glass Cover
\\ Conduction
\ Ta Us
_ Convection
Convection

Uy

Convection

Adrien Saury - adrien.saury@epfl.ch
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Non or low concentrating

= Flat Plate solar collector topology

Water as working fluid

Glazing
A Riser
Absorbing plate
s

Insulation
Glazing
B Riser
Absorbing plate
Insulation

Glazing

C Riser
Absorbing plate

Insulation

Glazing
D Riser
Absorbing plate

SN SISSN NI
R

Insulation

Air as working fluid
Glazing Glazing

E Air passage | F Air flow
’ﬁ > Metal matrix
1

[ [ | e e

Insulation Insulation

Glazing
G Corrugated sheet

L AANARANANAN

Insulation

Air VS water:

- Lower heat capacity and lower heat
transfer coeff => higher volumetric flow and
pumping power

+ open or closed loop: direct convective
haatinn

Adrien Saury - adrien.saur



=PFL " Non or low concentrating

» Flat Plate solar collector

Examples

Source: wksolar

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
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Non or low concentrating

» Evacuated tubes solar collector

Use direct and
some diffuse
radiation
Concentration: 1
Temperature range
: 50-200° C

Use liquid-vapor
phase change fluids
Conductive heat
loss reduce through
vacuum

Radiative heat loss
reduced with
selective surface

Type 1 Type 2

Glass to metal

Heat pipe

drien Saury - adrien.saur

seal
Manifold condenser g
\ / C(@ T 1 Fluid
LY i

Collector " Type 3

plate o

1 J
<4— Fluid flow e Selective surface Selective coating Vi
a
EE Entire space evacuated
EE Rﬁ,'{,’é" Feed tube
"

!
\ !

M

o —

D - Qutlet

3 ~e—inlet

—
" Heat pipe evaporator ((_3 —

Evacuated

~

" flow

NZA

Phase change heat transfer fluid

)
\
tube
i ! / \ \ Selective coating vacuum
' 1
\ v Evacuated space > Sepating.
" Return Feed tube



=PFL " Non or low concentrating

» Evacuated tubes solar collector

Examples

Source: SunBest
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Non or low concentrating

= 2D parabolic solar collector

Direct and some
diffuse radiation

Temperature range.

60-240°C
Concentration 1-5
Takes advantages
of selective coating
and vacuum tubes
to reduce heat
losses
Concentrator
naturally reduce
reflection

Outer glass tube Selective coating

Inner glass tube
Metallic conductor

Cu-tube with heat
transfer fluid . Vacuum

Reflecting
CPC-mirror

Adrien Saury - adrien.saury@epfl.ch



=PFL " Non or low concentrating

= 2D parabolic solar collector

Examples

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

PARAVIVMA /
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Non or low concentrating

= System considerations

1. Indirect hot water:
Forced convection

XS
/J S
Antifreeze solution /_'
Domestic N closed-loop /—[Solar
Haot Water \ oo, Radiation
Insulated [~— ] ¥ Solar Flat
Storage Plate Collector

Tank .

c Cold Water
-+ e  Return
Domestic Circulating
Cold Water Pump
Heat Exchanger
Coil

Source: https://www.alternative-energy-tutorials.com/

2. Thermosyphon:
natural convection

Haot Water Flow

Thermosyphon
Hot Water System

Hot Water LA
Storage Tank _@:

Cold Water Return

Cold Water

Retum . Flat Plate

Collector

Sizing and price:

For domestic hot water: 1m2 /person
Price of thermal energy : 8-15 cts/kWh
(Nat Gas: 6-7 cts/kWh)

Adrien Saury - adrien.saur



=PFL " Non or low concentrating

= Capacity and cost

c

2

Capacity [GW,], Energy [TWh] E

600 - )

mmm Global solar thermal capacity in operation [GWe] === Global solar thermal energy yield [TWh] %

500 4 (2

2

4001 2
300 -
zm 4
100 4
D -

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

o Capacity [kW,, per 1,000inh.]
- Bm -
g 480 GW In 2018 550 4 540.5
5 500 - M Unglazed water collectors
z Source: IEA,SHC, Solar oy sio2 Bt plate ol
n . — ¥ cuated tube collectors
2 heat worldwide 2019 400 - = o
Z 350 -
8 200 | 300,2
6 250 - 2425
o ] 2014
g 150 -
8 100 |
4 0 ]
] 0 - T ' . ||

Barbados  Cyprus Austria Israel Greece Austraha Pala‘hman China Turkey Denmark

Source: IEA,SHC, Solar heat worldwide 2019 Territ.
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Concentrating Solar

= Mostly used for electricity generation
(using a heat engine : e.g. Rankine

cycle)

Advantages:

Higher temperature/efficiencies
achievable

Reflecting surface requires less
material, simpler structure

Disadvantages:

No diffuse radiation collected

May require tracking (more mechanical
complexity)

Reflecting surface degrades with time
(soiling)

Temperature [K]

Concentration Ratio

Adrien Saury - adrien.saury@epfl.ch



=PrL

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

Concentrating Solar

= Solar to heat ... to electricity ?

Process efficiency

n= noptics nreceivernengine

Ideal case:
Noptics = 1, .
. Qabs — Qloss . eoly

Nreceiver = = Cl
Qsolar T
amb

Nengine = Ncarnot = 1-
Ty

B eoTh . Tomb
T=\*"""¢I T,
U J\_ J

Y Y
\ with Ty 2 with Ty,

Direct Solar Radiation

noptics

°°"|;Z’S‘g:“°“ @ OPTICAL CONCENTRATOR

Concentrated
Solar Radiation

Nreceiver SOLAR
Receiver losses
RECEIVER
‘Heat

HEAT
ENGINE

Nengine 1

Electricity

Rejected heal -«

Adrien Saury - adrien.saury@epfl.ch
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Concentrating Solar

= Solar to heat ... to electricity ?

Solve for 2L = ¢
dTy
dn ([ 4eoTy ) Toymb N eaTi\ (Tamp
ar,  \" ¢l Ty 7 )\ 2

_aTamp 460T,§_
- TE cr

Nomenclature:

C: concentration ratio

5
<:> —_— = . .
aClTgmp — 4€0Ty =0 I: solar irradiance

A: absorber surface

1
5 Ty: temp of the

=Ty = (M) aﬁsorbepr
deo Tomp: @mbient

temperature
a: absorptivity
€: emissivity

o: Stefan- Boltzmann
constant

Direct Solar Radiation
7haptics
CONCENIANON s OPTICAL CONCENTRATOR
losses
Concentrated
Solar Radiation
Nreceiver SOLAR
Receiver losses
RECEIVER
‘Heat
Ri ted heal -« Zasa)
ejec eal
, . ENGINE
Nengine l
Electricity

]
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=PFL  Concentrating Solar -

= Parabolic through

HTF out
Line focusing

C =30-80
Temp: 60-300 °
1 axis tracking North-Soutt

Adrien Saury - adrien.saur

Receiver

Reflector

System example: SEGS in California
360 MW, hybrid solar and gas
Synthetic oil at 400°C
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=PFL  Concentrating Solar -

= Linear Fresnel
 Line focusing N-S g
« C:30-80 :
« Temp: 60-
250°C

Unidirectional
1-axis tracking Secondary reflector HTF out

Receiver

/'
HTF in
mﬂmr

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY




=P*L  Concentrating Solar -

= Linear Fresnel example

« Lanzhou Dacheng —
Dunhuang (China) 50MW
Molten Salt Fresnel CSP
Project

. §15h thermal capacity

istorage

» olLargest Fresnel CPS plant

Zin the world (they say).

Adrien Saury - adrien.sau
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=P*L  Concentrating Solar )

= Concentrating tower
Solar Tower
N —’

Point focusing RN
C: 200-1000 \\);

I

W
/:

Temperatures

300- 1000°C b &
2-axis tracking ‘fx @

heliostats Heliostats

XXX

N/

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY



=PFL Concentrating Solar :

= Concentrating tower example

Crescent Dunes Solar
Energy Project (US,
near Las Vegas)

110 MW
1.1GWh storage

LCOE : 138 $/MWh (vs
30 $/MWh for a large
PV plant nearby)

| |
Adrien Saury - adrien.sau
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Concentrating Solar

= Concentrating dishes

Point focusing
C =1000-4000
2 axis parabolic tracking

Au Reflector

Receiver/
4 Engine

via Stirling or Brayton mini
turbines
Remote application

Adrien Saury - adrien.saury@epfl.ch
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Solarto Fuel

Conversion pathways
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=PFL  Solar to fuel : road map

[ Water + CO, Fossil fuel

Biomass

Adrien Saury - adrien.saur

'd ™

Solar
cracking

.
Photoelectro- Photovoltaics
chemistry + electrolyser

N\ \\_ J

Solar Thermo- Photo- Solar
chemistry chemical reforming

A 4 A A 4 y h 4 A

Hydrogen + CO ]

Solar
gasification

A 4

[ Liquid fuels or methane ]

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
N



=PFL  Solar to fuel : main principle

msyngasLHVsyngas Msyngas LHVsyngas

U_

Nsolar—to—fuel = =
mfeedstock LHeredstock

Qsolar + mfeedstockLHeredstock

Adrien Saury - adrien.sau

eedstock (Na
gas, coal, olil,

Mgeedstock Qsolar

Msyngas

Optional reactant

(Water, CO,

Byproaduct
(CO,C, sulfuric

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
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Using Gibbs equation we know :

For a reaction to be thermodynamically
spontaneous, we need :

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

Solar to fuel : main principle

AG <0

AG = AH — TAS AG : Gibbs free energy variation

AH : Enthalpy variation
AS : Entropy variation

Therefore, we may play with AH and AS, that is intrinsic

to the reaction. Or, we may play with T!

For an endothermic reaction AH <
0, we may provide heat to
compensate for the one absorbed
during the reaction

—» Use of solar heat to drive a reaction !

For an exothermic reaction AH >
0, we may recover the excess
heat released by the reaction

Adrien Saury - adrien.saury@epfl.ch
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Solar cracking

General chemical reaction:

m
C,H, - nC + ?Hz

For natural gas:
kJ
CH C+2H, | AH = 74.85
47 L2l ( kmol)

Using a catalyst and high temperature
(>1200°C) !

Efficiency (LHV basis) :
16% average, up to 30 %

54

aperture insulation

ZrO4 liner

steel cavity

CH,+C

concentrated
solar
radiation

ETHZ and PSI, Maag et al. 2010



=PrL  Solar steam reforming

= 2 fold reaction for Hydrogen production (from carbon
oxides) :

Steam methane reforming:
k
CH,+ H,0 - CO + 3H, <AH = 206 / >

kmol

Water gas shifting:

k]
CO+ H,0 - CO, + H, | AH = —41
THU 2 LT ( kmol>

Temperature: 700-925°C
Efficiency (LHV Basis): 65-75 %

Most widely used reaction to produce H, (49%),
however the energy source is often not solar ®

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY
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Solar gasification

= For Hydrogen production (from pure carbon source)

Eg. from coal or biomass :

k]
C+H,0 CO+ H, | AH = 131
U = T 2( kmol)

High temperature (>700°C), avoiding combustion

Efficiency (LHV Basis) around 30%, temperature around
1500°C

Advantage : produces CO, which can be again refined by solar
steam reforming.
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Solar thermolysis

= For Hydrogen production (from water) :

Solar energy used as heat source, for direct thermolysis of water : H,0 — %02 + H,

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

[kJimol]
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Solar thermo-Chemistry

= Multi-step water splitting for Hydrogen production

ZIn0 & In+1/20, =—t (),

PN

H; S 700 + H, & Zn + H,0

Advantages:
« Clean separation of oxygen and hydrogen
« Lower temperature

Other metals also possible as catalysts

AG (kD)

dodl
300
250

)

150 |-

LT

Ml

<5l

.......... Zn/Fn0
——— Fed/Feqy
Ho2Od dissaciation

MnO /Mg Oy

bl

TG00 2400 3200 4000

T(K]
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=F*L  Photo-Chemistry ;

= Powering chemical reactions

World record efficiency (LHV Basis):

19%

* Is it worth it compared to a good PV
array and appropriate electronic
devices ?

Adrien Saury - adrien.sau

E > 1.23eV

1
H20 1—_1502 +H2

ACS Energy Lett. 2018, 3, 8, 1795-1800
Publication Date:June 25, 2018
https://doi.org/10.1021/acsenergylett.8000920
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Solar Systems

Self-consumption
System integration
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Installed power

Classifications

= There are mainly 3 classes of PV systems

 Residential scale
[1-50 kWp]

» Commercial/industrial scale

[1-10 MWp]
The EPFL Lausanne campus is the
largest integrated solar park in
. Switzerland
 Ultility scale

[0.1-10 GWp]




=PFL  Behind the meter PV

» For residential and industrial scale
only

= Best economic interest; use solar
energy to cover own consumption

= ALOT harder than it seems !

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

kWh
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=P*L  Behind the meter PV ;

Different concept

= Self consumption: you
consume part of what you
produce

= Self sufficiency: your
produce part of what you
consume

= Autonomy : you produce all
you need, without need of
the grid to buy of sell.

- Neutrality : over a year 00:00 06:00 12:00 18:00 00:00
you've produced what you ., time |
have consumed Self consumption: —— Autonomy: C = @ =no grid

AA"'B Neutrality: A+ B = A+ C

B ME-409 ENERGY CONVERSION AND RENEWABLE ENERGY

Self sufficiency: T



=F7L  Considerations on solar systems

= A set of examples from industry

) Here is the inverter, attached using the PV
* In snowy countries, a racks

framless module will not
retain snow in winter!

Adrien Saury - adrien.sau

In windy countries, fixation is key. The « highest power » orientation
of the modules is not chosen because of resulting drag from the
wind (heavier frames, more concrete foots...).

The case would lead to higher investment costs and higher ROI!
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Self consumption

= What to do then ? That'’s the big question!

It all depends on :

1.

What demand do you have

* Individually, in cooperative, by buildings...

« Hot water, mobility, electricity, heating, cooling... and WHEN
you MIGHT need it

What other technologies you may use in synergy
«  Battery storage to cover night demand
o Use your new Tesla as the battery?, use a larger
collective battery ?
«  Thermal storage (daily, seasonal...)
«  Cooperation between buildings ?
o Aheat pump cooling a shopping mall but heating your
house ?
* .... There are SO many options ©

At which investment and operation costs ?

Adrien Saury - adrien.saury@epfl.ch
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Solar energy Solar to electricity :

» Irradiance at earth surface: 1000 W/m2 PV
*  AML.5G definition Main technology: (mono) c-Si
« Annual irradiance :1000 kWh/m2 *  Temperature effect

» Efficiency 20%

Energy payback time 1.5 years
Cost : 1300 $/kW

Considerations on System

Integration
« What technological synergies
Solar to heat «  Which demand to cover
Solar collector . to what expenses ?
« T =230-240°

Working fluid: Water with additive
Used for domestic hot water
Concentrated solar
Working fluid : Molten Salt can be stored
High T => heat engine to produce electricity

C = 30-4000 Solar to fuel:
» From fossil fuel: CH,(+H,0) — H, + byproduct
* From water : H,0 (+metal?) — H, + byproduct
« Typical temperature and efficiency
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The PV rule of thumb to shine
In society

definition

Rule of 1000 for PV :
X =
1000W ~f bV at 1000CHF/kW,
exposel X 1000h/year under 1000W/m?2 irradiance,
1000 kWh/year =
And cost 1000 CHF.

1000 KWH/YEAR for a 1000 CHF !
(assuming 1000h of equ.sun/year at
1000W/m”2) -> slight over-estimation
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