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Silicon technology

Multijunction solar cells, IlI-V
semiconductors

Novel materials and concepts

Photovoltaic plants, BIPV, and
smart grids

Concentrator Photovoltaics (CPV)

#al Thermo-photovoltaics (TPV) &
Thermal Energy Storage

Documentary in TVE “Revolucién Solar”

http://www.rtve.es/alacarta/videos/la-aventura-del-saber/aventurarevsolar/4235638/
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Main equipment
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Silicon production Epitaxial growth Solar Cell fabrication Characterization
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Thermal Energy Storage (TES): State of the art
B | POLITECNICA)
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Concentrated Solar Power represents 75% of global TES

Central Tower
Gemasolar (Sevilla, Spain)

ERE Parabolic-trough
=3 Andasol 3 (Granada, Spain)
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Sensible heat storage in molten salts
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Stability limit (~565 C)

Hot Tank

As high as possible

Cold Tank

Temperature

Freezing point (~ 220 C)

Stored energy
E=mc, AT

Solid Phase-change Liquid

Heat
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An example: direct systems (typical of central tower)
B | POUTECNICA

Instituto de Energia Solar

SOLAR FIELD DIRECT TES

\\§ g _J
Y Y
Molten salt Steam Rankine
(290-565 C) (540C, 100-160 bar)

M. Liu et al. Renewable and Sustainable Energy Reviews 53 (2016) 1411-1432
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Direct systems (typical of central tower)
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R&D directions on TES
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Thermocline Packed Bed

High-temp -
Medium High-temp High-temp
Fluid Fluid
Temperature
Gradient
(Thermocline)
Low-temp
Low-temp Fluid
Medium ‘ .
Solids Latent heat
[ § <>
solid .
isothermal
liquid
I >
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Thermal Energy Storage: Temperature Ranges
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State of High
theart | Temp.

100°C 565°C 1000°C 2000°C

t*

Storage: Sensible heat (molten salts)
Conversion: Dynamic engines (turbines)
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Thermal Energy Storage: Temperature Ranges
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State of High

theart [N Ultra-high temperature (UHT)

100°C 565°C 1000°C 2000°C

*

277
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Thermal Electricity

storage generation
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Thermal Electricity

storage generation
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Phase Change Materials: Latent Heat
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— Silicon

3000
UHT
2500 | . .
Liquid hydrogen
a
E 2000 -
2
= 1500 |
_-E Pressurized hydrogen .
g (700 bar) Asi—
£ 1000
3 | Ni
MgF &l
Electrochemical
s00 | m n |
Al Mn F
LM};%H 4 KF Cu ¢ T
0 Na
0

Melting Temperature ("C)

v/ 1200 kWh/m?3
v 2 S/kg =>4 $/kWh

5 times cheaper
12 times smaller

NaNO,
v 96 kWh/m3
v 1$/kg => 20 $/kWh

A. Datas - CIC Energigune, Vitoria-Gasteiz, 8t Nov. 2017 N



Phase Change Materials: Thermal Conductivity

Solid-phase thermal Conductivity (W/m-K)

1000
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Thermal Electricity

storage generation
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Thermal Energy Storage: Energy Conversion
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State of High

theart [N Ultra-high temperature (UHT)

100°C 565°C 1000°C 2000°C

Convection/conduction (aT)
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Energy Conversion

Heat transfer ——> liquids, gases or photons or
solids electrons

[ T
[one TR |

i

emitter —§==—s

Efficiency (%)

10

collector

500 700 900 1100 1300 1500 1700
Temperature (K)

A. Datas, A. Marti, Thermophotovoltaic energy in space applications: Review and future potential, Solar Energy Materials and Solar Cells,
Volume 161, March 2017, Pages 285-296
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UHT Energy Conversion )
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Thermo-Photovoltaic Thermionic

> 1000 °C

> 1000 °C

electrons © © © O

v’ Based on Semiconductors v’ Based on refractory metals
v’ Cold side at ~ 50 °C v’ Cold side at several 100’s °C
v State of art efficiency 20-25% v’ State of art efficiency 5-10 %

K. Aizat, et al. Review on Thermionic Energy Converters, IEEE Trans Elect Dev, Vol. 63, NO. 6, JUNE 2016
T. Bauer “Thermophotovoltaics: Basic principles and Critical aspects of System Design”, Springer.
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Full system ?

Thermal Electricity

storage generation
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System examples
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Concentrated sunlight Concentrated sunlight

TPV Molten silicon

Molten silicon —_

Electric TPV TPV —
furnace

A. Datas, et. al. Energy, Vol 107, pp 542-549 (2016) A. Datas, et al. Solar Energy,
Vol 96, pp 33-45 (2013)

Patents: ES261062, US2015/0256119A1, WO2015/132305A1
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Application in Solar Thermal Power Generation
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500 kWth One Small Unit =

Heliostat area: 750 m? Storage + Power generation
Optical Efficiency: 65%
DNI: 1000 W/m?

wap e
T

i
T
e e

12211
! 1=

Vil

e Total unit volume: 8 m3

1l

. x;gm | Thermal efficiency ~70%
Dispatchable Capacity ~ 4 MWh (12 h)
AC Power Electricity output ~ 1,2 MWh_ (12 h)

Power output ~ 80 kW,
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Application in Electricity Storage and district heating/cooling
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Storage + co-generation
Total unit volume: 8 m3
. Capacity ~ 4 MWh (12 h)
Electric power ~ 80 kW
Thermal power ~ 250 kW,

~ 150 homes
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Application in Electricity Storage and district heating/cooling
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>/ Hot Water

Buffer >  Hot water (40-702C)
<
Battery or
Solar PV Capacitor > Peak electric demand

50°C

panels

> Baseload electric demand

50°C 25°C

s| Absorption chiller Heating / Cool
/ Heat Pump > eating / Cooling
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bandgap energy [eV]

Thermophotovoltaics: Infrared semiconductors
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Energy gap vs. lattice constant
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Thermophotovoltaics: Infrared semiconductors
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Thermophotovoltaics: Conversion efficiency
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: i a )
Heat source: solar, chemical o PV Blackbody
IR emitter e & .
= :: Emitter
Q {
g 07
£ i
@ i
T 05 ;
Filter N ?
© ]
Photovoltaic (PV) cell € 03 "
@]
Mirror = [ i
. 0.1} :
Heat sink y . ——
0 2 4 6 8

Wavelength (um)

State of the art ~ 25% (@1100 °C)

B. Wernsman, et al. Greater Than 20% Radiant Heat Conversion Efficiency of a Thermophotovoltaic Radiator/Module System Using
Reflective Spectral Control, IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 51, NO. 3, MARCH 2004
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Thermophotovoltaics: Power density

100-250 X solar-PV

Output power density (W/cm?)

500-1000 X solar-PV

| POLTECNICA

Instituto de Energia Solar

l

1000

1200 1400 1600
Temperature (2C)

2000
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Thermo-photovoltaics research at IES-UPM
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- Started in 1999
- Historical motivation: Capability of manufacturing GaSb TPV cells
- First projects: micro-power generation in domestic furnaces (power conditioning)

Diffusion furnace GaSb TPV cell First TPV applications
(GaSb cell fabrication)
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FULLSPECTRUM Project (2003-2008)

FULLSPECTRUM

Focon

Pyrolytic graphite

Water cooling

—ji—loffe
= ! Physico-
Technical
Institute

Reflector of radiation

Metallic body

... |POLTECNICA

Instituto de Energia Solar

Solar Thermo-Photovoltaics (STPV)

Theoretical efficiency limit ~ 85.4%

Concentrated sunlight

Quartz bulb

\ : Emitter (tungsten)

A.A.A.L.A.A.L.A.A.A.A.‘

K12 TPVl

~ Heat conducting ceramics

OOOOOOCOOO0)
Vi = y

/ /

\ | :

B

| @ SRE. _ Heat insulator

A. Datas - CIC Energigune, Vitoria-Gasteiz, 8t Nov. 2017 s



D
‘_:\'" )
& )
3
2|
\Z 0
0 &)
2 =

FULLSPECTRUM project results S
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Ay, = 3600 cm?
~

Primary Fresnel lens

Secondary
meniscous lens

Cylidrical
absorber
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FULLSPECTRUM project results
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/r

Quartz chamber [~ graphite

Thermocouple
(type C)

Alumina stik _

h.\
Argon flux jTr;

800-1400 degC
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FULLSPECTRUM project results
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21 mm

8.5mm I Z Fraunhofer
Terraced Substrate ISE

pl Series
Connection
l (12 cells)

Parallel
Connection
(2 cells)

Shingled pair

TPV module
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FULLSPECTRUM project results
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TPV module Full TPV generador
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FULLSPECTRUM project results
- |PourEcNicA)
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Sunlight input view

----

TPV generator

& | P

Full STPV system
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FULLSPECTRUM project results
__________________________|POLTECNICA
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The first reported
solar-to-electricity

2.4 — . | . | - | - conversion efficiency
Assuming FF of é 1 for STPV ©)
20 65% and cell A -
- temperature of '
_ Lef 25°C : [ 0.8 % ]
L2} . A f‘: - Y
" At . ' Improved TPV cells assembly
0.8 F A .
A : far 4y b ‘* | 2.2 %
A
041 Experimental (~ 60 mW/cm?) T l
200 400 600 800 1000 Improved optical concentrator
Direct solar irradiance (W/m”) 4 %

) A.Datas, C.Algora “Development and experimental evaluation of a complete solar thermophotovoltaic system” Progress in Photovoltaics, 2012
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Recent developments on Solar-TPV
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D.M. Bierman, et. al. Enhanced photovoltaic energy conversion using
thermally based spectral shaping, Nat. Energy, 1 (6) (2016), p. 16068

C. Ungaro, et. al. Solar thermophotovoltaic system using
nanostructures, Opt. Express, 23 (19) (2015), p. A1149

MIT
.—

A. Lenert, et al. “A nanophotonic solar thermophotovoltaic

device” Nat. Nano, 9 (2)

(2014), pp. 126-130

o

A.Datas, C.Algora "Development and experimental evaluation of a complete
solar thermophotovoltaic system” Progress in Photovoltaics, 2012

STPYV reported efficiency (%)
O B M W kAU N

2012 2013

2014

2015

Year of publication

FULLSPECTRUM result

2016

\ 4

Y Arnediien . 1

a Aperture —p e
Shield

m Sunlight

Wacuum s

Supports Si'{ < e L b -
Heat flow

Emitter

‘Thermal emission

Load

Thermal management
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Ongoing Projects

1414 Degrees (Australia)

» oppartunity ta go off the grid
» haating

L S
- «»/

ALIDIELITIE

| . .| ELECTRICITY

Molten silicon
+

Brayton engine

www.1414degrees.com.au

DELIVERING
» supply security
» reduced electricity rates (peak/load shifting)
——

e rourecnica
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ARPA-E Project (USA) AMADEUS Project (EU)

Power Tower wilh 5 y Mullid lated Si
Concentraters Phase Change Thermal Storage

Q r |
Liquid Metal
ToreaAT; 5nl) P\yrnpt
'!

Energy Input Energy Storage

‘Solid-state devices
(hybrid thermionic &
thermophotovoltaic)

Hctation Collector PV cell
Heliostats "
Electricity
) (Microwaves,
" magnetic
InGaAs TPV Cell on Towe E- 3 Row D eﬂ'mf\l'ulves* nduction, etc ) ’1"[/[/'\“
Reusable InP Subsirate Gmnhﬁe Emitters Concentrated AN S

g - y -
- -
i ;
Sunlight y
.
f\pﬂ“} o
‘Waste Heat — —

Phase Change  Emitter Spacers Thermionic Photavoltaic
! (I AMADEUS Material (<100 um)

Back Surface Reflector

N

TPV Power Cycle

Water/Oll Cooled Heat Sink

Molten silicon Molten silicon alloys
+ +
pumped liquid metal + TPV TPV & thermionics

(*)

(*)Pumping liquid metal at high temperatures up to 1,673 kelvin, Nature 550, 199-203 (Oct 2017)
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AMADEUS Project (2017-2019)

FET-OPEN
HORIZON 2020

v Grant Number: 737054
v’ 7 partners
* 3 Universities
* 3 R&D Centers
*1SME
v/ Budget: 3.270.496,25 €
v Jan 2017 — Dec 2019
v’ Coordinator: UPM (Spain)

www.amadeus-project.eu

AMADEUS

ultra high temperature energy storage

A. Datas - CIC Energigune, Vitoria-



AMADEUS Project (2017-2019)

FET-OPEN
HORIZON 2020

v Grant Number: 737054
v’ 7 partners
* 3 Universities
* 3 R&D Centers
*1SME
v/ Budget: 3.270.496,25 €
v Jan 2017 — Dec 2019
v’ Coordinator: UPM (Spain)

www.amadeus-project.eu

AMADEUS

ultra high temperature energy storage

Metallurgy, Thermal insulation, CFD simulation, Thermionics, Thermo-Photovoltaics
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First Project Meeting in Krakow (Poland, June 2017) oY
_|pourtECNICA|
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AMADEUS Project: The Concept
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A.Datas, et. al. “AMADEUS: Next Generation of Materials and Solid State Devices for Ultra High
Temperature Energy Storage and Conversion” at SolarPACES Conference (2017)

Energy Storage Energy Conversion

Thermal
Insulation Vessel
Electricity w
Concentrated PCM
Sunlight M-S 0
>1000"C
Waste Heat H

Thermionic Thermo-PV

> 1000 kWh,, /m?3 > 50 kW_/m?
(> 10 times than salts) (>200 times than solar PV)
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AMADEUS Project: The Concept

¥
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Energy Storage

Thermal
Insulation Vessel

PCM
>1000°C

> 1000 kWh,, /m?
(> 10 times than salts)
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Silicon-Boron-X alloys for latent heat storage

Latent heat (kWh/m?)

3000

2500

2000

1500

1000

500

... |POLTECNICA
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B A

_Liquid hydrogen
Si-B-X ternary alloys?

Pressurized hydrogen
(700 bar)

— Si-B binary alloys

v’ Increase latent heat?
v Tune melting point?
v’ Reduce freezing expansion?

MeF .Ni
Electrochemical r Em
Lo, B & KF Cu My Fom
NaOHWMKOH NaCl WK:CO; _
0 400 200 1200 1600 2000

Melting Temperature ("C)
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The Silicon-Boron system
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Silicon-Boron cooling curves (simulated)
- I
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Siy ;Bg 3 (hyper-eutectic)

Sij 9,Bg 08 (€Utectic)

| Pure Si

Enthalpy (J)

v Lower m.p.
v’ Higher latent heat

1200 1300 1400 1500 1600 1700 1800
Temperature (°C)
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NTNU ' Instytut Odlewnictwa

Foundry Research Institute

Material development Thermo-physical

characterization

(TG-DTA*)
Si - 5 Wt%B Si - 15 wt%B

TG /% o DTA /(uV/mg)
w05/ Sample Si-B 1379-8 C 1 ex

sample mass 40.766 mg
Helium atmosphere, conical graphite crucibles

Mass Change: -1.06 %
“l1s
100 =

/ . 1379.8 °C N
»| IMass variation

5 o i ’ Peak: 1589.2 °C Peak: 1532.1 °C 0.5
il N i A S 3 g
10pm EHT=1500kV SignalA=AsE  Date 29 May 2017 ®NTNU EHT=15.00kV  Signal A= AsB Date 28 May 2017 @ NTNU 75
H Wo=178mm Mag= 500X Imtas i Lt — WD = 10.2 mm Mag= 500X Torwwolion aeg Creatisity 200 400 600 g_oo . 10(/JPC 1200 1400 1600 1800
emperature

*TG-DTA: Thermogravimetry — Differential Thermal Analysis
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Vessel reactivity at high temperatures =/
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Y Instytut Odlewnictwa ; N N
SEM Foundry Research Institute T U

iS4+ SiB,) Wetability tests
=B,Chr (Sessile drop method)

Si/h-BN Si/(h-BN+ZrO,+SiC)

0~90° o~110°

After 5 minutes at 1750 °C
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2-phase CFD simulation
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CERTH
CENTRE FOR
RESEARCH & TECHNOLOGY

HELLAS

Container
geometrical
optimization

Vior= Veeum Veem=0.711

F =0.711
m)

Elapsed ) )
time 0 min 30 min

A.Datas, et. al. “Molten Silicon Storage of Concentrated Solar Power with Integrated Thermophotovoltaic
Energy Conversion” at SolarPACES Conference (2017)
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Thermal Insulation
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Institute of

Layer 1 Layer 2 i—ﬁ'rhermod»mami{saﬁd

/ Thermal Engineering

& Zmconis liber board (ZFB) 11 81 X Graphite tiber mar (GFM)il argon

A Alumina fiber mat (AFM) in air ® / Funied silica board (P}E in air

0.7
= I 7
<z
e °° I ) 4 /,f
Z 05 //
£ o4 I 1z ,/ i COMSOL®
“3 Iw - =~ """"-— C. Sl i o .
£ o3 I A | e simulations
g ’P__..‘—-‘f""""fd -
= 02 S -
E — L
Z ol
P pp— —

0
0 200 400 ¢Qq 800 1 Q00 12qa 1400 1c00 L 8OO 2000

Temperature [°C]

S.Lang, et. al. “Thermal Insulation of an Ultra-High Temperature Thermal Energy
Store for Concentrated Solar Power” at SolarPACES Conference (2017)
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Energy Conversion

Waste Heat

Thermionic Photovoltaic

> 50 kW,/m?
(>200 times than solar PV)
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Hybrid Thermionic-Photovoltaic (TiPV) Converter
B | POLITECNICA]
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10’s of kW,_/m?
100’s more than solar cells .- 4 THERMIONIC
PHOTOVOLTAIC

®
[
@
PCM <
®
®
®
PV CELL
@® ELECTRON ANODE
@ PHOTON CATHODE

A. Datas, Hybrid Thermionic-Photovoltaic Converter, Applied Physics Letters (2016)
Patent: ES2584105, WO 2017/134321 A
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Hybrid Thermionic-Photovoltaic (TiPV) Converter
. |POLTECNICA

Instituto de Energia Solar

@ National Research Councll of ltaly

Heat
‘ N LaB; on W by Pulsed Laser
Metallic Substrate Deposition (10_20 nm)
DR . o mionic
b5 electron BaF, on PV cell by Magnetron

Sputtering (<1 nm)

> Thermo-PV

InGaAs TPV cell
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TiPV device characterization
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Laser source

@ National Research Council of ltaly l EMW

Laser source

~INN  radiation
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Full System Prototype
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Experiments starting soon...
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Alejandro Datas
a.datas@ies-def.upm.es

https://youtu.be/D7huVnCnK8s
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Elements abundance

10°

Rock forming elements

2"d most abundant
element on earth crust

Major industrial metals in red
Precious metals in purple

Rare earth elements in blue Rarest metals
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0 10 20 30 40 50 60 70 80 90
Atoomgetal, Z

Abundance, atoms of element per 10° atoms of
Si
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Contact angles of liquid silicon
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150
h-BN
?WV?V?‘V??‘??V?Q'????V
B
= 140+
o3 o Si,N,substrate
E o MgO substrate
? 1 A 8i0,substrate
= T v BN substrate
© 90
S " g
c o 8 0 (]
8 A A o oo
M A E 0o
80+ A
0 2 4 6

Time /ks

Z. Yuan et al.. Wettability and reactivity of molten silicon with various substrates. Appl. Phys. A 78 (2004) 617-622
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Storage Integrated STPV (SISTPV) -y
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E 30% @ 1000 suns

 Filter -

Absorber [
: lJ .....
- BSR \ 2

© Melting Ratio (MR)
@ System Efficiency

TR=0.3 L=0.1m

PV cell . \ Emitter —-—~<
A, b
S
10" - )
.f/.r
A.Datas, et al. Solar Energy, Vol 96, pp 33-45 (2013) '
10" = — —
10 10’ 10"
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UHT-TES with integrated TPV energy conversion S
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conduction
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liquid

solid
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A
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radiation

moving soIid—quulid boundary

Temperature (K)

A. Datas, et. al. Energy, Vol 107, pp 542-549 (2016)



UHT-TES with integrated TPV energy conversion

1m3

-

-

A. Datas, et. al. Energy, Vol
pp 542-549 (2016)

- |POLTECNICA

Instituto de Energia Solar

~ 1MWh =  power 30 homes
80 i | ! | | | ] | ! 1-0
l71 kW 904 kWh
‘ .
TPV generator Pl
; =0.74eV oo 408
g - G\"
—~ s Mot~ 95% - ,\" e
B Pesr~ 90% i ;(060 =
4 o e < On S
S /,\/0\'3\ B
5 40- ’ =
P 104 B
= 301 kWh O
o __-m{ &
- == =02
16 kW
107 0 T T T T . 0.0
’ 0 2 4 6 8 10 12 14

Time (hours)

(*) Average Spanish home consumption (heat + electricity): 10,500 kWh/year (36% electricity, 64% heat)

A. Datas - CIC Energigune, Vitoria-Gasteiz, 8t Nov. 2017 G



