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Solar PV and wind generation, 2040
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Stronger policies on solar PV and wind help renewables make up 37% of
electricity generation in 2040 in our main scenario — & nearly 60% in the 2 °C scenario
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Global installed PV capacity in 2016

Top 10 countries in 2016 based on total PV Top 10 countries based on added PV

Installed PV Solar Power Capacity in 2016 (GW)[°Il7] PV Watt per Capita

installed capacity (MW)?!

) Total Added (2018)1
# Nation & ) 4 . %+
Capacity Capacity 1 | M Germany | 511
1 | [l China 78.07 3454 |2 | @ Japan 336
2| @ Japan 4275 86 |3 | Jiialy 322
3 | MW Germany 41.22 1.52
4 | IS United States 40.3 14.73
5| | aly 19.28 0.37
United
G E 11.63 1.97
Kingdom
7 | maam INdia 9.01 3.97
8 | j§ France 7.13 0.56
9 | &3 Australia 5.9 0.84 Il cChina: 78,100 MW (25.8%)
10 | == spain 549 0.06 I Japan: 42,800 MW (14.1%) .
— I Germany: 41,200 MW {13.6%)
11 | ‘& South Korea 4.35 0.85 Il United States: 40,300 MW (13.3%)
) I ttaty: 19,300 MWV (6.4%)
12 | il Belgium S el Il united Kingdom: 11,600 MW (3.8%)
13 | I+l Canada 272 02 India: 9,000 MW (3.0%)
14 | = Greece 26 0 I France: 7,100 MW (2.3%)
= I sustralia: 5,900 MW (1.9%)
15 | mmm Thailand 215 073 Spain: 5,500 MW (1.8%)
All others: 42,300 MW (14.0%)
Czech
1 | e _ 2.1 0
Republic
17 | o Metherlands 2.1 0.53
18 | [ Switzerland 1.64 0.25
19 | B_ Chile 1R n7s

—

capacity in 2016 (MW)E!

China: 34,500 MWV (45.8%)

United States: 14,700 MW (19.5%)
Japan: 8,600 MW {11.4%)

India: 4,000 MW (5.3%)

United Kingdom: 2,000 MWV (2.7%
Germany: 1,500 MW (2.0%)

South Korea: 300 MW (1.2%)
Australia: 300 MW (1.1%)
Philippines: 800 MW (1.1%)

Chile: 700 MW (0.9%)

All others: 6,200 MW (9.2%)
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PV module prices continue to fall, driven by
manufacturing scale and improving module
efficiency

All-in Module Manufacturing Cost, Integrated China . o :
Manufacturer, Q4 2011-Q4 2017E FlrSt SOlar thln ﬁlm PV
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Utility scale PV price falls below $1 per Watt in US —
PV Magazine
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Different types of Solar Cells

Multi-junction III-V

Perovsklte

Swansea Univers ity . . ®. e
prifysgol abertawe  College of Engineering | Coleg Peirianneg



52

48

44

40

w w
[N (3]

[ne]
co

Efficiency (%)

]
[a=]

—
()]

12

me

Best R h-Cell Efficienci ea
est nesearcn-ce Iciencies =l
NATIONAL RENEWABLE ENERGY LABORATORY
Multijunction Cells (2-terminal, monolithic) ~ Thin-Film Technologies Sharp
LM = aftice matched © CIGS (concentrator) Boeln (M, 302)() Soitec
™ MM = metamorphic @® CIGS Spect‘ro?éb Solar - J'ngxlgraunhnfer
=j i Junction
IgM \nvengd, mletamorph\c O CdTe . . (LM, 364x) Spire (LM, 942x) | [ ISE/ Soitec 46.0% |o]
Three-junction (concentrator) O Amorphous Si:H (stabilized) Spectrolab | Fraunhofer ISE ™. Semiconductor g NREL
- v Threg:—junplion (nen-concentrator) Emerging PV (MM, 299x) | (MM, 454x) . (MM, 406x) 44.4%)4
i Two-junction (concentrator) O Dye-sensitized cells Bosing-Spectrolab  Boeing-Spectrolab ™. NREL
= Twa-junction {nan-concentratar) O Perovskite cells (not stabilized) MM, 176x) (MM, 240%) [0, 319y (4 327%)
| Fuur-Jluncl!on or more (concentrator) @ Organic cells (various types) - ! NREL Solar ‘ Boeing-
O Four-junction or more (non-concentrator) A Organic tandem cells NFEJELELMW” (MW, 325.7x) dunction - Spectrolab (5-J) ola
Single-Junction GaAs @ Inorganic calls (CZTSSe) ey _Boeing- (LM, 4185 o . ypyr Sharp (IMM) 37.9% 4
‘ < Quantum dot cells Boeing- Spectrolab  gham (1) A
| A Singlecrystal (various types) e arp (IMM), ..+ \
A Concentrator ¥ P P\JSFEAIL __.-" Sharp (IMM)
WV Thinim crystal NREL ( ,',) FhGHISE 34,2% P
ine Si Spectrolab  f  OPECIOEAD ... ot NREL (467x)
| Crystalline Si Cells Japan P . NREL  Alta Devices . 4 NREL A
B Single crystal (concentrator) Varian NREL  Energy IES-UPM (1026x) FhG-ISE (117x) SRS o
B Single crystal (non-concentrator) (216x) NREL e ——————— - — —---A—lta-D; s Devi LG Electronics
O Wulticrystaliine Radboud U Devices _Alla Devices -
® ulticry Varian \ oo Amonix FhG-ISE AA SunPower (large-area) 3%
- v ?:\lwgl heterolstlruciures (HIT) (ZDEx)AA‘_ EEI - SunPower (961) [ . . (232x) Panasonic ¢ _ALG Electronics 27.6% g
In-tim crysta Slanfor] D mmm = o = m = = m = =R T " =A--7" _P-érT;somc Kaneks g Kancka 5% Ja)
(1400, ——————— =TTy FhG-ISE_Alta Devices FhG-ISE Solr N @
- -—__arﬁn AV - 3 ) ole ZSW  Frontier ;;g:;o ;
--—----,,...--l--"--"-l | NREL ( 54 FIrStSO'af ZSW. ?
1BM e UNSW , FRG-ISE  ganyo SaNY0 IR "l°' W,/ e KRICT i @
(1. Watson A== R UNSW/ - NREL Samo L T EMPAL oy REL UNIST 2 O
Research Center) UNSW )  Georgia  Eurosolare  (14x)° e Fraunhofer-IS| 22.1?9 (o]
— ARCO | Georgia  Ce0rgia  Tech A (SRR 2197 %
~ S ch L NREL ISFH_ X2 KRICT irst Solar ANE
Westing- UNSW o NREL NREL  NREL olexe — L
house NREL NREL NREL U. Stuttgart _ Eraunhofer ISE N 11 Solioro L Trina Solar
Sandia ) v First Solar / Sll | & GSoIalr;ronUer
— S . GE Global Solar | lobal Research
. No. Carolina Solerex Florida - hﬁ?EL Matsushita NRELV - U. Stuttgart Mitsubishi Reseaorcﬁ KR\CT AIST
Sl Sete . soarex Boei United Solar Chert | G lectronics_EBEL AST NREL 9
Solar ceng ~ NREL " EwoCIS United Solar __United Solar (aSiincSiMmcsi) - e IBM Hang Kong e
— Boeing - Kodai Kodak ~ Boging Oo— Sharp, R - 1EM ST Toronto 4 9
‘ AVETEK . F1oton Energy ~ 1Bl _IEM o0& UCLA-Sumitomo, <™ A
Matsushita Boeing . *— B e ~
ARCO = Kunar_ka N UCLE e \  UToronto
— United Solar Solarmer < MIT U Toronto
RCA NREL /Konarka  Konarka
U.of Maine Groningen U, Linz ) \
Y 5 Plextrofics &t Heliatek 7 U‘Tgf?;,”“’
- \ extronics Af Y (PbS-QD)
U. Linz U Linz Slemens U. Dresden — I NREL
RCA : (ZnO/PbS-QD)
| I N (NN I U N NN NN N SN NS Y T (N [ T AN A Y T S B
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

53

Swansea University
Prifysgol Abertawe

College of Engineering

| Coleg Peirianneg



I3 Solar cell applications in space — current and
emerging
» 1839: Discovery of PV effect

» 1954: Bell Labs, the first silicon solar cell capable
of converting enough of the sun’s energy into
power to run everyday electrical equipment.

» 1958: The first practical applications were
satellites. Vanguard | space satellite <1 watt
silicon array to power its radios

£

» 1959: Explorer VI satellite is launched wit
a photovoltaic array of 9600 silicon cells

» 1980’s:Terrestrial applications
» 1990’s: multi-junction solar cells first used for space
» >2000: predominantly multi-junction (30% AMO)
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Harsh Environment for Solar Cells in Space

Magnetosphere

» High intensity Ultraviolet

: ’: _— i ._..o.l_a': _in—d il
» Electron and proton ]
irradiation »

Radiation Belts #~

» Thermal gradients — front

Specular-reflection

and back, in and out of

S Equat/or///,
eclipse (+100 to -200 °C) B & smesna Geoatorary

southern declination Satellite

» Storage/stowage
» Shock of launch and deployment

&
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High performance, high specific power PV for
terrestrial applications

» Current PV module supply designed for bolt-on to robust
roofs and ground mount — specific power not an issue.

» High specific power is important for space (reducing
launch weight) and BIPV on industrial roofs — require new
solutions!
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Flexible ultra-thin glass (UTG) for thin film PV

Qlop-!_e a | CORNING

Photonics for Innovation

R

* Cover glass -protect solar

Ultra-thin glass
<100 um

cells in space from ultra-

violet, electron and proton j/.

irradiation. Schott ultra-thin glass
* QST UTG is certum doped

to prevent radiation

: High specific Very low cost,
damage to optical power for flexible, light
transmission. space weight for BIPV
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Thin ﬁlm CdTe on Space PV glass

» First to report and publish TF PV

directly onto cover glass

» Withstood thermal shock test (+80 °C
to —196 °C)

» 0.5 MeV Proton irradiation tests >100

- robustness of I1II-V solar cells
MOCVD deposited 18

AZ0O/ZnO/CdZnS/CdTe PV structure " ®
°

g 12
z 10 ®
g s o

D. A. Lamb et al. “High-Power, Low-Weight, Flexible CdTe & 2

Thin Film Photovoltaics For Space Application” 5

Proceedings of the 28th European Photovoltaic Solar Energy 0

Conference, Paris, (2013), pp.546-548. 0.0 110 zio 310 410
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AlSat Nano mission — first space flight of thin film PV
on cover glass —launch September 2016

» UK Space Agency’s CubeSat mission
» AlSat Nano

7/‘ SURREY

SPACE CENTRE

g

U K SPACE
AGENCY | ’
v e CSE

Cenltre for Solar Energy Research
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TFSC payload design

Challenge
Redundancy
Encapsulation

Electrical
connection

» LM35
» Celltemp °C

ER
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Internal PCB
processing electronics

Controller-area-network
(CAN) bus data
interface to the satellite

Measurement circuit

8-bit digltal (Assumes Ve < 1V AMO)
Solar Cell
programmable preC|S|0n Under Test
10 Ohm
current sink Precsion

Resistor

Precision Current Sink
[Assumes < 40 mA I, AMO)

Protected against
reverse bias by a diode
strap

In-house designed st
g 8 mV steps. ¢ DAC #
measurement software

bl loyr =010 51.2 mA

Voc max =1V - expected = 0.8V
Isc max = 40 mA - expected = 30 mA
(limit is due to amplifier power rails)




Launch & deployment
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First data back from AlSat-Nano

30
> 15t expt. commissioned 08" Oct 2
. . . < 20
> 05t Jan, better illumination s
» Attitude stabilization 510
: : : 5 —Cell0 —ce

>|llumination level determined by TJ piedil i

0
performance 0 100 200 300 400 500 600 700 800 900 1000

Voltage (mV)

> lllumination ~70%, Cell temp 4 °C

S Cells| 0 | i [ 2 | 3|
17.0* 16.9* 16.4* 16.0%
l.c (MA) 26.2 26.7 26.3 25.6

V,. (MV) 945 938 946 938
66 64 63 o

R, (Q cm?) 84 86 102 100

*high efficiencies are due to high V. and further work is required to

explain the increase over the laboratory based measurements
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How can thin film PV on UTG for space
Influence research into better solar cells for
terrestrial power generation?

2]l

« High power to weight ratio PV for
BIPV

« UTG glass can be produced in
large volume and used in a roll to s
roll process. Im

* Flexible PV for lamination onto
building materials — such as steel
roofing and facades.

* During manufacture UTG is
delicate but is strong when
laminated.

n—
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Future potential for large scale PV power
generation by integrating into buildings

\ D=

 There are an estimated 250,000
hectares of south facing
commercial roofs in the UK —
DECC UK PV Solar Strategy

014 B

 New solutions needed that can
integrate PV with building
materials

/

* Achieve higher penetrations of
solar PV into our energy supply

=

i
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Is space PV totally different to terrestrial PV?

« Space environment produces
different challenges for robust PV

« Space PV being driven more by
cost and reducing launch weight

 New PV technologies developed
for space require a lower volume
than terrestrial — opportunity to
develop manufacturing scale for
new products

« Example of llI-V concentrator PV
for utility scale
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