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Full Sun: 1000 W / m?
» Average density over the year:
India: ~ 250 W / m?
UK: ~ 100 W / m?
* Typical solar cell efficiency 15%:
* In India need 3 m2 per person to supply
average electricity demand (compared to 40
m?2 in UK).
» Gives100 km? to supply national demand
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Energy Conversion Strategies
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Cumulative Photovoltaic Installations [MWp]
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Photovoitaic Technologies

Courtesy :
(crystalline silicon (mono & multi)

This will be the PV-backbone technology
and leader of the BIPV sector.

module efficiency:
\ 13% -------------------------------------------------------------------

(" thin film: a-Si, CdTe, CIGS ‘
Viable competitor in BIPV and roll-to-
roll process for flexible substrates.
module efficiency:

K (010 A NCLLLL L LT e LT DT DT PP PR PR PR PR PR PR PR PRI PR PR RPED > 1500 j

nye cell and organic

Initially niche market oriented, but breakthroughs
could push field towards mass power generation.

module efficiency:

new concepts )

| |
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$0.30/kWh $0.05/kWh




Imperial College
London

Imperial's Energy Programme:
The Energy Futures Lab

-Achieved Institute Status in 2009

-Integrates research, training and outreach
across Science, Engineering, Policy and Business

in the energy sector

Energy Hybrid
Business Vehicles
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Imperial’s Energy research income

-Imperial College has a research budget of
£30M pa for energy research

-Around 370 energy projects, and 600 research
staff and students undertake energy research.

- Largest university energy portfolio in the UK

-One third of funding from industry.
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The Imperial Solar Network

* Largest solar energy research program in UK

» Over 120 research staff and students in 8 departments
supported by ~ £6m funding p.a.

 Partnerships through EPSRC, TSB & EU funded projects,

including 10 projects > £1m each.

 Strong industrial partners engagement including two startups:

" SolarP s o
S o e QuantaSel

Network Leaders: Prof. James Durrant & Dr Ned Ekins-Daukes

Website: www.imperial.ac.uk/solar

energy futures lab
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* Photovoltaic Technologies
« Organic & dye sensitised A\
photovoltaic cells GG
(‘Molecular Solar Cells’) The Centre for Plastio Electrnios
* New concepts for high efficiency photovoltaic devices
* PV systems and environmental analysis
« Solar Fuels: The Imperial Artificial Leaf initiative
» Solar hydrogen generation
« CO,reduction

« Molecular Processes of Photosynthesis

energy futures lab
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Analysis of atmospheric aerosols on Concentrator PV in
Rajastan

Ned Ekins-Dawkes (Imperial) + [IS Bangalore + Daido Steel Japan
Impact of PV installation on indian grid.

Bikash Pal (Imperial) + IIT Kharagpur

Low-carbon development pathways in India to 2050

Simon Buckle & Ajay Gambhir (Imperial) and [1Sc Bangalore

Assessment of potential of PV for rural electrification and
carbon emissions mitigation in India -

Imperial’s Quantum
Jenny Nelson, Rob Gross (Imperial) + 11Sc Bangalore of Sol at Techfest
Advancing the Efficiency and Production Potential of Excitonic ~ [IT Bombay 2010.
Solar Cells

James Durrant, Brian O’'Regan, Saif Haque (Imperial) plus 6 Indian
insitiutes plus 4 UK universities plus 6 companies (£5m)

energy futures lab
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Project : Stability and Performance of Photovoltaics

e Sponsors:
p E PS RC ‘[ Depariment of Science & Technology
Enginesring and Physical Sciences
ESPRC, UK DST, India
 Partners:

Imperial College

London
Imperial College London lIT-Kharagpur

— Principle Investigators : Dr.Bikash C Pal (ICL), Dr. Chandan Chakraborty (1IT)

Research Objectives :
— Modelling and Control of Utility Scale Solar Plants in Grid Integrated Operation (ICL).
— Impacts of large integration of Solar on Power Systems stability and voltage control (ICL).
— Solar inverter topology design and PV module laboratory test set up (lIT).

Collaborative activities :
— Asansol (West Bengal) Solar Power Plant Visit.
— Practical data collection & study of operational issues.
— Joint research dissemination.

e

Liiay. fiegPelai-SE et

%)Ontl'd Imperial and IIT researchers at Asansol Power Plant

s Jower i
Research Group © Imperial College London
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UK/ India Programme on Molecular Solar Gells

Advancing the Efficiency and Production
Potential of Excitonic Solar Cells (APEX)

1T Delhi
e (el — DEIR o
3 years
\\

cPSRC R

Y _ _ SolarPress (=2
PI LKINGTON %‘({Zj f]/ Making solar power affordable 1—4

INNOVATICNS

"W, DuPont Teijin Films

First in Glass

Industrial partners

et

AEWRITING THE FUTURE
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* Photovoltaic Technologies
« Organic & dye sensitised photovoltaic cells
(‘Molecular Solar Cells’)
* New concepts for high efficiency photovoltaic devices
* PV systems and environmental analysis
 Solar Fuels: The Imperial Artificial Leaf initiative
» Solar hydrogen generation
« CO,reduction

« Molecular Processes of Photosynthesis

energy futures lab


http://ess14.sc.ic.ac.uk/~q_pv/diagram.html

Imperial College
London

"y N
Molecular photovoltaic technologies
-
at Imnerlal The Centre for Plastic Electronics

Dye sensitized solar cells Polymer/Fullerene solar cells
Sensitizer -
. TCOcoated  PEDOT Aluminium
N_anoc_:rystalllne dye I/l,based Platinised SUbst:::tze ‘PSS PCBM Polymer electrode
TCO TiO, film electrolyte TCO coated
coated glass
glass
Light transport
Light
P e e G Exciton
generation
and diffusion
External circuit External current flow
Electrons Hybrid inorganic / organic solar cells
Solid state CdS mesoporous Networks
N dye cells ZnO Nanorods g o
CH,O—@Q
CH,O~O_
S spiro-MeOTAD ~ ocH,

Nelson, Haque, Riley, Ryan, McComb, McLachlan
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Imperial Molecular PV Research

o'e

The Centre for Plastic Electronics

Hybrid organic/
Inorganic devices

Photophysics

seconds

LUMO Level Donor [eV ]

2.8 2.4 2.0 1.6 1.2
Band Gap [eV]

Zn0O nanorods Interfacial electron transfer

. Device efficiency
dynamics

modelling
* 7 new academic appointments in last 4 years — 4 with industrial experience

« >80 researchers in 12 research groups ranging from materials synthesis to module

processing .
* Leading expertise in materials and device characterisation and modelling

 Key element of EPSRC funded Doctoral Training Centre in Plastic Electronics
* Broad range of commercial partnersincluding lead partner in Carbon Trust funded OPV

start up Solar Press Ltd.

e i
SUMITOMO CHEMICAL TATA
PRI RONICS |MERCK PILKINGTON ~ \7 24
RTINS INNOVATIONS TATA STEEL
First in Glass SOLVAY

\f

Device physics Processing

SolarPress

Making solar power affordabile
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Technology Development for Molecular PV

Increasing Market Potential

Light weight
Flexible
Semi-transparent

‘Niche’ Markets Mainstream Grid

Demonstrator Consumer Products connect_ed
Applications Off-grid in generation

Developing World
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« ~ 10 % for solid state devices under AM1.5
« ~ 12% for DSSC with liquid electrolytes under AM1.5

« Modules: 3 - 8% depending upon compromise with stability and cost
« All work better at low light levels / higher temperatures — so produce
significantly more power than Si cell with same efficiency rating.
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Stability Potential

Potential Current Reality
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Peters et al. Adv. En. Mat. 2011

Potential: > 20 years

upon encapsulation

Current reality: 1-5 years depending
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'Typica/ analysis of DSSC manufacturing

cost:

Energy payback time (year)

Investment costs
6 %

Running costs
21 %

TCO glass
24 %

Screen printable
Pastes 14 %

Total:
€70 /m?2

Various materials

Dye
(incl.frame) 17 %

22 %
Kroon et al. Prog.Photovolt. 2007

2.5

22 Energy Payback Time

2.0 A

1.5 -

Robus
1.0
05 0.4
0.0 + T

CdTe DSC

sc-Si mc-Si ribbon-Si

Electricity cost:
The imefact of efficiency and lifetiga&., . .ox

LEC [euro/kWh)

t FP/ report

0.8 4

=
[+

---=- LECof OPV - 7%

LECof OPV - 3%
——LEC of Silicon PV

Azzopardi et al. EES 2011

5 10 15 20 25
Liftime of OPV module (years)

Potential:

< €0.5 W-p for both DSSC and
OPV

Current reality: Cost effective
for limited applications
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Opportunity Summary for Molecular PY

>15% champion cells
>10% modules

Higher at < 1 sun

Reasonable
to expect
over next 3 =
years

Lifetimes > 10 years

- < €0.2
Per kWhr ???

Plus specific market attributes:
Solution processible, low temperature processing
Flexible, light, semi-transparent, coloured, low capital-expenditure.
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Dye sensitized solar cells Organic Solar Cells
G24i 's dye sensitized solar | |
cells: more efficient than a-Si — m

for indoor applications

SolarPress

‘ ' Making solar power affordable

€DEightio

‘.‘ stlla

e '
&> MERCK
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http://images.google.com/imgres?imgurl=http://www.hillleighglazing.co.uk/images/pilkington_logo.jpg&imgrefurl=http://www.hillleighglazing.co.uk/glass.htm&h=126&w=236&sz=7&hl=en&start=3&um=1&tbnid=glaaVpjgiHwJnM:&tbnh=58&tbnw=109&prev=/images?q=pilkington+logo&um=1&hl=en&rls=com.microsoft:*:IE-SearchBox&rlz=1I7ADBS&sa=N

Imperial College
London

TATA Steel's UK PV programme

TATA PV accelerator
production
line, North Wales

Partnership with
SPECIFIC

IKC, Swansea
Uni, Imperial etc.

Opportunity: CIGS integrated roofing sheets

» TATA UK produces 200 km? a year of TATA Sustainable Building Envelope

painted steel building cladding. Shotton, North Wales

* If 10% of this was 10% efficient solar cells — s R
equivalent to building one nuclear power A
plant every year.

» Molecular (and other) PV technologies offer
potential to integrate PV fabrication with
existing TATA roll to roll fabrication under
ambient conditions
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Polymer / Fullerene Solar Gell Research at Imperial

als and
> Modelling

contacts active layer

Current and
voltage output

flexible substrate Film formation ¢
barrier coating materials chara J

AR
4 g

haracterisation

Nanomorphology
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Photoactive layer: Electrodes:
efficiency Cost and
Stability

TCO coated PEDOT pcBM Aluminium i
substrate P Polymer electrode Al (~100nm) _ @ D
|)
(2

Metal-Oxide

transport

TT1 Light
Inverted
e Vpp-pedot

Exciton

generation <
and diffusion
)

0.6

PEDQT:PSS

0.5+

Tio2

0.4+

0.3+

B —
External current flow

0.2 4

—— Batch-1(Low Mw)
—— Batch-2(High Mw)

0.1+

0.0 T T T T T T T
300 400 500 600 700 800 900
wavelength(nm)

McCulloch et al JACS 2011
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Processing, cost & stability

Photocurrent density / mA/cm’

-10 -

-12 4

| —— FTO/PEDOT
| —— FTOINiO-120s
| — iTo/PEDOT

Al ("'1 nnnm) .

2/

Metal-Oxide

-06 -04 -0.2 0.0 0.2 0.4 0.6
Voltage / V

Fabrication of OPV devices without ITO (high cost) and

PEDOT:PSS (unstable in air)

Stability test under 70%
humdity, unsealed cells

1.0 ® PEDOT:PSS
[] A MoO3

o o
[«2) o]
i

}NN

Relative PCE/ arb. units
o
i

o
N
—@—
—@—
=p
>

L)
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0 1000 2000 3000 4000 5000
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Wire Bar coating

Natalie Singelin, Donal Bradley, Jenny Nelson, Saif Haque
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Photoactive Layer Challenge
. Molecular Structure : Device Function Relationships

-0.5 0.0 0.5 1.0
Voltage (V)

Accelerated degradation studies

1.04

——APFO-3

- -4 = APFO-3:PC70 (95:5)
- =® - APFO-3:PC70 (1:4)
08+ e p3HT

- =® - P3HT:PCT0
PCOTBT

4- - PCDTBT:PC70 (95:5)

06+ = - PCDTBT:PC70 (1:2)

g aP3HT
= =® - r@aP3HT:PC70

——BsN

Normalised absorbance

0.4
- -4 - BS71:PCT70 (95:5)

© =™ - BS71:PC70(1:4)

= PC70

0.2
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Time (min)



Imperial College
London

LUMO /é\_»

d\fy HOMO

Spatial separation of the

photogenerated electrons and holes V =
requires overcoming their coulomb

attraction:

silicon solar cell
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Energy offset driving charge separation
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Renewable fuel synthesis
Storage of solar energy

www.rsc.org/solarfuels

Artificial photosynthesis pathway from sunlight to fuels

Inputs Process Product Uses

» Transport fuel

Sunlight and abundant Artificial Solar fuels
materials such as water » photosynthesis ‘ ‘ « Raw materials
and carbon dioxide for industry

Hydrogen (H,) « Electricity generation

P

Carbon-based fuels

such as methane (CH,),
carbon monoxide (CO)
and methanol (CH;OH)
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Artificial leaves for water photolysis......

One-step photoexcitation system
(e.g., RuO,/GaN:Zn0O)

Pofaiiial Reduction site
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Current Density (A m?)

2.5 1

1.5 -
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Brown Fe,0;
Photo-anode

Ti Mesh
Cathode

100 cm? Fe, O, photoanode on
steel deposited by spray
pyrolysis

Key issues: Optimisation of
performance (especially

miminisation of electrical bias);
stability

Catholyte
outlet

4 Current
connections

Catholyte inlet

Anolyte inlet

Cathode | Catholyte |
Transparent cation-permeable membrane
220 Wm? Light intensity | Anolyte | Photo-anode
0.7V vs Hg/HgO

Front lllumination

Average hydrogen production rate
~0.7mg hrt
Reactor solar to hydrogen

conversion efficiency ~ 1.3% / Assumes tandem cell

0 200 400 600 800 1000 1200 1400 1600 1800

provides electrical bias

Time (s)
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Potential vs. AgCI [V]

. . -0.2 0.0 0.2 0.4 0.6 0.8
The role of applied bias? N L ] Ih I J
Band be_ndlng and o A |
energetics versus lifetime g %S
/\ | %‘2 i (b) Fe,0, + Co (a) Fe,0, )
i .
B H g1k Dark /.
4 5) / E(H,0/0,) /
I V H 0= T [ T T T
- 0.8 1.0 1.2 14 16 18
Potential vs. RHE [V]
Coz Gratzel et al. JACS 200
H0 Kinetics of electron / hole
g recombination versus water
o oxidation?
Charge trapping \
and surface states The role of ‘co-catalysts’

Multi-electron (hole)
chemistry?
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Cobalt Phosphate treatment:

open e H 2
circuit 125V /
Co* ¢— Co* — Co** H+

|
0, | \ I V
(+4H*, 4e") | \
2H,0 l ‘
1
Co-Pi \Vy

Nocera et al. Science 2008 & 2012 The role of ‘cckatalysts’
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ca!alyst\ / E 7] Fe,03/Co-Pi
= 0.8+
2
4IH~ + 0, 2H, 8 o064
& 041
i 2HO 4H S
: A O o2
"""""""""""""" ' 0.8 1.0 1.2 1.4 1.6

Potential (V vs RHE)
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Time (s) Time (s)
CoPiI treatment:

* Doesn’t change kinetics of water oxidation
* Does retard recombination dynamics at a given applied bias

Applied potential (V vs Ag/AgCl)

London
Fe,0, Hole Dynamics |
Monica Barosso
£:0.6 v 1f .
700 ++ Fe,0, Fe,05/Co-Pi ool e
600 /_"‘*\,\ 11 i L
~ 5001 14 201 Ny
@] ; ~ 2004 Fe203/CoPi  ;
o + a :..-'
= 400 % 150 o ;,-":Fe203
S 3007, ¢ | g
< 200+ e |
o A
1001 _ plpmaitligees®
) -0.4 -0.2 0.0 0.2 0.4 0.6
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Fe,0,/ Co0, heterojunctions

Anodic bias
Bare Fe,O,/Cathodic bias = Co-catalyst / Heterojunction
o
- P Y - e'. i - e'. /
Ecy ———4— ‘/ ‘/
=11 Vo] a—
IS “ = h g h
5 rec.\ | hv 0, 5 i 5 1 Y
c‘E |‘ ( n? rec. <02 n? rec. O,
e | [ H| | fore
/ OX. \ '
Evs ’ 4 . // /
+ —0 + : +

*Co0O, deposition causes electron depletion of Fe,O, surface
*Slows down electron / hole recombination — so less requirement for positive bias
*No evidence for CoO, being directly involved in the water oxidation process

Barroso et al. JACS 2011 & PNAS 2012
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