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The sun



The sun ‘

— A nuclear fusion reactor located at a safe distance
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Building Integrated DSCs ‘

Title: “Building Integrated Dye Sensitized Solar Cells”
Ref.: BI-DSC, 321315

Budget: 1 989 300,00 €
Starting date: March 1%, 2013;

Duration: 60 months.



Building Integrated DSCs ‘

Objectives of the project:
v' New laser assisted glass sealing of glass photovoltaic cells;
v" New graphene counter-electrode — as transparent and active
as platinum counter-electrode;
v" More electrical conductive substrates — ETCO;

v’ Better sensitizer — carbon quantum dots.



Building Integrated DSCs ‘

Objectives of the project:
v’ Lab size devices with at least 13 % of energy conversion
efficiency;
v’ Larger size devices with at least 9 % of energy conversion

efficiency.



Nearly zero-energy
buildings



Nearly zero-energy buildings ‘

Nearly zero-energy buildings — (Directive 2010/31/EU):
“Member States shall ensure that by 31 December
2020 all new buildings are nearly zero-energy
buildings; and after 31 December 2018, new
buildings occupied and owned by public authorities

are nearly zero-energy buildings”,
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Nearly zero-energy buildings

Moving beyond grid-parity
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Figure 6: Residential PV price parity (size of bubbles refers to market size) (BNEF, 2012a).
Note: LCOE based on 6% weighted average cost of capital. 0.7%/year module degradation, 1% capex as
O&M annually. $3.01/W capex assumed for 2012, $2.00/W for 2015.

www.bnef.com/WhitePapers/download/82 12



Nearly zero-energy buildings

Local electricity storage is required because:
v’ Stabilizing the local (low potential) grid;
v' Make the renewable electricity dispatchable;
v' Make the production of renewable electricity more profitable

— no feed-in tariffs are assumed.
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Emerging PV technologies



A new world
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Energy from facades (Dye sensitized
- solar cells)

Energy from wind turbine and PV
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http://dailyfusion.net/2013/11/swisstech-convention-center-features-multicolored-solar-panel-facade-24431/ http://architecture-view.com/tag/roof/page/6/



Dye Sensitized Solar Cells

Dye sensitized solar cells (DSC) :

v' Considered organic PV type.
v Maximum energy efficiency: 12 %.

Low cost and high efficiency harvesting
diffuse light.

Very aesthetic for BIPV.

Uses abundant and non toxic materials.

-  Moderate efficiencies.
- Not yet commercial.

By Sony



Perovskite Solar Cells

Perovskite solar cells (DSC) :

v' Considered organic PV type.
v Maximum energy efficiency: >19 %.

+ Low price and high efficiency harvesting
diffuse light.

+ Very aesthetic for BIPV.

+ Uses abundant materials.

- Contains minimal amounts of lead.
- Not yet commercial.

http://deepresource.wordpress.com/2013/08/12/perovskites-price-solar-down-to-10-20-cents/ L



Perovskite Solar Cells g

HTM
TiO,/CH,NH,PbI

FTO

n=15%

o Glass

LETTER

Sequential deposition as a route to high-performance
perovskite-sensitized solar cells

Julian Burschka'*, Norman Pellet"**, Soo-Jin Moon', Robin Humphry-Baker', Peng Gao', Mochammad K. Nazeeruddin' 2 O 1 3
& Michael Gritzel'
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Perovskite Solar Cells — ‘

Perovskite cells towards industrialization:
v UPorto developed a new low temperature (<120 ° C) laser assisted
glass sealing process.
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Technologies for storing
electrical energy



Energy storage
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Solar rechargeable redox flow battery

Available online at www.sciencedirect.com

ScienceDirect Progress in

Natural Science

Progress in Natural Science 19 (2009) 291-312

www.elsevier.com/locate/pnsc

Review

Progress in electrical energy storage system: A critical review

Haisheng Chen™®P®, Thang Ngoc Cong®, Wei Yang®, Chunging Tan®, Yongliang Li?,
Yulong Ding **

Electricity storage cost per cycle

v Vanadium flow battery (VFB): 4 — 60 ¢€/kWh (3 ¢€/kWh by 2050%*);
v’ Polysulphide bromide flow battery (RFB): 4 — 60 ¢€/kWh;

v' Pumped hydroelectric storage (PHS): 0.1 — 1 ¢€/kWh;

v Fuel cell: 4400 - 15 000 ¢€/kWh;

v’ Lead-acid battery — 150 — 300 ¢€/kWh.
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Redox flow battery



J Appl Electrochem
DOI 10.1007/s10800-011-0348-2

Solar rechargeable redox flow battery i ‘

Redox flow batteries: a review

Adam Z. Weber + Matthew M. Mench +
Jeremy P. Meyers ¢ Philip N. Ross +
Jeffrey T. Gostick - Qinghua Liu

Electrode

Pump

©

Anode-side: i Cathode-side:
3+ - Chamge 2+ 2+ = Chage + +
V + e =)V Vo +H20—e V02+2H
Discharge Discharge
Polysulfide-bromide battery (PSB
- - Charge - 2 - 2
3B, —2¢ 7=——>B,; 5 +2¢ &=—=25,
rge Discharge
Zinc-bromi ries (ZBB
2+ = Charge

Zn +2 Z=—m)mm>7Z T e, Charge 3
Discharge n 2Br 2e ;ﬁ)Brz(aq) 24



Solar rechargeable redox flow battery

Awvailable online at www.sciencedirect.com

JOURNAL OF

ScienceDirect POWER
£ SOURCES
ELSEVIER Journal of Power Sources 160 (2006) 716-732

www.elsevier.com/locate /jpowsour
Review

Redox flow cells for energy conversion

C. Ponce de Ledn®*, A. Frias-Ferrer?, J. Gonzalez-Garcia®,

D.A. Szénto®, F.C. Walsh?
Discharge

Positive (anode):  VO,* + 2H* + e 2> VO?* + H,0, E°=0.99 V.
Negative (cathode): V** > V3* + e, E0=0.26 V¢

2(V0,),50, + H,S0, + 2VS0, > 2V0SO, + 2H,0 + V,(S0,),, 2 =1.25V

Charge
Positive (cathode): VO,* +2H* + e € VO?* + H,0, E2=-0.99 V;
Negative (anode): V2" & V3* +e, E9=-0.26 Vg,

2V0SO0, + 2H,0 + V,(S0,), > 2(V0,),50, + H,SO, + 2VS0,, E° = -1.25 V
25



Solar rechargeable redox flow battery ‘
Concept and Efficiency

Vanadium RFB

Specific energy ~30 Wh-kg* (compared Li-ion, 150 Wh-kg1)
Energy density ~30 Wh-L

Charge/discharge efficiency 80 %

Time durability 20 years

Nominal cell voltage 1.25V

26



Solar rechargeable redox flow battery

g
Technical data
Performance and energy* CellCube FB 10-100 Muti-5tage**
Power charge rating / 10 kW
max. AC power charge rating f 15 kW

continuous power charge rating 12 kW

Power discharge rating /
max. AC output power rating /
continuous power discharge rating

Energy storage capacity

Battery and system voltage

Output voltage option

Control

Controlvia external interfaces

Monitoring

Status condition via State of charge [SOC], available energy, charge/
remote accessibility by e-mail discharge power, etc.

Efficiency
Charge/discharge cycle OC up to B0%:
Multi-stage operation reduces 3 independent, stoppable cycles with

energy loss energy-efficient pump regulation

Discharge time with power ratin
GlLDEMElSTER Discharge time [autonomy) 10 hours at 8 kW, continuous
> generate > store > wiiia energy salubions ...1 S e ——————

2 hours***

3.5 hours***

5 hours***

Auto-discharge

Auto-discharge in cold standby*

Auto-discharge in tank

Size and weight

Dimensions L x W = H [dry stata)

Weight [dry state]

Total weight [loaded state)




Emerging redox flow
battery



Solar rechargeable redox flow battery i ‘
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Organic mega flow battery promises
breakthrough for renewable energy

HARVARD TECHNOLOGY COULD ECONOMICALLY STORE ENERGY FOR USE
WHEN THE WIND DOESN'T BLOW AND THE SUN DOESN'T SHINE

January 8, 2014

Michael J. Aziz (pictured) and others at Harvard University have developed a metal-free flow battery that relies on
the electrochemistry of naturally abundant, small organic molecules to store electricity generated from
renewable, intermittent energy sources. (Photo by Eliza Grinnell, SEAS Communications.)

29



Solar rechargeable redox flow battery P
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9,10-anthraquinone-2,7-disulphonic acid (AQDS) —
bromide acid redox flow battery:
v' 99 % cyclic efficiency!

Aianeq

Mmoj} snoanbe oluebiou—oluebio aalj-jelew

v" Maximum power density: 600 mW-cm;
v Current density: 1.3 A-cm;
v" Nominal cell voltage: ca. 0.8 V;
v' Energy density: 50 Wh-L};
v Cost: 70 % cheaper than vanadium —
Pump (source) Pump

Discharging

2014

e

Porous carbon electrodes * Proton exchange membrane
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Discharge

0O

HO,S SO4H
O‘O +2e +2H* F0=-0.213V

1.07 Ve

[

Anthraquinone (9,10-anthraquinone-2,7-disulphonic acid - AQDS)
H

AQDSH, [J AQDS +2e +2H* E%=-0.213 V
E©

Br, + 2e"[J 2Br

OH
HO,S l I l SO,
OH

A metal-free organic—inorganic aqueous flow
battery

Brian Huskinson, Michael P. Marshak, Changwon Suh, Siileyman Er, Michael R. Gerhardt,

Cooper J. Galvin, Xudong Chen, Alan Aspuru-Guzik, Roy G. Gordon & Michael J. Aziz

Affiliations | Contributions | Corresponding author

Nafure 505, 195=198 (09 January 2014) | doiz10.1038/nature12909

2014
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Photoelectrochemical cells
for water splitting



Photoelectrochemical cells for water splitting ‘

Solar powered water splitting system to produces H, and O,

Semiconductor Electrolyte Pt

4H,0 + 4e-
| Bias
Bc Q. _/ 2H, + 40H- - -
Takgees o o rlow?
9 g
- _ >
" OH §
7 o
L )
C g
4h*+ 40H" %
By / 2H,0 + 0,

Alkaline medium

| a
Hematite photoelectrode \ s/
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Photoelectrochemical cells for water sp@g, ‘

PortoCell

35



Photoelectrochemical cells for water sp@g, ‘

Band gap and band edge position of few semiconductors, pH = 0.
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A completely new world:

Solar chargeable redox flow
battery



Solar rechargeable redox flow battery i ‘
—

Cu,0
Photoanode

' Nafion Membrane
Pump

Carbon Felt
Cathode
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Solar rechargeable redox flow battery

SC

I
Electml}l e |M

e
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Charge, pH=0
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V3 +en D V2* F0=-0.26 Vg,
V3* + H,0 + h+ > VO + 2H*, 0 = -0.34 V.

i
I
I
| /]
ke ©] R e
i V3+ + e 9 V2+
L
ol 1
I
/ A I
VB @ V3*+ H,0 + h+ > VO?* + 2H*

Cuprous oxide (Cu,0) band edges:
 Conduction Band potential: -0.91V;

* Reduction Band potential: 1.3 V.
39
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Solar rechargeable redox flow battery

FEATURE ARTICLE

www.rsc.org/materials | Journal of Materials Chemistry

Solar hydrogen production with nanostructured metal oxidesT

Roel van de Krol,* Yonggi Liang and Joop Schoonman

Received 10th December 2007, Accepted 18th February 2008
First published as an Advance Article on the web 11th March 2008

DOIL: 10.1039/b718969a
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Fig. 3 Energy band positions for various semiconductors at pH 14.*"'¢ When no experimental data were available for this pH, the band positions
were extrapolated using —59 mV per pH unit. It should be noted that values reported in the literature show significant scatter, up to a few tenths of
avolt. Most values shown here are for polycrystalline films, obtained using capacitance (Mott—Schottky) measurements and corrected for the difference
between the flatband potential and the conduction band.
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Solar rechargeable redox flow battery

cellcube
F8I10-100

41



Solar rechargeable redox flow battery ‘

Expected figures

Overall energy efficiency ~80 %
Electricity storage cost per cycle 3 ¢€/kWh
Time durability 20 years
Nominal cell voltage 1.3V

Solar rechargeable redox flow battery

Specific power (assumed n =10 %) 100 Wp-m™

Specific energy (assumed 1.6 MWh-year1-m-2) 4.4 kWh-day?1-m-2
Volume of electrolyte produced per day (assumed 30 Wh-kg1) 29 L-day?!-m-2

Typical electricity house - consumption per day 9 kWh -> 300 L -> 20 m?
Heat production 61 kWh-day "

*Enough for heating 960 L of water from 5 °C to 60 °C assuming n = 70 %

42



Solar rechargeable redox flow battery ‘

Fre3nergy

Spin-off company founded in 2014 on

Redox flow batteries and direct solar charging technologies

Patent pending: Bentien, A., Mendes, A. and Andrade, L., “A Solar
Rechargeable Redox Flow Cell”, EP 14154865.1, February 12, 2014
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Bio-chargeable redox flow
batteries?

The microblal RFB



Bio-chargeable redox flow batteries?

The microbial redox flow battery
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Counter
Electrode

Counter
Electrode

Membrane Proton Exchange
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Conclusions



Conclusions ‘

v" New perovskite solar cells are expecting to have a production price of 0.1 €/Wp,
ca. 3.5 times less than the best present price!

v Redox flow batteries will soon have a storage electricity cost of 3 ¢€/kWh/cycle —
the lowest local storage cost technology;

v Photoelectrochemical cells are better used to store sunlight energy into RFB
electrolytes!
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A new world

My home is my castle:
| need sunlight but no grid!




Questions are welcome




