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Increasing world population and
higher standard of living

In 2100: energy demand 4x higher

Strong increase of CO, levels

 Small contribution renewable: >49%

e Strong increase sustainable necessary
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Renewable energy in Germany

Total capacity of renewables
(End 2000)

— 30,000 installations

The circle diameter is proportional
to the electrical capacity

Sources: 50HertzT, TenneT, Amprion, TransnetBW, Elia group

Courtesy Daniel Dobbeni (Elia group)



Renewable energy in Germany

Total capacity of renewables
(End 2005)

— 221,000 installations

The circle diameter is proportional
to the electrical capacity

Sources: 50HertzT, TenneT, Amprion, TransnetBW, Elia group

Courtesy Daniel Dobbeni (Elia group)



Total capacity of renewables
(End 2010)

— 750,000 installations

The circle diameter is proportional
to the electrical capacity

Sources: 50HertzT, TenneT, Amprion, TransnetBW, Elia group

Courtesy Daniel Dobbeni (Elia group)



energy in Germany

Total capacity of renewables
(End 2012)

— 1,300,000 installations

The circle diameter is proportional
to the electrical capacity

Sources: 50HertzT, TenneT, Amprion, TransnetBW, Elia group

Courtesy Daniel Dobbeni (Elia group)



Power Production (GW)

German solar and wind energy

Solar

May 23

May 25

May 27

May 29

Sustainable power generation is
booming but it is

Inhomogeneous and intermittent
with time-scales ranging from
minutes to months

most renewables generate
electricity

Transport fuels remain necessary

Mismatch between
supply and demand

Lack of system approach
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® Days with lowering of RES generation..

24th to 26th December 2012
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Large scale deployment of RES

Not only Germany: Spain lost 90
M€ due to wind power curtailment

Min. market price: - 221,99 €/MWh

19 (out of 72) hrs with negative prices



Power Production (GW)

German solar and wind energy

Solar

May 23

May 25

May 27

May 29

Sustainable power generation is
booming but it is

Inhomogeneous and intermittent

with time-scales ranging from
minutes to months

most renewables generate
electricity

Transport fuels remain necessary

Solution:
Energy storage



RES infrastructure - storage needed

Storing energy: mechanical
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Options to store energy

Year =
Methane
Month =
Pump hydro
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RES electricity expected: ca. 10TWh.

Gas grid can technically store 552 TWh
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Presently: 85% of the global energy is transported by fuels™

Global energy infrastructure is based up on transporting liquids

/—_j ( ‘ Toe
“Energy transport by gas is cheaper than by electricity per kWh (factor 2-20) NWO - FOM



: CO, neutral energy |

» Large potential to contribute to a CO, neutral
energy infrastructure

» Storage and transport of sustainable energy in
chemical bonds (hydrocarbons): solution close
to present infrastructure; mobility and

stationary
» Large efforts world wide on Solar Fuels: Toward Solar Fuels: Photocatalytic
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George W. Crabiree and Nathan $. Lewis
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Renewable energy

is€ . . . .
If solar energy is to become a pracfical alternative to fossil fuels, we must
vert photons into electricity, fuel, and heat. The need for better conversion

force behind many recent developments in biology, materials, and especia

ma
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Pearson et al., Proc. IEEE 100, 440 (2012)
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Liquid fuels or
raw materials
for industry

Solar Fuel
Plant
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This vision includes CO, capture and
re-use by means of direct air capture
(DAC) or capture at point sources
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o} Full chain of solar (=CO, neutral) fuels

renewable energy

carbon-containing
fuel

reaction enthalpies calculated for gaseous products at standard conditions

N#WO %éf



Full chain of solar (

Shell Qatari plant (2009)

renewable energy

L J reverse water-gas shift reaction

+41 kJ/mol —— Hzo
» CO,+H, > CO+H.0
T 9] — CO
2
y = +283 kJ/mol ok
',CG-),2 —» CO,—» C0+%0, -CO o-Liquid
chemistry

splitting reactions

ischer-Tropsch (F
anol to gasoline (

‘ ‘ +242 kJ/mol -/
.O‘Ho —» HO—>H,+%0, FH H,O

v Oz -41 kJ/mol e H2

P H20+CO% H2+CO2
—>CO2

water-gas shift reaction

reaction enthalpies calculated for gaseous products at standard conditions
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Full chain of solar (=CC

renewable energy

reverse water-gas shift reaction

+41 kJ/mol —> H20
» CO,+H,»> CO+H0
40, — CO
carbon-containing
- +283 kJ/mol fu el
'C92 P CO,—> CO+%0,
splitting reactions
é é +242 kJ/mol
.6‘ HO —TP HO—>H,+%0, r
v 02 -41 kJ/mol H2

P H20+CO% H2+CO2

—CO,

water-gas shift reaction

reaction enthalpies calculated for gaseous products at standard conditions

R&D mainly in energy and cost efficient splitting of CO, and H,O




Direct conversion

Photocatalytic: < 0.2-6 %
Solar thermal: 5-7 %



Thermochemical using

Concentrated Solar Radiation

Concentrated solar power (CSP)

CeO, + sunlight - CeO,_, +1/2x 0O,

Quartz Window

CO, + CeO,_, > CO + CeO,

P @ea

Or based on ZnO, Fe;0, " _ ‘__ 10,02

Alumina Insulation

Paorous Ceria

Il Oxygen Evolution Half-Cycle
Il Fuel Production Half-Cycle

Purge Gas, O H:, CO

..

Cyclic, solar to CO efficiency: 5-7%0

Nanostructuring of robuust materials + catalysis under
harse conditions essential

Steinfeld group (ETH Zurich), Science 330 1798 (2010) NWO - ‘FM



Direct photocatalytic c

u The challenge JCAP

JOINT CENTER FOR

Wthh approaCh |S most promls'ng ’) ARTIFICIAL PHOTOSYNTHESIS

High-gap photoanode
Red light passes

Sunlight Cubane-like

cluster on Si surface

Monolithic PV+ lybrid Systems
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Ootvmic contact

1 U_ 15% Low-gap phot_c)cathodg l%

Absorbs red and infrared light

Nano engineering/structuring of materials and catalysis essential

But also photon management: plasmonics, etc.
Lewis et al. DOE JCAP Collaboration N O *‘FM



Direct photocatalytic ¢

The challenge

Which approach is most promising ?

A 4 Yee
PV v,,| icoupling: |v,. [ E-chem C
| | Incident solar power: 100 mvy cm
Maximum power
B I|—— point of solar cell
V., e =
PV . TEE PV devices B Jo
device in series 3
o t JIch:
i |
2H20 AH +de o
+4h* 2H, c:u,oun»
O, +4H"

>
AH'+ do

2H,0+4h*
COI «dH*

potential relative to cathodic reaction

HH
W

Basically a (tandem) solar cell with earth abundant catalyst

Nocera et al. Harvard University N O ,\FM







What a
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—

The challenge

To tailor the catalyst to optimally use TiO tubes with Cu catalyst
the solar spectrum for activating the

catalyst R,

v '_57
n = 0.0148%

Nano engineering/structuring of abundant materials and
discovery novel efficient catalysts essential (bio-inspired?)

—>
Roy, Varghese, Paulose, Grimes, ACSNano 4, 1260 (2010) NWO FOM



Direct conversion

Photocatalytic: < 0.2-6 %
Solar thermal: 5-7 %



ﬂ Concept of artificial chemical fuels

Direct conversion

Photocatalytic: < 0.2-6 %
4 Solar thermal: 5—7 % Y
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Indirect: sustainable electricity or heat

Electrochemistry: (25%)x(70-80%) = 18-20%




Benchmark for H, production

Steam reforming
+ Industrialized process: <1 € / kg H,
— Long term issue: Tossil Tuel based

— Prominent short term issue: CO, footprint
« CO, emission price: 3-4 € / 1000 kg

steam reforming: CH4 + H,O — CO + 3 H,

water-gas shift (WGS): CO + H,O0 —» H, + CO, +

CH, + 2H,0 — 4 H, + CO,




H, production without CO,, footprint

CO,-neutral process (driven by sustainable energy)

- State-of-the-art water electrolysis

2H20 - 2H2 +02 6'1O€/kg |_|2
- Control chemistry: no CO, production (Huls arc process)
2 CH4, — Csz + 3H2 ' EVUI’]IH
Power—to-Chemistry® .
> CO activation and WGS ”w”m% wm e
CO + H,0 —» H, + CO, -

&

CO,, activation

>
<
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Hystat™ Water Electrolyzer

p-silicon

Efficiency >> 20 %

2H,0 2> 2H, + O,

Advantage: separate optimization possible
Current bottleneck: use of scarce materials (a.o. Pt)

“H, generation from steam reformation <1€/kg NWO FM



However for all these

Longer life

Re-use and recycle
Substitute
Product and
process
(re)design
6. Buffers

ok n =

HCNOVP S CI

Elements of hope

Na Mg Al Si —
K Ca Fe

Use less (involves human behaviour and “managed austerity ")

non-matal elameants

Ti Cr Mn Cu

all other glaments:

E  F jAr Br

e Critical elements

Frugal elements

Source: Global Resource Depletion, Managed Austerity and the
Elements of Hope (2010), ISEN 9789059724259

& M. Duaderen, Malerials scarciy

Eindnosen, Saplemiber 16, 2010 ﬂ

For large scale deployment essential use of
earth abundant materials !

NJO



- EASE/EERA report on Electrical Energy Storage

EUROPEAN -
ENERGY STORAGE
TECHNOLOGY
DEVELOPMENT

Utilization / ROADMAP TOWARDS 2030
Conversion out

Photovoltaic —» | H,Storage |—f |Fuel Cell Car MDbIlIt)f
[H,-refueling)
Intermittent " H,
ntermitient| Electrolyzer | —
generation
Wind power

—
o - Energy
—
R JET (Re-Electrification]
— . H — -
Conventional | —» Stead?' L Grid Metha.n.latlcfnf Industry Industry
generation CO, utilization > (Usage of H,)
| I

Power generation Conversion in Storage

————

Tcu‘
I _________________ 4

FIGURE 1 - Schematic of chemical storage pathways For the chemical Storage route:
important role for H, and CH,

Joint EASA/EERA recommendations for a joint European Energy Storage Technology Roadmap towards 2030



EASE/EERA report on Electrical Energy Storage

) CO, capture
1005 40 — 400 € / 1000 kg
EUROPEAN
70 % e lop
ROADMAP TOWARDS 2030
4 ™)
56 %
' A
47 %
34 %
Renewable Hg from SNG from HE Re- SNG Re-
Power Renewables Renewables Electrification Electrification
in CCPP in CCPP

FIGURE 2 - Efficiency of hydrogen based chemical electricity

Note: most costly step is H,
generation NOT CO, capture!

Joint EASA/EERA recommendations for a joint European Energy Storage Technology Roadmap towards 2030



EASE/EERA report on Electrical Energy S

.

Electricityin | Conversion 1 ﬁa?‘fzf;:ion Conversion 2 Utilization
o*) 1om [ T¢ I {

R&D concentrates on main challenges
on high efficiency electrolyser, using earth
abundant cost effective materlals (scalability)

el m ‘
T

IeNce&Iechno [mu o Topsector Energy:

Efficient Production of Solar Fuel Using Existing Large Scale
Production Technologies Power to gas

Wim Haije*"* and Hans Gf.'erlingsJ“§ (PZG) scheme

+Deparnnent of Chemical Engineering, Delft University of Technology, Julianalaan 136, 2628 BL Delft, The Netherlands
‘Energy research Centre of The Netherlands, PO BOX 1, 1755 ZG, Petten, The Netherlands
5Shell Global Solutions International B.V, Grasweg 31, 1031 HW Amsterdam, The Netherands R&D N eed ed !

Joint EASA/EERA recommendations for a joint European Energy Storage Technology Roadmap towards 2030



s Solar power generxs

Price-experience curve of silicon PV modules
(combined effects of research innovation, experience and scale)

Cumulative production GigaWp
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For electrolysers we need a > 10 cost reduction: research,
Innovation, experience and scale essential

NWO
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ﬂ Concept of artificial chemical fuels

Direct conversion

Photocatalytic: < 0.2-6 %
4 Solar thermal: 5—7 % Y

Indirect: sustainable electricity or heat

Electrochemistry: (25%)x(70-80%) = 18-20%

Activation of CO, difficult: plasma might provide pathway




renewable energy

plasmolysis | o>

‘o

= Generate a plasma in CO,

= No use of scarce materials

= Higher power density, smaller footprint
= On demand capability

= H, generation using WGS reaction

CO, plasma set up
@ DIFFER

HyPlasma project (TKI gas) Bongers et al. (2014)
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Can it be done energy efficiently?
Plasma processing energy expensive:

 Creating electron-ion pair > 30 eV
 Dissociation energy CO, > 5.5 eV

YES If:

« Vibrational excitation CO, by slow
electrons (1 eV) creating out-of-
equilibrium T, >T .

Upnt (evj

« Low degree of ionisation (10-°)

w CO, dissociation by plasma activation

CO, potential energy

9 M B,

. ; 05 1.0 :[.5 2:.[I 25
Low reduced electric field (—=10-16 Vcm?) Ro.co (A)

CO('X*) + O ('D)

CO('Z*) + O (°P)

energy efficient dissociation possible through vibrational

excitation CO, in asymmetric stretch mode
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Microwave .
© a O -
supersonic: ™ & .
Radiofrequency (RF) 4
CCP: <
ICP: O

DIFFER & IPF
High CO, flow (75 sim): Y |7
Low CO, flow (11 sim): vk
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10"
Specific energy input E, (eV/molecule)

n = AH/Eo

Literature reports > 50% energy efficiency of CO, dissociation !

D eV

From A. Fridman, “Plasma Chemistry” (Taylor&Francis 2009)

NJO



Direct conversion

Photocatalytic: < 0.2-6 %
4 Solar thermal: 5—7 % Y
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Indirect: sustainable electricity or heat
Electrochemistry: (25%)x(70-80%) = 18-20%
Plasmolysis: (25%)x(60-80%) = 15-20%




Conclusions

Storage of sustainable energy in chemical fuels one of the
approaches to provide a stable energy supply and liquid transport

fuels: use of earth abundant materials essential because of the
scale

Especially power-to-gas is being deployed due to negative prices
RES; more R&D is necessary to get cost and energy efficient P2G
schemes; there is not one solution, we need most probably a mix

Innovations are necessary, new materials for membranes and
catalysts, plasma might provide solutions if energy efficiency is
proven

Several issues need to be addressed overall: CO, conversion
efficiency, efficiency of the gas separation, supply of CO,, etc....

—
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Uitgezonden Omroep
zo 24 nov 2013, 19:55

Aantal x bekeken
4. 587

C02, ofwel kooldioxide, we willen er niet teveel van uitstoten.
Maar de auio aan de kant laten staan, daartioe zijn we ook
niet bereid. Wat als we die CO2 zouden omzetten in
brandstof? Nog rendabel ookl

2 Pop-out &¢ Beeld vergroten

http://www.uitzendinggemist.nl/afleveringen/1380791

NWO - FOM
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