The implication of renewable power variation
for large scale energy storage

Fokko Mulder

Delft University of Technology
Faculty of Applied Sciences

f.m.mulder@tudelft.nl

%
TUDelft 1
S TR




H, Gas storage: MOF’s

J. Phys.Chem C 114 (2010) 10648

H, Gas storage: water stable MOF’s

0oy Chem. Comm. 47 (2011) 5244
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T J. Phys. Chem. C 2012
' J.Am.Chem.Soc. 2013

AH=-75kJ/molH,
MgH, (Gross et al.)
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- Interface energies

- Surface energies

Nanoionics: solid state electrolytes

Adv. Funct. Mater. 2010 & 2011

Impact of nanostructuring on
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Li battery + 100%
WO Patent 2,013,012,334
Adv. Ener. Mat. 2013, El.Chem.Comm. 2013

General TU Delft:

- Energy as a main research area

- 5 times winner of 3000 mile
World Solar Challenge

D H|gh effective energy density
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How to get to a number for the future scale for energy storage?

Global
Energy 2012
Assessment

Start from a scenario

Toward a Sustainable Future
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World energy use; Global Energy Assessment 2012
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Renewables...

¥ Proposed energy
super-grid
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Most people live on the Northern hemisphere above 20°
Population Density

Population, Landscape, and Climate Estimates
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Large area still shows large wind power fluctuations

North America wind power (vA3)
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Varying output of renewables on an
extended grid
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Future sun + wind compared to electricity use

5. 2050 2030
—— sun+wind ——
— electricity
g .
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Renewable peak power becomes large compared to peak use
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Energy storage!
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2050 2030
—— primary energy demand

4. —— electricity demand |

—— sun + wind generation
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What to do with too much electricity?

- use electricity for more applications (EV, heating,...)
- match supply & demand by long/short term storage

5. | ‘ \
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2050:
Short term: 0.2 EJ
NL ~ 44 kWh/house
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Daily averages...

5] 2050 daily averages
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EPEXSPOTAUCTION

DATATABLE  DATACHART  AGGREGATED CURVE
120820083 =] 12/03/2008
no average

EI Price B Price Baseload B Price Peakioad D Voiume

Price effects in Germany during the day:

DATA TABLE DATA CHART
070320123 =1 07/03/2012
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Large scale energy storage is required for
economic renewable energy implementation

AN VY World pri#ics  Business & finance  Economics Science & technology Culture

European uti = U

How tc 1f a trillion euros
Europe’s electri/f * .aCe an existential threat
Oct 12th 2013 | Fromt  .unt edition FlLike (66K | Tweet) 635 I EI‘IEEpEI’ for some

Germany's wholesale electricity price
£ per MWh

2011 12 13
Source: Bloomberg

Bill Butcher.

%
TUDelft 19




Energy densities of storage technologies
nuclear ‘,
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100000 - chemieal—— E@ﬁ
| ,Oal fission
'Z 10000 elcct.ro.ch.emical
b= and inertia
= hydrogen
i L .
= 1000 strorage biomass
= ultimate
§ flywheel battery
20 100
Q) TR " .
§ Elotiusie g o] Pb-acid 1ot natural gas
attery Wwater )
10 ; (%Y L L |
. . 'S 1 1067%
gravitation A 3
g -'_-—‘ ot.'-:c:r
{l & EDLC comp. air hydrogen
0.1 | 10 100
# capacitor

energy density (kWhkg1)

'i';u Delft A. Zuttel et al. Phil. Trans. R. Soc. A (2010) 368, 3329 20




Solutions for large EJ scale energy storage?

capacity efficiency Longterm Short term
Elscale e — e

Hydropower - - t+ o - ++
Compressed air - - + _ ++
0.752
Batteries/ , _ 4+ - - ++
0.852
Hydrogen under-
ground storage @ -/(-).-652X0.852 @ +
NH; (1) ++ - - ++ +
0.3x0.65
C.HmO, ++ ++ +

CO, from air?
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Storage options for large scales: to be developed (!)

- batteries - For the short term only (low J/€)
- Requires long life, cheap batteries

- H2 - Requires large scale storage method itself

- Can partially be fed in gas-grid
(max 10% ~5GW in Germany, limited compared to current 22GW PV record )

- CkH O - Synthetic conventional fuels
n=m - Requires a carbon source

- |\|H3 - Is already produced & stored at large scale,
but not from renewables.
- In industrial environment only (safety).
- Low efficiency

- heat - Conversion losses may be recovered as heat, CHP
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Preferably abundant elements!

Periodic Table of the Elements

Electronegativity hitp://ichemistry about.com 8A
1 ©2010 Todd Helmenstine 2
H About Chemistry He
«=2.20 2A 3A A 7A no dita
N 2 B = 10
:] Li § Be [0 15 16 1822 25 RSN Ne
b - 7 no data
gt 12 ’ 18
Na | Mg Ar
0.93 1.3 3B 58 1B : - no data
; 21 22 2 25 ~34-
K |ca|se(|mi|Jv Mn Se
082 | 100 | 136\] 154 WV 1863 1.55 I~ 2550
37 38 39 B 52
Rb | sr | Y | zZr | Nb Pd il
082 J o095 | 122 | 133 | 18 2.20 266 i
55 56 57-71 72 73 74 78 82 85 86
Cs | Ba Hf Ta w Pt Pb At Rn
079 | 083 Jiovwsc] 13 1.5 2.36 2.28 2.33 2.2 no dato
87 88 | 89-103
Fr Ra *** Elements > 104 exist only for very short half-lifes and the data is unknown.™™
0.7 | 089 J oo
57 58 59 60 61 62 63 64 65 66 67 68 69 70 iz
Lanthanides La | Ce | Pr [ Nd |Pm ]| Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
140 § 142 J 143 } 144 | 143 | 147 1.2 1.2 1.2 122 | 123 | 124 | 125 1.1 1.27
89 90 9 92 93 94 95 96 97 98 99 100 101 102 103
Actinides Ac Th Pa U Np | Pu | Am | Cm | Bk Ccf Es | Fm | Md | No Lr
1.1 1.3 1.5 138 | 136 | 1.28 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3 no data
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Solar power:
Large variations
during the day.
Large difference
between seasons

Wind power ~v3:
Also large variations
during the day:
wind is driven by

surface temperature
(this becomes visible for very
large grid, e.g. 3000x3000km?2
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