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Swiss national target:
2030: Greenhouse gas emissions 37.6 Mio t CO,eq.

-

(70% compared to 1990; 2014: 48.71 Mio t CO,eq.)

PA R | 5201 5 15. 072 Botschaft zum Verfassungsartikel tiber ein Klima- und

uuuuuuuuuuuuuuuuuuuuuuuuu Energielenkungssystem vom 28. Oktober 2015
COP21-CMP11
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- « Turnaround »
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Hydro
20 = bestehende Wasserkraftwerke wzineue Wasserkraftwerke e bestehende Kernkraftwerke
bestehende fossile KW === bestehende Bezugsrechte == bestehende Erneuerbare®
10 #7+ neue fossile WKK wss# neue Erneuerbare* neue Kombikraftwerke
<= neue Kernkraftwerke s neue Importe — Bruttonachfrage
0
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
*) gekoppelt und ungekoppelt Hydrologisches Jahr

Quelle: Prognos 2012
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Swiss national target:
2030: Greenhouse gas emissions 37.6 Mio t CO,eq.

-

(70% compared to 1990; 2014: 48.71 Mio t CO,eq.)

PA R | 520 1 5 15. 072 Botschaft zum Verfassungsartikel tber ein Klima- und
UN CLIMATE CHANGE CONFERENCE Energielenkungssystem vom 28. Oktober 2015

COP21-CMP11

ES 2050

Security of Energy Supply
* No new nuclear power plants
* Increase efficiency

« Cap/reduce consumption
« Ramp up Renewables

2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

") gekoppelt und ungekoppelt Hydraologisches Jahr
Quelle: Prognos 2012
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Motivation

100%

Primery energie 825,8 PJ

2.6%
Other 2.6% Building 9.8%
Operati ;
3.5% Lighting " Drives and

1.3% Process
Entertainment

12.9%

28.9 % Process Heat

Space
Heating
6.1 % Hot Water

Misc 4%

e 39%

Gas 13%

Long distance
district heating
2%

Liquid fossile fuels
(Heat, PG) 15%

q”",.e: des schweizerischen Energieverbratichs 2000 - 2014 nach Verwendungszwecken BFE 2015 ; Prognos, TEP, Infras 2015 Schweizerische Gesa rgietistik 2014
Germany November 2, 2015
Key Messages
s % g
5 s z Major applications: Heat generation
g of (~50 %) and transportation.
% s " E * Major energy carriers: Electricity
il 8 (~25%) and transportation fuels.
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2014-2016 FTE
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= Own HSR
n Compet. " le Zirich . " HOCHSCHULE FOR TECHNIK
Swiss Federal Institute of Technalogy Zurich RAPPERSWIL
Luceme University of .
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of Southern Switzerland
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2014 -2016 MCHF
Key Messages

Research network.
« Centralistic organized
« 130 People ~ 70 FTE.
30 M CHF worth of funding.

mCTI

® Home Inst.
» Competitive
m Other Funds
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Timescales for Heat Storage
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g0’ "adiag,

Power (arb. scale)

Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec

Key Messages

Renewable heat (domestic)

+  Solar Thermal, Solar PV (Heat Pump)

*  Colling and hot water demand
matches energy supply profile

- Short term heat storage (days)

11
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 Cooling demand '\

Power (arb. scale)

:.OL‘-}W}m“'GbUC.QL"}ﬂJ}m“ﬁ}U
T O ®™mecS5 3 2 o 9 @ o & Q0 £S5 5 2 o @
Secs<358533g02a2dsTE§535 80920

Key Messages

Renewable Heat (domestic)

* Solar Thermal, Solar PV (Heat Pump)

* Colling and hot water demand
matches energy supply profile

— Short term heat storage (days)

Space heat demand is anticyclic to energy supply!
—~Long term heat storage ~6 month.

35% of primary energy cut out the bill!

12
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coe’_Radias, e

Cooling demand

Power (arb. scale)

Renewable heat (domestic)

* Solar Thermal, Solar PV (Heat Pump)

* Colling and hot water demand
matches energy supply profile

— Short term heat storage (days)

Space heat demand is anticyclic to energy supply!
—~Long term heat storage ~6 month.

35% of primary energy cut out the bill!

Estimated industrial heat demands by quality for
PJ EU25 + ACC4™ + EFTAZ during 2003
2 500 ‘Bulgaria, Romania, Croatia, Turkey
W High, over O Medium, OLow, below
100-400°C 100°C

EcoheatCool The European Marktet Final Report 2005
https://www.euroheat.org/wp-content/uploads/2016/02/Ecoheatcool_WP1_Web.pdf

Industrial processes

For specific temperature levels
Efficiency increase (recuperation).
Peak shaving option to match
energy supply profile.
Enables AA-CAES.
Increase utilization
(Thermal Solar Power plant)
— Short term heat storage (hours to days)

13
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Solar Sourced Electricity by month
Germany 2014-2015

Normalized Energy Harvest [%a] (ENTSO-E)

Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Mov
Dec
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nowv
Dec

Key Messages

Long-term storage
*  PV: April — Sep. -> Storage Oct. — April, 7 Month!

14
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Solar and wind sourced electricity by month
Germany 2014-2015

Normalized Energy Harvest [%a] (ENTSO-E)

Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
June
July
Aug
Sept
Oct
Mov
Dec

Key Messages

Long-term storage
*  PV:April — Sep. -> Storage Oct. — April, 7 Month!
*  PV+Wind: Bottleneck Oct-Nov, Feb-March, 2-4 Month

15
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.n Germany, November 2015

0
5 as! l |

Solar and wind sourced electricity by month § 2 $olar, :

Germany 2014-2015 5 i

' £ s

g 1 LAl
by 5 E
g ?1!01 11/08 1115 11/22 11/29

Normalized Energy Harvest [%a] (ENTSO-E)

Key Messages

Long-term storage

*  PV: April — Sep. -> Storage Oct. — April, 7 Month!

*  PV+Wind: Bottleneck Oct-Nov, Feb-March, 2-4 Month
+  Example Nov 2015: 2 out of 4 weeks fine,

one bad week.

16
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g *=t

Solar and wind sourced electricity by month
Germany 2014-2015

Normalized Energy Harvest [%a] (ENTSO-E)

Key Messages

Long-term storage

PV: April — Sep. -> Storage Oct. — April, 7 Month!
PV+Wind: Bottleneck Oct-Nov, Feb-March, 2-4 Month

Example Nov 2015: 2 out of 4 weeks fine,

one bad week.

Week 45, Nov 2015, 5 days low wind, low sun.
—>Long-term storage in the order of Weeks

IF Wind AND PV are sourced in a good way.

Power [GW] (FHG Energy Charts)

Power [GW] (FHG Energy Charts)

Germany, November 2015

11/29

35| . |
30 =
58] $olar :
20
15
5 .
0
11101 11/08 1115 11722
Germany, Week 45 (November) 2015
24
2
20
18
16
14 ar
12
10
8
8
4
2

12

103

1104
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Swiss Competence Center
.n Germany, November 2015

g 35' l I
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Solar and wind sourced electricity by month § i $olar, :
Germany 2014-2015 5 50
- £ s
g g ol L | 1)
& = B :
£ g 0
E 11/01 11/08 11115 11122 11/29
% Germany, Week 45 (November) 2015
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Key Messages ; we o

Long-term storage .
PV: April — Sep. -> Storage Oct. — April, 7 Month! -
PV+Wind: Bottleneck Oct-Nov, Feb-March, 2-4 Month s
Example Nov 2015: 2 out of 4 weeks fine, H
one bad week. g v
Week 45, Nov 2015, 5 days low wind, low sun. E
- Long-term storage in the order of Weeks
IF Wind AND PV are sourced in a good way. * .

Short-term storage

Peak shaving e.g. with battery storage.

-]
Consumption [GW] (ENTSO-E)

18
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2030-2050
al . P2X
]
']
e v
o
2 |t
2
o
.g min
O Today

Capacity

Mission

Advancing research, development and technologies in the field of

+ electricity and heat storage
« conversion and storage of energy in fuels
« overall technology interactions

by bridging activities from fundamentals to applications and the
technology transfer in industrial environment

20
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Charge / Discharge Frequency

y -

=
-

3
=
-

2030-2050

Wh kWh MWh GWh

Capacity
Mission
Advancing research, development and technologies in the field of

+ electricity and heat storage
« conversion and storage of energy in fuels
« overall technology interactions

by bridging activities from fundamentals to applications and the
technology transfer in industrial environment

21
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Charge / Discharge Frequency

2030-2050

Capacity
Mission
Advancing research, development and technologies in the field of

« electricity and heat storage
« conversion and storage of energy in fuels
« overall technology interactions

by bridging activities from fundamentals to applications and the
technology transfer in industrial environment

22
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Storage of
thermal energy

Haselbacher
Haussener
Barbato
Rommel
Roth
Ribi
Worlitschek

ﬁi‘ S:.Cl.i.E'R..

>
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Q
20
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Q
0
©
X —
QO

kWh MWh

Capacity
Short term (<10y)

Medium term (10-15y)
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Battery Storage Fi2'storage
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Advanced Batteries and Battery Materials

Storage of
electrical energy

%

Kovalenko
Fromm
Villevielille
Sennhauser
Fuerst

Charge / Discharge Frequency
2 -
=':. -

Short term (<10y)
Medium term (10-15y)

24
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Hydrogen Production and Storage

Scheme of the installation
1 ‘:@»—TJ
H, Production & L

Storage
Zttel
Sivula
Girault
Laurenczy

Charge / Discharge Frequency

Capacity
Short term (<10y)
Medium term (10-15y)

Long term (>15y)

25
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.' " \HCH,, . 1 . .
Ctalytlc and Electrocatalytic CO, Reduction

Catalytic &
Electrocatalytic
CO, Reduction

Dyson
Coperet
Broekmann
Schmidt

Hydrogen
. >

Charge / Discharge Frequency

Capacity

Medium term (10-15y)

Long term (>15y)

26
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Assessment of Energy Storage

System
Modeling

Worlitschek
Patel

Bauer
Friedl

Charge / Discharge Frequency

27



Battery Storage Fi2'storage
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Advanced Batteries and Battery Materials

Storage of
electrical energy

%

Kovalenko
Fromm
Villevielille
Sennhauser
Fuerst

Charge / Discharge Frequency
2 -
=':. -

Short term (<10y)
Medium term (10-15y)

28
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Advanced Batteries and Battery Materials

Electrode Manufacture

“‘-*B L

Battery Cell Manufacture

¥ 140mm |
—&— 156 m
— 200mm |

f iim
2 3 4 5 & 7F & 9
Number of cycle Pilot Manufacturing Line
. Technology screening finalized
. Test plan to optimize parameters
for slitting and welding in place.
Prototype production of battery electrodes
on newly developed processing machinery

tested with NS-LiCoO,..

Reversible capacity |

Li-ion batteries

. Cost effective synthesis
of nano sized (NS) anode
(Sn/Sb, metal phosphides,
Sb-P composites)
Cathode materials
(BiF3, LIC0oO,, LIMNPO,) P
Core-shell Sn/C composites : _ g

4000 6000 8000 10000 12000 G Bern

i 28 8 8 B

)
o

g
2
8
-
2
£
5
N

H
Faros
14—y
Ofe00

Stress cycles

-Im(Z) [0]

Short term (<10y) Cell testing
. Cells investigated by impedance

spectroscopy, surface analysis.
Models for optimized operation of e
storage battery systems designed. Re(@) ()
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RFB Hydrogen Production

i Short term (<10y)

30
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=S i

i

RFB Hydrogen Production

Cathodic reaction 25 — 40 Wh/L Anodic reaction

Discharge Charge
2+ 4 «<——> VO, +2H "+ e V3 c————> V2" +e
VO H,0 Charge @ Discharge

Ey=0.991V : E,=-0.255V

Short term (<10y)

31
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H, Production &
Storage
Zittel
Sivula
Girault

Laurenczy

| @ sccer y@ )

SCCER CREST M@bilit
- biosweet

Biomass for Swiss Energy Future

Swiss Competence Center for Energy Rese

Catalytic &
Electrocatalytic
CO, Reduction

Dyson
Coperet
Broekmann
Schmidt

System
Modeling

Worlitschek
Patel
Bauer
Fried|
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Geothermal

Photovoltaic

Wind

RFB, mod
Electrolysis —_

B s B

co-Electrolysis

—>

CH,0, storage

CH,0, storage

Co,

33



Power to Hydrogen Fi2'storage

Swiss Competence Center
for Energy Research

Hydrogen Production and Storage

Scheme of the installation
1 ‘:@»—TJ
H, Production & L

Storage
Zttel
Sivula
Girault
Laurenczy

Charge / Discharge Frequency

Capacity
Short term (<10y)
Medium term (10-15y)

Long term (>15y)

35



R Power to Hydrogen F2'storage

Swiss Competence Center
for Energy Research

RFB Hydrogen Production

i Short term (<10y)

36
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RFB Hydrogen Production

Cathodic reaction 25 — 40 Wh/L Anodic reaction

Discharge Charge
2+ 4 «<——> VO, +2H "+ e V3 c————> V2" +e
VO H,0 Charge @ Discharge

Ey=0.991V : E,=-0.255V

Short term (<10y)
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RFB Hydrogen Production

Cathodic reaction 25 — 40 Wh/L Anodic reaction

Charge Discharge
VO + H,0 «———= VO," + 2H* + & V3 «————> V2+e
Discharge L Charge H,(g)
E,=0.991V E,=-0.255V
V(1) Valve V(lIl)

Pump Pump
V(V) vay 1 V()

Valve

Membrane

Mo,C
2V2r+ 2H* ; 2V3*+ H,

Discharge

Short term (<10y)
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RFB Hydrogen Production
Cathodic reaction 25 — 40 Wh/L Anodic reaction

Charge Charge
V02+ + HZO %E V02+ + 2H"+ e- V3+ < % V2++e-
Discharge | Discharge H,,(g)
E,=0.991V £ =0.255 v
V(1) Valve V(lIl)

Pump Pump
V(V) vay L V()
Membrane Valve % mmmt‘m:u:;‘a:;;owsom
Mo,C
2V2++ 2H* V34 H,

Discharge

¥ i Short term (<10y)
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RFB Hydrogen Production

Cathodic reaction 25 — 40 Wh/L Anodic reaction

Charge Charge
VO2* + Hzo m V02+ +2H "+ e \/3+ @ \V2++e-

B Dischargey »(9) T e
E,=0.991 V Load 02550, el
Valve V(IV) Valve v(1v) V(lll) Vaive V(lll) 2 ‘y -
H,SO, (aq)] | ,

Pump Pump
v(V) v(v) vay F v

Membrane Valve Membrane Valve %090 20 20 40 50 60 70 80 90 100

VO2*+H,0  E,=0.991V Ny Mo,C
2Vzt+ 2H Discharge

VO,* + 2H* + e
SO, + 2H,0

Discharge

H,SO, + 2H" + 2e- E,=0.158 V

2V3*+ H,

Discharge
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RFB Hydrogen Production

Cathodic reaction 25 — 40 Wh/L

Charge
VOt + H,0 «<=———= VO," + 2H + &
Discharge

Load

E,=0.991V

Valve

V(IV) Valve v(1v)

Anodic reaction

Charge

V3+ %ﬁ V2++e-

Dischargey 5(9)
E,=-0.255V

H,SO, (aq)|

Pump

V(v) vV(v)

V(Ill) Valve \/(Ill)

Pump

Vv(Il) Vv(Il)

Membrane Valve

VO,* + 2H* + VOZ2* + H,0

SO, + 2H,0

E,=0.991V

Discharge

H,SO, + 2H" + 2e- E,=0.158 V

Discharge

Membrane

Valve

%00 20 30 40 50 80 70 80 90 100
State of charge, %

Mo,C
Discharge

2V2++ 2H* 2V3++ H,

H, Production RFB
10 kw/40 kWh all-vanadium RFB with hydrogen
generation bypass developed from TRL 3 to TRL 6
1.8 kgH,/day (17 hrs) 1.3 kg of Hz proven
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Hydrogen Production Alternatives to Pt/Ir

=8= Gibeon
=@= AISI 304L (1.4307)
=k AIS] 316L (1.4404)

M e
MICR Bt 2007
/
1 T T
& == AISI316L (1.4435) |
- -

5 After
stability test

Overpoential @10 mA cm (V)

Medium term (10-15y)

Long term (>15y)

Xiaoyun Yu, Mathieu S. Prévot, Néstor Guijarro & Kevin Sivula Nature Communications 6, 01 July 2015
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Hydrogen Production Alternatives to Pt/Ir

H, Production TMD g e
© MoSz, TaSz, VS, j . . —

Gibeon
=@= AISI 304L (1.4307)

)
Sl ol i d y ) wdee AISH316L (1.4404)
ﬁ‘i ' L 4= AISI 316L (1.4435) |
] i
TR A SR [l |
SO 2 .

OER

: - 1 2 3 4 5 After
Time (Hrs) stability test
et

)

-2,

Current Density (mA cm

4l MoS; (NMP ext.)
—— Mas; (DCB exf.)

1 1 L
-0.6 -0.4 -0.2
Applied Potential (V vs RHE)

Medium term (10-15y)

Long term (>15y)

Xiaoyun Yu, Mathieu S. Prévot, Néstor Guijarro & Kevin Sivula Nature Communications 6, 01 July 2015
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Hydrogen Production Alternatives to Pt/Ir

MEnNBREIT I-6, Carpefier
MICROSCOPY,

H, Production TMD
. MoSz, TaSz, VS,

=8= Gibeon

=@= AISI 304L (1.4307)
=k AIS] 316L (1.4404)
=#= AISI 316L (1.4435) o

o
{-
3
3

|.-

I—
Overpoential @10 mA cm (V)

2—0

H

-

4 5 After
Time (Hrs) stability test

HER WSe, _

) Injection of WSe, dispersion
Flak and sait.

4
3) Hexane removal

)
Current density

Current Density (mA cm

!

Applied Potential (V vs RHE)

’Immm
Light off

Medium term (10-15y) 0.5 mAcm

01 02 03 04 05

Long term (>15y) o E (V vs RHE)

Xiaoyun Yu, Mathieu S. Prévot, Néstor Guijarro & Kevin Sivula Nature Communications 6, 01 July 2015
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Hydrogen Storage

Volumentric hydrogen density [kg/m?]

30
Gravimetric hydrogen density [kg H,/ 100kg storage material]

Medium term (10-15y)

Long term (>15y)
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Hydrogen Storage

-
(4]
(=]

H,

(from renewable
solrces)

w
[=1
L

Volumentric hydrogen density [kg/m®]

=
0
=]
w
o

?Ph, i

‘( Hydrogenation "Dehydiogenaiion -
Pathway co, Pathway /\

P

Ph ?pv-.. P NPth
Fe ﬁ

PPh
Ph,P,J PP, / "
’ ?Ph2
d;ﬁh?*o

~ H\ﬁ—/c"fff;rif
Medium term (10-15y)

H, Storage Formic Acid
. abundant catalyst for formic acid
>
dehydrogenation was identified Long term ( 15y)
to replace the Ruthenium
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Hydrogen Storage

-
(4]
(=]

H,

(from renewable
solrces)

w
[=1
L

Volumentric hydrogen density [kg/m®]

=
0
=]
w
o

"' Dehydiogenation -
Pathway /\

PPh, +

Ph:P P ~~PPh,

PPh
o
Ph,P PP, / "
h
H, gy
0
Be o

JsEe “Feo.d
H,

gL

Medium term (10-15y)

H, Storage Formic Acid

. abundant catalyst for formic acid
dehydrogenation was identified
to replace the Ruthenium

30
Gravimetric hydrogen density [kg H,/ 100kg storage material] . i

—_—

PPh,

p. Alanate
Na* '6'

H, Storage Physisorbed NS

. Ti(BH4)3 incorporated into
metal organic framework
(stable)

Long term (>15y)
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.' " \HCH,, . 1 . .
Ctalytlc and Electrocatalytic CO, Reduction

Catalytic &
Electrocatalytic
CO, Reduction

Dyson
Coperet
Broekmann
Schmidt

Hydrogen
. >

Charge / Discharge Frequency

Capacity

Medium term (10-15y)

Long term (>15y)
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CO, Reduction — Economic View

Heterogeneous Catalysts Homogeneous Catalysts

Dimethylformamide

High pressure

» CO, )74 Methanol <L 4 Co, .._

-
Methane / Formic acid
Produced by

arket price

Current
volume

Cu
m
: production

<
—
<

AN

I
N

steam reforming, partial oxidation of methane or gasification of coal

(o2}
ol

C,H, pyrolysis or steamcracking

HCOO-/HCOOH hydrolysis from methyl formate and formamide or by-product of acetic acid production 0.8-1.2

J. Durst, A. Rudnev, A. Dutta, Y. Fu, J. Herranz, V. Kaliginedi, A. Kuzume, A. A. Permyakova, Y. Paratcha, P. Broekmann, T. J. Schmidt,
CHIMIA 2015, VOLUME 69, NUMBER 12/15, Pages 769 ff
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Electro-Catalytic CO, Reduction

arket price
Production

& price by
electrolysis

©*
[

Produced by

SN

steam reforming, partial oxidation of methane or gasification of coal
methanogenesis or hydrogenation of CO, <0.08 (0.25)

pyrolysis or steamcracking 0.8-1.5

From natural gas, coal, biomass, waste

Long term (>15y)
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Electro-Catalytic CO, Reduction

A) PBI+KHCO, or AEM
Cathode: 3C0, + H,0 % 2e” 3 CO + ZHCO,

[ |

o ¥ A s
= -— GDE :
¥ Hco, L-AEM or PBI+ KHCO; ——miz=2
-— GDE
0 —p 'y 'y e — miz=15
[ \ Current collector —_— miz=27
Anode: 4HCO, = O, + 2H,0 + 4C0, + 4¢” Flowfields

Parameters; |
T.,=40°C; T =40°C |
H,{anode) = 100 ncem |
CO, (cathode) = 10 nccm
2 minfpoint
R,=20

20 -1.5 -1.0 0.5 0.0

Long term (>15y) R o
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Electro-Catalytic CO, Reduction

E=———

— miz=15

CH, CO———

=== gin"

PBI+KHCO, or AEM

Gathode: 3C0;, + H,0 + 26” & CO + 2HGO,”

-
i e I ¥ Y /T

= - GDE
¥ Hco, L at-AEM or PBI + KHCO;
-— GDE

Y Fy }_.“_

5 5 hini

s X 10° [A]

o
i

[

o
=

Py
o

Current collector
Anode: 4HCO; ¥ 0, + 2H,0 + 4C0, + de” Flowfields

(miz=44) | (m/z=28)

$.2

W
o

[y
o

=S
~
>
0
c
Q
o
&
o
2
©
o
5
w

101

v - T =T T -3‘%’-“?‘3:::—.:
0 50 100 150 | H_.Enode}; 100 neem
Surface pore diameter / um : CO, (cathode) = 10 ncem

2 minfpoint

R=20

Long term (>15y) e

& [V vs. SHE]

cathode
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Electro-Catalytic CO, Reduction

iys x 10

PBI+KHCO, or AEM
Cathode: 3C0, + H,0 + 2¢” % CO + ZHCO;

[ ]

R e e T R
- GDE

| ¥ Hco, |-AEM or PBI + KHCO;
|~4— GDE
.

9
w1
o

L) L3
H0
[ |

Electro-Catalytic CO, ot ;3 e
* Nano- and mesoporous electrocatalysts
Sn: FE > 80 % formate
Cu: FE > 45 % C2-product
Selectivity and activity depend on morphology.
_— Soluble, stable and electro catalytic active ionic liquid
s« harem || 10 co-catalysts for CO production (FE for CO > 90 %).

CO, (cathode) = 10 ncem 7]

2mapont | : ; ; 1A/cm? for co-electrolysis cell level demonstrated
i i ’ ST 0 50 100 150
£ Nwshy " Surface pore diameter / ym

:

.t

N
s

o
®
i
N
E
-
=
—
i
E
=

w

M
o

Faradaic efficiency / %

Long term (>15y)
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Assessment of Energy Storage

System
Modeling

Worlitschek
Patel

Bauer
Friedl

Charge / Discharge Frequency
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Power to Gas @ SCCER Hae

Hal(g)

V(lll) Valve V(Iil) ‘

Systemgrenze Demonstrationsanlage

-8

| Methanisi CHi
Elekirolyse He CHy 1 m3fh ’
Hz 4 mifh

% 3,
Pump Pump o 3 2 - 1 oz l lH‘O
‘wel

v(v) vy v A Ho o
Valve ;

It

Membrane

H, Production RFB

. 1.8 kg H,/day (17 hrs)
1.3 kg of H2 proven
n: 50% (el.-> H,)

Component
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Power to Gas @ SCCER Hae: ES| =rsi= ©

Energy System Integration Platform

System Power ~10 kW -100 kW
Exchangeable units

Virtually linked with PV supply, and
consumer (NEST, Mobility Demostrator)
Currently under commissioning

Start of operation Fall 2016

10 kW

Research Question: D
Understand the system interaction in terms of i
[:] CH, - Synthetic Natural Gas
Controls [ co/co, Gas Mix
Dynamics
Efficiency

Economics Component
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Power to Gas @ SCCER Hae: Demonstrator at HSR

Technical Specification
+ Commercial components (Etogas, Climeworks)
Power input: 31 kW (excl. CO, capt.)
PV panels 7kWp
CO, sources:
+ Bottles
+ Climeworks unit
* Raw biogas (waste water treatment)
Gas production 1m3/h (92% CH,, 3% H,, 4% CO,)
Start of operation 01.01.2015
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@-F® power to X Demonstrators and Pilots ~ Fstrage

Power to Gas @ SCCER Hae: Demonstrator at HSR

:N'aassar. vollentsalzt Kohlenstoffdioxid

Wasser, vollentsalzt Wi
3.3kgh 0.4 kg/h
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Power-to-Methane for mobility
Impact of electricity supply to electrolysis: GHG emissions per km travelled

(O, from wood combustion)
0.1

C0; Capture from Cement Plant
with Hard Coal Powered Grid
Supply: 73gC0; eq
Methanation:
2Rz eq Methane Pracessing:

037
2g00;eq .

H; Production from
Electralysis: 150g CO; eq C0; Capture CHSupply  European Supply Conventional CH
(ENTSO-E)  Natural Gas Supply

kg of CO; ea/km Travelled
o ER2ER2CR2C2CF

PEM Electrolysis
with PV Supply

Fuel Production

Power to Methane for Mobility

* PEM Electrolysis (1 MW) with PV Supply

* CO, captured from clinker production with hard coal powered
— grid

* Thermo-chemical methanantion S R S

> Power source matters Fuel Dispente: 8 €0 oq

Fuel Combustion: 143g C0; eq

GHG Emissions/km Travlled
Using Gas from Power-to-Gas
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I ——Alkaline H, —w—Alkaline CH, ==PEMH, —-PEMCH,_

P2G medelling approach

BoP rating:
Empirical evidence
Electrolyser system up to 1 MW

i ; 0 10
Linear increase for Electrolyser rating (M}
larger capacities

Thoww
Perfarmance :
submodel:

AjConstant electricity gty ‘. '.'
[:c-nsummlun o
3 Constant electricity
[ &) ACDC converter s m—|

efficiency cure 107 2 10
Assumed lifatime A!“E:::rume - Electrolyser ratmg( j
{years)

LCOES (CHF/I

| Steam reforming
50 i

h
=
=

14 CHFIMWh
a 210000 t  linear

0.1 c|-||=,rkg CHFEI[MW*year|
_LCOES 60 CHFIMWh,
PEI"OI'“W'II'-EE Methanation 30 CHFIMWh, 0 GHF!MWh
submodel: o S — reactor 50
A) polarsation curve St -
B degradation rate T 3 0

Constant efficiency Y H2 Premium Frsqusncy CO2 levy  Residual

{ageing) ) :
Lifatime (years) Assumed lifetime

Assumed number (yosrs) 60 b

operational hours
40
i - .
u 1

H2 Premium Heat Frequency CO2levy Residual

-
o
=]

LVOES (CHF/MWH)
i
=
=3

Alkaline versus PEM and Hydrogen versus Methane are compared for Power to Hydrogen
* Wholesale electricity market operation was optimised for each configuration.

* Alkaline electrolysers operated with 11% lower capacity factor than PEM systems.

* The levelised cost of PEM systems was 15% higher than alkaline systems.

D. Parra, M. Patel International Journal of Hydrogen Energy, Volume 41, Issue 18, 18 May 2016, Pages 7527-7528
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Technology Assessment Aspects

LCOES afo Storage time scale - 100 MW system size

HPH

B AA-CAES

m P2G2P (CC)

W Battery

Short term Medium term Long term
4h 400h 4000h

Energy storage on (inter-) national scale:

* Pumped hydro (PH) is most efficient and economic but almost completely utilized.
* Battery for short term OK (peak shaving, load shifting @ home).

* Good chance for AA-CAES

« P2X required for long-term storage transportation and chemical sector.
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Technology Assessment Aspects

LCOES afo Storage time scale - 100 MW system size

Solar and wind sourced electricity by month
Germany 2014-2015

HPH

B AA-CAES

m P2G2P (CC)

W Battery

Short term Medium term Long term
4h 400h 4000h

Energy Storage on (Inter-) National Scale:

* Pumped hydro (PH) is most efficient and economic but almost completely utilized.
* Battery for short term OK (peak shaving, load shifting @ home).

* Good chance for AA-CAES

« P2X required for long-term storage transportation and chemical sector.

-> Storage in the order of weeks (~400h) needed

IF Wind AND PV are sourced in a good way.
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Storage of
thermal energy

Haselbacher
Haussener
Barbato
Rommel
Roth
Ribi
Worlitschek

ﬁi‘ S:.Cl.i.E'R..

>
o
c
Q
=
o
-
(¥ 9
Q
20
m©
o —
o
IE
(]
S~
Q
0
©
X —
QO

kWh MWh

Capacity
Short term (<10y)

Medium term (10-15y)
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Building

Heizkreis

9 Warmwasser
@_

Seasonal storage, sorption based ' > Eisspeicher
Prototype installed
250 kJ/m3, n=0.6
Absorption process has to be
improved (low exchanged
power; improve numerical
model)

Seasonal storage, ice based
. Measured seasonal system

Short term (<10y) performance figure JAZSys: 5.2
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High Temperature, Industrial, Thermal Energy Storage

3.60 102 Copyright Aidight Ener

3.59102

Liquid fraction [-]

3.58 102

3.57 102

Radius [m]

EEEEIEEE
EEEEEEEIEE E

AA-CAES
. Simulations have demonstrated the validity of
the combined sensible/latent storage concept

LT ¥ 10

High temperature latent heat Storage

First composite structures produced and tested .
. Low storage material cost:

for performance at the level of materials 5-10 $/kWh

properties for Heat storage application th .

550 °C, 1.2 kd/cm?® (0.5J/Kg) Aly,Si AA-CAES Pilot to be commissioned

20 CHF/kWh,, Medium term (10-15y)
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Energy Storage in a Nutshell

Heat storage is relevant and under investigation
* Seasonal low temperature
* Short term high temperature
Battery storage is investigated
* incrementally (Li ion) to get a more reliable product
* “disruptive” (Na ion) to get a more economic product for stationary application
Power to Hydrogen
 Alternative method (RFB)
* Precious metal free catalysts
» Storage options
Power to X
* Synthesis of hydrocarbons (Methane was found as not Ideal for economic reasons)
Catalytic
Electrocatalytic
Technology Assessment
* Tools are developed and will be further used.
Result: Power to gas needs additional business options
Good chance for AA-CAES
P2X required for long-term storage transportation and chemical sector.
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Mission

Advancing research, development and technologies in the field of

« electricity and heat storage
» conversion and storage of energy in fuels
« overall technology interactions

by bridging activities from fundamentals to applications and the
technology transfer in industrial environment

2030-2050
L 0 | I pr—— — e (g
3
z
£
& :
2 h —
2 =
(=]
P
Observation & mim -

o

-> Technology and science are on track, Togiay ]

business plans and legislation are not. W i e Py

Capacity

Quo Vadis Helvetia ?
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ydrogen
B Pen,
42
e

Toun

Heat w - 4 Hydrogen
. Annual Report 2015

Save the date:

HE Storage
Swisa Compatence Centar
for Energy Ressarch

Heat and Electricity Storage

4™ Symposium
Dr. Josef Mader Saal (

Hochs_chule Luzemn -T .' A @ Assessment

www.sccer-hae.ch

Yo,

leNee ‘ er till October 10, 2016 ,‘;

Gthaechfnextsympos:um JJSynthmic J} H;
Fuels  Hydrogen 9
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