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Andringer | Energisystemet, drivende faktorer ==
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 Hensyn til klima, minimering af emissioner.

= Forsyningssikkerhed

- @#konomi, Pris pa konventionelle fossile braendsler
e Erhvervspolitik

= Accept/manglende accept af atomkraft

= Geopolitiske, strategiske hensyn

e Forgget forbrug, befolkningstilveekst

Figure 9.10 e Long-term oil-supply cost curve
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Dansk Malsaetning

= 2020: 50 % EIl forbrug deekket af VE
«2035: 0 % Fossil energi i el og varme -produktion
= 2050: 100 % VE

Udfordringer

1. dget andel af fluktuerende produktion
2. Biomasse er en begraenset ressource !
3. Flydende braendstoffer (Fly, tung transport) hvorfra ?
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“The role of fuel cells and electrolysers in future efficient energy systems”

Peter Vang Hendriksen, DTU Energy Conversion,
Brian Vad Mathiesen, Department of Development and Planning, Aalborg University,

Allan S. Pedersen and Sgren Linderoth, DTU Energy Conversion;
Ch13 DTU Energy Report. Enabling technologies

Braendselsceller og Elektrolyse kan bidrage til lgsning !

A SOFC B SOEC

H,0 or/and CO,  H,or/and CO H,0 or/and CO, ~H,or/and CO

Chemical energy Electricity + Heat




Brug af breendselsceller i fremtidens energisystem §
e Hvorfor ?
e Hgj el-virkningsgrad
e God del-last karakteristik (virkningsgrad)
e Fleksible
e Lokal CHP vha. braendselsceller ~6 % i DK pé el-siden (Ref 1)
e Minimerer transmissionstab ~20% pa& fjernvarme (Ref 2)

e Systemstudier viser at decentral FC-CHP er mere fordelagtigt

Starre indpasning af varmepumper mulig (=braendselsbesparelse) , Ref 3:

e Transport; FC-vehicles

Ref.3 B. V. Mathiesen, “Fuel cells and electrolysers in future energy systems”, Ph.D. Thesis, Aalborg University, 2008
Ref. 2 http://www.indexmundi.com/facts/denmark/electric-power-transmission-and-distribution-losses
Ref. 1 http://www.skfj.dk/showpage.php?pageid=847




Typer af Braendselsceller/ (Elektrolyseceller)

Potassium Polymer : :
Electrolyte . Solid oxide
hydroxide membrane
Catalyst Nickel Platinum Perovskites/Ni
Operating temp. 40-100°C 60-200°C 600 — 900 °C
H,, CO, NH
Fuel(s H H, or CH,OH @
() 2 2 3 Hydrocarbons
Intolerant to CO, CO, CO, S, NH, S
Electric efficiency ~45 % 40 — 55 % 50-60 %
L Mobile units, Mobile units, CHP from micro-
Applications . :
space, military | micro-CHP to large-scale

HE

e R&D fokus: PEMFC, HT-PEM og SOFC
 Fordele og ulemper for alle
= Forskning og udvikling pa alle spor pa DTU (AEC elektrolyse)
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SOFC Ni-YSZ supporteret celle

Ni/YSZ electrode
Y&Z electrolyte

LSM-YSZ electrode

Date ;18 Jan 2006
Time :14:58:29

Signal A= SE2
Photo No. = 2165

Skalerbare fremstillingsmetoder

DTU Energy Conversion, Technical University of
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Stack test status
TOPRPSOE FUEL CELL ”'m

2004
1 [ 1l 2011
45 - ( H .
4 i Degradation:
3,5,L"- T——— - Stack with 2.5G cells L<' 8 mV/ 1000 hr
3- ~ o
= =
3 2’2’ - 0.9 -/
_ o -
L5~ ge] 0.8 .
. Fuel: H, + H,0 9| s oz
06 2000 4600 6(;00 8(;00 10600 12600 14600 % 0.6
Hours %
Z 05
é 04
g 0.3 Fuel: Pre-reformed NG, O/C =2
z 725 °C
02 0.220 A/cm?
Test status: 011 3% H,0in air
0 : : : : : : :
14.000 hours 0 2000 4000 6000 8000 10000 12000 14000
Time (hr)

20 thermal cycles
Degradation steady/leveling off

Source: Niels Christiansen, TOFC, Presented at 10 SOFC Forum 2012, Lucerne
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TORPSOE FUEL CELL »'m

PowerCore | Gen 2 Gen 3

DC power 1.4 kW 1.5kW

DC eff. (LHV) 52% 61%
(80V, 18A) N(59V, 25A

Water internal | external

evaporator

Start-up internal | external

burner

Volumen 148 L 40L

Weight 90 kg 30 kg

L. >

Source: Niels Christiansen, TOFC, Presented at 10 SOFC Forum 2012, Lucerne

owerCore®




Keramiske braendselsceller pa markedet

e Japan: Kyocera, Osaka Gas, Toyota, mfl.
— system til mikrokraftvarme introduceret april 2012
— 700 W el, 42% virkningsgrad

— pris ¥ 2.751.000 (ca. 200.000 kr.);
offentligt tilskud ¥ 1.000.000

e USA: Bloom Enerqy

— decentral kraftproduktion til fx datacentre
— 100 kW eller 200 kW el, ca. 50% virkningsgrad

— alternative forretningsmodeller: kgbe strammen,
men ikke anlaegget

11 DTU Energikonvertering, Danmarks Tekniske Universitet

HE



Brug af elektrolyse | fremtidens energisystem, SNG

El ved lav pris

Elektro- ‘
lyse
Biomasse-
forgasning

Energi 2050, Vindsporet, Energinet.dk

El spidslast
Gasturhine, CC,
Breendselscelle

|

Katalyse til
Biofuel
Metanol
DME etc.

Opgradering
til metan

2050; (100 9% VE)
+17GW Vind, +5 GW sol/bglge, BM; 200 PJ/ar CO + H;

L i Electrolysis cell ! =
.- ysi
agrlng, 11TWh, behov; 3.5 TWh AT g vy
e (as: , benhov; 3. o : electricity
2C0; - 2CO + Oy AL

e EV. : 50 GWh, 1.5 mill EV, fa timer

Concentrated

CO; H.O

T]round_trip = T]electrolyse * Npreendselscelle — 95*55 ~ 50 % (Via metan ~ 40-45 %)



Brug af elektrolyse | fremtidens energisystem
Syntetiske braendstof til transport

Short term realisation - CO; capture from industrial sources

CO,; H,O
Released o the Releasad to the
atrmosphere atmosphere

ﬁ — Consumption

Synthetic
petrol/diesel

Fuel synthesis
2 Hy+ CO — —=CHs— + H,0 +  Fuel transport

Electrolysis cell
2H,0 — 2H; + O3 -— (Reneu[aPIeJ
M 2C0; - 2C0 + 04 Electricity

Concentrated
— co, H,0




Brug af elektrolyse | fremtidens energisystem
Syntetiske braendstof til transport

Long term realisation - CO, capture from the atmosphere

CO; H.O
ir the Released to the
atmosphera atmosphere

§E§ — Consumption

Synthetic
petrol/diesel

CO; collection
COQ + 2 DH-[menbrane]: HQD + CDSE-I:I'HEW*JTHFE]

Fuel synthesis

2H,+ CO — —CH—+ H,O Fuel transport

Electrolysis cell

2H:0 — 2H; + O: 4 — Rene‘ﬁ:ﬂ!}le

2C0; —2C0O + Oy electricity
Concentrated Hzn

CO;



Brug af elektrolyse | fremtidens energisystem
Syntetiske braendstof til transport
Opgradering af biomasse

CO; H:0

Released to the Released to the
atmosphere ‘\ / -

— Consumption
Synthetlc

petrol/diesel

Fuel synthesis

2H;+ CO — -CH-—+ H0 - Fuel transport
CO+H;
. L
Electrolysis cell
2H.0 — 2H. + O: g -— (Reneu[al_:sle]
2C0; - 2CO+ 0Oy i Electricity

+ N\ A

Concentrated
> EH} T o a9

El+Varme
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dkonomisk analyse =

Electricity price (¢/kWh)

10

Elektricitetspris

100$/kW>*

Andre antagelser

DK Electricity Price in 2010

-
- -
-
-
-
-

SOEC system cost 0.3 €/cm?
Heat 0.23 ¢/kWh
Cell voltage (H,O0) 1.3V (Vtn)
Cell voltage (CO,) 1.5V (Vtn)
_______ - Current density 1.5 A/cm?
Expected life time 10 years
Interest rate 5%
Expected CO, cost 23€/ton

Expected H,O cost 2.3 €/ton

0

2000 4000

Hours

6000 8000

Source; S. H. Jensen, S. Ebbesen, K. V. Hansen, A. H. Pedersen®

and M. Mogensen, “Cost Estimation of H2 and CO Produced by
Steam and CO2 Electrolysis”, 2011, (Unpublished).

*J. Thijssen, U.S. DOE/NETL 2007



@dkonomisk analyse
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Heat 1%
water29%  humm—
Investment '\

\

Electricity ~85%

H, production cost (€/kg)
|_\

o 0.15 €/cm?

=
(00]
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00]
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©

H, production cost (¢/Nm?g)
A
w

Equiv. crude oil (€/barrel)

0 . . .
0] 2000 4000 6000

Electrolysis activity (hours)

- Dagens oliepris — 85 $/barrel

« 1.5 A/cm?
e 10 ars levetid, -
e 0.3 €/cm?

o
i
o

8000

Source; S. H. Jensen, S. Ebbesen, K. V. Hansen, A. H. Pedersen”
and M. Mogensen, “Cost Estimation of H2 and CO Produced by
Steam and CO2 Electrolysis”, 2011, (Unpublished).

kreever fortsat udvikling !



@konomisk analyse, Metanol fra trae e
>
e “Green SynFuels”, Final Project Report, EUDP 64010-0011.
CO + 2H, = CH,OH + 91 kJ/mol
CO, + 3H, = CH;0OH+H,0 + 41 kJ/mol
MeOH, DME MeOH, DME
Gas cleaning ‘ Gas cleaning
Synthesis Synthesis
)
Biomass Gasification ‘ Biomass Gasification 0, \\ Electrolysis
Direkte fra BM SOEC assisteret (hydrogenering) »2 =

18 DTU Energy Conversion, Technical University of Denmark




@konomisk analyse, Metanol fra trae

Direkte | + SOEC

Tree 207 MW 207 MW M.
e Justering af C/H-forhold
=l AL WY e Termisk integration,
Metanol 121 MW 243 MW Eksoterm-+Endoterm proces
Effektivitet 59,2 % 70,8 %

Kap. 6 John Bggild Hansen, Haldor Topsge A/S

180

170

160

dkonomisk vurdering
'::“‘:: » Break even:
1 120 US$/barrel

usD/barrel equi.

110 -+

100 -

Gas. Only Tur. SOEC Tur. Alka

Kap. 3. Anders Korsgaard, Serenergy A/S
Source: Green SynFuels”, Final Project Report, EUDP 64010-0011

John Bggild Hansen, Mogens Mogensen, Allan Schrgder Petersen, Aksel Hauge Pedersen, lvan Loncarevic, Martin Wittrup Hansen,
Claus Torbensen, Jacob Bonde, Per Sune Koustrup, Anders Korsgaard, Jesper Lebaek, Svend Lykkemark Christensen,

Project manager: Hans Over Hansen, Danish Technological Institute
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Biomasse opgradering, Hydrogenering, CCR =
Wind or
solar power
Electricity
Biomass 0, <—‘ Electrolysis
Power plant —> (€0, + H, — | Chemical synthesis > Electricity
y
Electricity
Fuels: methane, diesel, methanol, etc.,
Chemicals

e Biomasse er en begraenset ressource (—20% of behov)
« 100 PJ Biomass w== 20 PJ Solid fuel + 50 PJ Liquid fuel, Fermentering

e 100 PJ Biomass

— ' iqui CCR
+ 150 PJ Hydrogen 100 PJ Solid fuel + 130 PJ |_|qu|d fuel

Source; H. Wenzel; “Breaking the biomass Olah G.A. “Beyond Oil and Gas: The methanol
Bottleneck of the fossil free society”, CONCITO, 2010 Economy”, Angw. Chem. Int. Ed. 2005, 44, 2636



SOEC, Teknologistatus

HE

|
World record - S. H. Jensen et al. , International Journal of Hydrogen Energy,

Volume 32, Issue 15, 2007, P. 3253

950 o 1.6 -
SOFC
>,
N
o)
§ 50%[-,0
>
§ SOEC 061 ,30}
0.4 %0
0.2
4 a2 a4 01 2

Current density i [A/cm?]
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Status pa stak niveau

13.01 -0.50 Alcm? - 0.75 Alcm? |
1251 |
2
[}]
o
g
S 12.0 -
>
X
(%]
s
(/2] —
115 - whrns -
-
11.0 I I I I I 1
0 200 400 600 800 1000 1200

Electrolysis time (h)

* Ydelsen er stabil ved moderat stramtaethed (I — -0.75 A/cm? at 850 ©C)
* Standard TOFC stack , H,O og co-electrolyse

:> ®* Reversible moduler (?), Produktionskapacitet eksisterer i DK,

The Danish National Advanced Technology Foundation’s advanced technology platform
“Development of 2nd generation bioethanol process and technology”,S. Ebbesen et al. Int. J. of Hydrogen Energy 36, 2011
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Elektrolyse, AEC, PEMEC, SOEC

Largest | Commercial : :
Type : Danish companies
system | suppliers

Norsk Hydro

. Green Hydrogen
AEC 3.5 MW, Hydrogenics Siemens Corp. Tech. (DK)

i

Iht,....
H-TEC systems
LT-PEM 45 kW Hydro, .. IRD
Haldor Topsge A/S
SOEC 15 kW TOEC

HT-PEM W




Resultater af systemanalyse, CEESA

Hvornar bliver der behov for elektrolyse ?

25 % Vindenergi kan indpasses uden forandringer

> 25 9% :> Varmepumper, varmelagre [1]

e 40 — 45 % m==) El til transport, EV [2]

e >50-60 % :> Syntetisk braendstof (transport) [1]
Referencer

[1] B. V. Mathiesen, “Fuel cells and electrolysers in future energy systems”,
Ph.D. Thesis, Aalborg University, 2008.

[2] Henrik Lund, Anders N. Andersen, Poul Alberg @stergaard, Brian Vad Mathiesen,
David Connolly, Energy, 42, June 2012, P. 96
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Resultater af systemanalyse, CEESA

M T [13 T 7
Kilde: B.V. Mathiesen et al. “CEESA 100% Renewable Energy Scenarios towards 2050”. S
Aalborg University, 2011. http://www.ceesa.plan.aau.dk. (to be published 2012).

6,3
m Biorefinery 16,6
12,4 10’2
Gasification ik
I I 13,2
79 G ipeli '
Biogas D $ | a:::lg'.ltz‘:al;: Hanpors
] | =
Biomass

Wind power '. “ i

(onshoreand

offshore) “ - Electricity

\ i n ectrici
Fhotovoltaics*— 02 aﬁ: ';,’:\'J':,‘}EE;.‘,, demand
power plants,
Wavepower@ 0.8 district heating & [ 114,2
09 heat pumps Legend

= Electricity [TWh]
= Heating [TWh]
= [TWh]
m Gasified biomass [TWh]

Ge|

e 100 % Fossilfrit 2050 system, eksempel: s
e 70 PJ Produceres ved elektrolyse
e —240 PJ Biomasse ialt
- “Lager”: 1 uges brint




Resumeé, braendselsceller og elektrolyse i energisystemet

i

1. @get andel af fluktuerende produktion T )
2. Biomasse er en begraenset ressource ! B
3. Flydende breendstoffer (Fly, tung transport) hvorfra ? >—)-

Braendselsceller:
= Hgj virkningsgrad (ogsa del-last) =) mere effektivt system B{ &i

Elektrolyse, Syntetiske braendsler (Vind — transport) E(’,’-)'

- Bedre udnyttelse af biomasse m=) syn-fuel syntese, CCR
e Infrastruktur eksisterende
e Neermere gkonomisk anlyse

Elektrolyse, (Power2Gas) Syntese gas, SNG T
e Lagring af store maengder energi
e Infrastruktur eksisterende, flytning af store maesngder energi
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= Thermodynamics RISO
H H, +
300 - 20 - H, + %0, - 1.55
Total energy demand (AH = —
_ 250 - d W | 4308 l <— Ecai=Ep
o ' N
£ ' Electi =
2 200 - WO 1.04§
© S 35
1 w

g8 150 3 & - 0.78 3
£ ! b
3 : 2

- ' L L
5 100 . 0521
o : A L.
b 50 - -/‘/WV - 0.26 G

0 I :\ I I I I I I I T T 0.00
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
Energy (“volt”) = Energy (kJ/mol)/2F | OC Eq - AG/2F
E,, = AH/2F Price oc 1/i  [Alcm?] ,

N =AH/IAG >1

n = 100% atE=E,, (no heatloss)




