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Euroopas on SOx ja NO_ saastus kohati vaga hull
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Efficiency Gains from Next Generation
Coal-Based Electric Power Systems
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* Demonstrated in original Clean Coal Technology Program
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Characteristics of the future energy system
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EU Energy Policy Context - 202020

3rd Energy Package

— Further progress internal markets for electricity
— Established ENTSO-E, ACER

— EU Target Model

Climate Change Directive

— Reform of the EU Emissions Trading System (EU ETS)
— National targets for non-EU ETS emissions
Renewable Energy Directive

— National renewable energy targets

— Priority Access and Dispatch in Electricity
Energy Efficiency Directive

—20% increase in energy efficiency



EU 2050 Roadmap: Rethinking Energy
Markets

* New ways to manage electricity

—Increased Flexibility requirement

— Increased volatility and trending down of energy only prices
— Compromised ability of capital recovery

— Ensure MS policy developments do not create new barriers

* Integrating local resources and centralised systems
— More integrated view on transmission, distribution and storage

* Mobilising Investors
— Uncertainty increases cost of capital
— Seeking market mechanisms but acknowledge special “public good”

— Supports be proportionate, targeted and include phase out
provisions



EU 2050 Roadmap: Decarbonisation

* Uncertainty major barrier to investment
— Develop a long term technology neutral
framework
— Capital cost of the energy system will increase

» Electricity to play increasing role

— Doubling to 39% of final energy

— Electricity Demand increases in all scenarios

— Electricity prices rise to 2030 and fall there after
— RES increases to 64% (HEE) and 97% in high RES



European Targets

2020 Renewable Electricity Targets across the EU

. Al Renewables s % of Electrictty Demand

Wind anly as % of Total Electricity Demand

o ’ Data collated from infamation submitted in the Mational Renesabla Energy
FIGURE 2: EU Wind and Ranawabls Fanentages 2020 -

Action Pians by EU. Manbar States to the U Comrision in Jans 2010
* 4




ENERTRAG: Hybrid power plant

This innovative system allows the operation of a stabilized electricity grid entirely
powered b
well as hec B b

via electrolysis
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District heating

Biogas storage

The prototype installation comprises 3 wind turbines (2 MW / unit) connected to the grid, but also to an electrolyser (gas production: 120 Nm3h of hydrogen, 60
Nm?3/h of oxygen; op. pressure: 15 — 20 mbar (atm.) ), a compressor (nominal flow: 2 x 60 Nm3h of hydrogen, output pressure: 43 bar (abs.) ), a stationary
hydrogen storage (3 pressure vessels, storage capacity: 1.350 kg H2 at 43 bar ( abs.) ), a biogas production unit with a nominal production rate of about 300 m3¥/
h, and a storage capacity of ca. 2.600 m3; and two CHP (combined-heat-and-power) units (max. yearly production capacity: 2.776 MWh of electricity each, and
ca. 2.250 MWh heat). This thermal output is enough to heat about 80 single-family houses.

Germany Trade & Invest http://www.gtai.com/energystorage



Wind and solar energy

storage and generation
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Development of non-aqueous supercapacitor prototypes
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SOFC SOEC

H,0 orfand CO, H- orfand CO- H-0 orfand 0, H, orfand CO;

Working principle of a solid oxide cell (SOC). The cell can
be operated as a SOFC (part A) and as a SOEC (part B).

Sgren H. Jensen , Peter H. Larsen , Mogens Mogensen, Int. J. Hydrogen Energy 32
(2007) 3253 - 3257



Renewahble/
"-. nuclear energy
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CO,-recycled synthetic fuel cycles. (a) Once-through re-use of CO,, resulting
in net CO, emissions of approximately 1/2 versus the emissions that would

occur without any re-use (both from the industrial plant and from
transportation), (b) continuous closed-loop carbon recycling via air capture of
CO,, resulting in near zero net emissions. These approximations neglect life-

cycle emissions of energy generation, CO, capture, materials, construction,
.~ Gravas S~ ERbesen ., M-Mogansens K«IS. Lackner, Renew. & Sust. Energy Rev. 15 (2011) 1



Pressure

Gas storage

Chemical
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Methanol

metal hydride storage
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ewl
Result: Significant grid extension is cost-efficient

,optimal grid extension* ,moderate grid extension*

> 756w
o

Source: EWI (2011), Roadmap 2050 — a closer look

EASAC Energy Steering Panel | Energy Systems Analysis | PD Dr D Lindenberger Dublin | September24th 2012



Euroopas toodetakse 3500 TWh elektrit aastas
— 9,9 TWh paevas.

Installeeritud tuule voimsus — 36 GW
(vordluseks Tesla S — 85 kW)

Keskmine saavutatud tuule voimsus — 17 GW
Norra tuule potentsiaal—95 GW (2030)

EUs hudroelektrijaamad — 15 TWh momendil
(Norra, Sveits, Prantsusmaa).

Norras 332 huhdroelektrijaama — 7,8 TWh
reserv aastas, voimalik kuni 32 TWh

Norra vorguuhendused EUsse — 11,2 GW

Tuhjad soolakaevandused — 32 MWAh, kul
salvestada vesinikku.



Types of the electrochemical system for electric
power generation

Reductant Oxidant
(fuel)
Primary Secondary Ellel calls
batteries batteries
l POWER POWER l
Reaction
Recharge products

(exhaust)

POWER



Main features of major ESSs technologies for urban rail

Energy and Discharge Lma p phFCnafk)l?ﬁs rge Durability  Capital Capital References

power density rated (number of cost cost
capacity) cycles) ($/kW h) ($/kW)
Wh/kg Wike KW h/
m3
lead-acid batteries 20-50  25-300 50-80  Seconds-hours 70-90 0.05-0.3 200-2000  50-400 300-600 [59,66,92,107,108]
Ni-Cd batteries 30-75 50-300 60-150 Seconds-hours 60-80 0.2-0.6 1500-3000 400-2400 500-1500 [59,66,92,107,108]
NiMH batteries 60-80 200-250 100-150 Seconds-hours 65-70 1-2 1500-3000 400-2400 - [66,88,108]
Li-ion batteries 75-200 100-350 150-500 Seconds-hours 90-100 0.1-0.3 1000- 500-2500 1200- [59,66,92,108]
10,000 4000
Li-poly batteries  100- 150-350 150-200 Seconds-hours 90-100 0.15 600-1500 900-1300 - [66,108]
200
NaS batteries 120- 120-230 110-250 Seconds-hours 75-90 20 2000-3000 300-500 1000- [66,108]
240 3000
ZEBRA batteries 100- 150-200 120-180 Seconds-hours 85-90 15 >2500 100-200 150-300 [92,108,109]
120
Flywheel 5-100 1000- 20-80 Milliseconds— 90-95 100 <107 1000-5000 250-350 [59,66,92,108]
5000 minutes
EDLC 2.5-15 500-5000 10-30 Milliseconds— 90-100 20-40 <10° 300-2000 100-300 [59,62,63,92,108,110]
minutes
SMES 0.5-5 500-2000 0.2-2.5 Milliseconds-seconds 95-100 10-15 >100,000 1000- 200-300 [92,110]
10,000
B N P AT 2 oy TR Nt o e N T e s
;/ ESS N
A = - 1
Components of an ESS for ' er = s | !
[ - [
railway applications Sl - age | 1
Flaw *—T—T_} 5 ’ _T”} JICE :
i Wallage - I N i I
I Current- | A "."-:ultage—i I
I Wavedorm = | i i I
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|L i Strategy ; - i Charge :
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A. Gonzalez-Gil, R. Palacin, P. Batty, Energy Conversion and Management 75 (2013) 374.



Ragone plots for power sources

Low efficiency
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The characteristics and curren] ,,,H"fé
status o

of the different types of fuel cell

Phosphoric acid Molten Solid oxide

Polymer electrolyte

;uel cell rbonate fuel {el cell
PE&C PAFC M(]kTC el SOFC

fuel cell

Electrolyte Nafion | H;PO, [Na,CO;-Li,CO3 |ZrO,-Y,0s;
Ce1xGdyOy5

Operating temp. /" C 70-80 | 200 650-700 500...1000

Fuel H, H, H,, CO, CH,4 H,, CO, CH4, H>S

CH;0H, C;3Hg,
NH;, gasoline

Expected efficiency 30-40 |35-42 |45-60 45...90
(HHV) /%
Power, current status / kW | 12.5 100 1000 10...2500
Efficiency / % 40 T 40 45 50...85 T

Low High eficiency

0. Yamamoto, Electrochimica Acta 45 (2000) 2423. tamnaratiira
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European Union Hydrogen Highway
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The European Union hydrogen highway network is at present a loose
affiliation of H2 refueling stations developed by various countries.
Leading the charge is Germany who has the most hydrogen refueling

stations with 30 foIIow%d b eyeryone else.
://www.hydrogencarsnow.com/eu-hydrogen-highway.htm



Well-to-Wheels Greenhouse Gas Emissions
(direct emissions, based on a projected state of the technologies in 2020)

Gasoline 540 Iv..
i L L Tntiars
Natural Gas Conventional Gasoine

Vehicles
Gasoline
Hybrid
Electric
Vehicles

Diesel
Corn Ethanol — E85

Cellulosic Ethanol — EB5S

Plug-in Hybrid
Electric Vehicles
{40-mile all-electric range)

Gasoline
Cellulosic Ethanol — E85
H; from Distributed Natural Gas

H, from Coal w/Sequestration

Fuel Cell
H, from Biomass Gasification Vehicles
H, from Nuclear High-Temp Electrolysis
H, from Central Wind Electrolysis Sl
100 200 300 400

Grams of CO,-equivalent per mile

“Net emissions from these pathways will be lower if these figures are adjusted to include:
* The displacement of emissiocns from grid power—generation that will occur when surplus electricity is co-produced with cellulosic ethanol
* The displacement of emissions from grid power—generation that may occur if electricity is co-produced with hydrogen in the biomass and
coal pathways, and if surplus wind power is generated in the wind-to-hydrogen pathway
* Carbon dioxide seguestration in the biomass-to-hydrogen process

Well to wheel performance of FCVs relative to other alternatives
(Reference: U.S. DOE 2009)

ifornia Hydrogen and Fuel Cell Vehicle Roadmap Project



http://pubs.its.ucdavis.edu/download_pdf.php?id=1371
http://pubs.its.ucdavis.edu/download_pdf.php?id=1371
http://pubs.its.ucdavis.edu/download_pdf.php?id=1371

_. 180000 : — .
g ! — 2 FCV
§ 160000 = Gasoline Vehicle
§ 140000 5,000FCVs
0 I 5000 in CA) —7 .
£ 120000 | 55140 Dlgt}lca)r | ZEV Reg Phase 4.
) i ! @/’ 25,000 veh’s in CA
@ 100000
S ' 55,000FCVs
= 80000 7 (30,000in CA) | )
S 50000 4 $75,000/car 2,000,000 FCVs
P _ 500,000 in CA
Q -
= 40000 + 305,000FCVE 1/\e/$3o,000/car
g - 130,000 in CA =
20000 7 $50,000/car
0 : :
2005 2010 2015 2020 2025

Automotive fuel cell vehicle costs (NAS 2008)

California Hydrogen and Fuel Cell Vehicle Roadmap Project

2030


http://pubs.its.ucdavis.edu/download_pdf.php?id=1371
http://pubs.its.ucdavis.edu/download_pdf.php?id=1371
http://pubs.its.ucdavis.edu/download_pdf.php?id=1371
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Mixed conducting ceramics

Unit cell of perovskites (ABO,) i oo,
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R.Kanarbik,G.Nurk, |.Kivi, P.Mdller, K.Tamm ,etc.
Pr0.6sr0.4COO3-6|CeO.QGd0.102-5lzr0.85Y0.1502-6|O'6Nio_0'4zr0.85Y0.1502-6

AE/V

1.20
800°C
1.00
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7 % H,+ 3%H
855 97 % H, - 3%H.,0
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Electronic state of sulphur

!!_Lg UNIVERSITYoTARTU
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Redox dynamics of sulphur at Ni/GDC anode during SOFC operation at
meadium temperatures: An in operando S K-edge XANES study
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G. Nurk, T. Huthwelker, A. Braun, C. Ludwig, E. Lust, R. Struis J. Power Sources, 2014

Back at 550° C 546° C 530° C 450°C 400°C 350°C 250°C

560° C
7

t

1—2 3 4 5 6\

Temperature / number of spectral run

Ni-GDC anode has been treated with methane containing sulphur

contaminantes (H.,S, Thiophene,etc.)

In operando sulphur — K edge studies by XANES method indicate
the existence of sulphur componds in various oxidation states

(6+; 4+; 0; 2-).

Kinetic limitations have been observed and analysed
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Klngas, R.J.
Gorte, E. Lust,
Electrochimica
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(2013)
Porous SDC scaffold
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Electrolvser

Different types
type Electrolyte / Membrane Electrodes / Catalysers global reaction
Aleali KOH/NIO, IMET™ (Inorganic Membrane Electrolysis | Anode : Ni, Fer / Ni alloys, metal oxides | Anode - 4HO j, =0y +2H,0p, + e
Alcatine Tech) Cathode : steel + N1/ Mi-Co Cathode: 4H;0p, + 4’ = 2Hy,, +4HO
, . i ) ) ) . ® Anode : Graphite-PTFE + Tt / RuQ,. IrO: | Anode (6H0 5y = Oy —4H3O_,_1] +4e
Acid PEM | Solid, proton exchange polymer membrane (Nafion™) Cathode - Graphite + Pt / Pt Cathode: 4H;0", + de = 4Hy ~ 4H;0,
, ) ) . — a) Cathode: 2H:Dyp + 4 = 20y + 2Hz
High temp. |a) Zirconia ceramics (0.91Zr0,-0.09Y05) Anode : ceramics (Ma, La, Cr) /Ni Anode - 20y= Oy +4e
steam b) Zirconia oxide ceramics : . b) Ancde : 2H,0= 4H + Oy +4 &
Cathode : Zr & N ts [ CeO =l
aese P ERREE e Cathode: 4H +4 & = 2Hy,

Principle of operation

:ﬂl‘.‘ﬂ].l]lf' EIE‘I:'TI olvser:

PEM electrolyvser :

Hizgh temperature electrolyser :

i Ca | H;iD .
e Anede K | I \ ) / Hsd ¥
: i H
Macdrans pofpnira aciids H /
Fhirotroirte H \ i Ba
._,_ o i H: ] ’
B H
| ( - : L
, :; |
— ."f i | ! Elecinlvie
Anade o ww-«w Cirthode . i a) ' ' b) Fcondaifon prodenign
eatEh H
Technical data
type Tempe:rarlure of Pressure of operation | Electric consumption Energy Efficiency Life duration State of
- operation . 3 development
Alcaline 530-100°C 3-30bars 4-5 KWh/ Nm’ of H; - 90 % 15 - 20 vears marketed
PEM 80 - 100 °C 1- 70 bars 6 kWh / Nm of H; 50 - 90 % IT(}ID{:IEE]::;T development
High temp. steamn B0OO - 1000 =C 7 3-35KWh/ Nm® of H, 50 - 90 % ” research




Bi% Electricity for electrolysis

|+ Elecinicity for evaporation
= 1EE| - _ Y% Loss in head exchanger
E 3% Reversed osmosis water
L 140 - | 8% [nvestment depriciation
L
¢ 120 -
=
o 100 -
S
& 80 -
[+
o B0 -
E
2 40 -
rt
or
w 0 1 I |

Electricity price [US¢/KWh]

H,production price vs. electricity price. For comparison is presented the
price of H, production from alkaline electrolysis. The pie chart shows the

production price parts given the assumptions in Table 1.

Sgren H. Jensen , Peter H. Larsen, Mogens Mogensen, Int. J. Hydrogen Energy 32
I(DONN"T7\ OOLCHO SOHE 7



Table 1

Input for calculation of Hy production cost

SOC stack

Investment cost

Interest rate

Depreciation time
Operation time
Demineralized water cost
Electricity price

Cell temperature

Cell voltage

H»>O utilization in the SOC stack
Energy loss in heat exchanger

2100 US$/m? cell area
6300 US$/m? cell area®
5%

10 years

5 years

2.3US$/m?

1.3 US¢kWh (3.6 US$/GI)
950 °C

1.48V

37%

5%

‘A SkW plant based on SOFC technology is predicted to cost
350-550US$/kWe [12]. Assuming a power output of 1 W/cm? this corre-

sponds to an investment cost of 3500-5500US$/m? cell area.

Sgren H. Jensen , Peter H. Larsen, Mogens Mogensen, Int. J. Hydrogen Energy 32

I(DONN"T7\ OOLCHO SOHE 7



1)

2)
3)

4)

5)

6)

SOEC - some historical facts

1967

1975

M. Steinberg and
V.D. Dang (US
Patent, 1997)

A.O. Isenberg
Solid State lonics
7 (1981) 431

W. Domitz, E. Erdle
Int. J. Hydrogen
Energy 5 (1985) 211

M. Mogensen et al
Int. J. Hydrogen
Energy 32 (2007)
3757

NASA high-temperature electrolysis projects of
CO,; H,O; CO, and H,0O co-electrolysis for
production of O,

Hot Elly (Germany) SOE project for H,
production

Low temperature CO, electrolysis, CO, capture
from air

Energy conversion via solid oxide electrolyte
based electrochemical cells at high
temperature (CO,—»CO for electrochemical

conversion of CH, or CH,OH)

High temperature electrolysis of H,O vapor-

states of development and perspectives for
application
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2.0+ advanced alkaline (R&D]
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0 0.5 1.0 1.5 2.0

Electrolysis current density [(=A//cm?)

Lower capital cost
E

Typical ranges of polarization curves for different types of state-of-
the-art water electrolysis cells. E,, ,ater aNd Ey o are the

thermoneutral voltages for water and steam electrolysis, respectively.

E.., Is the reversible potential for water electrolysis at standard state.
C. Graves, S. D. Ebbesen, M. Mogensen, K. S. Lackner, Renew. & Sust. Energy Rev. 15 (2011) 1
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d Energy demand for H,O Electrolysis b Energy demand for CO, Electrolysis

300 300
Total energy demand
Total energy demand oy

250 250
) 7
= lecty; S
S fic g 2 _ £},
E 200 4 Ne E 200 Bct;
2 —> Vo
o - T ®Man gy
g 1504 3 g 150 4
g =y H.O gaseous o
= - =]
& 100~ 8 100 -
& lj ]
( Heat deme” & g and

50 - 50 T ded
I:I ] 1 T ] D ) 1 1 1
278 478 678 B7R 1078 1278 1478 278 478 678 B78 1078 1278 1478
Temperature (K) Temperature (K)

Thermodynamics of steam and carbon dioxide electrolysis. Both
steam and CO, electrolysis becomes increasingly endothermic
with temperature.

Sgren H. Jensen , Peter H. Larsen, Mogens Mogensen, Int. J. Hydrogen Energy 32
I(DONN"T7\ OOLCHO SOHE 7
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Electrical energy demand (AG) for electrolysis of H,O and CO, as a
function of temperature.

X.Sun, M. Chen, S. H. Jensen, S. D. Ebbesen, C. Graves , M. Mogensen, Int. J. Hydrogen Energy 37



Pressure vessel
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Catalvtic reactor
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Condenser

Sketch of a synthetic fuel production system based on a heat
exchanger reactor coupled with high pressure co-electrolysis of H,O

and CO.,.

X.Sun, M. Chen, S. H. Jensen, S. D. Ebbesen, C. Graves , M. Mogensen, Int. J. Hydrogen Energy 37



device synthesis

cO.in the 4~{CEI: EII"CEIF:ILIJTE% Oy, ‘|Fi5cher-Trqpsch_.._ CH~ Schematic of the proposed COZ_

atmosphere 145 °C) : (300 °C) lflquellji'? recyC|ed SynthetIC fuel
- e ' a, : " production process. -CH,-

IH,0 'l_';{"""""": “wrd | L 4o represents a hydrocarbon,
N ;': :Iztsrgxf:r H which could also be represented
e o (o) —»0; as a longer chain molecule such
electricity Qs as CgH g HX: heat exchanger.

Energy balance for the process. Units of the Q terms are k] electricity per
mol -CH,- and k] heat per mol -CH.- for Q_, and Q,, respectively. n,, is the

Sh@eat eXChange f@iﬁfé%ﬁncy Input Output

Max Qe Qn T(C Qwm T(°C) Fuel
CO; air capture CO, (atmosphere) — CO; (concentrated) 50 45 45
H-O desalination 2 H-0 (1, seawater)— 2H>0 (I, pure) 0.1 20 20
CO; +H50 pre-heating CO, (g)+2H50 (1) —CO, (g)+2H-50 (g) 93% 121 20 250
Electrolysis system? 2H,0 (g)+C0O> (g) —2H5 (g)+CO (g)+1.50, (g) 93% 838 250 50
Syngas compression (2H>+CO) (g, 1 bar)— (2H, +CO) (g, 20bar) 30 50 300
Fischer-Tropsch 2H, (g)+CO (g)— —-CH5- (1)+H>0 (1) 300 209 20 647
Auxiliary components 10
Total 928 647

aThe electrolysis system includes the cell stack which operates at 850 °C, an ohmic
heater for operating the cell below the thermoneutral voltage, a heat exchanger which
heats the inlet gasses to 850 °C and cools the outlet gasses to just above the

temperature of the inlet gasses, and a condenser which cools the product gasses to

50 °C and collects unconverted water.
C. Graves, S. D. Ebbesen, M. Mogensen, K. S. Lackner, Renew. & Sust. Energy Rev. 15 (2011) 1



CO, sorbent Sorbent regeneration

a Hydroxide Electro-
M lysis
Atmos- c Carbonate
pheric & G Electro-
air - Other li- dialysis
quid/salid,
membrane genation
a Humidity Maths
CO, capture swing 1 anation
Station- Absorption/
aryCO, E Adsorption/ MEtrl" Meth- o,
source Separation Co; 3 annh anolto
Syntn- gasoline
Energy conversion 5 esis
Y 2
Energy source Thermolysis T

= Y 1 RWGS

Solar Thermochemical
cycle
Muclear & Heat K Hydro-

. High-temperature. ,, CO _ Fischer 7 carbons
Wind +  Electricity L electrolysis +H; ® Tropsch and
Hydra | Light " Low-temperature alcohols

electrolysis At
Geother- |
mal Photoelectrolysis/ 3
photolysis co
Water Purification H,0 3 was 4
[ i 1 il ]
Collection of energy and oxides Dissociation of oxides Fuel synthesis Consumption

Map of the possible pathways from H,0 and CO, to hydrocarbon fuels.

“Fischer-Tropsch” represents any of a variety of catalytic fuel
synthesis processes similar to the original Fischer-Tropsch processes.
C. Graves, S. D. Ebbesen, M. Mogensen, K. S. Lackner, Renew. & Sust. Energy Rev. 15 (2011) 1
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Model structures, calculation domains and boundaries of CO,/H,O co-
electrolysis.

Wenying Li, Yixiang Shi, Yu Luo, Ningsheng Cai, J. Power Sources 243 (2013) 118 -

123N



ion

Preparat

SOE single cells

SOE single cells with Ni-based cathode (UT IC):

 Supportive layers and cathode active layers were prepared
using tape casting, electrolyte layers and anode were screen
printed

* Ni-Zr,,,Y,,50,.5 (supportive) | Z10.045C0.0602:5 +C€0,90G 510,
6| Pro.65r0.4C00;

* Ni-Zr;4,Y¢.050,5 | 21 45C 06055 (supportive)+Ce, ,,Gd, ;0,4 |
PrysSro4C005 6

e Ni-Zr,,,Y,0:0,.5 (supportive)+Ni-Ce, ,,Gd, ,0, ;+Ni-
Zr0.92Y0.0802-6 | Zr-0.945(:0.06C)2-6 +Ce0.9OGdO.1OZ-6 | I:)r-0.6SrO.4COC)3-6

SOE single cell with Ni-free cathode:

* Infiltration method was used to prepare Ni-free cathode and
anode

¢ Lal-xsrxcrl-yMnyOB-é- Zr.045C0.060>5 | Z1.949C0,060-.



1.5
© | ——Ni-YSZ(supportive) | ScSZ+GDC | PSC (UT IC)
U
» - 13 —Ni-YSZ | ScSZ(supportive)+GDC | PSC
E “~ \ = =Ni-YSZ(supportive)+Ni-GDC+Ni-
Q . YSZ | ScSZ+GDC | PSC
= > 11| ===-,SCM-ScSZ | ScSZ(supportive) | ScSZ-LSF
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bl 09 | ::"“\\
L _ N .
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T’ (¥ 06 04 02 0 0.2 0.4 0.6 0.8 1
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| |
1.5
N == . \ N\ T=850 C
— \~ N\ Cathode gas = 48.5% H,,
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U \ \ ‘
) S
- Z 11 | N
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[ 1| 0.9 B
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YSZ | ScSz+ DC%PSC
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SOEC

gas chromatography
data

8
¢ CO : cathode gas 48.5% Ar; 48.5%C02; 3% H20 | (UT |C)
—E' 6 | m CO: cathode gas 42.5% Ar; 42.5%C02; 15% H20
- A H2: cathode gas 42.5% Ar; 42.5%C02; 15% H20
% ’ A
e 47 |
% ? S 4
s 2|
> T T=1850 C
0 |
1.1 1.3 1.5
E/V
8
¢ CO : cathode gas 48.5% Ar; 48.5%C02; 3% H20
'—E' 6 | ® CO: cathode gas 42.5% Ar; 42.5%C02; 15% H20 1
= A H2: cathode gas 42.5% Ar; 42.5%C02; 15% H20
S E=15V ' A '
.U 4 i
- [ |
£ 2 R
s 2 F n
> . a
®
0 Il ! Il Il
600 650 700 750 800 850
T/ C

Production of synthetic gas (based on gas chromatograph data) at
850°C at different SOE cell potentials and different cathode gas
compositions (noted in the Figure). SOE single cell was La, Sr Cr,.
,Mn 0, -Zr, Sc,0, | Zr,.Sc 0, (supportive) | Zr, Sc O, ,-

I ~ CvrrCAN



An example of an RSOFC-based sustainable energy system
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yen, M.B. Mogensen, The Electrochemical Society, Interface, Vol. 22, No. 4 (2013) p. 55
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SOFC power systems (hardware demonstrators,
prototypes and pre-commercial systems up to 200 kW,
concepts at IMW and above)

yen, M.B. Mogensen, The Electrochemical Society, Interface, Vol. 22, No. 4 (2013) p. 55



The fuel of the future may be ice that burns

http://en.wikipedia.org/
wiki/Methane_clathrate

Methane hydrates, a promising natural gas resource, are
believed to reside throughout the globe in sea-floor
sediments and permafrost.

http://www.ornl.gov/info/reporter/nol6/methane.htm
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Kutuselemendid
AE° =- AG/nF =(RT /nF)InK,
AG =AH - TAS

die Brennstc

H,

H,O +



Centralised power generation 1 Transmission grid

Wind farm

Apartment house

0

! ne famlly house %Solar cell house
— - Micro turbine

Terraced house
% Diesel generator

—— Distribution
Plant i transformer
. . R i A :
Microgrid controller @&y Distributed power generation

Fuel cell

Watrtsila fuel cells for stationary applications, copy from leaflet
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Energiamuundurite kasuteguri olenevus nimivoimsusest

1 kdrgtemperatuursed aluselise
elektroliitidiga kituseelemendid

100 %
n 2 madaltemperatuursed
kituseelemendid
80 3 diiselmootorid
4 ottomootorid

5 auru- ja gaasiturbiinid
60
2 5

40

20

Prn
1 10 100 kW 1 10 100 1000 MW

T. Risthein, Sissejuhatus energiatehnikasse, Kirj. Elektriajam, Tallinn, 2007.
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Prootonjuhtkeraamika sunteesireaktorites

— + — +
Load | } Load |
e e e
a" CH4 o :'
= o
. = -0 CHi i #_—0
— ++ :.- :: an
" - |
e S H,0 CaHse / s ;-'E \HEO
- CHy ™° .
a) SOFC Chemical Cogenaration b) Methane coupling SOFC
Ethane  Ethylene
b Load | } Load |
) i e o-
" .
CHs —, E - E-: /,—-‘02
2 ey I
C ~ . E\ H20

¢) H,S-fueled SOFC for desulfurization d) Methane SOFC with zero-emission of CO,

H Twahara et a1 Saolid State Tonice 168 (2004) 700



T Ly o mE  x w e 0 ULige,
alloy, Fe-N and Co-N catalysts and fm%g
electrode preparation e

ras TRC

C(Mo2C), C(VC) or Vulcan XC72R ( for comparison ) was suspended in MilliJQ*

H,PtCl,x6H,0 and/or RuCl,xxH,O, Co(NO3)3xXH20,Fe(NO3)3xXH20 (all 99.9%, Alf

NaBH, (=98.0%, Aldrich
o ) Prepared catalyst: Fe-N; Co-N,

reaction mixture was stirred for2h  pt.c(M02C)600,700,750,800,850,1000°C

dried in a vacuum oven at 80 °C Pt-C(VC)900°C;
Pt-C(VC)1100°C:
’ Pt-Ru-C(VC)900°C:

Pt-C(WC)1100°C;
Pt-Ru-C(WC)1100°C;
Pt-Vulcan XC72R;
Pt-Ru-Vulcan XC72R

Nafion® (Aldrich)
MilliDQ*
Isopropanol (>99.0% Sigma-Aldrich)

Catalyst loading onto GCDE 1 mg -cm™

E. Lust, E. Hérk, J. Nerut, K. Vaarmets, Pt and Pt-Ru Catalysts for Polymer Electrolyte Fuel Cells Deposited onto Carbide
Derived Carbon Supports Special Issue in Electrochim. Acta 101 (2013) 130-141



CV data for 0.5 M H,S0O, Ar-saturated solution
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Specific energy and power densities
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Vordlus, kus Li- ja Na-soolad on EC:DMC segus +
cesium carborane lahus AN-s, milles oli koige
tugevamalt naha piik

500
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0 L
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600 b

0 1 2 3 4 5
E (vs Li/Li") / V

CWE / F g_l

L1 M in EC:DMC

-~ LiB(C,0p);
— CsCBHj;— 0.2 M in AN




Air capture

CO5

Caonversion of Hydrocarbon

an -
/’*’T _., renewalble/

nuckear energy

O

Hydrocarbon

H.0

b) Biomass
** refarming

Ajr capture

Corwversion Hydrocarbon
of fossil
Energy

o

Fossil carbon

d ; Conversion of Hydrogen
) I el renawable/
nuckear energy HO
[ S '

Sequestered carbon

Comparison of carbon-neutral

fuel cycles for hydrocarbons

produced using

(a)renewable/nuclear energy
(shown as solar and wind
energy),

(b)biomass,

(c)fossil fuel.

(d)Hydrogen produced by
solar/wind energy is also
shown for comparison with
(a). Whereas the renewable
energy based cycles (a, b,
and d) are considered
materially closed, the fossil
fuel based cycle (b) is
carbon-neutral but the
carbon is stored in an
oxidized form.

C. Graves, S. D. Ebbesen, M. Mogensen, K. S. Lackner, Renew. & Sust. Energy Rev. 15 (2011) 1






Chemicum

Uldpind: 11800 m?

Kasulik pind: 7810 m?
Keemia Instituut: 4700 m?
Keemikute sobrad: 3700 m?
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