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Political Drivers: Examples — EU Sustainable Energy
Technology Plan (SET-Plan 2007) G7 Goals (2015)

* Goals of the EU until 2020 (20/20/20)
« 20% higher energy efficiency
» 20% less GHG emission
« 20% renewable energy

- Goal of the EU until 2050: SWET-I315n =
* 80% less CO, emissions than in 1990 Sl

« G7 Goals, Elmau, Germany
» 100% Decarbonisation until 2100
« 100 bln $/year for climate actions in developing
countries, large share by industrial investment
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http://www.spiegel.de/video/g7-gipfel-historisches-klimaversprechen-video-1583880.html
http://de.wikipedia.org/wiki/Datei:Schloss_Elmau_Sommer_2005.JPG
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Development of EU GHG emissions [Gt CO.e]

abatement

Il Fower 95.100%
[ ] Road transport 95%
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09 09 10 [] Air & sea transport 50%
B Industry? 40%

U 0
L0 1 [ Buildings 95%
).¢ .S L '
01 [ Waste 100%
o B Agricultu 20%
ncuimure
1990 2010 2030 2050 2080 abated? Ag
A

Source: IEA forecasts [] Forestry 0.25 Gt CO%e

1 Large efficiency improvemenis are already included in the baseline based on the International Energy Agency, World Energy Outlook 2009,
especially for industry

2 Abatement estimates within secior bazed on Global GHG Cost Curve

3 CCS applied to 50%: of large indusiry (cement, chemistry, iron and sieel, petroleum and gas, not applied to ofther industries)

2 SOURCE: waww roadmap2050.eu
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Importance of Storage for Renewable Energy

Forecast: Renewable Energy and Electricity Demand

Leistung (GW)

Leistung (GW)
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[ IBiomasse Grundlast
[ Biomasse warmegefihrt
[ Biogas flexibel

[ Biomethan flexibel

[ IWasserkraft

[ Onshore-Wind

[ offshore-Wind

[ IPhotovoltaik

[Ikonv. Kraftwerke

— Strombedarf

—— ohne Bahnstrom und Arealnetze % Fraunhofer
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* Demand # Production
— Storage needed
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Available Energy Storage Technologies

Capacity
10 GW

1GW Pumped Hydro Storage

Geographical
100 MW Compressed air capacity constraints Hydrogen storage!

10 MW
1 MW
100 kW

Super
1kW  capacitor

Minute Hour Day Week Season
Discharge duration

1 IEA data updated due to recent developments in building numercus 1MW hydrogen storage tanks

Source: IEA Energy Technology Roadmap Hydrogen and Fuel Cells, JRC Scientific and Policy Report 2013
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Options and Boundary Conditions
for a Hydrogen Economy
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Origin of Hydrogen Today

Electrolysis

Matural
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Production Methods

Steam and mixed reforming
Partial oxidation
Gasification
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Hydrogen in Space Transport

Space Shuttle Discovery Vulcain-1 Vulcain-2
Start from Launch Pad 39B Rocket engine tests

Kennedy Space Center, FL DLR Lampoldshausen

4. Juli 2006
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Applications of Hydrogen

Captive Industrial Hydrogen Users Small-scale Merchant Hydrogen Users

Methanol

Refineries

24%

6% 10%
Fat & QOils

Aerospace

1796 Merchant

16

Electronics
21%

Captive

84-.

Metals

Ammonia

Source: Lux Research, The Great Compression, December, 2012
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Applications of Hydrogen today and tomorrow

* Raw material of chemical industry
* e.g. fertiliser production, mineral oil refineries
‘_.‘ii

s 1L eunawerke

 Fuels for mobile and stationary applications
Hydrogen vehicles

» Generation of liquid hydrocarbons (e.g. Kerosene)
from hydrogen and CO via Fischer-Tropsch-Synthesis
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Concept of a CO2-free Hydrogen Supply for Japan

Australia

Low-cost hydrogen
production
from brown coal

Surplus

Renewable
Energy

Gasification,
Refining

Liquefied
Hydrogen
Carriers

Liquefaction
€0, & Storage

CO, free H,

CO, Capture
Storage (CCS)
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Liquefied
Hydrogen

Container

-~
Liquefied
Hydrogen

Storage
Tanks I l

- Ea

Japan

Use in processes
Semiconductor, solar cell productions
oil refining and desulfurization

Transportation equipment

Refueling station
Fuel cell vehicles

Distributed power generation

o Hydrogen gas turbines
I# - ydrogen g
a and engines, fuel cells

etc.

Power plants
Combined cycle
power plants

Hydrogen Production Transport & Storage

Source: Kawasaki Heavy Ind.
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Japan‘s Vision of Future Energy Import
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Europe‘s vision on the future hydrogen economy
(source FCH-JU)




DLR.de + Chart 15

Hydrogen R&D in Europe

Fuel Cells & Hydrogen Joint Undertaking

European Union
represented by the
European Commission
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The Joint Undertaking is managed by a Governing Board composed of
representatives of all three partners and lead by the Industry.
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Fraction of E27 agricultural surface
to provide European Kerosene demand of 2005:

o

BTL 20.7 Mha

. HVO 60.2 Mha

\

European agricultural
area 245 Mha

. Data:

4
i : o EIA (2008), International Energy Annual 2006
/ SUN'tO'U&?UID 1.3 Mha.. . Fa0 (2010), ResourceSTAT-Land2005

. Bauhaus Luftfahrt Inventory of Energy Crops

.

—— Mha: Million Hectare



//upload.wikimedia.org/wikipedia/commons/6/6a/Toptex_Strohschutz.JPG
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Potential of Solar Energy
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Solar Hydrogen Production

i DLR




DLR.de + Chart 19

Principle of Solar Fuel Production from Water and CO,

b 4

Carbon dioxide (CO,) ==
Water (H,0)

=% Synthesis gas (H, + CO)

Sustainable synthetic petrol,

diesel, kerosene § N = i
E T = 1 .Z: J

hydrogen, methanol, £ L

S q-» » r-‘-""

(fertilisers, polymers)... P oL g-mgm 5 ",._



http://www.pinkstyle.de/wp-content/uploads/2010/03/pinkes-auto.PNG
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Solar Pathways from Water to Hydrogen Fuel

Solar Energy

* Biomass hy

&
Electricity
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Mechanical
Energy
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>2000°C

H“‘\‘ I I'"ﬂ--"ﬂ'ﬂ-h@

Metal oxide cycles:
HYDROSOL Thermochemical
(800-1200°C) Cycles
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Electrolyser: State of the Art

IHT electrolyser type 5-556
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Comparison of Efficiencies of Solar Hydrogen
Production from Hydrogen

Process T Solar plant Solar- n n n n
[°C] receiver T/C Optical | Receiver Annual
+ power (HHV) Efficiency
[MW, ] Solar-H,
Electrolysis (+CSP NA Actual Molten 30% 57% 83% 13%
or PV) Solar tower Salt
700
High temperature 850 Future Particle 45% 57% 76,2% 20%
steam electrolysis Solar tower 700
Hybrid Sulfur- 850 Future Particle 50% 57% 76% 22%
process Solar tower 700
Hybrid Copper 600 Future Molten 44% 57% 83% 21%
Chlorine-process Solar tower Salt
700
Metaloxide two 1800 Future Particle 52% 77% 62% 25%
step Cycle Solar dish Reactor
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Solar Concentrating Technologies
CSP (Concentrated Solar Power)

Receiver/Engi
%ﬁ:} i::? Central éj::% eceiver/Engine
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Principle of solar thermal Water Splitting
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Development of HYDROSOL-Technology

4 Hydrosol | ) (Hvdrosol i) 'Hydrosol 3D /I—Ivdrosol Plant)
2002 — 2005 2006 — 2009 2010 — 2013 2013 — 2017
< 10 kW 100 kW design 750 kKW
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Hydrogen by thermochemical water splitting

VIDEO
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Hydrogen Production through solar HyS-Process
FCH-JU Projekt SOL2HY?2
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SOL2HY2 - Solar To Hydrogen Hybrid Cycles

» FCH JU project on the solar
driven Utilization of waste SO, Outotec™ Open Cycle (OOC)
from fossil sources for co- Air
production of hydrogen and '
sulphuric acid

p
(

MINERALS /

Lz

Water
SMELTING & ROASTING ACDECANY, o

» Hybridization by usage of /‘303

renewable energy for electrolysis sb;\'*? K; // |
* Partners: ‘ {50,y
« Industry: EngineSoft (IT), Metals ﬁELECTROLYSIs) QL .
Outotec (FI), Erbicol (CH), (R . Sulfuric
Oy Woikoski (FI) gandl acid
* Research: Aalto University Hydrogen

(FI), DLR (DE), ENEA (IT),

Utilization of waste SO, from fossil sources
Co-production of hydrogen and sulphuric acid
Hybridization by renewable energy for electrolysis
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Thermochemical heat storage can provide very high
energy storage densities

Gasoline 45000
Sulfur 12500
Cobalt Oxide 850
Molten Salt (Phase Change) 230
Molten Salt (Sensible) 155
Lithium lon Battery 580
Elevated water Dam (100m) 1

- High energy densities with low storage cost
- Ambient and long term storage
 Transportability
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Solar energy can be stored in elemental sulfur via a three
step thermochemical cycle

7 + 0,1
so2 +H,0
Sulfunc Acid SO, Sulfur
Decomposition Disproportionation Combustion

H,SO,
\\ /\ Sulfur

| Reacon ______|Temp(C)

H,SO,Decomposition 2H,SO, — 2H,0(g) + O,(g) + 250,(9) 800
SO, Disproportionation 2H,O(l) + 3SO,(g) — 2H,SO,(aq)+ $(I) 150

Sulfur Combustion S(s.1) + O,(g) — SO,(9) 1200
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Process concept: Sulphuric acid recycling

» Sulphuric acid: most produced chemical worldwide (~ 200 Mio t/year)
* Production in Germany (~ 5 Mio t/year)—Usage in chemical industry

* Recyling of H,SO, by thermal splitting (~ 1.2 Mio t/year in Germany), currently
by fossil fuels

High concentrated Sulphuric

Acid (99 wt%)
0.933 Mio t/a
Sumht:s;t\i(;: Flant Chemical Industry
Bremerhaven, ‘ ) izl
G Germany
1. BREMERHAVEN ()| 2. BREMERHAVEN ermany
Metherlands o ® s A
Germany bidg
nnnnn Sulphur Diluted Sulphuric Acid
0.303 Mio t/a Sea Route 2.446 Mio t/a
Estimated costs: Tr-ansport Estimated costs:
1.51 Mio $ Distance: 12.23 Mio $
3300 km
CSP and TES Plant
Location, ¢
Agadir
3. AGADIR Morocco

Algeria
Libya
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rotation axis

Process concept

« limitatation for process upscaling: 40 MW CentRec

» Multi-tower concept (24 solar towers and 12 sulphuric
« acid splitting units)

concentrated
sunlight

Chemical plant:
== Sulphuric Acid Concentration

oy ::‘a ' Sulphuric Acid Splitting + Sulphur Production

T o
o (ASICLE Y
- Portugal e
ortuga r
Solar TPWH L Particle Storage Solar Tower 2 v Sp_an
e

ol \
. Plant is able to conduct

~% of Germany's thermal

- decomposition H,SO,
S NUPRTRN 0
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Pipeline
Transportation and storage of sulphur P ;
In solid or liquid form | '

. Train

Mo_lten“SLﬂphUr i Molten sulphur in heated
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sSolar Sand from the Desert*

Construction Sand

2000: 3 S/ton

2018: 200 S/ton

Hot and soft
sintered mass
Desert sand S

desert sand @
is unusable Oé):::» sor o |[crushing it @@
for concrete .,?,sab.e O D a
production o ieztls

Continuous process ( >
3 71 g e 0 3 N TR "y
o S :
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Solar 3-D Printing of bricks from sand

* Melting
and layering

* Final object
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Solar Process Heat for Industry and Ore Processing

« Solar oxygen and nitrogen production

« Solar fertilizer production

« Solar process heat provision (steam, air, particles...)
 Solar calcination

« Solar cement production

« Solar reduction of metal oxides

« Solar smelting and recycling of metals
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Summary

» World energy and fuel demand can be covered by solar energy — driver is the
trend to decarbonise the energy economy

Visions and scenarios for (renewable) hydrogen based energy economy are
already there (Japan and EU)

Several pathways to produce hydrogen without emissions are available

Solar thermochemical routes are able to split water thermally and highly
efficient

Huge potential to use solar high temperature heat in several industries and
mining

i DLR
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