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Why do we need synthetic liquid fuels?

Ecology, economy, geograph
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A picture is worth a thousand words
The Mexican Gulf disaster (April 2010)
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Global Crude Oil and Liquid Fuels Consumption

World crude oil and liquid fuels consumption grew by an estimated 2.4
million bbl/d in 2010, to 86.7 million bbl/d, the second largest annual
increase in at least 30 years. This growth more than offset the losses of
the previous two years and surpassed the 2007 level of 86.3 million bbl/d
reached prior to the economic downturn. IEA expects that world liquid
fuels consumption will grow by 1.5 million bbl/d in 2011 and by an
additional 1.6 million bbl/d in 2012. Non-OECD countries make up almost
all of the growth in consumption over the next 2 years, with the largest
contributions coming from China, Brazil, and the Middle East.

Why Reforming?

The common well-known process to produce hydrogen and
syngas (mixture of H2 and CO) from natural gas, biogas,
landfill gas. This is a highly endothermic process and
requires high temperatures.

(there are additional ways to produce syngas; e.g. from
biomass processing, coal gasification, other hydrocarbons,
etc)

Why Hydrogen and Syngas?

These are the basic raw materials to produce synthetic liquid
fuels (SLF) and chemicals in Industrially available processes.
For ecological, economical and geo-political arguments it is
appropriate time to shift from fossil to synthetic liquid fuels

Why Solar Reforming?

There are so many good reasons that the space on this slide
is too short to hold but SLF and CO2 fixation are the next
challenges for the concentrated solar community



SFERA Winter School
Solar Fuels & Materials

€0z

Fine chemicals

Weizmann Institute Of Science
Solar Research Facilities Unit

=

C,-Building Blocks

CHy

Solar reforming of methane

Cl—ChemIcals
Acetic acld
Acetlc acld anhydride
Vinvlacetate

Ethylene glycol
Homologation
Methylformate

GASOLINE _ _zeollies

== FISCHER-TROPSCH

—— CH, L1,

—= Hydrooen or CO
——= Carbonylation

co Hi_g,———- Hydroformylation

et F15cher-Tropsch products)

— [Herhyl formate ]—— Chemicals

—= Fine chemicals

—= Olefins, Aromatics

GASDLINE

DIESEL OIL ~ DIESEL OIL
.+ OTHER PRODUCTS
‘?!P' 2y FUEL
C,-Cg ALCOHOLS tvk MTBE CELLS
> o L s
.".":-\ co .
ya) Isotnitylens TURBINE
Qq. FUEL
CulZpo
MEIT,"rM.”ffJL o AUTOMOTIVE
O A S FUEL
H20 \ThOg, _"-.p@ 1?&-!; o, An {addiliva)
wgs 20z ?a&;foo v Y T
i ey, v ETHANOL AUTOMOBILE
# FUEL
METHANE Hz ISOSYNTHESIS GASOLINE (naal)
DIESEL OIL

INDIRECT SYNTHESIS
DIRECT SYNTHESIS —AVIA METHANOL) — OTHER SYNTHESES
Hydrogen Formaldehyde Olefins HyCO . Aldehydes

Acetic Acid Co/Rh  Alcohols
Ammonia Methyl Acetate
Carbon Monoxide Acetic Anhydride Isobutylene CH,OH . MTBE
Medium BTU Gas Vinyl Acctate H*
Methane Methyl Formate
Higher (C,-C,) Alcohols Formic Acid Acetylene _CO_, Acrylic Acid
Gasoline Ethanol Ni
Diesel Fuel Dimethyl Carbonate
Isobutanol Dimethy] Oxalate Olefins _H*  Highly-branched Acids
Isobutane Gasoliue co

Diesel Fuel

Ethylene RCOOH _Hg/CQ , RCH,CO0H

Propylene RuO,/HI

BTX

Chloromethanes Nitroaromatics _C0Q _ Isocyanates

Methylamines Pd

Methyl Glycolate

Ethylene Glycol Terephthalic Acid _CH,OH _ Dimethyl Terephthalate

Fig. 5. Fuels and chemicals from synthesis gas.
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Table 1: Conventions of fuel names and composition
Name Synonyms Components
Fuel gas C -G
LPG C3-Cy
Gasoline Cs-Cpa
Naphtha Cg-Ci
Kerosene Jet fuel Ci11-Cy3
Diesel Fuel o1l C13-Cy7
Middle distillates  Light gas o1l Cyo-Cyq
Soft wax Cig - Co3
Medium wax Cag - Css
Hard wax Cssy
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Table 1.2 Major overall reactions in the Fischer-Tropsch synthesis.

Main reactions

1. Paraffins (2n + 1)H, + nCO — C,H,,.» + nH,O
2. Olefins 2nH, +nCO — C,H,, +nH,0

3. Water gas shift reaction CO+H,0 = CO,+H;

Side reactions

4. Alcohols 2nH, + nCO — C,H,,,,O+ (n — 1)H,0
5. Boudouard reaction 2C0 - C+CO,
Catalyst modifications  (M=Fe, Co, Ni, Ru)

6. Catalyst oxidation/reduction a. M, O, +yH, > yH,O+xM

b. M0, +yCO = yCO, +xM

.&

7. Bulk carbide formation yC+xM == M,C,

“—

I. Wender / Fuel Processing Technology 48 (19961 | 89-207

G aCO+{In+1)H; — ™ CHy.;+nHO
gk A aCO+2nHy, —™ CH,+nHO
[ aCO t 2nHa ™ CHyOH = (n-1) H:0
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2

500 —
10 K
o
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Fig. 18. Plot of AG®/n versus carbon number and temperature {(adapted from Swil et al., 1969, Janaf, 1971).
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funciion of the probability of chain growth,

Table i6

Product distributions from Sasol (FT) and Mobil (MTG) processes

7T 08 09
Fig. 20. Plots of calculated selectivities (percent carbon atom basis) of carbon number product cuts as a

ARGE (fixed bed) FT  Synthol (fluid bed) FT  Mobil (fixed bed) MTG
Temperature /K 490-520 633-685 63-685
Pressure /atm 26 22 14-24
Feed 1.7TH,:1CO 3H;:1C0 CH,0H
Product distribution
Light gas C,-C, 1.0 20.1 1.3
LPGC,-C, 11.0 23.0 178
Gasoline Cs—C,, 25.4 39.0 80.9
C3-Cq 14.0 5.0 0
Heavy oil, C 5, 37.0 6.0 0
Oxygenated compounds 3 70 0
Aromatics, % of gasoline 0 5 38.6
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Fluidized bed biomass gasification
with FT pilot plant in Austria

Ras Laffan Qatar 140000 b/d Fischer-Tropsch Bintulu (Shell, Malaysia)

converting natural gas to petroleum liquids at a Natural gas to low-sulfur diesel fuel
rate of 140,000 barrels/day, with additional and food-grade wax. The scale is
production of 120,000 barrels of oil equivalent in 12,000 barrels per day.

natural gas liquids and ethane.
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Solar Reforming

METHANE REFORMING REACTIONS

CH, + H,0 < CO + 3H,
CH, + CO, < 2CO + 2H,

CO +H,0 <> CO, +H,

AH= 205 kJ/mol  (SR)

AH= 247 kJimol  (DR)

AH=-41 kJimol  (WGS)

CH, + 2H,0 < CO, + 4H,

and side reactions leading to carbon formation

CH, — C + 2H,

2CO < C + CO,

CO+H, < C+H,0

(MC)

(B)
(RG)

STEAM REFORMING OF METHANE- EQUILIBRIUM COMPOSITION
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Carbon formation conditions on the triangular diagram. The shaded area
is the carbon formation zone at 800K. Limiting curves at 1000K and
1500K are also shown (P=15 atm)
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Carbon formation conditions for a steam—methane system. The shaded area
is the carbon formation zone at 30 atm.
Limiting curves at different pressures are also shown.
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Carbon formation conditions for a steam-methane-carbon dioxide system at 30
atm. The shaded area is the carbon formation zone when no carbon dioxide is
present. Limiting curves at different yCO,/(yCO,+yCH,) are also reported.
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Steam reforming mechanism and kinetics with Ni/MgAI204 catalyst

“Methane steam reforming. methanation and water-gas
' AIChE Journal, 1989. 35(1): p. 88-96.

Xu, J. and G.F. Froment,
shift: I. Intrinsic kinetics.’

52
53
54
5.
S5,
57.
Sg.
Sg.

S10-
S11 -
.5'1':- .

=

S13:

Production of hydrogen by combining steam and hydrocarbons

H.-O0+5=058+H;
COS=CO+8
COyS=C0O:+5
HS+HS=H,S+8§
H,S=H,+8
CH,sS+5S=CH;S+HS
CH;S+S=CH;S+HS
CH,S+0S=CH,OS+S§
CH,OS +S=CHOS+HS
CHOS+S5=COS+HS
CHOS+-0OS8S=C0O,;5S+HS
COS+0S=C0O,;§+8

n =

PH \ £y
for CO + H2O = H> + CO2

I i, ip » _ Py Pco,

2 P | coPm.o ,

for CHs + 2H20O = 4H> + CO»
k ( PH PCO

e Pem, ploo -
PH \

S-excited site on the

surface of the catalyst

3 -
Py, Pco

(rate determining step)
(rate determining step)
(rate determining step)

[(DEN)?

‘ (DEN)?

f (DEN)?

DEN =1+ K P + Kg, PHi + Koy, FPe, + Ky 0P P,

Steam Reforming

C.,H, + nH,0-nCO + (m/2 + n)H,
can be done in three types of processes:

> Steam Reforming: CH, + H,0 —~CO + 3H, (endothermal)
Carbon Monoxide Conversion (CO-Shift)
CO + H,0 — CO, + H, (exothermal)

» Partial Oxidation: C H_, + n/2 O, — nCO + m/2 H, (exothermal)

Tubular; membrane reactors

CH, +1/20, — CO + 2H,

(Non catalytic) Partial Oxidation (POX)

Catalytic Partial Oxidation (CPO)

» Auto-thermal Reforming: CH, +3/2 O, — CO + 2H,0

H, Oxidation: 2 H, + O, — 2 H,0 (exothermal)
2CH, + 02 + CO,— 3H, + 3CO + H,0 + Heat
4CH, + O, + 2H,0— 10H, + 4CO
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Indl vidual burners Rool-fired

Maintaining a tube-wall
temperature that is hot
enough for the reforming
reaction but not overheating
the tube surface is a critical
factor in reformer heater
design

Typical Industrial Reformers

—

b o |

il
-

Lol b

Ef =={l=

A typical side-fired has
over 350 burners. Tubes
are 125mm ID; 13mm
thick; 12m long made of
Cr25%Ni20% alloys

Inlet manifold

The tubes are spaced to
allow the down flames to
fire between them. The
radiant gases leave the box
horizontally at the bottom
and used to generate the
process steam.
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Industrial reformers heated by flames
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Figwre 2. Equilibrium compesition for methane reforming
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methane ratio 3333 corresponding to 5 kg HyO per kile-
gram of carbon

Non-"commercial”’ Reformers

e Membrane Reformers

* Indirectly heated reformers with intermediate HTF

Helium - Nuclear reformers for HTGR

Sodium heat pipe
Air

* Directly heated tubular Solar Reformers

* Directly heated windowed volumetric Solar Reformers

Static catalytic bed

Fluidized particles Solar Reformer
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Membrane Reformer

Reactants
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/\The Thermochemical Pipeline concept, from Nuclear to Solar

Steam Reforming
of Methane ~_ EVA

Electricity

High Temperature
Gas-cooled Reactor

Central
Heating

_lndustrial Steam

7 cold HpO
Consumer |
hot HO

pipeline methanator

Fig. 2. Schematic illustration of an integrated solar central receiver (SCR)—thermochemical pipe (TCP)
system for solar heat conversion, transmission and storage.
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Left side:  Reformer tube bundle with baffles and Raschic
ring bed catalysts

Right side: Reformer tube bundle with concentric tubes ar
disk catalysts
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Process flow diagram of ASTERIX (100%-load case).
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Table 1. Results of the Steady State ASTERIX Tests (m,;, = 525 kg/hr)

Test no. 1 2 3 4 5

Temperature  (°C) 702 750 753 802 803
Pressure  (bars) 1.6 1.7 1.7 6.1 7.8
Water-mass flow (kg/h) 26 32 36 35 39

Composition of the synthesis gas

-H,0 (mol-%) 33.8 309 355 (313 |313
-H, (mol-%) 486 |524 |446 |507 |S1.0
-CO (mol-%) 4.6 6.3 9.4 11.3 [104
- CO, (mol-%) 14 6.9 1.5 5.4 5.7
-CH, (mol-%) 5.6 35 3.0 1.3 1.6
Approach (°C) 9 14 3 10 8
CH, conversion (%) 68 79 84 93 91
900

Process Gas

Temperature (°C)

400 L . l a1 . 1 L
0 1 2 3 4 5 6
Length of Catalyst Bed (m)

Figure 4. Temperature behavior along the ASTERIX reformer tube.
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The ASTERIX reforming (H20/CH4) project
Joint project DLR-CIEMAT

Indirectly heated reformer with hot air supplied from
the GAST solar facility

Temperature (°C)
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Figure 5. ASTERIX transient test.

Sodium Heat-Pipe Reformers

Pseudo-Isothermal Reformers

Reformer with external
condensing
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hoiling heating
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Cutest Irdut

it
[ Design of 1 MW annular
=T ... - solar reformer heated by
| sodium vapors
/

After Richardson, Solar-Energy,
- vol 41, 475-486, 1988
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20 kW Sodium Reflux Solar Reformer
Under testing at the Weizmann solar furnace (1983-1984)

Solar tests resul

Table |. Process parameters

ts

SANDIA-ISRAEL REFLUX
RECEIVER

OUTLET
TUBES (7)

F—REACTOR
INLET IEACTO!
TUBES (7) 1 TUBES (7)
CATALYST
SODIUM
RETURNS
RECEIVER-§

Single reactor tube details

Sodium vapor temperatures, *C 6B5-825 lﬁ:f:?" uu/nﬁgggn
Reaction temperatures, *C 650-800 =
Inlet pressures, atm -6 ] ~—
Feed flows, SLPH 1000=5700) I INSTRUMENTATION
Malar ratio, CO:/CH. 1-1.2 PORT (4]
CH, conversion, % S0-70 GRAYLOC
Encrey input, kW 1.5-7.8 CONNECTOR
Reactor heat flux range, kW /m? 10-80 CLAMP
GASKET
Table 3. Results of reaction experiments
CH,
CH, flow P Tw  Distance Ty converted 1y @ Flux
Run  (SLPH)  (atm) COJCH, (O  {m  (°C) (%) &W) (W) (kW/m)
RI 530 20 1,09 720 0 576 9.6 030 044 158
50 681 300 040 086 123
12[53 g:g -11_.4 niﬁ li 2 lEZ REACTOR
TUBE
R2 1100 30 .20 125 i1} 554 87 0 09 354
3 650 120 088 161 29
50 662 2.5 091 179 256
65 072 19 093 206 220
tgg TTI 3ES Dfﬁ 2E4 Iil ao:'ﬁ: :;T::.T"
R3 2100 50 117 BB 20 551 6.4 13 1 61.2 ./
ki 672 20.8 168 297 60.5
63 716 6.3 195 433 6.1
115 — 527 10 345 B0
130 797 68.1 % 61 134
R4 2513 5.5 1.20 §25 0 552 6.2 154 1.99 T2 CATALYST
¥ m 90 214 3% 72 / SUPPORT
50 702 58 14 60,3 SCREEM
65 ni 16 7 AT 0.0 END CAP
8 - 40.9 238 54 4.3
15 — 59.5 265 692 420
130 798 69.1 81 187 419
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SA\DE Uview

Solar Reforming
The Weizmann Inst. 480 kW solar tubular reformer/receiver

4590

Directly heated reformer tubes. 8 tubes
(2.5 inch, Sch. 80) 4.5 m long. Steam
and CO2 reforming, 18 bars, syngas at
800C (1993-1998).

WIS first tubular reformer and system
installed on the roof of the
tower 1992
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500°C

The Weizmann Institute solar chemical

Reformer

Heat pipe pilot plant
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Large scale solar ground Reformer, Reformer tubes

S arranged in panels

7- Ceiling x\ﬁ’z
Apertures for 1 Txg b
concentrated/ ¢ Ar' | = T_:_*f,i:;——

LI B
i ! ‘II | I I

LR e

Wler,

el i !
Ll

I

Direct heating of the catalyst bed

Transparent windowed solar
reformers
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The CAESAR Reformer (CO2/CH4) 1987-1990

Tested at the 17-m parabolic dish facility (PAN)
at DLR, Lampoldshausen,

Volumetric reformer with porous alumina
absorber coated with Rh catalyst

97 kW absorbed, 70% CH4 conversion, 85%
thermal efficiency of the receiver

s GAS SAMPLING & ANALYSIS
() SYSTEM
FLARE| | CoC Tty
ISPILOT GAS ' :
P ! ' ’
\ “IGNITOR ,' :
: ! IR :
i | : DETECTOR '@,_
H COOLED '
RECEIVER| [ E GAS HEAT ©o---mmonnon- } “““““
7k sampLE EXCHANGER Pmmmmmdoo oo
g PROBE {GAS CALIBRAT. '

%-,_;T o), | svsTew

| 1
'I 5 SAMPLE [ .
1 BOTTLES :. . TRANSITION TO DISH
co 244—H1—®_| . | X
!
Bl 1

Schematic diagram of the CAESAR reformer/receiver.
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Weizmann Institute Of Science Ell,
Solazr Research Facilities Unit ‘
Comparison of different novel Ru catalysts for steam/CO, reforming

of methane developed at WIS for systems at high operation
temperatures, high CO,/C and low H,0/C ratio

Steam reforming of methane on Ru catalysts at 1100 °C

Conversion of methane

Ru MnO MgO La203

Al203 Al203 + AI203 + AI203 +

support

| fresh W after 17 hat 1150 C |

Berman A, Karn R K, Epstein M, (2005) Kinetics of steam reforming of methane on Ru/Al203
catalyst promoted with Mn oxides. Applied Catalysis A: General vol. 282/1-2 pp. 73-83

Catalyst development for high temperature
direct illumination of the catalyst bed in
volumetric reformers

Ru,Rh>Ir>Ni,Pt,Pd
Steam Reforming

Bi Ref i
logas Reforming Steam to methane ratio: 2.5

o

. 5 e * 0
< 0.4 0.8 1 .
< E -
L o3 g 0.6 1 .
-] r g | .
2 02 E 0.4 .
2 ! -
04 1 s 024
= [ | ] s
g 0.0 . . ; . © o : . .

500 600 700 800 900 500 700 900 1100

Temperature C Temperature "C
I’freﬂl = 1100 C for 123 hr argon +fresh = 1100 C for 506 hours

Fig. 9 Steam reforming of biogas on ZRufx-AlLO; + MnO,) Fig. 12 Conversion of methane as a function of temperature at ¥ =

catalyst, 1 bar for the fresh sample as well as after testing for S06 b at 1100 °C,
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Catalyst development

The substrate materials and properties have crucial

effect on the catalyst activity and stability

Conversion of me thane at

Steam reforming of methane on Ru catalysts supported on
promoted alpha-alumina

T T T
without promotor MnO MgO Lal03
Promoter
M fresh O after 17 h at 1150 C
Steam reforming of methane on Ru catalyst. Effect of
steam/methane ratio

2000 4
< 1800
2 1600
2 1400 -
2 1100 4
'5 1000 4
5w
T u
£ 600 - o
z oo "C
< 400 -
Z 2004 ) 500 °C

o . . : . : : :
0 1 4 § 3 10 12 14
Steam/methane ratio
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5 Weizmann Institute Of Science
# Solar Research Facilities Unit

s
Solar Reforming:

=

Novel ceramic pin-fins catalyst bed arrangement

Porcmlxpine Absorber

coated with Ru catalyst

Methane reforming: cpPe
CH, +H,0 > 3H,+CO | L
CH, + CO, — 2H, + 2CO i :—y Gas Exit
= ( i
* Innovative solar reformer Cencentrated = N &H —€— —Gas Input

design

* Pressurized conical wWindow =

*Development of new catalysts

+ Comprehensive computer
modeling

Sunlight

Condensates
drain

Internal Preheater

* Catalyst is based on Ru/Al,O, stabilized with oxides of Mn, Ce and La to prevent carbon deposition

Ben-Zvi R, Karni J, Simulation of a volumetric solar reformer, J. of Solar Energy Engineering 129 (2007) pp 197-204

Weizmann Institute Of Science
# Solar Research Facilities Unit

=

CFD modeling of the porcupine catalytic absorber

CH, mass fraction profiles

CO mass fraction profiles

Gas temperatures [K]

Feeding side

Velocity vectors m/s and solid temp [K]

|||||||||

w02z
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“lorcupine
30 CW Solar
Reformer at
WIS Solar
Cower [est
Station

' Front
~  Secondary
Concentrator
(CPC)

Porcupine
Solar
Reformer

NOVEL SOLAR ASSISTED FUEL DRIVEN POWER

SYSTEM
SOLAS[S

01.06.1998 to 30.06.2002

Carticipants

Deutsches Zentrum fiir Luft- und Raumfahrt e. V.,

Institut fiir Technische Thermodynamik, DLR.ITT (Coordinator)

ORMAT Industries Limited, Research and Development
Department, ORMAT.RD

‘Weizmann Institute of Science — National Council for
Research and Development, Solar Research Facilities Unit,
INWEIZ.SRF

STORK Product Engineering BV, STORKPE

Netherlands Energy Research Foundation, ECN
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Secondary Concentrator Receiver

Se
Ex
Concentrated
Solar
Radiation

Front
Flange | Vessel
Flux dishibution rmiain absoroer: 3 " . . S
; . 10 P Flue clistribution rrdin obecter i
date: march 21, fime: 12:00 S ciots, Morch 21, fimes Jom S
330 i M b
S50 A 53
s i
0 wn i’ a9 w
s
1
B gt 8 Wikt
Figure 3.3-4: flux distribution (design Figure 3.3-5: flux distribution (different
point) time)

Figure 3.3-26: Quartz window attached to inner window flange  Figure 3.3-20: Pre-assembled main absorber (tolerance check)
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gure 3.2-3: The Modified Liner

Figure 3.2.4: The duel fuel Injector

Liﬁ—| rw rngenLPG
Evaporator

v
Water Steam a_DRath

L | muusjaialg
-
=
= |
12| 002-My

=
Supply penerabar . wontel g
system E]
o
Electrical E
Preheater E- =
101
Went
g 16
3 [PV 1312 Coolerss SV ENE
£
a
]

Figure 3.1-2: Simplified scheme of the SOLASYS test loop
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Figure 3.3-2: Heliostat utilization factors
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SULCSOUSIIIII t) Solar)
Reformerionlop ofit eol ler ]

"Inderioperation

Weizmann Institute Of Science
Solar Research Facilities Unit

Figure 3.4-1:
Receiver before fixing on the support frame

=

Takle 3.4-1: Low pressure experiment

Diazz Poine darta 27.03. 2002, fme 1239
Pras- ESWESUIR 10 TRaCtar 4.9 barge
Ta 430°C
Toucos T16"C
Bass dow steam 100 ksh =133 kgh
Macs dow LPG 33kgh
Feed gaz
based on measurements
mels-% Hy i2
molaik
CHy 7 1684
0y 7.6 368
oo 0.0 3.0
O 5.3 4417
B 103 L0 ]
M, =453 moleh
RESULTS
FProduce gas compesidea Product gas compesition
Eazed on meazurement: equilibrimm compaozidon
mela-¥3 By g i mole-s g 0
maolek moke'h
CH, 4.7 475 4.5 17
COy 7.8 783 83 871
o 10.0 1003 8.5 540
B0 0.6 2077 188 IETH
B 478 4827 48.3 4758
i, mmolah 10067 5933
Eeazured calcalaged
CH, Comversion TIO%
VER ronal power 101 kW
Power imcrease 4
Frzel savizg 18.3
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& e Eneroy wond
L

EUFCRESH COVAISSIDN

N Joint Techno Initiative

SOLREF — Solar Steam Reforming
SRR A April 2004-June 2010

The main purpose of SOLREF is to develop and to operate an advanced 400 kW,, solar reformer based on the
experiences in the previous project SOLASYS. The solar reformer can be applied for e.g. hydrogen production or
electricity generation. Depending of the feed source for the reforming process CO, emissions can be reduced
significantly (up to 40% wusing NG), because the needed process heat for this highly endothermic reaction is
provided by concentrated solar energy. A pre-design of a 1 MWth prototype plant in Southermn Italy and a
conceptual layout of a commercial 50 MW, reforming plant complete this project.

Window “esasl
e P’ gy

o

Title + acronym: SES6-CT-2004-502329
STREP

Instrument:

Duration: 1.4.2004 — 31.3.2009
Contact: christian.sattlergo dir.de
Info: http:/fwww.solref.dir.def
Consortium:

. DLR-Deutsches Zentrum fir Luft- und Raumfahrt e V. (D)

- Center for Research and Technology - Hellas, Chemical
Process Engineering Research Institute (EL)

- Weizmann Institute of Science (IL)

- ETH-Swiss Federal Institute of Technology [(CH) .

- Johnson Matthey Fuel Cell Ltd. (UK) Ceramic Structure  Jet-Pumgp

- HyGear B.W. (NL)

- SHAFP S.p.A. (1)
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[lhe DLR Solar Reformer

SiC foam absorber

Secondary Concentrator Receiver

Ceramic foam e e
_ 310 (W, Reformer tested
Coated with at WS solar tower

catalyst

Gas inlet
Heliostat
field

Secondary
concentrator ~ Reformer vessel  Gag outlet

Figure 2.1. Side views and cblique view renderings of the ceramic foam microstructure within a
representative volume (RVY). Gas flow is in the direction paralle with the longer dimension of the geometry
shown.
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Figure 4.2 Average temperature in the gas mixture and absorber matrix in the
preliminary simulation of CO; reforming of methane over Rhodium catalyst

Solar Reforming

Ell-[rolect SOLREF ! WIS (IL), DLR (D), Hexion (NE), JM (UK),
* CERTH (GR), ESCO (l), ETH/PSI (CH)

Concentrated Solar Energy

[Jatural CPC Window Reactants inlet
Gas Solar Reforming

- 400 kW ¢ -
- f
N |
-10 bar ey
™~ -
— | =

Catalytic absorber ~ Products outlet
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Table 2: Absorptivity data for some catalyst coated SiC foams

Samples Absorpivity %

Reduced in 5% Hi/N; at |Reduced in 5% HyN; at
500°C for 4 hours 1000°C for 10 hours

1 CT795-145 |9 94

2 |CT795-145 |95 95

3 |C795-143B |96 95

4 |C795-1438" |96 9

5 |C795-144B |96 a5

6 | C795-144B* |96 95

7| Co2441 95 95

8 | C9244 95 95

9 |APTL 93¥ 95

10 |DLR 957 94

*Sample had closed pores: a) Sample was reduced at 530 °C for Thand at 750 °Cfor2h

methane canwarssan in %

Figure
(APTL)

—— FCOL 9008 methaie il
| —FoLsO0s minaie irg
— FODLSO05 methan: nnd

FEL 5005 brogas nnl

— tempeshes g

| —FOCLSD0E bogas nnt

5. Activity results for SiC foam coated with a 20 % NI catalyst, FODLS006

200

am
lime ink

£00

60

500

- trermeadyn, B
—DLR 5% Rhuo
—DiLR 5% Rhdown

iR 5% NI
—DiLR 5% Ni down
(LR PN )
—— DR Mifh M21 down
DR MAT M3 I
AR MuFh M3 down

melhane cormetsion in %
»

=0 [ ma [ =0 1000 1
calalyst emperaturs in °C

Figure 1: Methane steam reforming r3“f run) activity data for alf DLR catalyst coafed
SiC foams.

SOLREF] | __

temperatum in G

e

rethane corversan i K
TenpErataTE in

menn

Figure 4: Activity results for SiC foam coated with a 2% Rh catalyst (CT35-145, JM)

Weizmann Institute Of Science
# Solar Research Facilities Unit ‘

CO2 Fixation

he CO, reforming of methane is an important
technology for use with

* biogas,

« landfill gas,

« CO, reach natural gas,

* inorganic CO, from e.g. limestone calcination,

* recycling CO, from flue gases for the synthesis of
lifluid fuels
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8 Weizmann Institute Of Science
24 Solar Research Facilities Unit ‘

Major Components of Flue Gases

ClluniTan Son(TC 'emicalThnoation T J I [T T]

Coal-Fired
Boilers

Gas-Fired
Boilers

Cco, 12-14(]

=100

H,0 100

10-200

02 3'DD

2-3[]

0, 72-770]

7-721]

8 Weizmann Institute Of Science
8 Solar Research Facilities Unit ‘

Three basic methods to separate CO,

Sorbent

& COy
Sorbent

CO,
Capture m Regeneration

Spent

Gas A with CO2
Sorbent
A. Separation with Sorbents/Solvents

Gas A CO,

Membrane
Gas (A + COy)

B. Separation with membrane

[

Power -

Gas (A + CO3)

Sorbent make-up

- Energy

Gas A

Distillation

CO;

C. Separation by cryogenic distillation
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Example for inorganic CO, fixation

"he system CaCO, CH,—CaO2CO[2H, at 1 bar, 1000.C
Ca0O/ C—Ca(g) ICO(g) at 1 millibar, T1000/C

Ca (storage) H,0.CaO[H, (exothermic)

kmol File: C:'HSC6\Gibbs\eaoc. OGL
10
o
0.9 CO(g)+Ca(g)
08
0.7 C
06 H
os | CaO Ca0[C at 1 millibar
04
03
02
0.1
00 (-‘0:"&: Temperature
500 700 900 1100 1300 1500 1700 1900 c
kol File: C:'HSC6\Gibbs'mgeol. OGI
10
09 / CO(g)
08
0.7
06 MgO /
A e S o
0s C02(g) — Mg DCOZDMgODCO
o4 C T Srgoa
03
02 X
L] ]
01
I\Ig(,‘(,:?- / \
00 —— Tewmperature
0 200 400 600 300 1000 1200 1400 @
kol File: C:'HSC6\Gibbsungeo2h2oflue. OGT
0.7
N2(g2)
06
0s
o Magnesium and flue gas from
03 gas-fired boiler
\\\_ MgO
—— ||
T —— 0.4Mg[0.1C0,[0.2H,000.71,
] MgO(M)
01 L] \(‘
CH4(g) > — ‘
| D YREX E—
0 200 400 600 800 1000 1200 1400 [«
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®  Weizmann Institute Of Science
@ Solar Research Facilities Unit ‘

(ndutriallcllemical procel | el [relluire’]

continuoul1Tupplyoflydroen

or

Storaelofllolarienerllylin.c_emical form

Metal- Metal oxide Redox cycle

UydrolyLi Il tep Reductiontep

OOOmooce all[l0ermald " JcarCoreduction(CRD
SplittinC(CST

(M0000C
02 MexOy+charcoal
H2+H20 MexOI[TyC=xMe+yCO
1 (MexOy + yCO = xMe + yCO2
[CO2 + [C =2 [CO)
Me MexOy
[Me + [IITkH,O = MexOy
MexOr+ [Hy+n H,0O Me 2MexO! 11
—
f 2xMe+y0z CO +Hz0 = (MexOy) [yCO=
H.0 CO2+ H2 XMe+yCO2 -

Shift reaction CO reduction

_p:_ of other oxide

Concentrated
Solar Heat

High-Temp. Endothermic Reaction Synges
OCH+ MO, =M 0, + &2H, + CO) (2H; + CO)

Reduced Metai Oxide (enegy storage)

Low-Temp. Exothermic Reaction

"2
M =M
WOy 0 =MDy + 2ty Steam reforming of methane and redox

v system of metal oxide
Metal Oxide

Page 164



SFERA Winter School

Solar Fuels & Materials

15

10

ns

kol

Weizmann Institute

Solar Research Facilities Unit

Of Science

=

“emperatures can be substantially lowered
using e.g. CH, as a reducing agent

\5
750
500
3
g 201
= R~ S _
o
w —
=]
250 1. FeyO, + 4CH, = 3Fe + 4CO + 8H, QN
2. ZnO +CHy = Zn + €O + 211, T
=500 4 3. MgO+ CHy= Mg+CO + 2H,
4. Si0y + 2CH, = Si + 2C0 + 4H,
1504 5. ALOy + 3CH, = 2A1 + 3CO + 6Hy
1
6. TiO; + 2CH, = Ti + 2C0 + 4H,
1000 T T T T T T T T T T T T T T \‘I“- T
300 600 900 1200 1500 1800

Temperature [K]

AGYvs. [emperatures for the general reaction "M,O,[ yCH, xM(y(2H, CO)

File: C:'HSC6\Gibbs'znoch4. OGL

H2(g)

Zn0O

(‘H-l(g)><

C / Zn(g)

A

Zn
—wf)ltgl Hig)
00 -
Q 500 1000 1500 2000 C
kmol File: C:'HSC6'Gibbs'zco2h20 OGI
20
/ﬁ; ~
15
1.0
chg_»/: —ﬁ
— H20(g)
\C’_T«\‘ / CO(g)
os — =
 E—
Zn(el
T\ Cco2(g) R
CH4(g) .__——Z‘;:]‘;_ \
0.0

loo0 ©

Tlhe Zn cycle for continuous
supply of syngas

Day operation
*ZnO[ICH,[Zn_CO[2H, 1 bar

Temperature

Cight operation
*+2ZnCO, H,002ZnOCO[H,

Temperature
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ool

_,Beam Down“ Optics

Biomass,CH,)

Solar Zn Reactor

1200°C
C

Weizmann Institute Of Science
Solar Research Facilities Unit

SOLZINC-Carbothermic ZnO/Zn
cyclic processes

=

Offgas EEEEEER I> Hydrogen

(CO)

(Coke, Coal, = Reactants

Linol

1 ZnO-Recycling

-II>

Hydrolyser

Zn + H,0 ->Zn0O + H,

Zinc-air fuel cell
Zn + % O, ->Zn0O

v

Electric Power

File: C:\HSCG\Gibbs'fe3od4chd. OGI

P
/ H2(g)

/

CH4(g) /

CO(g)

e/
>

Fe

Fe(g) |

Hig) Temp erature

1500

File: C:'HSC6'Gibbs'fe304h20.0G1

000 C

-—\\

e

FeD 9470

|
—

—
—_— ——
t==Fe0 " Fon 9450

fﬁgq‘f’i

400

Temperatmre
S00 (S

"he ron cycle

Day operation
Fe,O, 4CH, BFe 4CO[I H, 1 bar

[light operation
3Fe 4H,0(/Fe;0, 4H,
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lanol File: C:'HSC6'\Gibbs'mgochd. OGI

20
H2(g)
15
& [ CcO
e ©! MgO CH, Mg CO 2H, 1 bar
MgO c
05 e Meg(e)
MzOMM)
H(g)
MegH(g)

00 R Temperature

o S00 1000 1500 2000 C
- H2(2)
o g P Sn0, 2CH, 'Sn2CO4H, 1 bar
L5 H20(2)
i SnO /(\ / Sn

\ [

= 7 \:’/_— coxg

Sn0O, [12C [1Sn(l) [12CO(g) AH . 037.00J (1)

or

Sn0O, [1C [ISn(l) LICO, AH U177 [J (2)

And the hydrolysis step is[!

Sn [12H,0(g) 1SN0, [ 2H,(g) AH g ¢ [1-(T7.1114 (3)

The reduction of SnO2 can be also performed with methane according to(’
SnO, [12CH, (1Sn(l) 1'2CO " 4H, AH .34 1Y (4)

Che advantages of the Sn0O,/Sn compared to the ZnO/Zn system are(]

* [he oxide reducing temperatures are lower by 200-300(C (71 0-900(C for the SnO,/Sn system
compared to 1100-1200( C for the ZnO/Zn).

 the Sn remains in the reactor and can be separated directly from there or can be hydrolyzed in
situ at the end of the day.

Solar
. AH AH H, H, total lar
Reaction [ka/mole] [k/kg] [liters] [liters] C°"t:b”t'°
SN0, +2CSn(1)+2C0O 357 (650°C) | 2369/kg SnO,
Sn+H,0Sn0,+2H, 926 (450°C) | -780klkgSn | 0.38lgr 0.59/gr 36%
Sn Sno,
Zn0+C—Zn+CO 241.6 (950°C) | 2968 k/kg ZnO
Zn+H,0—-Zn0+H, 1108 (450°C) | -1694.2kJkg | 034fgr | 0.55/gr ZnO 48%
Zn Zn
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SFIRITII[1CCLSSIprolramiillal]
unil luelopportunity for youto.come!]
to(1] [S(TTolarfacilitie[ 'to perform!]
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