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Why do we need synthetic liquid fuels?

Ecology, economy, geography
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A picture is worth a thousand words

The Mexican Gulf disaster (April 2010)
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Oil prices, demand and supply in 2010
2010
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Oil prices close to $100 a 
barrel pose a real risk to 

world economy says 
International Energy Agency

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
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C1-Building Blocks

Solar reforming of methane

Weizmann Institute Of Science
Solar Research Facilities Unit
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Table 1:

Weizmann Institute Of Science
Solar Research Facilities Unit
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(M=Fe, Co, Ni, Ru)

Weizmann Institute Of Science
Solar Research Facilities Unit
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Biomass

Liquid Fuels

Solar-FTS Synergy

Syngas ratio adjustment using 
membranes

/ CO2

/ CO2

Fluidized bed biomass gasification
with FT pilot plant in Austria

Ras Laffan, Qatar 140000 b/d

converting natural gas to petroleum liquids at a 
rate of 140,000 barrels/day, with additional 

production of 120,000 barrels of oil equivalent in 
natural gas liquids and ethane.

Natural gas to low-sulfur diesel fuel
and food-grade wax. The scale is 

12,000 barrels per day. 
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METHANE REFORMING REACTIONS

CH4 + H2O CO + 3H2 H= 205 kJ/mol     (SR)

CH4 + CO2 2CO + 2H2 H= 247 kJ/mol     (DR)

CO + H2O CO2 + H2 H=-41 kJ/mol       (WGS)

CH4 + 2H2O CO2 + 4H2

and side reactions leading to carbon formation

CH4 C + 2H2 (MC)

2CO C + CO2 (B)

CO + H2 C + H2O                                             (RG)

Solar Reforming

Weizmann Institute Of Science
Solar Research Facilities Unit

STEAM REFORMING OF METHANE- EQUILIBRIUM COMPOSITION

CH4+H2O; 1 bar CH4+1.5H2O; 1 bar

CH4+3H2O; 1 bar CH4+3H2O; 10 bars
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CO2 Reforming of 
methane

CH4+2CO2 1bar

CH4+2CO2 10 bars

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)

Weizmann Institute Of Science
Solar Research Facilities Unit

SFERA Winter School 
Solar Fuels & Materials Page 135



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.

Weizmann Institute Of Science
Solar Research Facilities Unit

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 yCO2/(yCO2+yCH4) are also reported.

Weizmann Institute Of Science
Solar Research Facilities Unit
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Steam reforming mechanism and kinetics with Ni/MgAl2O4 catalyst

S-excited site on the 
surface of the catalyst

Steam Reforming
Production of hydrogen by combining steam and hydrocarbons

CnHm + nH2O nCO + (m/2 + n)H2
can be done in three types of processes:

Steam Reforming: CH4 + H2O CO + 3H2 (endothermal)
Carbon Monoxide Conversion (CO-Shift)
CO + H2O CO2 + H2 (exothermal)

Tubular; membrane  reactors

Partial Oxidation: CnHm + n/2 O2 nCO + m/2 H2 (exothermal)
CH4 +1/2 O2 CO + 2H2

(Non catalytic) Partial Oxidation (POX)

Catalytic Partial Oxidation (CPO)

Auto-thermal Reforming: CH4 +3/2 O2 CO + 2H2O
H2 Oxidation: 2 H2 + O2 2 H2O (exothermal)
2CH4 + O2 + CO2 3H2 + 3CO + H2O + Heat
4CH4 + O2 + 2H2O 10H2 + 4CO
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Typical Industrial Reformers

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

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

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

Non-”commercial” Reformers
• 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

CH4+H2O,CO2

CH4+H2O,CO2

H2

H2

Permeate 
zone

Palladium based

H2+CO+unreacted

The Thermochemical Pipeline concept, from Nuclear to Solar
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The ASTERIX reforming (H2O/CH4) project

Joint project DLR-CIEMAT

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

Sodium Heat-Pipe Reformers 
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Design of 1 MW annular 
solar reformer heated by 

sodium vapors

After Richardson, Solar Energy, 

vol 41, 475-486, 1988

Solar Radiation
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20 kW Sodium Reflux Solar Reformer 

Under testing at the Weizmann solar furnace (1983-1984)

Single reactor tube detailsSolar tests results
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Sodium vapors condense on the 
reformer surface and the liquid 

returns to the pool for re-boiling

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

H2

WIS first tubular reformer and system 
installed on the roof of the

tower 1992

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).
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The Weizmann Institute solar chemical 

Heat pipe pilot plant

0 2 4 6 8 10 12

500

600

700

800

900

1000

Surface tube temperature

Gases temperature

Te
m

pe
ra

tu
re

 (o C
)

Tube length (m)

0 2 4 6 8 10 12
0

20

40

60

80

100

120

140

Fl
ux

 (
kW

/m
2 )

Tube length (m)

 Tube # 15 (North)
 Tube # 30 (West)
 Tube # 45 (South)
 Tube # 60 (East)

SFERA Winter School 
Solar Fuels & Materials Page 147



Large scale solar ground Reformer Reformer tubes 
arranged in panels

7- Ceiling 
Apertures for 
concentrated 
solar radiation

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 
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Steam reforming of methane on Ru catalysts at 1100 oC

fresh after 17 h at 1150 C

Comparison of different novel Ru catalysts for steam/CO2 reforming 
of methane developed at WIS for systems at  high operation 

temperatures, high CO2/C and low H2O/C ratio 

Berman A, Karn R K, Epstein M, (2005) Kinetics of steam reforming of methane on Ru/Al2O3 
catalyst promoted with Mn oxides. Applied Catalysis A: General vol. 282/1-2 pp. 73-83 

Weizmann Institute Of Science
Solar Research Facilities Unit

Steam Reforming

Steam to methane ratio: 2.5

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

volumetric reformers

Ru,Rh>Ir>Ni,Pt,Pd

Biogas Reforming
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Catalyst development

The substrate materials and properties have crucial 
effect on the catalyst activity and stability
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Solar Reforming:
Novel ceramic pin-fins catalyst bed arrangement

Gas Input

Gas Exit

CPC

Window

Porcupine Absorber

Internal Preheater

Concentrated
Sunlight

Condensates
drain

:Methane reforming
CH4 + H2O 3H2 + CO  
CH4 + CO2 2H2 + 2CO

• Innovative solar reformer 
design

• Pressurized conical window

• *Development of new catalysts

• Comprehensive computer 
modeling

* Catalyst is based on Ru/Al2O3 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

coated with Ru catalyst

Weizmann Institute Of Science
Solar Research Facilities Unit

CFD modeling of the porcupine catalytic absorber

Velocity vectors m/s and solid temp [K] 

CH4 mass fraction profiles

CO mass fraction profiles

Aperture side Feeding side 

Exit side

Quartz Window

Gas temperatures [K]

Weizmann Institute Of Science
Solar Research Facilities Unit

Feeding side 

Exit side
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�orcupine        
30 �W Solar 
Reformer at 
W�S Solar 
�ower �est 
Station

Front
Secondary
Concentrator
(CPC)

Porcupine
Solar
Reformer

SOLAS�S

�articipants 

(Coordinator)
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S���S�S������� t�Solar�
Reformer�on��op�of�t�e��o�er�
�nder�operation

Weizmann Institute Of Science
Solar Research Facilities Unit
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April 2004-June 2010

S��R�F
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Reformer vessel

Heliostat 
field

Secondary 
concentrator

Gas inlet

Gas  outlet

Ceramic foam

Coated with 
catalyst

�he DLR Solar Reformer 

SiC foam absorber

3�0 �Wth Reformer tested 
at W�S solar tower

CH4�H2O
CO�3H2
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Solar Reforming

Solar Reforming

CO2

�atural
Gas

H2O
CO
H2

Shift 
Reactor

Shift 
Reactor

H2OH2O

CO2
H2

CO2
H2

Separation

HH2 Fuel cell Wor�
Output

Concentrated Solar Energy

- 400 kW
- Rh catalyst
- 1100 K
- 10 bar

Catalytic absorber

WindowCPC Reactants inlet

Products outletCatalytic absorber

WindowCPC Reactants inlet

Products outlet

E�-�ro�ect SOLREF� WIS (IL), DLR (D), Hexion (NE), JM (UK), 
CERTH (GR), ESCO (I), ETH/PSI (CH)
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SOLREF

CO2 Fixation

�he CO2 reforming of methane is an important 
technology  for use with 

• biogas, 

• landfill gas, 

• CO2 reach natural gas,

• inorganic CO2 from e.g. limestone calcination,

• recycling CO2 from flue gases for the synthesis of
li�uid fuels

Weizmann Institute Of Science
Solar Research Facilities Unit
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Major Components of Flue Gases
C�un��an Son���C�emical��nno�ation��������������

Gas-Fired 
Boilers

Coal-Fired 
Boilers

�-10�12-14�CO2

1�-20��-10�H2O

2-3�3-��O2

�7-72�72-77��2

Weizmann Institute Of Science
Solar Research Facilities Unit

�hree basic methods to separate CO2

Weizmann Institute Of Science
Solar Research Facilities Unit
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Example for inorganic CO2 fixation

�he system� CaCO3�CH4 CaO�2CO�2H2 at 1 bar, 1000�C

CaO�C Ca(g)�CO(g) at 1 millibar, �1000�C

Ca (storage)�H2O�CaO�H2 (exothermic)

CaO�C at 1 millibar

Mg�CO2�MgO�CO

Magnesium and flue gas from 
gas-fired boiler

0.4Mg�0.1CO2�0.2H2O�0.7�2
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�ndu�trial�c�emical�proce��e��re�uire�
continuou���upply�of��ydro�en

or

Stora�e�of��olar�ener�y�in�c�emical�form

Weizmann Institute Of Science
Solar Research Facilities Unit

MetalMetal-- Metal oxide Metal oxide RedoxRedox cyclecycle
�ydroly�i����tep

��������C
Reduction���tep

a���ermal�
Splittin��(�S�
�1�00�C

a�Car�oreduction(CR�
�1�00�C

Me

MexOyMe
�Me + ����n�H2O = 
MexO�+ �H2+n H2O

H2+H2O

H2O

MexOy
2MexO��

2xMe+yO2

O2 MexOy+charcoal
MexO��yC=xMe+yCO

(MexOy + yCO = xMe + yCO2
�CO2 + �C = 2 �CO)

CO + H2O = 
CO2+ H2

Shift reaction

CO

H2

CO2

(MexOy)‘�yCO=
xMe+yCO2

CO reduction 
of other oxide

Charcoal

MetalMetal-- Metal oxide Metal oxide RedoxRedox cyclecycle
�ydroly�i����tep

��������C
Reduction���tep

a���ermal�
Splittin��(�S�
�1�00�C

a�Car�oreduction(CR�
�1�00�C

MeMe

MexOyMexOyMe
�Me + ����n�H2O = 
MexO�+ �H2+n H2O

H2+H2O

H2O

Me
�Me + ����n�H2O = 
MexO�+ �H2+n H2O

H2+H2O

H2O

MexOy
2MexO��

2xMe+yO2

O2

MexOy
2MexO��

2xMe+yO2

O2 MexOy+charcoal
MexO��yC=xMe+yCO

(MexOy + yCO = xMe + yCO2
�CO2 + �C = 2 �CO)

CO + H2O = 
CO2+ H2

Shift reaction

CO

H2H2

CO2

(MexOy)‘�yCO=
xMe+yCO2

CO reduction 
of other oxide

Charcoal

��

Steam reforming of methane and redox 
system of metal oxide
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�emperatures can be substantially lowered 
using e.g. CH4 as a reducing agent

Weizmann Institute Of Science
Solar Research Facilities Unit

G0 vs. �emperatures for the general reaction� MxOy�yCH4�xM�y(2H2�CO)

Day operation

• ZnO�CH4�Zn�CO�2H2 1 bar

�ight operation

• 2Zn�CO2�H2O�2ZnO�CO�H2

H�00�C�-1�0 �J     

�he Zn cycle for continuous 
supply of syngas
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ZnO + C 
->

Zn + CO

Reactants

Offgas 
(CO)

C 
(Coke, Coal, 

Biomass,CH4) Electric Power

Zinc-air fuel cell
Zn + ½ O2 -> ZnO

Solar Zn Reactor
1200ºC

„Beam Down“ Optics

ZnO-Recycling

Zn

Hydrogen

Hydrolyser
Zn + H2O -> ZnO + H2

SOLZINC-Carbothermic ZnO/Zn 
cyclic processes

Weizmann Institute Of Science
Solar Research Facilities Unit

Day operation

Fe3O4�4CH4�3Fe�4CO��H2 1 bar

�ight operation

3Fe�4H2O� Fe3O4�4H2

�he �ron cycle
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MgO�CH4�Mg�CO�2H2 1 bar

SnO2�2CH4�Sn�2CO�4H2 1 bar

SnO2 � 2C � Sn(l) � 2CO(g) H��0�C � 3�7.� �J (1)
or
SnO2 � C � Sn(l) � CO2 H��0�C � 177 �J (2)
And the hydrolysis step is�
Sn � 2H2O(g) � SnO2 � 2H2(g) H�00�C � -�7.� �J (3)

�he reduction of SnO2 can be also performed with methane according to�
SnO2 � 2CH4 � Sn(l) � 2CO � 4H2 H��0�C � �34 �J (4)

�he advantages of the SnO2/Sn compared to the ZnO/Zn system are�
• �he oxide reducing temperatures are lower by 200-300�C (��0-900�C for the SnO2/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 
Contributio

n

H2 total
[liters]

H2
[liters]

H
[kJ/kg]

H
[kJ/mole]Reaction

2369/kg SnO2357 (650°C)SnO2+2C Sn(l)+2CO

36%0.59/gr 
SnO2

0.38/gr 
Sn

-780 kJ/kg Sn-92.6 (450°C)Sn+H2O SnO2+2H2

2968 kJ/kg ZnO241.6 (950°C)ZnO+C Zn+CO

48%0.55/gr ZnO0.34/gr 
Zn

-1694.2 kJ/kg 
Zn

110.8 (450°C)Zn+H2O ZnO+H2

��e�Sn���C�Sy�tem�C����S�R��and����R��������C�

SFERA Winter School 
Solar Fuels & Materials Page 167



SF�R����CC�SS�pro�ram�i��a�
uni�ue�opportunity�for�you�to�come�
to�� �S����olar�facilitie��to�perform�
te�t��under�real��olar�condition�
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