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Composition of gas after the gasifier
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Purpose of the gas upgrading

• 1) To Increase yield of H 2 and CO by 
transforming CH 4 (Reformer )

• 2) To Remove Tars and Longer 
Hydrocarbons ( Reformer )
– Aromatic (Naphtalene) ��� � syn-gas
– C2 ��� � syn-gas
– 3)To increase the ratio H 2/CO ( Water 

gas shift) 



Different types of reformers

• Steam Reforming (SREF)
– CH4 + H2O ��� � CO + 3 H2

(Endothermic) with a catalyst
• Partial Oxidation (POX)

– CH4 +1/2 O2 ��� � CO + 2 H2 
(Exothermic) without a catalyst

• Auto-Thermal Reforming (ATR)
– A combination of the above, 

combining Exothermic POX and 
Endothermic SREF( no external 
heating necessary) with a catalyst



Equilibrium reforming
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Steam reformer (SRF)

• Tubular reactor design
– Vertical positioned tubes (9-16 cm Ø; 6-12 m 

long)

– High temperature alloy steel tubes (20 % Ni, 
25 % Cr) Externally heated

– Inlet temperature 500 C
– Outlet temperature 800 C
– Pressure 15 to 30 bar

– Steam/ Carbon  2-4:1



Features of steam reforming

• Heterogeneous reaction
– Ni based catalyst, high Ni load (~10 %)
– Thermally stable, low surface support (Spinel, � -

alumina)
– Pelletized, rings, wheel shapes etc.
– High void fraction, low pressure drop, greater 

bed conductivity

• Key to the process is heat transfer
– Large temperature and composition gradients 

both radially and axially in the packed tubes



Problems

– Sulfur deactivation
• Surface
• Bulk

– Coke formation
• Active phase
• Carrier



Deactivation of a Ni/MgAl(O) 
catalyst by H2S:
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Deactivation by sulphur

• Formation of surface Ni-S species
– Low concentrations (0,2 to 0,5 ppm H2S in feed)
– Surface Ni-S species removed by steaming 

• Formation of bulk Ni-S
– Ni2S3 formed when ratio>10-3

– Not possible to regenerate 

Measures against sulphur poisoning
– De-sulphurization
– Adding traces of noble metal to catalyst



Deactivation by coke formation

• Coke formation 
– 2 CO � C + CO2 (Exothermic)

– CH4 � C + 2H2 (Endothermic)

• Different carbon formation rates
– Ethylene >> aromatic > n-heptane > n-hexane 

> methane
– Dependent on operation conditions 



Features of SRF for biomass 
reforming

• 1)The process is endothermic it is 
necessary a fuel ( external heating 
till1200oC)

• 2) It is advantageous when there is no 
oxygen plant(in gasification of biomass we 
use oxygen) 

• 3) Very easy deactivation by sulphur
• 4) Easy deactivation by heavy organic 

compounds



For biomass upgrading it is better to 
choose ATR and POX

• 1) We have oxygen plant 
• 2) We do not need an additional extra  fuel
• 3) It is possible to work at higher 

temperature with lesser deactivation by 
sulphur

• 4) It is possible to burns heavy organic 
compounds



POX 

• Non Catalytic
• High temperatures 1200-1400 oC
• Robust system design
• No external heating



POX

• Advantages 
• Robust process
• Not sensitive to poisoning
• Homogeneous phase reaction
• Many process deliverers
• Disadvantages
• Lower overall process efficiency
• Higher temperature � material issues



ATR  Technology

• Autothermal reforming or Secondary 
reforming

• Ni-based, low content (1-5 %)
• Temperature stable carrier
• No external heating, internal addition of 

oxygen and steam
• Higher operating temperature ~1000o C
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POX  and ATR Reactors
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• When there is an high sulphur content 
without possibility to remove (hot gas filter)

• Presence of various inorganic compounds 
– Aerosols

• Inorganics
– Alkaline metals
– Alkaline earth metals
– Heavy metals

POX versus ATR



Differences between ATR and 
POX
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ATR

• Advantages ATR
• Higher yield 
• Higher overall process efficiency (lower 

temperature) 
• Disadvantages ATR
• Sulphur poisoning of catalyst 
• Aerosol deactivation of catalyst
• Catalyst sensitive to mixing of O2 (sintering)
• Low number of process deliverers
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Differences ATR and POX

4.85.47.3LHV MJ/Nm3

4.8  (73 % of inlet)5.6  (85 % of inlet)6.6LHV MJ/kg
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0.20.20.3NH3
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--1.6C2-hydrocarbons
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Water gas shift 

•WGS reaction

•WGS catalysts

•WGS process



222 HCOOHCO +¾®¬+

The WGS reaction:

The state of the gas is controlled by an 
equilibrium

Moderately exothermal(right

Equimolar reaction: State of the gas is 
independent of total pressure.

DH= - 41 kJ/mol
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The WGS Catalysts

Traditional industrial WGS uses vertical 
packed beds with pellitized catalyst.  

• FeCr

• Cu/ZnO

• CoMo

•Pt/CeO2

Type of Catalysts



FeCr

.The catalyst is a High Temperature (HT) shift 
catalyst, used between 350–550 C

The active phase is magnetite, Fe3O2. 

In the active catalyst the Cr is in the form of 
Cr2O3, acting as a structural promotor stabilizing 
the magnetite crystals.



Problems in catalyst’s activation

• Usage of pure H2 would reduce the 
catalyst into metallic iron. 

• This should be avoided since metallic iron 
could act as a FT or methanization 
catalyst.   



Sulphur tolerance of FeCr

Earliest Preparations contained 
considerable amounts of Sulphur 
(Precipitation from an iron sulphate 
solution by carbonate addition)

Earlydays feedstock contained sulphur 

FeS is also a shift catalyst, but lower 
activity than Fe3O4 

FeCr catalyst is sulphur tolerant



Special considerations using FeCr catalyst

• The catalyst is pyroforic, 
the reactor must be 
isolated from air at shut 
down.

• The catalyst can not 
stand liquid water, the 
reactor must be purged 
with inert gas. 

FeCr Bypass

Inert
N2

Purge



Cu/ZnO Catalyst  LT WGS

•It has been known since the 1920 that Cu 
is active for the shift reaction 

•In the 1960s the feedstock was clean enough to 
use the catalyst

•Very sensitive to sulphur, forms inactive 
sulpides. ZnO is used for sulphur traps.

• LT shift catalyst, useful from the dew-point of 
the gas to 260 C.

•The Cu sinters at low temperature must be 
reduced (activated) very carefully

•.



CoMo-catalyst LT WGS

•Is Active in sulphidized form, 
requires sulphur in the feed to stay 
active.

•Both LT and HT catalyst

•Activity promoted by alkali 

•Claims to work for 10 years under 
normal condition



Pt/CeO2 catalyst LTand HT WGS
•New catalyst (last decade), small scale 
hydrogen production (fuel cells 
applications) required better catalyts. 

•High activity at low temperature and 
stable at high temperature (LT and HT 
catalyst)

•Not pyroforic 

•Works with some sulphur in the feed

•Rather expensive due to the PM content



Reformer

Fuel

Steam reformer
Autothermal reformer
Partial oxidation

CO,CO2,H2,H2O

HT Shift

LT Shift

CO2,H2,H2O

Purification
steps

CO2,H2O, S

H2

The place for the shift process 

Traditionally in
•Industrial hydrogen

•Ammonia plants

•Synthesis gas

More recently
Fuel-cell applications

(Small scale hydrogen 
production)



The Shift Reactor
)

•HT and LT Step

•Adiabatic Reactor

•Packed bed

•SV 3000-6000 h-1



Process design

HT-
step

Cooler

LT-
step

Feed



The hydrolysis step

Hydrogenation of unsaturated 
hydrocarbons

C2H4 + H2 ��� � C2H6

Hydrolysis of COS 

COS + H2O ��� � CO2 + H2S
Hydrolysis catalyst: Activated 
alumina

Low or none 
unsaturated HC 
after reformer

Only H2S can 
removed by 
sulphur trap 
(ZnO)



Summer School: Fuels from Biomass        
Bologna, 2006-09-07

The CHRISGAS Plant -
Before and After Rebuild



Växjö Värnamo Biomass Gasification CentreVäxjö Värnamo Biomass Gasification Centre



Värnamo IGCC Process DiagramVärnamo IGCC Process Diagram



The 
Värnamo
Biomass 

Gasification 
Plant



Värnamo Demonstration PlantVärnamo Demonstration Plant

Gasifier Foster Wheeler Energia OY, Finland

Ceramic Filter Schumacher GmbH, Germany

Metallic filter Mott Corporation, US

Gas turbine ABB Alstom Power, U.K.

Waste heat boiler Foster Wheeler Energia OY, Finland

Steam turbine Turbinenfabrik Nadrowski GmbH,
Germany

Suppliers



Comparison of 
Gasification Technologies



Why PCFB Gasification Technology
for Syngas Production

No fine grinding of feed-stock required
High fuel flexibility
FB technology suitable for size range 50 – 500 MW
(”winner” in combustion technology)
Corresponds well with suitable commercial size for
forest/wood supply area
Pressurised (30 to 100 bar) fuel production
technolgies (FT-Diesel, DME, methanol)



Total Power Consumption vs
Gasification Pressure

10 30 Bar



Värnamo Gasification Plant
(after rebuild)



CHRISGAS Objectives

To demonstrate the production of
a clean hydrogen-rich synthesis gas
(within a 5 year period at 18 MWth,3 500 Nm 3/hr 
H2 equivalent)

based on:
– steam/oxygen-blown gasification of biomass

– hot gas cleaning (to remove particulates)

– steam reforming (of tar and light hydrocarbons,incl CH4)

2005-07-212005-07-21



The 100 kWth CFBG Test Rig

Riser

Downcomer

Filter Vessel



Gas Analysis (TU Delft)
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Gasification / Hot Gas Filter

Gasifier
• CFB

• Air-/steamblown

• 10-15 bar och 900-1000 ºC

HT Filter
• Rel. new technology 

• Removes particulate matter

• Temperature 700- 900 �q C



Partial oxidation at 900-1300 ºC 

Autothermal/catalytic reaction at
about 1000 ºC eller thermal at 
1200-1300 ºC.

Reforming af hydrocarbons and tars:
CxHy + xH2O  –> xCO + (x+y/2)H 2

Methane:
CH4 + H2O –> CO + 3H2

Steam Reforming/Catalytic or Thermal



Steam Reformer Simulation 
Integrated CFD and Chemkin Models

(TPS)

Autothermal Reformer Sketch
(2 models used, 3 cases studied)

Burner

Catalyst
Bed

Oxygen/
Steam in

Product 
Gas in

Process 
Gas out

Comparison 
between the 
predicted 
contours of gas 
temperatures

Comparison 
between the 
predicted 
contours of 
methane mass 
fractions



Sulphur deactivation tests have been carried out 
by Catator on the Ni commercial catalyst 
supplied by U. Bologna

Ni + H2S ��� � NiS + H2 (� H0<0)

Increasing the temperature and/or hydrogen 
conc-entration shifts the equilibrium � , 
regenerating nickel active sites

Also increasing the steam presence has a 
positive effect:

NiS + H2O ��� � NiO + H2S

Reforming Catalyst/Deactivation by H 2S
(University of Bologna & Catator)



10 wt ppm of H2S
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Oxygen/
Steam

From filter

Steam
Reforming

at 
10000C

Tars+methane+steam
=> CO+H2

COOLER

Water

Steam

Water Gas 
Shift

CO+H20=>
CO2+H2

For combustion 
or synthesis

CO 15%
H2 30%
CO2 30%
Steam 25%

CO 20%
H2 25%
CO2 20%
Steam 35%

CO 10-15%
H2 10-15%
Methane 10-12%
Tars 2-5%
CO2 20-25%
Steam 40%

New reforming technology 
for biogas

Gas Upgrading to Syngas



Main Achievements

VVBGC company established and 
operational

Status review of Värnamo complete

New plant conceptual engineering 
phase complete 

Basic engineering phase complete

Partner R&D activities delivering results



Värnamo Rebuild Layout

Gasifier

Cooler

Existing 
HT Filter

HT Filter

Slipstream
system

Product gas
combustion chamber

Ash extraction

WGS Reactor




