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Abstract

Hydrogen is seen as an important renewable secondary energy carrier of the future.

Today, hydrogen is predominantly produced from fossil fuels. Hydrogen production from

biomass via a thermochemical route can be an auspicious alternative for future decarbonized

applications, which are based on renewable and carbon dioxide neutral produced hydrogen.

Especially the dual fluidized bed (DFB) biomass steam gasification using wood chips as

feedstock, seems to be a promising technology. It generates a wood gas with a high calorific

value, of up to 12 MJ
m3

N,db
and with a high hydrogen content, of about 40 mol.%db. Applying

a water gas shift (WGS) unit could even increase the hydrogen yield.

In this thesis, the long term performance of a commercial Fe/Cr based WGS catalyst was

investigated. For this purpose, a WGS pilot unit was operated for more than 2330 hours,

processing a side stream of tar-rich wood gas, extracted upstream of the RME gas scrubber

from the commercial DFB biomass steam gasification plant in Oberwart, Austria. Further-

more, steady partial load operations of the DFB gasification plant as well as of the WGS

pilot unit were investigated.

Extensive chemical analyses were carried out. CO, CO2, CH4, N2, O2, C2H6, C2H4,

C2H2, H2S, COS, and C4H4S were measured. In addition, gas chromatography coupled with

a mass spectrometer (GCMS) tar and ammonia analyses were performed. Furthermore, the

catalyst’s activity was observed by measuring the temperature profiles along the reactors of

the WGS pilot unit.

A technically immaculate functionality and a steady long term operation of the WGS

pilot unit could be achieved. Even partial load operation at the DFB plant did not a↵ect the

performance of the WGS pilot unit in a negative way. The WGS pilot unit was operated with

a significant excess of steam. At this condition of operation, a carbon monoxide conversion up

to 93 % and consequently less than 1.5 mol.%db carbon monoxide was obtained at the WGS

pilot unit’s outlet. In addition, a significant reduction of detectable GCMS tar components

was achieved along the WGS pilot unit. With the present experimental layout, no catalyst

deactivation could be observed.
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Kurzfassung

Wassersto↵ gilt als wichtiger erneuerbarer sekundärer Energieträger der Zukunft.

Heutzutage wird Wassersto↵ zum überwiegenden Teil aus fossilen Energieträgern herge-

stellt. Eine Wassersto↵produktion aus Biomasse, mittels thermo-chemischem Verfahren kann

eine vielversprechende Alternative für einen zukünftigen, kohlensto↵-freien Energieträger

darstellen. Besonders die Zweibettwirbelschicht-Dampfvergasung von Holzhackgut ist hierfür

eine vielversprechende Technologie. Sie erzeugt ein Holzgas mit einem hohen Heizwert von

12 MJ
m3

N,db
und einem hohen Wassersto↵anteil von etwa 40 mol.%db. Der zusätzliche Einsatz

einer Wassergas-Shift (WGS) Anlage erhöht die Wassersto↵ausbeute.

Im Zuge dieser Arbeit wurde die Lebensdauer eines kommerziellen Fe/Cr basierten WGS

Katalysators untersucht. Zu diesem Zweck wurde eine Wassergas-Shift Pilotanlage über einen

Zeitraum vom mehr als 2330 Stunden mit einem teerreichen Holzgasteilstrom, welcher dem

Zweibettwirbelschicht-Dampfvergasungs-Kraftwerk Oberwart, Österreich, vor dem Rapsme-

thylester (RME) Wäscher entnommen wurde, betrieben. Hierbei war es möglich stationäre

Teillastbetriebszustände sowohl von der WGS Versuchsanlage, als auch vom Zweibettwirbel-

schicht-Dampfvergasungs-Kraftwerk zu untersuchen.

Während der Versuche wurden umfangreiche chemische Analysen durchgeführt. CO, CO2,

CH4, N2, O2, C2H6, C2H4, C2H2, H2S, COS und C4H4S wurden analysiert. Zusätzlich wur-

den mittels Gaschromatographen in Verbindung mit einem Massenspektrometer (GCMS)

Teermessungen und Ammoniakanalysen durchgeführt. Um die Aktivität des Katalysators

beurteilen zu können, wurde das Temperaturprofil über die Reaktoren der WGS Versuchsan-

lage aufgezeichnet.

Ein einwandfreier und stetiger Langzeitversuch der WGS Versuchsanlage konnte realisiert

werden. Selbst der Teillastbetrieb des Zweibettwirbelschicht-Dampfvergasungs-Kraftwerks

beeinflusste die Leistungsfähigkeit der WGS Versuchsanlage nicht nachteilig. Die WGS Ver-

suchsanlage wurde mit einem deutlichen Dampfüberschuss betrieben. Mit diesen Versuchs-

bedingungen wurde ein Kohlenmonoxidumsatz von 93 % und damit verbunden, weniger als

1,5 mol.%db Kohlenmonoxid am Versuchsanlagenausgang erreicht. Zusätzlich konnte eine

deutliche GCMS-Teer Reduktion erzielt werden. Mit dem aktuellen Versuchsanlagenaufbau

konnte keine Katalysatordeaktivierung festgestellt werden.
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Chapter 1

Introduction

The growing global energy demand is mostly covered by fossil primary energy sources. Since

the beginning of the industrialization, usages and requirements for energy carriers changed

according to the state of science and technology. Over time, consumption of fuels moved

from solid coal, via liquid crude oil to a, nowadays, strong increase in natural gas. This leads

to a shift from carbon to hydrogen with respect to the molar ratio of the fuels. This trend

of decarbonization could be enhanced by strengthened substitution of the fossil fuels with

hydrogen [5, 18].

Today, 95 % of the global hydrogen production is based on fossil fuels, which causes

relevant carbon dioxide emissions. Hydrogen from renewable energy sources is discussed as

an alternative to solve the dilemma of greenhouse gases, especially carbon dioxide, with a

sustainable e↵ect. This can be a step in the direction of a decarbonized energy system and

hydrogen could play an important role in meeting the world’s future demand for energy [1].

One energy carrier in the future could be pure hydrogen or hythane, a mixture of hy-

drogen and methane. Both can be produced by gasification of wood chips using DFB steam

gasification technology [12, 32]. Hythane could allow hydrogen for an initial entry into the

fuel market, by taking advantage of the already existing natural gas infrastructure. The ad-

dition of renewable produced hydrogen to natural gas reduces the carbon dioxide emissions.

This allows the hydrogen infrastructure to slowly become established until the production

and e�ciency demands can be met for a hydrogen based economy [19, 30].
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Chapter 2

Motivation and Aim of the Work

This thesis is based on previous work, which introduced the hydrogen production based on

biomass using the DFB steam gasification technology. The DFB biomass steam gasifica-

tion technology was developed at the Vienna University of Technology and already reached

commercialization [12, 19]. This hydrogen production is seen as an integral part of a polygen-

eration system, a combined system producing multiple products like heat, electricity, gases,

and fuels. A polygeneration system convinces, because it turns this multiple product output

into an advantage.

Previous work successfully established fundamental workability as well as basic informa-

tion about process conditions and some process optimization of a process chain generating

hydrogen from wood gas, derived from the industrial scale DFB biomass steam gasification

plant in Oberwart, Austria ([3, 8, 9] etc.).

The WGS reaction is an interesting technology for the adjustment of the H2/CO ratio in

wood gas for further chemical syntheses or the increase of the hydrogen yield to a maximum

by converting almost all carbon monoxide with steam to hydrogen and carbon dioxide.

The aim of this work was to investigate the long term performance of a commercial Fe/Cr

based WGS catalyst. Therefore, a WGS pilot unit was operated with real tar-rich wood gas

on site of the DFB biomass steam gasification plant. In previous test runs the WGS pilot unit

mainly processed wood gas, extracted downstream of the DFB biomass steam gasification

plant’s RME gas scrubber. In contrast to those previous WGS pilot unit test runs, for

this present long term test run the WGS pilot unit processed tar-rich wood gas, extracted

upstream of the RME gas scrubber. On one hand this leads to less energy demand on steam

addition and heating at the WGS pilot unit’s inlet, as processing wood gas downstream the

RME gas scrubber. On the other hand this will result in a higher stress for the catalyst,

because the catalyst of the WGS pilot unit would have to face a considerably higher load of

impurities, especially high amounts of tar and ammonia. In a future use, this will result in

a higher e�ciency, caused of the higher water content in the tar-rich wood gas and higher

temperature, if processing the tar-rich wood gas extracted upstream of the gas scrubber.
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Chapter 3

State of the Art

This chapter provides an overview of the state of the art principles of industrial hydrogen

production, biomass gasification, and previous work on hydrogen production from biomass. In

the first section industrial hydrogen production is discussed, followed by biomass gasification

with focus on the DFB steam gasification technology. The next section deals with the WGS

reaction and is finally followed by a section which gives an overview of previous research

activities related to hydrogen from biomass via thermochemical route, based on biomass

gasification by a DFB steam gasification system.

3.1 Hydrogen Production

Nowadays, hydrogen is an important feedstock in chemical industry and refineries. Hydrogen

is seen as an important renewable secondary energy carrier of the future and could be used

directly as fuel and feedstock for further syntheses as well as for the generation and storage

of electricity [2, 18, 29].

There is an approximate worldwide hydrogen production of 1011 to 1012 m3
N per year. This

hydrogen is mainly used by four consumers: ammonia production 50 %, refinery applications

22 %, methanol production 14 %, various reduction processes 7 %. The rest of 7 % is spread

to other consumers. The demand as feedstock in refineries will continue to grow, as well as the

usage as an energy carrier [4, 29]. This leads to the question of hydrogen production, which

is currently based on nonrenewable sources. 95 % of today’s global hydrogen production is

based on fossil fuels, mainly on steam reforming of natural gas. Another 4 % is generated

by water electrolysis using electricity. As long as supplied electricity is related on carbon

dioxide emissions, this does not solve the dilemma of greenhouse gases with a sustainable

e↵ect. Only 1 % of the total amount of hydrogen is produced by converting biomass [1].

Figure 3.1 shows the established processes for generating synthesis gas and hydrogen,

based on fossil hydrocarbon containing feedstock and its use. It illustrates the processing

steps for gaseous, liquid, and sold feedstocks.

3
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All these methods cause certain carbon dioxide emissions. Therefore, and for taking

decarbonization forward, hydrogen produced from renewable energy sources is needed.

Hydrogen can be produced from a variety of feedstocks. Production from hydrocarbons

such as fossil fuels and biomass involves conversion technologies such as reforming, gasifica-

tion, and pyrolysis. These processes provide a synthesis gas, mainly consisting of hydrogen

and carbon monoxide. This synthesis gas can be subjected to downstream processes in order

to produce pure hydrogen.

amount of imported petroleum is expected to rise to 60% by 2025
[3,4]. Since the first oil embargo in the 1970s there has been
interest in developing alternative fuels to power our society
[1,2,5,6]. The decline and stabilization of oil prices following the
embargo decreased the interest in alternative fuels. However, with
substantial uncertainty in the world today, particularly in the
Middle East, increased demand from developing countries has
caused the cost of oil to increase substantially in the past few years
[3]. In addition to cost there are significant environmental
concerns with petroleum usage. Recent analysis estimated that
pollutants may be high enough to affect public health and/or the
environment in areas where 50% of Americans live [7]. Light
vehicles are responsible for a significant amount of carbon dioxide
and volatile organic compound (VOC) emissions, and a majority of
carbon monoxide and nitrogen oxide (NOx) emissions produced in
the United States [8]. To deal with these issues, there has been an
effort to diversify our energy supply particularly for the
transportation sector and to find cleaner fuels. But alternative
fuels are not available everywhere—one location may prefer
ethanol, another may be dominated by biodiesel, or gasoline, or
methane. Most of these fuels require a different engine technology
for efficient operation. However, hydrogen can be produced from
all of these feedstocks as well as many others making it a universal
fuel. Recently there has been international attention on the
development of new hydrogen technologies as a potential solution
to the current fears and to increase energy and economic security.
For example the U.S. Department of Energy has developed a multi-
year plan with aggressive milestones and targets for the
development of hydrogen infrastructure, fuel cells, and storage
technologies [3,9]. The targeted hydrogen cost is $2–4 kg!1

(energy equivalent of 1 gallon of gasoline) delivered [3,9]. In
addition to using the hydrogen from these processes as energy
directly in fuel cells, the hydrogen rich streams can be used for the
production of gasoline, methanol, ethanol, and other high value
chemicals. Fig. 1 shows the conceptual flow sheet of hydrogen
production technologies. The purpose of this paper is to provide

Nomenclature

APR aqueous phase reforming

ATR autothermal reforming

BEAMR bioelectrochemically assisted microbial reactor

CPOX catalytic partial oxidation

DBD dielectric barrier discharge

DOE Department of Energy

Eap applied potential

Eg band gap energy

fd ferrodoxin

DH heat of reaction

DHc heat of combustion (lower heating value)

HDS hydrodesulfurization

I current

IPEC incident-photon-to-electron-conversion

MEC microbial electrolysis cells

pqH2 plastiquinone

PEM proton exchange membrane

POX partial oxidation

P/R photosynthesis/respiration ratio

PrOx preferential oxidation

Rex external resistance

SOEC solid oxide electrolysis cell

SOFC solid oxide fuel cell

Dt time increment in seconds

VOC volatile organic compounds

WGS water-gas-shift

Fig. 1. Fuel processing of gaseous, liquid, and solid fuels for hydrogen production.

J.D. Holladay et al. / Catalysis Today 139 (2009) 244–260 245

Figure 3.1: Options for synthesis gas generation or hydrogen production from hydrocarbon containing
feedstock and its usage. Dimethyl ether (DME), molten carbonate fuel cell (MCFC), proton exchange
membrane fuel cell (PEMFC), preferential oxidation (PROX), pressure swing adsorption (PSA), solid
oxide fuel cell (SOFC), [16].

The following subsections give an overview of the main industrial production technolo-

gies for hydrogen: steam reforming of natural gas, partial oxidation, coal gasification, and

electrolysis.

3.1.1 Steam Methane Reforming

Steam reforming or also called steam methane reforming (SMR) is the reaction of methane

with steam in the presence of a catalyst to carbon monoxide and hydrogen (see Equation 3.1).

Steam reforming CH4 +H2O ⌦ CO + 3H2 �H0
R = +206

kJ

mol
(3.1)

October 2015 4 Matthias Binder
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This reaction is strongly endothermic. In order to produce hydrogen, the synthesis gas

exiting the reformer is usually subjected to a WGS unit. Figure 3.2 illustrates the hydrogen

production based on natural gas using SMR with its main process steps.

Hydrogen separation from producer gas generated by biomass steam gasification 
Vienna University of Technology, Institute of Chemical Engineering 

N. Díaz 2013 15 / 180 

 

224 3HCOOHCH +↔+  l206 kJ/mo∆H +=  Eq. 1 

2224 42 HCOOHCH +↔+  kJ/mol∆H 415+=  Eq. 2 
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Figure 3.1. Process for hydrogen production by steam reforming of natural gas. 

 

The feed gas is desulfurized to protect the catalyst used in the reformer. The reformer reactor 

is externally heated by burning a fraction of the natural gas feed. Flue gas leaves the reactor 

with temperatures above 1300 °C and is used in a heat recovery step to produce steam and 

preheat the feed gas. 

The equilibrium composition of the reformer gas (mixture of H2, CO, CO2, residual steam and 

unreformed feedstock) is strongly dependent on the fuel characteristics, steam-to-carbon ratio, 

outlet temperature and process pressure, operating parameters which are selected according to 

the desired products. High reforming temperatures, low pressures and high steam to methane 

ratios favor a high methane conversion. 

The equilibrium composition shifts towards H2 and CO2 (water-gas shift reaction in Eq. 3) at 

temperatures of 300 to 400 °C. The unwanted CO2 and other components are removed from 

the gas mixture by pressure swing adsorption (PSA). The pressure swing adsorption off-gas, 

which contains CO, CO2, CH4, and H2, is recycled as reformer feed. 

Figure 3.2: Hydrogen production using the steam methane reforming (SMR) process with its process
steps [3].

After desulfurization, steam reforming is carried out. Typical reaction conditions for

steam reforming are at a temperature range between 500 to 900 �C. Because of the endother-

mic reaction, externally heating is needed. In conventional endothermic steam reforming

technologies, heat is supplied by burning fuel outside reactor tubes and the steam reforming

catalyst is packed inside. The pressure is usually at 20 bar and the steam to carbon ratio

ranges from 2.5 to 3.0. Nickel-based catalysts have been favored, because of their su�cient

activity and low cost. Consequently, the steps involved in the SMR process for the produc-

tion of hydrogen can be divided into feed preparation, steam reforming, WGS conversion,

and hydrogen purification [29].

3.1.2 Partial Oxidation

Noncatalytic partial oxidation (POX), autothermal reforming (ATR), and catalytic partial

oxidation (CPO) of hydrocarbon containing feedstock share the same chemical mechanism,

which is shown in Equation 3.2 for the example of methane.

Partial oxidation CH4 +
1

2
O2 ⌦ CO + 2H2 �H0

R = �36
kJ

mol
(3.2)

POX is the uncatalyzed reaction of natural gas or liquid hydrocarbons with oxygen at

high temperature and high pressure to produce syngas. ATR is the reaction of natural gas or

liquid hydrocarbons with steam and oxygen at high temperature and high pressure to produce

October 2015 5 Matthias Binder



Long Term Performance of an Fe/Cr Based Water Gas Shift Catalyst Processing Tar-Rich Wood Gas

syngas. The reaction is exothermic and catalysts are used to improve hydrogen yield. CPO

is the heterogeneous reaction of natural gas or liquid hydrocarbons with oxygen and steam

at high space velocity over a solid catalyst to produce syngas [29].

Figure 3.3 illustrates those di↵erent partial oxidation processes, including further down-

stream process steps aiming for hydrogen production.
3.2 Natural Gas Reforming Technologies: Fundamental Chemistry 

HEX

WGS

Separation

H2
H2 H2

POX
Fuel Oxygen

Flame

Steam
HEX

WGS

ATR
Fuel Oxygen

Flame

Steam

Catalyst

HEX

WGS

CPO
Fuel Oxygen

Steam

Catalyst
Mixer

Separation Separation

Figure 3.3: Schematic representation of noncatalytic partial oxidation (POX), autothermal reforming
(ATR), and catalytic partial oxidation (CPO) reformers. Heat exchanger (HEX) [29].

In contrast to steam reforming, the partial oxidation reaction is slightly exothermic. The

technological di↵erentiation of reforming comes from the method by which the heat is gener-

ated and provided. For CPO or ATR, a portion of the fuel is oxidized within the reactor to

generate the heat required to drive the endothermic steam reforming reaction occurring over

the same catalyst bed. The main advantage of the partial oxidation process is that it will

produce a synthesis gas with a favorable hydrogen to carbon monoxide ratio for downstream

usage in chemical syntheses. In order to produce pure hydrogen the process will also include

a WGS unit and a hydrogen purification step [29].

3.1.3 Coal Gasification

Coal gasification is a well established technology to convert coal with steam and oxygen to

a synthesis gas which generally consists of CO, H2, CO2, CH4, higher hydrocarbons, and

impurities such as H2S and NH3. Coal gasifiers combust some of the coal with O2 to provide

the heat for the gasification reactions, this is refereed to as autothermal gasification. Steam

or carbon dioxide is added to enhance gasification reactions [29]. Coal gasification with pure

October 2015 6 Matthias Binder
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oxygen as gasification agent can be seen as partial oxidation of a solid fuel. A schematic flow

diagram of coal gasificiation and its main applications is shown in Figure 3.4.

Hydrogen separation from producer gas generated by biomass steam gasification 
Vienna University of Technology, Institute of Chemical Engineering 

N. Díaz 2013 17 / 180 

3.1.3 Coal gasification 

Coal gasification is a well-established technology to convert coal partially or completely to 

producer gas (also called synthesis gas or syngas), which generally consists of CO, H2, CO2, 

CH4, and impurities such as tar, sulfur and ammonia. Coal gasifiers use either pure oxygen or 

air to provide heat by combustion of some of the coal, and steam or CO2 is added for 

gasification reactions. Main carbon gasification reactions are summarized in Table 3.4. After 

purification, the producer gas can be used in one of the following three ways [1]: 

• Combustion in a gas turbine or engine to produce electricity and heat. 

• Raw material for chemical syntheses, such as ammonia, Fischer-Tropsch for liquid fuels, 

and methanol production. 

• Methanation for synthetic natural gas production. 

A basic flow diagram of coal gasification and its main applications is shown in Figure 3.2. 

 

Gasification 
process

Oxygen/air, steam

Slag, ash

Raw producer
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Figure 3.2. Flow diagram of coal gasification and main applications. 

 
Table 3.4. Main coal gasification reactions. 

 

COCOC s 22)( ↔+  molkJH /9,159+=∆  Eq. 6 

42)( 2 CHHC s ↔+  molkJH /5,87−=∆  Eq. 7 

22)( HCOOHC s +↔+  molkJH /5,118+=∆  Eq. 8 

COOC s ↔+ 2)( 2/1  molkJH /5,110−=∆  Eq. 9 

22)( COOC s →+  molkJH /5,393−=∆  Eq. 10 

22 )2/( HnmCOmOHmHC nm ++→+   Eq. 11 

OHCHHCO 2423 +↔+  molkJH /0,206−=∆  Eq. 1 

222 HCOOHCO +↔+  molkJH /9,40−=∆  Eq. 3 

 

Figure 3.4: Basic process steps of coal gasification and its main applications [3].

3.1.4 Electrolysis

Hydrogen can be obtained from electrolysis of water by using electrical power. If electricity

is from renewable sources, electrolysis could be a promising technology for future hydrogen

production. However, electrolysis is currently used in a much smaller scale compared to

steam reforming [29]. One benefit of electrolysis is the possible integration into a power-to-

gas system used as energy storage. With power-to-gas, excess electricity is converted into

hydrogen and oxygen by water electrolysis. The hydrogen can be stored and reconverted

into electricity using fuel cells, or used as feedstock for further syntheses as well as secondary

energy carrier. Also the oxygen should be brought to a commercial exploitation. Electrolyzer

technologies can be divided into alkaline, proton exchange membrane (PEM) and solid oxide

electrolysis cells, according to the electrolyte which is applied [10].

Figure 3.5 shows the main process steps of hydrogen production using electrolysis or even

power-to-gas applications.

1. Introduction

Becauseof the increasing levelsofgreenhousegasemissionsand

the rising global energy demand new technologies for the
generation of environmentally friendly power are needed.
Renewable energy sources like solar and wind energy have
a great potential, but their utilization is difficult due to their
fluctuatingand intermittentnature. In largeelectricitynetworks,
renewable power sources with a low output can be balanced by
conventional power generation, but a higher percentage of
renewables would necessitate improved energy storage.
Whereas batteries, compressed air, flywheels or capacitors are
suited for the short-termstorageof electricity, long-termstorage
could be realized with hydrogen as an energy vector.

Up to now, problems with fluctuating and intermittent
electricity fromrenewablepower sourceshaveonlyoccurred in
local power grids with a high percentage of renewables. In the
future, high percentages of renewable electricity are expected
tobe fed into largerpowergrids too, since forexampleGermany
has the goal of generating 80% of its electricity from renewable
energy sources by the year 2050 [1]. This will lead to an
increased need for balancing power, which is why Germany is
currently emphasizing the so-called power-to-gas technology.

Withpower-to-gas, electricity is converted intohydrogenby
water electrolysis. The hydrogen that is thereby produced can

be stored in pressure tanks and when needed can be recon-
verted into electricity with fuel cells or hydrogen combustion
engines. Besides its use as an energy vector for electricity,

mobility and heat, hydrogen can be utilized as a raw material
for the chemical industry or for the synthesis of various
hydrocarbon fuels such as methane. Additionally, a certain
percentage of hydrogen could be fed into the gas distribution
system. Fig. 1 shows the main components of a power-to-gas
system and the various types of applications for it.

This article presents a review of power-to-gas pilot plants
that have been realized or are being planned worldwide and
focuses on the main components that are presented in Fig. 1.
The information about the different systems that are evalu-
ated was taken from scientific peer-reviewed articles to the

extent that such articles were available. Some projects are
very well documented and various articles about their
modeling and experimental results from them have been
published. Other projects, however, only provide information
about their systems via homepage, news releases or in
presentations. Additional information about the power-to-gas
pilot plants that were evaluated was gathered by contacting
the responsible researchers directly.

The evaluation includes projects realized between 1990
and 2012 and several power-to-gas plants that were in the
planning stage at that time. Power-to-gas systems which only

Fig. 1 e Main components of a power-to-gas system.

Nomenclature

AFC alkaline fuel cell
CHG compressed hydrogen gas
CHP combined heat and power
CNG compressed natural gas
CO, CO2 carbon monoxide, carbon dioxide
DC, AC direct current, alternating current
FC fuel cell
H2 hydrogen
ICE internal combustion engine

KOH potassium hydroxide
LHV, HHV lower heating value, higher heating value, MJ/

Nm3

MH metal hydride
MPPT maximum power point tracker
n/a information not available
Pel installed power of electrolyzer, kW

PAFC phosphoric acid fuel cell
PEM polymer electrolyte membrane, proton exchange

membrane
PEMFC PEM fuel cell
RFC reversible/regenerative fuel cell
SOC state of charge
SOEC solid oxide electrolysis cell
_VH2 nominal hydrogen capacity of electrolyzer, Nm3/h
hElectrolyzer electrolyzer energy efficiency

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 2 0 3 9e2 0 6 12040

Figure 3.5: Process chain of the hydrogen production based on electrolysis [10].
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3.2 Biomass Gasification

Biomass gasification is a thermochemical conversion of biomass. Biomass is converted to a

gas which is referred to as wood gas. Other literature refers to as synthesis gas or syn gas,

producer gas and product gas.

There are various gasification technologies available for solid biomass. The main dif-

ferences are the way of heat supply, which is necessary because of the overall endothermic

gasification reactions. This heat can be either added externally, in a so called allothermal gasi-

fication process, or generated internally by the full combustion of some biomass, referred to as

autothermal gasification process. Another defining feature at di↵erent gasification processes

is the reactor design, which distinguishes between fixed bed, fluidized bed, and entrained flow

reactors and the used gasification agent.

One way of gasification is the autothermal gasification process with air as gasification

agent. In this case a fraction of the biomass feed is fully combusted inside the gasification

reactor. The resulting wood gas is highly diluted by nitrogen. In this case, the wood gas

has only a low calorific value around 4 to 6 MJ
m3

N,db
, because of a high nitrogen content of

45 to 55 %. Wood gas with a calorific value of about 12 MJ
m3

N,db
and nearly free of nitrogen

can be produced with pure oxygen as gasification agent, but the costs for the pure oxygen

production are high [15].

All these disadvantages can be avoided by using the innovative DFB system. The present

work is based on steam gasification of solid wood chips by using the DFB steam gasification

technology, which will be described in more detail in the next subsection.

The important heterogeneous gasification reactions are listed in Equations 3.3 to 3.7 and

the important homogeneous gas phase reactions are listed in Equations 3.8 to 3.11 [19, 33].

Heterogeneous gasification reactions

Boudouard reaction C + CO2 ⌦ 2CO �H0
R = +160

kJ

mol
(3.3)

Water gas reaction C +H2O ⌦ CO +H2 �H0
R = +119

kJ

mol
(3.4)

Hydrogasification C + 2H2 ⌦ CH4 �H0
R = �88

kJ

mol
(3.5)

Partial oxidation C +
1

2
O2 ⌦ CO �H0

R = �111
kJ

mol
(3.6)

Full oxidation C +O2 ⌦ CO2 �H0
R = �394

kJ

mol
(3.7)
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Homogeneous gas phase reactions

Water gas shift CO +H2O ⌦ H2 + CO2 �H0
R = �41

kJ

mol
(3.8)

Steam reforming (CO2) CH4 + 2H2O ⌦ CO2 + 4H2 �H0
R = +165

kJ

mol
(3.9)

Steam reforming (CO) CH4 +H2O ⌦ CO + 3H2 �H0
R = +206

kJ

mol
(3.10)

Reforming CxHy + xH2O ⌦ xCO + (x+
y

2
)H2 �H0

R > 0
kJ

mol
(3.11)

During the gasification process the heterogeneous as well as homogeneous reactions occur.

Figure 3.6 illustrates the influence of heat and a gasification agent to a wet wood particle.

Depending on the temperature and time, three stages of thermochemical conversion are taking

place.

First, up to 220 �C drying the wood particles, second 220 to 700 �C devolatilization,

also called pyrolysis, and third, gasification occur, which takes place in the presence of a

gasification agent and above 600 �C [19].

Tar is formed as undesired byproduct during the gasification process, and is predominantly

formed during the devolatilization stage of the thermochemical conversion.

Tar is the collective term for a complex mixture of organic hydrocarbons, mainly aromatic

components. There are many di↵erent definitions of tar in literature. Historically, tar was an

operationally defined parameter, largely based on organics from gasification that condensed

under operating conditions of boilers, transfer lines, and internal combustion engine inlet

devices. In general, all components with a molecular weight above benzene (78 g
mol ) can be

called tar [19, 31]. Tar is formed during the gasification process based on a series of complex

thermochemical reactions. The reaction conditions are the main influence on tar formation.

Tar consists of over 100 di↵erent substances. These substances can polymerize and condense

in heat exchangers or on particle filters as well as in pipes which can lead to blockage and

coking [34].
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Figure 3.6: Conversion of a wet wood particle under the influence of the three stages of thermochemical
conversion. [7] based on [19].

Evans et al. classified tar in [6] into three fractions: primary, secondary, and tertiary

tar. Primary tar emerges from the devolatilization stage. Secondary tar occurs because of

increasing temperature and the presence of a gasification agent during the gasification stage,

a part of the primary tar reacts to small gaseous molecules or transforms into secondary

tar by splitting o↵ of small gaseous molecules. Above 800 �C tertiary tar can be found.

Tertiary tar is also called recombination or high-temperature tar [34]. Figure 3.7 illustrates

the formation of tertiary tar, depending on the gasifier temperature.

A parametric study of the gasification of biomass using olivine
in a lab-scale bubbling-bed gasifier was published by Rapagna
et al. [30]. The authors reported a decrease in the carbon monoxide
and hydrogen content in the product gas and an increase in the
carbon dioxide and methane content when reducing the tempera-
ture from 820 !C to 700 !C. The tar content increased significantly
from 0.5 to 1 g/Nm3 db to more than 6 g/Nm3 db.

Hofbauer and Rauch [31] presented an extensive parametric
study in a DFB gasifier with ‘‘a natural mineral’’, which is consid-
ered to be olivine, as the bed material. The gas composition chan-
ged by lowering the temperature from 900 !C to 780 !C with
reducing hydrogen from 40 to 35 vol.%, carbon monoxide de-
creased slightly, while the carbon dioxide and methane content in-
creased. The tar content increased significantly from 1 to 2 g per
normal cubic meter of gas at 880 !C to approximately 4–7 g/Nm3 -
db at 800 !C. The measurement method for the tar is not indicated
but is assumed to be the gravimetric method.

Koppatz et al. [22] compared the behavior of the bed material
olivine with silica sand in the 100 kW pilot plant of the VUT,
including a temperature variation for olivine. The authors conclude
that the variation in the gasification temperature influences the
hydrogen content in the product with a decrease in the hydrogen
content when decreasing the temperature from 850 !C to 770 !C.
A moderate increase in carbon monoxide content is reported. The
content of tars in the product gas increases by decreasing the tem-
perature. Tar values were twice as high at 770 !C compared to
850 !C. The composition of the tars shows a decrease of naphtha-
lene, acenaphthylene and anthracene while phenol and styrene in-
crease when reducing the gasification temperature from 850 !C to
770 !C.

Similar studies are also available for air blown gasification [32],
showing a decrease of hydrogen and CO2 when decreasing the tem-
perature from 850 !C to 800 !C with dolomite as a bed material. An
increase in the tar content of the product gas is reported.

However, in these studies described above unused fresh olivine
or dolomite as a bed material were applied. The influence of the
calcium-rich layer at the surface of used olivine bed material par-
ticles in DFB steam gasification plants is unknown. A study of tem-
perature variations with this bed material has not yet been
published. The exact influence of the gasification temperature with
used olivine particles on gas composition and tar content of the
producer gas is not quantified. Since the bed material is built up
under regular operational conditions in an industrial scale DFB gas-
ifier, these results can have a significant impact on the operation of
these plants.

This paper summarizes the influence of the gasification temper-
ature on the tar concentration and the composition of tars with dif-
ferent temperatures. Used olivine from the industrial scale plant in
Güssing is used and the results are compared with results using
fresh olivine from a previous study [15]. The knowledge about
the behavior of tars at reduced gasification temperatures is the ba-
sis to reduce the gasification temperature in an industrial scale
plant in Güssing/Austria as a part of an optimization program.

2. Experimental section

Test runs with different gasification temperatures were carried
out at a 100 kWth pilot plant at the VUT. Used olivine taken out
from the industrial plant in Güssing, which is described in earlier
publications [14,15], was used as a bed material.

2.1. DFB biomass gasification

The DFB biomass steam gasification plant in Güssing, Austria,
from where the bed material was taken, has a thermal power of
8 MW and an electrical output of 2 MW. The plant went into oper-
ation in late 2001 and, up to July 2012, has had an operation time
of 66,000 h for the gasifier and 60,500 h for the gas engine. Wood
residues harvested in the local area are utilized as fuel. Olivine is
applied as a bed material. Various literature is available about
the Güssing plant [11,12], therefore no further description is given
here.

2.2. Sampling of the bed material at the industrial scale plant

The required amount of used bed material for the tests in the
pilot plant was 150 kg. The bed material was taken during regular
operation from the bottom of the combustion reactor of the indus-
trial plant. To avoid impact on the production of the plant, several
batches were taken over a period of two days.

To get a similar particle size distribution compared to fresh oliv-
ine, the used olivine from the Güssing plant was sieved and frac-
tions smaller than 400 lm and bigger than 1 mm were removed
to avoid the presence on the one hand of fine ash and on the other
hand of nails and a broken refractory lining in the pilot rig.

The sieved used olivine which was applied as bed material in
the pilot plant has a mean particle size dp50 of 510 lm, a dp10 of
395 lm and a dp90 of 662 lm analyzed by a sieve analysis. The ele-
mental composition calculated as oxides of the bed material is
shown in Table 1. The calcium content of the bed material occurs
mainly in the layers on the surface of the particle, which was de-
scribed in earlier studies [14]. A polished micrograph of a particle
with a layer is shown in Fig. 2.

2.3. Description of the pilot plant

The pilot plant at the Institute of Chemical Engineering, VUT has
got a fuel power of 100 kW. The good scale-up properties of the re-
sults obtained from this pilot plant to industrial scale plants have
been proven by performing specific test runs [15]. For this purpose
used olivine from the Güssing plant were used in the pilot plant
and the test runs were carried out at the same operation conditions
as normally applied at the Güssing plant. A comparison showed

Fig. 1. Tar formation at different temperatures [25].

Table 1
Bed material composition.

Metal oxide Used olivine
wt.%

Na2O 1.67
MgO 40.52
Al2O3 0.44
SiO2 33.60
P2O5 0.19
SO3 0.08
K2O 3.89
CaO 10.71
Cr2O3 0.38
MnO 0.24
Fe2O3 7.45
NiO 0.33
Cl 0.27
Others 0.23

536 F. Kirnbauer et al. / Fuel 108 (2013) 534–542

Figure 3.7: Tar transition as a function of process temperature from primary products to poly aromatic
hydrocarbons (PAH) [31].

3.2.1 Dual Fluidized Bed Gasification Process

The basic idea of the dual fluidized bed (DFB) gasification concept, developed primarily at

the Vienna University of Technology, is to divide the gasification process into two separated

zones. One gasification zone, where the gasification with steam in the absence of oxygen
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takes place and one combustion zone which provides the heat for the mostly endothermic

gasification reactions. The gasification zone is operated as a bubbling fluidized bed and

is fluidized with steam, which acts as well as gasification agent. The combustion zone is

operated with air as a fast fluidized bed. A circulation loop of bed material between these

two zones ensures that heat, which is needed for the gasification process, is transported from

the combustion zone to the gasification zone and some remaining char coal is transported

into the combustion zone. Fluidized loop seals ensure that wood gas from the gasification

zone and flue gas from the combustion zone remain separated. This leads to a nearly nitrogen

free wood gas with a calorific value of more than 12 MJ
m3

N,db
[13, 19]. The principle of the DFB

steam gasification process is shown in Figure 3.8.

Gasification zone 
(bubbling fluidized bed) 

840 – 860 °C 

Combustion zone 
(fast fluidized bed) 

900 – 930 °C 
Wood chips 

Wood gas 

Steam Air Bed material, char 

Bed material, heat Flue gas 

Figure 3.8: The functional principle of the DFB steam gasification process [7] based on [15].

Table 3.1 shows the typical wood gas composition range. The high H2 content makes the

wood gas a promising hydrogen source [3, 32]. Downstream gas conditioning, like the WGS

reaction, can even increase the hydrogen yield.

Table 3.1: Typical wood gas composition ranges in the DFB steam gasification process [19].

Component Value Unit

H2 35 - 40 vol.%db

CO 22 - 25 vol.%db

CO2 20 - 25 vol.%db

CH4 9 - 11 vol.%db

N2 < 1 vol.%db

Calorific value 12 - 14 MJ
m3

N,db

The DFB process successfully emerged from a first demonstration plant in Güssing, Aus-

tria and has reached commercialization [12, 19]. The combined heat and power (CHP) plant

in Oberwart, Austria, was the first commercial facility using the DFB biomass steam gasifica-

tion technology. The experimental test runs which are described in this thesis were conducted

at the plant site of the DFB plant Oberwart. The plant Oberwart is described in detail in
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Section 4.1. Today there are several commercial DFB biomass steam gasification plants in

operation. Most DFB plants operate as CHP plants, a selection listed in Table 3.2 does not

take the thermal output into account.

Table 3.2: A selection of demonstration and commercial DFB steam gasification plants, without
thermal output. Organic Rankine cycle (ORC), Austrian Energy & Environment GmbH (AE&E),
and Biomass synthetic natural gas (BioSNG), based on [17].

Location Gas utilization
Fuel / Product

Start up Status Supplier
in MW

Güssing, AT Gas engine 8fuel/2.0el 2002 Operational AE&E/Repotec

Oberwart, AT Gas engine/ORC 8.5fuel/2.8el 2008 Operational Ortner Anlagenbau

Villach, AT Gas engine 15fuel/3.7el 2010 On hold Ortner Anlagenbau

Senden/Ulm, DE Gas engine/ORC 14fuel/5el 2011 Operational Repotec

Burgeis, IT Gas engine 2fuel/0.5el 2012 Operational Repotec

Göteborg, SE BioSNG 32fuel/20BioSNG 2013 Operational Repotec/Valmet

3.3 Water Gas Shift Reaction

The water gas shift (WGS) reaction is a well established technology in industrial large scale

plants producing hydrogen or setting the CO/H2 ratio of synthesis gas. The WGS reac-

tion, shown in Equation 3.8, is a reversible and moderately exothermic reaction between

carbon monoxide and water (steam) to produce hydrogen and carbon dioxide. Its equilib-

rium constant decreases with temperature, therefore, high conversions are favored by low

temperatures, as shown in Figure 3.9.

312 Chapter 6 Water-Gas Shift Technologies

 Extensive information and several comprehensive reviews exist in the open 
literature regarding the WGS process, catalysts involved, and current research 
efforts.  3 – 7   This information is summarized below and is followed by a discussion of 
more recent research reports.  

  6.2   THERMODYNAMIC CONSIDERATIONS 

 The WGS reaction (Eq.  6.1 ) is slightly exothermic ( ∆  H    =    − 41.16   kJ/mol, gas phase) 
and is a typical example of reaction controlled by equilibrium, especially at higher 
temperatures. The equilibrium constant is a function of temperature. The reaction 
proceeds without change in the number of moles and in consequence pressure does 
not have any signifi cant effect on equilibrium. For pressures between 10 and 50   bar, 
the following expressions are recommended for the equilibrium constant as a func-
tion of temperature:  5  

    Kp =
− + [ ]( ) °
− + [ ]( )

exp T K at about C
exp T K a

4 3701 4604 250
4 2939 4546
.
. tt about C

exp T K at C
440

3 670 3971 750 1050
°

− + [ ]( ) − °

⎧
⎨
⎪

⎩⎪ . .
    (6.2)   

 As can be seen in Figure  6.1 , the equilibrium constant is approximately 1 at 
800    ° C, about 10 at 415    ° C, 100 at 240    ° C, and 330 at 180    ° C. In order to achieve 
low CO and elevated hydrogen concentrations in the effl uent, without having to use 
a signifi cant excess of steam, it is desirable that the reaction be run at low tempera-
tures. However, at low temperatures, reaction rates diminish and the reaction 
becomes kinetically controlled.    

0.1
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100 300 500 700 900 1100
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p

     Figure 6.1.     Variation of WGS equilibrium constant with temperature.  5    

Figure 3.9: Variation of equilibrium constant (Kp) for the water gas shift reaction with tempera-
ture [29].
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However, at low temperatures, reaction rates diminish and the reaction becomes kineti-

cally controlled [29]. At adiabatic conditions conversion in a single bed of catalyst is thermo-

dynamically limited, due to the increase of operating temperature, caused by the exothermic

reaction. Because of the equimolar reaction, the equilibrium composition is virtually unaf-

fected by pressure.

Industrial hydrogen production plants based on steam reforming, coal gasification, or

partial oxidation, typically enhance the hydrogen yield by downstream WGS units. In most

industrial implementations, the WGS reaction is carried out by a catalysis in two steps with

a desulfurized feed.

First a high temperature shift (HTS) with a Fe/Cr based catalyst, which reduces the CO

concentration down to 2 to 3 vol.%db is applied. This HTS step is usually operated with

a significant excess of steam and adiabatically with an inlet temperature of 350 to 550 �C,

pressures above 20 bar, depending on the adjacent plant requirements, and a gas hourly space

velocity (GHSV ) of 400 to 1200 h�1.

The second stage is a low temperature shift (LTS) stage with a Cu/Zn or Co/Mo based

catalyst, which takes advantage of the favorable equilibrium below 250 �C in order to re-

duce the carbon monoxide concentration down to 0.2 to 0.4 vol.%db. The lower temperature

limit for this LTS step is about 200 �C and is dictated by the water dew point under op-

erating conditions which are typical pressures between 10 to 30 bar and a GHSV of about

3600 h�1 [29, 33].

3.4 Hydrogen Production from Biomass

In this section, an overview of previous studies aiming at the hydrogen production from

biomass using the DFB technology is given.

Hydrogen from biomass via the thermochemical routes is a promising technology for

future hydrogen production, which is carbon dioxide neutral and independent of fossil fuels.

Especially, the DFB steam gasification, with the high hydrogen content in the wood gas,

seems to be ideally suited.

Müller et al. investigated in [32] the basic idea of a process design to produce hydrogen

with biomass as feedstock. Therefore, a process chain was simulated using the software

IPSEproTM. In the investigated case, the process chain was based on a DFB biomass steam

gasification, a steam reformer, a WGS unit, and a gas permeation membrane.

Diaz demonstrated in [3] the technical viability of a simple process chain to separate

hydrogen from wood gas generated by the DFB biomass steam gasification plant Oberwart,

Austria. The design is based on a three-step process, illustrated in Figure 3.10.

First a gas cleaning step, performed in a low temperature RME gas scrubber is installed.

This step is followed by a hydrogen enrichment step, using a membrane separation unit, and

finally a hydrogen purification is performed in a pressure swing adsorption (PSA) unit. In
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addition a PEM fuel cell was powered by the generated hydrogen in order to prove its quality.
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Figure 3.10: Process chain for the separation of pure hydrogen from wood gas, based on [3].

In order to increase the hydrogen yield, Fail et al. employed a process chain including

a WGS unit, see [9]. This process chain is based on Diaz’s work in [3] and adds a WGS

unit upstream the gas scrubber. Figure 3.11 illustrates this process chain. High hydrogen

yields were achieved resulting in an overall hydrogen recovery (H2rec) of almost 70 %, which

corresponds to 42 g of hydrogen per kg of dry biomass. The H2rec is calculated towards the

molar flow rate of hydrogen at the inlet and at the outlet, see Equation 4.6. The purity of

the generated hydrogen was above 99.85 %vol.db.

By removing the membrane module from the process chain Fail et al. demonstrated in [8]

the feasibility of producing hydrogen with a purity of 99.97 vol.%db and an overall H2rec of

128 %. Figure 3.12 illustrates the improved process chain.

So far, all process chains were operated with wood gas extracted downstream of the DFB

plant’s RME gas scrubber. In order to reduce the heat demand for the steam production for

the WGS reaction, the wood gas for the hydrogen production should be extracted upstream

of the RME gas scrubber of the DFB plant, because of a significant higher water content and

temperature upstream the RME gas scrubber. Consequently, the catalyst of the WGS unit

would have to face a considerably higher load of impurities, mostly tar and ammonia.

This objective and its main question concerning the catalyst’s performance when process-

ing tar-rich wood gas lead to this present thesis.

October 2015 14 Matthias Binder



Long Term Performance of an Fe/Cr Based Water Gas Shift Catalyst Processing Tar-Rich Wood Gas

Pilot plant

DFB plant Oberwart
Outlet RME
gas scrubber 

Inlet 
gas engines

Pressure swing
adsorption

Gas
scrubber

Wood gas
 blower

H2O

Water gas
shift unit

W
oo

d 
ga

s

Electricity 
and heat

H2O

PEM
fuel cell

B
io

H
2

A
ds

or
ba

te

Raffinate

Membrane
module

R
et

en
ta

te

A
ds

or
be

r
an

d 
C

hi
lle

r

Permeate

R
M

E

Figure 3.11: Process chain for the production of pure hydrogen from wood gas based on DFB steam
gasification, based on [9].
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Figure 3.12: Improved process chain for the production of pure hydrogen from wood gas based on
DFB steam gasification, based on [8].
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Chapter 4

Experimental Setup and

Methodology

This present experimental work was carried out with a WGS pilot unit, located at the plant

site of the DFB biomass steam gasification plant in Oberwart, Austria. This CHP plant

in Oberwart is an industrial scale DFB biomass steam gasification CHP plant, generating

electricity and district heat. Figure 4.1 shows a picture of the DFB biomass steam gasification

plant. The WGS pilot unit is part of a research facility, constructed in a 20 ft container which

is directly connected to the CHP plant.

Figure 4.1: Picture of the DFB biomass steam gasification plant Oberwart, Austria in 2014 [7].
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Apart from the WGS pilot unit, other pilot units like a low temperature RME gas scrub-

ber, a membrane module, a PSA, and a PEM fuel cell are also parts of this research facility.

This arrangement enabled the processing of real wood gas, produced by the commercial DFB

gasification plant, in many di↵erent ways ([3, 8, 9] etc.).

The following sections give an overview about the DFB biomass steam gasification plant

in Oberwart, the WGS pilot unit and the used sampling and analysis procedure, which were

used during the experimental work for the investigation on the long term performance of the

Fe/Cr based water gas shift catalyst processing tar-rich wood gas.

4.1 The Dual Fluidized Bed Biomass Steam Gasification Plant

Oberwart, Austria

The biomass steam gasification plant in Oberwart, Austria, is based on the well documented

plant in Güssing, Austria ([12, 13, 19] etc.). Both plants are characterized by the DFB steam

gasification technology, explained in more detail in Subsection 3.2.1. In addition to the estab-

lished system in Güssing, the DFB gasification plant in Oberwart has some modifications. A

biomass dryer upstream of the gasifier, an organic Rankine cycle (ORC) process in order to

increase the electrical output by using process heat and two gas engines instead of one. The

main steps of the process remained the same. The wood gas is generated, cooled, filtered,

cleaned, and finally used in power gas engines in order to generate electricity and district

heat. Figure 4.2 shows a simplified flowchart of the applied process at the gasification plant

in Oberwart.
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Figure 4.2: Simplified flowchart of the DFB biomass steam gasification plant Oberwart, Austria. [7]
based on [3].
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The gasification plant was commissioned successfully at the end of 2007. One year later,

in 2008, regular operation started and has been improved continuously from that time on.

This, by Energie Burgenland Biomasse GmbH Co & KG owned and operated, plant was the

first commercial facility using the DFB gasification system [17, 20]. Table 4.1 shows the CHP

plant’s key figures.

The wood chips are transported from an intermediate storage into the biomass dryer and

afterwards fed into the gasification zone of the DFB gasifier. A system of screw conveyors

ensure that air does not enter the gasifier. Using olivine as bed material, which is a natural

magnesium iron silicate, (Mg,Fe)SiO2, is state of the art for DFB biomass steam gasifiers.

Olivine, with its formed layer at the particle surface during usage, shows good results con-

cerning tar reduction in the wood gas and enhances gasification properties significantly [21].

The circulating bed material ensures that heat, which is needed for the gasification process,

is transported from the combustion zone to the gasification zone, which is fluidized with

steam. This leads to a nearly nitrogen free wood gas. The generated wood gas is cooled in

heat exchangers. Subsequently, a baghouse filter removes dust particles. Downstream a gas

scrubber, operated with RME, cools the wood gas further down to a temperature of about

40 �C. Water, tar, and other impurities are condensed and discharged from the wood gas. A

gas blower feeds the cleaned, cooled, and dried wood gas into the two gas engines to produce

electricity. Process heat is transferred via a thermal oil circuit, in order to provide the heat

for steam generating, district heat output, the ORC process and the biomass dryer.

Table 4.1: Operational key figures of the DFB biomass steam gasification plant Oberwart, Austria [20].

Fuel input 8.5 MWth

Gas engines electrical output 2.4 MWel

ORC process electrical output 0.35 MWel

District heat output 3.5 MWth

Wood chips fuel requirement ⇠ 23 000 tons(air�dried)
a

District heating transmission route ⇠ 5 300 m

District heating system temperatures
feed ⇠ 95 �C

return ⇠ 65 �C

Figure 4.3 illustrates a simplified flowchart of the DFB plant in Oberwart, Austria, with

the two wood gas extraction points for the WGS pilot unit investigations, one upstream of

the RME scrubber and one downstream of the RME scrubber.
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Figure 4.3: Simplified flowchart of the DFB biomass steam gasification plant in Oberwart, Austria.
The two di↵erent extraction points, one upstream of the RME scrubber and one downstream of the
RME scrubber are indicated by arrows [23].

Table 4.2 shows the wood gas conditions at those two extraction points, especially con-

cerning temperature, water content and GCMS tar content.

Table 4.2: Wood gas conditions at the two extraction points (see Figure 4.3) along the DFB biomass
steam gasification plant in Oberwart, Austria, at full load operation, based on [8].

Upstream of the Downstream of the

RME scrubber RME scrubber

Temperature ⇠ 150 ⇠ 40 �C

H2O content ⇠ 35 ⇠ 7 mol.%wb

GCMS tar content ⇠ 8200 ⇠ 1100 mg
m3

N,db

In the RME gas scrubber, the wood gas is cooled down to approximately 40 �C. The

result is that water, tar, and most impurities are condensed and discharged from the wood

gas.

Taking only the water content and the temperature into consideration it would be bene-

ficial to extract the wood gas upstream of the RME gas scrubber for processing it in a WGS

unit. In contrast, if the wood gas is extracted downstream of the RME scrubber, it has been

suggested that, especially, the higher tar content as well as the other impurities negatively

e↵ect the WGS catalyst, which is investigated in this thesis.
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4.2 The Water Gas Shift Pilot Unit

The WGS pilot unit was designed, built, and optimized by Silvester Fail during his disserta-

tion, see [7]. Figure 4.4 shows the flowchart of the WGS pilot unit which consists of three

fixed bed reactors in series, each equipped with 2.6 L of a commercial Fe/Cr based WGS

catalyst. The catalyst was used in its original particle size.

The WGS pilot unit is connected to two di↵erent extraction points at the DFB gasification

plant Oberwart, shown in Figure 4.3. These enable to process wood gas extracted upstream as

well as downstream of the DFB gasification plant’s RME gas scrubber. Figure 4.4 illustrates

the possibility of choosing between the two di↵erent inlets and shows all the equipment geared

to the WGS pilot unit. A membrane gas pump is installed upstream of the reactors in order

to set the wood gas flow in terms of enabling steady operating conditions. Furthermore, a

peristaltic pump in combination with an evaporator ensure the needed steam addition to

achieve the aimed steam parameters at the inlet of the WGS pilot unit. Upstream each

reactor, a heating section is located in order to enable constant temperature at each reactor

inlet.
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Figure 4.4: Detailed flowchart of the WGS pilot unit at the plant site of the DFB biomass steam
gasification plant Oberwart, Austria [7].

A process control system (PCS), based on a system from the company Bernecker + Rainer

Industrie-Elektronik GmbH (B&R), is used to operate the WGS pilot unit. Furthermore a
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LabVIEWTM program was used to visualize and register process data. A wide range of safety

measures, like alarm limits and automatic shutdown procedures in the case of a shortfall in

combination with many pilot-operated valves, led to an easy handling and high usability,

even to a remote controlled operation.

Figure 4.5 shows two screenshots, one of the graphical user interface of the WGS pilot

unit’s PCS and one of the process data visualization using LabVIEWTM. Figure 4.6 shows

two pictures of the WGS pilot unit. Picture (a) was taken before the heat isolation was

installed, picture (b) shows the actual pilot unit, ready-to-operate.
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(a) PCS overview of the process control system.

(b) Process visualization with LabVIEWTM.

Figure 4.5: Screenshots of the graphical user interface of the WGS pilot unit [7].
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(a) The WGS pilot unit during construction work, prior to heat isolation.

(b) Final setup of the WGS pilot unit, including all geared equipment.

Figure 4.6: Pictures of the WGS pilot unit, located in the research container on DFB biomass gasifi-
cation plant’s site in Oberwart, Austria [7].
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4.3 Sampling and Analyses

During the experimental test runs, extensive analyses were carried out. The water content,

the main gas and sulfur components, as well as the GCMS tar compounds and the ammonia

content were measured. In addition, the catalyst’s activity was observed by measuring the

temperature profiles along the reactors due to the exothermic nature of the WGS reaction.

The water content was determined gravimetrically. CO, CO2, CH4, N2, O2, C2H6, C2H4,

C2H2, H2S, COS, and C4H4S were measured by using a gas chromatograph (GC) on site,

samples for GCMS tar compounds and ammonia content were taken and handed over to

the Test Laboratory for Combustion Systems at the Vienna University of Technology for

analyses.

In order to enable the di↵erent sampling and their gas conditioning, a sampling line was

installed, which has two major ways of operation: First the “standard analysis line” through

the bottom path in Figure 4.7 with a temperature from -5 to -3 �C in cooling box 2 for GC

measurements and water content determinations. Second, the “tar analysis line”, through

the top path in Figure 4.7 with a temperature of 0 �C in cooling box 1 by using an ice bath

and a temperature range from about -10 to -8 �C in cooling box 2 for taking GCMS tar

samples.

Sample in

Cooling box 1

Ti

AmbientGas
counterFI

Cooling box 2

Biogas analyzer

Ambient

Gas chromatography

Vacuum
pump

Ti

Standard
analytics

Tar
analytics

TiGas
meter

Figure 4.7: Flowchart of the installed sampling line. The “tar analysis line” trough the top path and
the “standard analysis line” trough the bottom path, based on [7].

The cooling box 2 contained a glycol bath, which was placed inside an ordinary refriger-

ator. The refrigerator was integrated in the PCS, therefore, the temperature was regulated.

All sampling pipes upstream of the cooling boxes were heat-isolated and electrically trace

heated in order to avoid condensation and blocking.
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A two-channel gas chromatograph, Clarus 500TM from the company Perkin Elmer, was

used to determine the main gas and sulfur components. The main gas components (CO,

CO2, CH4, N2, O2, C2H6, C2H4, and C2H2) were quantified with a thermal conductivity

detector (TCD). C2H6, C2H4, and C2H2 were summarized and refereed to as C2Hy. The

sulfur components (H2S, COS, and C4H4S) were detected by a flame photometric detector

(FPD). The amount of H2 was calculated by closing the overall mass balance. This GC was

also integrated in the PCS, which enabled in combination with pilot operated sampling valves

and an analytic pump, an automated procedure of sampling. This led to one complete GC

measurement with both channels in less than 30 minutes. Those pilot operated sampling

valves are MV5, MV6, MV7, and MV8 as shown in Figure 4.4. More information regarding

the GC and the sampling system can be found in [3].

The analysis gas stream was sent trough the “standard analysis line” before the sample

stream entered the GC. The first two gas washing bottles were filled with water and glycol

to prevent freezing. They were followed by a third gas washing bottle, filled with glass wool

in order to remove aerosols. Those three gas washing bottles were located in a temperature

controlled cooling bath inside the cooling box 2, shown in Figure 4.7. The temperature was

adjusted from -5 to -3 �C.

The water content of the wood gas was measured gravimetrically. Therefore, the standard

analysis line was used based on one assumption: all water is condensed in the gas washing

bottles, which means that all additional weight in the gas washing bottles resulted by water

condensing and the flow rate, registered in the flow meter downstream of the gas washing

bottles was completely free of water. The additional weight of the gas washing bottles in

combination with the dry gas flow rate enabled the calculation of the water content.

Those water content measurements were also the basis for the proven “water spike”

method (see [7]), which was used for determining the mass balance of the system. In or-

der to achieve the desired steam content at the inlet of the WGS pilot unit, water was added

to the system. The steam and wood gas flow was mixed between the gas pump and the

heating section upstream of the first reactor, as shown in Figure 4.4. This defined water

addition and the water content measured downstream as well as upstream of the point of

water addition enabled the calculation of the mass balance of the system and the GHSV .

The GCMS tar samples were taken using the “tar analysis line” (see Figure 4.7). Therefore

six gas washing bottles at two di↵erent temperature levels were used. Five bottles were filled

with a total of 500 mL of toluene, 100 mL each bottle, and one bottle filled with glass wool.

Three of the toluene filled bottles were located at cooling box 1 at a temperature of 0 �C

and two bottles of toluene and the one filled with glass wool were located downstream in

cooling box 2 at a temperature range of -10 to -8 �C. The sampling stream of 2.0 to 2.5
LN,db

min

was taken over about 3 hours to reach a gas sample volume of close to 0.5 m3
N,db. After

the tar samples were taken, the GCMS analysis were carried out by the Test Laboratory for

Combustion Systems at the Vienna University of Technology. The analysis and the sampling
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of the GCMS tar followed the method described in [14, 34].

The following list divides the detected GCMS tar, which have been measured above the

detection limit, into GCMS tar substance groups according to [21]:

• Aromatic compounds (AC)

Phenylacetylene, Indole, 1H-Indene, Mesitylene, Styrene

• Naphthalenes

Naphthalene, 1-Methylnaphthalene, 2-Methylnaphthalene.

• Others (Furans, Phenols, Thiophenes)

Benzofuran, Dibenzofuran, Phenol, 1-Benzothiophene

• Polycyclic aromatic hydrocarbons (PAH)

Acenaphthene, Acenaphthylene, Anthracene, Biphenyl, Flouranthene, Flourene, Quino-

line, Isoquinoline, Phenanthrene, 4,5-Methylphenenthrene, Pyrene

The ammonia samples were taken using a total of 200 mL of 0.05 molar H2SO4 in two gas

washing bottles, 100 mL in each bottle. Downstream the two gas washing bottles, a third gas

washing bottle, filled with glass wool in order to remove aerosols, was installed. The bottles

were located in cooling box 1 at a temperature of 0 �C. The sampling time for one sample

was fifteen minutes with a gas sampling stream of 0.5 to 0.7
LN,db

min . The ammonia analyses

were carried out by the Test Laboratory for Combustion Systems at the Vienna University

of Technology using column chromatography.

The temperature measurements along all three WGS reactors were performed with ther-

mocouples (type J), seven thermocouples for each reactor. Those thermocouples were in-

stalled at equal distances along the reactors. Five thermocouples were placed inside the

fixed bed WGS catalyst in order to record the temperature profile along the reactive zone.

One thermocouple was placed upstream and one thermocouple was placed downstream of

the catalyst fixed bed. Figure 4.4 shows the position of the thermocouples more detailed.

All temperature measuring points served as a data input for the PCS and in addition were

indicated and recorded by a LabVIEWTM program.
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4.4 Key Figures

In order to characterize the WGS pilot unit operation, key figures are introduced. Besides

the equilibrium and its dependence on temperature, discussed in Section 3.3, the following

figures a↵ected the WGS reaction and are important to describe the conditions along the

WGS pilot unit.

The gas hourly space velocity on wet basis (GHSVwb) is the ratio of wet gas flow rate

to catalyst volume, calculated at standard conditions and consider water as an ideal gas. It

indicates the stress of the catalyst, see Equation 4.1.

Gas hourly space velocity GHSVwb =
V̇gas,wb

Vcatalyst
[h�1] (4.1)

The steam to dry gas ratio (STDGR), defined in Equation 4.2, gives information about

the steam content in the gas mixture. Furthermore, the steam to carbon ratio (STCR),

see Equation 4.3, and the steam to carbon monoxide ratio (STCOR) in Equation 4.4 are

important figures which describe the risk of coking and carbon deposition on the surface of

the catalyst.

Steam to dry gas ratio STDGR =
ṅH2O

ṅgas,db
[� ] (4.2)

Steam to carbon ratio STCR =
ṅH2O

ṅC
[� ] (4.3)

Steam to carbon monoxide ratio STCOR =
ṅH2O

ṅCO
[� ] (4.4)

In order to characterize the change in volumetric dry gas flow rate the delta dry gas flow

rate (�V̇db) was introduced. It was calculated according to Equation 4.5.

Delta dry gas flow rate �V̇db =
ṅgas,db,out

ṅgas,db,in
[� ] (4.5)
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The hydrogen recovery (H2rec), defined in Equation 4.6, is a key figure to describe if in

the specific unit is hydrogen produced (H2rec > 1), or if hydrogen is consumed or discharged

(H2rec < 1). The hydrogen recovery is suitable to evaluate the performance of single units

within hydrogen production chains.

H2 recovery H2rec =
ṅH2,out

ṅH2,in
[� ] (4.6)

The carbon monoxide conversion rate (XCO), according to Equation 4.7, was the key

figure to evaluate the performance of the WGS pilot unit.

CO conversion rate XCO =
ṅCO,in � ṅCO,out

ṅCO,in
[� ] (4.7)

To calculate the tar conversion rate (Xtar), defined in Equation 4.8 and the ammonia

conversion rate (XNH3), defined in Equation 4.9 the concentration (c) was used. To take the

e↵ect of dilution into account the increase of the volumetric dry gas flow rate was considered.

A negative value of the conversion rate indicates a production.

Tar conversion rate Xtar =
ctar,in � (�V̇db · ctar,out)

ctar,in
[� ] (4.8)

Ammonia conversion rate XNH3 =
cNH3,in � (�V̇db · cNH3,out)

cNH3,in
[� ] (4.9)
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Chapter 5

Experimental Results and

Discussion

This chapter describes the experiments which were carried out during this thesis in order to

investigate the long term performance of a commercial Fe/Cr based WGS catalyst. After

a longer resting period and through outside circumstances, the research facility on site the

DFB biomass steam gasification plant Oberwart, Austria, was moved for some meters to a

new location. Therefore, all cables and pipes which ensured the connection between the CHP

plant and the research container had to be reinstalled and checked for proper function. This

work was the main work load during the first months.

In order to ensure proper system operation and to facilitate a comparison to previous

results, an already well documented operating point was chosen for the first test run. The

wood gas, extracted downstream of the DFB gasification plant’s RME gas scrubber, was

processed for more than 100 hours.

Thereafter, the main research of this work, a WGS pilot unit long term test run processing

tar-rich wood gas, extracted upstream of the DFB gasification plant’s RME gas scrubber,

was performed. During this long term test run, tar-rich wood gas was processed for more

than 2330 hours.

The water content was determined and the main gas components (CO, CO2, CH4, N2, O2,

C2H6, C2H4, and C2H2) as well as the sulfur components (H2S, COS, and C4H4S) were mea-

sured. In addition GCMS tar and ammonia samples were taken and the temperature profiles

along the reactors were recorded, in order to determine the catalyst’s activity. Within this

long term test run, about 100 hours of steady partial load operation of the DFB gasification

plant as well as 320 hours of partial load operation of the WGS pilot unit were recorded.
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This leads to overall four WGS pilot unit points of operation, which were investigated,

the results are presented in the upcoming sections:

• Operating point 1 Processing wood gas, extracted downstream of the DFB plant’s

RME scrubber. (Section 5.1)

• Operating point 2 Processing tar-rich wood gas, extracted upstream of the DFB

plant’s RME scrubber. (Section 5.2)

• Operating point 3 Processing tar-rich wood gas, extracted upstream of the DFB

plant’s RME scrubber, at partial load operation of the DFB biomass steam gasification

plant. (Section 5.3)

• Operating point 4 Processing tar-rich wood gas, extracted upstream of the DFB

plant’s RME scrubber, at partial load operation of the WGS pilot unit. (Section 5.4)

During the long term test run of the WGS pilot unit, processing tar-rich wood gas ex-

tracted upstream of the DFB gasification plant’s RME scrubber, GCMS tar and ammonia

measurements were performed. It was attempted to take one sample at each point of load

condition, Table 5.22 in Section 5.5 shows the load conditions and the corresponding hours

of operation. The samples were taken following the method described in Section 4.3. The

samples were handed over to the Test Laboratory for Combustion Systems at the Vienna

University of Technology for the follow up analysis. Finally, eight GCMS tar measurements,

four times a pair of one sample from the WGS pilot unit’s inlet and one sample from the

WGS pilot unit’s outlet were carried out. In addition six ammonia measurements, also as

three pairs of one sample from the WGS pilot unit’s inlet and one sample from the WGS

pilot unit’s outlet were performed.

Results regarding GCMS tar and ammonia measurements can also be reviewed in [28],

which was carried out in collaboration with Kraussler et al.

5.1 Processing Wood Gas, Extracted Downstream of the DFB

plant’s RME Scrubber

In December 2014, when the reinstalling after the container movement was finished, a first

WGS pilot unit test run with over 100 hours of operation was carried out. The wood gas for

this test run was extracted downstream of the DFB biomass steam gasification plant’s RME

gas scrubber. The data and results from this experiment can also be reviewed in [23, 24].

The papers were carried out in collaboration with Kraussler et al.

Table 5.1 shows the key figures of operation for the WGS pilot unit processing wood gas,

which was extracted downstream of the RME scrubber. This point of operation was defined
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Table 5.1: Operating conditions of the WGS pilot unit processing wood gas, extracted downstream
of the RME gas scrubber for 100 hours. All figures are given for the WGS pilot unit’s inlet, based on
[23].

Overall catalyst volume 7.8 L

Catalyst volume per reactor 2.6 L

Water content wood gas 7.6 mol.%wb

Water content inlet WGS pilot unit 54.06 mol.%wb

Volumetric flow rate dry 1.02
m3

N,db

h

Volumetric flow rate wet 2.22
m3

N,wb

h

STDGR 1.18 -

STCR 2.00 -

STCOR 5.05 -

Temperature setpoint inlet each reactor 350 �C

GHSVwb overall 286 h�1

GHSVwb per reactor 857 h�1

as the “basic operation conditions” for the WGS pilot unit in [7]. The catalyst which was

used was the same as in [7, 8] and has been activated before.

Furthermore, the catalyst was already operated for 800 hours, processing real wood gas

on site the DFB gasification plant, before this test run [7, 8]. The main results of this test

run are summarized in Table 5.2.

Table 5.2: Results of the WGS pilot unit operation processing wood gas, extracted downstream of the
RME gas scrubber for 100 hours. Operating conditions according to Table 5.1, based on [23].

GHSVwb �V̇db H2rec XCO

Outlet reactor A 857 h�1 1.20 1.52 0.85

Outlet reactor B 429 h�1 1.21 1.54 0.88

Outlet WGS pilot unit 286 h�1 1.21 1.56 0.92

Figures 5.1 to 5.3 show the temperature profiles and the change of concentrations (dry

basis) of the reactive WGS components over each reactor, from reactor A to reactor C. All

three reactors were operated with the same inlet temperature of 350 �C. Therefore, the

change of temperature resulted from the heat of reaction of the WGS reaction. Especially

Figure 5.1 indicates that the WGS reaction mainly took place in reactor A. There was a

significant temperature increase, because of the moderately exothermic WGS reaction as

well as the most significant change of the concentrations of the reactive components. The

temperature decrease towards the outlet, which was observed at all three reactors, was caused

by heat losses. The temperature profile’s standard deviation is relatively small, because of

the a steady water content of the processed wood gas downstream of the RME scrubber.

The temperature profiles in Figures 5.2 and 5.3 do not indicate a temperature increase,

because of the predominate head losses. There was also only a very slight change of absolute
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(a) Temperature profile of reactor A
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(b) Reactive components of reactor A

Figure 5.1: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor A processing wood gas, extracted downstream of the RME gas scrubber
for 100 hours, based on [23].

concentrations in the reactive components. In contrast, Table 5.2 shows that there was still

a significant WGS reaction taking place, if taking the carbon monoxide conversion rate into

account.
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(a) Temperature profile of reactor B
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(b) Reactive components of reactor B

Figure 5.2: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor B processing wood gas, extracted downstream of the RME gas scrubber
for 100 hours, based on [23].
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(a) Temperature profile of reactor C
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Figure 5.3: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor C processing wood gas, extracted downstream of the RME gas scrubber
for 100 hours, based on [23].
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The detailed average gas composition of the 100 hours of operation is shown in Table 5.3.

It summarizes the main gas components as well as the sulfur components. The values rep-

resent the composition on dry basis. In order to be able to state assumptions about the

performance the increase of the volumetric dry gas flow rate, shown in Table 5.2, needs to be

taken into consideration.

Table 5.3: The average concentrations of the main gas components and sulfur components along the
WGS pilot unit processing wood gas, extracted downstream of the RME gas scrubber for 100 hours.
Detection limit (DL) sulfur components: 0.3 mol.ppmdb, based on [23].

H2 CO CO2 CH4 C2Hy

mol.%db mol.%db mol.%db mol.%db mol.%db

Inlet WGS pilot unit 38.2 ± 0.8 23.3 ± 0.9 22.7 ± 0.7 10.0 ± 0.4 2.8 ± 0.3

Outlet reactor A 48.5 ± 0.9 3.4 ± 0.3 35.1 ± 0.4 8.6 ± 0.3 2.2 ± 0.3

Outlet reactor B 48.9 ± 0.9 2.2 ± 0.1 36.0 ± 0.3 8.5 ± 0.3 2.2 ± 0.2

Outlet WGS pilot unit 49.2 ± 0.9 1.8 ± 0.1 36.3 ± 0.3 8.4 ± 0.3 2.2 ± 0.2

N2 O2 H2S COS C4H4S

mol.%db mol.%db mol.ppmdb mol.ppmdb mol.ppmdb

Inlet WGS pilot unit 2.7 ± 0.3 0.30 ± 0.04 91 ± 13 3.8 ± 0.9 5.6 ± 1.6

Outlet reactor A 2.2 ± 0.2 0.03 ± 0.01 79 ± 12 BDL 5.1 ± 1.0

Outlet reactor B 2.1 ± 0.2 0.03 ± 0.01 59 ± 13 BDL 5.6 ± 0.9

Outlet WGS pilot unit 2.1 ± 0.2 0.03 ± 0.01 44 ± 9 BDL 5.7 ± 1.0

Compared with previous results of the WGS pilot unit in [7, 8, 9], no significant di↵erences

regarding the performance and operating behavior of the WGS pilot unit could be observed.

This leads to the conclusion that the WGS pilot unit and its catalyst withstand all the

research container movements and the period of rest unscathed. During this short term test

run processing wood gas, extracted downstream of the RME gas scrubber, no GCMS tar and

no ammonia measurements were performed.
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5.2 Long Term Test Run Processing Tar-Rich Wood Gas, Ex-

tracted Upstream of the DFB plant’s RME Scrubber

In order to investigate the long term performance of the Fe/Cr based catalyst, a long term test

run processing tar-rich wood gas, which was extracted upstream of the DFB biomass steam

gasification plant’s RME gas scrubber was performed. The extraction point is illustrated in

Figure 4.3 and the wood gas conditions can be seen in Table 4.2. The WGS pilot unit was

operated for 2330 hours processing real, tar-rich wood gas from the DFB biomass gasification

plant Oberwart, Austria from the end of December 2014 till the end of April 2015. In

this period the WGS pilot unit showed a system availability of 85 %. The long term test

run included 362 hours of rest, caused by a technical shortcoming and following servicing

and maintenance work in the DFB biomass gasification plant. Without those 362 hours of

downtime, the system availability could had even reached up to 97 %. 2293 hours of steady

operating conditions were achieved.

Before the downtime, a significant decrease of pump capacity of the WGS pilot unit’s

membrane gas pump was observed. This resulted in a WGS pilot unit partial load operation

for 320 hours with a reduced GHSVwb. The following period of downtime was used to main-

tain the WGS pilot unit’s membrane gas pump. After that, the originally aimed operating

conditions were duly achieved.

Results from this long term test run served for journal and conference publications [23,

24, 25, 27], which were carried out in collaboration with Kraussler et al.

Table 5.4 shows the key figures of the operation of the WGS pilot unit processing tar-rich

wood gas, extracted upstream of the RME scrubber and Table 5.5 summarizes the results of

the long term operation.

Table 5.4: Operating conditions of the WGS pilot unit processing tar-rich wood gas, extracted up-
stream of the RME gas scrubber for 2293 hours. All figures are given for the WGS pilot unit’s inlet,
based on [27].

Overall catalyst volume 7.8 L

Catalyst volume per reactor 2.6 L

Water content wood gas 39.9 mol.%wb

Water content inlet WGS pilot unit 61.7 mol.%wb

Volumetric flow rate dry 1.24
m3

N,db

h

Volumetric flow rate wet 3.24
m3

N,wb

h

STDGR 1.61 -

STCR 2.68 -

STCOR 6.46 -

Temperature setpoint 350 �C

GHSVwb overall 415 h�1

GHSVwb per reactor 1246 h�1
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Table 5.5: Results of the WGS pilot unit operation processing tar-rich wood gas, extracted upstream
of the RME gas scrubber for 2293 hours. Operating conditions according to Table 5.4, based on [27]

GHSVwb �V̇db H2rec XCO

Outlet reactor A 1246 h�1 1.21 1.54 0.80

Outlet reactor B 623 h�1 1.22 1.58 0.89

Outlet WGS pilot unit 415 h�1 1.24 1.61 0.92

The operating conditions were charily chosen, to ensure a high STDGR at the WGS inlet

by adding excessively steam. This decision was taken because of fluctuations in the wood

gas water content upstream of the RME scrubber. Observations showed that small technical

malfunctions or inconsistent biomass quality led to upwards fluctuations.

The GHSVwb was close to the power limits with the present corresponding design points

of evaporator and membrane gas pump.

Figures 5.4 to 5.6 show the temperature profiles and the change of concentrations (dry

basis) of the reactive WGS components over each reactor, from reactor A to reactor C. All

three reactors were operated with the same inlet temperature of 350 �C.
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(a) Temperature profile of reactor A

0"

10"

20"

30"

40"

50"

60"

H2" CO" CO2"

Co
nc
en

tr
a3

on
"in
"m

ol
."%

"

Inlet" Outlet"

(b) Reactive components of reactor A

Figure 5.4: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor A processing tar-rich wood gas, extracted upstream of the RME gas
scrubber for 2293 hours, excluding sections at partial load operation, based on [27].

The same pattern is seen as in Section 5.1. Figure 5.4 (a) indicates that the WGS reaction

mainly took place in reactor A. It also shows a significant temperature increase because of

the moderately exothermic WGS reaction. Subsequently, temperature decreases towards the

outlet, which was observed at all reactors, because of heat losses. Also the most significant

October 2015 36 Matthias Binder



Long Term Performance of an Fe/Cr Based Water Gas Shift Catalyst Processing Tar-Rich Wood Gas

change of the concentrations of the reactive components took place in reactor A.

In comparison to the results in Section 5.1, the shape of the temperature profile of reac-

tor A from the operation with wood gas extracted upstream of the RME scrubber changed,

caused by the di↵erent flow conditions and the the di↵erent water content. Also profiles

from the operation with wood gas extracted upstream of the RME scrubber showed a higher

standard deviation. This can especially be seen in the temperature profile of reactor A. This

is primarily related to fluctuation in the wood gas water content upstream of the RME gas

scrubber caused by changing operating conditions of the DFB gasification plant. If processing

wood gas, extracted upstream of the RME scrubber, the WGS pilot unit is at the mercy of

the e↵ects of the wood gas water content.

In contrast, processing wood gas, extracted downstream of the RME scrubber, the wood

gas water content has no direct impact on the WGS pilot unit’s temperature profile because

there is a steady water content downstream of the RME scrubber.

In reactor B and reactor C, the WGS reaction is diminished. Figures 5.5 (a) and 5.6 (a) do

not indicate a temperature increase because of predominate head losses. There was also only

a very slight change of absolute concentrations of the reactive components. Table 5.5 shows

that there is still a significant WGS reaction taking place, if taking the carbon monoxide

conversion rate into account.
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(a) Temperature profile of reactor B
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(b) Reactive components of reactor B

Figure 5.5: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor B processing tar-rich wood gas, extracted upstream of the RME gas
scrubber for 2293 hours, excluding sections at partial load operation, based on [27].

October 2015 37 Matthias Binder



Long Term Performance of an Fe/Cr Based Water Gas Shift Catalyst Processing Tar-Rich Wood Gas

300#

350#

400#

450#

500#

0# 10# 20# 30# 40#

Te
m
pe

ra
tu
re
#in
#°C

#

Reactor#height#in#cm!

(a) Temperature profile of reactor C
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(b) Reactive components of reactor C

Figure 5.6: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor C processing tar-rich wood gas, extracted upstream of the RME gas
scrubber for 2293 hours, excluding sections at partial load operation, based on [27].
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The detailed average wood gas composition at the WGS pilot unit’s inlet and also the gas

composition at each reactor’s outlet during the 2293 hours of operation processing wood gas,

extracted upstream of the RME scrubber, is shown in Table 5.6. It summarizes the main gas

components as well es the sulfur components.

Table 5.6: The average concentrations of the main gas components and sulfur components along
the WGS pilot unit processing tar-rich wood gas, extracted upstream of the RME gas scrubber for
2293 hours. DL sulfur components: 0.3 mol.ppmdb, based on [27].

H2 CO CO2 CH4 C2Hy

mol.%db mol.%db mol.%db mol.%db mol.%db

Inlet WGS pilot unit 38.6 ± 1.5 24.9 ± 1.3 22.3 ± 1.2 10.1 ± 0.6 2.7 ± 0.3

Outlet reactor A 49.1 ± 1.3 4.1 ± 0.7 34.9 ± 1.0 8.6 ± 0.5 2.1 ± 0.2

Outlet reactor B 49.7 ± 1.3 2.3 ± 0.2 36.3 ± 0.8 8.4 ± 0.5 2.1 ± 0.2

Outlet WGS pilot unit 50.2 ± 1.3 1.6 ± 0.2 36.6 ± 0.8 8.3 ± 0.5 2.1 ± 0.2

N2 O2 H2S COS C4H4S

mol.%db mol.%db mol.ppmdb mol.ppmdb mol.ppmdb

Inlet WGS pilot unit 1.4 ± 0.6 0.08 ± 0.04 93.5 ± 16.9 3.2 ± 1.2 5.8 ± 1.9

Outlet reactor A 1.1 ± 0.4 0.03 ± 0.02 94.6 ± 16.0 BDL 5.1 ± 1.6

Outlet reactor B 1.2 ± 0.6 0.03 ± 0.01 93.0 ± 15.6 BDL 5.1 ± 1.6

Outlet WGS pilot unit 1.1 ± 0.5 0.03 ± 0.02 90.9 ± 16.5 BDL 5.2 ± 1.7

Although the GHSVwb for this point of operation with tar-rich wood gas, which was

extracted upstream of the RME gas scrubber is significantly higher as for the previous point

of operation with wood gas, which was extracted downstream of the RME gas scrubber, a CO

conversion of 92 % could be reached. The summarized results can be compared in Table 5.2

and Table 5.5. Especially, the dry flow rate should be highlighted, which was with a value of

1.24
m3

N,db

h the highest value measured within this work.
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The main statement of the long term test run is summarized in Figure 5.7. It shows the

temperature profiles along the first reactor (reactor A) after 500, 1000, 1500, and 2000 hours

of operation processing tar-rich wood gas, extracted upstream of the RME gas scrubber.

After the long term test run which lasted 2300 hours, the catalyst has faced more than

3200 hours of operation. No significant deactivation could be observed so far. Small variations

in temperature could be explained by varying wood gas composition. Strong deviations of the

temperature profiles could be explained by operating problems at the CHP plant. Frequently

the temperature shows a slight under swinging of the referenced temperature profile, which

was mainly caused by higher water content, or by the dilution with nitrogen. On the other

hand strong over swinging of the temperature rarely occurs, due to the presence of oxygen

in the wood gas.
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Figure 5.7: Temperature profiles of reactor A after 500, 1000, 1500, and 2000 hours of operation
processing wood gas, extracted upstream of the DFB biomass steam gasification plant’s RME gas
scrubber, based on [27].

Figure 5.8 illustrates the main gas components and Figure 5.9 illustrates the sulfur com-

ponents, each directly measured values (dry basis) over the time of operation. In order to

be able to state assumptions about performance, the increase of the volumetric dry gas flow

rate, shown in Table 5.5, needs to be taken into consideration.
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(b) Main gas composition at the outlet of reactor A
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(c) Main gas composition at the outlet of reactor B
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(d) Main gas composition at the outlet of reactor C

Figure 5.8: Main gas composition (dry basis) measured upstream and downstream at each of the three
WGS pilot unit’s reactors processing wood gas, extracted upstream of the RME gas scrubber during
the long term test run [27].
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(b) Main sulfur components at the outlet of reactor A
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(c) Main sulfur components at the outlet of reactor B
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(d) Main sulfur components at the outlet of reactor C

Figure 5.9: Main sulfur components (dry basis) measured upstream and downstream at each of the
three WGS pilot unit’s reactors processing wood gas, extracted upstream of the RME gas scrubber
during the long term test run [27].
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During this long term test run processing tar-rich wood gas, extracted upstream of the

DFB plant’s RME scrubber, two GCMS tar measurements and one ammonia measurement,

each time a WGS pilot unit’s inlet/outlet pair of samples, were performed.

First, the ammonia measurement is presented. Table 5.7 shows the measured values for the

inlet and the outlet concentration as well as the calculated ammonia conversion rate, defined

in 4.9 which takes the increase of the volumetric dry gas flow rate (shown in Tables 5.5) into

consideration. The measurement shows a decrease of the ammonia concentration along the

WGS pilot unit caused by dilution. However, there was nearly no conversion of ammonia along

the WGS pilot unit. Table 5.23 in Section 5.5 shows the results of all ammonia measurements

carried out.

Table 5.7: Result of the ammonia measurement at the WGS pilot unit’s inlet and outlet while process-
ing tar-rich wood gas, extracted upstream of the DFB gasification plant’s RME scrubber inmol.ppmdb,
based on [28].

Date Hours of Operation Inlet Outlet XNH3

April 2015 ⇠ 2050 h 2383 1869 0.03

Within this work, the influence of the WGS pilot unit on the amount of GCMS tar was

investigated. Figure 5.10 and Table 5.8 show the results of the GCMS tar measurement

performed after around 400 hours of the long term test run processing tar-rich wood gas, ex-

tracted upstream of the DFB plant’s RME scrubber, in January 2015. Figure 5.10 illustrates

the temperature profiles of the three WGS pilot unit’s reactors at the time of sampling and

the change of concentration of the three main GCMS tar substance groups without taking

the dilution e↵ect caused by the higher volumetric dry gas flow rate into account.

Table 5.8 shows the detected GCMS tar components and the classified GCMS tar sub-

stance groups in more detail. Measured values for the inlet and the outlet GCMS tar concen-

tration are shown as well as the calculated tar conversion rate, defined in 4.8 which takes the

increase of the volumetric dry gas flow rate (see Tables 5.5) into consideration. This GCMS

tar measurement, performed in January 2015, was the measurement with the highest GCMS

tar concentration. Table 5.8 indicates a conversion rate of the total GCMS tar of 11 %. The

aromatic compounds showed a conversion rate of 75%. On the other hand, there was an

increase of the amount of polycyclic aromatic hydrocarbons with a conversion rate of -7 %.

This was the only pair of GCMS tar measurements which showed this increase in polycyclic

aromatic hydrocarbons.
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(a) Temperature profiles of the three WGS pilot unit
reactors at the GCMS tar sampling.
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(b) Main GCMS tar substance groups.

Figure 5.10: Overview of the GCMS tar analysis (dry basis) in January 2015 during the long term
test run, measured at the inlet and at the outlet of the WGS pilot unit after ⇠400 hours of operation,
based on [28].
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Table 5.8: Detailed result of the GCMS tar measurement in January 2015 at the WGS pilot unit’s
inlet and outlet while processing wood gas, extracted upstream of the DFB gasification plant’s RME
scrubber in mg

m3
N,db

, GCMS tar DL 1 mg
m3

N,db
, based on [28].

January 2015 Inlet Outlet Xtar

Naphthalene 5804 4291 0.08

Styrene 272 32 0.85

1H-Indene 376 109 0.64

Phenylacetylene 47 BDL 0.96 to 1.00

Mesitylene BDL BDL —

Benzofuran 2 BDL 0.38 to 1.00

Dibenzofuran 48 36 0.07

1-Benzothiophene 7 5 0.11

2-Methylnaphthalene 57 38 0.17

1-Methylnaphthalene 34 25 0.09

Biphenyl 57 44 0.04

Acenaphthylene 835 47 0.93

Acenaphthene 24 506 -25.14

Anthracene 375 467 -0.54

Flouranthene 38 56 -0.83

Pyrene 29 44 -0.88

Flourene 71 56 0.02

Quinoline 6 4 0.17

Phenol 2 BDL 0.38 to 1.00

Isoquinoline 1 BDL 0.24 to 1.00

Cresol BDL BDL —

Phenanthrene 49 55 -0.39

4,5-Methylphenanthrene 11 14 -0.58

Indole BDL BDL —

Sorted into GCMS tar substance groups, compare Section 4.3.

Aromatic compounds 695 141 0.75

Naphthalenes 5895 4354 0.08

Others 59 41 0.14

Polycyclic aromatic hydrocarbons 1496 1293 -0.07

Total GCMS tar 8145 5829 0.11
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Figure 5.11 and Table 5.9 show the results of the GCMS tar measurement performed after

around 1700 hours of long term operation processing tar-rich wood gas, extracted upstream of

the DFB plant’s RME scrubber, in April 2015. The results of the GCMS tar measurements,

carried out in February and in March 2015 are presented in the following sections, regarding

the load conditions of operation at the time of sampling.
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(a) Temperature profiles of the three WGS pilot unit
reactors at the GCMS tar sampling.
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(b) Main GCMS tar substance groups.

Figure 5.11: Overview of the GCMS tar analysis (dry basis) in April 2015 during the long term test
run, measured at the inlet and at the outlet of the WGS pilot unit after ⇠2050 hours of operation,
based on [28].

Table 5.25 in Section 5.5 summarizes all results of a GCMS tar measurements at the WGS

pilot unit’s inlet and outlet while processing tar-rich wood gas, extracted upstream of the

DFB gasification plant’s RME scrubber.
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Table 5.9: Detailed result of the GCMS tar measurement in April 2015 at the WGS pilot unit’s
inlet and outlet while processing wood gas, extracted upstream of the DFB gasification plant’s RME
scrubber in mg

m3
N,db

, GCMS tar DL 1 mg
m3

N,db
, based on [28].

April 2015 Inlet Outlet Xtar

Naphthalene 2925 2069 0.12

Styrene 253 31 0.85

1H-Indene 220 39 0.78

Phenylacetylene 25 BDL 0.95 to 1.00

Mesitylene BDL BDL —

Benzofuran 2 2 -0.24

Dibenzofuran 6 4 0.17

1-Benzothiophene 5 3 0.26

2-Methylnaphthalene 28 15 0.34

1-Methylnaphthalene 19 10 0.35

Biphenyl 25 17 0.16

Acenaphthylene 196 3 0.98

Acenaphthene 26 122 -4.82

Anthracene 13 9 0.14

Flouranthene 3 4 -0.65

Pyrene 3 4 -0.65

Flourene 5 2 0.50

Quinoline 3 BDL 0.59 to 1.00

Phenol BDL BDL —

Isoquinoline BDL BDL —

Cresol BDL BDL —

Phenanthrene 1 1 -0.24

4,5-Methylphenanthrene BDL BDL —

Indole 4 BDL 0.69 to 1.00

Sorted into GCMS tar substance groups, compare Section 4.3.

Aromatic compounds 502 70 0.83

Naphthalenes 2972 2094 0.13

Others 13 9 0.14

Polycyclic aromatic hydrocarbons 275 162 0.14

Total GCMS tar 3762 2335 0.23
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5.3 DFB Biomass Steam Gasification Plant at Partial Load

Operation

This section provides the results of about 100 hours of steady partial load operation of the

DFB plant and the results of operation of the WGS pilot unit processing tar-rich wood gas,

extracted upstream the RME scrubber at this steady partial load operation of the DFB plant.

The partial load condition of the DFB steam gasification plant was caused by a technical

shortcoming in one of the two CHP plant’s gas engines. Consequently the wood gas produc-

tion was reduced to power only one gas engine. As a result, the amount of produced wood

gas was decreased form 2299.5 ± 78.3
m3

N,db

h to 1325.6 ± 90.3
m3

N,db

h . Furthermore, the water

content in the wood gas increased. This was caused by feeding the same amount of steam,

used as fluidization medium, and less biomass into the gasifier. During the full load operation

the wood gas water content was 39.9 mol.%wb. During the partial load operation the water

content of the wood gas increased to 46.3 mol.%wb. These values were calculated using the

the DFB plant’s data of the amount of condensate, which occurs at the DFB gasification

plant’s RME scrubber.

In this thesis, 100 hours of steady DFB biomass gasification plant’s operation at full load

conditions, Figure 5.12(a) and 100 hours of it’s partial load conditions, Figure 5.12(b) were

analyzed. Figure 5.12 illustrates the change in the main gas composition during the partial

load operation. The detailed average gas composition of both points of operation are shown

in Table 5.10.
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(a) Full load operation.
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(b) Partial load operation.

Figure 5.12: Main wood gas composition (dry basis) at full load operation of the DFB biomass steam
gasification plant (a) and at partial load operation of the DFB biomass steam gasification plant (b).
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Table 5.10: The average concentrations of the main gas components and sulfur components during
100 hours of full load operation and 100 hours of partial load operation of the DFB biomass steam
gasification plant Oberwart, Austria, based on [26].

H2 CO CO2 CH4 C2Hy

mol.%db mol.%db mol.%db mol.%db mol.%db

Full load 38.4 ± 0.5 24.8 ± 0.6 22.3 ± 0.6 10.1 ± 0.2 2.9 ± 0.2

Partial load 37.1 ± 0.9 22.7 ± 0.6 25.2 ± 0.7 10.4 ± 0.4 2.5 ± 0.3

N2 O2 H2S COS C4H4S

mol.%db mol.%db mol.ppmdb mol.ppmdb mol.ppmdb

Full load 1.5 ± 0.7 0.08 ± 0.01 103 ± 09 3.3 ± 0.3 8.5 ± 1.0

Partial load 2.0 ± 0.7 0.08 ± 0.02 101 ± 09 1.5 ± 0.5 4.7 ± 0.8

The data, generated during the DFB biomass gasification plant’s partial load operation,

serves as a basis for a conference publication which has been carried out in collaboration with

Kraussler et al. [26].

During the examined period, the average gasifier temperature was 867 �C at full load

operation and 876 �C at partial load operation. Even though the gasifier temperature is

higher during partial load, the change of wood gas composition is quite the opposite, which

can be found in literature [11, 19].

In Figure 5.13, the influence of the gasifier temperature on the wood gas composition

is shown. On the one hand, with increasing gasifier temperature, hydrogen and carbon

monoxide concentrations are increasing. On the other hand carbon, dioxide and methane are

decreasing.

gas composition 
 

As known from literature, the gas composition depends mainly on the used fuel, on 

the temperature and on the steam-fuel ratio [4,8,9]. The gas composition depends also 

on the residence time, but in all experiments the residence time was kept as constant 

as possible. Therefore in the following diagrams the dependency of the dry product 

gas composition to these parameters is shown. The nitrogen content for all 

experiments was below 5 vol% and is not shown in the diagrams. The rest to 100 % is 

nitrogen and higher hydrocarbons. From the gaschromatographic analysis it can be 

seen, that the main component of the these hydrocarbons is ethene. 
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From the diagram “product gas composition dependency of temperature” it can be 

seen, that with increasing temperature the hydrogen and carbon monoxide 

concentrations are increasing and the carbon dioxide and methane concentrations are 

decreasing with increasing temperature. The reasons for these dependencies are, that 

the reactions at higher temperatures are faster and the gas composition is nearer to 

equilibrium. 

In the next two diagrams the gas composition in dependency on the steam-fuel ratio is 

shown. For temperatures between 800 and 850°C the hydrogen and carbon dioxide 

contents are increasing with a higher steam-fuel ratio. Carbon monoxide is decreasing 

and methane is almost constant. In the temperature area between 850 and 900°C the 

same tendencies can be seen, the only difference is, that the gradient of hydrogen is 

higher and methane is decreasing with higher steam-fuel ratio. 

With the results of these measurements the gas composition of the product gas can be 

calculated for different steam-fuel ratios and temperatures. The next step will be to 

improve the model of the gasifier on basis of this measurements. 

 

Figure 5.13: Dependency of the wood gas composition on the gasifier’s temperature using the DFB
biomass steam gasification technology [11].
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Another impact on the wood gas composition is the water content. During partial load

operation, the water content in the wood gas is higher, which leads to a higher steam to fuel

ratio. In Figure 5.14, the dependency of the gas composition on the steam to fuel ratio for a

temperature range between 850 to 900 �C is shown.
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product gas composition dependency on steam-fuel ratio (850-900°C)
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tar content 
 
As known from previous experiments the tar content depends strongly on the 
gasification temperature. Here the dependency of the tar content to the steam-fuel 
ratio was studied. In the first diagram the dependency of the tar content on the steam-
fuel ratio is shown. It can be seen, that with increasing steam-fuel ratio the tar content 
is decreasing.  

Figure 5.14: Dependency of the wood gas composition on the steam to fuel ration using the DFB
biomass steam gasification technology [11].

Those tendencies show more consistency with the wood gas composition, recorded during

the partial load operation. This leads to the conclusion that the change of the wood gas

composition during the partial load operation is mainly caused by the higher water content,

respectively the higher steam ratio.

During this DFB biomass steam gasification plant’s partial load operation the WGS pilot

unit was operated with the same settings as for the long term test run. The constant water

addition in combination with the higher wood gas water content, led to a STDGR of more

than 1.9, shown in Table 5.11.

In addition, also caused by the lower amount of carbon monoxide in the wood gas, the

STCOR even increased to 8.45. The performance of the WGS pilot unit, expressed by using

the carbon monoxide conversion, is in the same range as operating at full load operation and

therefore, not a↵ected by the higher steam content. Table 5.12 shows the carbon monoxide

conversion and other results of this point of operation.
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Table 5.11: Operating conditions of the WGS pilot unit processing tar-rich wood gas, extracted
upstream of the RME gas scrubber, at partial load operation of the DFB biomass steam gasification
plant for 100 hours. All figures are given for the WGS pilot unit’s inlet, based on [26].

Overall catalyst volume 7.8 L

Catalyst volume per reactor 2.6 L

Water content wood gas 46.3 mol.%wb

Water content inlet WGS pilot unit 65.7 mol.%wb

Volumetric flow rate dry 1.11
m3

N,db

h

Volumetric flow rate wet 3.24
m3

N,wb

h

STDGR 1.92 -

STCR 3.15 -

STCOR 8.45 -

Temperature setpoint inlet each reactor 350 �C

GHSVwb overall 415 h�1

GHSVwb per reactor 1246 h�1

Table 5.12: Results of the WGS pilot unit operation processing tar-rich wood gas, extracted upstream
of the RME gas scrubber, at partial load operation of the DFB biomass steam gasification plant for
100 hours. Operating conditions according to Table 5.4, based on [26]

GHSVwb �V̇db H2rec XCO

Outlet reactor A 1246 h�1 1.19 1.50 0.78

Outlet reactor B 623 h�1 1.21 1.56 0.88

Outlet WGS pilot unit 415 h�1 1.21 1.68 0.92

By taking a closer look at the temperature profile of reactor A, illustrated in Figure 5.15(a),

it can be seen that the temperature increased to 400 �C. In comparison, at full load oper-

ation, the temperature in reactor A increased significantly higher caused by the higher CO

amount and consequently more heat of WGS reaction.

Figures 5.16 and 5.17 show the temperature profiles of reactor B and reactor C as well

as the changes of the reactive WGS components in reactor B and reactor C. Again, caused

of the already low carbon monoxide content downstream reactor A, there is no noticeable

temperature increase in reactor B and reactor C. Also the changes in the reactive WGS

components along those two reactors are insignificant.

The detailed average wood gas composition at the WGS pilot unit’s inlet and at each

reactor’s outlet, processing wood gas, extracted upstream of the RME scrubber during partial

load operation of the DFB gasification plant, is shown in Table 5.18.
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(a) Temperature profile of reactor A
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(b) Reactive components of reactor A

Figure 5.15: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor A processing tar-rich wood gas, extracted upstream of the RME gas
scrubber, at partial load operation of the DFB biomass steam gasification plant for 100 hours, based
on [26].
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(a) Temperature profile of reactor B
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(b) Reactive components of reactor B

Figure 5.16: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor B processing tar-rich wood gas, extracted upstream of the RME gas
scrubber, at partial load operation of the DFB biomass steam gasification plant for 100 hours, based
on [26].
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(a) Temperature profile of reactor C
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(b) Reactive components of reactor C

Figure 5.17: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor C processing tar-rich wood gas, extracted upstream of the RME gas
scrubber, at partial load operation of the DFB biomass steam gasification plant for 100 hours, based
on [26].

Table 5.13: The average concentrations of the main gas components and sulfur components along the
WGS pilot unit processing tar-rich wood gas, extracted upstream of the RME gas scrubber, at partial
load operation of the DFB biomass steam gasification plant for 100 hours. DL sulfur components:
0.3 mol.ppmdb, based on [26].

H2 CO CO2 CH4 C2Hy

mol.%db mol.%db mol.%db mol.%db mol.%db

Inlet WGS pilot unit 37.1 ± 0.9 22.7 ± 0.6 25.2 ± 0.7 10.4 ± 0.4 2.5 ± 0.3

Outlet reactor A 47.1 ± 1.0 4.3 ± 0.5 36.2 ± 0.6 8.9 ± 0.3 2.0 ± 0.2

Outlet reactor B 47.9 ± 1.0 2.3 ± 0.1 37.5 ± 0.7 8.7 ± 0.3 2.0 ± 0.2

Outlet WGS pilot unit 48.1 ± 0.8 1.5 ± 0.1 38.1 ± 0.4 8.7 ± 0.3 1.9 ± 0.2

N2 O2 H2S COS C4H4S

mol.%db mol.%db mol.ppmdb mol.ppmdb mol.ppmdb

Inlet WGS pilot unit 2.0 ± 0.7 0.08 ± 0.02 101 ± 09 1.5 ± 0.5 4.7 ± 0.8

Outlet reactor A 1.5 ± 0.5 0.03 ± 0.01 104 ± 11 BDL 4.0 ± 0.7

Outlet reactor B 1.6 ± 0.7 0.03 ± 0.01 101 ± 18 BDL 3.8 ± 1.2

Outlet WGS pilot unit 1.6 ± 0.5 0.03 ± 0.01 106 ± 10 BDL 3.9 ± 0.7
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One GCMS tar measurement and one ammonia measurement, each time a WGS pilot

unit’s inlet/outlet pair of samples, was performed during the DFB plant operated at partial

load operation.

Table 5.14 shows the result and the conversion rate of the ammonia measurements carried

out at partial load operation of the DFB biomass steam gasification plant. The calculated

ammonia conversion rate considers the increase of the volumetric dry gas flow rate shown in

Table 5.12. Ammonia was not converted in the WGS pilot unit.

Table 5.14: Result of the ammonia measurement at the WGS pilot unit’s inlet and outlet while
processing tar-rich wood gas, extracted upstream of the DFB gasification plant’s RME scrubber, at
partial load operation of the DFB biomass steam gasification plant in mol.ppmdb, based on [28].

Date Hours of Operation Inlet Outlet XNH3

February 2015 ⇠ 1200 h 3395 2840 -0.01

Figure 5.18 and Table 5.15 show the results of the GCMS tar measurement performed

after around 1200 hours of long term operation at partial load operation of the DFB biomass

steam gasification plant, in February 2015.

300#

350#

400#

450#

500#

0# 10# 20# 30# 40#

Te
m
pe

ra
tu
re
#in
#°C

#

Reactor#hight#in#cm#

TA# TB# TC#

(a) Temperature profiles of the three WGS pilot unit
reactors at the GCMS tar sampling.
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(b) Main GCMS tar substance groups.

Figure 5.18: Overview of the GCMS tar analysis (dry basis) in February 2015 during the long term
test run, measured at the inlet and at the outlet of the WGS pilot unit after ⇠1200 hours of operation,
based on [28].

The GCMS tar analysis for the tar sample at partial load operation of the DFB biomass

steam gasification plant showed a comparative low amount of Styrene and 1H-Indene. In

general, it seems that the partial load operation condition of the DFB plant did not a↵ect

the amount of total GCMS tar.
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Table 5.15: Detailed result of the GCMS tar measurement in February 2015 at the WGS pilot unit’s
inlet and outlet while processing wood gas, extracted upstream of the DFB gasification plant’s RME
scrubber in mg

m3
N,db

, GCMS tar DL 1 mg
m3

N,db
, based on [28].

February 2015 Inlet Outlet Xtar

Naphthalene 3822 2870 0.09

Styrene 166 38 0.72

1H-Indene 138 65 0.43

Phenylacetylene 25 BDL 0.95 to 1.00

Mesitylene BDL BDL —

Benzofuran BDL BDL —

Dibenzofuran 8 7 -0.06

1-Benzothiophene 7 5 0.14

2-Methylnaphthalene 26 21 0.02

1-Methylnaphthalene 18 15 -0.01

Biphenyl 24 21 -0.06

Acenaphthylene 233 6 0.97

Acenaphthene 37 190 -5.21

Anthracene 118 46 0.53

Flouranthene 33 18 0.34

Pyrene 30 17 0.31

Flourene 9 6 0.19

Quinoline 1 BDL —

Phenol BDL BDL —

Isoquinoline BDL BDL —

Cresol BDL BDL —

Phenanthrene 11 4 0.56

4,5-Methylphenanthrene 4 2 0.40

Indole BDL BDL —

Sorted into GCMS tar substance groups, compare Section 4.3.

Aromatic compounds 329 103 0.62

Naphthalenes 3866 2906 0.09

Others 15 12 0.03

Polycyclic aromatic hydrocarbons 500 310 0.25

Total GCMS tar 4710 3331 0.14
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5.4 WGS Pilot Unit at Partial Load Operation

Within this section, the results of 320 hours of WGS partial load operation are presented.

This period, characterized by a reduced wood gas flow rate through the WGS pilot unit, took

place during the long term test run, described in detail in Section 5.2.

The reduced wood gas flow rate through the WGS pilot unit was caused by a technical

defect in the WGS pilot unit’s gas membrane pump. During this period, the amount of

added steam was reduced, in order to set the same STDGR as during the long term test run

(compare Table 5.4 and Table 5.16). This results in a lower GHSVwb.

Table 5.16: Operating conditions of the WGS pilot unit processing wood gas, extracted upstream of
the RME gas scrubber, at partial load operation of the WGS pilot unit for 320 hours. All figures are
given for the WGS pilot unit’s inlet.

Overall catalyst volume 7.8 L

Catalyst volume per reactor 2.6 L

Water content wood gas 39.9 mol.%wb

Water content inlet WGS pilot unit 61.4 mol.%wb

Volumetric flow rate dry 0.81
m3

N,db

h

Volumetric flow rate wet 2.11
m3

N,wb

h

STDGR 1.59 -

STCR 2.68 -

STCOR 6.27 -

Temperature setpoint 350 �C

GHSVwb overall 271 h�1

GHSVwb per reactor 812 h�1

The results of the WGS pilot unit operation processing wood gas with this low GHSVwb

are summarized in Table 5.17. Even though the GHSVwb is significantly lower, the perfor-

mance of the WGS pilot unit is nearly the same, as shown in Table 5.5 and Table 5.17.

Table 5.17: Results of the WGS pilot unit operation processing tar-rich wood gas, extracted upstream
of the RME gas scrubber, at partial load operation of the WGS pilot unit for 320 hours. Operating
conditions according to Table 5.16.

GHSVwb �V̇db H2rec XCO

Outlet reactor A 812 h�1 1.20 1.52 0.78

Outlet reactor B 541 h�1 1.22 1.57 0.89

Outlet WGS pilot unit 271 h�1 1.23 1.60 0.93

The majority of the WGS reaction takes place in reactor A, as illustrated in Figure 5.19.

There is a significant increase of the reactor temperature which indicates the presence of

the WGS reaction, as observed in the points of operation described in the previous sections.

Because of the lower CO amount and the associated less heat of reaction, the temperature

October 2015 56 Matthias Binder



Long Term Performance of an Fe/Cr Based Water Gas Shift Catalyst Processing Tar-Rich Wood Gas

increase is considerably less than at full load operation of the WGS pilot unit (compare

Figure 5.4). Furthermore, the heat losses become the majority and temperature distinctly

decreases with reactor height. Especially the temperature profiles of reactor B, Figure 5.20,

and reactor C, Figure 5.21, show a fast decrease of temperature, caused by the predominant

heat losses.
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(a) Temperature profile of reactor A
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(b) Reactive components of reactor A

Figure 5.19: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor A processing tar-rich wood gas, extracted upstream of the RME gas
scrubber, at partial load operation of the WGS pilot unit for 320 hours.

If the results from Section 5.1 and the results from the current section are compared,

it can be seen that the GHSVwb is nearly the same. On the other hand, the STDGR is

at WGS pilot unit’s partial load operation higher. This leads to a reduced dry gas flow

rate and consequently less CO amount and the resulting less heat of reaction, even if the

carbon monoxide conversion rates in Table 5.17 are slightly higher compared to the results in

Table 5.2. Therefore, the maximum temperatures in Figures 5.19 to 5.21 are lower, because

the heat losses were more dominant than at the operating conditions found in Section 5.1.

Table 5.18 shows the detailed average wood gas composition at the WGS pilot unit’s inlet

and also the gas composition at each reactor’s outlet during the WGS pilot unit’s partial load

operation.

Comparing theWGS plant’s results from di↵erent load operation, no significant di↵erences

regarding the performance and operating behavior could be observed. Consequently, nearly

the same carbon monoxide conversion was reached. This leads to the conclusion that the

WGS pilot unit and its Fe/Cr based catalyst performed well with a steady CO conversion

above 91 %, even at partial load operation of the WGS pilot unit. Those results should
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(a) Temperature profile of reactor B

0"

10"

20"

30"

40"

50"

60"

H2" CO" CO2"
Co

nc
en

tr
a3

on
"in
"m

ol
."%

"

Inlet" Outlet"

(b) Reactive components of reactor B

Figure 5.20: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor B processing tar-rich wood gas, extracted upstream of the RME gas
scrubber, at partial load operation of the WGS pilot unit for 320 hours.
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(a) Temperature profile of reactor C
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(b) Reactive components of reactor C

Figure 5.21: The average temperature profile and the average concentration (dry basis) of the reactive
WGS components for reactor C processing tar-rich wood gas, extracted upstream of the RME gas
scrubber, at partial load operation of the WGS pilot unit for 320 hours.
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Table 5.18: The average concentrations of the main gas components and sulfur components along the
WGS pilot unit processing tar-rich wood gas, extracted upstream of the RME gas scrubber, at partial
load operation of the WGS pilot unit for 320 hours. DL sulfur components: 0.3 mol.ppmdb

H2 CO CO2 CH4 C2Hy

mol.%db mol.%db mol.%db mol.%db mol.%db

Inlet WGS pilot unit 39.2 ± 0.9 25.4 ± 1.0 21.9 ± 0.9 9.6 ± 0.3 2.6 ± 0.2

Outlet reactor A 49.5 ± 0.9 4.7 ± 0.7 34.4 ± 0.9 8.2 ± 0.3 2.2 ± 0.2

Outlet reactor B 50.3 ± 1.0 2.3 ± 0.2 36.2 ± 0.5 8.0 ± 0.4 2.1 ± 0.2

Outlet WGS pilot unit 50.8 ± 0.8 1.5 ± 0.1 36.7 ± 0.5 7.9 ± 0.5 2.1 ± 0.2

N2 O2 H2S COS C4H4S

mol.%db mol.%db mol.ppmdb mol.ppmdb mol.ppmdb

Inlet WGS pilot unit 1.2 ± 0.6 0.06 ± 0.01 90.6 ± 8.8 2.2 ± 0.7 4.9 ± 0.9

Outlet reactor A 1.0 ± 0.4 0.03 ± 0.04 89.5 ± 7.8 BDL 4.3 ± 0.6

Outlet reactor B 1.1 ± 0.5 0.02 ± 0.01 85.2 ± 12.2 BDL 4.0 ± 0.5

Outlet WGS pilot unit 1.0 ± 0.5 0.02 ± 0.00 83.4 ± 18.2 BDL 4.0 ± 0.5

provide the basis for further research activity in future aiming for a higher GHSVwb and less

steam excess.

Table 5.19 shows the result of the ammonia measurement carried out at partial load

operation of the WGS pilot unit. In addition, the ammonia conversion rate, based on the

increase of the volumetric dry gas flow rate (see Table 5.17), through the WGS pilot unit is

shown.

Table 5.19: Result of the ammonia measurement at the WGS pilot unit’s inlet and outlet while
processing tar-rich wood gas, extracted upstream of the DFB gasification plant’s RME scrubber, at
partial load operation of the WGS pilot unit in mol.ppmdb, based on [28].

Date Hours of Operation Inlet Outlet XNH3

March 2015 ⇠ 1700 h 1924 1460 0.07
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Figure 5.22 and Table 5.20 show the results of the GCMS tar measurement performed

after around 1700 hours of long term operation at partial load operation of the WGS pilot

unit, in March 2015.

This GCMS tar measurement of tar-rich wood gas, extracted upstream of the DFB gasi-

fication plant’s RME scrubber showed the lowest value. The correlation between measured

total amount of GCMS tar and time of nonstop operation of the DFB biomass steam gasi-

fication plant is discussed in Section 5.5. Table 5.24 in Section 5.5 shows the results of all

GCMS tar measurements carried out (January 2015 to April 2015) and results from previous

measurements. All those tar samples were taken from tar-rich wood gas upstream of the

DFB plant’s gas scrubber.

The conversion rate of total GCMS tar was 15 % at partial load operation of the WGS

pilot unit. Compared to full load operation of the WGS pilot unit, which showed a conversion

rate of total GCMS tar of 11 % to 23 %, it seems that the lower GHSVwb at partial load

operation of the WGS pilot unit did not significant a↵ect the GCMS tar reduction.
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(a) Temperature profiles of the three WGS pilot unit
reactors at the GCMS tar sampling.
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(b) Main GCMS tar substance groups.

Figure 5.22: Overview of the GCMS tar analysis (dry basis) in March 2015 during the long term test,
measured run at the inlet and at the outlet of the WGS pilot unit after ⇠1700 hours of operation,
based on [28].
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Table 5.20: Detailed result of the GCMS tar measurement in March 2015 at the WGS pilot unit’s
inlet and outlet while processing wood gas, extracted upstream of the DFB gasification plant’s RME
scrubber in mg

m3
N,db

, GCMS tar DL 1 mg
m3

N,db
, based on [28].

March 2015 Inlet Outlet Xtar

Naphthalene 2060 1595 0.05

Styrene 190 20 0.87

1H-Indene 165 47 0.65

Phenylacetylene 24 BDL 0.95 to 1.00

Mesitylene 1 7 -7.61

Benzofuran 2 2 -0.23

Dibenzofuran 5 5 -0.23

1-Benzothiophene 5 3 0.26

2-Methylnaphthalene 22 19 -0.06

1-Methylnaphthalene 15 13 -0.07

Biphenyl 15 12 0.02

Acenaphthylene 128 7 0.93

Acenaphthene 17 103 -6.45

Anthracene 19 15 0.03

Flouranthene 8 6 0.08

Pyrene 7 6 -0.05

Flourene 5 5 -0.23

Quinoline 1 1 -0.23

Phenol 2 2 -0.23

Isoquinoline BDL BDL —

Cresol BDL BDL —

Phenanthrene 4 3 0.08

4,5-Methylphenanthrene 2 2 -0.23

Indole BDL BDL —

Sorted into GCMS tar substance groups, compare Section 4.3.

Aromatic compounds 380 74 0.76

Naphthalenes 2097 1627 0.05

Others 14 12 -0.05

Polycyclic aromatic hydrocarbons 206 160 0.04

Total GCMS tar 2697 1873 0.15
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5.5 Summary of the Experimental Results

This section provides an overview of the four WGS pilot unit points of operation, which were

investigated and discussed in detail in the previous sections:

• Operating point 1 Processing wood gas, extracted downstream of the DFB plant’s

RME scrubber. (Section 5.1)

• Operating point 2 Processing tar-rich wood gas, extracted upstream of the DFB

plant’s RME scrubber. (Section 5.2)

• Operating point 3 Processing tar-rich wood gas, extracted upstream of the DFB

plant’s RME scrubber, at partial load operation of the DFB biomass steam gasification

plant. (Section 5.3)

• Operating point 4 Processing tar-rich wood gas, extracted upstream of the DFB

plant’s RME scrubber, at partial load operation of the WGS pilot unit. (Section 5.4)

Table 5.21 gives a summary of the WGS pilot unit operating points. In operating point 1

wood gas, extracted downstream of the DFB plant’s RME scrubber was processed. In oper-

ation points 2 to 4 tar-rich wood gas, extracted upstream of the DFB plant’s RME scrubber

was processed. To minimize the possibility of coking and carbon deposition on the surface

of the catalyst, the WGS pilot unit was operated with a significant excess of steam. Because

of this, the STDGR for operating points 2 to 4 was significantly higher, than for operating

point 1. The WGS pilot unit has proven to be reliable and robust, even partial load operation

did not a↵ect the performance in a negative way.

Table 5.21: Overview of the results and operation conditions of the WGS pilot unit for each point of
operation, based on [23, 26, 27].

Operating point 1 2 3 4

GHSVwb 286 415 415 271 h�1

V̇db 1.02 1.24 1.11 0.81
m3

N,db

h

STDGR 1.18 1.61 1.92 1.59 -

STCOR 5.05 6.46 8.45 6.27 -

�V̇db 1.21 1.24 1.21 1.23 -

H2rec 1.56 1.61 1.68 1.60 -

XCO 0.92 0.92 0.92 0.93 -

Figure 5.23 shows the temperature profiles of reactor A at each operating point. The

temperature profile of operating point 1 showed the most significant di↵erence, caused by

di↵erent flow conditions and the comparatively low STDGR. The temperature profiles of

operation points 2 to 4 showed the same shape. The maximum temperature varied, depending

on the volumetric dry gas flow rate and, consequently, on the amount of carbon monoxide

and the related heat of the exothermic WGS reaction.
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(c) Operating point 3
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(d) Operating point 4

Figure 5.23: Overview of the average temperature profiles for reactor A at each point of operation,
based on [23, 26, 27].
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During the long term test run of the WGS pilot unit, processing tar-rich wood gas ex-

tracted upstream of the DFB gasification plant’s RME scrubber, GCMS tar and ammonia

measurements were performed. Table 5.22 shows the load conditions and the corresponding

hours of operation.

Table 5.22: Load conditions of operation and approximate hours of operation of the long term test
run processing tar-rich wood gas extracted upstream of the DFB plant’s RME gas scrubber, based
on [28].

Sample Date
Hours of Operating Load conditions Load conditions

operation point DFB plant WGS pilot unit

GCMS Tar January 2015 ⇠ 400 h 2 full full

GCMS Tar and NH3 February 2015 ⇠ 1200 h 3 partial full

GCMS Tar and NH3 March 2015 ⇠ 1700 h 4 full partial

GCMS Tar and NH3 April 2015 ⇠ 2050 h 2 full full

Table 5.23 illustrates the results of the ammonia measurements which were carried out.

The calculated ammonia conversion rate is based on the increase of the volumetric dry gas flow

rate shown in Table 5.21. The measurement showed a decrease of the ammonia concentration

along the WGS pilot unit caused by dilution, but there was no significant conversion of

ammonia along the WGS pilot unit.

Table 5.23: Results of the ammonia measurements at the WGS pilot unit’s inlet and outlet, while
processing tar-rich wood gas, extracted upstream of the DFB gasification plant’s RME scrubber in
mol.ppmdb, based on [28].

Date Hours of operation Operating point Inlet Outlet XNH3

February 2015 ⇠ 1200 h 3 3395 2840 -0.01

March 2015 ⇠ 1700 h 4 1924 1460 0.07

April 2015 ⇠ 2050 h 2 2383 1869 0.03

Table 5.24 shows the results of the GCMS tar measurements which were carried out

(January 2015 to April 2015) and results from previous measurements. All those tar samples

were taken from tar-rich wood gas upstream of the DFB plant’s RME gas scrubber.

If taking a closer look at the total GCMS tar value from the measurements of Jan-

uary 2015, February 2015 and March 2015 it can be seen, that the amount of total GCMS

tar continuously decreased. In December 2014, the DFB biomass steam gasification plant

did not operate for a couple of days. After restarting the DFB plant at the end of December

2014, also the long term test run was started.

The tar sample, taken in January 2015, shows the highest amount of GCMS tar. The

amount of GCMS tar successively decreased in the samples taken in February 2015 and March

2015. This is closely associated with the operating time of the DFB gasification plant. In

the end of March 2015, again the DFB biomass steam gasification plant did not operate for

a couple of days. The next GCMS tar measurement performed in April 2015 shows again

October 2015 64 Matthias Binder



Long Term Performance of an Fe/Cr Based Water Gas Shift Catalyst Processing Tar-Rich Wood Gas

a higher value than the measurement before the plant’s stop. This values suggest that the

amount of GCMS tar is related to the DFB biomass steam gasification plant’s non stop

operating time, or to some acting of the plant operator during the period of non-operation.

Kirnbauer et al. showed in [22] the catalytic e↵ects of fresh olivine and used olivine on tar

reduction. This GCMS tar behavior, in combination with the DFB gasification plant’s start-

up and shutdown operations and, consequently, bed material handling should be investigated

in more detail in the future.

Table 5.25 summarizes the results of the GCMS tar measurements at the WGS pilot

unit’s inlet and outlet while processing tar-rich wood gas, extracted upstream of the DFB

gasification plant’s RME scrubber. The results indicate a hydrogenation of some tar species.

Particularly, the hydrogenation of acenaphthylene to acenaphthene. Acenaphthylene is re-

duced from 835 to 47 mg
m3

N,db
, which corresponds to a conversion rate of 93 % and on the other

hand the amount of acenaphthene increased from 24 to 506 mg
m3

N,db
, which corresponds to a

conversion rate of -2514 %. The aspect of hydrogenation of some tar species can be seen at

all GCMS tar measurements carried out.
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Table 5.24: Detailed results of the GCMS tar measurements of tar-rich wood gas extracted upstream of the DFB gasification plant’s RME scrubber
in mg

m3
N,db

, GCMS tar DL 1 mg
m3

N,db
, including results from [7, 28], and Robert Bardolf.

Operating point — — — 2 3 4 2
Date Aug 2013 Feb 2014 Apr 2014 Jan 2015 Feb 2015 Mar 2015 Apr 2015

Naphthalene 6999 2855 6209 5804 3822 2060 2925
Styrene 401 202 249 272 166 190 253

1H-Indene 403 292 147 376 138 165 220
Phenylacetylene 29 32 31 47 25 24 25

Mesitylene BDL BDL BDL BDL BDL 1 BDL
Benzofuran 6 BDL BDL 2 BDL 2 2
Dibenzofuran 56 14 8 48 8 5 6

1-Benzothiophene 7 6 9 7 7 5 5
2-Methylnaphthalene 84 62 28 57 26 22 28
1-Methylnaphthalene 49 40 20 34 18 15 19

Biphenyl 105 41 34 57 24 15 25
Acenaphthylene 1570 383 320 835 233 128 196
Acenaphthene 68 32 35 24 37 17 26
Anthracene 527 60 11 375 118 19 13
Flouranthene 46 6 BDL 38 33 8 3

Pyrene 40 6 BDL 29 30 7 3
Flourene 118 31 8 71 9 5 5
Quinoline 11 3 BDL 6 1 1 3
Phenol 2 2 BDL 2 BDL 2 BDL

Isoquinoline 3 BDL BDL 1 BDL BDL BDL
Cresol BDL BDL BDL BDL BDL BDL BDL

Phenanthrene 45 4 1 49 11 4 1
4,5-Methylphenanthrene 14 2 BDL 11 4 2 BDL

Indole 5 1 BDL BDL BDL BDL 4
Sorted into GCMS tar substance groups, compare Section 4.3.

Aromatic compounds 838 527 427 695 329 380 502
Naphthalenes 7132 2957 6257 5895 3866 2097 2972

Others 71 22 17 59 15 14 13
Polycyclic aromatic hydrocarbons 2547 568 409 1496 500 206 275

Total GCMS tar 10588 4074 7110 8145 4710 2697 3762



Table 5.25: Detailed results of the GCMS tar measurements at the WGS pilot unit’s inlet and outlet while processing tar-rich wood gas, extracted
upstream of the DFB gasification plant’s RME scrubber in mg

m3
N,db

, GCMS tar DL 1 mg
m3

N,db
, based on [28].

January 2015, Operating point 2 February 2015, Operating point 3 March 2015, Operating point 4 April 2015, Operating point 2
Inlet Outlet Xtar Inlet Outlet Xtar Inlet Outlet Xtar Inlet Outlet Xtar

Naphthalene 5804 4291 0.08 3822 2870 0.09 2060 1595 0.05 2925 2069 0.12
Styrene 272 32 0.85 166 38 0.72 190 20 0.87 253 31 0.85

1H-Indene 376 109 0.64 138 65 0.43 165 47 0.65 220 39 0.78
Phenylacetylene 47 BDL 0.96 to 1.00 25 BDL 0.95 to 1.00 24 BDL 0.95 to 1.00 25 BDL 0.95 to 1.00

Mesitylene BDL BDL — BDL BDL — 1 7 -7.61 BDL BDL —
Benzofuran 2 BDL 0.38 to 1.00 BDL BDL — 2 2 -0.23 2 2 -0.24
Dibenzofuran 48 36 0.07 8 7 -0.06 5 5 -0.23 6 4 0.17

1-Benzothiophene 7 5 0.11 7 5 0.14 5 3 0.26 5 3 0.26
2-Methylnaphthalene 57 38 0.17 26 21 0.02 22 19 -0.06 28 15 0.34
1-Methylnaphthalene 34 25 0.09 18 15 -0.01 15 13 -0.07 19 10 0.35

Biphenyl 57 44 0.04 24 21 -0.06 15 12 0.02 25 17 0.16
Acenaphthylene 835 47 0.93 233 6 0.97 128 7 0.93 196 3 0.98
Acenaphthene 24 506 -25.14 37 190 -5.21 17 103 -6.45 26 122 -4.82
Anthracene 375 467 -0.54 118 46 0.53 19 15 0.03 13 9 0.14
Flouranthene 38 56 -0.83 33 18 0.34 8 6 0.08 3 4 -0.65

Pyrene 29 44 -0.88 30 17 0.31 7 6 -0.05 3 4 -0.65
Flourene 71 56 0.02 9 6 0.19 5 5 -0.23 5 2 0.50
Quinoline 6 4 0.17 1 BDL — 1 1 -0.23 3 BDL 0.59 to 1.00
Phenol 2 BDL 0.38 to 1.00 BDL BDL — 2 2 -0.23 BDL BDL —

Isoquinoline 1 BDL 0.24 to 1.00 BDL BDL — BDL BDL — BDL BDL —
Cresol BDL BDL — BDL BDL — BDL BDL — BDL BDL —

Phenanthrene 49 55 -0.39 11 4 0.56 4 3 0.08 1 1 -0.24
4,5-Methylphenanthrene 11 14 -0.58 4 2 0.40 2 2 -0.23 BDL BDL —

Indole BDL BDL — BDL BDL — BDL BDL — 4 BDL 0.69 to 1.00
Sorted into GCMS tar substance groups, compare Section 4.3.

Aromatic compounds 695 141 0.75 329 103 0.62 380 74 0.76 502 70 0.83
Naphthalenes 5895 4354 0.08 3866 2906 0.09 2097 1627 0.05 2972 2094 0.13

Others 59 41 0.14 15 12 0.03 14 12 -0.05 13 9 0.14
Polycyclic aromatic

1496 1293 -0.07 500 310 0.25 206 160 0.04 275 162 0.14
hydrocarbons

Total GCMS tar 8145 5829 0.11 4710 3331 0.14 2697 1873 0.15 3762 2335 0.23



Chapter 6

Conclusions and Outlook

Producing hydrogen from biomass via thermochemical route is a promising technology for

future decarbonized applications. Especially the DFB steam gasification, using wood chips

or other biomass as feedstock and generating a high calorific wood gas with about 40 mol.%db

hydrogen content seems to be an ideal basis for further gas conditioning using a WGS unit

in order to increase the hydrogen yield.

Within this thesis, a WGS pilot unit which employed a commercial Fe/Cr based catalyst

was investigated. The pilot unit was processing wood gas from an industrial scale DFB

biomass steam gasification plant. Therefore, two test runs, one short term test run for about

100 hours with wood gas, extracted downstream of the DFB gasification plant’s RME gas

scrubber and one long term test run for 2337 hours with wood gas extracted upstream of the

DFB gasification plant’s RME gas scrubber, were performed.

No significant di↵erences regarding the performance of the WGS pilot unit could be

observed. Even a partial load operation of the DFB biomass steam gasification plant did

not negatively a↵ect the performance of the WGS pilot unit. A technically immaculate

functionality and a steady long term operation could be achieved.

The WGS pilot unit, equipped with a commercial Fe/Cr based catalyst, in its original

size, was operated with a significant excess of steam in order to avoid possible coking and

carbon deposition on the surface of the catalyst. Observations showed that small technical

malfunctions or inconsistent biomass quality led to fluctuations upwards of the steam content

in the wood gas. Future test runs processing tar-rich wood gas, extracted upstream of the

DFB biomass gasification plant’s RME scrubber can truly aim for a lower STDGR.

At these operating conditions, a carbon monoxide conversion rate between 91 and 93 %

and, consequently, less than 1.5 to 1.8 mol.%db carbon monoxide at the WGS pilot unit’s

outlet was obtained. The hydrogen yield was even increased to 156 to 161 % by the WGS

reaction. In addition it could be assumed that the total GCMS tar load was significantly

a↵ected and reduced by the WGS pilot unit. The total GCMS tar conversion rate was between

11 and 23 %. The ammonia measurements carried out made no significant statement, it seems
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that ammonia is not converted along the WGS pilot unit.

With the present experimental layout, no catalyst deactivation could be observed. This

indicates that, in fact, the commercial WGS Fe/Cr based catalyst can handle tar-rich wood

gas which is produced from a DFB biomass steam gasification plant. Therefore, it can be a

promising technology for a future renewable and carbon dioxide neutral hydrogen production

based on biomass.

An aspect for future work should be to investigate the catalyst deactivation or poisoning

in detail. Analyses on the catalyst itself could verify if a mechanism of catalyst deactivation

or poisoning took place.

Future work should focus on lowering the steam excess. If the catalyst can handle a

lower STDGR, a future use of this technology would be more e�cient and more simple to

implement. Therefore, the catalyst’s performance at lower steam content seems to be an

important approach for future research.
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Abbreviations & Acronyms

AC Aromatic compounds

AE&E Austrian Energy & Environment GmbH

AT Austria

ATR Autothermal reforming

BDL Below detection limit

BioSNG Biomass synthetic natural gas

B&R Bernecker + Rainer Industrie-Elektronik GmbH

CHP Combined heat and power

CPO Catalytic partial oxidation

DE Germany

DFB Dual fluidized bed

DL Detection limit

DME Dimethyl ether

FI Flow indicator

FPD Flame photometric detector

GC Gas chromatograph

GCMS Gas chromatograph coupled with a mass spectrometer

HTS High temperature shift

IT Italy
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LTS Low temperature shift

MCFC Molten carbonate fuel cell

MV Pilot operated valve

ORC Organic Rankine cycle

PAH Polycyclic aromatic hydrocarbons

PCS Process control system

PEMFC Proton exchange membrane fuel cell

PEM Proton exchange membrane

PI Pressure indicator

POX Noncatalytic partial oxidation

PROX Preferential oxidation

PSA Pressure swing adsorption

RME Rapeseed oil methyl ester

SE Sweden

SMR Steam methane reforming

SOFC Solid oxide fuel cell

TCD Thermal conducticity detector

WGS Water gas shift

Indices

C Carbon

CO Carbon monoxide

db Dry basis

el Electric

gas Gaseous components

H2 Hydrogen

in Inlet
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N At standard conditions (0 �C and 101.325 kPa)

out Outlet

th Thermal

wb Wet basis

Symbols

cNH3 Ammonia concentration in mol.ppmdb

ctar Tar concentration in mg
m3

N,db

�H0
R Enthalpy of reaction at standard conditions (0 �C and 101.325 kPa) in kJ

mol

�V̇db Delta volumetric dry gas flow rate in -

GHSV Gas hourly space velocity in h�1

H2rec Hydrogen recovery in -

Kp Equilibrium constant in -

ṅ Molar flow rate in mole
h

STCOR Steam to carbon monoxide ratio in -

STCR Steam to carbon ratio in -

STDGR Steam to dry gas ratio in -

V Volume in m3

V̇ Volumetric flow rate in
m3

N
h

Vcatalyst Bulk volume of the catalyst in m3

XCO Carbon monoxide conversion rate in -

XNH3 Ammonia conversion rate in -

Xtar Tar conversion rate in -
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ABSTRACT: In this present paper, the performance of a commercial Fe/Cr based catalyst for the water gas shift 
reaction was investigated. The catalyst was applied in a water gas shift pilot plant which processed product gas from 
a commercial biomass steam gasification plant for combined heat and power. The water gas shift pilot plant 
successively processed product gas upstream and downstream a rapeseed methyl ester gas scrubber. During the 
investigations, extensive chemical analyses were carried out. The main components (CO, CO2, CH4, N2, O2, C2H6, 
C2H4, and C2H2) and sulfur components (H2S, COS, and C4H4S) were measured. In addition, tar and NH3 analyses 
were performed. Furthermore, the catalyst’s activity was observed by measuring the temperature profiles along the 
reactors of the water gas shift pilot plant. During the operation, no catalyst deactivation could be observed. A CO 
conversion up to 94 % was reached. The results showed that the application of a Fe/Cr based catalyst in a water gas 
shift unit seems to be a suitable way for increasing the hydrogen content in the product gas which was generated by 
biomass steam gasification. Furthermore, with such a technique it is possible to adjust the required CO/H2 ratio for 
several syntheses reactions (e.g. methanation, Fischer Tropsch) in an optimal way.  
Keywords: Biomass, Gasification, Hydrogen, Product Gas, Water Gas Shift 
 

 
1  INTRODUCTION 
 
 Today, hydrogen is an important resource for a wide 
range of applications in chemical industry [1]. Steam 
reforming of natural gas and other processes with fossil 
fuels as feedstock produces more than 95 % of the 
hydrogen for the industry. With the background of the 
climate change, a CO2 neutral method for hydrogen 
production should be established [2]. Biomass steam 
gasification is a proven technology and a CO2 neutral 
alternative to steam reforming of natural gas [3].  
 A promising technology for biomass steam 
gasification is the dual fluidized bed (DFB) process  
[4,5]. The commercial biomass steam gasification plants 
in Guessing and Oberwart have been using this 
technology for several years. Both plants generate a 
product gas with a H2 content of about 40 vol. %. Other 
main components are about 25 vol. % CO, 20 vol. % 
CO2, and 10 vol. % CH4. In addition, small amounts of 
N2, O2, higher hydrocarbons, and about 100 vol. ppm H2S 
and other sulfur components are contained in minor 
amounts. The high H2 content makes the product gas a 
promising CO2 neutral H2 source [6]. A process which 
can further increase the hydrogen content in the product 
gas is the water gas shift (WGS) reaction  
(see Equation 1). 
 

!" + %2" −∆%)*+  %2 + !"2  (1) 
 
 It converts carbon monoxide and steam to hydrogen 
and carbon dioxide. In order to reach economic reaction 
rates, catalysts are necessary. A suitable catalyst is a 
Fe/Cr based catalyst. Fe/Cr based catalysts seem to be 
robust against sulfur poisoning at H2S amounts which are 
contained in the product gas of biomass steam 
gasification [7,8]. 
 For this work, a WGS pilot plant applying a 
commercial Fe/Cr based catalyst was operated with 
product gas from the commercial biomass steam 
gasification plant in Oberwart, Austria. 

  
 The WGS pilot plant was operated with product gas 
upstream a rapeseed methyl ester (RME) gas scrubber for 
more than 100 hours as well as with product gas 
downstream a RME gas scrubber for more than 100 hours 
again. [11] and [12] showed that an operation with 
product gas downstream a RME gas scrubber is possible. 
The performance of a WGS pilot plant applying a Fe/Cr 
based catalyst which was processing product gas 
upstream the RME gas scrubber with a high content of tar 
is compared with the operation of the WGS pilot plant 
with product gas downstream the RME gas scrubber with 
a low content of tar. 

 
 

2  MATERIALS AND METHODS 
 
 The experimental work was carried out at the plant 
site of the biomass steam gasification plant in Oberwart, 
Austria, where the WGS pilot plant is located. The pilot 
plant consisted of three reactors in series which applied a 
Fe/Cr based catalyst. The gas composition and the steam 
content were measured upstream and downstream each 
reactor. Tar and NH3 analyses were performed by the 
Test Laboratory for Combustion Systems at Vienna 
University of Technology. The temperature profile along 
each reactor was recorded. This allowed a judgement on 
the activity of the Fe/Cr based catalyst. 
 
2.1  The Biomass Steam Gasification Plant in Oberwart 
 The WGS pilot plant processed product gas from the 
combined heat and power (CHP) plant in Oberwart. 
Figure 1 shows a simplified flowchart of the applied 
process. 
 The plant is based on the DFB steam gasification 
technology which is described in detail in [4] and [5]. 
The CHP plant generates district heat and electricity with 
biomass (woodchips) as feedstock. Table I shows the 
main operation parameters of the CHP plant. 
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Figure 1: Simplified flowchart of the CHP plant in Oberwart, Austria. Heat sources and heat sinks of the 
process are indicated by arrows. 

 

 
Table I: Main operation parameters of the CHP plant in 
Oberwart, Austria [6]. 
 
Parameter Value Unit 
Fuel Power 8.7 MW 
District Heat Power 4.0 MW 
Electrical Power 2.8 MW 
  
 Biomass is fed into the biomass dryer. Afterwards, a 
screw conveyor transports the biomass into the gasifier. 
In the gasifier the biomass is in contact with steam and 
the bed material (olivine) at about 850 °C. Result is a 
product gas with a high hydrogen content (about  
40 vol. %). The product gas is cooled, passes through a 
bag house filter, and a RME gas scrubber. In the RME 
gas scrubber, tar, NH3, and other condensable fractions of 
the product gas are removed before the product gas is fed 
into gas engines for electricity generation. Heat from the 
flue gas line is mainly recovered for the process. Fly ash 
is removed before the flue gas is released to the 
atmosphere. 
 It is possible to take a partial flow of the product gas 
for experimental work from two different extraction 
points along the product gas line (see Figure 4). The first 
extraction point is upstream the RME gas scrubber and 
the second extraction point is downstream the RME gas 
scrubber. Table II shows the conditions at the two 
different extraction points. 
 
 
 
 
 
 
 

 

 
Table II: Operation conditions at the experimental 
extraction points (see Figure 1) at the CHP plant in 
Oberwart, Austria, under full load operation of the CHP 
plant [12]. 
 
Parameter Upstream 

Scrubber 
Downstrea
m Scrubber 

Unit 

Temperature ~ 150 ~ 40 °C 
H2O Content ~ 35 ~ 7 vol. % 
Tar Content ~ 8.2 ~ 1.1 g/Nm3 
 
 During the investigations, the product gas was 
successively taken from both extraction points for about 
100 hours. The water content and the temperature of the 
product gas at the extraction point upstream the RME gas 
scrubber is significantly higher than at the extraction 
point downstream the RME gas scrubber. Therefore, 
from an energy efficiency point of view, it is useful to 
take the product gas from the extraction point upstream 
the RME gas scrubber as the temperature and the water 
content is more suitable for a  WGS reaction compared to 
the extraction point downstream the RME gas scrubber. 
Furthermore, the tar content upstream the RME gas 
scrubber is much higher which is a challenge for a 
reliable operation. 
 A detailed description of the process and the power 
plant can be found in [4], [6], and [8]. 
 
2.2  The WGS Pilot Plant 
 The experimental work was carried out at a WGS 
pilot plant located at the plant site of the CHP plant in 
Oberwart. Figure 2 shows a simplified flowchart of the 
WGS pilot plant. 
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To Analytics

 
 
Figure 2: Simplified flowchart of the WGS pilot plant 
located at the plant site of the CHP plant in Oberwart. 
 
 The WGS pilot plant consisted of three fixed bed 
reactors (A, B, and C) in series filled with a commercial 
Fe/Cr based catalyst. Each catalyst bed had a diameter of 
about 9 cm and a bed height of about 40 cm resulting in a 
Fe/Cr based catalyst volume of about 2.5 L for each 
reactor. 
 Along the reactor height of each reactor seven type J 
thermocouples (TA0 to TA6, TB0 to TB6, and TC0 to 
TC6) were installed in order to record the temperature 
profile along the reactors. At the inlet and outlet of 
reactors A and B, the gas stream could be heated or 
cooled in order to achieve the desired gas inlet 
temperature.  
 Upstream and downstream each reactor, a partial 
flow of the processed gas was sent to the analytical line 
were the gas composition measurements, water 
measurements, tar samplings, and NH3 samplings were 
done. 
 Upstream the inlet of the first reactor, the product gas 
was mixed with steam to assure the desired steam content 
in the processed gas along the WGS pilot plant. 
 The WGS pilot plant was operated at ambient 
pressure. 
 
 

 
2.3  Temperature Measurement Along the WGS Reactors 
 Figure 2 shows the position of the thermocouples 
(Type J) along the studied WGS reactors. Thermocouple 
T0 was positioned before the fixed bed Fe/Cr based 
catalyst. Therefore, it was not in the reactive zone. T1 to 
T5 were positioned along the catalyst bed with a distance 
of 10 cm to each other. T1 was positioned directly at the 
beginning of the catalyst bed and T5 was positioned 
directly at the end of the catalyst bed. T6 was outside the 
catalyst bed. This arrangement was the same in each of 
the three reactors. A LabviewTM program recorded the 
temperature profiles. 
 
2.4  Measurement of the Gas Composition 
 A gas chromatograph (Clarus 500TM from Perkin 
ElmerTM) measured the gas composition upstream and 
downstream each WGS reactor. Figure 3 shows the setup 
of the gas conditioning for the gas chromatograph (GC).  
 

 
 
Figure 3: Sampling line for the gas composition 
analytics upstream the gas chromatograph (GC). 
 
 The analytical gas stream was led through two gas 
washing bottles filled with glycol at a temperature of 
about -5 °C in order to condense the steam. Therefore, a 
dry gas stream could be assumed after the two gas 
washing bottles. The dry gas stream passed another gas 
washing bottle filled with glass wool in order to prevent 
aerosols from entering the GC. After the glass wool a gas 
meter recorded the volumetric dry gas flow. 
 In the GC, a thermal conductivity detector (TCD) 
enabled the quantification of CO, CO2, CH4, N2, O2, 
C2H6, C2H4, and C2H2. The C2 species were summarized 
and referred to as C2Hy. A flame photometric detector 
(FPD) was used to detect H2S, COS, and C4H4S. 
 
2.5  Measurement of the Steam Content in the Gas 
 Figure 3 also shows the flowchart for the 
gravimetrical steam content determination. The gas 
passed through the glycol gas washing bottles at -5 °C for 
a certain time. Subsequently, the volumetric dry gas flow 
was recorded with a gas meter. 
 By weighing the gas washing bottles, the water 
content before steam addition, at the inlet, and at the 
outlet of each reactor was determined. Volumetric flow 
rates were calculated with the water balance. 
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2.6  Tar Sampling Method 
 During both experimental runs, tar measurements at 
the inlet and outlet of the WGS pilot plant were 
performed. Additional information about the method is 
available in [13]. Figure 4 shows the principle of the tar 
sampling.  
 

100 mL Toluene 
at 0 °C in Each Gas Washing Bottle

From WGS Reactors

FRTo Gas 
Pump

100 mL Toluene 
at ‐8 °C in Each Gas 

Washing Bottle

Glass Wool

 
 
Figure 4: Flowchart of the tar sampling line. 
 
 A partial flow of the product gas passed through the 
tar sampling line. The product gas passed five gas 
washing bottles filled with overall 500 mL toluene and 
one gas washing bottle filled with glass wool in order to 
prevent aerosols to enter the analytical gas pump. Tar 
shows a good solubility in toluene [13]. The first three 
gas washing bottles were cooled to about 0 °C. 
Consequently, tar was dissolved and steam condensed. 
The next two gas washing bottles were cooled to -8 °C to 
make sure that all other remaining tar components were 
finally dissolved in toluene. The gas was sent through the 
sampling line for about three hours. In addition, the 
volumetric dry gas flow was recorded by a gas meter. 
The dry gas sampling flow rate was set to 2 to 2.5 
NL/min. 
 After the sampling, the content of the gas washing 
bottles was mixed and so were the toluene phase with 
dissolved tar and the condensate phase. The samples were 
handed over to the Test Laboratory for Combustion 
Systems at Vienna University of Technology. The test 
laboratory determined the gravimetrical amount of tar as 
well as the amount of GC/MS tar components. 

2.7  NH3 Sampling Method 
 The NH3 sampling was carried out according to the 
instructions of the Test Laboratory for Combustion 
Systems at Vienna University of Technology. Figure 5 
shows the principle in a flowchart. 
 

 
 
Figure 5: Flowchart of the NH3 sampling line. 
 
 A partial flow of the processed gas at the inlet and 
outlet of the WGS pilot plant was led through the NH3 
sampling line. The gas passed through two gas washing 
bottles filled with overall 200 mL of 0.05 M sulfuric acid. 
The sampling time for one sample was about fifteen 
minutes. The volumetric dry gas flow was recorded by a 
gas meter. The dry gas sampling flow rate was set to 0.5 
to 0.7 NL/min. 
 After the sampling, the content of the two gas 
washing bottles was mixed and the sample volume was 
filled up to a certain volume with sulfuric acid in order to 
obtain the volumetric NH3 content of the product gas. 
 The analyses were carried out with column 
chromatography by the Test Laboratory for Combustion 
Systems at Vienna University of Technology. 
 
2.8 Characteristic Figures of the WGS Pilot Plant 
 The WGS reactors were described by characteristic 
figures. The first figure (Equation 2) was the gas hourly 
space velocity (GHSV). It was calculated as quotient of 
the volumetric dry gas flow rate (standard conditions) at 
the inlet of the reactor and the catalyst volume of the 
reactor. It indicated the stress of the catalyst.  
 

,%-. = .0123
.!4546375

 
 

(2) 

 
 The second figure (Equation 3) was the steam to dry 
gas ratio (STDGR). This figure is the ratio of the 
volumetric steam flow rate to the volumetric dry gas flow 
rate in the feed of the WGS reactor.  
 

-81,9 = .0%2"
.0123

 
 

(3) 

 
 The third figure (Equation 4) was the steam to carbon 
ratio (STCR). This figure is the ratio of the volumetric 
steam flow rate and the volumetric flow rate of all gas 
components which included at least one carbon atom. 
The value of the STCR must not be too low in order to 
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avoid coking and carbon deposition on the surface of the 
catalyst. 
 

-8!9 = .0%2"
.0123 ∙ (<!" + <!"2 + <!%4 + <!2%3 ) 

 
(4) 

 
 Another typical figure of the WGS pilot plant was the 
CO conversion in Equation 5. 
 

?!" = <!",AB − <!","C8
<!",AB

 
 

(5) 

 
 It was calculated with the CO concentrations at the 
inlet and the outlet of a WGS reactor. 
 All four figures described the conditions in the WGS 
reactors. In addition, those figures make different WGS 
reactors comparable. 
 
 
3 RESULTS AND DISCUSSION 
 
 This chapter presents the results of the WGS pilot 
plant operation with product gas upstream and 
downstream the RME gas scrubber. Results were 
determined during two successive 100 hour operations of 
the WGS pilot plant. 
 The Fe/Cr based catalyst was activated in previous 
experiments. The activation procedure and results of the 
previous experiments can be found in [8] and [12]. 
 
3.1  Operation with Product Gas Upstream the RME Gas    
Scrubber 
 Table III shows the WGS pilot plant operation 
parameters and the figures during the operation with 
product gas upstream the RME gas scrubber. 
 
Table III: Operation data of the WGS pilot plant with 
gas upstream the RME gas scrubber during the 100 hours 
of operation. The GHSV is given for one reactor. The 
STDGR and the STCR are given for inlet of the first 
reactor. XCO is given for the whole WGS pilot plant. 
 
GHSV STDGR STCR XCO 
h-1 - - % 
478 1.6 2.6 94 
 
 The STDGR and STCR were chosen in order to 
protect the Fe/Cr based catalyst from coking. During this 
100 hours of operation, a CO conversion of 94 % was 
achieved. 
 Figures 6 to 8 show the temperature profiles along 
reactors A, B, and C during the 100 hours of operation 
with product gas upstream the RME gas scrubber. 
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Figure 6: Temperature profile of reactor A during the 
100 hours of operation with product gas upstream the 
RME gas scrubber. 
 
 Figures 6 to 8 indicate that the WGS reaction mainly 
took place in reactor A (see Figure 6). The temperature 
increased along the reactor because of the exothermic 
WGS reaction. After the temperature maximum was 
reached, the temperature along reactor A decreased. This 
was the result of two effects. First, the equilibrium 
composition of the reactive species of the WGS reaction 
was reached. Therefore, the reaction and consequently 
the temperature increase stopped. Second, heat losses 
occurred which finally caused the temperature decrease. 
 The product gas was cooled actively before it entered 
reactor B and C. Aim was to achieve about the same 
reactor inlet temperature at the inlet of all three WGS 
reactors. 
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Figure 7: Temperature profile of reactor B during the 
100 hours of operation with product gas upstream the 
RME gas scrubber. 
 
 In reactor B, significantly less WGS reaction 
occurred which only can be dedicated to keep the 
equilibrium due to the temperature decrease. 
Consequently, the heat losses exceeded the temperature 
increase caused by the exothermic reaction. Therefore, 
the temperature decreased (see Figure 7). 
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 In reactor C the same effects as in reactor B occurred 
(see Figure 8). 
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Figure 8: Temperature profile of reactor C during the 
100 hours of operation with product gas upstream the 
RME gas scrubber. 
 
 Figures 9 to 12 show the concentrations (dry basis) of 
the reactive species of the WGS reaction at the inlet and 
outlet of the WGS pilot plant for the reactors A, B, and C. 
 Figure 9 shows that the CO content decreased 
significantly. 
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Figure 9: Concentrations (dry basis) of the reactive WGS 
components at the inlet and outlet of the WGS pilot plant 
during the 100 hours of operation with product gas 
upstream the RME gas scrubber. 
 
 Figures 10 to 12 also show that the WGS reaction 
mainly occurred in reactor A (Compare Figures 6 to 8).  
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Figure 10: Concentrations (dry basis) of the reactive 
WGS components at the inlet and outlet of reactor A of 
the WGS pilot plant during the 100 hours of operation 
with product gas upstream the RME gas scrubber. 
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Figure 11: Concentrations (dry basis) of the reactive 
WGS components at the inlet and outlet of reactor B of 
the WGS pilot plant during the 100 hours of operation 
with product gas upstream the RME gas scrubber. 
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Figure 12: Concentration (dry basis) of the reactive 
WGS components at the inlet and outlet of reactor C of 
the WGS pilot plant during the 100 hours of operation 
with product gas upstream the RME gas scrubber. 
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 Table IV shows the concentrations of the main gas 
components at the inlet and outlet of all three reactors 
during the 100 hours of operation with product gas 
upstream the RME gas scrubber. It can be seen that the 
CHP plant in Oberwart provided product gas with a 
steady composition of the main components during the 
100 hours of operation of the WGS pilot plant. 
 
Table IV: Concentrations (dry basis) of the main gas 
components during the 100 hours of operation with 
product gas upstream the RME gas scrubber. 
 
 H2 CO CO2 CH4 
 vol. % vol. % vol. % vol. % 
Inlet 37.9±1.5 24.8±1.1 22.7±0.8 10.5±0.5 
Outlet A 48.7±1.0 3.4±0.3 35.7±0.7 8.9±0.4 
Outlet B 49.3±0.8 2.1±0.2 36.8±0.5 8.8±0.3 
Outlet C 49.7±0.9 1.5±0.1 37.0±0.5 8.6±0.3 
 C2Hy (2 O2  
 vol. % vol. % vol. %  
Inlet 2.8±0.3 1.3±0.2 0.08±0.03 
Outlet A 2.2±0.2 1.1±0.2 0.03±0.01 
Outlet B 2.1±0.3 1.0±0.2 0.03±0.01 
Outlet C 2.0±0.2 1.0±0.2 0.03±0.01 
 
 In addition, Table IV indicates that a H2 
concentration of about 50 vol. % was reached at the 
outlet of the WGS pilot plant. Along the WGS pilot plant, 
the dry gas volumetric flow rate increased by a factor of 
1.22. With a product gas output of about 1.18 Nm3/h (dry 
basis) per kg biomass (dry and ash free, see [14]) a 
specific H2 production of about 63 g H2 per kg biomass 
was achieved. 
 Table V shows the concentration of the sulfur 
components during the 100 hours of operation with 
product gas upstream the RME gas scrubber. 
 
Table V: Concentrations (dry basis) of the sulfur 
components during the 100 hours of operation with 
product gas upstream the RME gas scrubber. 
BDL=Below Detection Limi 
 
 H2S COS C4H4S 
 vol. ppm vol. ppm vol. ppm 
Inlet 104±10 3.1±0.5 5.6±1.7 
Outlet A 107±8 BDL 5.1±1.4 
Outlet B 108±14 BDL 5.4±0.8 
Outlet C 110±12 BDL 5.3±1.0 
 
 It can be seen that the concentrations of all sulfur 
components except COS were nearly constant. 
 During the 100 hours of operation with product gas 
upstream the RME gas scrubber, tar and ammonia 
samples were taken at the inlet and outlet of the WGS 
pilot plant. Table VI shows the results of these samples. 
 
 
 
 
 
 
 
 
 
 
 
 

Table VI: Tar and NH3 concentration (dry basis) at the 
inlet (reactor A) and outlet (reactor C) of the WGS pilot 
plant during the 100 hours of operation with product gas 
upstream the RME gas scrubber. The measurements were 
single sample measurements. Therefore, no standard 
deviation could be calculated. 
 
 GCMS Tar Gravimetrical Tar (H3 
 mg/.m3 mg/.m3 vol. ppm 
Inlet 8144 169 3350 
Outlet 5831 50 2840 
 
 Table VI shows that the tar content decreased along 
the WGS pilot plant because the WGS pilot plant offered 
a reactive environment and consequently a certain 
residence time for the tar reduction. The NH3 content 
decreased because of the higher volumetric dry gas flow 
rate after the WGS pilot plant. No chemical NH3 reaction 
occurred according to these results. 
 
3.2  Operation with Product Gas Downstream the RME 
Gas Scrubber 
 Table VII shows the WGS pilot plant operation 
parameters and figures during the operation with product 
gas downstream the RME gas scrubber. 
 
Table VII: Operation data of the WGS pilot plant with 
gas downstream the RME gas scrubber during the 100 
hours of operation. GHSV is given for one reactor. The 
STDGR and the STCR are given for inlet of the first 
reactor. XCO is given for the whole WGS pilot plant. 
 
GHSV STDGR STCR XCO 
h-1 - - % 
394 1.2 2.0 92 
 
 The STDGR and STCR were chosen in order to 
protect the Fe/Cr based catalyst from coking and carbon 
deposition. During these 100 hours of operation an 
overall CO conversion of 92 % was achieved. 
 Figures 13 to 15 show the temperature profiles along 
reactors A, B, and C during the 100 hours of operation 
with product gas downstream the RME gas scrubber. 
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Figure 13: Temperature profile of reactor A during the 
100 hours of operation with product gas downstream the 
RME gas scrubber. 
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 Figures 13 to 15 indicate again that the WGS reaction 
mainly occurred in reactor A (see Figure 13). The 
temperature increased along the reactor because of the 
exothermic WGS reaction. After the temperature 
maximum was reached, the temperature along reactor A 
decreased. This was the same result as already observed 
during the test with product gas upstream the RME gas 
scrubber. 
 The product gas was cooled before it entered reactor 
B and C. Aim was to achieve about the same reactor inlet 
temperature at the inlet of all three WGS reactors. 
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Figure 14: Temperature profile of reactor B during the 
100 hours of operation with product gas downstream the 
RME gas scrubber. 
 
 In reactor B nearly no WGS reaction took place. 
Consequently, the heat losses were higher than the 
temperature increase caused by the exothermic reaction. 
Therefore, the temperature decreased (see Figure 14). 
 In reactor C the same effects as in reactor B occurred 
(see Figure 15). 
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Figure 15: Temperature profile of reactor C during the 
100 hours of operation with product gas downstream the 
RME gas scrubber. 
 
 Figures 16 to 19 show the concentrations of the 
reactive species of the WGS reaction at the inlet and 
outlet of reactors A, B, and C. 
 Figure 16 shows that the CO content decreased 

significantly along all three reactors. The same result was 
observed during the test with product gas upstream the 
RME gas scrubber. 
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Figure 16: Concentration (dry basis) of the reactive 
WGS components at the inlet and outlet of the WGS pilot 
plant during the 100 hours of operation with product gas 
downstream the RME gas scrubber. 
 
 Figures 17 to 19 also show that the WGS reaction 
mainly took place in reactor A (Compare Figures 13 to 
15). 
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Figure 17: Concentration (dry basis) of the reactive 
WGS components at the inlet and outlet of reactor A of 
the WGS pilot plant during the 100 hours of operation 
with product gas downstream the RME gas scrubber. 
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Figure 18: Concentration (dry basis) of the reactive 
WGS components at the inlet and outlet of reactor B of 
the WGS pilot plant during the 100 hours of operation 
with product gas downstream the RME gas scrubber. 
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Figure 19: Concentration (dry basis) of the reactive 
WGS components at the inlet and outlet of reactor C of 
the WGS pilot plant during the 100 hours of operation 
with product gas downstream the RME gas scrubber. 
 
 Table VIII shows the concentrations of the main gas 
components at the inlet and outlet of all three reactors 
during the 100 hours of operation with product gas 
downstream the RME gas scrubber. Again, it can be seen 
that the CHP plant in Oberwart provided product gas with 
a steady composition during this 100 hours of operation 
of the WGS pilot plant. 
 
 
 
 
 
 
 
 
 
 
 
 

Table VIII: Concentrations (dry basis) of the main gas 
components during the 100 hours of operation with 
product gas downstream the RME gas scrubber. 
 
 H2 CO CO2 CH4 
 vol. % vol. % vol. % vol. % 
Inlet 38.2±0.8 23.3±0.9 22.7±0.7 10.0±0.4 
Outlet A 48.5±0.9 3.4±0.3 35.1±0.4 8.6±0.3 
Outlet B 48.9±0.9 2.2±0.1 36.0±0.3 8.5±0.3 
Outlet C 49.2±0.9 1.8±0.1 36.3±0.3 8.4±0.3 
 C2Hy (2 O2  
 vol. % vol. % vol. %  
Inlet 2.8±0.3 2.7±0.3 0.3±0.04 
Outlet A 2.2±0.3 2.2±0.2 0.03±0.01 
Outlet B 2.2±0.2 2.1±0.2 0.03±0.01 
Outlet C 2.2±0.2 2.1±0.2 0.03±0.01 
 
 In addition, Table VIII indicates that a H2 
concentration of about 50 vol. % was reached at the 
outlet of the WGS pilot plant. This is the same 
concentration as during the operation with product gas 
upstream the RME gas scrubber. Along the WGS pilot 
plant the dry gas volumetric flow rate increased by a 
factor of 1.22. With a product gas output of about 1.18 
Nm3/h (dry basis) per kg biomass (dry and ash free, see 
[14]) a specific H2 production of about 63 g H2 per kg 
biomass was also achieved. The same result was achieved 
during the operation of the WGS pilot plant with product 
gas upstream the RME gas scrubber. 
 Table IX shows the concentration of the sulfur 
components during the 100 hours operation with product 
gas downstream the RME gas scrubber. 
 
Table IX: Concentrations (dry basis) of the sulfur 
components during the 100 hours of operation with 
product gas downstream the RME gas scrubber. 
BDL=Below Detection Limit 
 
 H2S COS C4H4S 
 vol. ppm vol. ppm vol. ppm 
Inlet 91±13 3.8±0.9 5.6±1.6 
Outlet A 79±12 BDL 5.1±1.0 
Outlet B 59±13 BDL 5.6±0.9 
Outlet C 44±9 BDL 5.7±1.0 
 
 During the 100 hours of operation with product gas 
downstream the RME gas scrubber, no tar and NH3 
samples were taken. [8] and [12] provide data of tar and 
NH3 samples taken during the operation of the WGS pilot 
plant with product gas downstream the RME gas 
scrubber. 
 
 
4 CONCLUSION AND OUTLOOK 
 
 During both 100 hours of operation with product gas 
upstream as well as downstream the RME gas scrubber 
no significant difference regarding the performance of the 
WGS pilot plant could be observed.  
 In both cases, a CO conversion of more than 92 % 
was achieved. Consequently, the CO concentration of the 
product gas could be lowered to less than 2.0 vol. % (dry 
basis) at the outlet of the WGS pilot plant. 
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 During the 100 hours of operation with product gas 
upstream the RME gas scrubber, the WGS pilot plant 
operated flawlessly and the Fe/Cr based catalyst showed 
no performance decrease caused by the higher tar and 
NH3 content in the product gas which is an important as 
well as encouraging result for a future application. 
 Within the overall 200 hours of operation and with 
this experimental setup, no catalyst deactivation could be 
overserved. 
 Future work should proof the long term stability of 
the Fe/Cr based catalyst during operation with product 
gas upstream the RME gas scrubber. 
 
 
5  ABBREVIATIONS AND ACRONYMS 
 
BDL  Below Detection Limit 
CHP  Combined Heat and Power 
d.b.  Dry Basis 
DFB  Dual Fluidized Bed 
FPD  Flame Photometric Detector 
FR  Flow Record 
GC  Gas Chromatograph 
GCMS  Gas Chromatography Mass Spectroscopy 
ORC  Organic Rankine Cycle 
RME  Rapeseed Methyl Ester 
TCD  Thermal Conductivity Detector 
 
 
6 SYMBOLS 
 

<D    Volumetric fraction of component i in - 
GHSV  Gas Hourly Space Velocity in h-1 
∆H  Enthalpy of formation in kJ/mol 
STDGR  Steam to Dry Gas Ratio in - 
STCR  Steam to Carbon Ratio in - 

.!4546375   Catalyst volume in m3 
.0123    Volumetric dry gas flow rate in Nm3/h 
.0%2"   Volumetric steam flow rate in Nm3/h 
XCO  CO conversion in - 
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ABSTRACT: In this work, a kinetic model of the catalyzed water gas shift reaction applying a Fe/Cr based catalyst 
found from investigations in a micro reactor test rig is validated with experimental data from a pilot plant water gas 
shift reactor. The reactor was fed with product gas from an industrial biomass dual fluidized bed steam gasification 
plant. The validation was done with product gas upstream a rapeseed methyl ester gas scrubber and product gas 
downstream a rapeseed methyl ester gas scrubber of the biomass gasification plant. In both cases, the calculated and 
measured values of the concentrations at the outlet of the reactor showed good agreement. However, the model shows 
inaccuracy regarding the temperature profile at the entrance of the reactor. If the kinetic model can be improved and 
adapted, it could be useful for basic design and engineering of an industrial scale water gas shift reactor applying a 
Fe/Cr based catalyst and processing product gas from biomass steam gasification.  
Keywords: Biomass, Gasification, Hydrogen, Modelling, Product Gas, Water Gas Shift 

 
 
1 INTRODUCTION 
 
 Today, hydrogen is an important resource for a wide 
range of applications in chemical industry [1]. More than 
95 % of this hydrogen is produced by steam reforming of 
natural gas and other processes with fossil fuels as 
feedstock. With the background of the climate change, a 
CO2 neutral method of hydrogen production needs to be 
established [2]. 
 Biomass steam gasification is a proven technology 
and CO2 neutral alternative to steam reforming of natural 
gas [3].  
 A promising technology for biomass steam 
gasification is the dual fluidized bed (DFB) process  
[4,5]. The commercial biomass gasification plants in 
Guessing and Oberwart have been using this technology 
for several years. Both plants generate a product gas with 
a H2 content of about 40 vol. % (dry basis). The other 
components are about 25 vol. % CO (d.b.),  
20 vol. % CO2 (d.b.), and 10 vol. % CH4 (d.b.). In 
addition, small amounts of N2, O2, higher hydrocarbons, 
and about 100 vol. ppm H2S (d.b.) are contained. The 
high H2 content makes the product gas a promising CO2 
neutral H2 source [6]. A process which can further 
increase the hydrogen content of the product gas is the 
exothermic water gas shift (WGS) reaction  
(see Equation 1). 
 

!" +  %2" 
−∆%
)*+  !"2 + %2  (1) 

 
 It converts carbon monoxide and steam to carbon 
dioxide and hydrogen. In order to reach economic 
reaction rates, catalysts are necessary. Suitable catalysts 
are based on Fe/Cr formulations. At the amount of about 
100 vol. ppm H2S, the Fe/Cr based catalyst seems to be 
robust against sulfur poisoning [7]. 
 In [8], a kinetic model for the Fe/Cr based catalyzed 
WGS reaction processing product gas was proposed. This 
model takes effects of H2S on the Fe/Cr based catalyst 
into account. 
 This paper validates the kinetic model with 
experimental data from a WGS pilot plant located at the 
plant site of the biomass steam gasification plant in 
Oberwart, Austria. Therefore, product gas from the 
biomass gasification plant was processed in a pilot plant 

WGS reactor applying a Fe/Cr based catalyst. The 
experimental results were compared with numerical 
calculations based on the kinetic model in Equation (2).  
 The non-linear molar and energy balances of an 
adiabatic ideal plug flow reactor were solved with a 
numerical method. For this purpose, a finite difference 
method was used. 
 In this work, the solutions of the molar and energy 
balances are described. Consequently, the numerical 
equation system is derived. Finally, the experimental 
approach is shown and the calculated and experimental 
results are compared.   
 
 
2 MATERIALS AND METHODS 
 

At the beginning of this chapter, the chemical kinetic 
law of the WGS reaction catalyzed by the Fe/Cr based 
catalyst which was presented in [8] is introduced. 

Furthermore, the molar and energy balances of the 
pilot plant WGS reactor are derived. Consequently, the 
numerical balances are introduced. 

Finally, the pilot plant WGS reactor and the 
measurement methods which were used for the validation 
process are described. 
 
2.1 The Kinetic Model of a WGS Reaction Catalyzed by 
a Fe/Cr Based Catalyst  
 The kinetic model of the WGS reaction was derived 
at Vienna University of Technology from results obtained 
in a laboratory scale chemical kinetics test rig. Starting 
point was the mathematical approach for the reaction rate 
r(ci,T) in Equation 2. 
 

,(./, 1) = 40 ∙ exp :
−;<

= ∙ 1
> ∙ 

 
 

(2) ∙ ?!"
< ∙ ?%2"

@ ∙ ?!"2
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 The reaction rate is a function of the reactive species 
(CO, H2O, CO2, and H2) and the temperature. Other 
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components which are contained in the product gas of the 
biomass steam gasification process were considered inert.  
 The reaction rate is described by the rate constant k0, 
the activation energy Ea, and the reaction exponents 
(a,b,c, and d) of each component i which is a reactant of 
the WGS reaction (see Equation 1). pi is the partial 
pressure, R the general gas constant, and T the 
temperature. KMAL is the mass action law and Kg the 
equilibrium constant calculated by thermo-physical 
properties. 
 The partial pressure of each component i can be 
expressed by the overall absolute pressure p and the 
volumetric concentration ci: 
 

?/ = ./ ∙ ?  (3) 
 
 The buildup and function of the test rig for chemical 
kinetics at Vienna University of Technology can be 
found in [8]. The experiments led to the following values 
for the parameters of Equation 2 (see Table I). 
 
Table I: Parameters of the kinetic model for the WGS 
reaction catalyzed by a Fe/Cr based catalyst. 
 
Parameter Value Unit 
k0 117.8 mol/gcat kPa s 
Ea 102E+3 J/mol 
a 1.77 - 
b 0.23 - 
c -0.17 - 
d -0.12 - 
 
2.2 Balances of the Ideal Adiabatic Plug Flow Reactor 
 For the validation of the kinetic model with 
experimental data, the molar and the energy balances of 
an ideal adiabatic plug flow reactor was derived. 
 
2.2.1 Derivation of the Molar Balance of the Ideal 
Adiabatic Plug Flow Reactor 
 Figure 1 shows the illustration for the derivation of 
the molar balance of the pilot plant WGS reactor. 
  

 
 
Figure 1: Illustration for the calculation of the molar 
balance of the pilot plant WGS reactor. 
  
 The molar balance of each reactive component i leads 
to 
 

JK / (L + ∆L) − JK /(L) = ±,(./, 1) ∙ NO ∙ ∆L ∙
A2 ∙ P

4
 
 

(4) 

  

JK /(L + ∆L) − JK /(L)

∆L
= ±,(./ , 1) ∙ NO ∙ F 

 
(5) 

 
 ṅi is the molar flow of component i and A is the cross 
section of the catalyst bed. ϱs is the bulk density of the 
Fe/Cr based catalyst. ± indicates if component i is an 
educt or a product of the WGS reaction.  
 The limiting process lim ∆z ! 0 leads to the 
following differential equation: 
 

AJK /
AL

= ±,(./ , 1) ∙ NO ∙ F 
 

(6) 

  
 Replacement of the molar flow rate ṅi of each 
component i with the overall molar flow rate ṅ and the 
volumetric concentration of each component i leads to 
 

A./

AL
= ±,(./ , 1) ∙ NO ∙ F ∙

1
JK

 
 

(7) 

   
 This step is valid because of the equimolar character 
of the WGS reaction and the assumption of ideal gas 
behavior. Consequently, the overall molar flow rate is 
constant. 
 Equation 7 is the starting point for the numerical 
solution of the molar balance of the pilot plant WGS 
reactor. 
 
2.2.2  Derivation of the Energy Balance of the Ideal 
Adiabatic Plug Flow Reactor 
 Figure 2 shows the drawing for the derivation of the 
energy balance of the pilot plant WGS reactor. 
 

 
 
Figure 2: Illustration for the calculation of the energy 
balance for the pilot plant WGS reactor. 
 
 The energy balance of the differential element leads 
to 
 

ℎK (L + ∆L) − ℎK (L) =  
 

 
(8) 

= ±∆ℎ=(./ , 1) ∙ ,(./ , 1) ∙ NO ∙ ∆L ∙ F  
  
 With the formation enthalpy ∆hR(ci,T) of the WGS 
reaction and the overall enthalpy flow ḣ. The limiting 
process lim ∆z ! 0 and the overall molar heat capacity 
cP(ci,T) of the gas stream lead to 
 

A1
AL

= ±∆ℎ=(./ , 1) ∙ ,(./ , 1) ∙ NO ∙ F ∙
1

.S(./ , 1)
 
 

(9) 
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 Equation 9 is the starting point for the numerical 
solution of the energy balance of the pilot plant WGS 
reactor. With Equations 7 and 9, the numerical solution 
for the pilot plant WGS reactor can be derived. 
 
2.3  The Finite Difference Model for the Ideal Plug Flow 
Reactor 
 The non-linear behavior of Equations 7 and 9 make 
an analytical solution difficult. Therefore, a numerical 
approach was appropriate. The finite difference method 
was chosen for solving Equations 7 and 9. This numerical 
method is easy to apply and its accuracy is high enough 
for this work.  
 Figure 3 shows the concept of the finite difference 
method for the solution of Equations 7 and 9. Please note 
that superscript indices which refer to the finite 
difference method should not be mixed up with 
exponents. 
 

Δz

z

Differential 
Catalyst Bed 

Length Element

Fixed Bed Fe/Cr 
Based Catalyst 

with
Bulk Density �s

and Reaction 
Rate r(ci,T)

Ø d

ci
0, T0

ci
K, TK

ci
K+1, TK+1

 
 
Figure 3: Illustration of the finite difference approach for 
solving Equations 7 and 9.  
 
 Introduction of the differential quotient in Equation 7 
leads to Equations 10 and 11. 
 

./
D+1 − ./

D

∆L
= ±,(./

D, 1D) ∙ NO ∙ F ∙
1
JK

 
 

(10) 

 

./
D+1 = ±,(./

D, 1D) ∙ NO ∙ F ∙
1
JK

∙ ∆L + ./
D  

 
(11) 

  
 Equation 11 enables the calculation of the 
concentration profiles of CO, H2O, CO2, and H2 along the 
bed length of the pilot plant WGS reactor if the boundary 
conditions ci

0 at the beginning of the reactor are given. 
 Introduction of the differential quotient in Equation 9 
leads to Equation 12 and 13. 
 

1D+1 − 1D

∆L
= 

= ±∆ℎ=(./, 1) ∙ ,(./ , 1) ∙ NO ∙ F ∙
1

.S(./, 1)
 
 

(12) 

 

1D+1 = 

= ±∆ℎ=(./, 1) ∙ ,(./, 1) ∙ NO ∙ F ∙
1

.S(./, 1)
∙ ∆L + 

+1D  

(13) 

 
 Equation 13 enables the calculation of the 
temperature profile along the bed length of the pilot plant 
WGS reactor if the boundary condition T0 at the entrance 
of the reactor is given. 
 Equations 11 and 13 form an equation system which 
describes the concentration and temperature profile along 
the pilot plant WGS reactor. This equation system was 
solved using an algorithm which was written in ScilabTM 

[9]. 
 The thermophysical properties of the product gas 
components were calculated by NASA polynomials [10]. 
 Input values for the numerical calculation were the 
steam volumetric flow rate TK%2" , the dry gas volumetric 
flow rate TKU,V , the kinetic model coefficients in Table I, 
the reactor length L, the reactor diameter d, the 
concentrations at the reactor inlet ci

0, and the reactor inlet 
temperature T0. 
 
2.4 Biomass Steam Gasification Plant in Oberwart 
 The pilot plant WGS reactor processed product gas 
from the biomass steam gasification combined heat and 
power (CHP) plant in Oberwart. Figure 4 shows a 
simplified flowchart of the process. 
 The plant is based on the DFB steam gasification 
technology which is described in detail in [4] and [5]. 
 The CHP plant generates district heat and electricity 
from biomass (woodchips) as feedstock. Table II shows 
the main operation parameters of the CHP plant. 
 
Table II: Main operation parameters of the CHP plant in 
Oberwart [6]. 
 
Parameter Value Unit 
Fuel Power 8.7 MW 
District Heat Power 4.0 MW 
Electrical Power 2.8 MW 
  
 Biomass is fed into the biomass dryer. In the next 
step, the screw conveyor transports the biomass into the 
gasifier. In the gasifier, the biomass is in contact with 
steam and the bed material olivine at about 850 °C. No 
oxygen is needed for the gasification process. The result 
is a product gas with high hydrogen content (about 
40 vol. %, d.b.). The product gas is cooled, cleaned by a 
bag house filter and by a rapeseed methyl ester (RME) 
gas scrubber. In the RME gas scrubber, tar, NH3, and 
other condensable fractions of the product gas are 
removed before the product gas is fed into gas engines 
for electricity generation.  
 There is the possibility to take a partial flow of the 
product gas for experimental work from two different 
extraction points along the product gas line (see Figure 
4). The first extraction point is upstream the RME gas 
scrubber and the second extraction point is downstream 
the RME gas scrubber after the product gas blower. Table 
III shows the conditions at the two different extraction 
points. 
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Figure 4: Simplified flowchart of the CHP plant in Oberwart. Heat sources and heat sinks of the process are 
indicated by arrows. 

Table III: Operation conditions at the experimental 
extraction points (see Figure 4) of the CHP plant under 
full load operation. 
 
Parameter Upstream 

RME 
Scrubber 

Downstream 
RME 
Scrubber 

Unit 

Temperature ~ 150 ~ 40 °C 
H2O Content ~ 35 ~ 7 vol. % 
 
 For the validation of the kinetic model, the product 
gas was successively taken from both extraction points. 
 A detailed description of the CHP plant in Oberwart 
can be found in [11]. 
 
2.5 The Pilot Plant WGS Reactor 
 Figure 5 shows a simplified flowchart of the pilot 
plant WGS reactor located at the plant site of the CHP 
plant in Oberwart. The unit consisted of a cylindrical 
thermal insulated reactor. At the bottom of the reactor a 
screen plate was used for carrying the Fe/Cr based 
catalyst. The catalyst bed diameter was 9 cm and its 
height was about 40 cm resulting in a catalyst bed 
volume of about 2.5 liters. Seven thermocouples were 
used to measure and record the temperature profile along 
the pilot plant WGS reactor. The temperature profile 
allowed a conclusion on the activity of the Fe/Cr based 
catalyst due to the exothermic behavior of the WGS 
reaction.  
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Figure 5: Simplified flowchart of the pilot plant WGS 
reactor which was used for processing product gas from 
the CHP plant in Oberwart. 
 
 The pilot plant WGS reactor processed a partial flow 
of the product gas of the CHP plant from the two 
extractions points (see Figure 4). The product gas was 
mixed with a certain amount of steam which was 
provided by a steam generator. The gas inlet temperature 
was adjusted with a heating section. The pilot plant WGS 
reactor operated at ambient pressure. 
 After the product gas was processed in the reactor, it 
was recycled back to the CHP plant. A sampling flow of 
the processed gas upstream the steam addition, at the 
inlet, and at the outlet of the pilot plant WGS reactor was 
sent to the gas analytical line and subsequently to a gas 
chromatograph in order to measure the dry gas 
composition. 
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2.6 Measurement of the Temperature Profile along the 
Pilot Plant WGS Reactor and Measurement of the Gas 
Components 
 Figure 5 shows the position of the thermocouples 
(type J) along the pilot plant WGS reactor. Thermocouple 
T0 was positioned before the fixed bed Fe/Cr based 
catalyst. Therefore, it was not in the reactive zone. T1 to 
T5 were positioned along the catalyst bed with a distance 
of 10 cm to each other. T1 was positioned directly at the 
beginning of the catalyst bed and T5 was positioned 
directly at the end of the catalyst bed. T6 was outside the 
catalyst bed. Those thermocouples enabled the measuring 
and recording of the temperature profile along the 
investigated pilot plant WGS reactor. 
 A gas chromatograph (Clarus 500TM from Perkin 
Elmer) was used to measure the gas composition at the 
inlet and at the outlet of the pilot plant WGS reactor. A 
thermo- conductivity detector (TCD) enabled the 
quantification of different components in the gas stream. 
CO, CO2, CH4, N2, and O2 were measured. Other minor 
gas components in the product gas were neglected and 
not further discussed in this paper. The gas 
chromatograph was not able to measure the H2 
concentration. Consequently, the H2 concentration was 
calculated as the difference of the sum of the other 
measured components to hundred percent. 
 Figure 6 shows the setup of the gas conditioning 
before the gas chromatograph. The gas stream passed two 
gas washing bottles filled with glycol at a temperature of 
about -5 °C in order to condense and separate the steam. 
Therefore, a dry gas stream could be assumed after the 
gas washing bottles. The dry gas stream passed another 
gas washing bottle filled with glass wool in order to 
prevent aerosols from entering the gas chromatograph. 
After the glass wool bottle, a gas meter recorded the 
volumetric dry gas flow.  
 

 
 
Figure 6: Setup of gas conditioning upstream the gas 
chromatograph. 
 
 The steam content in the product gas upstream the 
steam addition, at the inlet of the reactor, and at the outlet 
of the reactor was determined with a gravimetrical 
method. The gas stream passed the gas washing bottles 
for a certain time whereas the volumetric flow was 
recorded. Subsequently, the gas washing bottles were 
weighed. Consequently, the steam content upstream the 
steam addition, at the inlet, and at the outlet of the reactor 
could be determined.  
 The volumetric dry gas flow rate was calculated by 

the water balance of the pilot plant WGS reactor.  
 
2.7 Characteristic Figures of the Pilot Plant WGS Reactor 
 The operation of the pilot plant WGS reactor could 
be characterized by a series of key figures calculated 
according Equations 14 to 16. 
 The first figure (Equation 14) was the gas hourly 
space velocity (GHSV). It is the reverse residence time. It 
was calculated as the ratio of the volumetric dry gas flow 
rate and the catalyst volume in the reactor. It indicates the 
stress of the catalyst.  
 

W%XT =
TKU,V

T!<Y<ZVOY
 
 

(14) 

 
 The second figure (Equation 15) was the steam to dry 
gas ratio (STDGR). This figure describes the ratio of the 
volumetric steam flow rate to the volumetric dry gas flow 
rate in the feed of the pilot plant WGS reactor. 
 

X1UW= =
TK%2"

TKU,V
 

 
(15) 

 
 The third figure (Equation 16) was the steam to 
carbon ratio (STCR). This figure is the ratio of the  
volumetric steam flow rate and the volumetric flow rate 
of all gas components which include at least one carbon 
atom. The value of the STCR must not be too low in 
order to avoid coking on the surface of the catalyst. 
 

X1!= =
TK%2"

TKU,V ∙ (.!" + .!"2 + .!%4)
 

 
(16) 

 
 All three figures described the conditions in the pilot 
plant WGS reactor. They make different WGS reactors 
comparable to each other. 
  
 
3 RESULTS AND DISCUSSION 
 
 In this chapter, a comparison between experimental 
results from the pilot plant WGS reactor and calculations 
with the mathematical model is presented. For this 
comparison, two 100 hour steady state test runs were 
selected. The dry gas composition at the inlet, at the 
outlet, and the temperature profile along the pilot plant 
WGS reactor are considered. 
 The operation of the pilot plant WGS reactor with 
product gas upstream and downstream the RME gas 
scrubber is compared. CO, H2O, CO2, and H2 were 
considered as reactive species. The other components 
(CH4, N2, and O2) were considered to be inert during the 
WGS reaction.   
 
3.1 Validation of the Kinetic Model with Product Gas 
Upstream the RME Gas Scrubber 
 This section compares the experimental results with 
the calculated results from the numerical approach. The 
pilot plant WGS reactor was operated with product gas 
upstream the RME gas scrubber of the CHP plant. The 
steam content at the inlet of the pilot plant WGS reactor 
was set to about 60 vol. %. The temperature along the 
reactor and the dry gas composition at the inlet and at the 
outlet of the reactor were measured. 
 The measured values were from 100 hours of steady 
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state operation of the pilot plant WGS reactor with 
product gas upstream the RME gas scrubber. Table IV 
shows the characteristic values of the operation with 
product gas upstream the RME gas scrubber. 
 
Table IV: Characteristic values of the pilot plant WGS 
reactor operation with product gas upstream the RME gas 
scrubber. 
 
GHSV STDGR STCR 
h-1 - - 
621 1.5 2.5 
 
 Figure 7 shows the measured and calculated 
concentrations (dry basis) of H2, CO, and CO2 including 
the error bars at the inlet and at the outlet of the pilot 
plant WGS reactor.  
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Figure 7: Concentrations (dry basis) of the main gas 
components H2, CO, and CO2 at the pilot plant WGS 
reactor inlet, outlet (measured), and outlet (calculated 
with Equation 11 and 13). Error bars show the standard 
deviation of the measured values. 
 
 Figure 7 shows good accordance regarding the 
concentrations of H2, CO, and CO2 at the outlet of the 
pilot plant WGS reactor. The difference of the CO 
concentration of the measured and calculated values at 
the outlet is higher compared to the difference of CO2 
and H2. This can be explained due to the slightly 
oscillating steam content in the product gas upstream the 
RME gas scrubber. This was caused by different fractions 
of biomass with different water contents and therefore, 
oscillating steam content in the product gas. 
 Table V shows the concentrations of all measured 
and calculated components at the inlet and outlet of the 
pilot plant WGS reactor.  
 The concentrations at the outlet of the reactor are 
near to the equilibrium composition for the chosen 
operation parameters. The lower concentrations of the 
non-reactive components CH4, N2, and O2 at the outlet of 
the reactor compared with the concentrations of the 
reactor inlet can be explained by the dilution effect due to 
higher dry gas flow rate at the pilot plant WGS reactor 
outlet caused by the stoichiometry of the WGS reaction. 
 
 
 

Table V: Concentrations (dry basis) of the gas 
components at the inlet and at the outlet of the pilot plant 
WGS reactor during operation with product gas upstream 
the RME gas scrubber. Measured (mea.) values and 
calculated (calc.) values are shown. 
 
 H2 CO2 CO 
 vol. % vol. % vol. % 
Inlet 36.3 ± 1.0 23.0 ± 0.8 25.5 ± 0.9 
Outlet mea. 47.8 ± 0.8 36.1 ± 0.5 3.8 ± 0.3 
Outlet calc. 48.1 37.3 2.2 
 CH4 O2 (2 
 vol. % vol. % vol. % 
Inlet 10.9 ± 0.4 0.1 ± 0.04 4.2 ± 1.6 
Outlet mea. 9.1 ± 0.4 0.03 ± 0.002 3.2 ± 1.1 
Outlet calc. 8.9 0.08 3.4 
 
 Table VI shows the mean values of the 
thermocouples along the pilot plant WGS reactor with 
product gas upstream the RME gas scrubber during the 
100 hours steady state operation. 
  
Table VI: Mean values of the thermocouples along the 
pilot plant WGS reactor during operation with product 
gas upstream the RME gas scrubber. T0 and T6 are not in 
contact with the catalyst bed. 
 
Thermocouple Value Unit 
T0 355.4 ± 1.6 °C 
T1 366.3 ± 1.4 °C 
T2 394.3 ± 3.6 °C 
T3 415.2 ± 5.2 °C 
T4 418.3 ± 5.0 °C 
T5 416.5 ± 4.4 °C 
T6 362.9 ± 3.5 °C 
 
 The exothermic WGS reaction caused a temperature 
increase along the reactor (see Figure 8). At a certain 
point, the temperature decreased because of heat losses. 
In addition, the equilibrium composition was reached. 
Therefore, the reaction stopped and consequently the 
temperature decreased further. 
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Figure 8: Temperature profile along the pilot plant WGS 
reactor operated with product gas upstream the RME gas 
scrubber. 
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3.2 Validation of the Kinetic Model with Product Gas 
Downstream the RME Gas Scrubber 
 This time, the pilot plant WGS reactor was operated 
with product gas downstream the RME gas scrubber of 
the CHP plant in Oberwart. This section compares the 
experimental results with the calculated results from the 
mathematical model. 
 The measured values were found during another 100 
hours of steady state operation of the pilot plant WGS 
reactor.  
 Table VII shows the operation data of the pilot plant 
WGS reactor. 
 
Table VII: Characteristic values of the pilot plant WGS 
reactor with product gas downstream the RME gas 
scrubber. 
 
GHSV STDGR STCR 
h-1 - - 
524 1.2 2.2 
   
 Figure 9 shows the concentrations of H2, CO, and 
CO2 (d.b.) at the inlet as well as the measured and 
calculated concentrations of the reactive species of the 
WGS reaction. The main difference compared to the data 
in Section 3.1 is that the gas is cooled and cleaned by the 
RME gas scrubber of the CHP plant. Consequently, the 
tar content in the product gas was lower. 
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Figure 9: Concentrations (dry basis) of the main gas 
components H2, CO, and CO2 at the pilot plant WGS 
reactor inlet, outlet (measured), and outlet (calculated 
with Equation 11 and 13). Error bars show the standard 
deviation of the measured values.  
 
 The calculated data in Figure 9 regarding the CO 
concentration are in better agreement to the experimental 
results than in Section 3.1. This can be explained by the 
product gas composition downstream the RME gas 
scrubber. The steam content in the product gas was very 
constant over the 100 hours of operation because the 
RME gas scrubber operated at a steady temperature level. 
This steady temperature level led to a certain and 
constant amount of steam in the product gas downstream 
the RME gas scrubber. 
 Table VIII shows the mean values of the 
concentration (d.b.) of all measured components at the 
pilot plant WGS reactor inlet and outlet. The 

concentrations at the outlet of the reactor are near the 
equilibrium concentrations for the chosen operation 
parameters. The lower concentration of CH4 and the other 
non-reactive components at the outlet of the reactor can 
be explained by the dilution effect due to higher dry gas 
flow rate at the pilot plant WGS reactor outlet. 
 
Table VIII: Mean values of the concentrations (dry 
basis) of the main components at the inlet and outlet of 
the pilot plant WGS reactor during operation with 
product gas downstream the RME gas scrubber. 
 
 H2 CO2 CO 
 vol. % vol. % vol. % 
Inlet 38.2 ± 0.9 22.7 ± 0.8 23.3 ± 1.0 
Outlet mea. 48.3 ± 1.0 35.2 ± 0.4 3.4 ± 0.3 
Outlet calc. 48.3 35.5 2.9 
 CH4 O2 (2 
 vol. % vol. % vol. % 
Inlet 10.0 ± 0.4 0.25 ± 0.03 5.6 ± 1.6 
Outlet mea. 8.7 ± 0.4 0.03 ± 0.01 4.4 ± 1.1 
Outlet calc. 8.4 0.21 4.7 
 
 Table IX shows the mean values of the 
thermocouples along the pilot plant WGS reactor during 
the 100 hours operation with product gas downstream the 
RME gas scrubber. 
  
Table IX: Measured values of the thermocouples along 
the pilot plant WGS reactor during operation with 
product gas downstream the RME gas scrubber. 
 
Thermocouple Value Unit 
T0 353.3 ± 3.2 °C 
T1 381.0 ± 3.4 °C 
T2 427.4 ± 4.6 °C 
T3 437.4 ± 4.5 °C 
T4 427.9 ± 4.2 °C 
T5 418.9 ± 4.0 °C 
T6 357.9 ± 3.9 °C 
 
 Figure 10 shows the temperature profile along the 
pilot plant WGS reactor with measured data.  
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Figure 10: Temperature profile along the pilot plant 
WGS reactor operated with product gas downstream the 
RME gas scrubber. 
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 The temperature profiles behave similar to the 
temperature profiles in Section 3.1, Figure 8. However, it 
indicates that the activity of the catalyst seemed to be 
higher in Figure 10 compared to Figure 8 as the 
temperature increase was steeper and the reaction was 
finished in a height slightly below 20 cm compared to 
slightly above 20 cm in Figure 8. 
 
 
4 CONCLUSION AND OUTLOOK 
 
 The results of the numerical solution of the molar and 
energy balance applying the kinetic model compared with 
the experimental values show good accordance regarding 
the gas composition at the pilot plant WGS reactor outlet. 
These results were obtained by operating a pilot plant 
WGS reactor with real product gas from an 8 MW 
industrial DFB gasification plant. 
 Future work should focus on the improvement of the 
kinetic model in order to consider aging effects of the 
catalyst which occur during long term operations of the 
WGS unit. 
 Such a kinetic model is a valuable tool for designing 
and engineering of an industrial scale WGS unit. 
 
 
5 ACRONYMS AND ABBREVIATIONS 
 
CHP  Combined Heat and Power 
d.b.  Dry Basis 
DFB  Dual Fluidized Bed 
FPD  Flame Photometric Detector 
FR  Flow Record 
GC  Gas Chromatograph 
ORC  Organic Rankine Cycle 
RME  Rapeseed Methyl Ester 
TCD  Thermal Conductivity Detector 
WGS  Water Gas Shift 
 
 
6 SYMBOLS 
 
A  Cross section of catalyst bed in m2 
a,b,c,d  Reaction rate exponents in - 
./    Volumetric fraction of component i in - 
cP  Overall molar heat capacity in J/mol K 
d  Catalyst bed diameter in m 
dz  Differential length element in m 
Ea  Activation energy in J/mol 
GHSV  Gas Hourly Space Velocity in h-1 
ḣ  Overall enthalpy flow in J/s 
∆H  Enthalpy of formation in kJ/mol 
∆hR  Reaction enthalpy in J/mol 
k0  Rate constant in mol/gcat kPa s  
ṅi  Molar flow rate of component i in mol/s 
ṅ  Overall molar flow rate in mol/s 
pi  Partial pressure of component i in kPa 
p  Absolute pressure in kPa 
ϱs  Catalyst bulk density in kg/m3 
R  General gas constant in J/mol K 
r  Reaction rate in mol/gcat s 
STDGR  Steam to Dry Gas Ratio in - 
STCR  Steam to Carbon Ratio in - 
T  Temperature in K 

T!<Y<ZVOY   Catalyst volume in m3 
TKU,V    Volumetric dry gas flow rate in Nm3/h 

TK%2"   Volumetric steam flow rate in Nm3/h 
∆z  Length element in m 
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