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Abstract—This paper presents experimental results with a new generation of a 100 kW, dual fluidized bed steam gas-
ification pilot plant with calcite as bed material, converting wood and lignite in separate test runs into product gas. The
results are compared to experiments with the same fuels with olivine as bed material and the previous generation of the
gasification pilot plant at TU Wien. The highly catalytic active calcium oxide shifted the product gas composition
towards higher hydrogen and carbon dioxide and lower carbon monoxide content. The tar amount was decreased and
the tar composition changed, resulting in lower tar dew points. The dust content in the product gas was reduced with
the advanced pilot plant design with calcite in comparison to the classic design with olivine. Therefore, attrition of bed
material was decreased by utilizing the advanced design and calcite with its benefits can be used without profuse con-
tinuous replacement of bed material.
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INTRODUCTION native bed materials (like calcite) is a subject of research at TU Wien.

Calcite is a well-known material which offers several advantages

Thermo-chemical conversion of biogenic feedstock is a promis- like high catalytic activity;, low material costs and worldwide abun-
ing option to enable eco-friendly and efficient production of heat dancy. Nevertheless, it brings along one major disadvantage for

and power, secondary energy carriers and valuable products. Dual usage in fluidized beds: The low attrition resistance leads to prob-
fluidized bed (DFB) steam gasification has long been subject of lems with classic dual fluidized bed plants. Thus, an advanced con-
investigations at TU Wien. This technology has been demonstrated cept for the DFB gasification has been proposed by TU Wien, and
at industrial scale in (i) Guissing, Austria (8 MW, fuel power) [1], furthermore an experimental 100 kW, pilot plant was built. The
(ii) Oberwart, Austria (8.5 MW,,) 2], (iii) Senden, Germany (15 design facilitates the use of calcite as bed material by the applica-
MW, [3] and (iv) Gothenburg, Sweden (30 MW,;) [4]. The aim tion of gentle separation units and further enhances the gas-solid

of the DFB steam gasification is the production of a nitrogen-free contact and residence time of the product gas through geometri-
medium calorific product gas from biogenic feedstock. The tech- cal modifications of the gasification reactor. The effect of using cal-
nology also offers a promising possibility for the production of a cite as bed material combined with the advanced design compared

synthesis gas from fossil fuels like lignite. Fluidized bed systems offer to the classic design and olivine as bed material will be discussed
the benefit of a high fuel flexibility compared to, e.g., entrained flow within this paper. Therefore, product gas composition, tar contents

systems with oxygen and steam as gasification medium. Further- and performance indicating key figures were investigated.

more, the production of pure oxygen for entrained flow systems

leads to a high energy demand and, therefore, high costs. Whereas MATERIAL AND METHODS

no pure oxygen is necessary for DFB steam gasification, DFB sys-

tems use a bed material to ensure uniform conversion of the feed- 1. Classic and Advanced DFB Steam Gasification

stock on the one hand, and to act as a transport medium for char The principle of the DFB steam gasification is shown in Fig. 1.

and heat on the other hand. The mentioned industrial plants use

olivine as bed material, which is an iron-magnesium-silicate-based product gas flue gas

mineral in the earths subsurface. Olivine offers several advantages H,, €O, CO;, CH,, C,H, N, CO,, H,0, 0,

(including high attrition resistance, moderate catalytic activity regard- REEREEEL ' '

ing tar reforming and a high heat capacity) for usage in fluidized Hy0 ==

bed steam gasification, but is comparably expensive and not avail- > —z 5

able all over the world. Therefore, the investigation of cheap alter- GASIFICATION | circulationof | COMBUSTION
800 - 850°C bed material 900 - 1000°C
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Solid fuels are converted into a nitrogen-free product gas, which
mainly consists of hydrogen (H,), carbon monoxide (CO), carbon
dioxide (CO,), and methane (CH,). The process is based on two
interconnected reactors, the gasification reactor (GR) and the com-
bustion reactor (CR). These two reactors are thermodynamically
connected via a circulating bed material, which works as heat car-
rier and supplies the overall endothermic gasification with the neces-
sary heat from the combustion reactor. The main fuel for the com-
bustion reactor itself is provided by the residuals of the gasifica-
tion, so-called char. With the circulating bed material, this char is
transported to the combustion reactor, where it is burned with air.
Additional fuel can be introduced into the combustion reactor to
control the gasification temperature and to compensate the rela-
tively high specific heat losses of the experimental pilot plant. It is
obvious that within this process the flue gas stream is separated
from the product gas stream. This leads to a high calorific nitro-
gen-free product gas.

Based on this principle, several industrial-sized plants have been
built and operated with olivine as circulating bed material. Oliv-
ine is a common silicate-based mineral in the earths subsurface,
and after several days of operation in a DFB gasification plant, it
forms calcium-rich layers on its surface caused by interaction with
biomass ash. These calcium-rich layers lead to an increased cata-
lytic activity with respect to tar reduction [5,6]. Thus, many exper-
imental test runs with the classic design of the DFB technology
and olivine as bed material have been carried out at TU Wien. Fig.
2 shows the classic design that is typically used at the existing indus-
trial sized plants, which consists of a bubbling fluidized bed as gas-
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Fig. 2. The classic design of the DFB 100 kW), pilot plant at TU Wien.

ification reactor and a fast fluidized bed as combustion reactor. In
the following, the classic reactor design is referred to with the abbre-
viation “@” The reactors are connected via a loop seal or a chute in
the lower part of the reactors and a loop seal in the upper part. The
bed material, which leaves the combustion reactor, is separated
from the flue gas via a cyclone and then introduced into the gasifi-
cation reactor again. Further information regarding the classic
design of the 100 kW), pilot plant at TU Wien can be found in [7].

To improve gas-solid contact within the gasification reactor, an
advanced design of the DFB steam gasification process has been
developed at TU Wien [8,9] (see Fig. 3). In the following, the ad-
vanced reactor design is referred to with the abbreviation “b” The
advanced design facilitates the use of pure calcite (CaCOs) as bed
material, which is clearly superior regarding tar reduction in com-
parison to olivine, but compared to commercially applied bed mate-
rials for fluidized bed applications, e.g., olivine or silica sand, calcite
shows relatively low abrasion resistance. Therefore, the advanced
design is equipped with two gravity separators on top of the reac-
tors. Compared to the use of cyclones, the gas and particle veloci-
ties are lower, which leads to smooth separation of the calcite from
the gas streams. Therefore, also calcite can be used without profuse
continuous replacement of the bed material. Cyclones are installed
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Fig. 3. The advanced design of the DFB 100 kW,, pilot plant at TU
Wien.
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to remove fines after the gravity separators. Besides these develop-
ments regarding separators, the key innovation concerns the design
of the gasification reactor. The gasification reactor consists of two
main parts. The lower part with the fuel input is operated as bub-
bling fluidized bed. The upper part is designed as a countercurrent
column with turbulent fluidized bed zones. The countercurrent
column results from the hot bed material, which is separated from
the flue gas stream and is introduced into this column. Further,
the column is equipped with constrictions, which leads to an in-
creased bed material hold-up over the height of the column. As a
result, the interaction of bed material and the product gas in the
upper part of the gasification reactor is increased significantly.
2. Advanced 100 kW,, Pilot Plant at TU Wien

For experimental investigations, an advanced 100 kW), fuel power
gasification pilot plant based on the advanced design was built.
The plant went into operation in 2014 with several test runs hav-
ing been conducted so far [10-13]. A basic flow sheet of the pilot
facility can be found in Fig. 4. The arrows inside the scheme show
flow paths of the solid streams and gas/fluid flows. Important plant
parts of the main units are visible and a division into three main cate-
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Fig. 4. Basic flow sheet of the advanced pilot facility at TU Wien.
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Fig. 5. Photograph of the upper part of the advanced pilot facility
at TU Wien.

Fig. 6. Photograph of the lower part of the advanced pilot facility at
TU Wien.
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gories is given: solid fuel supply, production of two gas streams,
and gas cooling, deaning and utilization. Additionally; process media
supply systems, measurement and control technology, the control
station, and an encompassing safety technology, are displayed. Pic-
tures of the pilot facility are shown in Fig. 5 and 6. The height of
the combustion reactor is 4.7 m with a diameter of 125 mm, the
height of the total gasification reactor exceeds 4.3 m. The overall
construction of the reactor system has a height of about 7m. A
control room enables the operator to control all important input
streams and parameters.

For safety reasons and to control the operation, the plant is
equipped with a programmable logic controller (PLC). The PLC
gathers and records all measured data (e.g., temperatures, pressures,
gas compositions). To guarantee effective process control and a
detailed insight into the gasification process, more than 100 tem-
perature and 70 pressure sensors were installed. Within each main
part of the new pilot plant, technical improvements were imple-
mented. To ensure smooth operation of the fluidized bed, the hop-
per and fuel feeding system is an important part. Special arrange-
ments of screws, cooling jackets and two hoppers to mix different
fuels were constructed. Three staged air nozzles are used for the
combustion reactor and allow an adjustment of the air-to-fuel ratio
independently from the overall bed material circulation rate. For
the gasification of difficult fuel types with increased efficiency; the
gas/particle interaction is significantly enhanced due to the upper
gasification reactor and its geometrical modifications. It is possible
to change the geometry of the constrictions inside the upper gas-
ification reactor. So it is possible to guarantee an optimization of
the fluid dynamics without influencing the desired constant pro-
duction of the product gas volume flow. The two reactors are con-
nected via the lower loop seal (LLS) and the upper loop seal (ULS)
and therefore prevent gas leakages between the two reactors. Fur-
ther, multistage solid separation equipment (coarse particle separa-
tor and fine particle separator) ensures low fine content on each
gas flow path. In contrast to cyclones, the constructed coarse parti-
cle separator is carried out as a gravity separator, which exerts low
attrition and abrasion effects to the bed material. Bed material from
the gravity separator of the gasification is returned via the internal
loop seal (ILS). Special equipment enables bed material samples
from different locations. Coarse and fine ash removal systems via
screws and closed ash hoppers are implemented as well. During
the test runs, main product gas components like hydrogen, car-
bon monoxide, carbon dioxide and methane are analyzed online
by a Rosemount NGA2000 gas analyzer. Further product gas com-
ponents like ethene are measured by a gas chromatograph (Perkin
Elmer ARNEL - Clarus 500) every 15 min. To avoid any damage
of the measurement equipment, the product gas has to be filtered
and washed with rapeseed methyl ester (RME) to remove con-
densable components like water and tars. The online gas measure-
ment equipment is displayed in Fig. 7.

The determination of solid particles and higher hydrocarbons
(tar) in product gas takes place discontinuously. Solid particles (dust
and char) are sampled with a small cyclone and a quartz wool
stuffed filter cartridge. Tar is sampled isokinetically with impinger
bottles, and afterwards gravimetric as well as tars detected by gas
chromatography mass spectrometry (GCMS) are determined. The
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Fig. 7. Online gas measurement equipment, modified from Schmalzl
[14].
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Fig. 8. Tar, dust, char, and water sampling scheme for the advanced
pilot plant.

measurement method is based on [15], which aims at the determi-
nation of tars originating from biomass gasification. Typically, iso-
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propanol is used as solvent, but for measurements at the advanced
pilot plant, toluene is used, because the solubility for tar in toluene
is generally higher and the water content in the product gas can be
measured simultaneously. With this setup, the detection of tolu-
ene is impossible and the detection of benzene and xylene is not
easy. Therefore, all GCMS tar values in this paper are presented
without benzene, toluene and xylene (BTX). The sampling scheme
for tar, dust, char and water is shown in Fig. 8.
3. Investigated Bed Materials

The presented experiments of the advanced 100 kW), pilot plant
in this paper were conducted with pure calcite (CaCOs) as bed
material. The experimental results were compared to results with
the classic pilot plant with olivine as bed material. The main com-
ponents of the used bed materials are given in Table 1. Regarding
Mohs scale for mineral hardness, olivine has a value of 6-7 and cal-
cite around 3. Due to the high temperature in the gasification sys-
tem, the bed material was calcined. The initial bed material inventory
calcite was calcined in the reactor system due to adjusted operat-
ing conditions at high temperatures. Through a release of CO,, a
change of bed material density occurred. Thus, the practically active
bed material mainly consists of calcium oxide (CaO) and some
minor impurities like MgO.
4. Feedstock for Experimental Test Runs

Two separate test runs with wood pellets and lignite were con-
ducted with the advanced 100 kW, pilot plant. The proximate and
ultimate analysis of both fuel types are given in Table 2. Wood pel-
lets according to the Austrian standard ONORM M 7135 and lig-

Table 1. Main components of the used bed materials for DFB steam

gasification
Name/parameter Unit Olivine Calcite
CaCO3 Wt%db - 95-97
CaO Wt%db <0.4 -
MgCO3 Wt%db - 1.5-4.0
MgO Wt%db 48-50 -
Sio, Wt%g;, 39-42 0.4-0.6
ALO, Wt%,, - 0.2-04
Fe,0, Wt%,, 8-11 0.1-0.3

Table 2. Proximate and ultimate analysis of feedstock for experi-
ments with the advanced 100 kW,, pilot plant

Name/parameter Unit Wood  Lignite
Water content mass-% 7.2 13.0
Ash content mass-%,;, 0.2 423
Carbon (C) mass-%,;, 50.7 65.53
Hydrogen (H) mass-%g, 5.9 375
Nitrogen (N) mass-%,, 0.2 0.84
Oxygen (O) mass-%,, 43.0 25.22
Sulphur (S) mass-%,, 0.005 0.38
Chlorine (Cl) mass-%,, 0.005 0.05
Volatile matter mass-%,, 85.5 51.8
Fixed carbon mass-%,, 14.5 482
Lower heating value (LHV)  MJ/kg 17.4 20.8

September, 2017

nite of the same batch used in previous investigations presented in
[16] were used for gasification test runs. Due to the longer storage
time, the water content of lignite decreased from 18.6 mass-% [16]
to 13.0 mass-%.
5. Mass and Energy Balance with IPSEpro

For evaluation and validation of the process data, which was
gathered during the experiments, the software package IPSEpro was
used. IPSEpro is a software package originating from the power
plant sector, which offers stationary process simulation based on
flow sheet modelling. A comprehensive model library for biomass
gasification was developed by Proll and Hofbauer [17]. It enables
the user to calculate data, which cannot be measured directly, via
mass and energy balances. Furthermore, calculations allow the vali-
dation of the measured data and therefore all presented results are
highly valuable and representative.
6. Performance Indicating Key Parameters

The process performance was evaluated according to the pre-
sented key parameters in this subsection. The steam to fuel ratio
ose (Eq. (1)) expresses the sum of fluidization steam and fuel water
in relation to the total mass of dry and ash-free fuel introduced into
the GR. As, initially, the steam is used for the gasification of carbon
and to enable comparison between gasification of fuels with differ-
ent fuel composition, the steam to carbon ratio ¢ (Eq. (2)) is com-
monly used. The fuel-related water conversion Xy;,q .4 (Eq. (3)) gives
the amount of water consumed per mass unit of converted fuel
during gasification, whereas the steam-related water conversion
Xy,0 (Eq. (4)) gives the relation of water consumed and water intro-
duced into the GR. The carbon conversion in the GR X (Eq. (5))
is the ratio of the amount of carbon leaving the GR via the prod-
uct gas to the amount of carbon introduced into it with the fuel.
The cold gas efficiency 7o (Eq. (6)) gives the amount of chemical
energy in the product gas related to the chemical energy in the
fuel, which is introduced into the GR based on the LHV.

Mo+ XHgo,fuel ) mfuel

Psp= steam to fuel ratio (1)

(1_ XHZO,fueZ - Xash,fuel) : mfuel

Myyonm + XHg(),fuel ) mfuel

Psc= - steam to carbon ratio  (2)
Xc, fuel" Mfiel
X _ Myenm + XHZO,ﬁAel : mfu517 XH20, pG ' Mpg (3)
H,0, fuel B
: (1_ XHZO,fueI - Xash,fuel) : mfuﬁl
fuel-related water conversion
X _ My + XHgo,fuel : mfuel - XH20, pG - Mpg (4)
H. O - . .
’ Mpenm + XHg(),fuel : mfuel
steam-related water conversion
X
C, PG L
Xo= carbon conversion in the GR  (5)

© Xc, fuel” Mfiel
_ Vpg-LHV,

= 100 cold gas efficien (6)
M LHVfuel § <

Tce
Regarding the composition of the product gas, the water gas shift
reaction (Eq. (7)) is the most important heterogeneous catalyzed
gas-gas reaction occurring in the product gas. Steam reforming of
hydrocarbons (Eq. (8)) is introduced to discuss tar reduction.

CO+H,0==CO,+H, water gas shift reaction  (7)
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Table 3. Classification of tar by physical properties and list of considered compounds within this study

Tar class  Class name Property

Compounds considered in this study

Very heavy tars, cannot be detected

1 GC-undetectable by GC

one

Tars containing heteroatoms; highly

Benzofurane, 2-methylbenzofurane, dibenzofurane, chinoline, iso-
chinoline, indole, carbazole, methylpyiridine, 1-benzothiophene, diben-

2 Heterocyclic water soluble zothiophene, phenol, methylphenole, dimethylphenole, eugenole,
isoeugenole
Light hydrocarbons with single
3 Light aromatic ring; not problematic in terms of Phenylacetylene, styrene, mesitylene, ethylbenzene, xylene

condensation and water solubility

2- and 3-ring compounds; con-
dense at intermediate temperatures
at relatively high temperatures

4 Light polyaromatic

1H-indene, 1-indanone, naphthalene, methylnaphthalene, vinylnaph-
thalene, biphenyle, acenaphthylene, acenaphthene, fluorene, anthra-
cene, phenanthrene, methylphenanthrene, methylanthracene

Larger than 3-ring compounds;
condense at high temperatures at
low concentrations

5 Heavy polyaromatic

Fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluo-
ranthene, benzo[k]fluoranthene, benzo[a]pyrene, benzo[e]pyrene,
benzo[gh,i]perylene, dibenz[a,h]anthracene, indeno[1,2,3-cd]pyrene,
perylene, coronene

CH,+aH,0—=a CO+(a+l§)H2 ®)
steam reforming of hydrocarbons

The catalytic activity of the bed material combined with the innova-
tive gasifier design promotes besides other reactions also the water gas
shift reaction. The extent of the promotion can be expressed by the
logarithmic deviation from chemical equilibrium pd,, wes (Eq. (9)).

IIp/' }

S, =log,o| —————= )
P Oeq, was g10|:KP’ es(D)

logarithmic deviation from water gas shift equilibrium

The equilibrium constant K, 65(T) was calculated using the com-
mercial software HSC [18]. If pd,,, wes=0, the water gas shift reac-
tion equilibrium is fulfilled. If pd,, 16s<0, the actual state is still on
the side of the reactants, so further reaction is thermodynamically
possible. If pd,, wes>0, the actual state is on the side of the prod-
ucts, which can thermodynamically not be reached due to the water
gas shift reaction alone, but by, e.g., intermediate products from
devolatilization of higher hydrocarbons. Generally, a higher activ-

Table 4. Main operating parameters for gasification of wood and lignite

ity in terms of the water gas shift reaction also leads to higher
activity regarding reforming of hydrocarbons [19].
7. Tar Classification and Calculation of the Tar Dew Point
Tar components can be classified according to many different
aspects. One possible way is according to temperature of formation
suggested by Milne et al. [20] into primary, secondary and tertiary
tar components. Wolfesberger et al. introduced a classification sys-
tem according to superordinate groups [21]. Table 3 determines the
classification of tar by physical properties as suggested by Rabou et
al. [22] and lists considered GCMS components within this study.
The tar dew point is an important value for fouling and there-
fore a major consideration for long-term operation of biomass gas-
ification systems as it facilitates an evaluation of the potential impact
on downstream equipment. The tar dew point was calculated via
the tar dew point model developed by the Energy Research Cen-
tre of the Netherlands (ECN) [23].

RESULTS AND DISCUSSION

Table 4 lists the main operating parameters of the gasification

Experiment

Value Unit

la[7] 1b 2a [16] 2b
DFB plant design Classic Advanced Classic Advanced
Fuel type to GR Wood Wood Lignite Lignite
Fuel power to GR kw 90 101 90 100
Fuel feeding position GR In-bed On-bed In-bed On-bed
Initial bed material Olivine Calcite Olivine Calcite
Gasification temperature °C 850 797 850 839
Steam to fuel ratio () Kgy1,0/KE el dar 0.6 0.7 0.9 1.0
Steam to carbon ratio (@) kg o/kge 1.3 14 1.3 1.5

Korean J. Chem. Eng.(Vol. 34, No. 9)
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Fig. 9. Overview on the average temperature profiles for the gasification (left) and combustion (right) reactor for the gasification test run
with wood operating the advanced 100 kW, pilot plant with calcite as bed material (experiment 1b).
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with lignite operating the advanced 100 kW, pilot plant with calcite as bed material (experiment 2b).

test runs of wood and lignite. Figs. 9 and 10 show an overview on and lignite, respectively. Due to the different fuel properties, (see
the average temperature profiles over the steady state operation in Table 2) dissimilar temperature profiles were observed during the
the combustion and gasification reactor for gasification of wood test runs with the advanced pilot plant (experiments 1b and 2b).

September, 2017
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Fig. 11. Product gas composition for gasification of wood and lignite.
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Fig. 12. Tar content and calculated dew point of the product gas for
gasification of wood and lignite.

The average temperature difference between the gasification and
combustion reactor was smaller for the gasification test run with
lignite, because of its high share of fixed carbon. The high amount
of fixed carbon was not as easily devolatilized and gasified in the

Table 5. Key parameters for gasification of wood and lignite
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Fig. 13. Dust and char content of the product gas for gasification of
wood and lignite.

gasification reactor and, therefore, more char was transported to
the combustion reactor. This allowed a low input of additional fuel
into the combustion reactor. Thus, the char enabled a smooth com-
bustion in the combustion reactor, which can be seen through a
narrow temperature profile for the gasification of lignite. In addi-
tion, the temperature profile in the gasification reactor with lignite
as fuel showed a more homogeneous behavior over the height
than for wood as fuel. Figs. 11, 12 and 13 show the product gas
composition as well as the related tar, dust and char content for
gasification of wood and lignite with olivine and calcite as bed
material (experiments la, 1b, 2a and 2b). For all shown test runs,
the steam to carbon ratio was kept in a comparable range of 1.3-
1.5 kg/kg. Table 5 presents the performance indicating key param-
eters and additional key data for the gasification experiments. The
tar components were classified according to Table 3 and their shares
are shown in Fig. 14.
1. Experimental Results for Gasification of Wood

The gasification test runs with wood and calcite as bed mate-
rial (advanced plant design: experiment 1b) were compared with
test runs carried out with the previous 100 kW), pilot plant using

Experiment

Value Unit

la [7]° 1b 2a [16]" 2b
Specific product gas yield Nm3db/kgﬁw,, daf 1.04 1.36 1.65 1.62
Product gas power kW 68.4 85 66.8 70.5
H,O content in product gas vol% 32.6 31.6 19.1 25.1
Fuel-related water conversion X0, sl kg, 0/KE el dus 0.13 0.23 0.55 0.59
Steam-related water conversion Xy, kgy,o/kgu.0 0.22 0.31 0.61 0.58
Carbon conversion in the GR X, kg po/Kee e 0.67 0.75 0.66 0.59
Logarithmic deviation from WGS equilibrium, po,, wes - -0.34 —-0.03 —0.01 0.02
Cold gas efficiency 77¢¢ % 76 84 74 71

“Values may vary from the original literature due to different calculation methods. All values within this work are calculated consistently
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fuel: wood wood lignite lignite

bed: olvine calcite olvine calcite
plant:  classic advanced classic advanced
| 1a 1b 2a 2b
100% —— e .

9% 2% 9%

90% — =

80%

70%

60%

60% 82% 069, 82%

18%)|

mclass 2
fclass 3
mclass 4
mclass 5
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30%
20%
10% {—
ll—"3 "

GCMS tar
[g/Nm?g):

share of class in total GCMS tar [wt.-%]

7.16 1.21 3.00 1.04

Fig. 14. Total GCMS tar in g/Nm’,, and shares of tar components
according to the classification of Table 3 for gasification of
wood and lignite.

olivine as bed material (classic plant design: experiment 1a) [7]. In
spite of lower gasification temperatures, the product gas composi-
tion was strongly shifted towards a higher H, (+8.2 vol%,,) and CO,
(+5.1 vol%,,) and a lower CO (—9.5vol%,;,) content with calcite as
bed material. Generally, at lower gasification temperatures, a con-
trary effect on the gas composition is expected. The change in the
product gas composition can be explained by the strong influence
of calcium oxide on the heterogeneous catalyzed water gas shift
reaction (Eq. (7)). Additionally, gravimetric and GCMS tar contents
were remarkably lowered in case of the advanced plant design. There
was also a reasonable impact on the C,H, content (—1.4vol%,,),
which seems to be a good indicator of the GCMS tar content in
the product gas [24,25]. The decomposition of hydrocarbons proba-
bly took place by a coupling of two effects: (i) The more active bed
material calcium oxide to enhance steam reforming reactions (Eq.
(8)), and (ii) higher temperatures in the countercurrent column
for cracking reactions. There were no heterocyclic tar components
detected in experiments with calcite as bed material. Both total
GCMS tar and the percentage of class 5 tar were significantly lower
for experiments at the advanced pilot plant resulting in a very low
tar dew point of 92 °C instead of 160 °C (Fig. 12). The logarithmic
deviation from chemical equilibrium was significantly lower for
experiment 2b and, thereby, equilibrium was nearly fulfilled with
calcium oxide as active bed material (Table 5).

The specific product gas yield was noticeably increased (+0.32
Nm’4/Kgj 4r)>» which could be explained by longer residence times
of char particles due to the advanced pilot plant design and cal-
cium oxide as bed material to enhance the water gas shift reaction.
Within this reaction, the dry gas volume was increased by the con-
version of water. The longer residence time of product gas with bed
material and char led to a higher carbon conversion (+8.4%). The
increased water conversion can be explained by the stronger cata-
lytic activity of calcium oxide over olivine and longer residence times
for particles and, therefore, longer contact times between the prod-
uct gas and particles in the advanced pilot plant. This resulted in
consumption of water by (i) steam reforming and (ii) enhanced
water gas shift reaction. and can be noticed in reduced tar amounts
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and the shifted product gas composition. In addition, when consid-
ering the cold gas efficiency (+8%), the advanced pilot plant pro-
vided superior results.

The attrition behavior of the bed material is discussed via the
dust content in the product gas. As the dust content in the product
gas was considerably decreased from 16.4 to 1.8 g/Nm’,, (Fig. 13),
there is no concern for major bed material attrition with CaCO,/
CaO as bed material when utilizing the advanced design. Note
that fine ash and fly char are separated from the product gas with
a gravity separator and a cyclone in the advanced pilot plant (see
Fig. 3), and there was no separation system installed in the classic
design (see Fig. 2). The fine ash removal of the advanced pilot plant
was not considered within this paper, as it should be led back to
the reactor system in an industrial application.

2. Experimental Results for Gasification of Lignite

The results for gasification test runs with lignite and calcite as
bed material (advanced plant design: experiment 2b) were com-
pared to test runs carried out with the previous 100 kW, pilot plant
using olivine as bed material (classic plant design: experiment 2a)
[16]. The product gas composition was strongly shifted towards
higher H, (+5.0 vol%,,) and CO, (+3.0 vol%,,) and lower CO (—4.5
vol%,,) content with calcite as bed material (Fig. 11). GCMS tar
values were comparatively lower for the advanced pilot plant, but
the gravimetric tar was in the same range (Fig. 12). Again, a direct
correlation between C,H, content and GCMS tar was observed.
There were no heterocyclic and light aromatic (class 2 and 3) tar
components detected in experiment 2b (Fig. 14), and the tar dew
point was lowered from 145 to 123 °C. For both experiments with
lignite, the product gas composition was very close to water gas
shift equilibrium. For experiment 2b, the logarithmic deviation was
even positive. When comparing the performance indicating key
parameters, the differences between experiment 2a and 2b were
minimal for product gas yield, water and carbon conversion and
cold gas efficiency (Table 5). The reason could be that lignite pos-
sesses very good fuel properties for the DFB steam gasification pro-
cess: the low content of volatile matter in the fuel composition of
lignite resulted even with the catalytically weaker (but still active)
olivine in high water and carbon conversions. Thus, the advanced
design with more intense contact and longer residence time of cat-
alytic active bed material with the product gas did not have a strong
impact on its performance. The H,O content in the product gas
was slightly higher for experiment 2b due to the higher steam to
carbon ratio, but the water conversions attained similar values for
both experiments. The dust content was lowered from 17.0 to 3.6
g/Nm’;, (Fig. 13) with the advanced design, which again supports
the idea of the smooth separation of the soft bed material with the
advanced design works.

CONCLUSION

Investigations on steam gasification of wood and lignite with
calcite as bed material and an advanced 100 kW, pilot plant were
carried out and compared to existing results with the same fuels,
but with olivine as bed material and the classic design of the pilot
plant. Results achieved are summarized as follows:

(i) The product gas for both fuels was shifted to higher H, and
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CO, contents as well as lower CO and C,H, contents due to the
highly catalytic active calcium oxide forcing the water gas shift and
steam reforming reactions.

(i) Tar amounts in the product gas were significantly decreased
and the tar dew points calculated from GCMS tar content were
remarkably improved, which seems to be a result of stronger steam
reforming and cracking of the tar.

(iii) For experiments with wood, the key parameters regarding
gasification were considerably improved with CaCO,/CaO as bed
material instead of olivine. However, the same key parameters were
not notably changed for the comparable test runs with lignite.

(iv) Furthermore, the attrition behavior of the bed materials
olivine and CaCO,/CaO was compared via the dust content in the
product gas. According to that parameter, the new separator sys-
tem reduced attrition and dust content in the product gas using the
soft calcite/calcium oxide. The advanced pilot plant design enabled
calcite around four- to seven-times higher attrition resistance due
to the smooth separation equipment installed in the advanced pilot
plant.

The experimental test runs presented in this paper aim to intro-
duce a new bed material for gasification in DFB plants. Calcite as
bed material, combined with the advanced DFB reactor design,
enhanced catalytic activity in terms of product gas composition, tar
reduction and partial improvement for gasification-related key
parameters. Calcite is a cheap and easily available bed material and,
therefore, a promising alternative to commercially applied bed mate-
rials like olivine or silica sand. Calcite as bed material and the ad-
vanced DFB gasification system offer the possibility to gasify a broad
range of alternative fuels for various applications of the product gas.
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ABBREVIATIONS
a  :classic reactor design
b :advanced reactor design

BTX :benzene, toluene, xylene

CR  :combustion reactor

DFB :dual fluidized bed

ECN : energy research centre of the Netherlands
GC :gas chromatography

GCMS: : gas chromatography mass spectrometry

GR  : gasification reactor

N  :atstandard conditions (0 °C and 101.325 kPa)
PLC :programmable logic controller

Subscripts

ash :ash

C  :carbon
db  :drybasis

daf :dryand ash-free

fuel :fuel to gasification reactor
H,O :water

PG :product gas
steam : steam
th  :thermal

Symbols

a,b :stoichiometric factors [-]

K, wos: equilibrium constant of the water gas shift reaction [-]
LHYV :lower heating value [k]/kg or kJ/m]

m :mass flow [kg/s]

p;  :partial pressure of component i [Pa]

PO, was : logarithmic deviation from the water gas shift equilibrium
V  :volumetric flow [m?/s]

X :mass fraction

Xc  :carbon conversion in the gasification reactor [kgo/kgc .
Xpo :steam-related water conversion [kgy o/kgy o]

Xir,0,fuet : fuel-related water conversion [Kgy,o/Kgje, ]

Neg  :cold gas efficiency [%]

v, :stoichiometric coefficient of component i [-]

@sc  :steam to carbon ratio [kgy o/kg ]

@ :steam to fuel ratio [kgy,0/Kgp, u
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