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Figure 2. Simplified process flow sheet of the 1 MW aDFB steam gasification demo plant, including the coarse gas cleaning section. Adapted from

Hochstdger et al.** CC-BY 4.0.

carbon, and zinc oxide filter (fine gas cleaning section), which
are not discussed further in this paper.***° The reactor design
is based on the 100 kW aDFB reactor unit situated at TU Wien
and comprises some of the installations that have been
investigated scientifically there, such as the countercurrent flow
column (CCC) in the GR and the primary cooling and
separation.'®*’ In the following paragraphs, the operation units
and the gas cleaning units for product and flue gas of the 1
MW aDFB demo-scale plant are described in more detail.

Gasifier and Combustor. The GR (Figure 2 label 1,
Figure 3 left) comprises a BFB section, with a cross-sectional
area of 0.31 m? in the bottom, a freeboard section with a
maximum cross section of 1.48 m? and a CCC section on top
with 5 built-in constrictions (area constriction from 0.17 m? in
the column to 0.06 m? in the constricted area) for enhanced
particle hold-up and higher gas—solid contact over a height of
4.8 m.* Through the higher cross section of 0.5 m? at the PG
outlet, the residence time on the top is prolonged, while the
temperature remains high. The operation of the gasifier aims to
establish su cient residence of feedstock and bed material for
feedstock conversion in the lower part and a hold-up of bed
material coming from the combustion into the CCC to allow
for gas and tar reforming at higher temperatures. The reactor
height is approximately 11 m in total, and the feedstock is
inserted by on-bed feeding.®® Ten steam nozzles in the lower
BFB section of the reactor supply the fluidization and reaction
agent for the gasification process.

The CR (Figure 2 label 2, Figure 3 right) is designed for
CFB operation, with a column of 0.05 m? bottom area and a
main column of 0.11 m? area above. The bottom fluidization is
ensured via one air supply nozzle at the bottom of the CR. For
solid transport control and complete combustion of the
feedstock char, the main CR is equipped with 12 air supply
nozzles located at 3 height levels, i.e., 4 nozzles per height level.
In combination with the combustion of auxiliary fuel supplies
(heating oil, product gas, scrubber emulsion, and fly char), the
temperature profile and energy balance are ensured. Solids can
be extracted from the column below via a cooled screw
conveyor.

2632

Figure 3. aDFB reactor scheme with solid, fluid, and gaseous inputs
and outputs at regular operation of a 1 MW aDFB steam gasifier
demo plant at the Syngas Platform Vienna; temperature and pressure
measurements are marked with red crosses. Adapted from Kadlez et
al,** CC-BY 4.0.
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Both reactors are coated with refractory lining as a protective
layer for the main steel construction and to reduce heat losses
via surfaces. The lower reactor connection for transporting the
bed material and char to the CR is realized as a chute with a
35° inclination to handle heterogeneous feedstock chars and
larger impurities, such as stones and nails. The upper
connection consists of a cyclone to separate exhaust gas
from solids and a loop seal for gas tightness between the CR
and GR. Both connections are purged with steam for
fluidization reasons and to counteract gas slip streams between
the reactors. The global loop of solids shall be able to supply
the CCC in the GR with hot bed material for gas and tar
reforming, followed by establishing the necessary heat for
primary conversion steps (drying, pyrolysis, gasification) in the
lower GR, and thereafter using the input char into the CR to
reheat the bed material.*® Separate outlets for flue and product
gas avoid the dilution of product gas with N, to generate a
product gas of higher quality for subsequent processing steps,
e.g., combustion in a gas turbine or further gas conversion via
synthesis.

Gas Cleaning. The initial stages of the gas cleaning
operation are identical for product gas from the GR (PGC,
Figure 2, label 3) and flue gas from the CR (FGC, Figure 2,
label 4), albeit realized as separate units for both gas lines.
Radiation coolers are employed for initial cooling to 450—550
°C and gravity separation of coarse solids in the gas stream,
followed by cyclones for enhanced separation of solids. The
remaining thermal energy in the flue gas is then used to
preheat the combustion air of the CR, thereby being cooled,
and subsequently passed through a fabric bag filter. The solid
residues of these FGC stages are gathered cumulatively in flow
bin containers. For the PGC, the steps after cyclone separation
include a hot gas ceramic candle filter and a two-stage
scrubbing operation with a water quench scrubber, followed by
an RME scrubber for separation of steam, condensable
hydrocarbons, and soluble gas impurities such as ammonia.
The solid residues from the PGC, i.e., fly char, dust, and bed
material, as well as the saturated RME emulsion, are
recirculated into the CR as auxiliary fuel and to maintain the
bed material inventory.

The process utilities used in the 1 MW Syngas Platform
Vienna are di erent gaseous agents (air, N, steam), RME and
heating oil as liquids, and a broad variety of solids when it
comes to the options of possible feedstocks and bed materials.
The reactor is designed to handle a wide range of feedstock
properties as found in nonwoody biomass, biogenic residues,
and waste materials, e.g., the water content, the ash content,
the ash composition, and the share of volatile matter.** Olivine
is mostly used as bed material due to its capability of forming
Ca-enriched layers beneficial for the Kinetics of essential
gasification reactions, such as steam reforming and the water—
gas shift.*? Ca needed for this layer formation can be derived
directly from the feedstock conversion process (e.g., from the
ash) or supplied by Ca additives, which is done at this facility
by adding limestone to the bed material feed.**

Feedstock and Bed Material. The feedstock material
used for the investigations in the 1 MW aDFB demo plant
presented in this paper was CS (species: Anacardium
occidentale; country of origin: lvory Coast, abbreviation:
CS). After harvesting, the unprocessed cashews were stored for
24 months under a canopy until they were finally washed from
foreign matter and destoned. The so-obtained CS were utilized
in the gasifier at the Syngas Platform Vienna with a size of 18—
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20 mm and were unpressed and unpelletized. Hence, this
feedstock represents a biogenic residue from food processing
characterized by a very high share of K in the ash, albeit with
an overall low feedstock ash content. Its appearance and
consistency are characterized by inherent oil phases, if not
pretreated in some way such as pressing, which generally
elevates the heating value in comparison to woody and straw-
like biomasses.** Wood chips (WC), chosen as the reference
feedstock for comparison, represent a Ca-rich feedstock with
low ash content. The details of the feedstock characteristics for
both fuels are shown in Table 1. The feedstock characteristics

Table 1. Feedstock Specifications of Cashew Shells (CS)
and Wood Chips (WC)?

parameter unit CS wc
water content wt %, 113 14.3
ash content wt %, 19 0.9
C 59.9 494
H 7.2 58
N 04 01
volatile matter 817 839
fixed carbon 16.4 15.2
LHV MJ/Kgqp 22.7 18.4
Na,O Wt %gg, 3.6 0.7
MgO 223 11.6
Al,O4 14 03
Sio, 7.0 30
P,Os 14.0 49
SO, 04 4.2
Cl 0.7 01
K,0 423 283
CaO 71 46.1
Fe,03 05 02
rest 0.7 0.6
deformation temperature °C 840 >1500
hemispheric temperature 1400 >1500
flow temperature >1500 >1500

&ar, as received; db, dry base; and LHV, lower heating value.

were determined according to 1SO 18134-2 (water content),
ISO 18122 (ash content and composition), I1SO 18123
(volatile matter), ISO 18125 (calorific value), I1SO 21404
(ash melting behavior), and ISO 16948 (CHN). The ash
composition of CS on a molar and C—O-free basis amounts to
approximately 44 mol % K, 27 mol % Mg, 10 mol % P, and 6
mol % Ca and Si for the major ash-forming elements. Given
this composition, the feedstock ash represents a constitution
where the basic compounds dominate over the acidic
compounds, according to the conceptual model developed
by Bostrom et al.** Based on this concept, K would be
available for secondary and tertiary reactions to form K-
containing compounds, such as silicates, phosphates, chlorides,
and sulfates.

An important characteristic of the feedstock shown in Table
1 relates to the risk of ash melting based on the analysis in
laboratory ash melting tests. Deformation of the ash at 840 °C
indicates a potentially problematic tendency for ash melting in
the temperature range relevant to fluidized bed operations. For
additional investigations, TEC were performed in FactSage
(Version 8.1, GTT-Technologies), which is based on
minimizing the Gibbs energy in global eauilibrium,45 using
the databases SGPS, GTOX, and KCa_.*® In the case of
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duplicate stoichiometric compounds, priority was given in the
order of appearance to GTOX, then KCa_, and then SGPS.
The input elements were H, C, N, O, Na, Mg, Al, Si, P, S, Cl,
K, Ca, and Fe. Calculations were conducted under reducing
conditions (main gas compounds: H,O, H, CO,, CO; no
excess O,), with the exact gas composition established
according to thermodynamic equilibrium, for the ash
composition of CS and WC with enhanced stability for
potentially formed carbonate structures. The calculations were
conducted at temperature incremental steps of 25 °C in the
temperature range of 700—1200 °C. The results of these
calculations are compared to the ash properties determined in
laboratory investigations under oxidizing conditions.

As the bed material, olivine with a median particle size
distribution D50 of 308.1 ym was used. With the accompanied
settings, group B in the Geldart classification is reached, which
enables proper fluidization and mixing of solids in the BFB of
the gasifier and an entrained fluidized bed flow in the CR.*’
This bed material primarily comprises (Mg,Fe),SiO, crystals
and minor impurities of other silicate structures, such as
feldspar (KAISi;Og—NaAlSi;Og—CaAl,Si,Og) and quartz
(Si0,). To make use of its catalytic potential for improving
the product gas quality,**“® this olivine was already used as the
bed material in previous research campaigns. In this work, two
di erent operation points with CS as feedstock (CS1 and CS2)
are considered. At the start of CS1/2, the olivine had already
circulated for 82/60 h between GR and CR during the
gasification of WC (WC1/2). The oxide composition of the
original bed material olivine, as specified by the provider
(Magnolithe GmbH), is shown in Table 2. The influence of

Table 2. Chemical Composition as Specified by the Provider
and Particle Size Distribution of the Bed Material Olivine

olivine composition

MgO wt %qp 48
SiO, 41
CaO 04
Fe,03 95
loss of ignition 0.2
D10 pum 204.46
D50 308.12
D90 464.35

previous operations on the bed material is most pronounced in
the particle layer formation characteristics, as the interaction of
olivine with feedstock-derived or added Ca created Ca-rich
interactions and deposition layers. The average oxide
composition and particle size distribution of limestone as a
bed material additive are shown in Table 3. The use of this
type of coated bed material could be beneficial for product gas

Table 3. Average Composition and Sauter Mean Diameter
of Limestone®’

limestone composition

CaCO; wt %qp, 95-97
MgCO, 15-4
Sio, 0.4-0.6
D10 um 459.04
D50 743.61
D90 1248.49
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properties and tar reforming. Process characteristics and
analytics can be considered as representative under stable
operation conditions.”* The amount of bed material used
during WC1 and CS1 was about 1050 kg fresh (ash layer free),
with no limestone additive added. WC2 and CS2 were
performed with 900 kg of fresh olivine with 450 kg of
limestone.

Process Analytics. Process analytics are employed at the 1
MW aDFB demo plant to determine the metrics and KPIs of
the aDFB gasification process. The input quantities and
qualities of the used process utilities representing the input
(feedstock, air, steam, and auxiliary fuel) are measured and
controlled. Furthermore, the process parameters temperature
and pressure are measured, with measurements distributed
over the full height of both reactors and along the gas cleaning
pathways of the product and flue gases. The key figures for the
mass and energy balances of the process are determined by the
feedstock analysis (see Table 1). Orifice plates for flow
measurements and online gas analysis instruments are installed
to determine the gas quality and quantity. The KPIs
characterize the process and are obtained as a derivative of
the analytics mentioned above; they include the steam/fuel
ratio, the steam/carbon ratio, the product gas yield, and the
cold gas e ciency. The set of formulas for calculating the KPIs
is shown by Benedikt.?°

Analyses of samples taken during the aDFB operation
include the ex situ analysis of the product gas from the gasifier
and gas cleaning at di erent stages of conversion and gas
cleaning, and solid residues as they accrue in di erent parts of
the system. The product gas analyses can be categorized into
main component analysis, i.e., CO,, CO, H,, and CH,, and
impurity analysis, i.e., tars and inorganics, such as NHj. A
detailed evaluation of the ex situ analysis of tars and inorganics
is not included in this work. The solid residues, mainly
consisting of ash, char, and bed material, can be analyzed for
their chemical composition, mineralogical characteristics, and
physical morphology. In this study, a JSSM-1T300 (JEOL) was
used to investigate the sampled bed inventory and agglomer-
ates. The SEM apparatus was equipped with a backscattered
electron detector (BSE) operating in low-vacuum mode (100
Pa). Elemental analysis of the samples was conducted with an
X-Max 80 energy-dispersive X-ray spectroscopy (EDS)
detector from Oxford Instruments. The samples were prepared
by epoxy encasing and polishing to reveal a cross section of the
bed material and ash particles. Point analysis and mappings
were used to determine the spatial distribution and give a
semiquantitative evaluation of the elemental composition.

During the operation of the 1 MW aDFB gasifier with CS as
feedstock, the product gas composition was determined online
and o ine by using di erent analysis methods. In order to
remove any impurities remaining in the product gas and thus
protect the measuring devices, a product gas sample
conditioning was used, as depicted in Figure 4. The product
gas is sampled from the main product gas line after the RME
scrubber (Figure 2) via a sampling probe heated to 150 °C.
Glass wool in the sampling probe removes already condensed
tars. Subsequently, an RME Impinger bottle at ambient
temperature, followed by 3 cooled RME Impinger bottles, is
used for further tar separation, followed by 2 Impinger bottles
for condensate separation. The Impinger medium used during
the first operation with CS was isopropanol instead of RME,
which was exchanged because of its volatile properties that
caused blockage in the measurement pipes. As a final safety
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Figure 4. Product gas sample conditioning at the Syngas Platform Vienna.

measure, two filter units with a fineness of 2 and 0.1 um were
installed upstream of the measuring device.

For all listed operations, the multicomponent measuring
device EL3020 from ABB was used for online measurements.
Sample bags of the product gas were analyzed via gas
chromatography (GC, PerkinElmer) during the operation.

I RESULTS AND DISCUSSION

Thermodynamic Equilibrium Calculations. In order to
assess the suitability of the feedstock CS in the 1 MW aDFB
demonstration plant and to assess the ash melting behavior,
test runs were carried out, and the ash melting behavior was
determined experimentally. Furthermore, TEC for the ash
melting behavior were performed. The previously mentioned
ash melting tests (see Table 1) showed deformation temper-
atures (DTs) of about 840 °C. According to the feedstock
composition, the surplus of K combined with the lack of Lewis
base formers (Si, P, S) could stabilize alkali and alkaline earth
carbonates in the system, increasing the probability for the
formation of salt melts containing carbonates, sulfates, and
chlorides.** However, salt melt formation could also be
expected for WC, according to the matrix of ash elements.

To estimate the likelihood of forming salt melts at
temperatures below 1000 °C, TEC were conducted. The
results for melt formation (salt melt, oxide melt) and K-
volatilization shown in Figure 5 for CS and WC highlight that
prior to the formation of oxide melt structures above 1125 °C
for CS, a carbonate melt containing mainly K,CO; was
predicted in the temperature range from 775/800 to 975 °C
for both CS and WC. Although the quantities of such a salt
melt might be estimated too high in comparison to a practical
case, since volatilized compounds such as KCl and KOH may
not be available for the formation of such salt melts upon
release to the gas phase,”*>" it is likely that the partial melting
of mixed carbonates poses a risk for ash-related issues in the
process. Comparing the TEC results with the ash melting test
results, it is apparent that the direct correlation of initial
deformation and salt melt formation is not possible for both
feedstocks. Furthermore, the release of inorganics has to be
considered, as about 50% of ingoing K for CS and about 70%
for WC form gaseous compounds around 975 °C (see Figure
5). The formation of an oxide melt based on the ash
composition was predicted starting at 1100 °C for CS, whereas
no oxide melt was predicted for WC.

Conducting TEC for determining potential risks related to
ash melting prior to the use of a specific feedstock for
conversion can facilitate the implementation of counter-

2635

Figure 5. Distribution of molten and solid phases, as well as
volatilized share of input-K predicted in the thermodynamic
equilibrium calculations in the temperature range from 700 to 1200
°C. Top: Cashew shells (CS), bottom: wood chips (WC).
Calculations with added Ca (1.5 g of CaCO; per kg of CS dry
base) are shown for CS.

measures to avoid these risks, most prominently ash
agglomeration, fouling, and corrosion.*® The results of the
TEC conducted for this study suggest that maintaining the
process temperatures at comparably low levels ( 775 °C) is
the only viable option to rule out the formation of any melt
according to the calculations. However, lower process
temperatures may limit the conversion of feedstock in
gasification, including the breakdown of tars and hydrocarbons.

As to counter salt formation predicted in the TEC, the
commonly applied measure of adding Ca> appears to be not
feasible, since the predicted salt melt of CS is not saturated in
Ca originally, and additional Ca would eventually increase the
amount and share of salt melt in the temperature range of
stability. However, if local or global formation of oxide melt is
the primary risk assumed to cause operational issues, the
addition of Ca is beneficial as the formation of the oxide melt is
inhibited. Furthermore, in practice, the addition of Ca to the
process must include a makeup strategy for entrained bed
material®® and may push even more K toward the gas phase,
according to the results shown in Figure 5.

Although ash melting tests and TEC indicate that low-
temperature processing should be considered for CS, the
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Figure 6. Comparison of two operation points CS1 and CS2 with their average values of temperature (left) and pressure (right) in the gasification
reactor (red marked at the gasifier scheme), including the vertical profiles of the aDFB system with CS as feedstock.

Figure 7. Analysis data of the product gas composition (H, CO, CO, CH,) on a dry basis from online measurement (lines) and gas

chromatograph (X).

overestimation of problematic salt melt formation must be
considered. Incomplete feedstock conversion, i.e., residual
carbon®* in the gasification unit of a DFB reactor system and
experience with woody biomass feedstocks in DFB gas-
ification'” suggest that similar operational parameters for
WC and CS should be targeted, with the risk of salt melt
formation being lower than predicted in the TEC. Therefore,
the agreement between TEC and ash melting tests for CS must
be transferred critically toward the risk assessment regarding
DFB operation. The process design for the operation points
takes this into account by validating a low-temperature
processing approach in the first operation point while aiming
to approach WC gasification conditions in the second
operation point.

2636

Operational Parameters. The operational parameters and
set points of the gasifier, such as gas utility input, injection of
auxiliary fuel for temperature regulation, or bed material
inventory, have a decisive influence on the temperatures and
pressures in the gasifier and thus on the product gas obtained.
Two operating points, i.e., CS1 and CS2, were tested by using
the findings of the TEC and operating experience. CS1 tested
the suitability of CS conversion at operating temperatures in a
gasifier of 790 °C in the CCC. Overall, the process
temperature control focused on avoiding any ash-induced
operational problems predicted by the TEC shown above. Due
to a defective bed material feeding screw conveyor, CS1 was
performed with a below average amount of 1050 kg of bed
material in the reactor system. In comparison, in CS2, the
temperature was increased to 855 °C and thus exceeded the
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Table 4. Overview of Di erent Operation Points Including KPIs Performed at the 1 MW aDFB Demo Plant Gasifier of Syngas

Platform Vienna®

operation start 1 WC1 operation point 1 CS1 operation start 2 WC2 operation point 2 CS2

feedstock wood chips
operation duration (h) 82
temperature in CCC °C) 865
heating oil input into CR (I/h) 235
recycling of tar saturated RME into CR  (I/h) 0
temperature at feedstock input (°C) 793
hold-up over CCC (mbar) 6.9
amount of fresh olivine (kg) 1050
amount of limestone (kg) 0
power input (MW) 0.96
GC sample bags taken &) 6
lower heating value PG (MI/NmM3y pG) 12.16
steam-to-fuel ratio (KGsteam”Kaar) 1.00
steam-to-carbon ratio (KGsteam/Kac) 201
product gas yield (NM®p/Kggat) 1.03
cold gas e ciency (%) 58.0

daf, dry ash-free; PG, product gas, GC, gas chromatography.

cashew shells wood chips cashew shells
20 60 16
812 897 884
8.3 11.1 0
0 24 24
734 767 77
37 6 5.6
1050 900 900
0 450 450
0.98 1.07 0.93
6 4 2
14.79 10.68 11.77
1.16 0.91 0.80
2.19 1.84 1.50
0.81 1.32 1.35
52.6 69.1 70.1

measured DT of 840 °C (see Table 1). An improved product
gas yield was expected as a result of the temperature increase.
An increased amount of bed material of 1350 kg, including 900
kg of fresh olivine and 450 kg of calcium, resulted in a denser
packing in the chute, reducing the possible air slip from the CR
to the GR.

Figure 6 shows the average values of the temperatures and
pressures in the GR over a period of 7 h during CS1 (standard
deviation temperatures <6.3 °C, standard deviation pressures
<3.9 mbar) and over 4.5 h during CS2 (standard deviation
temperatures <10.1 °C, standard deviation pressures <5.2
mbar). In order to protect the temperature measurements from
abrasive damage by the fluidized bed material, they were
inserted up to the inner edge of the brick lining, which may
cause a negative deviation of measured temperatures to the
actual temperature in the respective zone of the GR. The
temperature profile in the left graph shows an upward
increasing trend in both operation points CS1 and CS2. The
temperature was adjusted by regulating the RME recycling and
heating oil input into the CR. As expected, the pressure profiles
of the GR (right graph) decreased with decreasing bed
material density toward the top. During CS2, higher pressures
at the bottom of the GR occurred due to an increased bed
material amount in the reactor system.

Figure 7 shows time sections of the product gas composition
online measurement of CS1 and CS2. Fluctuations are mostly
due to insu cient tar separation and, in the case of CSI,
isopropanol volatilization during sample gas conditioning. In
the online measurement, N,, C,H, and C,Hg are not
measured, while in the gas chromatography (GC) measure-
ments, H, is not measured but calculated as rest. For
comparison, GC analysis data are highlighted with X-marks
in Figure 7.

In both research campaigns, the starting feedstock used was
WC, and then, the operation was switched to CS as the
feedstock. This means that there are comparable KPIs for
aDFB steam gasification of WC (WC1 and WC2) for each of
the two operation points with CS (CS1 and CS2). An overview
of the main process parameters and KPIs is given in Table 4.
For raw data evaluation, the focus is set on the temperature in
the CCC, the pressure loss over the CCC (hold-up), and the
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amount of bed material in the reactor system. The impact of
temperature variation on product gas composition during
gasification was proven several times on pilot, demonstration,
and industrial scale plants.*®?*°>°® The e ect of the CCC on
tar-reforming reactions was investigated by Schmid et al. on
the 100 kw DFB pilot plant at TU Wien,"® which led to the
implementation at the 1 MW demo plant gasifier at the Syngas
Platform Vienna, with first results revealed by Huber et al.*®
The bed material amount is included in this comparison to
evaluate its e ect on product gas yield and composition.

As mentioned above and shown in Figure 6 and Table 4, the
highest temperature in the GR was controlled below the DT of
<840 °C during CS1 to avoid agglomeration of the bed
material and associated fluidization complications. After
evaluating the obtained results from CS1 and considering the
potential consequences, as discussed with the ash analysis, CS2
was operated at higher temperatures of 884 °C in the CCC.
Limestone additive was used as part of the bed material in CS2
as well-established practice to inhibit ash-related agglomeration
issues and enhance the syngas qualities. Experiments with
comparable conditions were completed at the 100 kW DFB
steam gasifier of TU Wien.*®

The temperature at the feedstock input to the lower GR can
be adjusted via the power input, steam input, and usually via
the bed material circulation. As more heated bed material
enters the GR from the CR via the siphon, higher temperatures
are established throughout the GR. The temperatures of the
demonstrated operation points are 734—793 °C. Overall,
decisively less power input in the form of auxiliary fuel (heating
oil and tar saturated RME recycling into the CR) was
necessary for CS1 and CS2 compared with WC1 and WC2 to
maintain the desired temperatures.

The hold-up of bed material in the CCC provides an
indication of current bed material circulation. This value
represents the pressure di erence between the inlet and outlet
of the CCC and is given in [mbar]. Operating experience has
shown that a hold-up above 23 mbar leads to periodically
unstable operation, which can be recognized by a steadily
increasing holdup, followed by a sudden drop. By increasing
the hold-up from 3.7 to 6.9 mbar, the discussed operation
points can benefit from an increased residence time of the
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Figure 8. Analysis data of the product gas composition by gas chromatography for operations with wood chips (WC1 and WC2) and with cashew

shells (CS1 and CS2). H, calculated by the di erence to 100%.

Figure 9. SEM micrograph and EDS mappings for the elements P, Ca, Mg, Si, and K, as well as the semiquantitative global composition for the

cross sections of the bed inventory after CS1.

product gas in the gasifier, which is assumed to promote the
water—gas shift reaction and the tar cracking reactions.*®
The power input in terms of feedstock for the GR is similarly
close to the design value of 1 MW at all four compared
operation points. Deviations in the lower heating value (LHV)
of the product gas produced provide an indication of the
preferred reactions in the GR. With focus on Figure 8, the
influence of the above-mentioned process parameters on the
product gas becomes apparent, showing the mean results of the
taken sample bags for GC analysis on a dry basis and the
standard deviation within the sample quantity. WC1 and CS1
show increased LHVs of the dry product gas with lower H,
contents. A high proportion of CH, and C,H,, especially in the
case of CS1, indicates reduced tar cracking reactions.”” Due to
the, up to 5 times, higher heating value of C,H, and C,Hg in
comparison to H,, even small fluctuations can impact the
overall LHV of the product gas significantly. WC2 and CS2
show a higher product gas yield with a more favored PG
composition for downstream synthesis due to an increased H,
content. The similar conditions between WC1 and WC2
suggest that the di erence in bed material inventory has an
influence on the product gas composition. As described by
several authors, limestone has a major impact on PG
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composition.”>*° The precise impact of the amount of bed
material on the product gas composition due to chemical
reactions in the gasifier cannot be described accurately by these
experimental results.

Table 4 shows that the product gas yield has a higher
influence on the cold gas e ciency than the LHV of the
product gas. Thus, the cold gas e ciency was increased by the
parameter adjustments listed.

High amounts of N, in the product gas, with peaks up to 16
vol % according to the GC measurements in Figure 8, lower
the LHV and limit the unrestricted use of the PG for
methanation. The N, content is attributed to high flushing
rates due to the high number of measuring points and flushing
of the feedstock bin. Decreasing the flushing volume flow to
the required level is under investigation.

Ash Analysis. Ash analyses of the bed inventory and
selectively obtained agglomerates in the loop seal of the 1 MW
aDFB demo plant were conducted by means of SEM-EDS.
Figure 9 shows a representative SEM micrograph of the bed
inventory extracted after CS1, along with an EDS map spectra
showing the spatial distribution of the most prominent
inorganic elements (excluding Fe), and the evaluation of
several EDS spectra in terms of the global composition in the
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Figure 10. SEM micrograph and EDS mappings for the elements P, Ca, Mg, Si, and K, as well as the semiquantitative global composition for the

cross sections of agglomerates extracted after CS1.

bed inventory. The formation of layers is shown clearly, with
Ca being the dominant element in the formed layers. The
contrast spectrum suggests that ash deposition including P on
the surface takes place but the influence on the global ash
composition is marginal. Extraneous feldspar particles,
originating from feedstock contamination or bed material
impurities, also displayed a layer formation with Ca. In some
EDS spectra, the presence of quartz particles was detected, also
showing an interaction potential with K, which was not the
case for bulk olivine in the bed inventory. These observations
agree with previous investigations on olivine interactions with
feedstock ash.®® Individual ash particles in the size range of the
bed material were not found quantitatively.

Figure 10 shows a representative cross section of
agglomerates found in the loop seal after the operation point
CS1. The SEM micrograph shows the formation of very
pronounced layers mainly containing Ca on the particle
surface. Furthermore, the nature of the agglomerates seems to
be mostly driven by these layers, whereas the layer character-
istics do not indicate a severe melting that could induce global
agglomeration by these layers. This corresponds to the
observation that formed agglomerates were rather fragile and
were probably formed in local areas where fluidization of the
agglomerates was not very pronounced. It must be assumed
that the formed agglomerates would break in the global
fluidization regimes of the CFB and BFB in this system.

I CONCLUSION AND OUTLOOK

DFB steam gasification of CS at the 1 MW aDFB
demonstration plant resulted in the following main conclusions
regarding feedstock characterization, operational parameters,
and ash chemistry:

* Dominance of K (>40 mol % on C—O-free basis) in the
original feedstock CS showed that countermeasures to
avoid ash-related problems should be considered. TEC
supported this initial assumption. The chosen strategy
focused on lower process temperatures in the reactor
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system. However, since the analogies between ash
melting tests and TEC were not conclusive, the target
of the second operation was to demonstrate CS
gasification under similar conditions to those of wood
gasification.

The drawbacks of lowering the process temperature are
the e ect on the KPIs of the process, which showed a
lower cold gas e ciency and product gas yield when
comparing both operations with CS as feedstock.
According to PG composition via online measurement,
the desired H,/CO ratio of 1.93—2.29 was achieved at
the increased temperature during the second operation
with CS. The increasing temperature had a more
beneficial impact on the KPIs than switching feedstock
to the benchmark WC. The overall suitability of CS
demonstrated in this first-of-its-kind aDFB steam
gasification suggests that feedstocks with a similar ash
matrix, i.e., K-rich and Si-lean, should be considered in
the future.

Due to an increased product gas yield during temper-
ature-increased operation in CS2 and the fixed total
amount of N, due to flushing, the N, content in the
product gas (PG) was decreased. The observed impact
of a low amount of bed material inventory on the PG
composition, without changing the hold-up in the CCC,
was not remarkable. The N, balance showed small
contents of N, from unknown sources.

The ash analysis showed that olivine interaction with
other inorganic elements was mostly limited to Ca.
Interaction of feedstock-derived K with extraneous
quartz was detected. Agglomerates found in the loop
seal of the reactor system were fragile and noticeably not
formed by global melting of ash fractions. The fragility of
the agglomerates suggests that they would not be stable
in the fluidized environment of the reactor setup. Due to
the low ash content in CS, e ects during long-term
operation and accumulation of ash fractions were
beyond the demonstration case of this study.
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