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ABSTRACT

Tar management is one of the key components to achieve high energy efficiency and low operational costs
connected to thermal gasification of biomass. Tars contain a significant amount of energy, and unconverted tars
result in energy efficiency losses. Also, heavy tars can condense downstream processes, resulting in increased
maintenance. Dual fluidized beds for indirect gasification operated with active bed material can be a way to
better convert and control the tar generated in the process. Using an active material to transport oxygen in an
indirect dual reactor gasification setup is referred to as chemical-looping gasification (CLG). A higher oxidative
environment in the gas phase, in addition to possible catalytic sites, could mean lower yields in comparison to
normal indirect gasification.

This paper investigates the effect of using Steel converter slag (LD slag), a byproduct of steel manufacturing, as
an oxygen-carrying bed material on tar species generated in a 10 kWy, dual fluidized bed biomass gasifier. The
results are compared to the benchmark oxygen carrier ilmenite and conventional silica sand. Three different solid
biofuels were used in the reactor system: steam exploded pellets, pine forest residue and straw. Tar was absorbed
from the raw syngas using a Solid Phase Adsorption (SPA) column and was analyzed using GC-FID. Bench-scale
experiments were also performed to investigate benzene conversion of LD slag and ilmenite at different oxidation
levels.

The findings of this study suggest that oxygen carriers can be used to decrease the tars generated in a dual
fluidized bed system during gasification. Phases in LD slag possess catalytic properties, resulting in a decreased
ratio of heavy tar components compared to both ilmenite and sand. Temperature and fuel load showed a sig-
nificant effect on the tar generation compared to the circulation and steam ratio in this reactor system. Increased
temperature generated lower tar yields and lower ratios of heavy tar components for LD slag in contrast to sand.

1. Introduction

low temperatures that mature by polymerization to unsubstituted pol-
yaromatic hydrocarbons and eventually can become soot [3]. Limiting

Gasification of biomass provides the possibility to use fossil-free
carbon for gaseous fuel production or synthesis of liquid fuels or prod-
ucts. It is also possible to produce heat and power simultaneously
increasing the overall efficiency of the process. The gasification tech-
nology, although promising, needs to overcome many challenges to
become viable. One of the most prominent issues is the formation of
heavy hydrocarbons, named tar, which condense at relatively high
temperatures and can cause operational issues. In addition, biomass tar
can correspond to 5-10 % of the energy content of the fuel [1,2].
Biomass tars are formed by oxygenates and monoaromatics formed at
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the amount of tar generated from the core process and which are
transferred to downstream processes is one of the keys to the efficiency
of the process.

Indirect gasification using a Dual Fluidized Bed (DFB) system has
been observed as a promising large-scale technique for gasification
[4,5]. The 20 MW DFB gasifier GoBiGas pilot plant was built in
2011-2012 and operated until 2018. Here the technique was demon-
strated, revealing the opportunities and operational issues with the
process. Among the most problematic technical issues was the tar
generated, which required extended gas cleaning [6].

Received 2 June 2022; Received in revised form 19 August 2022; Accepted 20 August 2022

Available online 29 August 2022

0016-2361/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:fredrik.hildor@chalmers.se
www.sciencedirect.com/science/journal/00162361
https://www.elsevier.com/locate/fuel
https://doi.org/10.1016/j.fuel.2022.125770
https://doi.org/10.1016/j.fuel.2022.125770
https://doi.org/10.1016/j.fuel.2022.125770
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2022.125770&domain=pdf
http://creativecommons.org/licenses/by/4.0/

F. Hildor et al.

A similar process to the DFB gasifier is Chemical Looping Gasification
(CLG) which utilizes an oxygen carrier instead of inert sand to both
transport heat and oxygen to the gasifier. In Fig. 1 the CLG process is
illustrated with a circulating oxygen carrier, MOy, transferring oxygen
from the air reactor to the gasifier. Oxygen transport to the fuel in the
gasifier is normally related to direct gasification, so CLG can be seen as a
combination of an indirect DFB gasifier and a direct gasifier. Besides
oxygen transport, the oxygen carrier also transports heat to the endo-
thermic gasification reaction, this is very important and needs to be
considered when controlling the system [7]. The potential advantages of
CLG technology are numerous. First of all, the technique is designed so
that all raw syngas from the process are collected in one stream from the
process, simplifying carbon capture [8,9]. If using biomass as a source of
carbon, capturing CO, from the raw syngas generates net negative
emissions [10]. Increased COy can also promote char gasification. In
addition, oxygen carriers can promote tar reforming [11]. A suggested
explanation is that the concentration of inhibiting species around the
char particles is lowered since they are converted by the oxygen carrier.
Volatile species, in particular tar and hydrogen, have been shown to
inhibit char gasification [11-14].

Larsson et al. [1] investigated the impact of using ilmenite in the
Chalmers’ 2-4 MW DFB gasifier to reduce the tar yield. Ilmenite was
diluted with sand at different ratios for the experiments in the gasifier. It
was reported that the total tar amount was decreased by ~50 % with
only 12 wt% ilmenite in the bed. However, a significant decrease in cold
gas efficiency was also observed in this work besides the decreased tar
yield. In chemical looping applications, the iron-titanium oxide ore
ilmenite has been considered as a benchmark oxygen carrier for biomass
chemical looping [15,16], also promoted by the fact that it is used
commercially in fluidized bed combustion processes [17]. Besides
ilmenite, other iron-based oxygen carriers have been considered for
these types of applications [15,18-21]. One of the iron-based oxygen
carriers is Basic oxygen furnace slag, also called LD slag, which is a by-
product of the steel manufacturing process. This is a by-product that is
produced and has low demand on the market and is therefore available
at a lower cost compared to ilmenite [19]. LD slag has been successfully
operated in Chalmers 12MWth boiler [19] and has been observed to
have similar reactivity as ilmenite both towards gaseous fuels and char
in batch reactors [20,21] LD slag has been compared to ilmenite in a
smaller continuous unit for chemical looping application. Here it was
concluded that LD slag could be a relevant material due to the low cost,
even though a higher attrition rate and little lower reactivity were
observed for LD slag [22]. Further, LD slag was also used in a connected
2-4 MW DFB gasifier, and it was observed that a lower amount of tars

CO,, CO, H,, H,0,
CH,, C,H,

~ A
Y a I
Air
Reactor

\ ) & J
AR A

Air M,O,., Fuel + Steam

Gasifier

Fig. 1. Schematic overview of the CLG process where an oxygen carrier con-
taining a metal oxide (MyOy,) transports oxygen from the air reactor to
the gasifier.
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were generated compared to other bed materials [23]. LD slag is also
known to not absorb alkali in the same way as silica sand and ilmenite,
releasing more of the alkali in the gas phase [24]. Since gas phase alkali
is known to have a catalytic effect on the conversion of tars [25-27], this
ability of the bed material could be beneficial for tar conversion.

The 2-4 MW DFB gasifier referred to above, and used by e.g. Larsson
et al. [1] is a bubbling fluidized bed (BFB) with a top feeding of fuel.
Known for chemical looping processes operating with oxygen carriers
and solid fuels, it is important to distribute the volatiles of the fuel in the
reactor [28]. This distribution is needed to obtain a well fuel-oxygen
carrier mix gaining a high conversion. In a top feed BFB, the mixture
between bed material and fuel volatiles is often insufficient. Different
designs of chemical looping reactors have been suggested to handle this
mixing issue [29-31]. The newly recommissioned 10 kWy, chemical
looping pilot reactor at Chalmers was equipped with a new submersed
volatile distributor in the fuel reactor. It has been observed that this
design increased the carbon conversion for volatile fuels compared to
the earlier generation of the system. However, tars were not considered
in this study [32].

In this study, the oxygen carriers LD slag and ilmenite, as well as the
reference material, sand, were used as bed material in the recommis-
sioned 10 kWy, chemical looping pilot reactor. e The 10 kWy, reactor
was operated under CLG conditions with three different fuels. The study
aimed to comprehensively investigate, at a pilot plant scale, if the ox-
ygen carrier LD slag performs equally with the benchmark oxygen car-
rier ilmenite regarding tar conversion.

2. Material and methods

Two iron-based oxygen carriers were used for this study: LD slag and
ilmenite ore. LD slag was provided by SSAB Sweden from their steel
plants in Oxelosund, Sweden. The material had been stored outdoor and
was crushed, dried, sieved and sent to Chalmers. Here the material was
heat-treated for 4 h at 500 °C followed by 8 h at 950 °C in a box furnace.
After the heat-treatment, the material was sieved again to obtain the size
fraction of 125-400 um. Ilmenite was provided by Titania AB in Norway
and was a crushed rock ilmenite ore. It was heat-treated for 2 h at 500 °C
followed by 12 h at 950 °C in a box furnace. The Ilmenite was hence
sieved to obtain the size fraction 125-400 um. As a reference case for
gasification, sand was used as bed material. The sand was provided by
Sibelco Nordic AB (Baskarp B28) and consisted primarily of SiOy. The
size distribution of the sand was 90-355 pym. Elemental analysis, see
Table 1, of LD slag was performed using ICP- SFMS According to SS EN
ISO 17294-2: 2016, ilmenite was analyzed with XRF - X-ray fluores-
cence (SP metod 4343).

For the experiments in the batch reactor, the same oxygen carrier
material was used. The only difference was that both the materials were
sieved to the size range of 150-400 um and both were heat-treated for
24 h at 950 °C in a box furnace. During the experiments, 5 g oxygen
carrier was blended with 10 g sand with the size range of 180-250 um.

For this study, three different solid fuels were used in the

Table 1
Elemental composition is given in wt.% of the studied bed materials excluding
oxygen.

Element LD slag Ilmenite Sand [33]
Fe 17 36 0.04
Ti 0.78 28 -
Ca 32 0.22 -

Si 5.6 0.67 46
Mg 5.9 2.0 -
Mn 2.6 0.21 -

\% 1.5 0.12 -

Al 0.76 0.17 0.09
Cr 0.33 0.06 -

Ni 0.002 0.03 -
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experimental campaigns at the 10 kWy, dual fluidized bed reactor sys-
tem: Black Pellets (BP), Pine Forest Residue (PFR) and Straw. The BP
was steam exploded pellets provided by Arbaflame AS, Norway. The
pellets were crushed to obtain the size of 0.7-2.8 mm. Pine Forest res-
idue was provided by National Renewable Energy Centre (CENER),
Spain. The PFR was crushed to obtain the size of 0.7-3.0 mm. Straw
pellets were provided by Stohfelder, Austria. The straw was crushed to
obtain a size fraction of 0.7-3.5 mm. Table 2 shows the fuel analysis
performed according to commercial standards, and elemental analysis
performed with ICP-OES.

For the experiments in the batch reactor, a synthetic gasification gas
was used in a blend with benzene. The composition of this synthetic
gasification gas can be seen in Table 3.

2.1. 10 kWy, dual fluidized bed reactor — CLG reactor

The 10 kWy, pilot plant is an electrically heated reactor system that
2019 was rebuilt [32]. The main changes was mainly that the carbon
stripper was removed and that a new design of the fuel reactor (FR) was
used for better volatile conversion. The general design of the reactor
system can be seen in Fig. 2. The AR is a circulating bed where the bed is
lifted in the AR Riser into the cyclone. The circulation of particles in the
system is monitored by adjusting the airflow into the AR. Both the upper
and lower loop seals are fluidized with nitrogen. The FR is a bubbling
bed fluidized with steam. It is designed with porous plates submerged in
the bubbling bed what’s purpose is to distribute the volatiles from the
fuel. The fuel is dropped down in the fuel chute where a screw transports
the fuel from the fuel hopper. Fuel feed rates are controlled by the
rotation speed of the screw. Fuel load calculations were based on the
lower heating value and previous calculations on the fuel feeding rate
from the screw. A vibrator was mounted on the fuel chute to prevent
blocking of the fuel, the vibrator was operated for 5 s in a 30 s interval.
Further details of this reactor system can be found elsewhere [32].

Bed materials are circulated in the system via the AR riser and are
then transported through the following sections by gravity. Circulation
of the bed material in the system was estimated using the parameter
circulation index, CI. CI is calculated using equation E1, where APaR riser
is the differential pressure in the AR riser given in kPa and Qi 4z are the
flow of air into AR given in nL/min [32].

CI = APugriser* Qi ar M

The circulation of the oxygen carrier controls both oxygen transfer
and heat transfer in a continuous CLG unit. Therefore, this parameter is
important for operational control. In this unit, there is no post-

Table 2
Analysis of the fuel used in the 10 kWy, pilot Chemical looping reactor. Values
are given for as-received fuel.

Component  Unit(s) Black pellets Pine forest residue Straw
(BP) (PFR)

Moisture % 5.7 9.2 8.8

Ash % 0.3 1.8 7.9

Volatiles % 74.2 80.0 67.5

Fixed C % 19.8 9.0 15.8

C % 49.6 46.9 42.0

H % 6.5 5.7 6.1

N % <0.1 0.35 0.7

o % 43.6 36.0 43.0

Si mg/kg dry <530 - 19,000
fuel

Ca mg/kg dry 820 - 7700
fuel

K mg/kg dry 460 2080 11,000
fuel

Na mg/kg dry <53 27 260
fuel

LHV MJ/kg 18.7 18.0 15.1
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Table 3
The gas composition is given in vol.% of the artificial gasification gas used in the
laboratory fluidized bed reactor.

CHy4 COy Co CoHy H,

Gasification gas 14 14.9 43 5 23.1

combustion chamber to facilitate the complete combustion of the raw
syngas and char to determine the total coal balance. This leaves a high
error in oxygen-to-fuel ratio (1) calculations. The transport of oxygen
from AR to FR was calculated using the oxygen consumption in the AR
and was calculated to be given kgOo/kWh for the different fuels. This
value was corrected by the subtraction of oxygen consumed by char
transport, forming CO3 in the AR.

Cold gas efficiency was estimated from the concentrations of CO,
CH4 and H; in the outgoing gases, assuming that these gases contributed
to the majority of the raw gas energy. This was then correlated to the
lower heating value of the fuel, given in Table 2.

2.1.1. Tar measurements

Raw syngas were extracted from the FR chimney just above the
furnace and sucked out into a heated line from the reactor using a
venturi pump system. The line was heated to 350-375 °C. From this line,
a 100 ml sample of raw syngas was extracted through a heated metallic
filter with a mesh size of 7 pm to remove solid particles from the raw
syngas. This extraction was done using a pneumatic pump system con-
nected to the syringe that was pressed through a septum next to the
heated metallic filter, see Fig. 3. The 100 ml sample gas was sucked
through a SPA (Solid Phase Adsorption) column that should absorb the
tars in the sample gas. The SPA column was Superclean™ Envi-Carb™/
LC-NH; 3 ml tubes delivered by Supelco. The method has been evaluated
[34] and used in previous studies, e.g.[1,35].

Before every sample extraction, a blank sample was extracted with a
SPA column that was discarded. This was to fill the filter and dead
volume between the filter and septum with new raw syngas. Every
sample was then extracted twice for each experimental condition, these
duplicates were used to evaluate the stability of the method. The SPA
columns and syringe were then sealed and directly cooled in an icebox.
The SPA columns were then by the end of the day transported to a
freezer at —20 °C and stored until elution was performed 1-2 days later.

Elution was performed using a standardized elution solution, “P-
eluent”, containing eight parts dichloromethane, one part isopropanol
and one part acetonitrile. The first elution of the SPA columns was
performed with 2.4 ml + 0.8 ml P-eluent. A small stream of nitrogen was
used to push the solvent through the column. 75 pl internal standard (2
mg/ml 4-Ethoxyphenol dissolved in P-eluent) was added directly to the
container. A second elution of the SPA column using 0.8 + 0.8 ml was
performed to extract the remaining tar species from the column. To the
second elution 75 pl internal standard was added to the elute. Also, the
needle was eluted together with the SPA.

The elute from the SPA columns was analyzed using a Bruker GC430
connected to an FID detector using hydrogen as carrier gas. A 30 m mid-
polar column was used with a temperature program up to 340 °C. Every
sample was analyzed three times and compared to an external standard
containing: Benzene, Toluene, p-Xylene, o-Xylene, Styrene, Methyl-
styrene40, Methylstyrene60, Phenol, 2,3-benzo(b)furan, Indene, o-
Cresol, p-Cresol, 1,2-dihydroNaphtalene, Naphthalene, 2-MethylNaph-
thalene, Intern standard, 1-MethylNaphthalene, Biphenyl, Acenaph-
thylene, Acenaphthene, Dibenzofuran, 1-naphtol, 2-naphtol, Fluorene,
Xantene, Phenantrene, Anthracene, Fluoranthene, Pyrene, Crysene/
Triphenylene. These components are grouped into 1-ring, 2-ring, 3-ring
and 4-ring compounds depending on the number of aromatic carbon
rings the compound contains.

The tar concentrations are given as g/mgg and are therefore affected
by the amount of dry gas generated from the fuel reactor. The dry gas
flow was estimated over a 5 min period of stable operation before the tar
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Fig. 2. The layout of the 10 kWy, solid fuel chemical looping reactor system [32].
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Fig. 3. The entire tar sampling system. Left: Heated system where the raw syngas is extracted from the Fuel Reactor (FR). Middle: The sampling system where a
needle pierces a septum to extract 100 ml filtered hot raw syngas containing tars that are absorbed in the SPA column. Right: The Pneumatic pump system was used

to control the syringe to extract with the same suction rate for every sample.
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sampling. It is assumed that the measured concentrations of CO, COs,
CH4, Hy and O are the majority of the gases besides Nj. Nitrogen in the
FR-raw syngas originates from the sweep gas with fuel, upper and lower
loop seal, and pressure taps. Assuming that 50 % of the flow from either
loop seal enters the FR raw syngas and that a constant flow of 1 Ly/min
from the pressure tap, equation E2 can be used to estimate total dry gas
FR raw syngas flow.

VN tor

@

Vdg.FR = 1
— Xco,.FR — Xc0.FR — XH,,FR — XCH,.FR — X0, FR
From the tar amount in the dry gas, the total dry gas flow and the fuel
load, the amount of tar (tar yield) could be calculated to be given in g/
kWh.

2.2. Laboratory fluidized bed reactor

A laboratory fluidized bed reactor was used to investigate the reac-
tivity of oxygen carriers towards the tar model molecule benzene.
Benzene was used as a model tar since it is the simplest aromatic com-
pound and high benzene concentrations were observed in the 10 kWy,
experiments. The layout of the reactor system can be seen in Fig. 4. To
the left the gas monitoring, mixing and selection system are seen.
Magnetic valves are used to select the desired gas which is introduced to
the reactor. The magnetic valves are always open towards either the
reactor or ventilation, which facilitates stable and continuous gas flows
and less transients during gas-switching. Steam is generated by injection
of Milli-Q water into an emulsion evaporator system heated to 150 °C
together with nitrogen. Benzene was inserted into the system by
bubbling room temperature Ny through a beaker containing benzene.
This gas blend was then cooled at 6 °C to generate a saturated gas with
4.86 % benzene.

The gas then flows through heated lines at the bottom of a quartz
reactor with a diameter of 22 mm. The quarts reactor is mounted inside a
furnace to monitor the temperature. In the quartz reactor, a porous
quart’s plate is installed. On this porous plate, the sample of bed material
is placed. Temperature is measured both below the porous plate and in
the bed with a quartz-protected K-type thermocouple. The pressure
fluctuations over the reactor are measured in the inlet and outlet with a
Honeywell pressure transducer with a frequency of 20 Hz.

Downstream the reactor an FTIR analyzer was mounted to analyze
the hot wet gases, where benzene and steam were measured. The gas
lines were electrically heated above 100 °C. Thereafter, a cooler to
condense and separate steam was mounted. The dry gas was then

Air + N, —
N — 'z o
2 .% @,
o 3.
Steam generator 2 B
g
Fuel / N; 3 5.

u - D
=
N, + Benzene !

e«——— Fuel —

adeuiny

L
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analyzed using a Rosemount NGA 2000 equipped with IR/UV sensors for
CO, COy and CHy4, and a thermal conductivity sensor for Hy and a
paramagnetic gas sensor for O,. More information regarding the reactor
system can be found elsewhere [36].

2.2.1. Experimental procedure

A bed containing 5 g oxygen carrier and 10 g sand was exposed
periodically to different atmospheres. First, the oxygen carrier was fully
oxidized i.e. exposed to an atmosphere of 5 % O, until the oxygen carrier
cannot absorb more oxygen. Then an inert purge with N3 was introduced
for 180 s. Thereafter, a reducing atmosphere containing either CO or
steam, benzene and gasification gas was introduced for 60 s. Table 4
describes the different components of the reducing gas. Another inert
purge for 180 s followed the reduction before the oxygen carrier was
oxidized.

Three repetitions of each of the exposures were done at three
different temperatures: 850 °C, 900 °C and 950 °C. The introduction of
synthetic gasification gas containing 43 % CO, 14.9 % CO», 14 % CHy, 5
% CaHy, and 23.1 % Hy was done to see the behavior of introduced in-
habitants for tar conversion and selectivity of benzene conversion when
other reducing species was present in the gas. The flow of the gasifica-
tion gas was limited due to the generation of benzene vapors with N3 and
the steam generation.

For some exposures, the bed was pre-reduced for 5-20 s using the gas
composition as described in Table 4. This pre-reduction followed by
another intermediate purge with Ny was done before the exposure of
steam and benzene-containing mixture with no gasification gas. This
was performed three times at 850 °C for every experiment with different
pre-reduction time.

Table 4
Gas composition for reducing exposures in the laboratory batch fluidized bed.

Treatment Exposure Flow Gas composition
notification time [s] [ml/
min]

20 % 60 1000 50 vol% steam, 20 vol%
Gasification Gasification gas, 1.5 vol%
gas Benzene, N, Balance

10 % 60 1000 50 vol% steam, 10 vol%
Gasification Gasification gas, 1.5 vol%
gas Benzene, N, Balance

0 % Gasification 60 1000 50 vol% steam, 1.5 vol% Benzene,
Gas N, Balance

Pre-reduction 5-20 900 50 vol% CO in N,

] FTIR

Gas analyzer

3
g o %5. Cooler Condensate>

sii5| zé&
s8] < .
S| 37
d 2 .

: . Drygas | ___ I

- .- Analyzer |

: |

Data

| Acquisition
Vent

Fig. 4. Schematic layout over the batch reactor used for gasification experiments.
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2.2.2. Data evaluation

Quantification of the outgoing gases from the batch reactor system
was calculated as the molar flow multiplied by the concentration of the
species integrated over time, see equation E3.

o)
ny = / Koo il @)
n

The conversion of a fuel species over a cycle, yz,;, was determined by
comparing the outgoing fuel species to the ingoing, see equation E4. The
molar flow was calculated from the volumetric flow assuming ideal gas.
For species measured in the FTIR under steam conditions, such as ex-
periments with benzene, it was assumed that the molar flow was equal to
the ingoing gas flow.

},FM[ _ /-l,M:md xFueI.in*riin - iFl.ml,out*’ioul dt*lOO% (4)
trea=0 XFuel,in” Min
The oxidation state, o, is defined by the mass of the oxygen carrier
divided by the oxidized weight of the oxygen carrier, see equation E5. At
a specific time, the mass of oxygen transferred to the fuel can be
determined from the exhaust gases and the w at the time t; calculated.
For a fuel only containing CO, equation E6 is used.

m

()

w =

Moy

4
W, = Wy — / oo (Xcoz) (6)
rn Mox
To determine the oxidation level of the oxygen carrier at the end of
the exposure, equation E7 was used. Here the oxygen absorption is
calculated for an oxygen carrier in comparison to an inert material in the
same experimental setup. The difference between the O, concentration
are the absorbed oxygen into the oxygen carrier for one cycle.

tox=end

%

02,ahsor/7l[on :/ (x()z,ref 7-x02,.mm/7le) Nout (7)
tox=0

3. Results
3.1. Operation in 10 kWy, CLG pilot reactor
3.1.1. Effect of oxygen carrier

During a CLG operation in the 10 kWy, pilot reactor, it was observed
that the most pronoun species of tars were the unbranched 6-carbon ring
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aromatics. Benzene was by far the most pronoun species, followed by
naphthalene and phenanthrene. This was observed for all bed materials,
independent if having oxygen-carrying properties or not. It was only at
the lower temperature of 870 °C, and with a high fuel load, that sig-
nificant amounts of more branched compounds, such as phenol, were
detected.

Fig. 5 shows the measured tar amounts for Sand, LD slag and Ilmenite
used as bed materials for CLG operation in the 10 kWy, pilot system.
Based on the results, the yield of tars, BTX (benzene, toluene and xylene)
and higher aromatic carbon structures, were significantly lower for LD
slag compared to ilmenite and sand operated in similar conditions. It
was also noted that the ratio between higher carbons, 3-rings and 4-
rings, in relation to the sum of BTX was highly affected by the oxygen
carrier. The lowest amounts were observed for LD slag at 970 °C with
PFR as fuel. Comparing the 4-ring/BTX ratio using different bed mate-
rials at 8 kW load, ilmenite and sand had roughly 3 and 10 times higher
ratio than LD slag. For the 3-ring/BTX ratio at the same experiments,
ilmenite had roughly 2 and sand 3 times higher ratio compared to LD
slag. It can also be noted that the measurement for LD slag at 970 °C in
Fig. 5 was sampled and measured 4 times (compared to the normally 2
samples) with a similar or lower tar amount every time.

It was observed that the amounts of unidentified peaks were lower
for LD slag than for ilmenite and sand in the 10 kWy, system, see Fig. 5.
Important to notice is that the unknowns are not quantified since they
are not calibrated, the amount is only related to the area in the GC
spectrum and can therefore only be compared to each other. Uniquely
for ilmenite, one of the major unknown peaks was located at ~ 35 min in
the GC chromatogram, a compound that had a slightly longer residence
time in the GC column than Crysene/Triphenylene at both 870 °C and
970 °C. This unknown peak was present only when ilmenite was used as
the bed material, and independent of the biomass fuel and contributed to
more than 50 % of the unknown hydrocarbon amount in these tests. In
comparison to the other tested materials, no significant peak could be
observed after Crysene/Triphenylene.

Element migration due to cyclic redox reactions and ash interaction
is known to affect and age oxygen carriers like ilmenite [37,38] and LD
slag [20]. To see the effect of the oxygen carrier aging development,
experiments were repeated after more than 11 h of fuel operation be-
tween the fourth and sixth day. Only 3.5 kg of fresh calcined LD slag was
added to the reactor unit during this time due to material loss over time.
Note that the operation the fourth day was not committed with fresh
material, the material had already been used and fresh material had
been added frequently before and operation performed with both PFR
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Fig. 5. Measured and identified tar amounts for Sand, LD slag and Ilmenite used as bed materials for CLG operation in the 10-kWy, chemical looping reactor operated
with PFR fuel with a load of 8 kW. The ratios of identified 3-ring and 4-ring towards BTX were calculated and are marked in the figure.
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and BP. The results can be seen in Fig. 6. Both the tar measurements are
plotted to give an idea of the errors of the tar collection and then the
same operational conditions are plotted for the two different days. Un-
fortunately, the oxygen transfer could not be calculated due to errors
with oxygen measurements from the AR during one of the days. How-
ever, the cold gas efficiency, which theoretically are proportional to the
oxygen transfer, was calculated and are given instead in the figure.

Fig. 6 indicates the stability of the tar measurement technique. The
error for a single measurement can be considered to be relatively low.
However, there is a clear effect of aging of the bed materials that needs
to be considered when comparing results from the system. Comparing
the PFR 970 °C 8 kW from the fourth and sixth day, even though the cold
gas efficiency of the product gas is similar, the amount of detected tar
species was greater for the later sample. Also, the amount of higher 3-
ring and 4-ring tar species were higher in relation to BTX for more
aged sample. Note that it is the higher level of tars from the 28/10 that is
used in Fig. 5 in comparison with ilmenite and sand.

3.1.2. Effect of fuel and fuel load

Operation with LD slag as oxygen carrier using either PFR, BP or
straw at different loads at 970 °C can be seen in Fig. 7. For both PFR and
BP the amount of tar increased with increased load. However, the ratios
between 3-ring and 4-ring tars towards BTX were roughly the same for
all the loads. For straw, the amount of tar was unaffected by increasing
the load, even if the (H, + CO)/CO-, ratio increased. Since straw has a
high amount of alkali and this is known to catalyze tar cracking
[6,25,39], the fuel alkali content could be the reason for the comparable
lower tar concentrations and that the tar generation is unaffected by the
load.

It was observed that the fuel feeding system was affecting the tar
sampling system. If the tar sample was taken at the same time as a vi-
bration, more fuel was added, and more tar was generated compared to
just taking a tar sample just before the vibration. This suggests that there
is instability in the fuel feeding system, and this might affect the
observed tar yields. All samples were extracted twice and most of the
pairs had only a minor difference in the results, see examples in Fig. 6.
Therefore, in this paper, only the second repeat or the sample with the
highest tar yield was used for the comparison.

3.1.3. Operational parameters and tar yield
It was observed that temperature was important for the tar yield. In
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Fig. 6. Measured and identified tar amounts using LD slag as bed material in
the 10 kWy, reactor and using PFR as fuel at 970 °C. The measurements
compare the repeats of the tar measurements at all points and also the effect of
aging since the samples are from two different days with the same operational
conditions. Cold gas efficiency (ll) can be considered to be related to the ox-
ygen transport to the fuel reactor.
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Fig. 8 a summary of the tar results from experiments with LD slag is seen.
In Fig. 8 two different fuels, PFR and BP, are compared at two different
fuel loads at three different temperatures. It is observed that the tar
amounts decrease with increased temperature and that a higher load
increases the yield of tars. Using BP as a fuel generally generated higher
amounts of tars compared to the using of PFR. A comparison to the
reference material sand can be seen in supplementary material operated
with 8 kW PFR at different temperatures. It can also be observed that the
ratios of 3-ring and 4-ring compared to BTX are decreasing with
increased temperatures at all conditions investigated. Branched 1-ring
and 2-ring species was also observed to decrease with increased tem-
perature for LD slag. This behavior is in direct contrast to what is known
for sand [3] and is observed for ilmenite in Fig. 5. With sand, it was
observed that increased 3-ring and 4-ring ratios with increased tem-
perature, see supplementary material. The same trend can be seen when
increasing the temperature for ilmenite with a higher yield of heavy tar
products.

Besides temperature and load, the operation of CLG can be controlled
by the circulation rate of the bed material. The circulation can be used to
regulate the oxygen transfer to the fuel reactor and regulate the reduc-
tion degree of the oxygen carrier. Increasing the circulation to obtain
higher effective oxygen to fuel ratio in the FR was evaluated and the
results can be seen in Fig. 9. Increasing the overall lambda by increasing
the circulation, indicated by the CI, only had a minor effect on the tar
yield as can be seen in the figure. It was also observed that operating in
conditions with very high circulation, closer to CLC (Chemical looping
combustion) operation, the amounts of known tars were only decreased
by ~20 % compared to CLG operation with lower circulation. Same
trend of tar yield was observed when comparing CLC and CLG operation
with 6 kW BP at 870 °C. By increasing circulation, the ratios of 3-ring/
BTX and 4-ring/BTX were increased slightly while using PFR as fuel;
however, these ratios were almost unaffected while using straw as fuel.

Changing the steam ratio was observed to have a very limited effect
on the tar components and amounts when the operation was performed
with sand. The result can be seen in the supplementary material. No
experiments with different steam ratios were performed with the
different oxygen carriers.

3.2. Batch reactor tests with benzene

In Fig. 10 the conversion of benzene is displayed using either LD slag
or ilmenite as an oxygen carrier with different concentrations of gasi-
fication gas at different temperatures. Here it can be observed that LD
slag and ilmenite perform similarly when no other reducing gases are
present. However, when reducing gases are introduced, the conversion
of benzene decreases for both oxygen carriers, since Hy and CO are
known to inhibit tar reformation [40,41]. The conversion decreases
more for LD slag than Ilmenite. Nevertheless, at higher temperatures,
such as 950 °C, the difference between the two oxygen carriers is
negligible.

To investigate if it is the reduction state of the oxygen carrier or the
presence of other reducing gases that affects the benzene conversion, the
two oxygen carriers were reduced before the benzene introduction. This
was done with 50 % CO in N3 and from the resulting CO generation the
oxidation state of the oxygen carrier, before the benzene introduction,
could be calculated. The result can be observed in Fig. 11. Benzene was
introduced to the reactor without gasification gas, corresponding to 0 %
Gasification gas in Fig. 10.

It is clear that benzene conversion in this setup is related to the ox-
ygen level o of the oxygen carrier, for both oxygen carriers. However,
the benzene conversion with LD slag decreased much faster than
ilmenite. But LD slag indicated an increased conversion at more reduced
states. It was noticed that the LD slag generated more Hy than ilmenite
during the reduction period with steam and benzene, an indication of
water-splitting since the conversion of benzene was lower than with
ilmenite. It was also noted that Ilmenite generated mainly CO, and some
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CO besides Hy, while LD slag generated more or less only CO5 and Hj.
This was observed for LD slag no matter the length of the pre-reduction
or the temperature.

4. Discussion
CLG could be a viable technology for the production of syngas with

negative CO» emissions if carbon capture from the plant is intended
since all generated CO2 can be concentrated together with the syngas in

the FR. Another advantage, in comparison to normal indirect gasifica-
tion, is that lower amounts of tars could be formed, due to the presence
of the active bed material. In this study effects of operating parameters
of CLG on tar formation were comprehensively investigated using
ilmenite and LD slag as bed material in 10 kWy, unit, and the results
were compared to indirect gasification using sand as the bed material.
From the results of this paper, it is observed that using oxygen carriers as
bed material decreases the amount of tar formation compared to the case
where sand was used as bed material. This is in coherence with previous
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studies [1,23] where oxygen carriers have been used as bed materials for
gasification. Also, it is suggested that the amount of tars is less for LD
slag compared to ilmenite, which also has been indicated in previous
studies [23].

In downstream processes, heavy condensing tars are the cause of tar-
related problems. As indicated in this and earlier studies using ilmenite
[1], ilmenite has displayed a tendency to form a larger share of heavy
tars compared to LD slag, see Fig. 5. However, the nonidentified large
peak for ilmenite that had longer residence time in the GC than Crysene/
Triphenylene is not included in the ratio. Since these heavy tars increase
the dew point of the tar this could lead to operational issues [42]. The
observed lower ratio of high 3-ring and 4-ring tar species for LD slag
compared to ilmenite and sand may not only be due to oxygen transport
to the fuel reactor. This is also indicated in Fig. 9, where the composition
and tar yield are hardly affected by increased circulation to obtain
higher oxygen transport to the fuel reactor. This can also be seen in
batch experiments with benzene where, after initial reduction, the
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Fig. 11. Conversion of benzene using LD slag or ilmenite as an oxygen carrier
reduced to different oxidation levels (o) before benzene introduction at 850 °C.

conversion is almost the same independent of the reduction state, see
Fig. 11. Ilmenite and LD slag converts benzene equally, and including
other gaseous components, as seen in Fig. 10, affect the benzene con-
version in the same way. This indicates that the lower tar yield observed
from 10 kWy, experiments are related to conversion of tar precursors,
rather than conversion of the formed poly-aromatic compounds.

Ca and K are elements in bio ash that are recommended to be used as
additives in large-scale gasification to promote catalytic reactions to
decrease tar formation [43]. Larson et al. [43] emphasize in the review
of six large-scale DFB gasifiers that the availability of active components
in the bed, such as catalytic species, governs the impact on gas quality
regarding composition and tar yields. K is a volatile catalyst acting
mainly on char particles promoting the gasification of the char [44] and
has some effect on the breaking of organic chains [45]. Ca species are
non-volatile and are known to catalyze the water-gas-shift reaction but
also enhance the breaking of organic chains and crack tar [44]. MgO
alone and together with CaO [44,46] and CaO together with iron
[44,47] have also been shown to have a catalytic effect on the cracking
of tars species. LD slag contains a significant amount of Ca, both in



F. Hildor et al.

species like CaO but mostly as (Ca0)4SiO, and CasFes xAzOs besides
Mg, .xFexO [20,48]. LD slag is also known to have a limited capability of
forming stable K-phases compared to sand and ilmenite [20,24]. This
could also be indicated by the unaffected tar yield while using different
loads of straw as fuel which contains a high amount of alkali compared
to the other fuels, see Fig. 8. This combination of the release of volatile
catalyst and high concentration of non-volatile catalyst phases present in
LD slag can be the origin of the lower tar yields while using LD slag as
bed material as could be observed in e.g. Fig. 5. This could suggest that
LD slag is a good alternative to avoid issues related to condensing tars
downstream in CLG.

Temperature is known to affect the polymerization reactions to
generate higher amounts of polyaromatic tar species [3,42]. The tem-
perature effect was also seen with sand as bed material, as seen in
supplementary material with higher ratios of 3-ring and 4-ring in com-
parison to BTX when operated with PFR. The same trend was observed
while using ilmenite as a bed material, generating higher ratios of 4-
ring/BTX when the temperature increased from 870 °C to 970 °C, see
Fig. 5. However, while using LD slag as a bed material, the ratios of 3-
ring and 4-ring in comparison to BTX decreased, as seen in Fig. 8. This
was observed for both PFR and BP at both 6- and 8-kW loads. This
further indicates that LD slag either cracks higher tar species or prevents
the polymerization reaction of tars. Instead, parts of the volatile tar
species such as benzene are oxidized by LD slag, mainly generating CO,
and Hj as suggested by the batch experiments seen in Fig. 11.

An effect of aging of the LD slag particles was also observed on the tar
yield, seen in Fig. 6. By aging LD slag higher amount of tar was gener-
ated, although cold gas efficiency was almost the same. Also, the ratio of
3-ring and 4-ring tars in relation to BTX was almost doubled with aging
LD slag. This indicates that ash interaction, material degradation due to
redox cycles, or a combination of both affect the generation and con-
version of higher tar species. This has also been observed in our previous
study, i.e. that aged material from boiler operation has a lower con-
version towards benzene [20]. Studies using olivine have shown that ash
coatings containing Ca increase the conversion of both light hydrocar-
bons and aromatics [49] besides reforming 1H-indene preventing
polymerization into polycyclic aromatics [50]. This could indicate that
active elements in the ash are less active than fresh LD slag.

Increasing fuel load has almost a proportional increase in tar yield,
see Fig. 7. Therefore, it could be concluded that there is an issue with the
fuel-oxygen carrier mixing. Also, the composition of the tar was similar
at different fuel loads with more or less unaffected 3-ring and 4-ring
ratios. The volatiles tar species do not interact fully with the bed ma-
terial even in the new fuel reactor design with a volatile distributor.
However, since no reference tar experiments were performed, the
improvement from the old reactor design can’t be quantified. Never-
theless, comparisons of the naphthalene concentrations from the raw
syngas of the 2-4 MWy, gasifier operated with sand and ilmenite can be
made. In 2-4 MWy, gasifier operated with sand and ilmenite, a naph-
thalene concentration of roughly 3.5-5 g/kggas at operation at
820-830 °C where measured [1]. In the 10 kWy, CLG pilot operation at
870 °C with 8 kW PFR and bed material of either i) sand: 3.6 g/kggyel, ii)
Ilmenite: 3.4 g/kgfyel and iii) LD slag: 2.4 g/kgye1, of naphthalene were
obtained. This comparison is not for direct validation since the systems
are operated at different temperatures and are very different in their
layout. However, it gives an idea that with the same measurement
technique the order of magnitude of naphthalene are the same for the
two different systems.

The type of fuel affected the measured tars generated from the
gasification. Tar yield from PFR and BP were both increasing with
increased fuel load, while the tar yield was constant while using straw,
see Fig. 7. This was expected to originate from the high alkali concen-
tration in straw. Alkali is a known catalyst reducing tar formation in
both lab-scale [25,39] and large scale operations [6]. When comparing
PFR and BP in the same figure, it can be observed that less heavy tars (3-
ring and 4-ring) were observed while using PFR.
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The conversion of benzene in batch experiments is decreasing while
the materials are reduced and other reducing gases are present. Inhibi-
tion of Hy and CO on the tar cracking reaction is well established [40,41]
and could be the reason why other gasification gases affect the tar
conversion seen in Fig. 10, besides occupying oxidation sites. The
decrease when the particles were reduced as in Fig. 11 could indicate
that the conversion of benzene is partly to oxidation rather than catalytic
cracking. However, the conversion of benzene indicated a slight increase
when LD slag was further reduced. This has also been indicated in pre-
vious studies that iron at lower oxidation levels is more active toward
benzene than at higher oxidation levels [51]. However, in CLC or CLG
where the presence of steam is significant, it is not expected that LD slag
will be reduced by more than 1.2 wt% [24]. Nevertheless, from TGA
analysis of the bed samples in the FR from this operation, the omega was
determined to be 0.989 to 0.996 (no yet published data) during opera-
tion in CLG mode. That is close to the region where the batch experi-
ments were executed.

5. Conclusion

In this study, CLG operation was conducted using LD slag and
ilmenite in a continuous 10 kWy, dual fluidized bed system. Sand was
also used as a reference. From the raw syngas, tar samples were suc-
cessfully collected and analyzed to identify how the bed material was
affecting the tar conversion and composition. In addition, these results
were compared to batch experiments using benzene as a reference tar
component. From these experiments, it could be concluded:

e Oxygen carriers reduce the amount of tar in a gasification system.

e Benzene and Naphthalene are the main components of the tar that is
detected using SPA columns.

e CLG operation using LD slag might result in lower absolute tar yield

compared to ilmenite and sand.

Oxygen transfer only had a minor effect on the tar yield in the FR.

CLG operation using LD slag result in a lower ratio of heavy tars

compared to ilmenite and sand.

LD slag possesses catalytic properties towards tar reforming, both by

not capturing volatile potassium from the fuel and containing a high

amount of Ca that both catalyzes cracking of tars and prevents

polymerization.

Temperature and fuel load have a much larger effect on the tar yield

than the circulation rate and steam ratio.

Increasing temperature results in a lower ratio of 3-ring and 4-ring

compounds in tars from CLG operation with LD slag, this is in

direct contrast to what is seen and known with sand.

The alkali content in the fuel seems to affect the tar generated from

the gasification. Using Straw generated a considerably lower amount

of tar and the tar generated was not affected by load, compared to

PFR and BP.
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