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ARTICLE INFO ABSTRACT

Keywords: Within this work, a novel 50 kWy, indirectly heated bubbling fluidized bed steam reformer (IHBFBSR) is pre-
Allothermal gasification sented, along with its commissioning experiments. In the IHBFBSR, heat is provided through two radiant tube
Biomass

natural gas burners in the bed and the freeboard area. The aim of this innovative design is sufficient heat pro-
vision for biomass steam reforming and cracking reactions and heat loss reduction, thus allowing the possibility
of scaling-up to an industrial level. Experiments were performed with two woody biomass feedstocks and two
bed material particle sizes under different operating conditions (steam to biomass ratio, lambda, temperature), in
order to identify the setup's main characteristics. Product gas composition and quality, as well as the cold gas
efficiency of the IHBFBSR were in reasonable agreement to similar systems, however carbon conversion pre-
diction needs further improvement. Hy production and tar removal are favoured by small bed material particle
sizes as well as by char accumulation in the bed area. Furthermore, air injection above the bed led to improved
H,/CO ratios and lower tar yields compared to when air is used as a fluidization agent. Overall, it was shown that
the IHBFBSR technology constitutes a promising development in the field of biomass allothermal gasification.

Steam reforming
Synthesis gas

1. Introduction

Sustainable resources for heat and power generation as well as for
fuels and chemicals production have been attracting a lot of interest
amidst concern for environmental change, the depletion of fossil fuel
reserves, as well as the increasing need for energy self-reliance. Biomass,
the third most abundant fuel resource after coal and oil, constitutes such
a potentially clean and renewable fuel, which is also readily available
worldwide. Biomass thermochemical conversion processes constitute
interesting options for the abovementioned products, with pyrolysis,
torrefaction, gasification, combustion and hydrothermal liquefaction
comprising the main employed thermochemical conversion methods
[1]. Gasification in particular, is the thermochemical conversion process
by which carbonaceous materials are converted to a fuel gas or a
chemical feedstock in a reducing (oxygen deficient) environment
requiring heat [2].

One type of gasifier's classification is based on the gas-solid inter-
action within the unit and it includes fixed or moving bed (downdraft,
updraft, crossdraft) gasifiers, fluidized bed gasifiers (bubbling,
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circulating and dual) and entrained flow gasifiers (top-fed and side-fed).
Another possible way to classify a gasifier is by the gasifying medium
employed (air, CO», steam, etc.) [2,3]. An important distinction between
gasifier types, can also be made according to the way that the heat
required for the gasification of a feedstock is provided to the system.
Autothermal or direct gasification occurs when the feedstock is partially
oxidized by the gasification agent (usually air or Os). This way, the heat
required for the fuel heating, drying, pyrolysis and gasification reactions
is provided by exothermal oxidation reactions within the gasifier. When
an oxidizing agent is not employed, an external energy source is
required and the process is then called allothermal or indirect gasifica-
tion. Steam is most commonly used as an allothermal gasification agent
[4,5]. In regards to autothermal gasification, the biggest limitation lies
within the separation/removal of diluent gases such as Ny, either
downstream (from the syngas) or upstream (from air) the gasification
unit [6]. Thus, allothermal gasification technologies constitute an
attractive option.

According to Karl and Proll [7], the heat required for the operation of
allothermal gasifiers can be provided either by the discontinuous

Received 1 July 2021; Received in revised form 27 August 2021; Accepted 28 August 2021

Available online 3 September 2021

0378-3820/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:C.Tsekos@tudelft.nl
www.sciencedirect.com/science/journal/03783820
https://www.elsevier.com/locate/fuproc
https://doi.org/10.1016/j.fuproc.2021.107003
https://doi.org/10.1016/j.fuproc.2021.107003
https://doi.org/10.1016/j.fuproc.2021.107003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuproc.2021.107003&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Tsekos et al.

intermittent operation of a single fluidized bed, or by the circulation of
particles between two interconnected fluidized beds, or through heat
transfer surfaces. The first category regards mainly Winkler's fluidized
bed gasifier (1922), where heating of the fluidized bed was performed
through air (or later Oz) blown combustion up to 1100-1200 °C,
repeatedly followed by steam blown gasification. The latter two tech-
nologies have seen much more application and development in the
recent years. The interconnected fluidized beds gasification technology,
or as it is most commonly referred to: Dual Fluidized Bed (DFB) gasifi-
cation, includes the utilization of two separate gasification and com-
bustion reactors [8,9]. Several large scale applications of the DFB
technology have been presented in the recent years including an 8 MWy,
demonstration plant in Giissing (Austria, 2002), a 8.5 MWy, plant in
Oberwart (Austria, 2008), a 15 MWy, plant in Senden, Germany [10]
and the Gothenburg Biomass Gasification (GoBiGas) 32 MWy, plant,
along with the supporting 2-4 MW research gasifier at the Chalmers
University of Technology, Sweden (2005 and 2007, respectively) [11]. It
should also be mentioned that two demonstration plants in Nongbua,
Thailand (1 MWy,) and Daigo, Japan (1.4 MWy,) [12], as well as an
upcoming project (2023) Gaya, France [13] are inspired by the Giissing
gasifier. In general, all the aforementioned plants employ the DFB
“Glissing concept”, as it was referred to and described in [7]. Other
notable DFB gasification systems are Battelle's FERCO gasification pro-
cess, also referred to as SilvaGas or Taylor gasification process (40 MWy,
Burlington — Vermont, USA) [14] and the 30 kW MILENA gasifier of
TNO (Netherlands), which is still in operation [15-17]. More DFB
gasification systems along with important technical details are pre-
sented by Karl and Proll in [7] and more recently by Larrson et al. in [18]
and Hanchate et al. in [19].

Heat exchanger configurations for the delivery of the heat required
for the operation of a gasifier can be designed in different ways. In one
concept, the gasification area is completely separated from the “heat
provision reactor” and therefore a plethora of different fuels and/or
processes for heat supply can be employed. Such a reactor was proposed
for the first time by Juentgen and van Heek in 1975 [20], employing
helium produced from nuclear reactors at high temperatures (HTR).
According to Karl [21], the large number of heat exchangers required,
due to poor heat transfer between the heat carrier gas and the inner tube
surface of the heat exchangers, hindered the progress of this project. The
concept was revisited in the following decades in an effort to reduce the
gasification temperature, in order to minimize the effect of poor heat
transfer, through the application of different catalyst types and config-
urations [22-24], however no commercial demonstrations have been
presented so far. In the early 90s the MTCI technology was employed in a
pilot scale black liquor gasifier in Erode, India and in several pulp mills
in North America in similar configurations [25,26]. The MTCI gasifier is
a steam blown atmospheric fluidized bed reactor, employing in-bed heat
exchanger tubes for heat provision. Part of the gas produced from
gasification was burned in a pulse combustor that fed the heat exchanger
tubes. The highly turbulent flue gas and the low frequent acoustic os-
cillations produced from pulse combustion can achieve improved heat
transfer rates compared to conventional heat exchangers [7,26]. The
most recent concept in indirectly heated fluidized bed gasifiers is the
Biomass Heatpipe Reformer (HPR), which was presented for the first
time in 2001 and has been commercially developed by Agnion Inc. with
a 500 kW demonstration plant in Pfaffenhofen, Germany and two
commercial 1 MW plants in Grassau, Germany and Auer, Italy. The plant
in Grassau was not a success due to very high tar levels, creep behaviour
of the heat pipes and reduced cold gas efficiencies due to the combustion
chamber design [27]. In 2015, an advanced Heatpipe Reformer pilot
plant of 100 kW with optimized combustor design was commissioned in
Erlangen-Nuremberg [28]. According to this concept, gasification takes
place in a pressurized chamber and the heat is provided by a combustion
chamber which is located below it, through a number of heat pipes. It
should be mentioned, that both the gasifier and the combustor are flu-
idized reactors. The two fluidized beds are connected via a series of heat
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pipes, where the working fluid (usually an alkali metal such as Na, K,
etc.) evaporates on one side (combustor) and condenses on the other
(gasifier) [28-30]. The use of the Heatpipe concept (evaporation-
condensation) is claimed to lead to high heat transfer coefficients and
smaller heat transfer areas by a factor of 10 to 20 [21].

In this work, a novel indirectly heated biomass gasification concept is
presented along with the respective commissioning experiments. In
particular, an atmospheric pressure 50 kWy, indirectly heated bubbling
fluidized bed steam reformer (IHBFBSR) was designed, built and
commissioned by the Dutch company Petrogas - Gas Systems in
collaboration with the Process and Energy Department of the Delft
University of Technology. The novelty of the reactor lies within the
method of heat provision for the gasification reactions. For this purpose,
two radiant tube natural gas burners, one in the bottom (bed area) and
one in the top (freeboard) of the reactor, are employed (Fig. 1). Its design
aims at the reduction of heat losses, the provision of enough heat for the
realization of the biomass steam reforming and cracking reactions and
the exploration of scale-up possibilities to an industrial scale process.
The commissioning experiments presented in this work are aimed at
obtaining understanding of the operation characteristics, fuel conver-
sion and raw product gas composition.

2. The Indirectly Heated Bubbling Fluidized Bed Steam
Reformer (IHBFBSR)

In this section, the novel 50 kWy, Indirectly Heated Bubbling Fluid-
ized Bed Steam Reformer (hereby referred to as IHBFBSR) is presented.
A simplified process flow chart of the reactor is presented in Fig. 2. In
this reactor, combustion and gasification reactions are separated to a

Natural gas & air

r--‘Product gas----+

Radiant tube burners

FIuidization___
medium

Natural gas & air

Fig. 1. Conceptual design of the indirectly heated bubbling fluidized bed steam
reformer (IHBFBSR).
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Fig. 2. IHBFBSR simplified process flow chart (left)/ Basic dimensions and main sensors location in the IHBFBSR reactor chamber. P: pressure gauge, TC: ther-

mocouple (right).

great extent in a novel way, thus avoiding the dilution of the product
gas.

The gases that can be employed as fluidization agents in the IHBFBSR
are Ny, air and steam. Steam is produced at a working pressure between
3.5 and 5 bar and then expanded to near atmospheric conditions,
depending on the supply. Air and/or nitrogen, which is mainly used
during warming up, pass initially through a 4.5 kW preheater (EHO1),
where they are heated up to 150 °C. The steam, along with the gases that
are preheated by EHO1, are fed to a second 6 kW preheater (EH02). The
gasification media are all fed to the reactor at about 200 mbarg typically.
Air can also be directly fed into the freeboard as a measure for tar
destruction. The secondary air injection point is located ~90 cm below
TCO6 (Fig. 2). The radiant tube burners are supplied with air and natural
gas at 80 mbar and 60 mbar, respectively. Ny is also distributed to the
pressure gauges in the reactor (Fig. 2) (5 ml/min each) and the two
cyclones, as well as to the biomass and additive bunkers (4 kg/h).

The reactor is manufactured out of 310S (AISI) steel with a wall
thickness of 4.78 mm and a height of roughly 3 m. It is insulated with a
200 mm three layer matrass. Gases are fed in the windbox and subse-
quently in the reactor, through a distributor plate consisting of 50 tu-
yeres each with two 2 mm holes drilled in a 25° angle (downwards). As
presented in Fig. 2, the temperature in the reactor is monitored by
thermocouples located in and above the bed zone. The last thermo-
couple (TCO7) is located at almost the same height as the product gas
outlet which is on the reactor inner wall. Pressure gauges are located in
four spots within the IHBFBSR along with differential pressure trans-
mitters, that allow the recording of the pressure drop over the distrib-
utor plate, the bed zone and the freeboard. In general, data from the
various instruments are recorded through a SCADA/PLC coupling
employing a LabVIEW interface. The system obtains and records data
every 10 s.

The two self-recuperative ceramic burners utilized for gasification
heat provision were supplied by WS — Warmeprozesstechnik GmbH.
Both of them are placed inside metal radiant tubes in order to protect the
ceramic burners from the bed material blasting. Both burners operate in
an on/off mode; the bottom burner is controlled by the average values of
thermocouples TCO1 — TCO5 and the top burner by thermocouple TCO7.
For both burners the maximum allowable set point was at 850 °C ac-
cording to the safety regulations. The burners operate at a constant ca-
pacity of 20 kWy, and 12 kWy, for the bottom (REKUMAT C100) and top
one (REKUMAT C80), respectively. Regarding the bottom radiant tube,
its total main body length is ~1.7 m and 1.2 m of this is situated in the
bed area. The bottom part of the radiant tube heats up the windbox, as

[+

shown in Fig. 2. The top radiant tube is smaller than the bottom one,
both in terms of diameter (0.1 m versus 0.15 m) and of total main body
length (1.3 m versus 1.7 m).

Part of the product gas, after the cyclones, is led to the gas analysis
section. The gas analysis line is traced at 400 °C and a heated candle
filter (350 °C) is used as the main method of char and ash particles
removal. After this point, part of the gas is channelled to the tar sampling
system, where tars are sampled according to the Tar Protocol CEN/TS
15439 [31]. Downstream the tar protocol are placed, a pump a flow-
meter and a gas meter. The rest of the gas passes through a water cooled
condenser and is led to the gas analysis section. There four bottles, three
of them filled with isopropanol and one filled with silica gel, are used for
tar and moisture removal. Subsequently a Whatman 55 mm paper filter
and the pump follow and from there the gas is led to the detectors. A
micro-GC, samples from the product gas stream every 4 min, measuring
CO, CO4, Hy, CH4 and Ns. Then the gas flow splits into two streams each
passing though the O, detector and the Non-Dispersive Infrared Detector
(NDIR), for the measurement of CO and CO». The use of these analysers
is necessary for the online monitoring of the experiment.

3. Materials and methods
3.1. Feedstocks, bed material and analytical equipment

The biomass feedstocks employed in this work were two different
types of A-quality residual wood (termed Premium Green and Excellent
Red), supplied by the company Labee Group Moerdijk B-V, the
Netherlands. Both feedstocks were supplied in the form of pellets with a
length of 2 cm and a diameter of 0.6 cm. Premium Green (PG), consists
of woodchips, sawdust and wood shavings of brown leafage wood from
Dutch secondary forest biomass. Excellent Red (ExR), is derived from
white pine wood woodchips, originating from Scandinavian countries
and Russia. Table 1 shows the proximate and ultimate analysis of the
two feedstocks. The moisture and ash content of the biomass species was
determined according to the NREL/TP-510-42621 [32] and NREL/TP-
510-42622 [33]. Fixed carbon and volatile content for each feedstock
were determined with an SDT Q600 Thermogravimetric Analyser
(TGA). In this analysis, ~3 mg of sample were heated at 10 °C/min in an
inert atmosphere (100 ml/min of N3) up to 600 °C and held there for 10
min. Afterwards, at the same temperature, combustion with 100 ml/min
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Table 1
Proximate analysis, ultimate analysis and Lower heating Value (LHV) for the two woody biomass feedstocks (PG and ExR) employed in the IHBFBSR commissioning
experiments.
Proximate analysis Ultimate analysis LHV (MJ/
k
Moisture (% Volatiles (% wt d. Fixed carbon (% wt Ash (% wt d. C (% wt d. H (% wt d. N (% wt d. S (% wt d. O (% wt d. 8)
wt) b.) d.b.) b.) b.) b.) b.) b.) b.)
PG 5.08 78.13 21.15 0.73 48.41 6.02 0.3 0.01 44.53 18.98
ExR 5.57 84.07 15.44 0.49 47.88 6.44 0.06 0.01 45.13 19.5

of air was performed for 10 min. The ultimate analysis was performed
using a Vario MICRO CHNS analyser and the lower heating value (LHV)*
of the two fuels was determined using a Parr 6772 Calorimetric
Thermometer.

Corundum, which is an aluminium oxide (Al,O3) containing also
traces of iron oxide, titanium oxide and silica, was used as the bed
material for the IHBFBSR commissioning experiments. This material,
supplied by Unicorn ICS B.V., has a density of 3940 kg/m>, a hardness of
9 Mohs and its melting point is 1950 °C. The weighted average particle
diameter for the bed material employed in the experiments was 590 pm
(F046) and 490 pm (F054), which classifies them in the Geldart B
category (sand-like) of solids in bubbling fluidized beds [34]. It has a
very high hardness, thus the probability of fines production due to
attrition of the particles is reduced. Furthermore, depending on the
fluidization conditions, it has very good heat distribution properties
[351.

The analysis of the permanent gases (CO, CO2, CHy4, Hy and N), was
performed using a Varian CP4900 micro-Gas Chromatograph. Separa-
tion of the individual gases was achieved on a 1 m CP-COX column and
detection/quantification by a TCD detector using Argon as carrier gas.
For O,, a Hartmann & Braun Magnos 6G paramagnetic detector was
applied, while for CO and CO;, a Hartmann & Braun Uras 10 NDIR was
used. For tar detection and quantification, an Agilent Technologies
7890A GC-FID system was employed. The acquisition run time was 90
min, including an increase of temperature of the oven from 50 to 300 °C
at 5 °C/min rate and a hold time of 38 min. The species measured were:
benzene, toluene, ethyl benzene, naphthalene, acenaphthylene, fluo-
rene, anthracene, phenanthrene, pyrene, chrysene, benzo(a)anthracene,
benzo(k)fluoranthene, benzo(a)pyrene, dibenz(a,h)anthracene, indeno
(1,2,3-cd)pyrene, benzo(b)fluoranthene. Moisture content was deter-
mined using a Mettler Toledo V10S volumetric Karl Fischer Titrator with
a polarized DM143-SC sensor.

3.2. Definition of main process parameters

The experiments conducted, apart from varying biomass type and
bed material particle sizes, also explored different operational condi-
tions. In particular, steam gasification experiments were conducted with
different steam to biomass ratios (STBR) and different A. These two
parameters are described according to the following formulas:

STBR = Myjeam + Xt1,0 * Mpiomass

Mpiomass (d.af.)

@

mp, .
2/ Mpiomass (d.af.)

m .
< OZ/ Mpiomass (d.af.) )

Where, Myeqn is the steam mass flow rate, My;omes the biomass feed-
stock mass flow rate and mp, is the oxygen mass flow rate. In the
IHBFBSR, oxygen is supplied by air. STBR correlates the total amount of

A= ()]

stoichiometric

2 The lower heating value of a fuel is defined as the amount of heat released
by the combustion of a specified quantity of it, minus the heat of vaporization of
the water produced [2].

steam provided either directly as a feed or as biomass moisture, to the
dry-ash-free biomass input. Lambda (1), or stoichiometric oxygen ratio
is usually employed for identifying different oxidation regimes. Typi-
cally, A ranges between 0.2 and 0.4, while the STBR varies between 0.5
and 2 [35]. In regards to the output parameters which were used in order
to evaluate the experiments conducted, emphasis was put on the cold
gas efficiency (CGE), carbon conversion efficiency (CCE), permanent gas
composition and tar and content [36]. The definitions of the calculated
process parameters is given below, adapted from [37]. In addition the
overall efficiency (OE) of the process was calculated based on a simple
energy balance as shown also below.

_ mproduu gas LH Vpraduct gas

CGE : (3)
Mpiomass *LHY piomass
OE = . mpmd.u(! gas LH Vp.roduct gas _ ( 4)
Mpiomass 'LHVbioma:s + QBurnEr: + QPrcheaIm
CCE=1- mC,r;':[dL(e (5)

MC piomass

3.3. Experimental procedure and overview

Before each test, 75 kg of bed material (corundum F046 or F054) was
loaded in the reactor. This amount of bed material corresponds to a
stationary bed height of roughly 0.59 m. Each experiment was initialized
by warming up the reactor to an average bed temperature of 850 °C. The
average bed temperature was defined as the average values of thermo-
couples TCO1 — TCO5. This process included two separate steps. The first
step started by introducing the maximum fluidization media flow, which
corresponds to 30 kg/h of N3 and 22 kg/h of air. At the same time, both
burners were turned on with a set point of 850 °C, along with the two
preheaters. In order to reach the designated temperature the heat pro-
vided by the radiant tube burners does not suffice. Therefore a biomass
combustion step was added to the warming up process. This step of the
warming up process, was performed with 22 kg/h of air and the
appropriate amount of biomass feedstock in order to achieve stoichio-
metric combustion. The biomass flow rate for stoichiometric combustion
is approximately 4 kg/h for both PG and ExR, since the two species have
similar compositions. It should also be mentioned, that preliminary
combustion tests were performed with both biomass species, under the
exact same conditions as the ones employed for the aforementioned
warming up step. These tests showed that close to full conversion was
achieved during this process, since no char was found in the bed (par-
ticle or fine form) or in the cyclones. Furthermore, after the completion
of the combustion warming up step, the cyclones were emptied from the
combustion produced ashes, in order to avoid interference with the
subsequent measurements in the gasification phase.

After this point the Oz and NDIR detectors which are measuring gas
composition online, as well as the micro-GC were started. When the set
point for the bottom burner was reached gasification could be initiated.
Steam and air were supplied to the system according to the STBR and A
required. The goal was to achieve steady state gasification operation,
which corresponds to relatively stable temperature and gas composition
profiles. When steady state was achieved, tar sampling using the tar
protocol was initiated. According to this protocol, tar sampling should
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be performed for at least 30 min with a gas flow rate between 0.1 and
0.6 Nm®/h. During the steady state, the average value of each gas as
measured from the micro-GC, was used for the derivation of the gas
composition, which is presented in this work. As it will be thoroughly
presented in the results and discussion section, the employment of
different lambda values (1) between the various experiments, influences
also the operational temperatures throughout the system. This differ-
entiation occurs due to the varying degree of char and/or biomass
oxidation reactions that take place when different lambda values are
employed. The reduction of the extent of oxidation reactions in the case
of low A (and therefore low temperature) experiments led to increased
char accumulation in the bed. That was evident by the increased bed
height as observed through the thermocouple values.

During cooling down, in order to preserve the char in the reactor for
weighing and future analysis, only Ny was fed in the reactor at its
maximum flow rate. The tar samples obtained were collected in bottles
and refrigerated at ~5 °C. Two samples of each tar protocol were taken
in HPLC vials for the subsequent tar analysis (GC-FID) and Karl Fischer
titration. After cooling down, the bed material was collected and sub-
sequently sieved to separate the bed material from the larger char par-
ticles. This was achieved with the use of a 500 or 600 pm sieve,
depending on the bed material used, in combination with a Retsch
AS300 sieve shaker. The char was weighed and stored, while the bed
material was also weighed and five samples from it were combusted
with air at 600 °C for 4 h in a muffle furnace (Nabetherm 30), until
constant weight (+£0.3 mg). The difference in weight was assumed to
correspond to the amount of fine char particles. The combustion process
was also performed for the material removed from the cyclones, which
contained both ashes and char particles. Through these three processes,
the char yield and therefore also the ash yield, of each experiment was
determined.

3.4. Experimental matrix

Table 2 presents the experiments performed within this work. For the
cases with two set points, the first one corresponds to a time before the
final steady state was established. The average bed temperature
(Average bed T), corresponds to the thermocouples TCOl to TCO3
average, since for every experiment the bed area always included only
these thermocouples. The experimental results are discussed in Section
4.

Experiments were conducted with two sizes of bed material (FO54
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and F046), as well as with two different kinds of wood residue feed-
stocks. Furthermore, for each bed and biomass specie, STBR values of
0.8, 1 and 1.2 were employed as well as different lambdas (1) which also
led to different bed temperatures. According to the values of A employed,
the overall temperature of the gasifier is influenced. The temperature
profiles throughout the system for various operational conditions are
presented in Appendix A (Figs. A.1 and A.2). Experiments with an
average bed temperature above 800 °C will be hereby referred to as high
temperature (HT) experiments, while experiments with lower average
bed temperatures will be referred to as low temperature (LT) experi-
ments. Additionally, it should be mentioned, that in the case of HT ex-
periments with ExR, the average bed temperature dropped significantly
during the initiation of steam/air gasification when a A of 0.2 was
employed. To maintain a bed temperature comparable to the PG ex-
periments A was increased to 0.23. In order to explain this difference
noted between the two biomass feedstocks one can look at their
compositional characteristics (Table 1). Despite the fact that the LHV
values are slightly higher for PG (19 MJ/kg versus 19.5 MJ/kg), the
difference between the values is too small. On the contrary, the much
lower fixed carbon content of ExR (15 wt% versus 21 wt%), can pre-
sumably lead to less char formation, mainly from the initial pyrolysis
stage of the gasification process. The subsequent char oxidation is
assumed to be the main reason for maintaining the desired gasification
temperature, since the LHV of biomass char is in general much higher
compared to the parent biomass [2]. Therefore, the reason for the
observed difference in maintaining the required process temperature
between the two feedstocks, can be attributed to the lower fixed carbon
content of ExR.

Apart from the aforementioned parameters, the effect of the injection
of secondary air in the freeboard (abbreviated as sec. air in Table 2) and
the duration of the experiment were also studied. Secondary air injec-
tion will be investigated in terms of its efficiency as a tar reduction
method, due to the introduction of oxidizer (O5) and the local increase of
temperature. Tar reduction efficiency will be compared to the effect on
the product gas composition. This method was employed, due to the
presence of the burner in the freeboard. Depending on the effectiveness
of the method, the exothermicity of the oxidation reactions can lead to
potential energy savings for the top burner. Furthermore, the straight-
forward and simple implementation of this concept in the IHBFBSR, was
an advantage for the commissioning phase of the associated project. The
duration of the experiment, as briefly mentioned before, can be linked to
the accumulation of char in the bed area for LT experiments. Therefore,

Table 2
Experimental matrix for the PG and ExR steam gasification experiments conducted in the IHBFBSR.
# Set point Bed Material Biomass Average bed Steam-kg/h Biomass-kg/h Air- Sec. A STBR
T-°C kg/h air- kg/h
1 - F054 PG 839 (+1) 9.0 10 11.3 0 0.20 1.0
2 - F054 PG 840 (£ 1) 10.8 10 11.3 0 0.20 1.2
3 - F054 PG 836 (+1) 7.3 10 11.2 0 0.20 0.8
4 - F046 PG 833 (+1) 10.4 10 11.3 0 0.20 1.2
5 SP1 F046 PG 831 (+1) 7.3 10 11.3 0 0.20 0.8
SP2 F046 PG 832(+1) 7.3 10 11.3 0 0.20 0.8
6 SP1 F054 ExR 826 (+ 6) 10.5 10 13.3 0 0.23 1.2
SP2 F054 ExR 839 (+1) 10.7 10 11.3 0 0.20 1.2
7 SP1 F046 ExR 816 (+ 6) 10.6 10 13.3 0 0.23 1.2
SP2 F046 ExR 833 (+1) 10.5 10 11.3 0 0.20 1.2
s SP1 F046 ExR 740 (+ 14) 8.8 8 1.9 0 0.04 1.2
SP2 F046 ExR 711 (£ 1) 8.7 8 1.9 0 0.04 1.2
9 SP1 F046 ExR 733 (£ 12) 8.6 8 1.9 8 0.04 1.2
SP2 F046 ExR 704 (£ 1) 8.7 8 1.9 8 0.04 1.2
SP1 F046 ExR 724 (+ 8) 8.8 10 1.9 4 0.03 1.0
10 SP2 F046 ExR 702 (£ 3) 8.8 8 1.9 4 0.04 1.2
SP3 F046 ExR 710 (£ 1) 8.7 8 1.9 4 0.04 1.2
11 SP1 F054 ExR 717 (£ 10) 8.7 8 1.9 4 0.04 1.2
SP2 F054 ExR 715(£ 1) 8.7 8 1.9 4 0.04 1.2
12 SP1 FO054 ExR 727 (£ 9) 8.9 8 1.9 8 0.04 1.2
SP2 FO054 ExR 722 (£ 1) 8.8 8 1.9 8 0.04 1.2
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an early tar sampling (SP1) was performed in order to be able to
compare the two states of the experiment. This is mainly in terms of the
effect of char's presence on the product gas' tar content and overall
composition.

4. Experimental results and discussion
4.1. Effect of STBR and bed material particle size

In this section, the effect of STBR and the bed material particle size is
examined, using the experiments 1, 2, 3, 4 and 5 (SP2) conducted with
PG (Table 2). These experiments were performed in the same bed tem-
perature range (833-840 °C) and at A = 0.2. In terms of the temperature
profile developed in the reactor, the average values during the steady
state for the TCO4 — TCO5 region were higher by 11 °C, on average, for
the experiments conducted with FO46 compared to FO54. This is, how-
ever, compensated by the reverse behaviour for the TCO1 — TC03 area of
the bed, leading to an average TC01-05 temperature of 850 °C for all the
experiments. The difference lies mostly in the fluidization and thus heat
transfer characteristics of the two bed material sizes. In general, it is
observed that the smaller bed material size (F054) leads to a lower
temperature difference between the bed area and the area directly above
it, hinting possibly to improved heat transfer compared to the larger bed
material size (F046). Regarding the freeboard area (TC06 and TC07), the
temperatures were the same for all the experiments conducted (864 °C
and 849 ° respectively).

4.1.1. CCE
By examining the CCE and its relationship with the STBR (Fig. 3), it
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points. In general, a higher steam supply is expected to promote the
water-gas shift (WGS) reaction as well as carbon (heterogeneous WGS),
methane and tar reforming, mainly to CO and Hy [38,39]. Therefore
higher carbon conversions were expected for increasing STBR at least
until a certain point. When very large amounts of steam are introduced
in a steam reformer at temperatures lower than the operating temper-
ature, the temperature of the bed also drops. This leads to a subsequent
decrease of the carbon conversion efficiency [40]. In the IHBFBSR,
temperature is controlled according to a set point, so such a behaviour
would not be noted by the temperature readings. An indirect way to
evaluate the system's behaviour is through the operation time of the
bottom burner, which can provide a correlation between STBR and the
power supplied to the system. From Table 3, it can be concluded that for
both F054 and F046 experiments, a significant decrease in the operating
time of the bottom burner for a STBR of 0.8 took place, compared to 1.2
and 1. This indicates that for lower STBR the heat requirement of the
process is lower. Since the amount of biomass feed and the A are the
same for all these experiments, that behaviour can be attributed to a
lower carbon conversion efficiency. The total amount of char produced
from the steam/air experiment corresponds to the amount of carbon
residue of the steam reforming process that was not converted through
the oxidation reactions with air. For lower STBR, reduced char

Table 3

Percentage of actual operating time for the bottom and top IHBFBSR burner for
the various STBR steam/air gasification experiments conducted with PG as
feedstock.

Bed Material

becomes apparent that it is negative for both bed materials studied. The Fo54 Fo46
CCE drops by roughly 4% when the STBR increased from 0.8 to 1 and STBR 1.2 1 0.8 1.2 0.8
from 1 to 1.2 for FO54. For F046 the effect of reducing the STBR is less Bottom burner on (%) 96.3 96.7 81.3 86.5 73.1
apparent, since the drop was only 1% between the 0.8 and 1.2 STBR set Top burner on (%) 844 82.3 or4 o7 o1t
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Fig. 3. Effect of STBR and bed material particle size on the CCE (top left), CGE (top right), OE (bottom left) and tar content (including benzene) in the product gas for
PG steam/air gasification with A = 0.2 at temperatures between 830 °C and 840 °C in the IHBFBSR. Corresponding experimental indexes: 1,2,3,4 and 5 (SP2).
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conversion by steam, leaves more carbon available for the exothermic
oxidation reactions. This can lead to reduced heat requirements and
increased CCE values for lower STBR, explaining the contradiction of the
latter with literature. The lower fluidization velocity/gas residence time
imposed with lower STBR, since the biomass and air flow remain con-
stant, add to this effect.

Carbon conversion appears to be promoted by employing a larger
particle size (87% versus 94% on average, in favour of F046). However,
as it has also been reported in [41], smaller bed material particles in-
crease the turbulence in the bed (higher particle-related Reynolds
numbers) leading to improved heat and mass transfer in the area and
therefore higher carbon conversion. Additionally, it should be
mentioned that for Geldart B particles, such as in this case, the bubble
size is independent of the particle size [42], so this aspect of hydrody-
namics does not offer any explanations for the observed behaviour.
Furthermore, slightly higher bed temperatures (~6 °C on average) and
lower initial freeboard temperatures (by 11 °C on average) were re-
ported for the smaller bed material particle size experiments. The latter
observation showcases improved heat transfer capabilities although the
difference in temperature is not that large. The improved heat transfer is
also evident by the reduced operating time of the bottom burner for
F046, as shown in Table 3. Consequently, the higher carbon conversion
noted for the FO46 experiments compared to using F054, can be
attributed to experimental error in char collection. Alternatively, it can
be hypothesized, that the improved heat and mass transfer for the F054
experiments, increases the accessibility of the char particles, thus
increasing the tar cracking capabilities of the char bed inventory. This
could lead to enhanced secondary coking and therefore higher char
yields.

4.1.2. CGE, OE and gas composition

In regards to CGE and OE, where the differentiating factor among the
various experiments is the LHV value of the product gas, no clear trends
or correlations emerge. Overall, for the FO54 steam/air gasification
experiments with PG, the average CGE was 78.4% and average OE was
43.3%. The higher CGE value noted for the STBR = 1 / FO54 experiment
can be attributed to the lower Ny content of the product gas of this
experiment by roughly 2 vol% compared to the experiments with STBR
of 1.2 and 0.8. The corresponding values for the FO46 experiments with
PG (which were two instead of three) were 70.6% and 39.8%, for CGE
and OE, respectively. As it was the case for the STBR = 1 / F054
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Fig. 4. Effect of STBR and bed material particle size on the composition of gas
produced from PG steam/air gasification with A = 0.2 at temperatures between
830 °C and 840 °C in the IHBFBSR. Corresponding experimental indexes:
1,2,3,4 and 5 (SP2).
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experiment before, also here the low values for the STBR = 1.2 / F046
are outliers, due to a much higher Ny content in the product gas. In
Fig. 4, the dry nitrogen free (dnf) composition of the gas produced, is
presented for both FO54 and F046 bed material sizes. For both cases, a
positive correlation of STBR with Hy and a negative one with CO is
established. For CHy4, a drop is observed, namely 0.4 vol% dnf on
average for F054 and 0.7 vol% dnf for F046. However, the short range of
experimental points (three for F054 and two for F046) along with the
low magnitude of the drop, do not allow drawing any concrete conclu-
sions from this observation. Overall, such trends were highly antici-
pated, since the WGS, CH,4 reforming and tar reforming reactions are
promoted by the addition of more steam [43]. Regarding the differences
between the two bed materials employed, it can be noted that while CH4
production was quite similar for both, the increase in bed material size,
seemed to lead to lower Hy and higher CO and CO; yields. Overall, the
improved heat and mass transfer imposed by the increased turbulence in
a system employing lower bed material sizes compared to higher ones,
has been reported to lead to increased catalytic activity in the case of
olivine bed material in favour of H, production [41]. The corundum bed
material employed in this work is expected to be inert. However the char
that is produced and accumulates in the bed can act as a catalyst for
reforming or cracking reactions of hydrocarbons and its presence in
general promotes tar destruction and syngas production [44]. Therefore
it can be argued that the increased turbulence of the system when lower
bed material particle sizes are employed, enhances interaction with char
particles that promotes tar conversion. It has been shown in literature
[45], that aromatic compounds can decompose over the char surface
due to coking, forming also Hy in the process. In general, char's catalytic
activity is dependent on its pore size, surface area as well as on its
mineral content [46]. By decreasing the bed material particle size
employed and thus increasing the turbulence of the system, the char
surface area available for tar elimination reactions becomes larger due
to the lager accessibility of the char particles.

4.1.3. Tar and benzene composition

The increasing STBR leads to a significant decrease of the amount of
tars produced for both cases of bed material studied (Fig. 3). For F054,
from a 19 g/Nm® dry concentration for a STBR of 0.8, the tar in total gas
content dropped to roughly 6 g/Nm? dry for a STBR of 1.2. The corre-
sponding drop for the FO46 experiments was similar, namely from 22 g/
Nm? dry at 0.8 to 9 g/Nm?® dry at 1.2. In general, the increase of the
STBR leads to the enhancement of tar reforming reactions for the pro-
duction of Hy and CO, an effect very well described in literature [47,48].
This observation is also consistent with the previous remarks regarding
H; formation intensification with increasing STBR. The individual tar
compounds formed at each case are presented in Fig. 5. Benzene pro-
duction is included separately since it is not considered a tar species and
is by far the most abundant condensable product compound detected.

The increase in STBR leads to a decrease of both the amounts of
benzene and naphthalene formed. Naphthalene belongs to the light
polyaromatic tars category [49], constituting its main representative in
terms of abundance in this work and the second most abundant con-
densable specie formed after benzene. Overall, the increase of STBR led
to a decrease in the heterocyclic (phenol), light aromatic (toluene, ethyl
benzene) and light polyaromatic tars (naphthalene, acenaphthylene,
fluorene, anthracene, phenanthrene). The only exception was noted for
the case of heterocyclic (phenol) tars for F046. According to Jess [50],
the effect of steam on aromatics conversion can be considered as mini-
mal. Furthermore, it has been suggested that the presence of H; inhibits
the conversion of benzene and naphthalene in particular [50] or even
PAH in general [51]. More specifically, despite the fact that the presence
of Hy0 increases the tar decomposition rate, the presence of Hy, whose
yield is positively correlated to HyO, depresses the tar decomposition
rate. The Hj reacts with radicals generated to form a stable tar molecule
and a hydrogen radical, thus leading to higher concentrations of smaller,
more stable PAHs, such as naphthalene and benzene [52]. This effect is
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not presented in the steam gasification experiments with PG presented
here, since both benzene and naphthalene yields decrease with
increasing steam supply. In regards to the total tar yield, its negative
correlation with STBR has been reported in literature [48,51]. Correla-
tions between temperature and the efficiency of tar suppression, as well
as the selectivity towards lighter compounds and the increase of STBR
have also been reported in [53]. It has also been argued, that the pres-
ence of steam does not influence aromatic tar yields, as far as no catalyst
of temperatures above 1100 °C are employed [54]. For benzene in
particular, it has been reported that its decomposition rate is indepen-
dent of steam concentration [55]. Finally, Qin et al. [56], argue that
enhanced production of H radicals at high temperatures during steam
gasification can lead to stabilization of tar intermediates and thus pre-
vent their polymerization to aromatic compounds. Therefore, the reason
for the observed major reduction in benzene and naphthalene yields for
increasing STBR can be attributed to the catalytic activity of the char
accumulating in the bed area, promoting benzene and tar steam
reforming.

Furthermore, a 3 g/Nm? difference in tar production (Fig. 3), was
observed between the two bed materials for STBRs of 0.8 and 1.2, with
the larger particle size bed material (F046) presenting the higher values.
For both STBR values studied, the PAH (light and heavy) yield was
significantly higher for the F046 experiments. However, for the STBR =
0.8 experiments, the BTEX content (xylene was not measured) was
higher for the FO54 experiments (Fig. 5). The improved heat and mass
transfer, due to the turbulence increase of the system, appears to pro-
mote tar destruction. Tar production was probably reduced through the
increased catalytic activity of the char particles accumulating in the bed,
when the smaller (FO54) bed material results are compared to the
coarser's ones (F046). The higher BTEX yield observed for FO54 in the
case of STBR of 0.8 can be attributed to the more intense formation of
those products through PAH cracking [50] compared to the case of
F054.

4.2. Effect of A — High temperature (HT) versus low temperature (LT)
experiments

In this section the FO46/ExR experiments with experimental indexes
7 (SP2) and 8 (SP2) are compared. The two most pronounced effects of A
reduction concern the temperature of the system as well as the increased
char accumulation in the bed area. In particular, for the two experiments
discussed in this section, with the decrease of A from 0.2 to 0.04 the
average bed temperature (TCO1 — TC03) dropped from 833 °C to 711 °C
and the maximum freeboard temperature from 878 °C to 825 °C. The
average freeboard temperature dropped from 865 °C to 804 °C, while
the location of the maximum point moved from TCO5 to TCO06.

4.2.1. CCE, CGE and OE

The reduction of A, expectedly led to lower carbon conversion levels
(89% versus 82%) (Fig. 6). The char mass obtained through the bed
sieving process was a factor 8 times higher for the LT experiments (0.04
kg/kg of feed versus 0.005 kg/kg of feed). Overall, the decrease in CCE
for lower A and temperatures, was expected since both factors enhance
char oxidation and in general the breakdown of biomass molecular
bonds [40]. Regarding CGE, it increased by 4% for the decrease of A, due
to the increase of the product gas LHV from 4.9 MJ/Nm? to 6.4 MJ/Nm?,
but also due to the lower amount of ExR feed employed (8 kg/h for LT
versus 10 kg/h for HT). On the contrary, the OE of the system decreased
for lower A values. This reversal of the behaviours for the OE compared
to CGE, is attributed to the fact that the bottom burner was on for 95% of
the time for the HT experiment compared to the LT experiment where it
was on constantly. This corresponds to a power input difference of ~3.4
MJ, leading to the slight increase of the overall efficiency for the high A
and temperature experiment, despite the fact the LHV of the product gas
is significantly lower in this case and a higher biomass feeding rate was
employed. In regards to the LHV, its value increased for lower A values,
apparently due to less effective dilution of the product gas with Ny,
considering that the CO concentration was actually lower and the one of
CH4 practically the same for the LT (A = 0.04) experiment.
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Fig. 6. Effect of lambda (1) on the CCE (top left), CGE (top right), OE (bottom left) and tar content (including benzene) in the product gas for ExR steam/air
gasification with STBR = 1.2 in the IHBFBSR. Corresponding experimental indexes: 7 and 8 (SP2).

4.2.2. Gas, tar and benzene composition

In the graphs of Fig. 7, the volatile products of ExR steam/air gasi-
fication LT and HT experiments are presented. The reduction of A, led to
an increase of the Hj yield by ~12 vol% dnf. The CO and CO; yields
decreased by 7.5 and 4 vol% dnf, respectively, while the CH4 yield was
not affected. The Ny concentration of the product gas was significantly
reduced, namely from 57 vol% to 46 vol% dry. It should also be
mentioned that the total gas yields of the two experiments were very
similar (0.99 and 1.01 Nm3/kg daf for the HT and LT experiment,
respectively). On the other hand, the water content in the produced
syngas increased from 28 vol% for the HT to 47 vol% for the LT
experiment. In regards to total benzene and tar formation (Fig. 6), the
reduction of A and temperature, led to much higher overall yields. Tar
content in the gas product (including benzene) increased from 17.6 g/
Nm® to 45 g/Nm® for the reduction of A from 0.2 to 0.04. Benzene was
the most abundant condensable specie detected by a huge difference,
while naphthalene, acenaphthylene, toluene, anthracene and fluorene
followed in roughly that order. The yield of each individual compound
studied, increased by at least three times for the decrease in A value, with
the exception of ethyl benzene which was not influenced by this change.
The most pronounced effect was evident on the yields of phenol and
toluene. More specifically, the phenol yield was 14 times and the toluene
yield 7 times higher for the LT experiment compared to the HT one.

Since steam reforming reactions are endothermic, the reduction of
the reactor temperature as an indirect effect of A reduction leads to less
H0 and carbon reforming, as it was also evident by the decrease of CCE
[57]. Consequently, H>O and char yields are higher for lower A, as it was
the case in this work. Another effect of the lower system temperature,
especially in the bed area, is the steep increase of the phenol yield.
Despite phenol not being one of the most abundant tars in these ex-
periments, its presence in the product gas is indicative of the perfor-
mance of the IHBFBSR in terms of tar removal efficiency. In general,
lower temperatures favour the formation of tar species such as phenol

and toluene, with diversified substituent groups [58]. The present re-
sults illustrate, that despite the fact that for the LT experiments, the
average temperature of the freeboard is around 804 °C, it does not
suffice for cracking of such products. Of course, the reduced amount of
air in the system compared to the HT experiments enhances this
particular behaviour, due to the limitation of tar oxidation reactions. For
benzene, its yield for the LT experiment was 2.5 times higher than for
the HT experiment. In general, higher temperature and lambda values
reduce the total amount of tars produced but also lead to an increased
aromatisation (PAH and BTEX formation) [58,59]. However, in the LT
experiments, the operating temperature and/or oxidative media avail-
ability does not suffice for the decomposition of heavier tars to more
stable compounds such as benzene and naphthalene. Consequently,
benzene formation comes mainly from primary pyrolysis products
decomposition in this case. For HT experiments where both pathways
for benzene formation are available, the lower yields indicate its
decomposition at least to a certain degree. Therefore, it can be argued
that in the context of the IHBFBSR, benzene production is largely
dependent on the temperature and/or oxidative media presence.
Naphthalene and PAH yields in general are significantly higher for the
LT experiment despite the fact that their production is expected to be
fairly limited at temperatures close to 700 °C [53,60,61]. Therefore, one
would expect that the amount of PAH produced from the LT experiments
would be less than for the HT ones, considering the aforementioned
remark. As it mentioned by Milne et al. [61] the addition of oxygen at
low temperatures can accelerate the destruction of primary pyrolysis
products (levoglucosan, hydroxyacetaldehyde, furfurals, etc.), but it has
a minimal effect on benzene and secondary (phenolics, olefins) and
tertiary products (BTEX, PAHs) destruction. Therefore, the presence of
oxygen is not the deciding factor in this situation since temperature is
supposed to be the limiting factor in the formation of PAH. Considering
these observations, two different, however non-mutually exclusive hy-
potheses can be made regarding the higher amount of PAH produced
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from the LT compared to the HT experiments. The first one is that PAH
formation for LT experiments takes place in the freeboard where the
temperatures are higher rather than in the bed area. The second hy-
pothesis is based on the catalytic effect of the accumulated char bed,
which was already presented for the PG experiments presented in Sec-
tion 4.1. Therefore, it can be hypothesized that the presence of char in
the bed could lead to PAH formation at lower temperatures than usual.

Regarding Hp, it was expected that its yield would be negatively
influenced by the reduction of the process temperature. H, production is
generally favoured by high temperatures that promote endothermic char
gasification and steam reforming and/or cracking of light hydrocarbons
and tars [40,48]. Furthermore, its production is also linked to tar sec-
ondary reactions [60], that for the LT experiments appear to be less
active. However, elevated values of A can also increase Hj partial com-
bustion rate [40]. Therefore, it can be argued that Hy production in HT
experiments is severely reduced by the combined effect of partial
oxidation and the high temperature of the freeboard (865 °C on
average). The fact that the H; yield is significantly higher for the LT and
low )\ experiments points to this direction. Regarding the rest of the
gases, the increase of CO, for higher A can be attributed to the
enhancement of char, CO and CH, oxidation reactions [2]. On the other
hand, CO values despite being expected to drop for higher A due to
increased partial oxidation [62], showed an increasing trend. This can
be potentially attributed to the increased CCE for higher A/ temperature

experiments, which hints to the formation of CO through char partial
combustion [2]. Additionally, it is also possible that homogeneous tar
conversion, can also be responsible for the increased CO formation in
this particular case [60].

4.3. Effect of secondary air injection

In this section, the effect of the injection of air in the freeboard is
going to be examined for both bed materials (F046 and F054) studied in
this campaign. The LT/ExR experiments which were studied in that
regard, correspond to the index numbers 8 to 12 as described in Table 2.
Overall, the experiments described in this section were performed with
0, 4 and 8 kg/h of secondary air injected. The addition of 4 kg/h and 8
kg/h of secondary air, corresponds to overall lambda (Agveran) values of
0.13 and 0.21, respectively. These values were calculated using Eq. (2)
and considering both the air injected through the bottom of the IHBFBSR
and the freeboard. For the F046 experiments the increase of the amount
of secondary air led to the increase of the average freeboard temperature
(TCO04 — TCO07) (804, 807 and 814 °C, respectively). The magnitude of
the observed differences is low, because TCO04 is included in this
calculation. For the LT experiments, the increased char accumulation in
the bed leads to the expansion of the “bed” area to include also TCO4.
This explains the overall low average freeboard temperature, since the
“char bed” is included in it. If just the last two thermocouples are

10
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considered (TC06 — TCO7), which correspond to locations above the
secondary air injection point, the corresponding temperature values
show the actual changed imposed on the system (818 °C for 0 kg/h
versus 857 °C for 4 and 8 kg/h). The respective values for FO54 are
slightly lower in terms of TC04 — TC07 average (796 °C and 805 °C for 4
and 8 kg/h respectively) and 848 °C - 856 °C for the TC06 — TCO07
average. Overall, the average bed temperature for the three F046 ex-
periments was 708.6 °C, roughly 10 °C lower from the corresponding
value of the two FO54 experiments (Table 2). In the previous comparison
of the effect of bed material particle size on the temperature of the TCO1
— TCO5 area of the IHBFBSR (Section 4.1) similar conclusions were
derived. Namely, the increased turbulence of the system due to the
smaller particle size of the bed material for FO54 leads to improved heat
and mass transfer, which in its turn leads to smaller differences in
temperature between bed area and early (TC04 — TCO5) freeboard. This
leads to a higher bed and lower initial freeboard temperature for the
F054 steam/air gasification experiments with ExR, by 10 °C and 23 °C
respectively on average, compared to the F046 experiments.

4.3.1. CCE

The CCE values for F046 (coarser) were similar to F054 for 4 kg/h of
secondary air, but they were ~3.5% higher for 8 kg/h (Fig. 8). This
result is fairly consistent with the corresponding results of Section 4.1,
however the magnitude of the observed differences is significantly
smaller. For CCE, a slight increasing trend for increasing amounts of
secondary air was noticed in both cases, most notably in the case of F046
were the value rose from 82%, to 83% and 88%, respectively. In both
cases of bed material particle size, the amount of char collected through
the bed sieving process was not particularly affected by the secondary
air injection, as it was expected. However, the total amount of fines in
the bed and cyclones decreased significantly for increasing secondary air
injection. For FO54, a drop of 15% was noted in the amount of fines
produced from 8 kg/h of secondary air compared to the 4 kg/h case. For
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F046, the corresponding drops were 19% and 67% from 0 to 4 kg/h and
4 to 8 kg/h, respectively. Therefore, it can be argued that the intro-
duction of secondary air leads to partial char oxidation reactions in the
freeboard, reducing the amount of char collected in the cyclones and
thus improving carbon conversion.

4.3.2. CGE and OE

Regarding CGE and OE, contradictory results are obtained from the
experiments conducted with the two different bed materials. For the
F046 experiments, the increase of the amount of secondary air employed
led to lower CGE and OE values, while the opposite behaviour was
observed for the F054 experiments. For both cases, LHV values
decreased for increasing amounts of secondary air, mostly due to dilu-
tion of the product gas with Nj. In particular, for the FO46 experiments
the LHV fell from 6.4 MJ/Nm? dry, to 4.9 and 4 MJ/Nm?® dry, when the
secondary air injection was changed from O to 4 and 8 kg/h, respec-
tively. The corresponding values for FO54 were 5 and 4.3 MJ/Nm? dry
for 4 and 8 kg/h, respectively. Considering this trend for the calorific
value of the product gas, the observed behaviour of the CGE and OE can
be attributed to its actual yield. For the FO54 experiments the dry-Ns-
free gas yield was favoured by the increase in the amount of secondary
air injection, rising from 0.94 to 1.05 Nm® dnf/kg daf. On the contrary,
in the case of FO46 the dry-Ny-free gas yield decreased from 1.01 Nm®
dnf/kg daf for no secondary air added, to 0.92 and 0.87 Nm® dnf/kg daf,
for 4 and 8 kg/h, respectively.

4.3.3. Gas composition

The effect of secondary air injection and bed material particle size on
gas composition is presented in Fig. 9. The aforementioned increase of
the gas yield in the case of the FO54 steam/air gasification experiments,
for increasing amounts of secondary air injection, in contrast to F046,
can be attributed to the improved tar conversion achieved with F054,
especially when the two respective 8 kg/h secondary air injection
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Fig. 8. Effect of secondary air injection and bed material particle size on the CCE (top left), CGE (top right), OE (bottom left) and tar content (including benzene) in
the product gas for ExR steam/air gasification with A = 0.04 and STBR = 1.2 in the IHBFBSR. Corresponding experimental indexes: 8, 9, 10, 11 and 12 (SP2).
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Fig. 9. Effect of secondary air injection and bed material particle size on the
composition of gas produced from ExR steam/air gasification with A = 0.04 and
STBR = 1.2 in the IHBFBSR. Corresponding experimental indexes: 8, 9, 10, 11
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experiments are compared. The FO54 experiments showed better tar
conversion (Figs. 8 and 10), similarly to the previously presented PG
experiments in Section 4.1. The increased turbulence of the system for
lower bed material particle sizes (FO54), enhances interaction with char
particles that accumulate in the bed promoting tar conversion. When
comparing the 8 kg/h secondary air injection experiments in terms of
dry product gas, the N; in the FO54 experiments is roughly 4 vol% lower
than for F046. The opposite behaviour is found for Hy, CO and CO,. In
particular, the corresponding yields were higher for F054 compared to
F046 by approximately 3 vol%, 0.6 vol% and 1 vol%, respectively. As
previously discussed, Hy and CO are considered as direct products of tar
cracking/reforming reactions, which explains the observed difference.
The difference in CO5 could be due to the occurrence of CO oxidation
reactions to a larger extent for the F054 experiments, following its
aforementioned increased production. Overall, the improved tar
cracking capabilities of smaller corundum bed particle sizes was also
proven here. Nevertheless, in terms of the dry-nitrogen-free gas
composition, the differences between the bed material sizes were mar-
ginal, with the exception of Hj.

When studying the effect of secondary air injection in the dry-Ns-free
gas composition, it is clear that it had a negative impact mostly on the Hy
and to a lesser extent on the CHy yield. On the contrary, CO and CO,
yields were positively influenced by the increase of the amount of sec-
ondary air introduced. The reduction of the combustible gases yields
was expected due to the addition of the secondary air [63,64], however
this was not seen for CO. Therefore, it can be suggested that the
enhancement of CO production from tar cracking/reforming as well as
from the Boudouard and carbon oxidation reactions, as it is suggested by
the higher CCE values, overcomes the increased effect of CO combus-
tion. Furthermore, it is apparent, that the transition from 0 kg/h to 4 kg/
h of secondary air had no influence at all in the Hj yield for the F046
experiments. Apparently, the increased Hy combustion rate is matched
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by the increased production though tar cracking and reforming re-
actions, due to the more reducing environment and the higher temper-
atures achieved.

4.3.4. Tar and benzene composition

The overall positive effect of secondary air addition on tar reduction,
due to the oxidative atmosphere and the elevated temperatures achieved
in the freeboard (Fig. 8), has also been reported in the literature
[63-66]. Its effect on specific compounds is presented in Fig. 10. With
the exception of benzene for 4 kg/h of secondary air, the amount of tars
and benzene produced from steam/air gasification with corundum F054
were lower than in the F046 experiments, in a behaviour consistent with
the HT experiments presented in Section 4.1. In regards to the effect of
the secondary air injection, for the FO46 experiments, the overall tar
yield decreased by ~90%, regardless of the amount. This drop corre-
sponds to a reduction from ~1 vol% (45 g/Nm?®) of the total dry gas to
0.11 vol% (5 g/Nm>) and 0.09 vol% (4 g/Nm®) for 4 kg/h and 8 kg/h of
secondary air, respectively. For FO54, with the increase of the amount of
air injected from 4 kg/h to 8 kg/h the total amount of tars and benzene
produced, decreased by 63 wt% to 1.9 g/Nm°.

As it was also the case for the HT / PG and ExR steam/air gasification
experiments, benzene was by far the most abundant condensable species
detected. The injection of secondary air (4 kg/h) with FO46 as a bed
material led to benzene's yield reduction by 88 wt% compared to the no
secondary air case. With the increase to 8 kg/h for F046, a 17 wt%
reduction of benzene's yield was observed, with the corresponding
decrease for FO54 being almost three times higher. Naphthalene, ace-
naphthylene, anthracene and toluene were the most abundant tar spe-
cies formed, with naphthalene presenting the higher concentrations by
far. Its yield was reduced by 64% with the increase of secondary air
amounts from 4 to 8 kg/h for FO54. For F046, the increase from 0 kg/h to
4 kg/h and finally to 8 kg/h led to a reduction by 87 wt% and 28 wt% of
the naphthalene yield. In terms of tar classes, heterocyclic tars (phenol),
were reduced by 92% and 77% for an increase of secondary air injection
from 4 kg/h to 8 kg/h for F054 and F046, respectively. The amount of
light aromatics and light polyaromatics also decreased with increasing
amounts of secondary air. The latter effect, was more pronounced for
F054, where the anthracene yield was reduced by roughly 97%, while
phenanthrene disappeared completely absent from the 4 to 8 kg/h
steam/air gasification experiment. The reduction especially of light ar-
omatic and light PAH has also been reported in the literature for sec-
ondary air injection systems [66]. Considering heavy polyaromatic tars,
while for the FO54 experiments their yield dropped by 90% from 4 kg/h
to 8 kg/h of secondary air, in the case of F046, after an initial drop of
93% from O to 4 kg/h, their yield increased by 60% when the secondary
air injection was further increased to 8 kg/h. This was mostly due to a
steep increase of the pyrene yield by ~60 times. Such an observation for
the effect of secondary air injection on heavy PAH was also made in [67]
with no clear indication on the reasons behind it. Pyrene is a product of
naphthalene decomposition and constitutes a stable PAH without sub-
stituent groups [50,68]. Therefore the increase of its yield might be
attributed to the decomposition of mainly naphthalene [69], which can
be found among the gasification products in higher amounts for F046
rather than FO54 bed material. It should be mentioned, that the low
amounts of heavy PAH detected, lead to a very high potential influence
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Fig. 10. Effect of secondary air injection and bed material particle size on the benzene and tar compounds production per kg of d.a.f. ExR feed for steam/air
gasification with A = 0.04 and STBR = 1.2 in the IHBFBSR. Corresponding experimental indexes: 8, 9, 10, 11 and 12 (SP2).

of an experimental error on the values discussed here. Overall, it can be
argued, that the injection of secondary air appears to be a very efficient
method for tar removal in the context of the IHBFBSR, regardless of the
class.

4.3.5. Overview of the effect of secondary air injection

In general air injection, either primarily or secondarily, led to the
increase of the bed temperature of the IHBFBSR, due to increased char
and biomass oxidation (Table 4). However, the effect of its addition on
the average TC06-TCO7 temperature on the freeboard is negligible.
Therefore, it can be argued that the difference in terms of the temper-
ature profile between the two methods of supplying air, lies mostly on
how wide the high temperature zone is and on the location of the
maximum. However, another effect of the reduction of the primary air is
the increased accumulation of char in the bed area. As it is evident by the
readings of TCO4, the temperature at this region is slightly above the
average bed temperature. The reduction of primary air leads to lower
CCE values, despite the fact that secondary air injection improves the
secondary conversion of fine char particles in the freeboard. The effect of
secondary air addition on the gas yield (dnf) is negative. Despite the fact
that lower amounts of total air are introduced and therefore dilution by
Ny is reduced, the lower degree of char conversion plays a significant
role on the amount of gas produced. For example, the carbon content in
the product gas was 1.2 kg dry less for experiment 9 compared to 7. The
negative effect of secondary air addition on the gas yield is also reflected
on the OE values (Table 4). However, the LHV of the product gases can
be viewed as comparable, between the cases of 4 kg/h secondary air
injection and 11.3/0 kg/h of primary/secondary air. At this level, the
effect of N dilution is apparently evened out by the increased tar con-
version due to the catalytic char bed and localised air supply. This
“dedication” of the air supplied to the system to tar conversion along of
course with the effect of the char bed, is reflected on tar content in the
product gas. Despite the fact that less air is injected for experiment 9
(and of course 10), the tar content is significantly lower. Additionally,
the Hy/CO ratio is improved by the reduction of the primary and the

Table 4

addition of secondary air. Conclusively, the negative effect of secondary
air addition on the syngas quality, can be mitigated through the
employment of moderate amounts of air (Agveral = 0.13) and the cata-
lytic effect of accumulating char, as it was previously suggested also in
[66]. Furthermore, the results presented both here and Section 4.1,
strongly suggest that the employment of smaller (FO54) bed material
particle size can lead to improved quality of the produced syngas.

4.4. Effect of steam/air gasification duration

For the experiments where tar sampling was performed twice, the
first sampling point (SP1) was initiated after switching from the com-
bustion/warming up regime, to steam/air gasification. The second
sampling (SP2), was performed after a steady state was achieved. The
main purpose of performing both samplings, is to investigate the effect
of char accumulation in the bed. For HT experiments (5,6 and 7), the
temperature of the entire system increased with time (Table 5). For HT
experiments, char accumulation still occurs at the bed, however to a
much lower extent compared to the LT experiments, due to its partial
oxidation. On the contrary, for the LT experiments the average bed
temperature decreases between SP1 and SP2. The behaviour for the
TCO04 — TCO5 region was similar, with the temperature increasing with
time for the HT experiments and decreasing for the LT ones. Increased
char accumulation for the LT experiments leads to comparatively lower
temperatures for TC04, which tends to become equal to the one of the
corundum fluidized bed right below. Finally, regarding the TC06 — TC07
average temperature, its value increased in all cases, with the exception
of 8 kg/h of secondary air injection. In this case, the temperature in this
region of the freeboard was at roughly the same levels throughout the
entire the experiment.

4.4.1. Gas composition

Accumulation of char in the bed, appears to be beneficial for the gas
yield, with the average increase, despite only marginal in some cases,
being ~0.15 Nm® dnf/kg daf. The enhanced catalytic activity of the char

Comparison of the effect of the total amount of air introduced and the respective introduction method for steam/air gasification experiments in the IHBFBSR, with a

STBR of 1.2, ExR as a feedstock and corundum F046 as a bed material.

Index Primary/ Average bed Overall A CCE Gas Yield (Nm® dnf/  LHV product gas dry (MJ/  OE Hy/ Tars in total gas
#) secondary air temperature/ ) -) kg daf) Nm? dry) cO (g/Nm3)

(kg/h) TCO04/Average TCO6-

TCO7 (°C)

7 11.3/0 833/865/859 0.23 0.89 0.99 4.90 0.33 1.2 17.6

1.9/8 704/745/857 0.21 0.88 0.87 3.96 026 1.7 3.9
10 1.9/4 710/731/857 0.13 0.83 0.92 4.86 026 2.3 4.9

1.9/0 711/775/818 0.04 0.82 1.01 6.44 031 22 45
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Table 5

Effect of steam/air gasification duration in the IHBFBSR on various process parameters and product yields (experiments 5-8).
Index (#) 5 6 7 8
Set Point SP1 SP2 SP1 SP2 SP1 SP2 SP1 SP2
Bed Material F046 F046 F054 F054 F046 F046 F046 F046
Biomass PG PG ExR ExR ExR ExR ExR ExR
M=) 0.20 0.20 0.23 0.20 0.23 0.20 0.04 0.04
STBR (-) 0.8 0.8 1.2 1.2 1.2 1.2 1.2 1.2
Sec. air (kg/h) 0 0 0 0 0 0 0 0
Average Bed T (°C) 831 832 826 839 816 833 740 711
Average TC04 - TCO5 (°C) 876 875 851 864 853 872 823 790
Average TCO6 - TC07 (°C) 838 857 818 855 819 859 803 818
Gas Yield (Nm® dnf/kg daf) 1.19 1.23 0.87 0.88 0.88 0.99 0.61 1.01
LHV product gas (MJ/Nm? dry) 5.50 5.47 4.20 4.59 4.25 4.90 5.12 6.44
H0 (vol%) 25.6 24.4 29.8 18.0 27.8 28.2 31.8 47.4
H, (vol% dnf) 28.7(+£ 0.2) 24.8(+ 0.1) 29.4(£ 0.7) 33.4(£0.7) 28.8(+ 0.6) 32.7(£ 0.4) 39.4(+ 1.2) 44.2(+ 1.4)
CO (vol% dnf) 30.9(+ 0.3) 31.4(+£ 0.2) 28.8(+ 1.1) 27.6(+ 0.6) 29.1(+ 0.8) 27.8(£ 0.7) 23.6(+ 1.8) 20.3(+ 1.6)
CHy4 (vol% dnf) 9.9(x 0.1) 10.5(+ 0.1) 9.5(+ 0.4) 9.3(+£ 0.2) 9.7(+ 0.4) 9.3(+ 0.3) 10.9(+ 0.4) 9.3(x 0.6)
CO (vol% dnf) 30.5(+0.3) 33.3(£ 0.3) 32.3(£ 1.1) 29.7(£ 1) 32.4(£ 0.8) 30.2(+ 0.8) 26.1(£ 1) 26.2(+ 0.3)
N3 (vol% db) 52.3(+ 1) 51.6(+ 0.5) 62.4(+ 1.4) 59.9(+ 1.4) 62.0(+ 1.3) 56.9(+ 1.3) 58.5(+ 1.4) 45.8(+ 3.5)
CGE (%) 74.7 75.4 52.3 54.2 53.3 60.9 40.4 65.1
OE (%) 41.3 43.1 27.9 28.8 28.4 32.8 19.3 31.0
Tars in total gas (g/Nm>) 21.2 21.8 8.3 12.8 10.5 17.6 22.8 45.0
Benzene (g/kg daf) 1.34 1.40 0.37 0.96 0.52 1.13 1.62 2.90
Heterocyclic (g/kg daf) 5.1E-03 2.9E-03 3.1E-04 5.2E-03 3.6E-04 3.7E-03 7.1E-04 5.3E-02
Light Aromatic (g/kg daf) 1.2E-01 9.3E-02 1.2E-01 1.0E-01 1.5E-01 1.0E-01 3.6E-01 6.5E-01
Light PAH (g/kg daf) 7.1E-01 7.3E-01 3.7E-01 2.7E-01 4.1E-01 6.1E-01 1.0E+00 2.3E4+00
Heavy PAH (g/kg daf) 7.1E-02 8.3E-02 3.1E-02 1.4E-02 3.4E-02 2.7E-02 1.4E-02 9.0E-02
Effect of steam/air gasification duration in the IHBFBSR on various process parameters and product yields (experiments 9-12).
Index (#) 9 10 11 12
Set Point SP1 SP2 SP1 SP2 SP1 SP2 SP1 SP2
Bed Material F046 F046 F046 F046 F054 F054 F054 F054
Biomass ExR ExR ExR ExR ExR ExR ExR ExR
M=) 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
STBR (-) 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Sec. air (kg/h) 8 8 4 4 4 4 8 8
Average Bed T (°C) 733 704 702 710 717 715 727 722
Average TC04 - TCO5 (°C) 828 770 792 757 794 745 808 754
Average TCO6 - TC07 (°C) 860 857 839 857 828 848 859 856
Gas Yield (Nm* dnf/kg daf) 0.86 0.87 0.77 0.92 0.69 0.94 0.85 1.05
LHV product gas (MJ/Nm? dry) 4.26 3.96 4.79 4.86 4.65 5.00 4.16 4.32
H,0 (vol%) 25.3 23.8 29.1 25.7 30.4 23.7 29.0 23.9
H; (vol% dnf) 31.6(+ 0.7) 38.2(+ 0.7) 34.7(£ 1.1) 44.2(£ 0.5) 31.9(£ 0.9) 43.2(+ 0.6) 31.4(+ 0.9) 41.3(+ 0.4)
CO (vol% dnf) 29.6(+ 1.4) 22.5(+ 0.4) 25.5(+ 1.2) 19.3(+£ 0.3) 29.8(+ 1.5) 20.3(+ 0.8) 30.2(+ 1.4) 21.6(+ 0.4)
CH4 (vol% dnf) 10.1(+ 0.4) 7.9(+ 0.2) 11.4(+ 0.4) 7.6(+ 0.3) 11.9(+£ 0.3) 8.1(£ 0.5) 9.6(+ 0.4) 6.5(+ 0.4)
CO (vol% dnf) 28.7(£ 1) 31.4(+ 0.8) 28.4(+ 0.6) 28.9(+ 0.3) 26.3(+ 0.8) 28.5(+ 1.1) 28.8(+ 0.8) 30.6(+ 0.5)
N> (vol% db) 63.9(+ 1.3) 63.5(+ 6) 60.7(+ 0.8) 56.3(+ 1.5) 63.1(+ 1.1) 55.7(+ 1.7) 64.2(+ 1.4) 59.1(+ 1.2)
CGE (%) 54.6 51.1 50.6 55.3 47.2 57.4 53.1 59.9
OE (%) 27.0 26.2 24.1 26.3 22.5 27.4 25.9 30.0
Tars in total gas (g/Nm>) 13.3 3.9 7.7 4.9 8.1 5.1 3.0 1.9
Benzene (g/kg daf) 0.84 0.29 0.43 0.36 0.47 0.43 0.22 0.18
Heterocyclic (g/kg daf) 4.1E-04 1.1E-03 5.9E-03 4.8E-03 6.9E-03 1.5E-03 4.6E-03 1.3E-04
Light Aromatic (g/kg daf) 1.9E-01 1.5E-02 4.9E-02 3.4E-02 4.1E-02 2.5E-02 1.1E-02 4.3E-03
Light PAH (g/kg daf) 5.8E-01 1.8E-01 5.1E-01 2.5E-01 4.8E-01 2.2E-01 1.3E-01 6.4E-02
Heavy PAH (g/kg daf) 2.6E-02 1.6E-02 1.8E-02 6.5E-03 2.3E-02 1.1E-02 4.4E-03 1.1E-03

bed for SP2 vs SP1, which promotes tar decomposition and permanent
gases formation, potentially explains the observed behaviour. The in-
crease of the gaseous yield appears to be more significant for LT ex-
periments (average increase of 0.21 versus 0.05 Nm® dnf/kg daf),
further substantiating this conclusion (Table 5). Additionally, apart from
HT experiment 5 with PG as a feedstock, the influence of extended
duration of the experiment was beneficial for the Hy yield, which
increased by 4 vol% on average for HT and 8 vol% for LT experiments,
between SP1 and SP2. Therefore, H, production is positively associated
with tar catalytic conversion in the accumulated char bed [70]. In the
previous section, it was argued that the effect of secondary air injection
on tar reduction and therefore Hy production for LT experiments, is
more effective than the higher bed temperatures of the HT experiments
in that regard. This is showcased again here, along with the also afore-
mentioned positive impact of secondary air injection on the Hj yield.
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Contrary to Hj, the CO and CH4 were lower for SP2. The effect of longer
steam/air gasification duration was again more significant for the LT
experiments regarding these two gases. For CO, its yields decreased by 7
vol% for LT experiments versus less than 1 vol% for HT on average,
between SP1 and SP2. CH,4 yields decreased by 3 vol% for HT experi-
ments versus less than 1 vol% for LT experiments between SP1 and SP2.
Finally, the CO; yields presented a small increase (1 vol% on average)
for the LT experiments.

4.4.2. Tar and benzene composition

For HT experiments (5, 6 and 7), the tar content in the product gas
increased between SP1 and SP2. The increase was marginal (3 wt%) for
the PG experiment, but quite substantial for the two HT / ExR experi-
ments (53 wt% and 68 wt%, respectively). For the PG experiment, the
marginal difference can be attributed to the minor temperature
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differences between the set points. In the two ExR experiments a higher
A was employed for SP1, which can explain the higher tar production
presented for SP2. Furthermore, char accumulation does not take place
on a large extent in HT experiments, preventing tar catalytic cracking at
such levels as for the LT experiments. Regarding individual tar com-
pounds, for both those experiments benzene production more than
doubled, while phenol yield increased by one order of magnitude, be-
tween SP1 and SP2. Contrary to that however, the tar yield increased
between SP1 and SP2 for the LT experiment 8. Most of the tar species
content doubled, as well as benzene's, between those two sampling
points. Phenol concentration in particular, increased by a factor of 74.
The fact that char accumulation under these experimental conditions is
not enough for tar catalytic cracking to an appreciable extent is show-
cased by phenol behaviour in particular. In general, char promotes the
decomposition of oxygenated compounds even at temperatures lower
than the ones achieved in this case [71]. Despite the fact that lower
temperatures were achieved for the LT experiments and thus the effect
of thermal cracking of phenol was less than for the HT ones, the
reduction of its yield between SP1 and SP2, further supports the argu-
ment. Additionally, heavy PAH production also increased significantly
from SP1 to SP2, with the yields of benzo(k)fluoranthene, benzo(a)
pyrene and benzo(b)fluoranthene, increasing by ~400, 200 and 250
times, respectively. The yields of those three species combined,
contribute to ~1 wt% of the overall tar and benzene yield, therefore the
differences between the set points are subject to a thin margin of sam-
pling error. However, heavy PAH species are of a high importance, since
even in low concentrations they can influence the tar dew point greatly
[72]. This behaviour of experiment 8, can be attributed to the different
temperature between the two set points. Namely, the bed and TC04 —
TCO5 temperature decreased by approximately 30 °C for both regions.
The increase of temperature in the TC06 — TCO7 region from 803 °C to
818 °C, was not enough for sufficient thermal cracking of the produced
tars. Therefore, despite the presence of the accumulated char bed, the
temperature of the freeboard and the method of air supply are very
critical for tar removal during steam/air gasification in the IHBFBSR.
This remark can be well established through the differences between
SP1 and SP2 for LT experiments 9, 10, 11 and 12. Starting with the
overall tar content of the product gas, its reduction was significant in all
four experiments from SP1 to SP2 (Table 5). The light and heavy PAH
yield decreased by approximately 56 wt% on average, while the effect
on benzene was similar but less pronounced. The catalytic effect of the
char accumulated in the IHBFBSR is showcased by the decrease by ~52
wt% on average, of the naphthalene yield for these LT experiments, from
SP1 to SP2. In general, naphthalene is stable up to temperatures around
900 °C in a steam/CO environment [73]. Therefore, the reduction of its
yield between SP1 and SP2 for the LT experiments with secondary air as
shown here, can be partly attributed to the presence of char in the bed.
The effect of the use of char as a catalyst for the conversion of tar and in
particular naphthalene, which is also here the most abundant tar specie
formed, has been well described by El-Rub in [74]. According to this
work, tar is adsorbed on active sites of the surface of char particles and
undergoes catalytic conversion through two parallel pathways. The first
one involves steam and dry gasification reactions for the formation of
CO and Hy, catalysed by the char's mineral content. The second path is
centred around tar decomposition for the formation of free radicals,
which polymerize and form coke deposits on the char surface. According
to Burhenne et al. [75], the presence of CO3 leads to further activation of
the char bed which improves benzene removal, although the effect of
steam is more pronounced, especially in the context of the hereby pre-
sented IHBFBSR experiments. In general, it can be argued that despite
that char accumulates continuously in the IHBFBSR bed, the product
yields do stabilize to the hereby presented values (SP2), signalling that
tar conversion peaks, but also does not fall below that point. As it has
been argued by El-Rub [74], char activity does not decrease with time
since its micropores grow to meso and macro pores, which are more
effective on tar removal and the accessible mineral content increases
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Table 6

Process conditions, working principles, performances and main gas composi-
tions of Milena (ECN part of TNO), FICFB (TU Vienna), SilvaGas, Battelle (USA)
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and HPR (TU Munich) allothermal gasifiers.

MILENA FICFB SilvaGas HPR IHBFBSR
[86-88] [89,90] [this
[80-85] [21,28,91] study]
Reformer
Type CFB BFB CFB FBR BFB
Agent Steam Steam Steam Steam ::am/
Pressure atm atm atm 2-10 bar atm
Te(rfgfrat“re >700 850-900  800-1000  700-800  700-850
Combustor
Type BFB CFB CFB FBR Burner
Performance
Carbon
Conversion 100 100 100 86 82-95
(%)
Cold Gas
Efficiency (%) 80 70 70 51-84
Product gas composition (vol% dnf)
H, 20 34 19 45 36
co 50 24 54 21 26
CO, 13 30 10 24 30
CH4 17 12 17 10 9
Ratios (—)
H,:CO 0.4 1.4 0.4 2.2 1.5
H,:CO2 1.6 1.1 1.9 1.9 1.2
CO:CO, 4.0 0.8 5.3 0.9 0.9
CH4:H, 0.8 0.4 0.9 0.2 0.3

" Taking into account gas cleaning.
" Total efficiency Giissing plant.

with the conversion of its carbon content. Lastly, for the IHBFBSR, the
char keeps accumulating in the bed as long as gasification continues.
Thus it can be argued that the efficiency of the tar conversion process is
capped from the process conditions (temperature, A, method of air
supply, bed material, etc.) rather than the char catalyst's activity, as it
has also been shown in [76]. High temperatures in particular have been
shown to favour tar decomposition over a char bed [77,78]. Further-
more, as it has been suggested in [79] for the combined use of char and
oxidation for tar removal, for high O, concentrations, char BET surface
area can decrease significantly, due to partial oxidation. The fact that air
can be added above the accumulated char bed in the IHBFBSR can
address this problem and provide more flexibility on the amount of
oxidizing agent added. Overall, the detailed analysis of the properties of
the char derived from the IHBFBSR experiments (e.g. BET analysis, SEM,
XRD, etc.), despite being relevant, was outside the scope of the present
study. The corresponding investigation will be presented by the authors
in a future study.

4.5. Comparison of IHBFBSR with other allothermal gasification concepts

As it can be seen in Table 6, the overall performance of the IHBFBSR
during these commissioning experiments, compares well with other
established allothermal gasification systems, some of which were
already discussed in the introduction section. This is mainly in terms of
cold gas efficiency and gas composition. The carbon conversion of the
IHBFBSR was lower compared to the other systems with the exception of
the HPR, which is also the most similar concept to the one employed
here. Furthermore, it presented higher Hy:CO ratios among the non-
pressurized systems (thus excluding the HPR). Overall, the hereby pre-
sented allothermal gasification concept is still in an early developmental
stage and no extensive process optimization has yet been performed.
Therefore, further comparison with these established technologies
would not be meaningful. However, these initial results and comparison
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provide an important benchmark for future investigation and showcase
the potential of the IHBFBSR concept.

5. Conclusions

In this work, the results from the commissioning experiments on the
novel IHBFBSR were presented, along with a description of its opera-
tional characteristics for a wide range of experimental conditions.
During the investigation, the importance of the char accumulating in the
bed area for the overall process was highlighted, since it appeared to
promote Hy production and in-situ tar destruction especially for smaller
bed material particle sizes. Furthermore, it was found that the injection
of moderate amounts of air in the freeboard can improve tar reduction
and to a lesser extent CCE without negatively impacting Hy production,
even when compared to the introduction of larger amounts as a fluid-
ization agent. Overall, the present study offers a thorough presentation
of the IHBFBSR attributes for a variety of process conditions, allowing its
use as a benchmark for similar systems and future works.

The product gas composition and CGE obtained from the IHBFBSR is
favourably compared to some similar allothermal gasification systems,
while carbon conversion can still be improved. Although the presence of
the accumulated char bed can have a positive effect on syngas compo-
sition in terms of quality and tar content, a compromise between this
effect and the increase of carbon conversion must be found. Addition-
ally, the in-depth investigation of process hydrodynamics and heat/mass

Appendix A

Alr =13 kg/h,

Alr=22kg/h, N =30 kg/h  Air=22kg/h

Steam =10 kg/h
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transfer characteristics through e.g. computational fluid dynamics, can
provide important insights as to the improvement of the IHBFBSR's
operation. The overall efficiency of the system can also be improved
through for example, the increase of the burners output and efficiency
and better insulation. Especially in the freeboard, with the addition of
secondary air, lower temperatures and/or burner outputs could suffice
for the required levels of tar removal. In general, the investigation of
more tar reduction methods either in-situ (e.g. tar reducing bed material
like olivine) or ex-situ (gas cleaning) should also be performed.
Conclusively, despite the initial results being quite promising in terms of
the scale-up potential of the IHBFBSR, significant reactor development
work remains to be done.
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Fig. A.1. Temperature profile of the IHBFBSR bed and initial freeboard zone (thermocouples: TC01-TCO05) for a high temperature (HT, top) and a low temperature
(LT, bottom) steam gasification experiment with ExR as a feedstock and corundum F046 as bed material. The heating rate moving average refers to the average bed
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temperature heating rate with a period of 20.

Fuel Processing Technology 224 (2021) 107003
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Fig. A.2. Temperature profile of the freeboard zone of the IHBFBSR (TC06 — TC07) for a high (HT) and a low (LT) temperature steam gasification experiment with
ExR and a HT with PG as a feedstock and corundum F046 as bed material (top) with STBR = 1.2. On the bottom, again the temperature profile of the freeboard zone
of the IHBFBSR (TC06 — TCO7) for LT experiments in which various amounts of secondary air were injected (0, 4 and 8 kg/h) with ExR as a feedstock and corundum
F046 as bed material under A = 0.04 and STBR = 1.2. The LT experiment on the top is the same as the 0 kg/h one on the bottom.
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