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Abstract: The application of oxygen carriers as alternative bed material in fluidized bed combustion
originates from chemical lopping processes. They serve as oxygen transport agents undergoing
consecutive redox cycles. Thereby, oxygen carriers can provide surplus oxygen in oxygen-lean areas
of fluidized bed combustion processes. In turn, re-oxidation takes place in oxygen-rich reactor parts.
A more homogeneous combustion and reduced CO emissions follow during steady-state operation.
However, especially regarding solid biomass conversion, inhomogeneous fuel qualities result in
transient combustion conditions. Therefore, this research deals with the influence of the oxygen carrier
ilmenite on solid biomass conversion. Separated batch experiments with methane (volatile), char
and wood pellets took place in a laboratory bubbling fluidized bed reactor. They reveal that ilmenite
enhances the in-bed CO, yield by up to 63% during methane combustion. Batch char experiments
confirm that solid—solid reactions with ilmenite are negligible. However, heterogeneous gas—solid
reactions reduce the O, partial pressure and limit the char conversion rate. The batch wood pellet
experiments show that the ilmenite oxygen buffering effect is mitigated due to high local oxygen
demand around the pellets and limited pellet distribution in the bed. Finally, the continuous operation
in a 100 kWy, BFB with inhomogeneous fuel input indicates a higher in-bed fuel conversion and
confirms lower CO emissions and less fluctuation in the flue gas during inhomogeneous fuel supply.

Keywords: ilmenite; oxygen carrier; bubbling fluidized bed; oxygen carrier aided combustion; biomass

1. Introduction

The decentralized application of solid biomass fuels can make an important con-
tribution to the energy transition toward a CO, neutral energy supply. However, the
thermochemical conversion of solid biomass often involves slagging and fouling issues due
to the contained ash [1]. Inhomogeneous fuel qualities even intensify related problems. In
general, fluidized bed combustion (FBC) plants address these issues; they provide increased
fuel flexibility due to a homogeneous temperature distribution and the mitigation of hot
spots. Large-scale FBC plants are state-of-the-art regarding the exploitation of biogenic
residues and waste. Small-scale FBC solutions mostly fail due to low efficiencies, high
emissions or unreasonably high operational efforts and fuel handling.

During recent years, the application of so-called oxygen carriers (OC) as alternative
bed material in large-scale circulating fluidized beds (CFB) revealed further potential
process optimization. Thunman et al. [2] introduced this process as oxygen carrier-aided
combustion (OCAC). The substitution of the conventional silica sand bed material by an OC
has its origin in the chemical looping process (CLC) [3,4]. According to CLC, the applied
oxygen carrier undergoes reversible redox cycles in oxidizing and reducing atmospheres.
Thereby, it can provide surplus oxygen in oxygen-lean areas for the reduction of fuels
during combustion [5]. The main effects presented in the literature are the reduction in
CO emissions (up to 80%) at nearly stoichiometric process conditions [2,6] as well as the
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efficiency increase caused by the possible reduction in the excess air ratio [7]. However,
these concepts are mainly based on CFB processes aiming at large-scale applications [7-9].
In terms of decentralized, small-scale solutions based on fluidized bed combustion, bub-
bling fluidized beds (BFB) are more suitable [10,11]. However, the process management of
small-scale BFB generally differs from large-scale CFB; particle sizes increase, while fluid
velocities decrease in BFB plants. Moreover, the high bed expansion in the gas phase of
CFB processes results in low particle volume fractions. Furthermore, large-scale fluidized
bed boilers mostly apply staged combustion. As a result, the gas compositions and reaction
zones differ from single-stage combustion. Moreover, single-stage, small-scale BFB aims at
a maximized heat release in the fluidized bed in order to realize heat extraction directly
out of the fluidized bed [11-13]. All these variations affect the conversion of the ongoing
oxygen carrier redox cycles and, consequently, the reactivity [14].

Some authors have already presented the transition of the OCAC process from large-
scale CFB to small-scale BFB in a bubbling fluidized bed-fired CHP pilot plant [15].
The experiments in a field test environment confirmed a CO reduction of up to 75%
during a steady-state operation with wood pellets. Recent experiments conducted by
Hughes et al. [6,16] and Garcia et al. [17] confirmed the CO reduction potential using
ilmenite as bed material for biomass-based fluidized bed combustion. Additionally, steady-
state laboratory tests with methane demonstrated the local shift of oxygen within the BFB
as well as an increased gaseous fuel conversion directly in the fluidized bed [18]. However,
a discontinuous fuel input in partial load or highly inhomogeneous fuels are especially
challenging in small-scale BFB. These are the main driving factors for incomplete burnout
and varying excess air ratios. Consequently, CO emissions increase while efficiencies
decrease [19].

Therefore, the following experiments examine the influence of transient combustion
conditions on the enhancing effect of natural ilmenite during solid biomass OCAC. The
thermochemical conversion of solid fuels comprises drying, devolatilization, gasification
and combustion reactions. The particular influence of ilmenite on the fuel conversion
during these phases is of special interest. The recent steady-state pilot plant and laboratory
modeling experiments do not permit an isolated derivation of the mechanism and the
interaction of ilmenite with the solid fuel until complete burnout in the BFB. Moreover, at
unsteady combustion processes, not only a local but a temporal oxygen buffering effect by
ilmenite becomes important.

The aim of this research is to define the effect of ilmenite on the combustion process of
woody biomass in a BFB during OCAC. Hence, separated batch tests with discontinuous
methane, char and wood pellet input in a lab-scale BFB serve to study the main affected
processes during thermochemical conversion. The results are mainly discussed regarding
the surplus oxygen provided in the BFB, the in-bed fuel conversion and the CO emissions.
Moreover, they serve to define the time-dependent impact of ilmenite on the thermochemi-
cal conversion of wood pellets. Finally, the transfer of the determined effects to a 100 kWy,
BFB unit follows.

2. Theory

In general, the thermochemical conversion of solid biomass can be separated into
these subsequent main steps: drying of the solid; pyrolysis; and, finally, oxidation and
gasification reactions of the emerged products. The main resulting components of solid
biomass after drying and pyrolysis are steam, volatile matter, tars and remaining char (see
Equation (1)). The drying and devolatilization are temperature-induced processes. When
over stoichiometric conditions, the volatile matter, tars and the solid carbon contained in
the char undergo further oxidation reactions (see Equations (2) and (3)).

solid biomass + heat — char (C + ash) + volatile matter (Hy, CO, CHy, CxHy) + tars + H,O 1

volatile matter (Hp, CO, CHy, CxHy) + O, — CO, +HyO 2)
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1
C (char) + O = CO + 5 Oy = CO, 3)

The combustion of woody biomass is a widely discussed issue in the literature [20,21].
Therefore, the following covers only a brief overview of the most important interrelations.
First, solid drying and pyrolysis take place. The drying process mainly depends on the
structure and size of the particles. Diffusion and heat transfer processes are the rate-
depending steps. The same applies for pyrolysis [22]. Reschmeier et al. [23] examined the
pyrolysis kinetics of 6 mm wood pellets in a laboratory BFB and revealed the full conversion
to char after approx. 40-50 s (800 °C). The remaining char covers approx. 10-15 wt% of the
initial pellet mass [24], which is confirmed by Neves et al. [25]. However, in general, the
composition of woody biomass covers a wide range and the fixed carbon content can reach
even 25 wt% [26]. In general, CO is the main pyrolysis gas product followed by CO, and
CHy at 800 °C [25].

Separately, char conversion is the focus of several research activities. The main product
leaving the boundary layer of char particles in a fluidized bed combustion at moderate
temperatures is CO,. CO is the subordinated gas species, while higher temperatures
favor the increase in the CO/CO; ratio [27]. The resulting CO/CO; ratio leaving the char
particles at around 800 °C ranges in the literature between 0.1-0.25 [28,29] and 0.5 [30]. In
particular, the origin of the char affects the resulting CO/CO; ratio [31,32]. The boundary
layer diffusion of oxygen and the product diffusion of CO and CO,; are seen to be the
rate-controlling steps during combustion within a temperature range of 800-900 °C [33].
Sadhukhan et al. [34] observed in their experiments with 0.92 to 6 mm coal particles that,
besides the particle size and bed temperature, the available oxygen content in the gas
phase influences the char conversion. This has been confirmed by Hesketh et al. [35] who
studied the influence of the presence of volatiles on the char conversion in a FBC. The
reaction kinetics prefer the homogeneous gas phase reaction of oxygen with volatiles in
contrast to the heterogeneous gas—solid reaction. This decreases the available oxygen for
the char conversion and prolongs the burnout time. With regard to the combustion of
the volatiles, similarly, a higher oxygen content raises the reaction rate while the mainly
temperature-driven devolatilization is not affected [36].

Figure 1 schematically summarizes the described steps for the combustion of wood
pellets at 800 °C with air. The qualitative illustration of the change in particle mass over
time is based on the literature results presented previously. Its intention is to emphasize
the discontinuous theoretical oxygen demand. It additionally includes the theoretically
provided oxygen over time as a continuous O, mass flow. This highlights the increasing
discrepancy in the theoretical oxygen consumption. Simultaneously, the composition of
released product gases changes in a time-dependent manner.

)
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Figure 1. Schematic illustration of the pellet mass, theoretical oxygen consumption and oxygen
supply during wood pellet combustion.



Energies 2022, 15, 2747

4 0f 21

In reality, the process steps do not take place one after the other but overlay in some
periods. This effect can be originated, for instance, by discontinuous fuel supply or inho-
mogeneous fuel composition. In general, the highest oxygen demand arises during volatile
combustion, which covers only 10-30% of the overall time period for complete combus-
tion [37,38]. Hence, an already slightly discontinuous fuel input (>10 s) may influence
the oxygen balance in the flue gas. Moreover, this transient oxygen demand can result in
varying flue gas compositions and involves the risk of unburnt hydrocarbons.

During OCAC, additional reactions involving the solid oxygen carrier take place and
can influence the process steps previously described. The applied oxygen carrier in this
research is natural ilmenite, which is also widely used in large-scale CFB OCAC [6,39-41].
IImenite (FeTiO3) benefits from good availability, low cost and non-toxic properties. How-
ever, reversible redox cycles in CLC have revealed relatively low reactivity compared to
other OCs. In general, the oxidation of ilmenite takes place in oxygen-rich combustion
zones. The previous application of ilmenite in OCAC processes confirmed the formation
of separated iron and titanium phases (see Equation (4)) [42]. Accordingly, moderate
temperatures (<800 °C) favor a continuous increase in this iron-enriched phase hematite
(FepO3) [43]. The subsequent reduction with gaseous fuels takes place in reducing at-
mospheres. The presence of CO, during OCAC inhibits the reversible reduction of the
emerged Fe,O3 to FeO (wiistite). Therefore, the oxygen carrier usually reacts only to Fe3Oy
(magnetite) (see Equations (5)—(7)) [4]. Overall, the reactivity of the reduction of Fe;O3 to
Fe304 decreases, starting from Hy, CO toward CHy [44].

Oxidation in zones with an excess of oxygen:

1
2 FeTiO3 + E 02 — Fe203 . TiOz + TiOz — FeZOg +2 TiOz (4)
Reduction in zones with a deficit of oxygen:

12 Fe;O3 + 3 CHy — 8 Fe3O4 + 2 CHy + CO, + 2 H)O — 24 FeO + 3 CO, + 6 H,O  (5)

3F6203+3CO—>2F€304+2CO+C02—)6FeO+3COZ (6)
3Fe203+3H2—>2Fe203+H2+2H20—>6Fe0+3H20 (7)

Finally, during the OCAC of solid biomass, all named reactions (Equations (1)—(7))
overlap in the fluidized bed. Thus, previous mechanisms for solid biomass combustion
in BFB have to be extended by the interaction with the oxygen carrier. The drying and
pyrolysis processes are mainly diffusion and heat transfer driven processes. Hence, the
oxygen transport capacity of the OC should have no direct influence during these steps. In
general, the heat transfer in fluidized beds is quite good and, therefore, small deviations in
the physical properties of the OC, e.g., the heat transfer coefficient or heat capacity, should
only have a minor effect on the heating rate of the solid fuel. Thus, in the following, these
effects are neglected.

Moreover, the literature indicates that solid—solid reactions between the oxygen carrier
and a solid fuel only become significant with close and long-lasting contact between
both [45]. The prevailing circumstances in FBC inhibit this possible reaction path [46].
Therefore, the application of solid fuels in the fuel reactor of CLC processes is normally
combined with in situ gasification of the solids [4,47].

However, the presence of an OC can affect the combustion of the volatiles (see
Equations (5)—(7)) as well as indirectly affecting the char conversion. Moreover, the discon-
tinuous oxygen demand during woody biomass combustion (see Figure 1) can mitigate
the complete burnout of the volatiles. The temporal oxygen buffering ability of the OC
can provide surplus oxygen for a limited period and thereby reduce emerging unburnt
hydrocarbons. On the contrary, the re-oxidation of the OC reduces the available oxygen
content in the gas phase (see Equation (4)). This reduction of the O, partial pressure can
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consequently affect the char burnout rate in a similar manner. Finally, this would result in
a higher average char inventory during operation in the BFB.

Thus, this research first separately examines the volatile and char combustion with
ilmenite in the laboratory BFB model reactor. Afterward, the discontinuous combustion of
wood pellets combines both processes. As a result, the qualitative combustion schematic
depicted in Figure 1 can be updated for the BFB combustion with ilmenite, as shown later
in Figure 11. Finally, the enhancing effects during OCAC are transferred to continuous
operation with an inhomogeneous fuel supply in a 100 kWy, BFB unit.

3. Materials and Methods
3.1. Measurement Setups

The presented experiments were performed in two different setups: a laboratory BFB
model reactor (see Figure 2a) and a 100 kWy, scale-up BFB reactor (see Figure 2b). The
laboratory BFB model reactor had a diameter dgg of 100 mm and a length of 645 mm. The
fluidization medium, either air or pure nitrogen, enters the BFB reactor through the airbox
and a plate with air nozzles. The open reactor setup enables the fuel dosage from the top.
Gaseous fuels enter the BFB through a fuel distribution probe. The distributed injection to
the BFB took place at a reactor height of 90 mm. Solid fuel particles enter the reactor from
the top and fall on the BFB surface. An electrical bed heater controls the FB temperature
measured by a thermocouple type K. The double-walled cooled gas sampling probe is
adjustable along the reactor height and allows flexible gas analysis of the product gas.

P =
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Figure 2. Setup of (a) laboratory BFB model reactor for the injection of methane (to simulate “volatiles”
combustion) and solid wood and char pellets (measurement series 1-4) and (b) 100 kWy, BFB unit for
the experiments with discontinuous solid fuel feed (measurement series 5).

The 100 kW, scale-up BFB reactor had a diameter of dpg = 200 mm and a height of
400 mm, with a conical freeboard extension to a diameter of 400 mm. The overall reactor
height was 1600 mm. An electrical heating system (9 kW) covers the freeboard region
and regulates the fluidized bed temperature during operation. An electrical air preheater
(4 kW) realizes the preheating of the combustion air, which enters the reactor via a porous
plate. An automated screw conveyor system doses the solid fuels from the reactor top. The
measurement of the flue gas composition takes place at the reactor outlet.
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For both setups, ABB AO2020 gas analyzers measured the resulting product gas composi-
tion. The integrated measurement modules determined the concentration of Oy (0-21 vol.-%),
H, (0-100 vol.-%), CHy (0-60 vol.-%), CO, (0-100 vol.-%) and CO (0-30 vol.-%). A second
gas analyzer with adopted measurement ranges additionally identified the concentration
of CO; (020 vol.-%) and CO (0-3000 ppm). During transient combustion of the wood
pellets, an upstream wash bottle was necessary to eliminate potential tars in the product
gas. Moreover, a NOx sensor (Bosch EGS-NX) in the flue gas outlet measured the Ox and
NOy content.

3.2. Applied Materials

Two different bed materials served for the fluidized bed experiments. The inert silica
sand HR0.1-0.6 T originated from Amberger Kaolinwerke Eduard Kick GmbH and had
a purity of SiO; > 98.0 wt%. The applied natural ilmenite from Titania A/S served as the
oxygen carrier bed material. Both belong to Geldart group B [48]. While the silica sand
material has a lower solid density ps, the particle size distribution reveals higher particle
sizes compared to ilmenite. Thereby, the minimal fluidization velocities u,, measured at
20 °C were similar (see Table 1).

Table 1. Properties of used bed materials. (adapted with permission from [18]. Copyright 2021
American Chemical Society.)

Material Solid Density Sauter Mean Diameter Porosity Fluidization Velocity
Ps (kg/m3) 1 d3; (um) 2 Ems () 2 U, (at 20 °C) (m/s) 2

Silica sand 2650 413 0.429 0.099

Ilmenite 3566 330 0.452 0.104

1 According to manufacturer specification. > Own analysis.

The phase composition of the natural ilmenite reveals that only 62.33 wt% covered the
active phase ilmenite (FeTiO3). Additionally, the material shows smaller proportions of
hematite (FepO3, 6.95 wt%) and minor magnetite (Fe304, 0.38 wt%) as well as rutile (TiO,,
0.21 wt%). Other inert phases, mainly plagioclase and orthopyroxene, comprise almost
one-third (30.13 wt%) of the natural material. Thus, the applied term ilmenite always refers
to the complete material composition. For the applied natural ilmenite material, the initial
oxygen transport capacity comprises theoretically max. 3.3 wt%. As already mentioned,
moderate combustion temperatures favor the transition to a Fe;O3/Fe3O4-system, which
further reduces the maximal oxygen transport capacity of the applied material 1.3 wt%.

The used gaseous fuel was comprised of bottled methane (>99.5%). The solid fu-
els covered certified wood pellets (ENplus Al ISO 17225-2) as well as char pellets (see
Figure 3). These were pelletized from char residues remaining in a biomass downdraft
gasifier (Burkhardt GmbH, Miihlhausen, Germany) and only covered a minor proportion
of volatile matter (see Table 2). Consequently, they could serve as fuel for the experimental
simulation of the char combustion of solid biomass.

’ W )

"‘1H”W_WWHHW‘\‘ i
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Figure 3. Samples of (a) wood pellets (measurement series no. 3-5) and (b) char pellets (measurement

series no. 2).
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Table 2. Properties of wood and char pellets used in measurement series no. 2-5.

Property Wood Pellets Char Pellets Unit
Pellet diameter 6 6 mm
Carbon content (dry fuel) 50.4 85.5 wt%
Oxygen content (dry fuel) 1 42.5 3.8 wt%
Hydrogen content (dry fuel) 6.2 0.4 wt%
Ash content (dry fuel) 0.7 10.3 wt%
Moisture content (as received) 7.8 30.0 wt%
Volatile substances (dry fuel) 83.3 7.1 wt%
Net calorific value 18.6 20.1 MJ/kg
Stoichiometric air demand 5.6 6.8 kg/kg

! Calculated according to DIN 51733:2016-04.

3.3. Measurement Procedure

The batch experiments were carried out in the presented BFB laboratory model reactor
in order to define the influence of ilmenite on the particular combustion steps. The mea-
surement series with inert silica sand as bed material served as the reference. The initial bed
height for both bed materials was 200 mm in the reactor. Due to the different solid densities,
the bed material mass in the reactor differed; 2.34 kg silica sand corresponded to 3.56 kg
ilmenite. During each reactor heat-up with air, pre-oxidation of the fresh bed material
ilmenite took place. Thereby, at the beginning of each measurement and in between each
measurement series, ilmenite was fully oxidized.

The first experiments focused on the influence of ilmenite on the combustion of the
volatiles (see Table 3, measurement series no. 1). Methane served as representative of the
volatile matter. Methane injection to the BFB took place via the fuel probe at 90 mm BFB
height. This simulated the devolatilization of pellets mixed randomly into the fluidized
bed. The primary air volume flow maintained a constant fluidization velocity (u/up¢ = 2.5),
while the methane injection was transient. For this purpose, the methane injection turns on
for 10 s and subsequently pauses for 20 s. This sequence was repeated five times. Thereby,
one measurement covered five overlaying oxidation/reduction exclusive oxidation cycles,
respectively. This procedure was repeated for different fuel inputs covering the excess air
ratios A = 0.5, 0.75 and 1.0 during the 10 s of fuel input. With regard to the entire cycle (10 s
air and fuel dosage +20 s only air dosage), the overall cycle excess air ratio increased to
Ac=15,2.25and 3.0.

Table 3. Parameters of measurement series (dgg = 800 °C).

Mass Silica Fluidization Overall Cycle Excess

No.  Reactor Unit Fuel Sand/Ilmenite (kg)  Velocity u/uo (- Air Ratio Ac ()

Fuel Input !

Transient: 10 s on, 20 s off;
1 Laboratory BFB Methane 2.34/3.56 25 1.5/2.25/3.0 ~0.51/0.34/0.25 kW;
5 cycles

Singular batch: 10 g char
pellets, 20 min off;
~0.17 kW;

1 cycle

2 Laboratory BFB Char pellets 2.34/3.56 25 4.7

Repeated single pellet a
3 Laboratory BFB Wood pellets 2.34/3.56 2.5 4.1 0.7 g, 1 min off; ~0.22 kW;
10 cycles

Repeated batch: 10 g
wood pellets, 10 min off;
~0.31 kW;

3 cycles

4 Laboratory BFB Wood pellets 2.34/3.56 25 2.9

Transient: cycle times
5/20/40/60s;
~8.5/7.5/6.5/5.5 kW;
continuous operation

5 100 kWy, BFB unit Wood pellets 14.2/21.6 8.5 1.3/1.5/1.7/2.0

! Uncertainty of supplied fuel mass: +/—10 wt%.
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In the same setup, measurement series no. 2 took place for studying the char com-
bustion. Again, the fluidization with air remained constant during the entire experiment.
In contrast, the fuel input (10 g char pellets, uncertainty +/—10%) was realized from the
top of the open reactor and only took place once. In order to calculate the overall excess
air ratio, the assumed cycle time for the complete oxidation of the char pellets was set to
20 min. This value was based on the measured burnout time in silica sand (see Section 4.1.2)
and, therefore, was used also for the evaluation of ilmenite experiments. It resulted in a
relatively high overall excess air ratio of Ac = 4.7.

Finally, wood pellets served as solid fuel in measurement series no. 3 and no. 4.
The fuel dosage from the reactor top covered the supply of single wood pellets a 0.7 g
(uncertainty +/—10%) every 60 s. The resulting theoretical excess air ratio at the beginning
of the cycle was approx. 1.5 but increased during the required cycle time for the complete
combustion of the pellets to A = 4.1 overall. The batch-wise dosage of 10 g wood pellets
(uncertainty +/—10%, measurement series no. 4) followed, which resulted in temporary
sub-stoichiometric conditions at the beginning of each cycle. This batch fuel dosage was
repeated three times every 10 min, resulting in an overall excess air ratio of A, = 2.85 for
an almost complete combustion of the pellets. To emphasize the transient combustion
conditions, the authors added the theoretical oxygen content in the flue gas at instant
full conversion qualitatively to the resulting diagrams (O, theo. at full conversion). This
estimation has to be seen as a qualitative trend only and is based on pyrolysis and char
oxidation kinetics from the literature [49,50].

For all measurements in the laboratory BFB, the measurement procedure took place
several times to ensure reproducibility. The presented gas profiles were each exemplary
impulse responses after the repeated fuel input.

The transfer of the batch experiments to continuous operation took place during
automated operation in a 100 kWy, BFB unit. The necessary bed inventory was raised
to 14.2 kg silica sand, which was 21.6 kg ilmenite, respectively. Measurement series no.
5 includes several experiments at different overall excess air ratios. This variation is
a result of the variation of the fuel mass flow, while the primary air keeps constant for all
measurements again. In order to examine the influence of an increasingly transient fuel
input, at each excess air ratio, the fuel input cycle time varied. Short fuel input cycles imply
almost continuous fuel feeding, while higher cycle times result in incrementally transient
fuel supply. Table 4 summarizes the share of fuel dosage time of the screw conveyor
depending on the excess air ratio. The proportional fuel dosage time was kept constant for
all cycle times. Thus, the absolute fuel dosage time constantly increased.

Table 4. Share of fuel dosage time depending on the excess air ratio.

Share of Fuel Dosage (-)
Overall Cycle Time (s) =13 =15 =17 =20

5/20/40/60 0.31 0.26 0.22 0.17

3.4. Data Evaluation

The evaluation and balancing of the gas composition in the BFB reactors used the
nitrogen mass flow of the fluidization medium as inert tracer gas. Moreover, different cal-
culable parameters served as an indicator for the comparison of silica sand combustion and
ilmenite OCAC. For instance, the CO; yield ycoy considered the molar flow of produced
CO; nco, out at the measurement point in relation to the introduced molar carbon nc, .

NCO, out

Yco, = — 2 (8)
NC,in

Usually, the oxygen transport capacity serves as an indicator to evaluate the enhancing

effect of ilmenite in CLC processes. However, not all measurement setups permit the

determination of the lower reduced state of the OC, which is necessary for the evaluation of
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an average oxidation state of the OC. Therefore, the authors introduced a new parameter for
evaluation: the specific provided oxygen mass mg, supplied by the OC (see Equation (9)).
This determines the surplus provided oxygen by ilmenite based on the difference of the
overall consumed oxygen during combustion with silica sand Amg, comb,sand @and with
ilmenite Amg, comp,iim- The division by the used ilmenite mass m;;,, and the cycle time t.
helps to compare results from different measurement series.

. Al'nOz,comb,ilm - AInOz,comb,sancl
mo, = (9)
M -te

4. Results

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

4.1. Effect of llmenite on Separated Combustion Process Steps
4.1.1. Transient Methane Combustion with Ilmenite

First, focus is on the combustion of the volatile matter. This process covers only
a short time period with regard to the whole pellet combustion duration (see Figure 1) but
requires a large proportion of the total oxygen demand. Therefore, oxygen-lean combustion
atmospheres can result in low overall excess air ratios. The experiments reflect this situation
by the impulse addition of methane at temporarily sub-stoichiometric conditions (excess air
ratios A = 0.5, 0.75 and 1.0; see measurement series no. 1). Thereby, alternating oxygen-rich
and oxygen-lean combustion atmospheres arise. The overall excess air ratios for a whole
cycle increase (A. = 1.5, 2.25 and 3.0) as the oxidation periods balance the periods of overlaid
air and methane dosage.

Figure 4 shows the resulting dry gas composition at the fluidized bed surface for the
pulsed methane injection with silica sand (a) and ilmenite (b) as bed material. In general,
the O, concentration decreases at lower excess air ratios. The CO, concentration behaves
in the opposite manner. However, during fuel injection at sub-stoichiometric conditions,
the whole oxygen should be theoretically consumed. Therefore, the diagram schematically
depicts the theoretical oxygen content at full conversion (O, theo. at full conversion, see
Experimental). It is obvious, that the gas analyzer softens the gas concentration profiles,
especially the peaks. The reasons for that are back mixing effects and delays in the sampling
probe tube and analyzer unit. However, this circumstance does not affect the measured
amount of converted oxygen and fuel. Moreover, the measurements of the gas profiles
take place directly above the BFB surface. Thus, incomplete conversion of the volatiles is
quite possible.

As discussed comprehensively in Schneider et al. [18], steady-state methane feed
results in a very low methane conversion in a fluidized bed due to absent air and methane
preheating, limited reactant mixing in the setup and limited residence time in the BFB
laboratory reactor. Nearly full conversion takes place above the BFB in the freeboard only.

A particularly important indicator for the in-bed fuel conversion is the CO,-yield
of the gas samples extracted from the freeboard. The low methane conversion limits the
in-bed CO,-yield to 13.0%, especially during the experiments with silica sand (see Table 5).

Contrarily, ilmenite experiments reveal that the OC can balance insufficient mixing in
the fluidized bed and provide bounded oxygen for the conversion of methane. Thereby,
the CO, yield reaches 80.3% at stoichiometric conditions. At high sub-stoichiometric
conditions, the CO; yield even slightly exceeds the theoretically achievable values (see
Table 5). Furthermore, after several cycles, the yield does not decrease, which indicates
that there is still sufficient bounded oxygen in the ilmenite material available to buffer
sub-stoichiometric conditions. The maximum theoretically bounded oxygen by the applied
ilmenite mass is 117 g, while one methane injection cycle at A = 0.5 requires only 0.9% of
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this bound oxygen. Hence, ilmenite can buffer sub-stoichiometric conditions temporarily.
For inert silica sand experiments, no comparable behavior is apparent.
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Figure 4. Dry gas composition measured at the fluidized bed surface depending on the excess air
ratio for (a) silica sand and (b) ilmenite with methane as fuel (measurement series no. 1).

Table 5. In-bed CO, yield yco; for silica sand and ilmenite as well as specific provided O, mass by
ilmenite with methane as fuel depending on the excess air ratio A (respectively, cycle excess air ratio
Ac) during fuel injection (measurement series no. 1).

A=0.5 A=0.75 A=1
(A =1.5) (Ac =2.25) (Ac =3.0)
Theoretical max 50.0 75.0 100.0
CO; yield (%) Silica sand 7.0 104 13.0
Tlmenite 524 66.6 80.3
Provided O, mass Silica sand - - -
(802/h per kgiimenite) Ilmenite 13.3 12.0 12.1

The different trends in the emerging CO concentration support the previous argu-
mentation; higher CO concentrations at the silica sand BFB surface indicate an incomplete
methane oxidation. In the ilmenite BFB, carbon monoxide is mainly oxidized to CO,. The
reason for this lies within the high reactivity of ilmenite toward CO compared to CHy.
IImenite reacts directly with arising CO emerging from incomplete homogeneous gas phase
methane oxidation, while the direct oxidation of CHj is less dominating. Hence, the arising
CO concentration only slightly varies at varying excess air ratios with ilmenite.

Finally, comparing silica sand and ilmenite experiments illustrates the specific oxygen
mass mp, provided by the OC (see Table 5). The values keep almost constant, independent
of the applied excess air ratio. Therefore, the authors suggest that the residence time of
injected methane, i.e., reaction kinetics and diffusion processes, limit the heterogeneous
gas—solid reactions with ilmenite. Hence, the higher oxygen supply due to transient
conditions is limited, although complete re-oxidation of the OC takes place in between the
fuel injection.

A comparison with previous results obtained in the same setup during steady-state
conditions [18] reveals that the achieved in-bed CO; yield during transient conditions
increases by 26.4% (A = 0.75) and 41.2% (A = 1.0). In contrast, the specific provided oxygen
mass seems to be significantly lower. The reason for that is the reference of the specific
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provided oxygen mass to the cycle time, i.e., 10 s air and fuel dosage + 20 s only air dosage.
Relating the absolute provided oxygen mass only to the fuel dosage time (10 s) triples
the specific provided oxygen. After that, the results are comparable at A = 0.75, while the
specific provided oxygen during transient stoichiometric conditions (A = 1.0) exceeds the
value achieved with steady-state conditions. This confirms the temporal buffering effect
of ilmenite, but simultaneously emphasizes the prevailing limitations at lower excess air
ratios due to residence time and reaction kinetics.

Finally, the experiments reveal that ilmenite enhances the in-bed conversion of gaseous
fuels not only at steady-state but also transient conditions. Ilmenite provides a local and
temporal shift of oxygen, enhances the in-bed CO; yield and efficiently mitigates arising
CO emissions. Higher in-bed fuel conversions simultaneously result in a higher fluidized
bed temperature increase during fuel injection. Consequently, the heat release in the BFB
increases, as already shown by Miiller [51].

4.1.2. Batch Char Combustion with Ilmenite

Beside the combustion of volatiles, char combustion is a governing reaction during
the conversion of woody biomass fuels (see Figure 1). In the laboratory BFB, this process is
reproduced by the batch combustion of char pellets. As known from CLC, ilmenite should
not undergo a solid—solid reaction with the supplied char pellets [45]. In order to verify this
assumption, fully oxidized ilmenite was fluidized with inert nitrogen during the supply
of 10 g char pellets (see Figure 5). Except for a small CO and CO; peak, representing the
remaining volatiles in the pellets, the gas profiles show no significant carbon conversion.
After 15 min, the fluidization medium changes to air. Directly after, char conversion is
initiated. This confirms that ilmenite mainly undergoes heterogeneous gas—solid reactions
with the gaseous products from solid biomass conversion and shows no relevant reaction
with solid char.
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Figure 5. Dry gas composition measured at the ilmenite fluidized bed surface with char pellets as
fuel during alternating fluidization mediums (N, and air).

Although ilmenite does not undergo a solid—solid reaction with biomass char, the
presence of the OC can affect the char conversion during combustion. Therefore, Figure 6
compares the response of the dry gas concentration on the batch dosage of 10 g char pellets
for silica sand (a) and ilmenite (b). In particular, the fluctuations in the gas profiles measured
right above the fluidized bed surface differ. Further measurements of the gas concentrations
directly in the FB confirm this behavior. Simultaneously, unsteady flame formation and
extinction are apparent at the BFB surface during the silica sand experiment, which leads
to an unsteady burnout. Obviously, ilmenite smoothens the oxygen consumption as well
as the CO, and CO formation by a more homogeneous oxygen supply and, consequently,
less flame formation on the bed surface. In line with that, ilmenite reduces the level of
CO leaving the BFB and enhances in-bed fuel conversion. However, the time until full
conversion of the supplied fuel is extended by about 20% when ilmenite is used as bed
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material. The reasons for this delay probably lie within the reaction kinetics of the char
combustion as the O, partial pressure represents one decisive factor.
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Figure 6. Dry gas composition measured at the fluidized bed surface for (a) silica sand and (b) ilmenite

with char pellets as fuel (measurement series no. 2).

Thus, the authors propose the following mechanism during transient char combustion
with an OC: ilmenite favors the oxidation of emerging CO and consequently gets reduced.
Subsequently, reduced ilmenite particles react again with gaseous oxygen. Hence, the
oxygen partial pressure in the BFB decreases locally. As char oxidation is mainly a mass
diffusion-limited process, the lower oxygen content in the atmosphere directly affects the
char conversion in the BFB. Due to these competing gas—solid reactions, the char particles
have a longer residence time in the ilmenite fluidized bed until full conversion is achieved.
With regard to steady-state combustion processes, this implies that during OCAC, the total
char inventory in the bed would increase slightly. This equilibrium inventory raises for
a higher oxygen mass provided by the OC and lower overall excess air ratios. Further
experiments are necessary to precisely quantify this increase.

4.2. Effect of llmenite Transient Wood Pellet Combustion Process

After the separated combustion of volatile matter and solid char, both processes
overlay during repeated single and batch wood pellet combustion in the laboratory reactor.
The single wood pellet measurements serve to understand the influence during combustion
with continuous excess air, while during batch dosage, temporary sub-stoichiometric
conditions emerge.

4.2.1. Single Wood Pellet Combustion with Ilmenite

Figure 7 displays the dry gas composition during repeated single wood pellet dosage
(0.7 g per pellet every 60 s) in silica sand (a) and ilmenite (b) BFB. The O, concentration right
above the silica sand BFB indicates very low oxygen consumption. Low CO, concentrations
confirm the low complete conversion of the solid fuel in the BFB. In contrast, ilmenite
enhances the O, consumption directly in the BFB. An elevated CO, concentration confirms
the fuel conversion in the BFB. However, both O, profiles differ significantly from the
theoretical residual oxygen content at full conversion, as depicted schematically.

Regarding the CO concentrations, a significant difference is evident: low CO concentra-
tions applying ilmenite indicate complete conversion to CO,, while high CO concentrations
emerge using silica sand. Moreover, the CO concentration only decreases approx. 200 s
after the last pellet supply. Similarly, the CO, and O, concentrations take this period to
return to the initial composition. The reason for this is the combustion of the remaining
accumulated char (max. 1.1 g). Overall, the experiments reveal very low in-bed CO; yields,
although ilmenite results exceed silica sand values by far (see Table 6). Similarly, ilmenite
provides only a minor amount of surplus oxygen (see Table 6) compared to the methane
measurements (series no. 1, see Table 5) before.
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Figure 7. Dry gas composition measured at the fluidized bed surface for (a) silica sand and (b)
ilmenite with single wood pellets (measurement series no. 3).

Table 6. In-bed CO;-yield yco, and specific surplus provided oxygen for silica sand and ilmenite
with wood pellets as fuel (measurement series no. 3 and no. 4).

Measurement . Overall Cycle Excess . o Provided O, Mass mg,
Series No. Bed Material Air Ratio A (- COx-Yield yeoz (%) (o0, per kgymeniie)
3 Silica sand 4.1 3.2 -
3 Tlmenite 41 18.1 3.6
4 Silica sand 29 5.3 -
4 Tlmenite 29 29.1 7.0

As the fuel conversion is hardly detectable right above the fluidized bed, Figure 8
shows the gas profiles above the BFB near the reactor outlet (hy, = 330 mm). The transient
oxygen consumption in line with the cyclic fuel dosage now becomes more evident. Hence,
significant conversion only takes place above the dense bed in the gas phase. However,
the pellet location in the BFB is decisive for the residence time of arising volatiles in the
fluidized bed. Therefore, and in order to define the influence of the high overall excess air
ratios, the authors increased the supplied pellet mass in the following.
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Figure 8. Dry gas composition measured 100 mm above the fluidized bed surface (hy, = 330 mm) for

(a) silica sand and (b) ilmenite with single wood pellets (measurement series no. 3).

4.2.2. Batch Wood Pellet Combustion with Ilmenite

Finally, the repeated batch combustion of 10 g wood pellets in the laboratory reactor
concludes the measurements. Figure 9 shows the dry gas composition at the fluidized
bed surface for silica sand (a) and ilmenite (b) bed material. The concentrations right
above the BFB reveal a similar behavior as during single pellet combustion. However,
the O, consumption in the fluidized bed increases for both bed materials as the overall
excess air ratio decreases. Nevertheless, the difference between the theoretical oxygen
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concentration schematically depicted and the measured ones is obvious, especially during
the first 40-50 s.
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Figure 9. Dry gas composition measured at the fluidized bed surface for (a) silica sand and (b) ilmenite
with batch wood pellets (measurement series no. 4).

Moreover, a general difference between the emerging CO concentrations is evident.
Regarding ilmenite measurements, the CO concentration depicts one peak right after the
fuel dosage, which is not evident during the single pellet dosage. The sharp CO increase in
the beginning results from the temporary sub-stoichiometric conditions, when pyrolysis
and devolatilization of the solid fuel take place. During the subsequent char conversion,
the CO concentration constantly decreases. On the contrary, the gas profiles during wood
pellet combustion in inert silica sand display again an unsteady course, which lasts for
the complete combustion process. Again, unsteady flame formation and extinction can be
observed on the bed surface.

Besides the difference in the CO concentration, there is an apparent difference in the
O, profiles. Obviously, the O, partial pressure at the BFB surface decreases when applying
ilmenite. While in the beginning, during volatile release, the difference exceeds 4 vol.-%,
later on, the difference during char conversion still covers approx. 1-2 vol.-%. Due to the
low overall conversion during single pellet measurements, this trend was not significant
before. This reduction in the oxygen partial pressure prolongs the time until full char
conversion. Hence, the O, concentration does not return to the initial air concentration in
between the batch fuel input.

Further measurements above the BFB near the reactor outlet (hy, = 330 mm) reveal that
the gas compositions of silica sand and ilmenite measurements converge (see Figure 10).
They indicate a significant oxygen consumption in the freeboard for both bed materials.
In particular, silica sand results show that a higher freeboard oxygen conversion balances
the lower in-bed oxygen conversion. Thus, the oxygen profiles already align with the
theoretical calculated residual oxygen content at full conversion.

This goes along with elevated freeboard CO concentrations right after the fuel input
for both materials, although the CO peak is slightly lower for ilmenite. Simultaneously, the
CO; concentration increases using ilmenite. However, the sharp peaks of unburned species
right after the fuel input reveal that ilmenite can buffer these highly sub-stoichiometric
conditions only in a limited way. Theoretically, oxidized ilmenite could provide the whole
oxygen necessary for the conversion of the wood pellets in the bed. Nevertheless, locally
high volatile concentrations emerge around the distributed pellets in the BFB. Moreover,
the volatile residence time in the BFB depends on the pellet location. As the density of the
wood pellet is lower than the fluidized bed density, the pellets most probably accumulate
in the middle to upper part of the BFB. Considering all these limiting factors mitigates the
possible enhancement achievable by ilmenite during pyrolysis and volatile combustion.
Consequently, the surplus oxygen provided by ilmenite directly in the BFB again decreases
(see Table 6) compared to pure methane combustion (see Table 5). The comparison of both
pellet measurement series show that the specific provided oxygen increases at lower overall
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excess air ratios. This goes along with findings from transient methane combustion (see
Figure 4) and steady-state methane combustion processes [18].
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Figure 10. Dry gas composition measured 100 mm above the fluidized bed surface (hm = 330 mm)
for (a) silica sand and (b) ilmenite with batch wood pellets (measurement series no. 4).

4.2.3. Schematic Wood Pellet Combustion during OCAC with Ilmenite

Based on the presented results, the authors conclude that ilmenite has a significant
influence on in-bed fuel conversion. In general, the in-bed reacted oxygen increases while
a reduction in the CO concentration at the fluidized bed surface and in the freeboard is
obvious. However, the enhancing effect mainly concentrates on the volatile conversion
at the beginning of the combustion cycle. Subsequently, the re-oxidation of the OC even
mitigates the char conversion and extends the overall conversion time.

Based on these correlations, the initial own schematic illustration of the pellet mass
and oxygen consumption during wood pellet combustion (see Figure 1) has to be updated
for OCAC (see Figure 11). Ilmenite particularly influences the provided oxygen for the
combustion process directly in the BFB; the oxygen supply during the temperature-driven
pyrolysis increases and enhances the combustion of the volatile matter. However, the
amount of surplus provided oxygen highly depends on the excess air ratio, the ilmenite
material properties, the overall ilmenite mass and the distribution of the pellets in the bed
material. Figure 11 illustrates only the schematic OCAC process based on the experimental
results of this research and is not quantified by additional kinetic data.
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Figure 11. Adopted schematic illustration of the pellet mass, theoretical oxygen consumption and
oxygen supply during wood pellet combustion in the presence of ilmenite (OCAC).
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From the viewpoint of the OC, the ilmenite reduction is the predominant OC reaction
during pyrolysis and the combustion of volatiles. The consequence is a reduced average
oxidation state of the OC. Afterward, the oxidation reaction of ilmenite accelerates and
achieves the predominant reaction during solid char conversion. The char oxidation is
mainly a mass transfer and diffusion-limited process and depends on the partial pressure
of the gaseous oxygen. Regarding ilmenite particles, the regime of the oxidation reaction
depends on the oxidation state of the OC; highly reduced particles are limited by reaction
kinetics. The regime shifts to a diffusion-limited process for highly oxidized particles [52].
Therefore, during the period of char combustion, highly reduced ilmenite particles react
with gaseous oxygen first. Thereby, they reduce the oxygen partial pressure at the BFB
surface. Consequently, the overall char conversion time expands, as shown before (see
Figure 6). Only if the ilmenite particles are oxidized quite completely, both heterogeneous
gas—solid reactions become diffusion-limited processes.

Apart from that, ilmenite does not affect the overall oxygen supply for the combustion
process during steady-state conditions. As a continuous fuel input results in the continuous
overlap of all described combustion steps, the enhancing effect of ilmenite is evident mainly
when regarding a higher in-bed fuel conversion and the mitigation of mixing issues [18].
Reduced in-bed CO concentrations are the consequence.

The measured gas profiles in the freeboard area (see Figures 8 and 10) indicate that the
CO reducing effect of ilmenite in the BFB can be partially balanced by the post-combustion
in the freeboard; a higher oxygen consumption in the gas phase above a silica sand BFB
mitigates the measurable effect of ilmenite at the reactor outlet. The overall conversion
converges. In order to verify the effect of ilmenite on the continuous combustion of wood
pellets, further measurements take place in a 100 kWy, BFB unit. There, the focus shifts to
the flue gas composition at the reactor outlet.

4.3. Transfer to Continuous Operation with Inhomogeneous Fuel Supply in a 100 kW,; BFB Unit

The experiments in a 100 kWy, BFB unit enable the investigation of the proposed
effects of ilmenite during continuous plant operation but with an inhomogeneous fuel
supply. For this purpose, measurements at different overall excess air ratios and fuel
input cycle times serve to understand the influence on the CO emissions and the in-bed
conversion during homogeneous and inhomogeneous fuel supply at the reactor outlet.

4.3.1. Reduction of the CO Emissions at Transient Fuel Input

In order to clarify the method, Figure 12 shows the exemplary CO concentration
profiles at the reactor outlet using silica sand and ilmenite at an overall excess air ratio of
A =1.5. The fluctuation in the CO concentrations goes along with the transient fuel dosage
starting every 40 s for approx. 10 s. The O, and CO; concentrations fluctuate in a similar
manner. However, the depicted comparison of silica sand and ilmenite measurements
already reveals that the absolute CO concentration and the fluctuations are lower using
ilmenite. The same counts for the variance of the O, concentration, i.e., the oxygen content
in the flue gas is smoothened using ilmenite.

Further variations of the fuel input cycle time and excess air ratio confirm this trend.
Table 7 summarizes the averaged CO emissions in the flue gas at the reactor outlet depend-
ing on the fuel input cycle time. First, it is obvious that the CO emissions highly increase
at longer cycle times. This effect is especially enhanced when regarding silica sand and
at lower overall excess air ratios. Nearly continuous fuel input (short cycle times) results
in a comparable range of CO emissions for silica sand and ilmenite. Simultaneously, the
influence of the excess air ratio is mitigated. The reason for the low measured CO reduction
by ilmenite during continuous operation (see Table 8) is the large freeboard area of the
reactor. Thereby, the residence time of unburnt hydrocarbons extends and further mixing
and reaction in the gas phase take place. An increased burnout rate, for silica sand too, is
the consequence. The wood pellet batch experiments confirmed this behavior.



Energies 2022, 15, 2747

17 of 21

300
1fll€/ i silica sand
. dosage [ ilmenite
\ BT
200} | [\ \

100

CO concentration,
based on 13% residual O, [ppm]

0 1 1 1 1 1 1
0 40 80 120 160 200 240 280

time [s]

Figure 12. Exemplary CO concentration in the flue gas during transient fuel dosage during silica
sand and ilmenite measurements (800°, Ac = 1.5 and fuel input cycle time = 40 s).

Table 7. Measured CO emissions and standard deviation in the dry flue gas at varying fuel input
cycle times for silica sand and ilmenite depending on the excess air ratio A.

CO Emissions Including + Standard Deviation (ppm)

Cycle Time (s) Bed Material Ac=13 Ac=15 Ac=1.7 Ac=2.0
5 Silica sand 175.5 +267.0 103.0 +83.0 80.4 +26.0 104.7 +44.3
Ilmenite 185.9 +188.6 75.5 +37.2 74.7 +28.9 95.8 +40.3
20 Silica sand 161.2 +177.5 107.6 +61.1 90.7 +33.2 144.0 +55.9
Ilmenite 149.2 +77.6 100.5 +74.7 85.0 +59.2 100.4 +42.9
40 Silica sand 336.8 +631.7 139.5 +202.9 112.0 +57.5 109.8 +62.5
Ilmenite 301.4 +325.8 99.1 +59.1 88.5 +75.2 69.9 +47.3
60 Silica sand 1796.5 +2002.8 587.8 +755.3 269.1 +454.6 142.1 +95.8
Ilmenite 1358.3 +1768.3 153.9 +230.8 118.4 +97.3 754 +67.0

Table 8. Reduction of the CO emissions in the dry flue gas by ilmenite at varying fuel input cycle

times and excess air ratios.

Reduction of CO Emissions (%)

Cycle Time (s) Ac=13 Ac=15 Ac=17 Ac=2.0
5 —59 26.7 7.0 8.6
20 74 6.6 6.2 30.3
40 10.5 29.0 21.0 36.3
60 24.4 73.8 56.0 46.9

The authors examined the reduction potential of the CO emissions by ilmenite during
continuous combustion processes before [15]. The results obtained from a small-scale
BFB pilot plant demonstrated a CO reduction potential of up to 75%. The reduction was
maximized at poor combustion conditions, i.e., relatively low fluidized bed temperatures
(750 °C). Hence, the reduction potential highly depends on the reactor geometry and opera-
tion conditions. Increasingly transient fuel input results in poor combustion conditions.
Thus, the enhancing effect of ilmenite becomes more significant at transient fuel inputs.
The highest CO reduction (73.8%) is achieved at an overall excess air ratio of 1.5 and fuel
input cycle time of 60 s (see Table 8). The depicted standard deviation of the measurement
values confirms that the fluctuations in the CO emissions decrease likewise for ilmenite
(see Table 7). However, further reduction in the excess air ratio results in an increasing CO
content in the flue gas as highly sub-stoichiometric conditions become predominant.

According to the results obtained from the batch experiments, ilmenite mainly affects
the volatile combustion and enhances sub-stoichiometric conditions temporarily. The sharp
increase in the CO content between 40 and 60 s cycle times correlates exactly with the
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pyrolysis and volatile combustion time periods; while the pyrolysis is not yet complete
after 40 s, almost complete conversion of the volatiles takes place after 60 s. This results
in oxygen-rich conditions right before the next fuel input starts and sub-stoichiometric
conditions right after the fuel input. Consequently, there are high fluctuations in the flue
gas composition.

Theoretically, ilmenite can buffer these conditions by providing surplus oxygen locally
and temporarily. The experiments confirm that this buffering ability is limited in reality: the
volatile release around the pellets leads to high local volatile concentrations in the upper
area of the BFB. Therefore, the proportion of ilmenite, which can provide oxygen, decreases
at a higher overall ilmenite mass. Lower bed heights and high surface areas could raise
this proportion. Moreover, fuel dosage directly into the BFB would probably enhance the
residence time of the volatiles.

4.3.2. Increase in the In-Bed Fuel Conversion

Finally, the batch experiments reveal an increase in the in-bed CO, yield, which goes
along with higher in-bed fuel conversion. The measurements in the 100 kW, BFB unit
confirm the batch experiments so far. As the flue gas composition was measured only at
the reactor outlet, the determination of the in-bed CO, yield was not possible for this setup.
However, higher in-bed heat release would also reflect higher in-bed fuel conversions.

The direct comparison reveals that the necessary electrical heating power to regulate
the fluidized bed to 800 °C decreases for ilmenite, while the fuel input and the electrical
air preheating remain constant. However, a determination of the absolute heat release in
the BFB becomes imprecise by the comprehensive losses and measurement uncertainties.
Therefore, Miiller et al. [53] proposed a methodology in order to determine the heat release
in a BFB more precisely. The first measurements with a small proportion of another ilmenite
ore already revealed an increase in the heat release by approx. 5-15% [51]. To confirm and
quantify this behavior for the present natural ilmenite, the authors propose subsequent
specific measurements for the determination of the in-bed heat release.

5. Conclusions

The experimental measurements reveal that ilmenite affects the thermochemical con-
version of woody biomass in a manifold manner. However, the combustion of volatiles
is the process step with major influence. During transient combustion of gaseous fuels,
ilmenite increases the in-bed fuel conversion significantly. Regarding this, the temporal
buffering effect is evident, especially at stoichiometric conditions. In contrast, the spe-
cific provided oxygen mass by ilmenite enhances at lower excess air ratios, similar to
steady-state conditions.

During subsequent char conversion, ilmenite only reacts with emerging gaseous
carbon monoxide, while no solid-solid reaction with the biomass char takes place. At
low excess air ratios, the re-oxidation of ilmenite reduces the oxygen partial pressure
in the fluidized bed (approx. 1-2 vol.-%) and thereby inhibits the char conversion rate.
This extends the overall conversion time, and the char inventory in the BFB is higher
during OCAC. The adopted scheme of the combustion process qualitatively summarizes
the impact of ilmenite on the oxygen supply and consumption as well as the pellet mass
during OCAC. Finally, the measurements in the 100 kWy, unit validated the CO reducing
effect of ilmenite. The reduction of the CO emissions increases at more transient fuel input.
However, the enhancing effect is limited to mild sub-stoichiometric conditions. Hence,
ilmenite provides further optimization potentials regarding plant operation, especially for
small-scale BFB solutions:

1.  The homogenization of the oxygen supply allows the extension of the fuel band to-
ward fuels that are more inhomogeneous, as well as transient fuel input in partial load.

2. The reduction potential of the carbon monoxide emissions allows the reduction in the
overall excess air ratios to near-stoichiometric combustion conditions at acceptable
emissions. This raises the achievable combustion efficiency.
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3. The increase in the in-bed fuel conversion allows a higher heat extraction directly out
of the bed. Depending on the plant setup, this potential heat extraction out of the
fluidized bed limits the electrical or thermal efficiency of the installed heat sink.

However, the CO reducing effect of ilmenite and the higher in-bed fuel conversion
highly depend on the operation parameters and the plant design. Local reducing and
oxidizing atmospheres in the reactor, as well as extended residence times of the volatiles
in the bed, can improve the effect of the OC. On the contrary, large post-combustion
zones above the fluidized bed mitigate the CO reduction and increase in the in-bed fuel
conversion by the OC measurable in the flue gas.

Therefore, further experiments in this field are of special interest in order to define the
influence of the fluidized bed temperature on the in-bed fuel conversion as well as the CO
reducing effect of ilmenite. Moreover, the in-bed char conversion during OCAC processes,
especially its observed delay, must be the focus of further detailed research.
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