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Chemical looping combustion of wood pellets (WP), wood char (WC), and straw pellets (SP) was conducted in a
60 kW CLC pilot with ilmenite and braunite oxygen carriers (OCs). Alkali emissions were investigated with
impactor-based and surface ionization detector (SID) measurements. Particle size distributions for WP and WC
fuels were dominated by coarse particles formed by refractory species. For SP fuel, the distribution was bimodal
with a distinct fine particle mode formed by nucleation of volatile ash species. Thermodynamic modelling of
stable alkali species at 800 °C predicted that high KOH(g) and lower concentrations of KCI(g) are stable for WP
and WC fuels. For SP fuel, equilibrium K species were dominated by condensed-phase K species, followed by KCl
(g), and KOH(g). Modelling of fuel-OC interactions showed that ilmenite decreases equilibrium levels of KOH(g)
and KCI(g). Braunite impacted only KOH(g) levels. Impactor sample leachate analysis showed that for WP-
braunite operation, the leachate contained KCl, NaCl, KOH, and NaOH, in decreasing order. For WC-ilmenite
operation, the samples contained KOH and KCl. For SP fuel, most detected alkalis were KCl. For most cases,
speciation of impactor samples qualitatively agreed with modelling predictions. Impactor and SID alkali mea-
surements showed reasonable agreement for WC-braunite and SP-braunite tests.

1. Introduction

Chemical looping combustion of biomass (bio-CLC) is a promising
bioenergy with carbon capture and storage (BECCS) technology. A
simplified schematic of the CLC process is presented in Fig. 1. In CLC, an
oxygen carrier (OC) material is circulated between two fluidized bed
reactors. The OC is oxidized in the air reactor (AR) with air, and is then
conveyed to the fuel reactor (FR), where the OC is reduced by fuel. In the
case of solid fuels, such as biomass, the FR is fluidized with steam. The
steam gasifies the biomass so that the gasification products can react
with the OC material. The reduced OC then returns to the AR to be re-
oxidized. In the CLC scheme, the OC is essentially used to separate ox-
ygen from air and transport it to the fuel in the FR. The nitrogen from air
is segregated to the AR flue gas. The resulting FR flue gas consists mostly
of COy and steam. Since steam is easily separated from COg by
condensation, the CLC scheme achieves fuel conversion with CO; cap-
ture in the FR flue gas. This inherent CO, separation is the major
advantage of CLC technology, when compared to the costly and energy-
intensive flue gas CO, separation that is required in post-combustion
CO, capture. The details of the CLC operating principle have been
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described in a number of publications [1-6]. Although CLC technology
has seen several decades of development, early applications of CLC
technology were focused on gaseous fuels, and later on solid fossil-
derived fuels. CLC of biogenic solid biomass fuels is still in its infancy
[71, with operation demonstrated in several experimental campaigns
[8-14]. One of the biggest challenges for scale up and continuous
operation of bio-CLC lies in understanding and controlling the issues
that arise from the release of alkalis during conversion of biomass in a
CLC system.

Since the bio-CLC process is based on fluidized bed technology, alkali
related issues that are common to conventional fluidized bed biomass
combustion and gasification processes may pose a major challenge to the
implementation and scale-up of bio-CLC. In conventional fluidized bed
biomass combustion and gasification, alkalis released to the gas phase
are known to cause fouling and high-temperature corrosion of heat ex-
change surfaces [15-18]. Furthermore, alkalis that remain in the bed
material are known to cause bed material agglomeration through for-
mation of low melting point alkali silicate melts that act as a binder for
the bed material [15,19].

The mechanisms of alkali release in conventional combustion and
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Fig. 1. Simplified schematic of the CLC process.

gasification processes have been studied over the past few decades,
leading to strategies for mitigating alkali related issues. In the field of
CLC, alkali release and the implications of alkali release are sparsely
explored. To date, several studies have attempted to determine how
alkali species are released and distributed in the two-reactor scheme of a
CLC system [20-22]. In these investigations, a surface ionization de-
tector (SID) was used to measure total gas-phase alkali emissions in the
FR and the AR of several CLC pilot systems. While these SID-based
measurements offered the first valuable insight into the extent and
partitioning of alkalis in CLC pilot systems, the speciation of the alkalis
released to the gas phase remained undetermined.

Determining the speciation of alkalis that are released in the CLC
process is important in predicting the severity of corrosion and fouling
that can result from their release. Of the different gaseous alkali species
that are known to occur in thermochemical conversion of biomass, KCl
(g) is considered to be especially corrosive to steel heat exchanger tubes.
K2COs3(1,s), which forms from a reaction KOH(g) and CO4(g) as the flue
gas cools in the convection pass, is considered to be moderately corro-
sive. K2S04(g), another common gaseous alkali, is known to be relatively
benign from a corrosion point of view [18,23,24]. Thus, establishing the
speciation of alkalis released to the gas phase of CLC units is an
important research gap that has not yet been addressed in published
literature. The aim of the current work was to provide the first insight
into the speciation of the alkali emissions that occur in chemical looping
combustion of biomass.

In the presented study, CLC operation of wood pellets (WP), wood
char (WC), and straw pellets (SP) was conducted with ilmenite and
braunite oxygen carrier (OC) materials in a 60 kWy, CLC pilot system.
Gaseous alkali emissions were measured with a SID-based system and
with a Dekati low pressure impactor (DLPI) system. The SID technique
provided online monitoring of total alkali emissions in the gas phase.
The DLPI measurements determined fly ash concentration and particle
size distribution. Chemical analysis of the particles captured by the DLPI
was performed to establish alkali speciation in the flue gas. The DLPI
technique was chosen since other studies have shown that alkalis that
exist as vapors at flue gas conditions undergo condensation and nucle-
ation into solid particles that are effectively captured by DLPI systems
[25-27]. Further to experimental measurements, the study is augmented
with thermodynamic modelling aimed at qualitatively differentiating
the gaseous alkali speciation that can be attributed to the process of fuel
conversion, and the effect that the OC materials have on the quantity
and speciation of the released gaseous alkalis.

2. Background

The inorganic content of biomass fuels can vary significantly, from
<1 wt% for woody biomass, up to 40 wt% in greenhouse residues. The
most common of the inorganic species are Ca, K, Si, Mg, Al S, Fe, P, Cl,
Na, Mn, and Ti, listed in decreasing order of abundance [28]. The
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inorganic matter found in biomass is responsible for ash formation.
2.1. Ash formation in biomass conversion

Ash forming species in biomass fuels can be grouped by their vola-
tility. Elements like Ca, Si, Mg, Fe, and Al are known to be non-volatile.
K, Na, S, Cl are known to be highly volatile, along with some heavy
metals like Zn, Cd, and Pb [29,30]. Ash formed from biomass conversion
is typically categorized as bottom ash or fly ash [17,18]. In fluidized bed
systems, bottom ash is formed primarily from non-volatile species that
are left over after char conversion [29,30]. Bottom ash particles are
generally large, and depending on composition, can be sticky due to
melt formation [18]. The majority of the bottom ash stays in the bed,
where it either interacts with the bed material or remains as separate ash
particles. Fly ash, the ash that is present in the flue gas, has two main
origins that are typically grouped by particle size. Fine fly ash with a
particle diameter < 1 pm is typically formed via condensation of volatile
species that are released to the gas phase during fuel conversion. For
biomass, the most relevant species are K, Cl and S, whereas Na and
heavy metals typically have a minor contribution [18,29]. From these,
gas-phase species particles initially form through nucleation of small
primary particles that further grow through condensation, coagulation,
and agglomeration. Coarse fly ash with a particle size >1 pm arise from
entrainment and stripping of smaller or fragmented bottom ash particles
from the bed. These fly ash particles are primarily composed of the non-
volatile species [17,18,29-31].

2.2. Alkali release and retention in biomass conversion

From the many inorganic species present in biomass fuels, K, Na, and
Cl are considered highly problematic as their release is associated with
fouling and corrosion of heat exchange equipment, and bed material
agglomeration [15,23]. K and Na undergo the same release and trans-
formation processes [18,32,33]. However, since K is present in great
excess to Na in most biomass fuels, further discussion is focused on K. As
biomass fuel is introduced into a reacting system (e.g., boiler, gasifier), it
is heated and undergoes a staged decomposition process. As the fuel
particle temperature rises, devolatilization starts to occur. This step is
common to combustion and gasification processes. At the devolatiliza-
tion stage, <10% of K is released at temperatures below 700 °C. Since
the K release in the devolatilization step is quite small, most of the K
species remain trapped in the char fraction as char-bound K, as K salts
such as KCl, K»CO3, and K5SO4, and as K-silicates [34-38].

Further fuel decomposition differs for combustion and gasification.
In combustion, char is oxidized to CO5, while in gasification the char is
gasified to CO and Hj. In both processes, the high temperature release
occurs above 700 °C. For high alkali and chlorine content fuels the
release is dominated by evaporation of KCl to the gas phase. The amount
of KCI fraction in the char depends on the original fuel and on the
amount of Cl that remains in the char after the devolatilization step.
Several studies estimate that up to 75% of the fuel's Cl can be released at
lower temperatures in the devolatilization stage through formation of
HCI(g) [35,36,39]. Beyond KCl evaporation, further release of K occurs
through devolatilization of char-bound K and decomposition of potas-
sium salts, such as K;CO3 and K,SO4 [35,36,38,40,41]. Throughout the
fuel conversion process, gas-phase release of K is counteracted by
competing formation of K-silicates. At high temperatures K readily re-
acts with SiO2 and Al to form potassium silicate or aluminosilicate
species. Silicate species remain in condensed form at temperatures
below 1200 °C, but start to decompose releasing K to the gas phase at
higher temperatures [35].

2.3. Implications of alkali release & retention

Alkali species released to the gas-phase are known to cause fouling
and corrosion of heat exchange equipment in contact with the flue gases
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[15,17,18,23,42]. In biomass fluidized bed boilers used for steam pro-
duction, steam superheaters are operated at temperatures of approxi-
mately 400-600 °C, while typical combustion temperatures are
maintained in the range of 800-900 °C [15,17]. Deposition of gaseous
alkali species occurs as the flue gas begins to cool in the vicinity of the
heat exchangers. Alkali salts condense onto the surface of the heat
exchanger, forming a sticky coating. Further deposition occurs via
further condensation of gaseous alkali species or by impaction of fly ash
and other condensed species [15,17,23]. The deposits insulate the steam
tubes and impede heat transfer, leading to lower overall heat extraction,
and consequently lower boiler thermal efficiency.

Alkali species that remain in the bed material can also be problem-
atic for boiler or gasifier operation. Alkali silicate species that form by
reaction of alkalis with SiO, have a melting point of approximately
700 °C [15]. Since typical biomass-fueled furnaces operate at around
800-900 °C, alkali silicates form sticky melts. Once significant amounts
of these melts are formed, the bed material particles start to stick
together and form agglomerates. With continued operation, severe
agglomeration of the bed material leads to defluidization and shutdown
of the process units [15,17,23].

3. Material and methods

The experimental investigation presented herein is based on
impactor measurements of FR and AR flue gas alkali emissions collected
during CLC operation of a dual circulating fluidized bed (D-CFB) process
development unit (PDU) located at VTT Bioruukki piloting center in
Espoo, Finland. A schematic of this pilot system is presented in Fig. 2.

The D-CFB unit consists of two interconnected circulating fluidized
beds (CFB). Each CFB consists of a high velocity riser, a cyclone, and a
return leg that interconnects the CFBs. In CLC operation, one of the unit's
CFBs was used as the AR and was fluidized with air. The second CFB was
used as the FR and was fluidized with steam. Biomass fuel was fed from a
fuel hopper to the FR with a screw feeder. Fig. 2 points out the alkali
sampling locations used for the impactor and SID-based alkali mea-
surements. The impactor-based alkali emissions measurement campaign
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was conducted concurrently with a SID-based alkali emissions mea-
surement campaign. Detailed analysis of the SID-based alkali measure-
ments has been published by Gogolev et al. [22]. The impactor-based
alkali emissions results are presented and analyzed in the present
work. SID-based measurements that were collected concurrently with
the impactor sampling periods are included in the present work to
facilitate comparison of the two alkali measurement methodologies. A
detailed description of the pilot system and the SID-based alkali mea-
surement setup can be found in in Reference [22].

3.1. Test campaign, fuels and oxygen carriers

The test campaign included seven CLC tests that were performed
over three days of operation. On the first day of the campaign the pilot
was operated with ilmenite OC, and WP and WC fuels. On the second
and third days of the campaign the pilot was operated with braunite OC,
and WP, WC, and SP fuels. WP and SP fuels were used in the form of
crushed pellets. WC fuel was used in the form of coarse char particles. A
summary of the CLC tests is presented in Table 1.

Detailed information on the CLC campaign can found in Reference
[22]. Fuel properties and composition are presented in Table 2. OC
composition is presented in Table 3.

Table 1
CLC operation summary.
Operation CLC Oxygen Fuel  Fuel feed rate Test
day test carrier (g/s) duration
(hh:mm)
Day 1 1 Ilmenite WP 1.9 01:13
2% WP 2.5 00:39
3 wC 2.4 01:25
4 wWC 3.3 00:39
Day 2 5 braunite WP 3.7 02:51
6 wC 2.8 00:56
Day 3 7 SP 3.0 01:58

" Note: CLC operation with fuel fed into the FR and AR.
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v
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—
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Fig. 2. Schematic of the dual circulating fluidized bed chemical looping combustion pilot. Reprinted from Reference [22], with permission from Elsevier.
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Table 2

Fuel properties and composition.
Parameter Unit WP WwC SP
Moisture wt% a.r. 7.50 4.10 8.10
Ash wit% a.r. 0.460 14.0 5.51
Volatiles wt% a.r. 78.4 18.7 69.3
Fixed Carbon wt% a.r. 13.7 63.2 17.1
H wit% a.r. 5.64 2.21 5.24
C wt% a.r. 46.9 73.0 43.2
N wt% a.r. 0.160 0.960 0.580
(6] wt% a.r. 39.4 5.75 37.2
K mg/kg fuel a.r. 403 3115 13,732
Na mg/kg fuel a.r. 244 229 123
Cl mg/kg fuel a.r. 26.0 101 3320
S mg/kg fuel a.r. 93.0 288 1010
Si mg/kg fuel a.r. 88.0 378 9210
Ca mg/kg fuel a.r. 994 47,000 3360
LHV MJ/kg a.r. 17.3 26.1 15.8
Bulk Density kg/m® a.r. 476 368 332
Particle Size Range mm 2-6 3-8 2-6

Table 3
Oxygen carrier composition.

Element Unit Ilmenite Braunite
Ti wt% 27.36 0.020
P wt% 0.004 0.030
S wit% 0.026 0.13
Cr wt% 0.051 0.010
Fe wt% 35.89 11.0
Si wit% 0.76 2.50
\% wit% 0.11 <0.01
Ca wt% 0.15 3.50
Mg wt% 2.23 0.89
Al wit% 0.34 0.25
Mn wt% 0.23 55.0
K wit% 0.017 0.020
Na wit% 0.052 0.22
Zn wt% 0.012 0.010
Ni wt% 0.018 0.010
Cu wt% 0.007 0.040
Co wt% 0.012 0.020
Sr wt% 0.003 0.12
Zr wit% 0.017 0.020
Nb wt% 0.005 <0.0001
Pb wt% <0.0001 0.010
Cl wt% <0.01 0.030
O (remainder) wt% 32.7 26.2

3.2. Impactor-based alkali measurement system

Alkali emissions resulting from CLC operation were measured with
two independent measurement systems. The SID-based alkali measure-
ment system was used for online measurement of gaseous alkali emis-
sions. The overview off the SID-based measurement system, as well as
detailed SID measurement results are available in Reference [22]. In
parallel with the SID measurements, alkalis were also sampled with an
impactor-based alkali measurement system. A schematic of the
impactor-based alkali measurement system is presented in Fig. 3.

The impactor-based alkali measurement system samples the flue gas
via a specially designed probe. The probe was installed in the flue gas
chimney downstream of the FR cyclone in CLC tests 2, 3, 5, 6, and 7, and
switched to the flue gas chimney downstream of the AR cyclone in the
second part of CLC test 7. During sampling, the probe samples the gas at
full process temperature (750-850 °C). The probe is air-cooled and is
maintained at temperature of 180 °C. As the flue gas enters the probe, it
is cooled and diluted with nitrogen in a wall-flow diluter that is inte-
grated into the probe tip. The dilution nitrogen is supplied and
controlled by the Environics S-2000 gas blender. The dilution nitrogen is
doped with SF¢ gas that is used to confirm the probe's dilution ratio. The
diluted sample leaving the probe is split into two streams. One of the
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steams flows through a filter to remove solid particles, and then splits
into two flows. One flow follows to a Fourier transform infrared (FTIR)
gas analyzer (Gasmet DX-4000) via a pump unit, and the other to a COy/
CO/04 gas analyzer. The FTIR reports concentrations for various hy-
drocarbon species, as well as for HCI, SOz, SF¢, and water. The sample
lines from the probe to the FTIR and gas analyzers, as well as the filter,
are electrically heated and maintained at 180 °C.

The second stream after the sampling probe is drawn by a Dekati®
ejector diluter. This diluter creates the sample suction and facilitates
secondary dilution of the sample with more nitrogen. The sample flow
after the secondary dilution is split between an electrical low pressure
impactor (ELPI) and two parallel Dekati® low pressure impactors
(DLPI). The flow to the ELPI is routed via a PM10 cyclone and another
Dekati® ejector diluter. The cyclone rejects solids particles larger than
10 pm, while the ejector diluter facilitates tertiary dilution of the sample
before it enters the ELPI. The ELPI was used to measure the particle
count concentration and mass size distribution of the sample flow. The
flows to the two DLPI units are routed via PM10 cyclones. Each of the
parallel DLPI units contain 13 impactor stages corresponding to 13
particle size rages, arranged in decreasing order. Each of the stages
contains a greased polycarbonate foil that captures particles that are too
large to pass on to the next impactor stage.

For each measurement period, each of the two DLPI units is loaded
with new foils, with every foil carefully weighed before installation. The
system then samples the flue gas for a duration of 20-70 min, depending
on the test. After sampling is complete, the DLPI units are disassembled,
and the foils are carefully weighted to determine the amount of sample
trapped at each impactor stage to produce a particle mass size distri-
bution. The samples from the 13 impactor stages are then grouped into
four size ranges (<0.03, 0.03-0.16, 0.16-0.6, 0.6-2.4, 2.4-10 pm). The
material contained on the foils within each size range are then leached
and analyzed. Samples from one impactor were leached in water and
analyzed by inductively coupled plasma mass spectrometry (ICP-MS) for
cation concentration and with ion chromatography (IC) for anion
concentration.

Once the sample mass and elemental composition are established,
the concentration of each of the species identified in the analyses can be
calculated by dividing the mass by the volume of diluted sample flow
that passed through the DLPI units over the sampling period, and
multiplying the result by the overall dilution factor of the DLPI unit. The
sample volume can be determined from the sample time and flow rate of
the DLPI vacuum pump. The overall dilution ratio of the DLPI sample is
calculated as product of the primary and secondary dilution ratios. The
primary dilution ratio is calculated by dividing the CO; concentration of
the flue gas (reported by the main process analyzers — not shown in
Fig. 3) by the CO, concentration of the sample after the first dilution
stage (reported by the CO,/CO/O; analyzer, shown in Fig. 3). Addi-
tionally, the primary dilution ratio is also double checked with a balance
of SFe¢ gas concentration which is measured by the FTIR analyzer. The
secondary dilution ratio is fixed to a value of 2.8 x by the Dekati® ejector
diluter. Further to correction for dilution, the species concentrations
from the analysis of DLPI samples are also corrected to dry conditions,
using the moisture content measurement reported by the FTIR. For
particle count measurements, ELPI results are also corrected for dilution
and moisture. The only difference is that the ELPI sample is diluted in
three stages, instead of two. The first two dilution stages are the same as
for the DLPI unit, and the third stage of dilution is fixed at 11x by the
Dekati® ejector diluter at the inlet of the ELPI analyzer.

3.3. Thermodynamic modelling

In order to support the interpretation of the chemical analysis of
DLPI samples, global equilibrium of CLC fuel conversion was modelled
in FactSage 7.2 software. This thermodynamic modelling software is
based on Gibbs free energy minimization in a mass balance constrained
system. The model assumes ideal mixing and is not constrained by mass
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Fig. 3. Impactor-based alkali measurement system.

transport or chemical reaction kinetics. The lack of transport and
chemical kinetic limitations, and the assumption of perfect elemental
mixing are highly unlikely since biomass is a highly heterogeneous and
multi-phase fuel. However, thermodynamic predictions can still provide
valuable information on what type of alkali species are able to form
[43]. For each biomass fuel used in the experiments, two thermody-
namic models were created: 1) a model of fuel conversion without in-
fluence of the oxygen carrier, and 2) a model of fuel conversion in
equilibrium with the oxygen carrier. The databases and species were
included in the FactSage model are summarized in Table 4.

3.3.1. Model of fuel conversion without OC influence (Fuel+O2 Model)
Equilibrium products of fuel conversion were first considered
without the influence of the oxygen carrier. The elemental composition
of the fuel was input into FactSage along with nitrogen, steam, and
oxygen. The amounts of nitrogen and steam were based on the amount
of nitrogen and steam that were injected into the FR during the CLC
experiments. Oxygen was added to the model to simulate oxygen
sourced from an oxygen carrier. The amount of oxygen added in the
simulation was based on the proportion of stoichiometric oxygen that
reacted with the fuel during the CLC experiments. A well-established
parameter in the field of CLC research is the oxygen demand, Q¢p.
The oxygen demand is defined as the ratio of the oxygen required to fully
oxidize the flue gas of the fuel reactor to the stoichiometric oxygen

Table 4
Databases, species, and phases included in the FactSage models.

Database Species/phases included
FactPS Pure stoichiometric gas and solid phases
FToxid Slag A: liquid oxide melt
MeO: monoxide rock salt structure solution
FTSalt CSOB: [Li], Na, K//804,CO3(ss) low lithium content solid solution

KCOH: KCI-KOH(ss) high temperature solid binary solution
LCSO: lig—K, Ca//C03,504
SCSO: K, [Ca]//C0O3,504(ss) solid solution

required for complete fuel oxidation. Oxygen demand is calculated as:

0.5Xco.rriary) + 2Xcn, rriary) + 0.5XmH, Frar)

Qop|%] = 100*
D, (Xco, rr(ar) + Xco,rriar) + Xcmy rrim) )

(€8]

Here &, is the O5/C molar ratio [mol O, required for combustion/kg
fuel] / [mol C/kg fuel]. The proportion of stoichiometric oxygen that
reacted with the fuel, commonly referred to as gas conversion efficiency
Nlg.c., can then be calculated from the oxygen demand:

My [%) = 100% — Qop[%] )

Gas conversion efficiency of the conducted CLC experiments ranged
from 30 to 70%, meaning that 30 to 70% of the stoichiometric oxygen
reacted with the fuel. In order to simplify the comparison of modelling
results, all three biomass fuels were modelled with an addition of oxygen
that is equivalent to 50% of the stoichiometric oxygen amount. After
entering the fuel, Ny, steam, and O, data, the FactSage simulations were
carried out at 20 °C temperature steps in the range of 400- 1000 °C. From
the predicted species, species accounting for >1% of fuel K were plotted
vs. temperature. The resulting plots are presented and discussed in
Section 4.2.1.

3.3.2. Model of fuel conversion in equilibrium with the OC (Fuel+-OC
Model)

To simulate the effect of the OC on fuel conversion, a second
FactSage model was developed for each fuel-OC pair. First, the oxidation
of the OC was simulated at AR conditions (excess air, 800 °C). The
resulting composition of the oxidized OC was combined with the fuel
composition, along with nitrogen and steam. A simulation of OC reac-
tion with the fuel was then carried out at 800 °C (average FR temper-
ature). To show the effect of the OC, the model was run with a stepwise
increase of the OC to fuel mass ratio, Roc/r. From the calculated equi-
librium results, K species that account for >1% of fuel K were plotted vs.
Roc/r parameter. The ng ., calculated from the equilibrium concentra-
tions of CO, COy, Hy, and CH4, was also included in the plots. The
resulting plots are presented and discussed in Section 4.2.2.
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Lastly, the OC and fuel equilibrium model was also run to simulate
the conditions experienced during the five FR impactor sampling pe-
riods, DLPI 1 to DLPI 5. For these cases, the FR temperature, steam, and
nitrogen amounts are summarized in Table 5 (see Section 4.1). The
amount of OC in equilibrium with the fuel was iteratively determined,
matching a condition where the ng ., value calculated from the model's
equilibrium predictions matched the average experimental ng . value for
the individual impactor sampling periods. The model predictions for the
impactor sampling periods are presented and discussed in Section 4.2.3.

4. Results and discussion

The results of the study are summarized and discussed in the
following subsections.

4.1. Flue gas particle concentration and size distribution

A summary of the operating conditions and DLPI sampling results for
CLC operation with WP, WC, and SP fuels with ilmenite and braunite
oxygen carriers is presented in Table 5. The average gas conversion ef-
ficiency, ng.c., of the CLC operation within the span of each DLPI mea-
surement period is also included for reference in further discussion.

Results presented in Table 5 show that the particle mass concentra-
tions collected by the DLPI system were in the range of 260-1800 mg/
ngry. This is in line with values reported for fluidized bed combustion
of biomass [30,44]. However, it should be noted that the DLPI sampling
was not isokinetic. Thus, the reported values likely underreport true flue
gas particle concentrations. The particle mass concentration increases
for operation WP, SP, and WC, respectively. Thus, higher particle mass
concentrations occur for fuels of higher ash content. This behavior is
consistent with the particle mass concentration dependance on fuel ash
content in conventional biomass fluidized bed combustion [30]. In the
presented tests results, the effect of the oxygen carrier is unclear. For
operation with WP fuel, higher particle mass emissions are measured for
operation with ilmenite. The opposite is true for operation with WC fuel,
where particle mass emissions for operation with braunite are higher
than for operation with ilmenite OC. Particle mass size distributions for
all tests are presented in Fig. 4.

In Fig. 4, particle size distribution for WP fuel operation with
braunite (Fig. 4b) and WC fuel operation with ilmenite and braunite
(Fig. 4c and d) are dominated by coarse mode particles (particles >1
pm), suggesting that most of the fly ash is composed of non-volatile ash
species that originate from entrainment of smaller or fragmented ash
particles. For WP fuel operation with ilmenite (Fig. 4a), and SP fuel
operation with braunite (Fig. 4e and f) the particle size distribution
appears to be bimodal. The bimodal distribution shape is more typical
for fluidized bed biomass combustion where fine mode particles are
formed through condensation of volatile inorganic species and the
coarse mode particles originate mostly from elutriated ash formed from
non-volatile species [29,30]. The high proportion of fine mode partic-
ulate in Fig. 4e and f suggests that the alkali content of the fly ash in
operation with SP fuel can be quite high.

Table 5
DLPI results and key process parameters.
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4.2. Thermodynamic modelling results

In order to help in interpreting alkali speciation from analysis of the
DLPI sample leachate (discussed in Section 4.3), thermodynamic
modelling was used to establish what alkali species are likely to form in
the CLC process. Fuel conversion for the WP, WC, and SP fuels was
modelled in FactSage 7.2, as per the methodology described in Section
3.3. The following subsections discuss the results of thermodynamic
modelling.

4.2.1. Alkali release from fuel in absence of the OC

FactSage modelling results for fuel conversion at CLC conditions
without the influence of OC are shown in Figs. 5 to 7 for the three fuels
used in the experiments. In the model, each fuel is in equilibrium with
nitrogen, steam, and oxygen. Nitrogen and steam amounts are repre-
sentative of the experimental conditions in the pilot system. Pure oxygen
is used in this model as a surrogate for the oxygen supplied by the OC.
Since pure oxygen is used, this model represents a hypothetical case that
demonstrates alkali speciation tendencies without the presence of the
OC. Oxygen is provided at 50% of the stoichiometric amount, corre-
sponding to the approximate level of gas conversion achieved in the
pilot experiments. Table 6 provides a summary of the nitrogen, steam,
and oxygen amounts used for each of the fuels in the model.

The model results in Figs. 5 to 7 show thermodynamically stable K
species vs temperature. Since the K content of the three biomass fuels far
exceeds that of Na, modelling of K species was prioritized. The associ-
ations shown for K species are assumed to also apply to Na species, since
K and Na chemical behavior is known to be quite similar [18,32,33]. It is
important to emphasize that this model does not attempt to represent
the actual alkali release process that occurs during fuel conversion, but
rather indicates the likely stable alkali species that would form in perfect
equilibrium (perfect elemental mixing, no kinetic limitations). The
intent of these models is to determine the speciation of the gaseous alkali
species that can be expected in the flue gas of the fuel reactor.

Figs. 5 to 7 show that for all three fuels, gaseous K species become
thermodynamically stable at temperatures above 500 °C. Below 500 °C,
the predicted stable condensed-phase species are K-Ca-carbonates
(K2Cay(CO3)3 and KyCa(COs3)s), KoCO3, and KCl for all three fuels.
Additionally, KoSi2Os is predicted for the SP fuel. These predicted stable
species should not be confused with the actual species present in the
virgin fuel. K is known to be present in biomass in three main forms:
organically associated, salts, and excluded minerals. The organically
associated and salt forms are known to be releasable during thermal fuel
conversion [18]. Alkali salts can account for up to 90% of alkalis in
woody and herbaceous biomass [35,45,46]. The most common alkali
salts found in biomass are phosphates, carbonates, sulphates, chlorides,
and nitrates [28,47-49]. As such, KCl and KoCO3 predicted by thermo-
dynamic equilibrium make sense, and are likely forms of K to be con-
tained in the actual fuels. The K-Ca-carbonates, on the other hand, are
not known to be originally present in biomass fuels. These species are
rather products of secondary reactions that occur during the fuel
decomposition process. K-Ca-carbonates have been found in ashes of
gasified and combusted biomass fuels [32,43]. Thus, K that is included
in the predicted K-Ca-carbonates exists in a different form in the virgin

DLPI CLC Fuel OC Reactor Reactor Steam Addition Nitrogen Gas Conversion DLPI DLPI Particle Mass

Sample Test Sampled Bed Temp to FR (mol H,O/  Addition to FR Efficiency ng.c. Sampling Sample Conc. (mg/
(@) kg fuel) (mol Ny/kg fuel) (%) Time Mass (mg) ngry)

DLPI 1 2 WP Ilmenite ~ FR 800 209 34 49.1 00:30 2.42 437

DLPI 2 3 WC Ilmenite ~ FR 793 185 32 335 01:02 14.0 625

DLPI 3 5 WP Braunite FR 828 142 29 70.2 00:53 5.07 261

DLPI 4 6 WC Braunite ~ FR 816 150 30 57.6 00:40 28.6 1806

DLPI 5 7 SP Braunite  FR 817 109 28 64.4 00:20 3.03 837

DLPI 6 7 SP Braunite AR 857 109 28 63.3 00:20 2.30 381
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Fig. 4. Particle mass size distributions for a) wood pellets and ilmenite CLC - FR fly ash, b) wood char and ilmenite CLC - FR fly ash, ¢) wood pellets and braunite
CLC - FR fly ash, d) wood char and braunite CLC — FR fly ash, e) straw pellets and braunite CLC — FR fly ash, f) straw pellets and braunite CLC — AR fly ash.

fuel, most likely as one of the salts mentioned above. The K-silicates
predicted for SP fuel are also not a likely form for alkalis in the virgin
fuel. Most of the Si content in agricultural residues occurs due to fuel
contamination with SiOz during the harvesting process. This form is
known to be relatively unreactive in thermal fuel conversion [18]. For
straw fuels, such as the SP fuel used in this study, up to 25% percent of
the Si can be present in the organic matrix of straw fuels. This form of Si
is reactive and can form K-silicates [18]. However, K-silicate formation
is only relevant at higher temperatures. Below 700-800 °C alkali silicate
formation is known to be kinetically limited [36]. Thus, the K predicted
by the model to be associated as K-silicate below 700 °C, likely exists in
the organic fraction of the fuel, or as a salt.

In Figs. 5-7, gaseous alkalis begin to be thermodynamically stable at
temperatures above 500 °C. KCI(g) stability grows with temperature
above 500-600 °C. At the same time, KCl(s) stability decays. As
mentioned above, KCI(s) is a known form of alkalis in biomass fuels. In
fuel conversion, this form is known to be released to the gas phase
through sublimation of KCI(s) to KCI(g) at temperatures approaching
700 °C. The occurrence of KCI(g) in thermal biomass conversion has
been confirmed by direct gas-phase observations [26,50,51]. KCI sub-
limation is known to occur at pyrolysis, gasification, and combustion
conditions, and is thus relevant at reducing, oxidizing, and steam-rich
reducing conditions [35,36,40,52]. Thus, the model results in Figs. 5-7

seem to capture the extent and the temperature dependence of the KCl
sublimation process. Beyond 650-700 °C, KOH(g) is predicted to become
stable with increasing temperature. Increasing stability of KOH(g) with
temperature is mirrored by a decay in stability of K3CO3 and K-Ca-
Carbonates. Release of KOH(g) to the gas phase during biomass com-
bustion and gasification has been directly observed by molecular beam
mass spectrometry [50,51]. KOH(g) is thought to arise from a reaction of
K5CO3 with steam [35,52-54] or a reaction of steam with char-bound K
at temperatures above 700-800 °C [35]. Thus, the model results in
Figs. 5-7 seem to reflect the dependency of KOH(g) release vs. temper-
ature. One surprising result is that KOH(g) accounts for >90% of the fuel
K at temperatures above 900 °C for the WP and WC fuels. Furthermore,
no condensed K species are predicted above 900 °C for WP and WC fuel.
This prediction is not realistic since multiple investigations of alkali
release report that the total K release in combustion and gasification of
biomass is typically below 50% for temperatures of up to 1000 °C
[36,43,52,55]. However, close to full release of K has been reported for
Si-lean biomass at temperatures exceeding 1000 °C [35]. The full K
release predicted by the model is likely a result of the assumptions of
perfect elemental mixing and no kinetic limitations that is inherent in
the model. Full release of K to the gas phase has been reported in ther-
modynamic modelling performed by other researchers, but was shown
to be a result of the oversimplifying model assumptions [52,56]. It is also
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Fig. 5. Equilibrium K-species for reaction of wood pellets fuel with nitrogen, steam, and oxygen.
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Fig. 6. Equilibrium K-species for reaction of wood char fuel with nitrogen, steam, and oxygen.

possible that the FactSage is missing some of the thermodynamic data
for species that can retain K in condensed phases at temperature above
800 °C. For the SP fuel, which is a silica-rich fuel, the gas-phase release
of alkalis is predicted to be below 40% in the 800-1000 °C temperature
range. Gaseous release is predicted to be limited by capture of K in K20
slag and K3Si;Os condensed species. This prediction is qualitatively
consistent with experimental observations of K release in combustion of
straw [57,58]. Aside from KCl and KOH, the FactSage model predicts
that K(g) can be stable above 800 °C for WP and WC fuels. Release of K
(g) is known to be possible in strongly reducing conditions [18], such as
the conditions in CLC operation. For SP fuel, (KC)»(g) is predicted above
650 °C, but the stability of this specie decays beyond 750 °C with a clear

transition to KCI(g).

Another notable observation from the modelling results in Figs. 5-7,
is that K does not seem to be associated with sulfur (S) for any of the
fuels. K2SOy4 is a common form of K in virgin biomass as well as biomass
gasification and combustion ash [32,35,43]. In combustion and gasifi-
cation, K3SO4 can contribute to the gaseous K release through evapo-
ration which occurs above 1000 °C [35,36,51,56]. The FactSage model
used to generate the K species distribution in Figs. 5-7 predicts that S is
present primarily as HyS(g) at the CLC experimental conditions.
Adjusting the amount of oxygen in the model reveals that at the
experimental conditions experienced in the CLC pilot unit, K,SOj4 is not
predicted to be stable. Fig. 8 shows the modelled effect oxygen
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Fig. 7. Equilibrium K-species for reaction of straw pellets fuel with nitrogen, steam, and oxygen.

Table 6
Steam, nitrogen, and oxygen amounts used in the model.

Fuel Steam (mol/kg fuel) N, (mol/kg fuel) O, (mol/kg fuel)
WP 176 31 20

wC 201 35 32

SP 152 38 19

availability on the stability on alkali sulfates, KoSO4 and NaySO4. Oxy-
gen availability in Fig. 8 represents the ratio of the oxygen in equilib-
rium with the fuel to the stoichiometric amount of oxygen required for
full fuel conversion. S species concentrations are expressed in terms of
mol percentage of total S in the fuel. The oxygen availability range
experienced in the pilot experiments is indicated for each fuel. This
range was determined from the average ng . values of the experiments.

Fig. 8 shows that in the experimental operating range, close to 100%
of the fuel S is predicted to be stable as H,S(g). Alkali sulfates, K2SO4 and
NaySOy4, are predicted to be thermodynamically stable only above 85%
of stoichiometric oxygen availability for WP and SP fuels and in excess
oxygen conditions for the WC fuel. Fig. 8 indicates that the experimental
conditions of the CLC experiments in this study are too reducing for
alkali sulfate stability. This suggests that any KSO4 that may be present
in the virgin fuels would dissociate to form H,S, while K will be incor-
porated into a non-sulfate species.

In summary, thermodynamic modelling of fuel decomposition at CLC
conditions, but with exclusion of the effect of the oxygen carrier, sug-
gests the following key tendencies of gaseous alkali release behavior:

e The major gaseous alkali species are KCI(g), which is released at
temperatures above 500-600 °C, and KOH(g), which is released
above 650-750 °C

o At the experimental temperatures of 800 °C, KOH(g) release domi-
nates KCI(g) release in WP and WC fuels, while KCI(g) and (KCl)2(g)
release dominates for the SP fuel

e Minor release of K(g) may be possible at 800 °C for WP and WC fuels

e K5S04(g) is not expected to be present in the gaseous phase for any of
the fuels

4.2.2. Alkali release from fuel in equilibrium with the OC

The trends described in Section 4.2.1 represent an idealized case of
the fuel's natural tendency to form various K species upon high tem-
perature oxidation. In the actual CLC process, these trends are expected
to be influenced by interaction of fuel with the OC material. To identify
the effect of the OC, further modelling was done where the fuels were
modelled in equilibrium with the OC at 800 °C -the approximate oper-
ating temperature of the FR. Since the amount of OC that actually rea-
ches equilibrium with the fuel in the actual CLC system is not possible to
determine, the amount of OC was left as the independent free variable in
the FactSage simulation. The simulation was then run for various values
of Roc/r - the mass ratio of the OC that is in equilibrium with the fuel.
Since in CLC, the OC is responsible for providing the oxygen for fuel
conversion, increasing the Roc/r parameter increases the overall gas
conversion, ng.. The model was run up the point where ng . reached
90%. This represents the upper limit of the gas conversion that has been
reported for CLC operation with various biomass fuels [14,21,59-61].
The equilibrium distribution of K-containing species is shown in Figs. 9
and 10 for WP and WC fuels in equilibrium with ilmenite. In these fig-
ures, K-species are plotted against the Roc/r parameter. The values of gas
conversion, Ng.c, calculated from the equilibrium concentrations of CO,
CO9, CH4 and Hj as per Eq. 2, are also shown in the figure. It should be
noted that for Roc/r = 0, Ng.c. is above 20% due to equilibrium between
the fuel's own oxygen content with the rest of the fuel constituents. For
clarity, the condensed and gaseous species in Figs. 9 and 10 are shown
on different sub-plots. Also, the figures are truncated, showing data up to
the point where K speciation no longer changes with increasing Roc/r.
Beyond this point, the K speciation remains unchanged right up to the
practical operating limit of ng . of 90%.

Figs. 9 and 10 show that the gaseous K-species present in equilibrium
of fuel with ilmenite are KOH(g) and KCI(g). A minor amount of K(g) is
also predicted to be stable at low Roc,r values for WP fuel. As the Roc/r
value increases, the stability of the gaseous K species is affected. For WP
fuel, KOH(g) and K(g) stability decreases rapidly at higher Roc,r values.
KCl(g) stability also decreases, but at a much lower rate. The decrease in
gaseous alkali stability is accompanied with formation of condensed-
phase K species, such as a slag phases, K-silicates, and K-Al-silicates.
Figs. 9 and 10 include the values of gas conversion efficiency, ng.c, that
would result from full equilibrium for the fuel and OC. The value of ng..
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Wood char + N, + H,0 + llmenite OC at 800 °C
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Fig. 10. Equilibrium K-species for wood char fuel reaction with ilmenite OC.

increases with higher Roc/r, as more oxygen-carrying ilmenite is avail-
able for reaction. At Roc/r > 0.25, which corresponds to ng.c. > 24%,
KOH(g) and KClI(s) levels decay to trace amounts, and the majority of K
is predicted to be incorporated as KAISizOg(s). Thus, at the ng. levels
experienced in the conducted CLC experiments (see Table 5), only trace
amounts of KOH(g) and KCI(g) are predicted to be in the gas phase. The
case for WC fuel is similar, even though the decay of KOH(g) stability is
less drastic and is predicted to vary for Roc,r < 1. For WC fuel, for Roc/r

> 1.4, which corresponds to ng.c. > 24%, nearly all K is predicted to be
held as KAISi»Og(s), with minor amount of KOH(g) and KCI(g) in the gas
phase. Unfortunately, the condensed phases predicted by the model
cannot be verified as there is no comparative data on what alkali species
formed in CLC operation. However, the general trend presented by the
model makes sense. Since ilmenite contains Si and Al, higher ratio of
ilmenite in equilibrium with the fuels means more availability of Si and
Al to form KAISi»Og(s). The large proportion of K that is predicted to

Wood pellets + N, + H,0 + braunite OC at 800 °C
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Fig. 11. Equilibrium K-species for wood pellets fuel reaction with braunite OC.
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form silicates is consistent with the significant absorption of alkalis
confirmed from a SID-based mass balances performed during this
campaign [22], and previous CLC campaigns with ilmenite OC
[21,22,59].

The equilibrium distribution of K-containing species is shown for
WP, WC, and SP fuels in equilibrium with braunite OC in Figs. 11
through 13.

Figs. 11 through 13 show that FactSage modelling predicts that
braunite has a different effect than ilmenite on gaseous alkali species.
Unlike for ilmenite, increasing the amount of braunite in equilibrium for
each of the three biomass fuels does not seem to significantly affect the
stability of KCI(g) and (KC1)2(g). Thus, the model indicates that braunite
is not likely to affect KCl release to the gas-phase. For KOH(g) the case is
different. Increasing the amount of braunite in equilibrium with the fuel
reduces KOH(g) stability. This effect is quite significant for the WP fuel,
but mild for the WC and SP fuels. As in the ilmenite case, decrease in
KOH(g) stability is mirrored by the growth in stability of condensed-
phase K species. FactSage predicts K;O and KAIO, slag phases to
incorporate more K with increasing Roc,/r for WP and WC fuels. For the
SP fuel, incorporation of K into a condensed phase is predicted to be
dominated by formation of KAISiO4, followed by K20 and KAIO; slag
phases. As in the ilmenite case, due to lack of reference data on inter-
action of K with braunite OC at CLC conditions, the predicted phases
cannot be verified. For the g . values achieved in the CLC pilot exper-
iments, the model predicts that KOH(g) should be the dominant gaseous
K specie for WP and WC fuel tests, and KCI(g) should be dominant in the
SP fuel tests. It should be noted that in comparison to ilmenite, braunite
is predicted to exhibit lower capture of K, and thus should lead to an
overall higher release of gaseous K species. This is consistent with the
SID-based and impactor based measurements reported in Sections 4.3
and 4.4.

In summary, thermodynamic modelling shows that fuel conversion
with ilmenite should result in capture of most of the fuel K as K-silicates,
preventing significant release of KCl(g) and KOH(g) gas species. Fuel
conversion with braunite should result in capture of significant pro-
portion of the fuel K as K-silicates or in slag phases, but should not
significantly limit the gas-phase release of K as KCI(g) or (KCl)2(g).

Fuel Processing Technology 237 (2022) 107447

4.2.3. Alkali distribution prediction for impactor sampling periods

Prediction of the alkali species distribution was performed in
FactSage for impactor sampling periods DLPI 1 to DLPI 5. The operating
conditions during the impactor sampling periods are summarized in
Table 5. These parameters were used as input to the FactSage model for
each of the sampling cases. The prediction results are presented in
Figs. 14 and 15, for K and Na, respectively. A data table summarizing the
predicted amount of each K/Na species, expressed in mol K/Na per kg of
fuel, is included for each of the figures.

The model results in Fig. 14 show that for WP and WC fuel tests with
ilmenite OC, >99% of the fuel K is predicted to be retained in condensed
phases. Very little gaseous release is expected, with most of the gaseous
release occurring as KCI(s). The high retention percentage predicted by
the model is in reasonable agreement with >96% alkali retention
calculated from SID alkali measurements during the same experimental
campaign [22], and retention figures of >90% [21] and > 92% [62]
reported in previous CLC experiments with ilmenite OC. For operation
with braunite, retention of K in condensed phases is predicted to be
>80%, which is lower than the ilmenite case. Braunite's lower alkali
capture ability was also confirmed from estimates on alkali retention
calculated from SID alkali measurements, as well as solids sample ana-
lyses performed in the same experimental campaign [22]. With lower
capture of alkalis in condensed phases, gaseous K release is predicted to
be higher. Most gaseous K is predicted to be released as KOH(g), fol-
lowed by a lower share of KCI(g). For the SP fuel, gaseous release is
predicted to be approximately 27% of the fuel K, with retention of K in
condensed phases of >70%. Gaseous release for SP fuel is predicted to be
dominated by KCI(g), followed by (KCl)2(g), and trace amounts of KOH
(g) and K(g). The condensed species that capture K are predicted to be
different for ilmenite and braunite. For ilmenite, KAlSi»Og is predicted
to account for almost all of the retention. For braunite, K is predicted to
be retained in a slag phase for WP and WC fuels, and as KAISiO4 and a
slag phase for the SP fuel.

For Na, Fig. 15 shows a similar trend as for K, but for WP and WC
fuels the retention of Na by braunite is predicted to be significantly
higher than braunite's retention of K. The SP fuel case also seems
different, with gaseous release of Na predicted to be >80% of the fuel's
Na content. As for the case for K retention, ilmenite and braunite are
predicted to capture Na in different condensed-phase species. For

Wood Char + N, + H,0 + braunite OC at 800 °C
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Fig. 14. Predicted equilibrium K distribution for impactor test periods DLPI 1 - DLPI 5.

ilmenite, NaAlSiO4 is a dominant specie. For braunite, Na is predicted to
be captured entirely in a Na slag phase. This indicates that Na has a
lower affinity for silicate formation, when compared to K.

4.3. DLPI sample Leachate analysis

The alkali content of the collected ash samples was investigated by
leaching the DLPI samples in water and analyzing the leachate for cat-
ions with ICP-MS and for anions with IC. ICP-MS analysis included
detection of K, Na, Ca, Mg, Ti, Al, Si, Fe, Mn, and Zn. IC analysis included
detection of Cl and SO4. Fig. 16 presents the concentrations of K, Na, and

Zn cations, and Cl and SO4 anions for all of the DLPI samples. Zn is
included since ZnCl, is common volatile ash specie that takes up the Cl
anion, which is otherwise mostly associated with K and Na. Mg, Mn, Ti,
Al, Si, and Fe cations were excluded since thermodynamic modelling
showed that these cations do not form substantial amounts of alkali
species, or form alkali species which are not soluble in water. Inter-
pretation of the leachate composition results relied on assumptions of
element association that were established in thermodynamic modelling.
These assumptions were:

e If Cl is available, K and Na prefer association as KCl and NaCl
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Fig. 15. Predicted equilibrium Na distribution for impactor test periods DLPI 1 - DLPI 5.

e K and Na present in excess of Cl are associated as KOH and NaOH
e K and Na association with the SO4 anion is unlikely

The last assumption is based on the fact that thermodynamic
modelling presented in Section 4.2.1 showed that K and Na-sulphates
are not stable due to the highly reducing conditions experienced in
the CLC experiments (see discussion around Fig. 8).

Fig. 16a shows that no alkali species are detected for CLC of WP fuel
with ilmenite oxygen carrier. This is consistent with the modelling re-
sults in Fig. 14, where most of the alkalis are predicted to be retained as
alkali silicates. Minor amounts of Zn are detected in both fine and coarse
particles. In the coarse mode, Zn is found along with Cl, indicating ZnCl,
presence in the fly ash. For WP fuel operation with braunite OC, Fig. 16¢
shows that K is detected along with Cl in approximately equimolar
amounts in the smallest particle size fraction (<0.03 pm), suggesting KCl
presence. K and Na are detected along with Cl and SO4 in the 0.6-2.4 pm
fraction. As mentioned prior, association of K and Na with SO4 is deemed
to be unlikely on the basis of thermodynamic modelling results. Thus,
alkalis from the leaching tests are likely present as KCl and NaCl, as well
as KOH and NaOH for K and Na that is in stoichiometric excess to Cl.

For WC fuel, Fig. 16b and d show that K is found in the coarse
fraction in association with Cl for ilmenite and braunite cases. In both
cases, K is present in concentrations several times higher than Cl, sug-
gesting that higher proportion of K associated as KOH, than KCl. For WC
fuel with braunite OC, this qualitatively matches the model prediction
for the DLPI 4 case in Fig. 14. For WC fuel with ilmenite OC, modelling
results predict KCl dominance of KOH, while the opposite is suggested in
Fig. 16b. In comparing Fig. 16b and d, it should be noted that K con-
centration in the flue gas is over 5 times higher in operation with
braunite, when compared to ilmenite. This large difference is consistent
with the large difference in gas-phase alkali release predicted by the
model results in Fig. 14. This difference in gas-phase release in operation
with different oxygen carriers further confirms that ilmenite is capturing
K that is released to the gas phase during WC fuel conversion.

For operation of SP fuel with braunite OC, Fig. 16e and f show sig-
nificant levels of K and minor levels of Na in association with Cl. The
molar amounts of K and Na correspond to the measured molar amounts
of the Cl anion, suggesting that the majority of alkalis collected in the
impactor are KCl and NaCl. This is consistent with the modelling results
for the DLPI 5 case in Figs. 14 and 15, where most gas-phase alkalis are
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predicted to be dominated by KCI and NaCl. Unlike for WP and WC fuels,
for the SP fuel, K, Na, and ClI are almost fully present in the fine particle
mode. A surprising observation is that high alkali levels are present in
both the FR (Fig. 16e) and AR (Fig. 16f) samples. This, however, can be
explained by the relatively poor carbon capture performance of the CLC
reactor system. Typically, CLC pilots of a similar size to the one used in
the current study achieve carbon capture efficiencies of >97% [20,21].
For the D-FBC pilot used in this study, carbon capture efficiency was
approximately 80% for operation with SP fuel and braunite OC. This
means that approximately 20% of the fuel's total carbon was carried over
from the FR to the AR. Since biomass undergoes devolatilization in the
FR, carbon carryover from the AR to the FR almost certainly occurs as
char carryover. Given the SP fuel's total and fixed carbon content (43.2
wt% total carbon, 17.1 wt% fixed carbon), 20% carryover of the fuel's
total carbon content corresponds to a carryover of approximately half of
the fuel char from the FR to the AR. As mentioned in Section 2.2, char
that forms from fuel devolatilization can contain >90% of the fuel's
alkali content. As such, the high AR alkali emissions shown in Fig. 16f
can be explained by the high levels of char slip that occurred during
operation.

Impactor analysis results presented in Fig. 16 were recalculated to
alkali specie mass concentrations. The relative distributions of the
detected alkali species are summarized in Fig. 17. Fig. 17 data table
shows the alkali species mass concentrations as well as the weight
fraction of the total DLPI particle sample that the detected alkali species
constitute. In Fig. 17, the DLPI 1 case is now shown, as no alkalis were
detected in that sample.

Fig. 17 shows that for WP and WC fuel operation, alkali compounds
occur mostly in the coarse fraction. The alkalis also make up a very small
portion of the total particle sample mass, meaning that the vast majority
of the particles captured in the impactor consist of non-volatile ash
species. Both of these observations suggests that the alkali species un-
dergo heterogeneous nucleation, condensing on existing seed particles,
rather than forming particles though homogeneous nucleation. This
observation is in line with the findings of Jensen et al. [63]. In their
study, Jensen et al. showed that at high rates of seed particles, homog-
enous nucleation of alkali particles is suppressed, resulting in primarily a
monomodal particle size distribution. This indeed is the case in the WP
and WC tests where high concentrations of particles with low proportion
of alkali content results in the monomodal distributions seen in Figs. 4b,
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Fig. 16. Water leachate composition for a) wood pellets and ilmenite CLC — FR fly ash, b) wood char and ilmenite CLC - FR fly ash, c¢) wood pellets and braunite CLC
- FR fly ash, d) wood char and braunite CLC - FR fly ash, e) straw pellets and braunite CLC - FR fly ash, f) straw pellets and braunite CLC - AR fly ash.

¢, and d. Formation of alkali particles through homogeneous nucleation
is much more likely in the SP fuel case. In DLPI 5 and DLPI 6 cases, KCl is
the dominant alkali specie and occurs in the fine particle mode. KCI also
makes up most of the sample weight in the fine particle mode. This in-
dicates that the fine particles are mostly formed by homogeneous
nucleation of KCl. These fine KCl particles result in the fine particle
mode, whereas non-alkali ash species form the coarse particle mode of
the bimodal distributions seen in Fig. 4e and f.

4.4. Comparison of modelling and sampling results

In addition to determining the mass concentration and speciation of
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alkali species, the secondary aim of this work was to compare two
methodologies for measurement and evaluation of gas-phase alkali
emissions in CLC. As mentioned prior, surface ionization detector (SID)
measurements were also collected during the impactor sampling pe-
riods. A comparison of FactSage modelling predictions, the SID-based
alkali measurements, and the impactor-based alkali measurements are
presented in Fig. 18.

Fig. 18 shows that for operation with ilmenite, FactSage modelling
predictions lie between impactor and SID results. For operation with
braunite, model results are much higher than SID and impactor results.
Since solid fuel conversion is a complex process, the model's departure
from SID and impactor measurements is most likely a result of the
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Fig. 18. Comparison of model prediction vs. SID and impactor gas-phase alkali measurements for a) sampling periods DLPI 1 — DLPI 3 b) sampling periods DLPI 4 —

DLPI 6.

oversimplifying assumptions of perfect mixing and no kinetic limitations
that are implicit in FactSage modelling. Modelling results, however,
agree with the qualitative trends of higher emissions for higher alkali
content fuels, and higher emissions with braunite vs. ilmenite for WP
and WC operation.

In comparing SID and impactor results, Fig. 18a shows that for
samples DLPI 1 through DLPI 3, the SID reports a much higher level of
alkalis than the impactor measurements. The likely explanation for low
impactor concentrations is that the sampling times used in the experi-
ments were not long enough for the impactor to collect a sufficient
sample mass. Selection of short sampling times is a well-known issue for
impactor measurement of dilute streams, such as in sample periods DLPI
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1 through DLPI 3. Unfortunately, selection of appropriate impactor
sampling times is extremely difficult, as it is done prior to knowing the
flue gas conditions. Unlike the impactor system, the SID instrument has
been demonstrated to have very high sensitivity to alkalis in a wide
range of flue gas conditions [64-67]. As such, SID results for samples
DLPI 1 through DLPI 3 are likely more representative of the actual flue
gas alkali levels. The SID results show that emissions for WC fuel are
several times higher than for WP fuel. This is consistent with the fact that
WC fuel's alkali content is several times higher than that of WP fuel. This
is also consistent with the relative difference in the alkali levels pre-
dicted by the FactSage model. SID emissions for WP operation with
ilmenite are lower than for WP fuel operation with braunite OC. This is
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consistent with results discussed in Section 4.2.2 that show that FactS-
age modelling predicts that ilmenite has a stronger effect on limiting
gas-phase alkali emissions through forming stable condensed-phase al-
kali compounds.

Fig. 18b shows results for samples DLPI 4 through DLPI 6. In these
samples the flue gas alkali concentrations are higher, especially in
operation with SP fuel in samples DLPI 5 and DLPI 6. With higher alkali
concentrations, the impactor results become more accurate and are in
reasonable agreement with SID measurement results. The SID and
impactor results, as well as the modelling predictions, clearly indicate a
significant rise in alkali emission between WC operation in sample DLPI
4 and SP operation in sample DLPI 5. Surprisingly, the highest emissions
levels are reported for sample DLPI 6, where the AR flue gas is measured
for alkali content during FR operation with SP fuel. As discussed in
Section 4.3, the AR emissions are a result of significant carryover of char
from the FR to the AR.

In conclusion, in comparing SID and impactor alkali emissions
measurement methodologies, it is clear that neither method on its own is
sufficient for establishing a clear picture of alkali behavior in CLC. Each
methodology has its strengths and weaknesses. Impactor measurements
have the advantage of being able to quantify and identify alkali species.
However, impactor sampling was shown to be ineffective for collecting
alkali particles from flue gases of dilute alkali concentrations. Further-
more, interpretation of impactor sample leaching results relies on
thermodynamic modelling predictions for identifying what species K
and Na form with other elements found in the flue gas. Finally, impactor
sampling provides only average emissions figures and is not well suited
for reflecting alkali emissions changes that result from transient events.
The SID technique, on the other hand, is an online alkali emissions
measurement methodology. It has the advantage of being able to show
how changes in operating parameters affect alkali emissions. This
capability was demonstrated in earlier studies [21,22,62,68]. Another
advantage of the SID technique that it has a high sensitivity towards
alkalis [64,65,69]. The disadvantage of the SID technique is that the SID
cannot differentiate between different alkali species, and thus cannot be
used for speciation of alkali emissions. Lastly, it should be noted that the
FactSage thermodynamic model provides inadequate quantitative pre-
dictions, but provides valuable qualitative information on gaseous alkali
speciation and the potential effects of the oxygen carriers on alkali
release. Thus, FactSage modelling is a useful complementary method-
ology for SID and impactor alkali measurement techniques.

5. Conclusions

Chemical looping combustion of biomass fuels was carried out in a
60 kW dual circulating fluidized bed CLC pilot. Three biomass fuels (WP-
wood pellets, WC-wood char, SP-straw pellets) were tested with two
different oxygen carriers (ilmenite, braunite). An impactor-based mea-
surement system was used to sample the flue gas streams from the FR
(for all tests) and the AR (for the SP-braunite test). The impactor mea-
surements were used for determination of particle mass size distribu-
tions. The particles collected in the impactor system were leached in
water, and the leachate was analyzed to identify the alkali species pre-
sent in the sample. To aid in interpreting impactor results, FactSage 7.2
thermodynamic modelling software was used to predict stable alkali
species that occur in conversion of the biomass fuels at CLC process
conditions. Concurrently with the impactor measurements, alkali
emissions were also measured with a surface ionization detector (SID).

Thermodynamic modelling for fuel conversion with oxygen and
steam at 800 °C showed that for WP and WC fuels, equilibrium K species
are dominated by KOH(g), followed by lower concentrations of KCI(g).
For the SP fuel, which contains higher amounts of K, Cl, but also Si,
equilibrium K species are dominated by condensed-phase K species,
followed by gas-phase KCI(g), (KCD2(g), and KOH(g), in order of
decreasing dominance. Modelling of the effect of the oxygen carriers
showed that concentrations of KOH(g) and KCI(g) fall, while
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concentrations of condensed-phase K species rise with increased pro-
portion of ilmenite in equilibrium with the fuels. For braunite, this effect
was milder, and increased condensed-phase K stability was accompa-
nied with a decrease of KOH(g) only. Equilibrium KCI(g) concentrations
were unaffected by fuel equilibrium with the braunite OC.

Impactor measurements showed that particle mass concentration
correlated with the fuel's total ash content. The highest particle mass
concentration occurred in operation with WC fuel, followed by SP fuel,
and WP fuel, respectively. Particle size distribution analysis showed that
operation with WP and WC fuels were dominated by coarse particles
(>1 pm) that are known to be formed by refractory ash species, rather
than alkali species. The particle size distribution for operation with
straw was bimodal, with the distinct fine particle mode (<1 pm) formed
from nucleation of volatile ash species, such as alkalis.

Impactor sample leachate analysis showed that for operation with
ilmenite and WP fuel, no alkalis were detected. For WP operation with
braunite, the sample contained KCl, NaCl, KOH, and NaOH, in order of
decreasing concentration. For WC operation with ilmenite, the samples
contained KOH and KCl, in order of decreasing concentration. For SP
fuel operation, leachate analysis showed that almost all of the alkalis
detected occur as KCI. Analysis of the sample weight contribution and
the size fractions where most alkali species were found, concluded that
alkali species undergo heterogeneous nucleation in WP and WC fuel
operation, whereby gaseous alkali species condense onto existing re-
fractory flu ash particles. For SP fuel operation, alkali condensation was
determined to occur via homogeneous nucleation, forming submicron
alkali fly ash particles. In terms of gaseous alkali release quantity, the
impactor measurements and modelling predictions showed that higher
gaseous release occurs for SP, WC, and WP fuels, respectively. Impactor
measurements and modelling results also showed that a larger share of
the fuels' alkali content is released with braunite vs. ilmenite OC.

Flue gas alkali concentrations determined from the impactor samples
were compared to alkali concentrations measured by the SID-based al-
kali measurement system. For operation of WP and WC fuels with
ilmenite, and operation of WP fuel with braunite, the SID and impactor
results were vastly different. Of the two methods, the impactor results
were determined to be less quantitatively reliable due to insufficient
sampling durations at the low flue gas alkali concentrations. For oper-
ation of WC and SP fuel with braunite, where flue gas alkali concen-
trations are higher, the impactor measurements were in reasonable
agreement with the SID results. In comparison of the two alkali mea-
surement techniques, key advantages of each method were identified.
The SID is more sensitive than the impactor technique and can be used
for online alkali detection. The impactor method, on the other hand, can
be used to determine alkali speciation. The use of both techniques can
benefit from support provided by thermodynamic modelling.
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