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HIGHLIGHTS

. Air- and oxy-combustion tests were carried out using El Cerrejon coal and biomass (cereal co-product) in a 100 kW, pilot
combustor

. Co-firing tests were carried out using coal with biomass additions of 25 and 50% (w/w)

e Increasing the share of cereal co-product reduced SO, and increased HCI levels in the flue gas

. Sulphur levels were similar in deposits from oxy-firing 100% El Cerrejon and 100% cereal co-product due to K,SO, formation

e Chlorine was only found in the deposits generated from oxy-firing 100% cereal co-product

ABSTRACT

This paper presents the experimental results from co-firing blends of El Cerrejon (EC) coal and cereal co-product (CCP) using several ratios
(100/0; 75/25; 50/50; 0/100 (w/w)) under air- and oxy-firing conditions, in a retrofitted100 kW, pulverised fuel combustor. An on-line
high-resolution multi-component Fourier Transform Infra-red (FTIR) analyser was used to measure CO,, O,, H,O, CO, NO, NO,, N0,
NH3, SO,, HCI, HF and CH,4. A comprehensive evaluation of the major and minor species present in the flue gas was carried out to study the
effects of the addition of biomass, the firing mode (air/oxy) and the type of recycle (wet/dry) on the gaseous environment in the combustor.
It was found that similar CO, levels can be reached when using pure coal or pure biomass, on a dry basis. For the minor species, the increase
in the share of biomass had the effect of decreasing the SO, levels reached in the flue gas and increasing the HCI content. No significant
variation in the NOy levels was observed as a consequence of using high percentages of biomass. For ash deposit characterisation, two
probes were used for which surface temperatures were controlled at 650° and 750°C. Environmental scanning electron microscopy (ESEM)
with energy dispersive X-ray (EDX) analysis, supported by X-ray diffraction (XRD), were used to study the deposits. The ESEM/EDX and
XRD results showed similar sulphur levels in the deposits when varying the share of biomass even though EC coal contains 3.5 times more
sulphur than CCP. This is thought to be a consequence of the reaction of sulphur with the alkalis, especially potassium, present at higher
levels in the CCP, which produces higher levels of K,SO, in the combustion gas. Chlorine was only found in the deposits generated using
pure CCP under oxy-firing conditions. An evaluation of the different mineral species formed when varying the biomass share and the firing
mode was also performed. Results obtained comparing the mineral species in deposits when using 100% CCP, switching from air to oxy-
firing conditions, showed that in air-firing CCP deposits had higher levels of aluminium phosphate and arcanite (K,SO,). Also, under oxy-
firing conditions, 100% CCP-derived deposits had a higher level of potassium magnesium chloride compared 100% EC.
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1. Introduction

The production of energy represents the largest contribution to anthropogenic greenhouse gas emissions,
43 accounting for 83% of the total, followed by agriculture (8%), industrial processes (6%), and waste (3%) [1]. Figures
44 reported in 2013[1] by the International Energy Agency (IEA) showed that although coal represented 29% of the
45 primary energy supply, the use of coal was responsible for the highest fraction of the global CO, emissions (44%),
46 followed by oil (35%), and gas (20%); only 1% of the share of CO, emissions was due to the use of carbon-neutral
47 fuels, where nuclear, hydro, geothermal, solar, tide, wind, biofuels and waste are included. Coal is the highest
48 contributor to CO, emissions because of its high content of carbon per unit of energy released, and the fact that energy
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from carbon-neutral fuels accounted for only 18% of energy production in 2011. These figures together with the UK
target to reduce its carbon emissions by 80% from 1990 levels by 2050 [2], and the need for flexible power, mean that
carbon capture and storage (CCS) technologies and biofuels must play an important role to achieve the goals set by
2050 in UK.

The CCS option studied here is based on oxy-combustion. In this technology, the fuel is fired in an oxygen-
enriched environment with a reduced level of N, to generate a flue gas with high concentration of CO,. Part of the flue
gas is recirculated to the combustor to replace the air-derived N, missing in oxy-firing and control flame temperature.
The exhaust gas exiting the process needs a less energy intensive treatment, in comparison to other post-combustion
technologies, to reach the CO, purity needed to be storage ready. The compression and purification unit (CPU)
operates downstream of the typical gas treatment required in air-firing combustion (deNOx, deSOx and ESP), and
consists of the further purification of the CO, stream, during and after compression. The supercritical fluid phase
product stream from the CPU, typically has a CO, purity of 95% (v/v) or higher [3]. Despite the promise of oxy-
combustion with coal and biomass co-firing, improved understanding of the environment inside the oxy-combustor,
heat transfer, characteristics of the ash deposits or materials corrosion behaviour is still required through further study.

The use of biomass for co-combustion requires the evaluation of its composition and properties, as well as the
assessment of industrial and environmental implications of co-firing it with coal [4]. Vassilev et al. [4] highlighted the
importance of characterising biomass in terms of its: (i) chemical composition (i.e., major and minor substance as
well as trace elements); (ii) mineral composition, considering organic matter (e.g., cellulose, hemicellulose, lignin,
char, etc.), and inorganic matter; and (iii) other properties (i.e., volatile matter, fixed carbon, moisture, ash content,
ash-fusion and combustion temperatures, density, pH, calorific value, etc.). Unfortunately in many cases such
information is not available; however, it is known that:

—  Char reactivity is higher when using biomass in comparison with that of coal and biomass has a higher
volatile content. This allows ignition of the char to be achieved at lower temperatures, and so less power
is required for start-up of the combustion of the fuel. Namely, decreasing ignition temperatures have
been seen with increasing share of biomass in the fuel mix under oxy-firing conditions [5,6].

— Burnout. The degree of burnout might be expected to be enhanced for coal/biomass blends due to the
higher volatile content of the biomass; however, Arias et al. [5] suggested that this increase is almost
negligible. Other studies have shown that burnout when co-firing is improved by the use of biomass, and
have suggested this to be a consequence of two effects: (i) the higher volatile content and reactivity of
the biomass-derived char as mentioned above, and (ii) higher oxygen content in biomass, which
increases the char oxidation rate [7].

— Heat flux. A few studies have been carried out on the effect on the heat transfer due to the change in the
environment composition inside the reactor when oxy-firing coal and/or biomass [7,8]. Smart et al. [7]
suggested that even though peak radiative and convective heat fluxes similar to the air-firing case can be
obtained under oxy-firing conditions using coal or coal/biomass blends, they do not occur at the same
operating conditions (e.g., flue gas recycle ratio), or at the same location (i.e., distance from the burner),
because they are fuel dependent. The industrial implication of this can be that optimal operation cannot
be reached for retrofitted plants as the superheaters and reheaters would be characterised based on a coal-
based design; and that for new-build plants it may be necessary to redesign the superheaters and
reheaters.

Regarding the environmental challenges of using biomass as fuel for power generation, both positive and negative
aspects reported [4], highlighting that a complete biomass life cycle assessment is a very important tool, necessary to
conduct a proper evaluation of its use. Consequently, it is advised that the biofuels employed should be classifiedas to
whether they are sustainable or represent unsustainable management resources, to avoid serious environmental
problems [4].

One important characteristic of the ash generated under oxy-combustion conditions is the higher likelihood that
corrosion problems will appear in the boiler when fuels with medium and high content of S, Cl, and F are used,
because of the changed environment arising from flue gas recycle. This recycle leads to the accumulation of these
species inside the combustor. This, combined with greater sulphur oxides retention in fly ash when burning blends of
coal and biomass, due to higher alkali content in biomass [6,9—13], can cause an increased risk of corrosion as
reported by Syed et al. [9]. In their paper, it was concluded that more corrosion damage occurs under oxy-firing
conditions of coal and biomass blends in comparison to air-firing combustion. The propensity to form ash deposits, as
well as slagging and fouling issues related to the use of biomass in thermal applications have been addressed by
several authors [10-12]. Khodier and Simms [10] pointed out the influence of Na,SO, in the formation of a sticky,
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adhesive layer at the onset of deposit formation when co-firing with air. However, Chen et al. [12] noted in their paper
that there is a lack of literature on the behaviour of ash, mechanisms of slag layer formation and its interaction with
char particles, under oxy-combustion conditions.

In this work, experimental tests were performed co-firing a South American coal, El Cerrejon (EC), and a form of
processed biomass, cereal co-product (CCP), under oxy-firing conditions using a retrofitted 100kW,, pulverised coal
combustor facility at Cranfield University. Tests using air combustion were also carried out to establish the reference
case. A parametric study was performed with respect to the effect of fuel variability on composition of the combustion
gas and ash deposits, paying special attention to the fate of sulphur, a key component regarding corrosion. The
biomass composition, specifically its alkali and alkaline earths content, has been observed to be an important factor
with regard to sulphur retention in ash deposits or conveyed in the gaseous phase as alkali sulphate aerosols. The
higher potential for alkali species, K in particular [13], to react with SO; to form sulphates by nucleation when flue
gases are cooled down to around 1150K, was studied by Jiménez and Ballester [14]. These authors found that when
burning pure biomass or co-firing it with coke, K,SO, appeared to be the only major compound in the submicron
particles. Research focused on the use of biomass (pure or co-fired) to analyse the generation of alkali sulphates in
conventional combustion has been done, e.g., the aforementioned work [14], or the studies carried out by Valmari [15]
and Kassman et al. [16]. These studies were, for the most part, carried out by doping the biomass with S for the K (or
other alkalis present) to react with it instead of with the CI also present in the biomass, because KCI presents more
corrosion problems than K,SO,. Other authors have measured SOj; levels [17] or quantified the release of alkali
sulphates [18] when oxy-firing coal. Modelling work, using density functional theory calculations, has also been
carried out by Galloway et al. [13] with regard to SO; retention in fly ashes, specifically its tendency to form bonds to
certain species, such as Ca0O, MgO, Na,O or K,0, concluding that the higher binding strengths are associated to
potassium. Nonetheless, little work has been published on experimental studies of alkali sulphate levels combining
both options: co-firing coal and biomass under oxy-firing conditions, which is one of the main purposes of the study
reported here.

2. Experimental procedure

2.1 Pilot-scale combustion test facility

The experiments were conducted in the 100 kW, pilot-scale pulverised fuel combustion facility at Cranfield
University. A schematic diagram of this facility configured for oxy-combustion is shown in Fig. 1.
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Fig. 1. Schematic diagram of the pilot-scale (100 kWy,) pulverised fuel oxy-combustion facility at Cranfield University.

The pulverised fuel was fed to the oxy-combustor at a constant rate using a fuel feeder provided by a metering
screw, a vibratory tray and a venturi eductor. Additionally, the feeder has three purge points where CO, is injected to
keep a positive pressure inside the pulverised fuel feeding system so as to avoid air ingress. Once the pulverised fuel
reaches the venturi eductor, it is entrained and conveyed to the burner by a stream of pure CO, gas coming from CO,
cylinders. Prior to this stream being fed to the burner, the primary O,, coming from O, cylinders, was injected into the
stream, when using this option (primary O,) for a particular test. A secondary oxygen stream was used for all the oxy-
firing tests, and was injected into the flue gas recycle path 1.5 m before its entrance to the oxy-combustor, as can be
seen in Fig. 1.

The combustor was equipped with a down-fired burner, provided with a pilot flame port and a flame detector. The
pulverised fuel was combusted in the vertical combustion chamber (3.7 m height) which has a square cross-section
with sides of 650 mm surrounded by thermal insulation (175 mm thickness). The vertical combustion chamber has
four view ports and ports where sensors are used to measure wall temperatures (three R type and three K type
thermocouples). Three of the sampling ports, located at the bottom part of the vertical section, are used to locate
‘radiant’ deposition probes. To collect the deposits, it was necessary to allow the chamber to cool down for 18 to 24 h.
Then the ash deposited on the probes was sampled and analysed using ESEM/EDX and XRD techniques (see next
subsection 2.2.1 for further description of ash deposit analysis). An on-line high-resolution multi-component Fourier
Transform Infra-red (FTIR) analyser was used to measure CO,, O,, H,0, CO, NO, NO,, N,O, NHj3, SO,, HCI, HF and
CHy (see previous work in this facility [19] for a more detailed description of this method). Special calibration spectra
for 28 gas species were produced and loaded onto the FTIR sensor to measure gas emissions generated under oxy-
combustion conditions, as a consequence of the different ranges for concentrations expected, especially for water
vapour and CO,, for which upper detection levels needed to be upgraded. The primary sampling point for the FTIR
analyser was located in the vertical section of the combustor, in a port above the ones used for the ash deposit probes.
A secondary FTIR sampling point was positioned after the condenser, to be able to quantify the efficiency of the
condenser in removing water and soluble species.

Part of the exhaust gas was recirculated to the combustion chamber, through the recycle (RC) fan, and the
remainder was sent to the stack, through the induced draft (ID) fan. The lines that convey the recycled flue gas are
thermally insulated and have a trace heating system to avoid the temperature dropping below the acid dew point of the
flue gas. Secondary O, was injected into this stream prior to feeding it to the oxy-combustor. A secondary analyser, an
ADC MGA 3000 Multi Gas Analyser which measures CO,, CO, O, and SO,, sampled the gas just before its entrance
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into the burner to monitor that the percentage of oxygen was in the range specified (27-35% v/v) for the oxy-firing
tests.

2.2 Ash sampling and analysis techniques

2.2.1  Deposit probes

Deposit samples from the early stages of ash deposition were collected using ceramic sections mounted on
metallic air-cooled probes, which were located in the lower part of the vertical section of the combustor radiant zone.
These probes were placed perpendicularly to the direction of the flue gas flow. For all the tests, the nominal average
surface temperatures of the probes were maintained at 650 and 750°C, respectively, to simulate the surface
temperatures reached at the superheaters/reheaters, by using cooling compressed air supplied to the internal body of
the probe.

Fig. 2. Deposition probe

The compositions of the sampled deposits were analysed using two different techniques: environmental scanning
electron microscopy (ESEM) with energy dispersive X-ray (EDX), and X-ray diffraction (XRD). The ESEM/EDX
analysis provides information about the elements present on the surface of the sample, while XRD analysis is
particularly recommended for crystalline samples, providing information about existing chemical compounds, but is
less effective for amorphous materials. Most of the deposit structure is amorphous, so the main technique to evaluate
the deposit composition was the ESEM/EDX. However, while most of the deposit material would be expected to be
amorphous, the XRD technique was useful in characterising the crystalline compounds present in the deposits.

2.2.2 Flyash

As part of the studies carried out for this work, the amounts of unburnt carbon present in the fly ash samples
collected from the oxy-combustion process were evaluated. Fly ash was collected from two locations: the horizontal
section of the combustor and the cyclone. For the evaluation of unburnt carbon in ash, the loss on ignition (LOI)
method can be applied [20]; although some studies [21] have suggested that the results for remaining char content
using the LOI technique should be analysed with caution when evaluating fly ash enriched in calcium at temperatures
above 500°C, and that the use of additional techniques is advised for such cases. For the LOI method, the LOI at
550°C (LOI550) is related to the organic carbon content of the sample, and the LOI at 950°C is associated with the
inorganic carbon content according to Santisteban et al. [20]. Other studies [22,23] have demonstrated that the LOI
method overestimates the unburnt carbon for coal and biomass ash, respectively, when there are volatile compounds
,organic or inorganic, that can contribute to the weight loss measured during the analysis, but which are not related to
residual carbon present in the sample. In the study carried out by Fan and Brown [22], where coal was used, the
authors reported an overestimation around 20%. Zhao et al. [23] studied the characteristics of ash generated from
burning biomass, stating that the positive bias given by LOI550 is due to the effect of release of VOCs in the ash, and
also, because at the ashing temperature, a small amount of carbonates may decompose, contributing to the weight loss.
The presence of carbonates in the fly ash generated under oxy-firing conditions has been suggested by Wigley [24] to
be a consequence of the inhibited decomposition of carbonates, present as minerals in the original fuel, at the high
partial pressures of CO, in the oxy-combustion environment. Zhao et al. [23] suggested measuring the carbon in ash
by thermogravimetric analysis (TGA). In addition to these techniques, which belong to the ashing procedures, there is
a wide range of methods that can be applied to study the organic and inorganic matter present in fly ash, according to
Vassilev et al. [21]. These procedures can be classified into: (i) ashing procedures (i.e., high and low-temperature
ashing); (ii) physical separation (e.g., by density, by size, magnetically, electrostatically, etc.); (iii) chemical leaching
(i.e., dissolution of organic/inorganic matter, sequential leaching); (iv) sequential physical and chemical separations.
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The selection of the method(s) to evaluate the organic and inorganic matter of the fly ash will depend on several
factors, such as: accuracy required of the analyses results, resources available (i.e., accessibility to equipment or
qualified personnel, time availability), etc.

The technique used here to measure the carbon content of the fly ash for this work was a modification of TGA
using consecutive inert and oxidising atmospheres and based on the literature this seems to be an adequate method
[22,23]. In the variation used for the present work, the sample’s weight is not measured during the process, but rather
at the beginning, after passing one hour in an inert-atmosphere (N,) furnace at 750°C, and after passing one hour in an
oxidizing-atmosphere (air) furnace at 750°C. In the first stage, the sample is heated in an inert atmosphere (N,),
liberating the volatile matter. Then, the ash is exposed to an oxidising atmosphere, to cause the unburnt char carbon to
react. The weight of the sample is recorded during the entire TGA experiment, producing a curve similar to the one
shown in Fig. 3, where UC denotes unburnt carbon, and TL denotes total loss.
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Fig. 3. TGA weight loss curve of a typical fly ash sample. Image taken from Fan and Brown [22]

2.3 Fuels

The fuels used for this study, EC and CCP, were supplied by E.ON New Build and Technology Ltd. (Power
Technology Centre, Ratcliffe-on-Soar, Nottingham, UK) to the OxyCAP-UK consortium, funded by UK
Engineering and Physical Sciences Research Council (EPSRC) where all the academic partners, Cranfield
University amongst them, were studying the same fuels in order to generate comparable results. Both fuels were
supplied in a pulverised form. The CCP used for this work is a blend of agricultural sub-products, produced from
wheat, and straw briquettes. To avoid problems related to blockages in the eductor in the fuel feeding system,
biomass was sieved before each test using a 2 mm mesh size, which gave an average particle size of 0.5 mm.
Constant pulverised fuel flowrates of 13.5, 15, 16.7 and 22 kg/h were supplied to the oxy-combustor with CCP
additions of 0, 25, 50, and 100% (w/w), respectively.

Table 1 shows the proximate, ultimate and ash analyses of the fuels used for this study. The higher content of
moisture and volatile matter of the CCP, as well as the higher levels of oxygen, hydrogen, nitrogen and chlorine in
comparison to the levels presented for EC can be seen. By contrast, EC coal presents a higher level of ash in its
proximate analysis and considerably higher calorific value than CCP. Also noteworthy are the high levels of K,O

and P,0Os in the CCP ash analysis.



232 Table 1. Proximate, ultimate, mineral and ash analyses of the fuels.

El Cerrejon coal Cereal co-product
Proximate analysis (% (w/w) as received)
Moisture 5.80 8.10
Volatile matter 34.80 70.80
Ash 8.60 4.20
Calorific value, (MJ/kg)
Gross calorific value 27.85 17.61
Net calorific value 27.12 16.34
Ultimate analysis (% (w/w) as received)
Carbon 69.2 43.30
Hydrogen 4.40 5.80
Nitrogen 1.42 2.70
Chlorine 0.02 0.17
Sulphur 0.58 0.16
Oxygen 9.98 35.57
Mineral analysis (% (wt))
Kaolinite Al1,Si,0,o(OH)g 16.80 -
Ilite KAl,(OH),(AlSi;0,() 9.40 -
Pyrite FeS, 12.90 -
Quartz SiO, 54.20 -
Coquimbite Fe™,(SO,);-9H,0 3.50 -
Bassanite CaSO,-0.5H,0 3.20 -
Ash analysis (% (w/w))
Sio, 60.69 44.36
Al,O4 22.01 2.79
Fe,04 7.43 2.47
TiO, 0.92 0.12
CaO 2.27 7.78
MgO 2.90 3.96
Na,O 1.06 0.36
K,0 2.32 24.72
Mn;0, 0.06 0.10
P,0O; 0.21 12.04
SO; - -
BaO 0.11 0.05

233 The size distribution of the fuels used is presented in Table 2.

234 Table 2. Size distribution of fuels (wt% in size class)
Size (um) El Cerrejon coal (EC) Cereal co-product (CCP)
10 - 0.06
30 0.40 6.38
50 1.23 9.48
70 5.04 9.94
90 6.12 14.63
110 6.52 -

130 7.15 29.40
150 4.73 30.11
170 15.99 -
190 0.24 -
210 12.97 -

230 39.61 -
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3. Results and discussion
3.1 Gaseous environments

3.1.1 Effect of co-firing on gaseous environment

The mean values for the gaseous species for various fuel compositions (blends of EC with 0, 25, 50 and 100%
(w/w) of CCP) are presented in Fig. 4 for the major species and in Fig. 5 for minor species, under air and oxy-firing
conditions. The cases using coal are shown in the sub-figures denoted a), while the co-firing cases are denoted with b).
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Fig. 4 Gaseous environments - major species; a) coal only, b) coal-CCP co-firing

[EC: El Cerrejon coal; CCP: Cereal co-product; B1: Blend EC50/CCP50; B2: Blend EC75/CCP25; A-F: Air-firing; O-F: Oxy-
firing; db: dry basis; wb: wet basis]
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Fig. 5 Gaseous environments - minor species: a) coal only, b) coal-CCP co-firing

[EC: El Cerrejon coal; CCP: Cereal co-product; B1: Blend EC50/CCP50; B2: Blend EC75/CCP25; A-F: Air-firing; O-F: Oxy-
firing; db: dry basis; wb: wet basis]

The gas composition measured for the major species shows that the maximum CO, level reached, on a wet basis,
occurs in the case of 100% coal [EC.O.(c)], as expected given the fuel analyses. Interestingly, similar values for the
CO, levels on a dry basis were achieved when using both parent fuels, in tests [EC.O.(c)] and [CCP.O]. For the H,O
content, the high levels obtained are due to the fact that the condenser could not remove all the steam present in the
flue gas prior to recycling. The efficiency of the condenser can be defined as the ratio (molar- or mass-basis) between
the amount of the condensable species ‘i’ that condenses and is removed from the flue gas, after having been cooled
down, and the amount of i that entered the condenser. The condenser efficiencies observed for water vapour during
the experiments were: 33% for 100% El Cerrejon coal, 57% for blend B1 (EC50/CCP50), 53.5% for blend B2
(EC75/CCP25), and 86% for pure cereal co-product. The average value for water vapour in the flue gas measured
inside the combustion chamber was in the range of 20-25% (v/v), being the maximum for the case when using 100%
CCP. The excess O, was between 3.5 and 6.5 % (v/v), in most cases. To help the discussion on the gas environments,
Fig. 6 presents the evolution of the major and minor species for selected tests. For the minor species, the CO levels
were usually under 100 ppm, but fluctuations occurred at the beginning of some of the tests, before reaching stable
operation, which increased such mean values noticeably. This can be seen in Fig. 6 (d) and Fig. 6 (f) where CO peaks
occurred within the first 40 minutes of operation, when the transient regime occurred. With regard to the NOx
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concentrations, the general trend shows that there are no significant changes related to the variation of the fuel; for the
oxy-firing tests, NOx levels were in the range of 550-750 ppmv. The high NO, concentration, reached in the case
using pure coal [EC.O.(c)], may be explained by the NO, thermal generation being promoted due to the high
temperatures reached in that test. To explain the high NO, reached in the case using 50% EC-50% CCP blend
[B1.0.(b)] in which there was an excess of oxygen around 6% (v/v), previous work by other authors [25,26] should be
considered. These previous studies reported that increasing the excess of oxygen supplied to the burner led to an
enhancement of NO production from the fuel-N, which seems to be the situation for this test: high levels of O, and
50% (w/w) of the share of CCP, which has more nitrogen in its composition than EC. The data reported for SO, levels
agree with expectations when considering the fuel analyses: higher range (680-820 ppmv) in the tests using 100%
coal, medium range (440-650 ppmv) for those tests using coal-biomass blends, and the lowest concentration (around
100 ppmv) for the case using only biomass. Likewise, the levels measured inside the combustor for HCI also follow
the trend set by the ultimate analysis of the fuels: increasing with the share of biomass.
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Fig. 6 Gas composition for selected tests: (a) Major species oxy-firing 100% EC; (b) Minor species oxy-firing 100% EC; (c) Major
species oxy-firing 100% CCP; (d) Minor species oxy-firing 100% CCP; (e) Major species air-firing 100% CCP; (f) Minor species
air-firing 100% CCP

3.1.2 Effect of oxy-firing mode on exhaust gas

From the values reported in Fig. 5 and Fig. 6, the average gas composition obtained under air- and oxy-firing
conditions can be compared. For the main species (CO,, H,O) — see Fig. 6 (c) and Fig. 6 (¢) — and some minor species
(SO,, HCI) — see Fig. 6 (d) and Fig. 6 (f) — the effect of recycling flue gas is noticeable, causing the levels to increase
to two to three times their values in comparison to the air-firing case using the same fuel; this is a consequence of the
accumulation inside the process of the species that are not completely removed prior to the recirculation of the flue
gas to the oxy-combustor. However, the NO, levels remain similar for most cases; this means an actual decrease of
NO, emissions per unit of energy produced [27]. This observation is in agreement with results reported by Toftegaard
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et al. [6] where NO, emissions were stated to be significantly reduced under oxy-firing conditions due to the near
elimination of thermal NO formation and to re-burning of NO, passed through the burners with the recycled flue gas.
Note that the higher concentrations of SO, levels inside the oxy-combustor, previously reported in subsection 3.1.1,
are not normalised per unit of energy released from the fuel; considering this normalisation the results also follow the
decreasing trends when using oxy-combustion mode in comparison to air-firing. This remark is consistent with what
has been reported in other studies looking at the impact of the firing mode, air vs. oxy, on the SO, emissions. This
effect has been described as being small [6], or showing a decrease in the conversion from fuel-S to SO, [17,28] under
oxy-firing conditions levels, which was explained by Fleig et al.[28] to be a consequence of the higher SO,
concentrations which favour the formation of sulfates.

3.1.3 Effect of recycle type: wet vs. dry

As expected, all species increased in concentration except steam/water, as a consequence of changing the type of
recycle (from wet to dry). This effect can be seen in Fig. 6 (a) and Fig. 6 (b), towards minute 60, when the change in
the type of recycle was done during one of the oxy-firing tests. Fig. 6 (a) shows that there is an increase in CO, levels
and a decrease in H,0O of around 5-8% (v/v), with a less noticeable rise (around 3% higher) in oxygen concentration.
For the minor species, the effect of varying the type of recycle can be seen in Fig. 6 (b), particularly visible for the
NO, concentration. The equivalent effect for SO, is less pronounced, presumably due to some SO, being extracted
with water in the condenser, leaving less in the recycled flue gas.

3.2 Ash behaviour

3.2.1 Fly ash characterisation

The fly ash was collected from two different locations: the horizontal section of the combustor (A) and the cyclone
(B). The aim of analysing these samples was to evaluate the unburnt carbon present in the ash settled during the tests,
to get a better understanding of whether the fuel used (coal/biomass/blends) or the firing mode (air/oxy-firing) had a
noticeable effect on the carbon burnout of the fly ash generated. Fig. 7 shows the crucibles containing the ashes
evaluated, before and after the unburnt carbon-in-ash tests. An empty crucible was used in all the tests, to identify any
systematic changes in measurements resulting from variations in the tests’ environmental conditions, giving changes
in readings which were not due to the mass loss of the sample during the combustion process but were due to
differences from one day to another in environmental humidity, ambient pressure, etc.

Before
(A1)

After
(C2) (D2)

Fig. 7. Samples for unburnt carbon in ash from oxy-firing experiments before (1) and after (2) the burnout tests: (A) 100% EC; (B)
75% EC-25% CCP; (C) 50% EC-50% CCP; (D) 100% CCP

The results obtained after performing the unburnt carbon-in-ash analyses using the technique already explained in
the experimental procedure (see subsection 2.2.2) are presented in Table 3.
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Table 3. Unburnt carbon-in-ash results (%). Location A: Horizontal chamber; B: Cyclone

[EC: El Cerrejon coal; CCP: Cereal co-product; B1: Blend EC50/CCP50; B2: Blend EC75/CCP25; A-F: Air-firing; O-F: Oxy-
firing]

Sampling EC.A B1.A CCP.A ECO.(b) ECO.(c) BlO.(a BlLO.(b) B2.O0 CCPO
point

A 314 - - - 435 - - 30.5 -
B 383 332 30.0 9.4 7.4 11.4 16.2 8.9 8.3

The unburnt carbon in the ash from the horizontal section of the combustor (denoted with A) is quite high in all
cases, possibly due to incompletely burned fuel particles separating from the main gas flow. High levels are also
found for the cyclone ash samples in all air firing cases. . However, there was significantly less unburnt carbon
cyclone ash in the oxy-firing cases compared to air-firing, suggesting that combustion is continuing along the gas path
between A and B under oxy-firing conditions, as a consequence of the higher temperatures and O, concentration for
the oxy-firing tests. A further possible reason for the overall high levels in unburnt carbon observed in the fly ashes
could relate to the particle size distributions of the fuels, with an excessive fraction of large particles, in which EC was
supplied, as can be seen in Table 2.

3.2.2 Deposit characterisation

The ash deposits formed after approximately 3h of steady operation are presented in Fig. 8. It can be seen that the
amounts of deposit generated for the cases when using pure biomass are noticeably higher than for the cases using
pure coal or coal/biomass blends. Another observation is that changing the firing mode does not seem to have as great
an effect on deposit build-up as varying the fuel blend. This fact has been previously observed by other authors [19]
and identified as a consequence of the higher alkali content of biomass fuels, such as CCP, resulting in stickier
particles, leading to softer, lower-density deposits, thus raising the rate of deposit build-up. The high content of alkalis
detected in deposits from 100% CCP cases, particularly potassium, will be discussed in the subsection dedicated to
ESEM analyses (see 3.2.2.1).

Fig. 8. Images of ash deposits formed on the probes: (a) Air- firing 100% EC; (b) Air-firing 50% EC-50% CCP; (c) Air-firing 100 %
CCP; (d) Oxy- firing 100% EC; (e) Oxy-firing 50% EC-50% CCP; (f) Oxy-firing 100% CCP

It was also noted that the unburnt carbon contents of the deposit samples taken from the deposition probes showed
100% burn-out for all the cases: air and oxy-firing.

3.2.2.1 ESEM/EDX analyses

Fig. 9 presents the micrographs (at the same magnification) generated for different deposit samples during the
ESEM/EDX analyses. These images show the differences in particle sizes found between the ash deposits when
varying the fuel blend and when changing the type of firing mode from air to oxy-firing. The most perceptible effect
is the increasing deposit particle size with increasing levels of CCP, for both air-firing and oxy-firing. The more
fibrous appearance for the cases with higher shares of biomass can also be observed, reflecting the biomass cellulose
structure. These fibres are mostly rich in Si, but sometimes appear together with K or Ca. The rounded/spherical
particles with surface pores shown in the images are the result of ash melting and expansion of gas evolution from the
residual carbon-rich material. These are greater for the higher share of CCP as a consequence of the lower ash fusion
temperatures comprising high contents of Si and K, along with P or S levels in some particles. In all cases it should be
expected that these particles contain largely amorphous material from the partial decomposition of the minerals in the
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fuels and from vapour phase species, as few crystalline particles can be seen, consistent with fly ashes and ash
deposits from other combustion processes.

Fig. 9. ESEM images: (a) Air- firing 100% EC; (b) Air-firing 50% EC-50% CCP; (c) Air-firing 100% CCP; (d) Oxy- firing 100 %
EC; (e) Oxy-firing 50% EC-50% CCP; (f) Oxy-firing 100% CCP

Results from the ESEM/EDX analyses of the deposits are shown in Fig. 10. The reference considered to evaluate
these results is the mineral and the ash analyses of the parent fuels presented in Table 1. The ESEM/EDX results for
the deposits sampled at high temperature (~750°C) are presented in Fig. 10(a). The majority of the elements detected
follow the trends shown in the fuel ash analyses, with a tendency for Na, Al, Ti and Fe to increase with the share of
EC in the fuel blend. On the other hand, the contents of Mg, P, K, Ca and Cl increase with the share of biomass used.
For the particular case of P, this trend is less marked than might have been expected from the ash analyses of the
parent fuels, but this is consistent with experience of phosphates condensing to form adherent deposits on lower-
temperature surfaces (e.g., economisers) further along the flue gas path. It is interesting to note the low K contents
obtained for the tests using 100% EC, consistent with the fact that, generally, in coals, this element is mostly present
in clay minerals (e.g. illite), restricting its release as vapour-phase K species (higher temperatures are required to
release K from illite). This is contrary to what happens in the case of biomass where the K is not bound in clay
minerals, but is rather in an organic form from which it is easily released. The two elements that do not show clear
patterns are Si and S. The Si contents are similar for all the cases reported, even though it should be higher for those
cases with greater share of EC on a law of mixtures basis. The tests with maximum Si levels are those using the coal-
biomass blend 50% EC-50% CCP, and 100% CCP. An interesting ratio to examine is that between aluminium and
silicon. The Al/Si ratios detected for cases using coal-biomass blends and pure biomass correspond to the ratios in the
parent fuels presented in Table 1. However, the Al/Si ratio resulting for the cases using 100% EC, under air and oxy-
firing, is twice the value of the ratio expected. For the S content, similar values are observed when using pure biomass
or coal, even though the ultimate analysis, presented in Table 1, shows that EC has 3.5 times more sulphur than CCP.
This fact may be due to the retention of sulphur in the ash deposits by the potassium, present to a greater extent in the
biomass, leading to higher levels of K,SO, in the high-CCP blend deposits. This assumption will be justified in the
following subsection (3.2.2.2), where the results from the XRD analyses are presented, giving details about the
compounds present in the ash deposits.

Fig. 10(b) presents the results of the ESEM/EDX analyses of the ashes sampled at medium temperature (~650°C).
The observations made for the deposits at high temperature (~750°C) are repeated, in general, for the results at
medium temperature, although some additional remarks must be made for Al/Si ratios and S. For the Al/Si ratios,
similar to the results reported for high temperature, only the cases using coal-biomass blends and pure biomass kept
the Al/Si ratios shown in the parent fuels ash analyses in Table 1. The S levels show a maximum for the tests using
coal-biomass blends, and a minimum when using 100% CCP. However, the levels reached for the tests with 100%
CCP are still higher than expected considering the ultimate analyses of the parent fuels; the most probable explanation
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for this is K,SO,4 formation, already discussed above. These aspects were observed for both firing modes: air and oxy-
firing.
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Fig. 10. Elemental analyses of deposits sampled at: (a) 750°C; (b) 650°C, varying fuel and firing mode.

More details on the data obtained during this experimental work, such as temperature profiles inside the
combustion chamber or heat fluxes, can be found in a previous publication [8].

3.2.2.2 XRD analyses

For the evaluation of the XRD results, comparisons have been made to get a better understanding of how a change
in fuel blend and/or the firing mode affect the composition of the ash deposits. Air and oxy-firing were, therefore,
compared for a given type of fuel. Comparison was also made between results generated when the fuel was varied
from 100% coal to 100% biomass for a given combustion mode.

For the case using 100% EC, the patterns generated for deposits sampled under air-firing (black) and under oxy-
firing conditions (red) are illustrated in Fig. 11. The peaks corresponding to crystalline compounds observed as
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different between the two cases are highlighted and labelled in the graph. However, the high background level shown
is consistent with most of the material being amorphous in the samples analysed, as observed in the ESEM
micrographs presented earlier, and so the crystalline phases identified represent only minor species in the deposits and
may not be of real significance. This phenomenon is more important for the cases evaluating biomass ash, as they
have been reported to have a greater non-crystalline character compared to coal ash [29]. Under oxy-firing conditions
using 100% coal, crystalline compounds such as quartz, coquimbite, illite and pyrite are found at higher levels than in
the air-firing case. Quartz is often found in ash and deposit samples and is of little significance as very small amounts
can show in XRD analysis. The presence of the clay mineral illite and pyrites, along with the partially oxidised Fe/S
compound coquimbite, are surprising and suggest that some ash particles reached the deposit probes either during or
after the tests without having been through a high-temperature flame; illite particles would normally be expected to
have been transformed into an amorphous alumina-silicate phase, and pyrites into an Fe oxide if they had reached
flame temperatures heated during combustion. Also, the presence of fluid matter as a mineralised aqueous solution
(e.g., coquimbite) is expected in those cases analysing biomass ash but it is more unusual when looking at coal ash,
according to Vassilev et al. [29]. The only compound found at higher concentration in air combustion was sillimanite
(an alumino-silicate) which is derived during the decomposition of clay minerals (such as kaolinite which transforms
and recrystallizes more readily than illite).
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Fig. 11. XRD charts for EC ashes collected at 640-700°C: air-firing (black spectrum) vs. oxy-firing (red spectrum)

For the case using 50% EC-50% CCP, the spectra generated for ashes sampled under air-firing (red) and under
oxy-firing conditions (black) are illustrated in Fig. 12 (the colours in this figure and in Fig 13 are reversed from those
in Fig 11). There are fewer crystalline compounds to be seen in this case, indicating that a higher proportion of the
deposit material is amorphous, in accordance with the view that biomass ash has a marked non-crystalline character
[29]. Those peaks found relate to minor amounts of sapphirine (a silicate of magnesium and aluminium) and
aphthitalite (a potassium sulphate mineral) under oxy-firing conditions. The sulphates and silicates found in this
instance are in agreement with the classification given by Vassilev et al. [4] where coal ash is expected to present
higher levels of these species.
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429 Fig. 12. XRD charts for 50% EC -50% CCP ashes collected at 610-650°C: air-firing (red spectrum) vs. oxy-firing (black spectrum)

430 For the case using 100% CCP, the spectra generated for deposits sampled under air-firing (red) and under oxy-
431 firing conditions (black) are illustrated in Fig. 13. Contrary to the situation when pure EC or EC-CCP blend were
432 used, using pure CCP leads to higher levels of a range of different compounds for the air-firing case. Some of the Si
433 present is in the form of cristobalite (SiO,), but also some aluminium-iron-silicon compounds. Other compounds such
434 as aluminium phosphate and arcanite (K,SO,) appear to reach higher concentrations under air-firing conditions. The

435 mineral matter present in these biomass ashes shows chlorides and phosphates, as expected based on the literature [4].
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437 Fig. 13. XRD charts for 100% CCP ashes collected at 650-680°C: air-firing (red spectrum) vs. oxy-firing (black spectrum)
438 For the comparison of the results obtained for 100% EC and 100% CCP under oxy-firing conditions, the
439 corresponding spectra are presented in Fig. 14. From this figure, it can be seen that crystalline compounds such as

440 quartz (SiO,), aluminium-iron-silicon, coquimbite and pyrite are dominant for ashes generated when oxy-firing 100%
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EC, which is compatible with the expected components for coal ash according to the relevant literature [4]; this also
indicates incomplete transformation of the coal minerals as suggested above. On the other hand, when using 100%
CCP, cristobalite (a high-temperature form of SiO,), potassium sulphur oxide (K,SO,) and potassium magnesium
chloride (KMgCl,) were found, fully consistent with the composition of CCP ash.
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Fig. 14. XRD charts for oxy-firing ashes collected at 680-700°C: 100% EC (black spectrum) vs. 100% CCP (red spectrum)

4. Discussion of findings and technological implications

The series of pilot-scale tests carried out co-firing a biomass feedstock (CCP) with addition of 0, 50, 75 and 100%
(w/w) of EC under air and oxy-firing conditions have provided new information on the gaseous environments the
compositions and characteristics of the fly ash and ash deposits formed on air-cooled deposit probes with surface
temperatures in the range from 650 to 750°C (to simulate operating temperatures similar to those reached by
superheaters/reheaters at industrial-scale facilities).

It was found that similar CO, levels can be reached, on a dry basis, using 100% coal or 100% biomass. The H,O
levels measured in oxy-combustion tests with no flue gas treatment prior to gas recycle showed concentrations up
to three times higher than in combustion with air. As expected, the flue gas generated using a high share of biomass
(without any flue gas treatment prior to recycle) will have higher H,O content, as a consequence of the higher H, and
O, concentrations of the biomass. The presence of this additional H,O needs to be considered when designing the flue
gas recycle system to avoid acid dew point corrosion problems in the recycle gas path when using blends with high
biomass content.

The main difference between air and oxy-combustion was the increase in the SO, content, which was up to 2.6
times higher when using coal in oxy-combustion compared to the same case under air-firing conditions (without
considering normalisation per unit of energy released from the fuel); this is a direct consequence of the recycle of
those species which are not removed before re-injection of the flue gas into the combustor. With an increasing
share of biomass in the fuel blend, the SO, levels decreased while HCl levels increased, as expected from the ultimate
analysis of the parent fuels. No significant variations in the NOy levels were found with changed levels of biomass,
except for the 50/50 blend, where high levels of excess oxygen were supplied (*6% (v/v)), causing an increase in the
NOx generation from the fuel-N (biomass presents higher N contents than coal in its ultimate analysis). Additionally,
it has been described when analysing the effect of the firing mode ,air vs. oxy, on the emissions generated, that the
presence of SO, and NO; in the flue gas must be evaluated on the basis of normalised results; by doing this, the results
showed a decrease in the levels of SO, and NO, under oxy-firing conditions, a fact that is consistent with findings
from other researchers [6,17,28]. The effect of the type of recycle (wet vs. dry), revealed increases in the
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concentrations reached for all species except steam, as expected. The minor species NO, and SO, were found to be
especially sensitive to this change.

While the results for the carbon in ash were not fully consistent, elevated levels were observed in the air-firing
cases compared to oxy-firing, where the combustion process is assumed to be enhanced by the higher O,
concentrations and higher temperatures reached. However, no clear trend was found by varying the type of fuel.

The other major aspect of the study was to investigate ash deposition with respect to the relative risks of fouling
and corrosion in oxy-firing and when a high share of biomass was used in the fuel blend. The extent of deposition
increased with an increasing share of biomass, but did not show any perceptible change between air- and oxy-firing;
and so similar measures (e.g., soot blowers) to restrict the build-up of ash deposits should be applicable. Larger
particles were found in the deposits generated using pure biomass, without showing noticeable differences when
varying the firing mode.

The deposit compositions showed similar patterns at high (750°C) and medium (650°C) deposition temperatures,
where most of the elements followed the trend demonstrated by the fuel analyses. The main exception found to these
trends was for S, as similar S levels were found in all cases, even though EC has 3.5 times more S than CCP. This is
consistent with the higher K levels contained in the biomass leading to much greater formation and deposition of
K,SO,. The low K contents obtained for cases using EC are consistent with the fact that this element tends to be
mixed with the clay present in coals, limiting its release. Cl was detected in the ash deposits for the cases using pure
biomass under oxy-firing conditions. The higher levels of S and Cl in deposits when 100% CCP was fired were
confirmed by the XRD analyses which, under air-firing conditions showed the presence of arcanite (K,SO,) as well as
an indication of the presence of potassium magnesium chloride. The presence of sulphate and, in particular, chloride
species in the deposits are a concern with respect to fireside corrosion [5], although both species are routinely found in
deposits in biomass boilers. In these systems, efforts are made to minimise the presence of chloride species which lead
to the very aggressive corrosion mechanisms found in waste incineration and to reduce the plant’s steam parameters,
and hence superheater/reheater metal temperatures to obtain economically viable component lives. Fireside corrosion
risks [5] in these systems increase with higher fluxes of sulphate species in the deposits formed, and so similar
measures can be used to address these risks in both air- and oxy-firing systems using high shares of biomass.

Conclusions

The experimental study of the co-firing of coal and biomass under air- and oxy-firing conditions has generated new
information on the gaseous environments prevailing in the combustion gas path and on the deposition behaviour of the
ash. While the study has been limited to one type of coal and one type of biomass, it has provided clear information in
support of the view that experience from air-firing can be readily translated to oxy-firing systems with reasonable
confidence. Ash deposition behaviour was found to be similar in both air- and oxy-firing, indicating that similar
approaches to handle ash fouling and fireside corrosion can be used in both cases. Studies with other coals and
biomass fuels are required to ensure that this conclusion can be applied widely.
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