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Effect of co-firing coal and biomass blends on the gaseous environments
and ash deposition during pilot-scale oxy-combustion trials
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h i g h l i g h t s

� Air- and oxy-fuel tests were done co-firing biomass and coal in a 100 kWth combustor.
� Co-firing tests used CCP biomass with 0, 50, 75 and 100% (w/w) of EC coal.
� Increasing the share of CCP biomass reduced SO2 and increased HCl in the flue gas.
� Sulphur levels were similar in deposits from oxy-firing pure coal and pure biomass.
� Chlorine was only found in the deposits generated from oxy-firing 100% CCP biomass.
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a b s t r a c t

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 condi-
tions, in a retrofitted 100 kWth pulverised fuel combustor. An on-line high-resolution multi-component
Fourier Transform Infra-red (FTIR) analyser was used to measure CO2, O2, H2O, CO, NO, NO2, N2O, NH3,
SO2, HCl, HF and CH4. 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 CO2 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 SO2 levels reached in the flue gas and increasing
the HCl content. No significant variation in the NOx levels was observed as a consequence of using high
percentages of biomass. For ash deposit characterisation, two probes were used for which surface tem-
peratures 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 K2SO4 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 (K2SO4). Also, under oxy-firing conditions, 100% CCP-derived deposits had a higher level of potas-
sium magnesium chloride compared 100% EC.

� 2017 Published by Elsevier Ltd.

1. Introduction

The production of energy represents the largest contribution to
anthropogenic greenhouse gas emissions, accounting for 83% of the
total, followed by agriculture (8%), industrial processes (6%), and
waste (3%) [1]. Figures reported in 2013 [1] by the International
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Energy Agency (IEA) showed that although coal represented 29% of
the primary energy supply, the use of coal was responsible for the
highest fraction of the global CO2 emissions (44%), followed by oil
(35%), and gas (20%); only 1% of the share of CO2 emissions was due
to the use of carbon-neutral fuels, where nuclear, hydro, geother-
mal, solar, tide, wind, biofuels and waste are included. Coal is the
highest contributor to CO2 emissions because of its high content
of carbon per unit of energy released, and the fact that energy from
carbon-neutral fuels accounted for only 18% of energy production
in 2011. These figures together with the UK target to reduce its car-
bon 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 N2 to generate a flue gas with high concen-
tration of CO2. Part of the flue gas is recirculated to the combustor
to replace the air-derived N2 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 CO2 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 CO2 stream, during and after
compression. The supercritical fluid phase product stream from
the CPU, typically has a CO2 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 indus-
trial 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 composi-
tion, considering organic matter (e.g., cellulose, hemicellulose, lig-
nin, 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.). Unfor-
tunately 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 tempera-
tures, and so less power is required for start-up of the combus-
tion 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 bio-
mass, 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 compo-
sition 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 super-
heaters and reheaters.

Regarding the environmental challenges of using biomass as
fuel for power generation, both positive and negative aspects have
been 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 classified as to whether they are sustainable
or represent unsustainable management resources, to avoid seri-
ous environmental problems [4].

One important characteristic of the ash generated under oxy-
combustion conditions is the higher likelihood that corrosion prob-
lems will appear in the boiler when fuels with medium and high
content of S, Cl, and F are used, because of the changed environ-
ment arising from flue gas recycle. This recycle leads to the accu-
mulation 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 Na2SO4 in the formation of a sticky, 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 bio-
mass, cereal co-product (CCP), under oxy-firing conditions using a
retrofitted 100 kWth 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 par-
ticular [13], to react with SO3 to form sulphates by nucleation
when flue gases are cooled down to around 1150 K, was studied
by Jiménez and Ballester [14]. These authors found that when
burning pure biomass or co-firing it with coke, K2SO4 appeared
to be the only major compound in the submicron particles.
Research focused on the use of biomass (pure or co-fired) to anal-
yse 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 Cl also present in the biomass, because KCl presents more cor-
rosion problems than K2SO4. Other authors have measured SO3
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