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A B S T R A C T   

The co-combustion of coal and waste biomass is an advantageous option for combined waste biomass disposal 
and energy production. However, co-firing coal with waste biomass has to overcome various ash-related oper
ational problems, for example, ash agglomeration and bed defluidisation in fluidised bed boilers. Using spent 
coffee grounds (SCG) for energy generation via co-combustion is much more sustainable and environmentally 
friendly than SCG disposal in landfills. The research done so far on the co-combustion of coal and SCG is quite 
scarce and almost non-existing. Further research is needed to understand how the properties of SCG affect the co- 
combustion of coal and SCG in existing coal-fired boilers. This study investigates the combustion of a bituminous 
coal blended with SCG in a pilot-scale (30kWth) bubbling fluidised bed (BFB) combustor focusing on CO and 
NOx emissions, combustion performance, and agglomeration tendency. The BFB combustion tests were con
ducted at 900 ◦C and atmospheric pressure using silica sand as the bed material. For comparison purposes, 
combustion tests of the same coal in pure and blended with wheat straw pellets at the same blending ratio were 
also performed. Further, ash fusibility studies were performed to elucidate the interactions between the coal ash 
and SCG ash, and the effect of ash compositions on the fusibility temperatures. Samples of the used bed material 
collected from the combustor and cyclone ash were characterised by SEM-EDS and XRF. The BFB combustion test 
results revealed that SCG could reduce the efficiency loss of coal combustion under co-combustion conditions. 
Despite the higher K2O content in SCG compared to wheat straw, a reduced agglomeration tendency was 
observed with the BFB combustion of the coal-SCG blends. The results from the characterisation of the used bed 
material, cyclone ash, and ash fusibility studies confirmed this finding, which was attributed to the formation of 
high melting temperatures Mg- and Ca-bearing compounds.   

1. Introduction 

Coal has long been the predominant fuel for electricity and heat 
generation worldwide [1]. Although coal-fired power generation has 
decreased in the United States and Europe in recent years, growths in 
China, India, and other parts of Asia kept coal as the largest source of 
power generation with a share of 36 % in 2018 [2]. Greenhouse gas 
(GHG) emissions from burning coal are believed to be the major 
contributor to the global climate change, and responsible for 30% of all 
energy-related (CO2) emissions, exceeding 10 Gt CO2 in 2018 [1]. 
Despite the general interest in reducing the share of coal usage and 
switching to low-carbon technologies, coal has been projected to remain 

a key resource in the world energy mix in the coming decade [3-5]. 
Therefore, the implementation of more sustainable alternatives for coal 
is a priority task for the coal-fired power industry. 

The co-combustion of coal and waste biomass is considered an ad
vantageous option for combined waste biomass disposal and energy 
production for stationary applications [6]. It represents a low-cost 
alternative to the use of dedicated waste biomass combustion plants 
and a sustainable option with the potential to achieve significant re
ductions in the emissions of CO2 and various pollutants (NOx and SO2 
etc.) per unit of energy generated compared to exclusive coal combus
tion [7,8]. However, coal and waste biomass have significant differences 
in combustion and devolatilisation behaviours, char reactivity, and ash 
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characteristics [9,10]. These differences can not only affect the co- 
combustion performance of the coal and waste biomass blends but 
also result in additional ash-related operational problems to the co- 
combustion boiler. 

Coffee is an important industrial sector in about 80 countries, and 
one of the most popular beverages and the second largest traded com
modity after petroleum [11-16]. Global coffee consumption has been 
increasing annually, with more than 9.9 billion kilograms consumed in 
2021 [17]. The spent coffee grounds (SCG) consist of the grinds 
remaining after the extraction of desirable compounds with hot water to 
produce a coffee beverage or during the production of instant coffee 
preparations [18,19]. In average, processing one ton of unroasted coffee 
produces 650 kg of SCG [18,20]. SCG is a kind of waste biomass [21] and 
as biodegradable waste, its disposal in landfills is strongly discouraged 
in the European union. However, landfilling of SCG is still a common 
practice in developing countries around the world [22]. The economic 
cost and environmental consequences of disposing SCG in this way are 
undesirable, and for this reason, better alternative methods to deal with 
SCG need to be developed and sought [19]. Combustion and composting 
are the other two traditional treatment/disposal methods sporadically 
practiced by the coffee industry [22]. SCG has been partially used as fuel 
in boilers of the same industry for either heat or power generation, but a 
greater part of this material is often accumulated as waste [23,24]. 

Some researchers have studied the potential of SCG as fuel using 
various combustion technologies. Limousy et al. [14,25] and Jeguirim 
et al. [26] studied the combustion of SCG in pure form and blends with 
sawdust and coffee husk using a residential wood pellet boiler. Byul, 
et al. [27] investigated the combustion of SCG in a fixed bed boiler (6.5 
kW) in terms of the gaseous emissions. Nosek, et al. [21] studied the use 
of SCG as fuel in pure and blends with sawdust using a fixed bed boiler 
(18 kW). Kim et al. [17] investigated the combustion of SCG briquettes 
in terms of emissions and shape retention compared to anthracite bri
quettes. Colantoni et al. [16] studied the combustion of pellets made of 
pure SCG and SCG blended with sawdust using a fixed bed boiler (80 
kW). So far, few have investigated the combustion of coal blended with 
SCG at high blending ratios. Since the heating value of SCG is similar to 
those of low-rank coals, burning coal blended with SCG at high blending 
ratios should not lead to an obvious output reduction of the co-firing 
boiler while achieving more substantial CO2 emission reductions. 
However, SCG properties and its ash characteristics may pose techno
logical challenges and hinder the use of SCG in co-combustion appli
cations. These challenges are mostly linked to the thermal behaviour, 
high quantities of alkali and alkaline metals species in the biomass ash, 
and the lower ash melting temperatures in comparison to coal ash. 
Several studies have focused on the effect of ash composition on the ash 
fusibility characteristics of coal [28], biomass [29-31], and coal and 
biomass blends [32-35]. But so far little has been reported about the SCG 
ash composition and its effect on ash fusibility temperatures (AFT) when 
used in pure or blended with coal. 

Fluidised bed combustion boilers have a unique advantage in fuel 
flexibility and hence are well-placed to co-fire coal blended with waste 
biomass at high blending ratios. However, ash agglomeration is a well- 
known operational issue associated with the combustion of biomass in 
fluidised bed boilers [36,37]. Ash agglomeration can lead to bed 
defluidisation and consequently the shutdown of the fluidised bed 
combustion plant. Few have investigated the combustion of SCG in 
blends with bituminous coals, which are the predominant fuel in the 
power sector [1,4,38]. In fact, to the best of the authors’ knowledge, no 
one seems to have specifically investigated the effect of blending SCG 
with a bituminous coal on the combustion performance, agglomeration 
tendency in a fluidised bed boiler/combustor, and the ash fusibility 
characteristics of the coal-SCG blends. Therefore, this study was initi
ated to investigate the combustion of a bituminous coal blended with 
SCG in terms of the most representative flue gas emissions (i.e. CO, and 
NOx), combustion performance, and agglomeration tendency in a pilot- 
scale fluidised bed combustor and the effect of ash composition of the 

blends on the ash fusibility characteristics. For comparison purposes, 
combustion tests of the same coal in pure and blended with wheat straw 
pellets at the same blending ratio were also carried out. 

2. Experimental 

2.1. Fuels and materials 

The bituminous coal used in this study was the same coal used for 
combustion in the industrial-scale fluidised bed boiler at the Newark 
Factory of British Sugar plc in the UK. It was supplied as ‘washed singles’ 
with 90 wt% of the particle size within the range of 12.5 mm and 28 mm. 
The spent coffee grounds were collected from a coffee shop at Jubilee 
Campus of the University of Nottingham, UK, whereas the wheat straw 
was supplied by Agripellets Ltd (UK) in the form of pellets with the 
average diameter of 6 ± 0.25 mm and length of 25 ± 5 mm. Table 1 
shows the proximate and ultimate analyses of these fuels along with 
their heating values and ash compositions. 

SCG has a lower level of ash content than wheat straw, 1.19 wt% and 
6.23 wt%, respectively, but the SCG ash is mainly composed of basic 
oxides (K2O, MgO, CaO, and P2O5), accounting for more than 92 wt% of 
the total ash, whereas the wheat straw (WS) ash is mainly composed of 
basic oxides (K2O, and CaO) and SiO2, accounting for more than 88 wt% 
of the total ash. The bituminous coal (BC) has an ash content of 7.99 wt 
%, which is similar to the wheat straw ash content, mainly composed of 
acidic oxides (SiO2, Al2O3, and Fe2O3), accounting for more than 90 wt% 
of the total ash. In order to use the screw fuel feeding system to feed the 
bituminous coal to the bubbling fluidised bed (BFB) combustor used in 
this study, the received ‘washed singles’ of the bituminous coal were 
first crushed to smaller sizes and then sieved to obtain the coal particles 
within the size range of 12 mm and 20 mm for the scheduled combustion 
tests. A sample of 100 kg of raw spent coffee grounds, which had a 
moisture content of above 60 wt% when collected, was dried in the 

Table 1 
Proximate and Ultimate Analyses of the Fuels, their Heating Values, and Ash 
Compositions.   

BCa SCG WS 

Proximate Analysis (wt%, dry basis) 
ashb 7.99  1.19  6.23 
volatile matter (VM) 38.57  82.48  76.31 
fixed carbon (FC)c 53.44  16.33  17.46 
moisture (wt%, as received) 2.83  6.46  4.96 
higher heating value d(HHV) (MJ/kg) 31.69  22.30  17.41 
Ultimate Analysis (wt%, dry – ash - free basis) 
carbon 70.94  52.36  43.88 
hydrogen 5.28  7.12  5.96 
nitrogen 1.68  2.23  0.71 
sulphur 1.23  0.12  0.58 
oxygenc 20.87  38.17  48.87 
Ash Analysis e (wt%) 
SiO2 43.21  0.00  64.69 
P2O5 0.27  18.40  2.82 
Fe2O3 11.84  0.52  0.42 
Al2O3 35.41  0.00  0.55 
CaO 4.03  13.57  8.05 
MgO 0.83  21.91  3.33 
Na2O 0.18  0.00  0.00 
K2O 0.90  38.20  16.18 
SO3 2.28  6.84  2.29 
Cl 0.00  0.20  1.60 
TiO2 0.96  0.00  0.01 

a. BC - bituminous coal, SCG - spent coffee grounds, WS - wheat straw. 
b. the ashing temperature was 550 ◦C for spent coffee grounds and wheat straw, 
and 815 ◦C for bituminous coal according to BS/EN/ISO 18122:2015 and BS/ 
ISO 1171:2010, respectively. 
c. by difference. 
d. Measured in an IKA C5000 Bomb Calorimeter on as received basis. 
e. By X-ray Fluorescence (XRF) of the ashes from the feedstocks. 
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laboratory by natural air ventilation for up to 72 h and further in a 
muffle furnace if needed so that the moisture content was reduced to 
approximately 15 wt%, which was suggested as the optimum moisture 
content for biomass pellets manufacturing [39,40]. The reduction of the 
moisture content in the SCG from 15 wt% to 6.46 wt% (as shown in 
Table 1) corresponds to the moisture lost during the pelletisation of the 
SCG sample - further details on the manufacturing of SCG pellets will be 
given later in this section. The fuel blend reported in this study with the 
BFB combustion tests corresponded to the blend ratio of SCG pellets at 
40 wt% in the bituminous coal (BC) – spent coffee grounds (SCG) 
mixture. The blend of BC with STW at the same proportion was tested in 
the BFB combustor for comparison purposes. 

The silica sand (Garside 14/25) used in this study had a grain size 
ranging from 0.6 mm to 1.0 mm with a particle density of 2655 kg/m3. 
Detailed chemical analyses of the bed material are given in Table 2. 

SCG pellets with an average diameter of 6 ± 0.25 mm and length of 
20 ± 10 mm were manufactured in authors’ own laboratory using a 
KL120B pellet machine. Fig. 1 shows the manufacturing progression of 
the SCG pellets. It is worth noting that during the SCG pellets 
manufacturing process, there was no need to add any binder. This was 
attributed to the high lignin content in SCG, which has been reported to 
be of up to 40 wt% [24,41]. Lignin is one of the traditional organic 
binders used in biomass densification [42]. Whittaker et al. [39] re
ported a strong positive relationship between pellet durability and lignin 
content in biomass densification tests. The suitability of the manufac
tured SCG pellets was confirmed by feeding tests with the screw feeder 
of the BFB combustor. 

2.2. Fuel ash samples preparation 

Ash samples of BC, WS, and SCG were produced in a Carbolite CFW 
1200 furnace according to BS/EN/ISO 18122:2015 and BS/ISO 
1171:2010, for the biomass samples and coal sample, respectively. The 
fuel ashes were ground to <75 µm in an agate mortar and stored in 
sealed glass containers. Due to the difference in the ash contents of the 
fuels, the ash blends were prepared according to the ash contents of the 
pure fuels and the chosen biomass blending ratio. For instance, the blend 
consisting of BC 60 wt% and SCG 40 wt%, namely BC60:SCG40, has an 
actual ash ratio of 91.1 wt% BC ash (prepared at 815 ◦C) and 8.9 wt% 
SCG ash (prepared at 550 ◦C) because the ash contents of BC and SCG are 
7.99 wt% and 1.19 wt%, respectively. Blends of the BC ash with the WS 
ash at the same biomass blending ratios (i.e. 40, 60, and 80 wt% WS) 
were prepared for comparison purposes. All the ash blends were sub
mitted to vibrating mixing in an electromagnetic shaker until they 
reached uniformity and kept in sealed glass containers. Table 3 shows 
the mass proportions used to prepare the ash blends samples based on 
the ash contents of the fuels. 

2.3. Ash fusibility temperatures (AFT) studies 

The ash behaviours from sintering/shrinkage to melting of pure fuel 
ashes and their blends were characterised by the determined ash 

fusibility temperatures. AFT studies have shown to be adequate to pre
dict initial deformation temperature (DT), softening temperature (ST), 
hemispherical temperature (HT), and flow temperature (FT) [43-47]. 
Cylindrical ash pellets were prepared using 100 mg of the ash samples 
and their blends in a 5 mm Specac evacuable die set. An Instrom 3369 
tensometer system was used to produce consistent ash pellets under a 
maximum compression pressure of 5000 psi with a holding time of 60 s. 
Each ash pellet was stored in a separate glass container. This ash pel
leting method has shown improved results in the identification of DT, 
reduced error, and enhanced pellet height change identification [48]. 

The AFT measurements were performed according to BS ISO 
540:2008 using a Carbolite CAF G5 fusibility furnace. The ash pellets 
were heated at 7 ◦C/min to 1580 ◦C under oxidising conditions (CO2) at 
1 l/min at ambient temperature and pressure (ATAP). Changes in the 
pellets shape were detected by a thermal digital camera and recorded 
every 5 ◦C. The experiments for each ash blend under the same exper
imental conditions were carried out at least twice to verify repeatability 
and a third experiment was carried out if the results differed by more 
than 2 %. Based on the recorded images, four characteristic tempera
tures namely DT, ST, HT, and FT were determined according to the 
changes in the cylindrical ash pellets. 

Initially, the analysis of the recorded images to determine the fusion 
temperatures was carried out by manual method through the CAF test 
software, which allowed the placing of a grid over the sample under 
study in the image. A vector-based image processing application was 
later devised in MATLAB to analyse the recorded images and to deter
mine the fusibility temperatures. The vector-based image processing 
application allowed the tracking of the changes in the sample shape by 
isolating the region of interest in the image. It provided a greater pos
sibility to zoom-in and implemented a finer grid compared to the manual 
method provided by the CAF software. In addition, the analysis of the 
recorded images using the vector-based image processing application 
facilitated the comparison of changes among the samples in the same 
image. Fig. 2 shows the improvement in the tracking of changes of the 
ash blends cylinder samples using the vector-based image processing 
application. 

2.4. Bubbling fluidised bed combustion system 

Fig. 3 shows the experimental facilities with a 30 kWth bubbling 
fluidised bed (BFB) combustion system. The detailed description of the 
BFB combustor and auxiliaries (fluidisation air fan, gas sampling and 
analysis, etc.) was provided in the previous studies from the authors 
[49] and only a brief introduction of the experimental procedure is 
presented below. 

The experimental set-up in Fig. 3 was used for conducting the com
bustion experiments of the coal and biomass blends. The combustion air 
was used as fluidisation air and delivered to the nozzle-type air 
distributor plate by a centrifugal fan. The airflow rate was controlled 
using a ball valve arranged in the air pipe downstream from the fan and 
monitored by a variable area volumetric air flow meter. Prior to the start 
of the fuel feeding, the silica sand bed in the BFB combustor was pre
heated using two semi-cylindrical radiant heaters. Upon attaining the 
bed temperature of 600 ◦C, the fuel feeder was switched on to start the 
fuel feeding. The fuel feeding rate was controlled by the feeder motor 
inverter frequency according to the screw feeder calibration results. The 
differential pressure across the dense bed region and temperatures of the 
BFB combustor were continuously measured using a pressure differen
tial transducer and six sheathed K-type thermocouples, respectively 
[49]. 

2.5. Operating conditions and characterisation methods 

In all the experiments, the same amount of sand particles of 
approximately 6.00 kg was used with a static bed height of approxi
mately 200 mm as the inert bed material in the BFB combustor. The fuel 

Table 2 
Chemical composition of the bed material (by 
XRF).   

Silica sand 

SiO2  96.67 
P2O5  <0.01 
Fe2O3  2.4 
Al2O3  0.33 
CaO  0.01 
MgO  <0.01 
Na2O  0.03 
K2O  0.01 
TiO2  0.03  
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feeding was occasionally finely adjusted during the tests to maintain the 
pre-set operating temperature. The volumetric flow rate of the fluidising 
air was maintained at the same value of 38.4 m3/h at ambient temper
ature and pressure (ATAP) throughout the test period. Due to the 
operational challenges caused by the interest to investigate the 
agglomeration tendency at high operating temperatures, the excess air 
levels of the combustion tests were not optimised in this study. The flue 
gas leaving the BFB combustor via the cyclone was continuously 
sampled and conditioned by means of water condensation traps and 
particulate filters. The concentrations of O2, CO2, and CO in the cleaned 
gas sample were measured by an ABB Easy line continuous gas analyser 
(EL3020), whereas the NOx concentration was measured by a Horiba 

chemiluminescent NOx analyser (VA-3000). The temperature, pressure 
drop, and gas concentrations were continuously measured and recorded 
using a data acquisition system (DT80 DataTaker). At the end of each 
experiment the reactor was cooled down before the bed material was 
discharged from the bottom of the BFB test rig, followed by visual in
spection for the signs of agglomeration and the presence of agglomer
ates. The remaining fuel in the hopper was weighed to double-check the 
fuel consumption rate and perform the determination of gaseous emis
sions (CO2, CO, and NOx) on an energy basis by the analysis of collected 
data from the gas analysers. Samples of bed materials and particles in the 
cyclone particulate container (mainly ash) were collected and analysed 
by Scanning Electron Microscopy with dispersive X-ray microanalysis 
(SEM-EDX) and X-ray fluorescence (XRF) techniques, and ASTM D7348 
Standard Test Method for Loss on Ignition (LOI) of Solid Combustion 
Residues according to the methodology implemented in previous pub
lished work of the authors [49]. 

3. Results and discussion 

3.1. Ash fusibility temperatures (AFT) studies 

3.1.1. Ash fusibility temperatures of pure fuels 
AFT studies using the ashes from BC, SCG, and WS were conducted 

and their fusibility temperatures are shown in Fig. 4. The different ash 
fusibility behaviours among the fuels are attributed to the variation in 

Fig. 1. SCG pellets manufacturing progression, (a) Raw SCG as received (moisture content greater than 60 wt%), (b) Dried SCG (moisture content ~ 15 wt%), and (c) 
manufactured SCG pellets. 

Table 3 
Proportions of ash from bituminous coal (BC), spent coffee grounds (SCG), and 
wheat straw (WS) in the ash blends prepared for Ash Fusibility Tests.  

Fuel blend Designation Biomass ratio (wt%) Mass proportions of ash in the 
blend (wt%) 

BC SCG WS 

BC60:SCG40 40  91.1  8.9  – 
BC40:SCG60 60  82.1  17.9  – 
BC20:SCG80 80  63.0  37.0  – 
BC60:WS40 40  65.7  –  34.3 
BC40:WS60 60  46.0  –  54.0 
BC20:WS80 80  24.2  –  75.8  

Fig. 2. Comparison of the manual method using CAF software (left) and the vector-based image processing application devised in this study (right) to perform the 
AFT analysis, (a) at 710 ◦C, (b) at 1210 ◦C, and (c) 1310 ◦C. 
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their ash compositions. Lower AFT values and a broader range were 
observed for the WS ash and SCG ash in comparison to the BC ash. It is 
widely accepted that higher contents of SiO2 and Al2O3, and lower 
contents of CaO, Fe2O3, MgO and K2O in coal ash are responsible for its 
high AFT values [47]. Acidic oxides such as Al2O3 and SiO2 are 
responsible for high AFT values of coal ash because these oxides with 
high ionic potentials are prone to combine with oxygen to form poly
mers, causing the AFT values to increase [28,32,43]. 

Compared to the WS ash, the SCG ash showed higher AFT values with 
only slightly lower than those for the BC ash. These findings are 
consistent with those of Wei et al. [51], who also reported high AFT 
values for their SCG ash. The high AFT values of the SCG ash are 
attributed to the low SiO2 content in the SCG ash, despite of the high K2O 
and P2O5 contents in the ash, accounting for more than 56 wt% of the 
total SCG ash. Numerous studies have reported that a high P2O5 content 
in ash can lead to low AFT values due to the development of low melting 

phases in the ash [52]. Furthermore, high contents of SiO2 and K2O in 
ash have been linked to low AFT values and ash sintering issues [53]. 
Nevertheless, the formation of potassium silicates with low AFT values 
has been reported to be limited by the availability of silicon in the fuel 
ash [53]. 

The WS ash showed considerably lower DT and ST values compared 
to the SCG ash and BC ash. This is attributed to the high SiO2 and K2O 
contents in the WS ash. Moreover, the difference between DT and ST for 
the WS ash was only 75 ◦C where a difference of 97 ◦C between DT and 
ST was found for the SCG ash. A smaller difference between DT and ST 
has been linked to sharp changes in the viscosity of the biomass ash with 
the temperature once DT has been reached [30]. The SCG ash showed 
higher ST, HT, and FT values than the ash of WS used in this study and 
other biomass resources reported in the literature [54-56]. This is 
mainly attributed to the relatively high CaO and MgO contents and low 
SiO2 content in the SCG ash. 

3.1.2. Ash fusibility of bituminous coal and wheat straw blends 
Fig. 5 shows the AFT values of the BC ash blended with the WS ash at 

the corresponding fuel blending ratios of 40, 60, and 80 wt%. As 
mentioned in Section 2.2, the actual ash blends were prepared according 
to the ash contents of the fuels and the stated blending ratio of the 
biomass fuel in the biomass-coal mixture. The increase in the blending 
ratio of WS in the BC-WS blends gradually shifted the fusibility tem
peratures of the ash blends from the values of the BC ash to those of the 
WS ash. In addition, the AFT values of the ash blends were always lower 
than those of the BC ash and greatly differed from the fusibility tem
peratures of the pure fuels. This can be attributed to the significant 
changes in the composition of the ash resulting from the addition of WS 
to BC in the ash blends (see S1 and S2 in the supplementary material). 
The increase in the blending ratio of WS in the BC-WS blends reduced 
the Al2O3 and Fe2O3 contents of the ash blends. The coal ash contains 
significant levels of these two compounds (see Table 1), which have high 
fusibility temperatures under oxidising conditions [57]. Further, the 
SiO2, K2O and Cl contents in the ash blends increased with the WS 
blending ratio due to the higher levels of these compounds in the WS ash 
than the coal ash (see Table 1). 

The addition of the WS ash to the BC ash lowered the AFT values of 
all ash blends and this was true even at the lowest blending ratio (40 wt 

Fig. 3. Schematic diagram of the pilot-scale BFB combustion system [50].  

Fig. 4. Ash fusion temperatures (deformation-DT, sphere-ST, hemisphere-HT, 
and flow-FT) for bituminous coal (BC), wheat straw (WS), and spent coffee 
grounds (SCG). 
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% WS in the BC-WS blend) investigated in this study. This is attributed to 
the significant change in the ash blends composition as a result of the 
comparable ash content in WS to that of the coal and the higher contents 
of SiO2, K2O, and Cl in the WS ash. The coexistence of SiO2 and K2O, and 
Cl has been reported as one of the factors responsible for forming low- 
melting K-silicates, which decrease the AFT values [30,58] or lead to 
sintering and agglomeration of the bed material in fluidised beds [53]. 

3.1.3. Ash fusibility of bituminous coal and spent coffee grounds blends 
Fig. 6 shows the AFT values of the BC ash blended with the SCG ash 

with the corresponding fuel blending ratios of 40, 60, and 80 wt%. The 

contents of SiO2, Fe2O3, and Al2O3 in the ash blends decreased with the 
SCG blending ratio. This is due to the much lower contents of these 
compounds in the SCG ash than in the coal ash (see Table 1, S3 and S4 in 
the supplementary material). An increase in the blending ratio of SCG in 
the BC-SCG blends increases the K2O, CaO, MgO, and P2O5 contents of 
the ash blends. This is due to the fact that these compounds were found 
to be rich in the SCG ash (Table 1). High levels of CaO, MgO, and P2O5 in 
ash lead to high fusibility temperatures under oxidising conditions 
[55,56,59]. Furthermore, the SiO2 to Al2O3 ratio in the BC-SCG blends 
remained constant with a value of 1.22 regardless the SCG blending 
ratio. This is due to the fact that the SiO2 and Al2O3 contents in the ash 

Fig. 5. Ash fusibility temperatures (deformation-DT, sphere-ST, hemisphere-HT, and flow-FT) of bituminous coal (BC) ash blended with wheat straw (WS) ash.  

Fig. 6. Ash fusion temperatures (deformation-DT, sphere-ST, hemisphere-HT, and flow-FT) of bituminous coal (BC) ash blended with spent coffee grounds (SCG) ash.  
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blends come from BC ash only. Low SiO2 to Al2O3 ratio values in ash 
have been linked to high AFT values [28,59]. 

Compared to the blends of the BC ash and the WS ash, the AFT values 
of the BC ash and the SCG ash blends did not show a constant decreasing 
trend against the blending ratio. This is mainly attributed to the 
reducing availability of SiO2 in the BC-SCG ash blends when the SCG 
blending ratio increases. Similar results were reported by Teixeira et al. 
[53] during AFT experiments using blends of coal and olive cake which 
had negligible SiO2 content in the ash. Furthermore, the changes in the 
AFT values for the BC-SCG blends were not as significant as for the BC- 
WS blends despite the high content of K2O in the SCG ash. This is 
attributed to the low ash content of the SCG compared to the coal used in 
this study (see Table 1). The changes in the DT values for the blends of 
the BC ash with either the WS ash or SCG ash cannot be predicted by a 
simple linear correlation of the ash ratio in the blends as shown in Fig. 7. 

The DT values of the BC-SCG ash blends initially decreased below the 
DT values of the individual BC and SCG ashes for the blending ratios 
corresponding to 40 and 60 wt% SCG, then an increase in the DT value 
corresponding to the blending ratio of 80 wt% SCG was observed. This 
increase in the DT value was confirmed by several repeating fusibility 

tests using the same ash blending ratio (80 wt% SCG in the BC-SCG 
blend). The error bars shown in Fig. 7 were calculated from the results 
of the repeating fusibility tests at each of the investigated blending ra
tios. This can be explained by the markedly different chemical and 
mineral composition of fuels’ ash and complex interactions due to the 
mineral evolution with the temperature increase. The increase in the DT 
value for BC blended with 80 wt% SCG is attributed to interactions 
among the ashes from the pure fuels leading to high melting tempera
tures compounds. Similar findings were reported as a result of the for
mation of high-melting temperature mullite in larger amounts than 
compared to the original coal ash during AFT studies of blends of ash 
from coal and biomass by Ma et al. [32], Li et al. [35], and Li et al. [60]. 
This behaviour has also been reported as typical eutectic melting during 
ash fusibility experiments of coal blends [61]. In addition, Song et al. 
[62] and Zhu et al. [58] reported the increase in the formation of high 
melting Mg- or Ca-silicates as well as Mg- and Ca-Al-silicates during AFT 
experiments of coal ash blends and blends of coal and biomass, 
respectively, concluding that higher CaO and MgO contents in the fuel 
ash could increase the AFT values and reduce the risk of slagging. Li 
et al. [60] attributed the increase in the formation of high melting 
temperatures compounds to the substitution of K by Ca in semi-molten 
aluminosilicates. These results suggest that the fusibility behaviour of 
the ash blends used in this study is not additive and greatly differs from 
the behaviour of the individual fuel ashes. Similar findings have been 
reported by Li et al. [35], Wang et al. [43], Li et al. [57], Shen et al. [61], 
and Link et al. [63]. 

The ternary diagram proposed by Link et al. [63] was used to illus
trate the changes in the ash blends composition. This diagram uses the 
total content of alkali oxides Na2O + K2O, alkaline earth oxides CaO +
MgO, and acidic and intermediate oxides SiO2 + Al2O3 + Fe2O3 + P2O5 
in each corner. The contribution of other oxides and Cl to the average 
composition was neglected. The analysis consisted of the calculated ash 
blend composition according to the blending ratio (see S1, S2, S3, and S4 
in the supplementary material). Fig. 8 shows the change in the ash 
composition of the BC ash blended with either the WS ash or SCG ash. 
Despite the low ash content of SCG, the blends of the BC ash with the 
SCG ash showed a broad change in their composition. This is attributed 
to the increasing content of CaO, K2O, and MgO in the blends when the 
SCG ash blending ratio increases. A high content of CaO favours the 
formation of Ca-Silicates or Ca-K-Silicates with high melting tempera
tures instead of K-Silicates with lower melting temperatures [46,47,53]. 
In contrast, the blends of the BC ash with the WS ash with high SiO2 and 
K2O contents showed a narrow change of the compounds in the ash 
blends. High contents of SiO2 and K2O in the fuel ash have been linked to 

Fig. 7. Comparison of deformation temperature (DT) for the bituminous coal 
(BC) ash blended with the spent coffee grounds (SCG) ash and the wheat straw 
(WS) ash. (a) DT vs biomass ratio, (b) DT vs ash ratio. 

Fig. 8. Ternary diagram of bituminous coal (BC) blended with spent coffee 
grounds (SCG) and wheat straw (WS). 
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decreasing AFT values of the ash blends. Zhu et al. [58] reported similar 
findings during AFT experiments using blends of corn straw and 
sawdust, and further studies of the effects of SiO2, K2O, CaO, and MgO as 
additives. 

3.2. Co-combustion experiments in a fluidised bed combustor 

3.2.1. CO, combustion performance, and NOx emissions. 
Fig. 9 illustrates the CO emissions when blends of BC with SCG at the 

blending ratio of 40 wt% were used in comparison to pure BC and blends 
of BC with WS at the same blending ratio. The blends used in this study 
did not show a significant difference in terms of the CO emissions under 
the experimental conditions compared to pure bituminous coal. 

The combustion performance was determined by the loss of effi
ciency due to unburnt carbon (UBC) in ash and CO emissions according 
to the methodology provided in the previous studies from the authors on 
this combustor [49]. Fig. 10 shows the efficiency loss due to unburnt 
carbon (UBC) and CO emissions when BC blended with SCG at 40 wt% 
was used in comparison to pure BC and BC blended with WS at the same 
blending ratio. A reduced loss of efficiency was achieved when BC was 
blended with either WS or SCG compared to pure BC. Furthermore, BC 
blended with SCG showed a lower loss of efficiency compared to when 
BC was blended with WS. This is mainly attributed to the lower ash 
content of SCG compared to the other fuels used in this study. Biomass 
addition to coal combustion results in higher combustion efficiencies 
due to higher volatile matter content of biomass compared to coal. These 
results show that the gain in combustion efficiency is mainly attributed 
to the reduction in UBC. Several studies on co-combustion of coal and 
biomass in fluidised beds have reported similar trends [64]. 

The effect of blending BC with biomass at 40 %wt on NOx emissions 
is illustrated in Fig. 11. The NOx emissions were higher when BC was 
blended with SCG compared to when BC was blended with WS. In fact, 
the NOx emissions when BC was blended with SCG showed to be similar 
to the emissions from pure BC. It is well know that NOx levels are mainly 
determined by the nitrogen content in the solid fuels [49,65]. Despite 
the higher nitrogen content in SCG than BC and WS (by 33 % and 214 %, 
respectively, see Table 1), the combustion of BC blended with SCG did 
not show an obvious change in NOx emissions compared to the com
bustion of pure BC. This can be explained by the release of fuel nitrogen 
mainly as ammonia (NH3) with biomass combustion [66]. The conver
sion ratio of NH3 to NO is lower in comparison to that of HCN, which is 
the main product of coal fuel nitrogen, to NO [67,68]. Furthermore, the 
rapid release of biomass volatiles leads to high concentrations of 

hydrocarbon radicals in the combustion zone, promoting the reduction 
of NO (see R1-R3) during the co-combustion of coal and biomass. In 
addition, higher levels of volatile matter with coal-biomass blends 
produce high concentrations of CO at the early stage of combustion, 
while CO can react with NO to produce N2 (see R4) [69-71], which can 
be catalysed by inorganic impurities and even the char at high tem
peratures [69]. These results are consistent with the findings of Limousy 
et al. [14], Byul et al. [27], Allesina et al. [72], and Jeguirim et al. 
[26,41], and confirm the potential of SCG to be combusted in blends 
with coal without increasing harmful NOx emissions. 

NCO+H→NH +CO (R1)  

NH +H→N +H2 (R2)  

NH +NO→N2 +OH (R3)  

CO+NO→CO2 + 0.5N2 (R4)  

3.2.2. Effect of biomass blending on agglomeration tendency 
In contrast to the agglomerates found when BC was blended with WS 

Fig. 9. CO emissions, bituminous coal (BC), BC with spent coffee grounds 
(SCG) blended at 40 wt%, and BC with wheat straw (WS) blended at 40 wt%. 

Fig. 10. Comparison of bituminous coal (BC), BC blended with spent coffee 
grounds (SCG) at 40 wt%, and BC blended with wheat straw (WS) at 40 wt% in 
terms of loss of efficiency due to unburnt carbon (UBC) and CO emissions. 

Fig. 11. NOx emissions, bituminous coal (BC), BC blended with spent coffee 
grounds (SCG) at 40 wt%, and BC blended with wheat straw (WS) at 40 wt%. 
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as shown in Fig. 12, with detailed characterisation being provided in the 
previous studies from the authors on this BFB combustor [49], the visual 
inspection of the used bed material when BC was blended with SCG did 
not show the existence of agglomerates. Despite the operation time with 
the combustion test of BC blended with SCG at 40 wt% was extended to 
20 h, i.e. doubling the operation time that was carried out with the 
combustion test of BC blended with WS at 40 wt%, there were no ag
glomerates bigger than the top size of the silica sand bed materials found 
with the co-combustion of the BC-SCG blend. 

3.3. Characterisation of used bed material and cyclone ash 

3.3.1. Scanning Electron Microscopy coupled with energy disperse X-ray 
spectroscopy (SEM-EDS) of the used bed material 

Fig. 13 shows the EDX mapping analysis of the used bed particles 
after the combustion of BC blended with SCG at 40 wt%. The distribu
tion of Al, K, Fe, Ca, Si, Mg, and O across the surface of the used bed 
particle samples was identified as present. The intensity of the colour 
across a particular area indicates the extent of the element in that region. 
The results from EDX mapping analysis clearly showed the existence of 
cracks in the used bed particles. The presence of cracks has been linked 
to mechanical and chemical stress, which can lead to attrition and 
fragmentation of the bed particles [73]. Al, K, and Fe were the dominant 
elements in the cracks, with a lesser intense presence of Ca and Mg. 
These results agree with findings from the AFT studies in section 3.1.3 in 
terms of K, Ca, and Mg as the most active elements in the SCG ash. The 
distribution of O across the used bed material (Fig. 13) can be considered 
an indication of the presence of studied elements in their oxidised forms. 

Further analysis of the used bed particles based on EDX spot tech
nique shown in Fig. 14 revealed the existence of a thin coating layer 

(<10 µm). This coating layer consisted of a two-layer structure with 
substantial contents of Si, K, Ca, and Fe in the innermost layer, indi
cating the role of an adhesive K2O-CaO-SiO2 system in the formation of 
the primary coating layer on the used bed particles. Fe found in this layer 
could be mainly derived from the fuel blend (see Table 1). Nevertheless, 
the precipitation of Fe to the surface of the silica sand particles was 
reported by Afilaka [50], who conducted coal combustion experiments 

Fig. 12. Sample of agglomerates collected from the combustion of bituminous 
coal (BC) blended with wheat straw pellets (WS) at 40 wt% after 10 h of 
operation using silica sand as bed material (scale in cm). Picture from published 
work of the authors [49]. 

Fig. 13. EDX elemental mapping of Garside 14/25 bed material samples from 
combustion of BC blended with SCG at 40 wt% after 20 h of operation. 

Fig. 14. EDX elemental spot analysis of Garside 14/25 bed material sample 
from the combustion of BC blended with SCG at 40 wt% after 20 h of operation. 
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in the BFB combustor using the same silica sand bed material as this 
study. Fe on the sand particle surface could further react with the po
tassium compounds to form the coating layer (see R5-R7). The outer
most layer showed an increasing trend in the content of K. The contents 
of Al, Ca, Fe, and Mg also showed an increasing trend in the outermost 
layer. These elements are known for their high ash melting tempera
tures. This explains the reduced agglomeration tendency when the blend 
of BC with 40 wt% SCG was combusted. 

Fe2O3 +K2O→K2Fe2O4 (R5)  

Fe2O3 +K2CO4→K2Fe2O4 +CO2 (R6)  

Fe2O3 +(K2O⋅nSiO2)→(K2O⋅Fe2O3⋅ nSiO2) (R7)  

3.3.2. X-Ray fluorescence (XRF) analysis of cyclone ash 
Further XRF analyses of the cyclone ash from the combustion of BC 

blended with SCG at 40 wt% were performed to investigate the effect of 
the biomass blending on the cyclone ash elemental composition. For 
comparison purpose, the cyclone ashes from the combustion of BC in 
pure and BC blended with WS at 40 wt% were also analysed. The results 
shown in Fig. 15 reveal an increase in K, Mg, Ca, and P contents in the 
cyclone ash when coal/biomass blends were combusted in comparison 
to pure BC. Compared to the cyclone ash of BC blended with WS, the 
cyclone ash of BC blended with SCG had higher contents of Fe, Al, P, and 
Mg and a reduction in the content of Si. These results confirm earlier 
findings from the AFT studies in Section 3.1.3 about K, Mg, and Ca as the 
most active elements along with the reduced Si content when BC was 
blended with SCG in comparison to pure BC. 

4. Conclusions 

The main conclusions of the present study are as follows:  

1. SCG was shown to have the potential to be an excellent fuel due to its 
relatively high heating value, high volatile matter content, low ash 
content, and higher ash fusibility temperatures than those of the WS 
ash and other biomass ashes reported in the literature (e.g. cotton 
stalk, bagasse, waste bamboo, and rice straw), with the sphere 
temperature (ST), hemisphere temperature (HT), and flow temper
ature (FT) values only slightly lower than those for the BC ash despite 
the high K2O content in the SCG ash.  

2. The ash blend corresponding to 20 wt% coal – 80 wt% SCG was 
found to have a much higher deformation temperature (DT) than 
that of the SCG ash, with the value only slightly lower than that for 
the BC ash. However, the ash blends corresponding to 40 wt% coal – 
60 wt% SCG and 60 wt% coal – 40 wt% SCG were found to have 
lower DT values than those of the SCG ash.  

3. The addition of SCG to BC led to a lower combustion efficiency loss 
resulted from the unburned carbon in ash in comparison to the 
combustion of pure BC or BC-WS blends. This suggests SCG has the 
potential to improve the efficiency of coal combustion under co- 
combustion conditions.  

4. Despite of the fact that SCG has a higher content of fuel nitrogen than 
the BC, similar NOx emissions were found for the co-combustion of 
60 wt% BC and 40 wt% SCG and the combustion of pure BC under 
the investigated conditions in this study. This indicates SCG can be 
co-combusted with coal to avoid potential higher NOx emissions 
when combusted in pure form.  

5. The detailed analysis of the used bed material and cyclone ash by 
means of XRF and SEM/EDX provided further evidence about the 
reduced tendency of the bed material agglomeration during the co- 
combustion of coal with SCG, unlike the combustion of coal with WS. 
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