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Abstract

Population growth and limited landfill area increase the problems associated with municipal solid waste
(MSW). The MSW conversion into solid recovered fuel (SRF) improves the calorific value which has
the potential to be used as a power plant boiler fuel. This study investigated ash deposition and
combustion characteristics during co-combustion of coal and SRF at various dosages (5, 10, 15, 20, and
25 wt%). Thermogravimetry analysis, preliminary risk assessment, and morphology analysis of ash
deposits are comprehensively performed. The study revealed that based on combustion performance,
SRF blends up to 20 wt% show slightly altered burnout temperatures compared to coal combustion,

whereas, at 25 wt%, the combustion temperature increases significantly. On the initial risk assessment,
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the samples tested had a low to medium risk of slagging. Morphological observations show that fine,
irregular, and unmelted particles dominated coal ash deposits, while SRF ash deposits were dominated
by melted and agglomerated particles. The melted particles gradually increase as the dosage of SRF in
the mixture increases. Low melting temperature element-rich particles start to be observed at doses
higher than 10 wt%. At 25 wt% SRF blends, material degradation was observed with the presence of
Cr in the ash deposit. Overall, co-combustion over 10 wt% SRF shows results that should be considered,
particularly the increase in sintering ash that can cause problems in the boiler pipes. This study provides
insight into the optimum dosage suitable for blending SRF and coal in power plant boilers.

Keywords: ash morphology, element composition, material degradation, sintering ash,

thermochemical analysis

1. Introduction

Problems related to municipal solid waste (MSW) increase as the population grows and landfill
space becomes scarce. Research conducted by Qonitan et al. (2021) revealed that, based on data in
Indonesia in 2018, more than 1,700 tonnes per day of MSW average per city was produced. In another
study by Vekemans and Chaouki (2016), worldwide MSW production in 2025 will reach more than 2
billion tonnes annually. As a solution to these problems, several technologies such as combustion,
gasification, pyrolysis, and hydrothermal can be applied (Babu et al. 2021). One of the simple and
effective technologies is combustion technology. MSW can be combusted directly or sorted to convert
to fuel and then processed into solid recovered fuel (SRF) (Sugiyono et al. 2022). MSW has a calorific
value of about 19 MJ/kg (Nasrullah et al. 2015; Vekemans and Chaouki 2016; Zhang et al. 2018), while
SRF has a calorific value of 12-25 MJ/kg (del Zotto et al. 2015; Prismantoko et al. 2024a; Wu et al.
2011). Other MSW derivatives, such as refuse-derived fuel (RDF), have a calorific value of 11-20
MJ/kg (Karpan et al. 2021; Maj et al. 2022; Prismantoko et al. 2024b). The high calorific value of SRF
and other MSW-derived waste that approaches the calorific value of low-rank coal makes SRF
promising as an alternative or blended fuel in coal-fired power plants (CFPP). In addition, with the high

content of biodegradable materials such as paper, wood, and textile generally having lower sulfur and



nitrogen content than coal, the combustion of SRF can reduce flue gas emissions in CFPP (Vekemans
and Chaouki 2016; Wu et al. 2011). However, applying SRF as an alternative fuel in CFPP is also
challenging. Due to its different characteristics from coal, the CFPP boiler is designed to be fuelled by
coal. The high chlorine and alkali content in SRF can lead to corrosion and ash deposition, resulting in
boiler pipe problems during combustion (Kaniowski et al. 2022; Viklund et al. 2013).

To ensure the boiler operation does not experience problems due to using SRF as fuel, it is
necessary to conduct a comprehensive study before being applied to the actual scale boiler. Studies on
SRF combustion, both single and co-combustion, have been performed extensively. Combustion
characterization was carried out by Sever Akdag et al. (2016), finding that the main decomposition
during refuse-derived waste combustion occurs between 200 and 600 °C. In addition, combustion is
completed at around 700 °C with 20% char remaining at the end of the process. A study by Conesa and
Rey (2015) showed that hemicellulose decomposes during MSW combustion at temperatures between
200-250 °C, while cellulose decomposes at 400 °C. Wu et al. (2020) have stated that the pyrolysis
performance of SRF will increase as the heating rate increases. Viczek et al. (2021)discovered that most
of the CO; released during SRF combustion comes from the combustion process, but further release
results from endothermic reaction due to carbonate decomposition in the sample starting at 600 °C.
Regarding the ash observation, research conducted by Wojtaszek et al. (2021) revealed that co-
combustion of 10 wt% coal-SRF showed the addition of unfused, porous, and sooty particles. Sciubidto
et al. (2019) found that coal and SRF co-combustion ash deposits are dominated by coarse, angular,
irregular, drossy, and flaky particles. Meanwhile, in another study, Tang et al. (2016) found that
municipal solid waste combustion is dominated by fine and spherical particles rich in Al, Si, K, and Na.
Moreover, our previous study showed that Ca-rich and agglomerated particles increased by adding 15
wt% SRF into different coals (Prismantoko et al. 2024a). The addition of 15 wt% SRF to the coal
increases the elements that contribute to the lowering of the ash fusion temperature. In another separate
study, Prismantoko et al. (Prismantoko et al. 2024b) observed the separation of biodegradable and non-

biodegradable rich waste, where melted particles and aggregates were absent in the coal blend with 5



wt% biodegradable rich waste but still observed in the blend with 5 wt% in non-biodegradable rich
waste. More detailed studies on the co-combustion of coal and solid waste can be seen in Table 1.
Although other studies have examined the single and co-combustion of coal and SRF, critical
knowledge gaps persist regarding the challenges associated with coal-SRF co-combustion, particularly
given the diversity of coal types and the heterogeneous composition of SRF. Previous research has also
discussed material degradation caused by ash from the combustion of coal blends with SRF up to 25
wt% (Karuana et al. 2024a). However, these studies primarily focused on the degradation of the
material's protective layer, neglecting a comprehensive analysis of combustion characteristics and the
mechanisms driving ash deposit formation. Notably, at a mixture of 15 wt% SRF in coal, the material
experienced significant degradation. Therefore, this study focuses on combustion performance,
analyzing the morphology and elements of ash deposits to determine the effect of coal and SRF blends
at various ratios on slagging, fouling, and corrosion tendencies. Combustion performance was analyzed
using a thermogravimetric apparatus, while ash morphology analysis was performed using scanning
electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS) instrumentation. This
study is expected to provide a valuable reference for addressing waste management challenges,
especially regarding combustion characteristics and ash deposition during the co-combustion of coal

and SRF at various ratios.

Table 1. Research benchmarks on coal and SRF/RDF/MSW co-combustion

References Fuels Testing tools Dosage of Findings

waste
(Zhang et al. | Coal and MSW | DTF 7.5, 15, 20, Increasing the MSW dosage
2018) (1300 °C) and 25 wt% | resulted in a rougher fly ash

surface due to condensation and
accumulation of fine particles. In
addition, a decrease in ash fusion
temperature is observed, and an
increase in Fe, CI, and S content

in the fly ash.
(Sciubidto Coal and SRF | CFB 1,5,10,and | Ash particles during co-
and Nowak (800-900 °C) 20 wt% combustion are dominated by
2018) irregular, coarse, flaky and

drossy particles. On the other




References

Fuels

Testing tools

Dosage of
waste

Findings

hand, subangular particles and
irregularly shaped unburned
carbon particles are found in fly
ash. Quartz, anhydrite and illite
are found in all test samples,
while mullite are unobserved.

(Wasielewski
et al. 2020)

Coal and SRF

Stoker boiler
(700-900 °C)

10 wt%

Porous particles, unburnt inert
minerals, and  cenospheres
minerals are observed in coal fly
ash, while fine crystalline porous
and amorphous particles
dominated the SRF blended fly
ash. Unburned carbon increased
during SRF co-combustion.

(Mlonka-
Medrala et al.
2021)

Coal and RDF

CFB
(800-900 °C)

40 wt%

Irregular  quartz-rich particles
with  some  melting and
agglomeration  particles are
observed during co- combustion.
EDS analysis showed the main
components are Si, Al, Ca, Fe,
Na, and S.

(Wojtaszek et
al. 2021)

Coal and SRF

Stoker boiler
(800—1100 °C)

10 wt%

Unburn carbon increases with the
addition of SRF to coal. Coal fly
ash is dominated by fused, dense,
and anisotropic particulate, after
the addition of 10 wt% SRF,
unfused, porous, and isotropic
particles increase.

(Isaac and
Bada 2022)

Coal and RDF

HTF
(850 °C)

15, 30, 50,
and 75 wt%

Shredded sponge and chip
particles are observed in RDF
ash, while Coal is dominated by
fine and coarse particles. During
co-combustion, the ash is
dominated by cluster particles
and agglomerates with
melting point. The slagging and
fouling indices show that as the
percentage of RDF in the blend
increases, the tendency of
slagging and fouling increases.

low

(Hariana et al.
2023)

Coal, SRF, and
another
biomass

DTF
(1200 °C)

25 wt%

Co-combustion of coal and SRF
at 25 wt% showed a high risk of
slagging with the presence of
molten and aggregated particles
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Dosage of
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with low melting temperatures
compared to other biomasses. In
addition, it has a higher corrosion
propensity.

(Shin et al.
2023)

Coal and Bio-
SRF

CFB
(800 °C)

10, 20, and
30 wt%

As the waste mixture ratio
increased, the calorific value and
unburned carbon decreased, the
ash content increased. In
addition, there is no change in
boiler and combustion
efficiency.

(Prismantoko
et al. 2024a)

Coal and SRF

DTF
(1200 °C)

15 wt%

The addition of 15 wt% SRF to
coal increases the risk of
slagging, fouling, and corrosion
of the material surface. Particles
rich in elemental Ca increase
during co-combustion. Blending
SRF  with MgO-rich coal
effectively reduces sintering ash
compared to pure SRF
combustion.

Click or tap
here to enter
text.(Prismant
oko et al.
2024b)

Coal and RDF

DTF
(1250 °C)

5 wt%

The CaO and Cl content of RDF
increased the sintering ash of the
probe material. Ca-rich
agglomerate particles are
observed in the RDF ash. After
separation into biodegradable
and non-biodegradable RDF,
two results are observed,

1. sintering ash decreased during
co-firing with coal and
biodegradable RDF

2. material degradation is
observed, particle aggregates
increased during co-
combustion with coal and non-
biodegradable RDF.

(Novendianto
et al. 2024)

Coal and RDF

DTF
(1250 °C)

5, 10, 15, and
20 wt%

Co-combustion of coal and
biodegradable RDF up to 10 wt%
showed minimal ash-related
problems. The problems
increased  after 15 wt%
biodegradable RDF is added to
the coal, as several sintering
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spots are observed on the probe,
ash was dominated by spherical,
angular, fine, and Ca-
aluminosilicate-rich particles.

(Karuana et
al. 2024a)

Coal and SRF

DTF
(1200 °C)

5,10, 15, 20,
and 25 wt%

The material degradation
increased significantly in the co-
combustion of coal and SRF at
15-25 wt%, i.e. more than 50%
of the Cr content in SS-304
material is reduced.

(Karuana et
al. 2024b)

Coal and RDF

DTF
(1250 °C)

10 wt%

The initial degradation of 18Cr-
Ni during RDF co-combustion is
influenced by the high CI content
of RDF. The Cr content of the
material began to degrade in the
second hour of operation and
increased as the hours of
operation increased.

(Ghazidin et
al. 2024)

Coal and SRF
with additives

DTF
(1200 °C)

15 wt%

Ash  deposits  from  co-
combustion of 15 wt% SRF are
dominated by regular-irregular
unfused and sticky particles. The
addition of 0.10 wt% additive
showed smaller ash particles and
reduced sticky particles.

(Ghazidin et
al. 2025)

Coal and SRF
with additives

DTF
(1200 °C)

15 wt%

Ash  deposition  problems
occurred during 15 wt% SRF co-
combustion. Some spot sintering
is observed on the probe
material. The addition of 1.00
wt% Al and Mg type additives
can reduce the number of
spots
combustion.

sintering during co-

(Hariana et al.
2025)

Coal and RDF
with additives

DTF
(1250 °C)

20 wt%

Severe slagging and fouling are
observed on co-combustion of 20
wt% biodegradable RDF. Sticky
particles were reduced after
addition of 1.00 wt% Al-Si based
anti-slagging.

Note: SRF: solid recovered fuel; RDF: refused derived fuel; MSW: municipal solid waste; CFB:
circulated fluidized bed; DTF: drop tube furnace; HTF: horizontal tube furnace




2. Materials and methods
2.1. Materials properties

Two types of coal, low- and medium-rank coal, were collected from mines in South Sumatera,
Indonesia. The selection of low- and medium-rank coal was based on the availability of coal resources
which are dominated by low- and medium-rank coal. Both coals were prepared by crushing them to a
size of 70 wt% of <75 um to characterize the pulverized-coal-fired (PF) boiler feed particle size. The
coals were blended in a 50%:50% ratio by weight and used as the original coal (C100S0) in this
experiment. SRF (C0S100) consists of 60% residential garbage, 20% community waste, and 20%
garden timber supplied from Tangerang, Indonesia, sorted and dried by bacterial bio-drying. COS100
was ground and screened to less than 0.8 mm. The samples were characterized according to ASTM
standards such as proximate, ultimate, and ash analysis, as summarized in Table 2. Furthermore,
C100S0 and C0OS100 were blended with proportions of COS100 (wt% dry basis) in the blends being 5,
10, 15, 20, and 25 wt%, which were coded C95S5, C90S10, C85S15, C80S20, and C75S25,
respectively. The SRF dosage variation of 5 wt% up to 25 wt% was chosen to pursue previous research
on the impact of various biomasses, including SRF, on ash-related problems in co-combustion
applications (Hariana et al. 2023). Compared to C100S0, which has 10 wt% on an air-dried basis,
C0S100 has three times higher ash content, with 28.90 wt%. Furthermore, COS100 has 50-fold higher
total chlorine with 0.54 wt% than C100S0 with 0.01 wt%. In addition, C100S0 also has a high total
alkali. This affects the blended properties, where the ash content, total chlorine, and alkali content
gradually increase as the SRF blending dose increases into the coal, accelerating the ash deposition
problem (Zhou et al. 2020). A detailed material analysis can be seen in our previous study (Ghazidin et

al. 2023; Prismantoko et al. 2022).

Table 2. Properties of samples

Proximate Analysis (wt%, adb) Ultimate Analysis (wt%, adb) Cl

M AC VM FC C H N S O (wt%, adb)
C100SO"  7.67 9.63 4244 4032 60.82 449 093 043 23.70 0.01
C0S100° 425 2890 54.19 1266 33.90 425 173 047 30.75 0.54

Sample




" same batch samples with Prismantoko et al. (2022); ": by difference
Ash Analysis (Wt%)
SiO, AlLOs FexO; CaO MgO TiO, Na,O KO MniOs P,0Os SOs
C100S0"  56.41 2231 6.09 570 138 057 0.64 080 020 0.13 3.49

C0S100°  33.12 10.80 8.89 20.06 228 0.67 042 360 018 324 1.99

adb: air-dried basis; M: moisture in a sample; AC: ash content; VM: volatile matter; FC: fixed
carbon; C: carbon; H: hydrogen; N: nitrogen; S: sulfur; O: oxygen; Cl: total chlorine

Sample

2.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to assess the thermochemical activity of the fuel. The
TGA analysis shows the mass decomposition curve at a set heating rate, including measured
temperature parameters such as ignition temperature (Ti) and burnout temperature (Tp). In addition,
DTGmax indicates the maximum value of mass decomposition at the peak of the mass loss curve. These
curves provide a reference basis for determining the impact of SRF blends on coal at combustion
characteristics temperature. TGA analyzer Shimadzu DTG-60 series was used to analyze using
atmospheric gas of 79% N and 21% O, at atmospheric conditions. 5-10 mg of the sample was heated
at a 10 °C/min heating rate. The temperature was held for 10 min at 105 °C, then gradually warmed to
900 °C. The temperature set point was 900 °C, based on the typical occurrence of lignocellulosic and
polymer materials below 900 °C (Asim et al. 2020; Kan et al. 2016; La Mantia et al. 2017; Pang et al.

2014; Ray and Cooney 2018; Yu et al. 2023).

2.3. Preliminary slagging risk assessment

Ash-related problems were preliminarily assessed using a ternary diagram that has a medium level
of accuracy based on a review by Chen et al. (Chen et al. 2021). Vassilev et al. (Vassilev et al. 2013)
developed and classified biomass slagging risks based on ash type, hemispherical temperature (HT),
and deformation temperature (DT). The ternary diagram, known as the Si0,—CaO-K,0O (SCK) diagram,
was divided into three axes based on material characteristics: SiO, + Al,O3 + Fe»O3; + Na,O + TiO; on

the right axis, CaO + MgO + Mn3Os on the left axis, and K,O + P,Os + SO; + Cl on the bottom axis.

2.4. Ash deposits characterization



Ash deposits were obtained from combustion experiments using a lab-scale drop tube combustor
heated to 1200 °C under an air atmosphere to simulate the furnace exit gas temperature of the PF boiler.
~75 g samples per hour were fed into the combustor from the top using a screw feeder. Primary and
secondary air rates were regulated to obtain 5% excess oxygen in the flue gas during combustion. A 50
mm diameter uncooled probe equipped with a K-type thermocouple to measure the probe surface
temperature was inserted from the bottom of the combustor and adjusted its height until it reached a
temperature of 550 °C to represent the metal temperature of the superheater and reheater in the fouling
area and 600 °C to represent fireside tube temperature of platen superheater in slagging area. The
furnace temperature distribution and detailed schematic diagram of the experiment was provided in Fig.
1. The test was conducted for one hour for each temperature. Ash deposits were collected and separated
from the probe by scraping a piece of paper (Hariana et al. 2021). Micro-structure morphology analysis
of ash deposits was carried out using Quanta 650 SEM from Thermo Fisher with backscattered and
Oxford EDS detectors. X-Act Silicon Drift Detector of EDS detects elements from Be to Pu, with a
resolution of 125 eV, following ISO 15632:2002. SEM generates a raster pattern of incident electrons

onto the sample surface.
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Fig. 1. Schematic diagram of laboratory-scale combustor (modified from (Karuana et al. 2024b))
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3. Results
3.1. Thermogravimetry analysis

Combustion characteristics were performed using thermogravimetry analysis. Fig. 2 shows the TG
and DTG curves of all tested samples. COS100, which represents the original SRF sample, demonstrates
a markedly disparate ignition and burnout point. COS100 has the lowest ignition temperature and
experiences a deceleration in mass decomposition at temperatures around 300 °C. In contrast, the
blended samples show a transition to a decrease in mass rate. C75S25, which initially exhibited the
earliest ignition, ultimately became the slowest due to the non-synergistic combustion between
biodegradable and non-biodegradable materials in SRF (Gunasee et al. 2016). Meanwhile, C95S5,
which is dominated by coal, underwent a gradual decomposition process just prior to the decline in
slope similar to the coal sample (C100S0).

A notable discrepancy exists between coal and SRF in terms of burnout conditions. C100S0 entered
the burnout phase at 498.16 °C with a residual ash content of 9.64 wt%. The SRF (C0S100) burnout
phase commenced at 761.25 °C, leaving an ash residue of 19.21 wt%. This phenomenon may be
attributed to the late combustion of non-biodegradable materials present in SRF, resulting in the
accumulation of significant quantities of unburned matter (Giraud et al. 2021). The blended samples up
to C80S20 exhibited burnout characteristics similar to those of C100S0, indicating that the addition of
SRF up to 20 wt% had a minimal impact on combustion. On the other hand, blended samples C75S25
demonstrated higher burnout temperature at combustion with a value of 604.64 °C compared to coal or
other blended samples, which have a value of burnout temperature under 500 °C. The greatest quantity
of unburned material was observed in C80S20, at 15.99 wt%, and the lowest was C95S5, at 10.79 wt%.
The ash content of C75S25 is considered relatively low in comparison to C80S20, due to the synergistic
decomposition of carbonaceous material during late combustion (Tejaswini and Pathak 2023).

In the context of combustion reactions, three distinct stages of decomposition are typically
observed, namely dehydration, devolatilization, and decarbonization. Based on DTG curves, only
C0S100 displays three peaks. The dehydration stage is the stage of free moisture release in the material,

which is characterized by a decrease in the mass of the test material since the beginning of heating. In
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general, the dehydration stage is represented by the first peak under temperature of 175 °C. The
temperature range of the dehydration stage in all test samples is almost similar, but the quantity of
decomposed mass looks quite different between the original coal and its blend, as well as the original
SRF. As stated in the previous study, COS100 has the lowest moisture content (Mu et al. 2021).
Therefore, the peak mass loss rate in C0OS100 has the lowest curve height compared to other samples.
The subsequent stage is the breakdown of volatile matter from organic compounds, which is referred to
as devolatilization. In general, this process results in the greatest mass loss in comparison to other stages
(Tanaka 2016). The volatile matter consists of oxygen-containing groups that are degraded during
devolatilization into free radical groups that interact with oxygen to produce lower molecular weight
compounds, such as CO and CO:, in the form of gas (Huang et al. 2022). An increase in the
devolatilization temperature results in a shift in the peak position due to the elevated heating temperature
(Larionov and Gromov 2019).

Meanwhile, the DTG value is observed to be unstable, exhibiting both increasing and decreasing
trends, influenced by the shift in ignition temperature and burnout sample in line with the addition of
SRF to coal (Ma et al. 2006). The C100S0 sample exhibits the highest decomposition peak among the
various sample types, with a value of 17.94 %/min at 334.82 °C. In contrast, C0S100 exhibits the lowest
decomposition peak, with a value of 8.62 %/min. High ash content in C0S100 affects oxygen diffusion
and reduces the heat transfer rate, which results in a slower burning rate (Das et al. 2021).

The final stage of decomposition is designated as decarbonization, which is exclusively manifested
in COS100 as an indication that the sample is still undergoing cracking under elevated temperature
conditions. In comparison to coal and blended samples, C0OS100 exhibits a late combustion process,
resulting from the combustion of residual carbon present in the inorganic material (Sun et al. 2021; Zhu

et al. 2024).
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3.2. Preliminary ash deposition risk assessment

A preliminary study using the SCK ternary diagram method was conducted to estimate the slagging
risk of the tested samples based on ash properties and ash fusion temperature area. Ash types are
classified into four types (S, C, K, and CK) while acid types are classified as low acid (LA), medium
acid (MA), and high acid (HA). To estimate the risk of slagging, a categorization based on HT and DT
areas was applied, which was developed by Vassilev et al. (Vassilev et al. 2014) using 60 different
biomass types for HT areas and 55 different biomass types for DT areas. Based on the SCK ternary
diagram of the tested sample presented in Fig. 3, it is shown that all tested samples are categorized as
S-HA (S-type high acid) except C0S100, which is at S-MA (S-type medium acid). The dominance of
Si0,, Al;Os, and Fe;Os elements make the samples categorized as S-type. Type S with high potassium
content is expected to have a high risk of slagging, while high acidity has a higher corrosion risk (Garcia
et al. 2015). In comparison with other separate studies, SRF falls into the same category as potassium-
rich switchgrass (Vassilev et al. 2014), while coal is generally categorized as S-HA (Ghazidin et al.
2024; Prismantoko et al. 2024a; Suyatno et al. 2023; Vassilev et al. 2014). Meanwhile, based on the HT
and DT areas, C100S0 and C90S10 have a low risk of slagging by being in the HT > 1400 °C and DT
> 1300 °C areas. Meanwhile, COS100 and other mixtures have a medium slagging risk when entering

the HT and DT areas, 1200-1400 and 11001300 °C, respectively.

& C10080 SiOy+Al,0,+Fe,0,+Na,0+TiO,

© C9555 0

@ C90S10

@ 85515 100
@ C80S20 10
© C75525
@ C0S100

C type

90 Low acid
10

100
0

0 10 20 30 40 50‘ 60 70 80 90 100
CaO+MgO+Mn,0, K,0+P,0,+S0,+Cl

14



SI0,+AL,0,+Fe,0,+Na,0+TiO, SiO,+Al,05+Fe,0;+Na,0+TiO,
0
0
100 ¥/ /. DT < 1100°C (high risk) 100
DT 1100-1300°C (medium risk)
I DT > 1300°C (low risk)

L/ HT < 1200°C (high risk)
HT 1200-1400°C (medium risk)
I HT > 1400°C {low risk)

i @ [cassis)|
9585/ ()
8
[c75525

40 40
7 7 60 60
0 10 20 30 40 0 10 20 30 40
Ca0+MgO+Mn,0, K,0+P,0.+S0,+Cl CaO+MgO+Mn,0, K,0+P,0:+S05+Cl
(b) (c)

Fig. 2. Slagging risk estimation adopted from Vassilev et al. (Vassilev et al. 2014); (a) SCK diagram;
(b) HT area; (c) DT area

3.3. Ash deposits characterization

3.3.1. C100S0 ash deposits

Fig. 4 presents the backscattered electron (BSE) images and elemental composition of the C100S0
ash deposits at two probe temperatures. When observed in its entirety, C100S0 ash deposits are tiny
particles less than 100 pm in size, most of which are unmelted and irregular. At the 550 °C of the probe,
as shown in Fig. 4 (a), structures of unmolten solid spheres and amorphous irregular particles indicated
quartz minerals' dominance in the deposits. This phenomenon indicates that these particles do not
experience melting during combustion. Based on the EDS results, the composition of C100S0 ash
deposits was mainly Si, Al, and Fe with smaller amounts of Ca, Mg, and S. The distribution of these
elements indicates that aluminosilicate elements dominate the ash deposit with small dispersed
elements. At 300x magnification, Ca-rich fine particles such as those in spot 1 promote the reaction of
CaO with sulfur in coal ash to form anhydrite, as shown in Reaction (1) (Vassilev et al. 2013). Despite
having a melting temperature above 1200 °C, at temperatures of 800—1300 °C, anhydrite can release

sulfur into the flue gas.
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CaO + SO; — CaSO, (1)

Meanwhile, coarse particles of 5-10 um in spots 2, 3, and 6 are dominated by Fe and may form
hematite during combustion. The occurrence of hematite must be considered, as it can interact with
alkalis to produce low melting point minerals (Vassilev et al. 2013; Werther et al. 2000). At spots 4 and
5, smooth and coarse-sharply irregular quartz is indicated with aluminosilicate dominating the particle
composition, with minor elements of Ca, K, and S. Due to their high melting temperature, these irregular
particles maintain their shape during combustion, consistent with that reported by Li et al. (Li et al.
2016). Identical to those at the 550 °C temperature, at 600 °C, element composition generally shows
the dominance of Si, Al, Fe, and Ca with irregular amorphous shapes particles (Fig. 4 (b)). No melted
solid ash formed on the probe surface due to the low alkali and sulfur content. However, fine irregular
Ca-rich melts are also present at this 600 °C probe, for example, at area B. Specifically, at spot 1, SiO,-
rich quartz material, the main coal ash mineral, was observed. Coarse irregular particles <50 pm in size
containing Si, Ca, and Al found in spots 3 and 5 indicate the presence of an anhydrite mineral in the
deposit. While at spots 2, 4, and 6, the coarse white structure indicates hematite minerals with the
dominance of Fe. From the results of morphology and elemental composition, the origin C100S0
appears clean with no significant melting or slagging attached to the probe surface, supported by the
presence of high melting elements in the ash deposit. This result is consistent with the investigation in
our previous work, which showed that the coal used in this study has no possibility of slagging based

on visual observation (Prismantoko et al. 2022).
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Fig. 4. BSE image with elements of C100S0 ash at the probe temperature of (a) 550 °C; (b) 600 °C

3.3.2. (9585 ash deposits

SEM-EDS at selected spots of C95S5 ash deposits is shown in Fig. 5. Particles less than 100 pm
in the form of unmolten solid spheres and amorphous irregular particles still dominate the deposits.
EDS results show that Si, Al, Fe, and Ca dominate the ash with minor Mg, Na, and K. At 550 °C, as
shown in Fig. 5 (a), with the addition of 5 wt% SRF to the coal, the ash deposits are dominated by Si
and Al with minor Fe and Ca. When amplified at 300x, spots 1 and 6 showed amorphous irregular
particles with a size smaller than 100 pm, mainly dominated by aluminosilicate. Moreover, white Fe-
rich particles are also observed in C95S5 ash, for example, in spots 2 and 5, which promote the

formation of Fe,O3 minerals in the ash. In addition, smooth spherical particles less than 10 pm in size
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appear to form in several spots, including spot 3, indicating that these particles were fully molten during
combustion. Spot 3, which is dominated by Si and Al-rich particles with Ca at 17,85 wt%, suggests the
presence of Ca-aluminosilicate in the deposits and forms the mineral anorthite at 800-1000 °C with a
lower melting point than quartz in the original coal. The reaction between SiO,, Al,O3, and CaO is
represented in Reaction (2) (Vassilev et al. 2013; Zhang et al. 2023). Irregular grey fibrous particles
rich in Ca and S, possibly forming the mineral anhydrite with a relatively low melting point, were
observed at spot 4.

In contrast, at 600 °C (see Fig. 5 (b)), medium-sized particles in the form of high-melting irregular
particles dominated by Si, and Al were found in the ash, which is observed in almost all areas (e.g.,
spots 1, 2, 3, 4, and 5). It indicates that quartz formation dominates at this temperature. Meanwhile, fine
spherical particles rich in Ca, Fe, and S are evident, promoting the formation of hematite or anhydrite.
Overall, increasing the temperature and adding SRF to the coal causes the particle size to increase, and
the fused particles are more visible. In addition, with the increase of Ca content in the ash deposit, the
reaction between Si, Al, and Ca increases and promotes the formation of anorthite, which is not seen in
the original coal ash deposit. However, the morphology shows an insignificant melting phenomenon in

the co-combustion of 5 wt% SRF and coal.

Ca0 + ALOs + 28i0, — CaALSi,Os )

I Overall
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Fig. 5. BSE image with elements of C95S5 ash at the probe temperature of (a) 550 °C; (b) 600 °C

3.3.3. (C90S10 ash deposits

Fig. 6 shows the SEM image and elemental maps with EDS results of the whole and selected spots
of the C90S10 ash deposit. Smooth and irregular particles rich in Si-Al with fine agglomeration particle
size below 100 um were found in the deposit. Fig. 6 (a) shows the SEM image and EDS at a temperature
probe of 550 °C. For the areas selected, spots 1, 3, 4, and 5 of temperature 550 °C with 300x
magnification, coarse-irregular particles of about 50-100 um composed of aluminosilicate were
observed in the deposit. While at spot 2 Ca-rich smooth irregular particles and at point 6 spherical
smooth particles with a size of 10 um were observed. Based on the EDS result, the ash deposit at spots
2 and 6 mainly comprises Ca, Al, Si, and S, forming anorthite or anhydrite. At 600 °C, as shown in Fig.
6 (b), at spots 1 and 6, white particles containing hematite of above 10 um in size were found. In
addition, in spots 2 and 3, coarse particles with Si composition show that slagging is unlikely to happen.
Meanwhile, the Si, Al, Ca, and S-rich particles are fused smooth particles seen in spots 4 and 5. Based
on the identical shape and EDS results of the C90S10 ash deposits at both temperatures, the chance of

forming slagging and fouling is insignificant.
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Fig. 6. BSE image with elements of C90S10 ash at the probe temperature of (a) 550 °C; (b) 600 °C

3.3.4. (C85S15 ash deposits

Fig. 7 depicts the BSE image with elemental maps and the composition of the C85S15 ash deposit.
In general, although Si-Al elements are still dominant in this ash deposit, fine and fused particles rich
in Fe and Ca begin to dominate in the C85S15 ash deposit. The anorthite mineral initiated by the
presence of Ca increases. It will increase the risk of slagging and fouling. With 300x magnification,
spot 1 at 550 °C, shown in Fig. 7 (a), shows fine rod-shaped Si and Al particles. Moreover, particles
that Si-Al mainly dominate with high addition of Ca and S are found in spots 2, 4, and 6. Anorthite or
anhydrite probably formed at this spot. At the same time, the Fe-rich particles are surrounded by smooth

and fused particles, as in spots 3 and 5. Similar to 550 °C, at the probe temperature of 600 °C as shown
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in Fig. 7 (b), it generally consists of Si, Al, Fe, and Ca. Spots 1, 3, 4, and 5 show fine particles with a
size of 100 um rich in calcium oxide that forms the mineral anorthite as it interacts with Si and Al or
anhydrite as it interacts with sulfur, which has a lower melting point than quartz. However, quartz
particles are still detected in spot 2. Spot 6 shows white particles rich in Fe. In addition, tiny-fused

particles spread in the ash deposit indicate that the slagging phenomenon is starting to occur.

I Overall

I Overall
T |Spot1
I Spot 2
I spot 3
Spot 4
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Fig. 7. BSE image with elements of C85S15 ash at a temperature of (a) 550 °C; (b) 600 °C

3.3.5. (C80S20 ash deposits
The morphology and elemental composition of the C80S20 ash deposit are illustrated in Fig. 8.
Similar to the observation of C85S15, the ash deposits are dominated by irregular-smooth, molten, and

fused particles with Si, Al, Fe, and Ca-rich composition. In more detail, at 550 °C, shown in Fig. § (a),
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spots 1, 4, and 5 show that coarse particles in the form of quartz are still present in the ash deposit.
Particles containing Si, Al, and Ca below 100 pm were found in spots 2 and 6. In addition, there are
also Fe-rich particles, as shown in spot 3. However, irregular and molten particles appear widely
distributed in several spots. In contrast, at 600 °C (see Fig. 8 (b)), particles with a size of more than 100
um in the form of Ca-rich fine spherical particles, as shown in spots 1, 3, and 5, are particles that have
experienced melting. Fe-rich particles are still present, indicated by white particles in spot 4. In addition,
quartz particles were found in spot 2. Furthermore, larger particle sizes and more melted particles were
found in the 20 wt% SRF blend. These findings confirm that a higher portion of SRF will increase the

potential for slagging and fouling.
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Fig. 8. BSE image with elements of C80S20 ash at the probe temperature of (a) 550 °C; (b) 600 °C
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3.3.6. C75S25 ash deposits

The BSE image with the EDS result of the C75S25 ash deposit are depicted in Fig. 9. C75S25
ash deposits are dominated by irregular-coarse, molten spherical, and agglomerate particles below 100
um in size, indicated by the formation of sodium silicate. EDS results show that the C75S25 ash deposits
mainly comprised Si and Ca, with minor Na, K, and S condensed on the surface. Alkali and sulfur
contents were found in all spots at both temperatures. Higher Ca/Si content on C75S25 promotes K
release, easily forming potassium sulfate or potassium chloride (Xue et al. 2017). Fig. 9 (a) illustrates
the morphology and elements at 550 °C. At points 1, 3, and 4, particles with high Fe content were found
in the ash. Large irregular coarse containing SiO; indicate the presence of unmelted particles at point 5.
Si-Al-rich coarse particles were also found in spots 2 and 6. However, some fine spherical particles
easily melt in other spots. Meanwhile, irregular coarse particles rich in Si and Al were found at points
1 and 6 at 600 °C, as shown in Fig. 9 (b). In addition, spots 2, 4, and 5 are irregular fused particles
containing Si, Al, Ca, K, and S. This increases K-aluminosilicate formation.

Moreover, Fe-rich particles at spot 3 in the form of hematite were found. However, Cr is present
in the ash at point 3 at 18.72 wt%. The presence of Cr increases the occurrence of corrosion during
combustion. Metals containing Cr and Fe at 425-525 °C start to corrode (Liu et al. 2014). At spot 2,
irregular sharp crystals rich in Si and O with minor Ca and alkali-sulfur contents were found. In addition,

several spots with small-sized melted particles are scattered in the ash deposit.
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3.3.7. C0S100 ash deposits

The C0S100 ash deposit, which is 100 wt% SRF combustion ash, is mostly agglomerated fine
particles with a size of 50-300 pm, as shown in Fig. 10. The EDS results show that Ca, Fe, Na, and K
dominate at both probe temperatures with the presence of Cl in the ash. In spots 1 and 3 at 550 °C, as
shown in Fig. 10 (a), the fine particles are dominated by Fe and Ca above 20 wt%. Fe and Ca will react
with alkali vapor, which can accelerate slagging. In spots 2, 4, 5, and 6, the element Ca is more dominant
by forming a low melting point mineral, albite. In addition, alkaline elements and Cl were found to be
quite high in the C0S100 ash deposit. At 600 °C, as shown in Fig. 10 (b), high K and Si elements are
found in spot 1.

Furthermore, spot 3 is dominated by K and Cl elements at 41.39 wt% and 37.75 wt%, respectively.
K and Cl will form KCl and then react with SiO, or CaSOj4 to form K,Si,05 or K>SO4. Alkaline sulfate
easily condenses and then promotes fouling on the probe surface (Liu et al. 2019). On the other hand,
in spots 2 and 5, smooth particles containing high Ca were found, which will form the mineral albite
when it meets alkali and silica oxide. Albite with a low melting temperature of about 1118 °C, possibly
formed via the reaction of Na,O, Al,Os, and SiO; at temperatures above 575 °C, as shown in Reaction
(3) (Vassilev et al. 2013; Zhang et al. 2023). Spot 4 is Al and Ca-rich particles forming the mineral

anorthite. Meanwhile, white particles of Fe were found in spot 6. Cr was also found in this spot,
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indicating corrosion-affected material with the formation of alkaline chloride, as shown in Reaction (4)
(Karuana et al. 2024b). Alkaline chloride (K>CrO4) more easily degrades metal materials than alkali
sulfate (Pettersson et al. 2008). With various minerals and elements with low melting points and the

formation of sticky agglomerated fine particles, C0S100 is not recommended for single firing.

NaxO + ALO; + 6Si02 — 2NaAlSizOs 3)
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Fig. 10. BSE image with elements of COS100 ash at a temperature of (a) 550 °C; (b) 600 °C
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4. Overall Summary

Combustion performance using thermogravimetry analysis, preliminary slagging risk assessment,
and the morphology of ash deposits formed at probe surface temperatures of 550 and 600 °C during co-
combustion of coal and solid recovered fuel were comprehensively characterized. Findings related to
combustion characteristics studies show that the incorporation of SRF into the coal mixture results in a
shift in the ignition temperature profile towards reduced temperatures, accompanied by an increase in
mass loss. This phenomenon can be attributed to the fact that SRF is predominantly composed of
inorganic matter, which is more readily ignitable at lower temperatures. However, it is known that SRF
has late combustion characteristics, which extend the burnout temperature profile and may result in
unburned material deposition. Furthermore, the addition of SRF to the material has been observed to
decrease its reactivity, as evidenced by a reduction in the DTGmax value with each addition of SRF to
coal, with the exception of sample C75S25. Based on the preliminary estimation of slagging risk using
the SCK ternary diagram method, coal has a low slagging risk, while SRF and blends have a medium

risk, except for blends with a 10 wt% SRF ratio, which have a low slagging risk.
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Fig. 11. Elemental composition comparison of ash deposits of tested samples
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Furthermore, based on ash characteristics, backscattered electron images of the samples show that
the particle size varies, ranging from less than 10 um to 300 um. The main ash structures are solid,
coarse, agglomerated, irregular, and unburned carbon particles dominated by elements Si, Al, Fe, and
Ca. Agglomerated particles rich in alkali and sulfur were also observed and became more obvious as
the percentage of SRF in the blends increased. The C100S0 ash deposit is dominated by unmolten solid
spheres and amorphous irregular particles with Si element, where the ash deposits at both probe
temperatures are dominated by high melting quartz. This result indicates that no slagging phenomenon
occurs in C100S0 combustion. In contrast, at COS100, sticky and low melting point particles dominate
the ash deposit. Alkali and chlorine content in SRF lead to ash sintering and corrosion of the probe
surface. Moreover, with SRF blends to coal, the alkali, calcium, magnesium, and sulfur in SRF will
precipitate on the probe material during combustion and accelerate slagging-fouling. In the 5—10 wt%
blend, SEM results still show quartz elements and particles dominating despite the decreasing
composition. Particles containing lower melting point mineral-forming elements begin to dominate at
C85S15 and C80S20 with 15-20 wt% SRF blends, initiating ash deposition. The peak occurs at
C75825, where the ash melt phenomenon is observed. Large particles with low melting points start to
adhere to each other, where C75S25 is dominated by Ca-aluminosilicate. Based on the elemental
composition comparison of all tested samples shown in Fig.11, by adding SRF to coal, refractory
elements such as Si and Al decrease while fluxing elements such as Ca, Na, K, and S rise which leads
to a lower AFT value (Vassilev et al. 2014). Finally, adding more SRF to the coal can lower the ash
fusion temperature and accelerate slagging and fouling. Table 3 shows an overview of the summary of

study results.

Table 3. Summary of study overview

Slagging risk
Sample estimation by SCK Thermogravimetry analysis Ash Characterization Description
diagram
C100S0  Slagging risk is low T; 255.60°C at 85.13%  550°C <50 pum fine, unmolten, Low-risk coals high in Si
(HT > 1400 °C and Tp 498.16 °C at 9.64% and irregular particles and Al show a
DT > 1300 °C) and DTGmax 17.94 %/min at T, rich in Si and Al with Fe predominance of particles
334.82 °C 600 °C  found in some spots with high melting points.
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C9585

C90S10

C85815

C80S20

C75825

C0S100

categorized as S-type
high acid

Slagging risk is
medium (HT 1200—
1400 °C and DT
1100-1300 °C) and
categorized as S-type
high acid

Slagging risk is low
(HT > 1400 °C and
DT > 1300 °C) and
categorized as S-type
high acid

Slagging risk is
medium (HT 1200—
1400 °C and DT
1100-1300 °C) and
categorized as S-type
high acid

Slagging risk is
medium (HT 1200 —
1400 °C and DT 1100
—1300 °C) and
categorized as S-type
high acid

Slagging risk is
medium (HT 1200—
1400 °C and DT
1100-1300 °C) and
categorized as S-type
high acid

Slagging risk is
medium (HT 1200—
1400 °C and DT
1100-1300 °C) and
categorized as S-type
medium acid

T;
Ts
DTGlnaX

Ty
DTGmax

T;
Ty
DTGmax

T;
Ts
DTGlnaX

Ty
DTGmax

T;
Ty
DTGmax

264.57 °C at 79.16%
496.19 °C at 10.78%
14.28 %/min at T,
367.81 °C

273.96 °C at 78.83%
489.20 °C at 12.71%
13.94 %/min at T,
330.97 °C

276.92 °C at 79.62%
491.09 °C at 13.29%
13.51 %/min at T,
354.27 °C

271.74 °C at 79.18%
473.84 °C at 15.99%
14.08 %/min at T,
395.88 °C

276.03 °C at 78.99%
604.64 °C at 10.79%
15.24 %/min at T,
406.38 °C

255.60 °C at 85.13%
761.25°Cat 19.21%
8.62 %/min at T,
291.07 °C

550 °C

600 °C

550 °C

600 °C

550 °C

600 °C

550 °C

600 °C

550 °C

600 °C

550 °C

600 °C

<100 pm fine, unmolten,
and irregular particles
rich in Si, Al, and Fe
<100 pm unmolten solid
spheres and irregular
particles rich in Si, Al, Fe,
and Ca

<70 pum fine, unmolten
spheres and irregular
particles rich in Si, Al, Fe,
and Ca

<100 pum smooth and
irregular particles with
few fine agglomerations
rich in Si and Al with Fe
and Ca found in some
spots

<100 um smooth,
irregular, and fine
agglomeration particles
rich in Si, Al, Fe, and Ca
<100 pm molten, fine,
and fused particles rich in
Si, Al, Fe, and Ca

<300 pm smooth, molten,
and fused particles rich in
Si, Al, Fe, and Ca with
minor S

<100 pm molten and
fused particles rich in Si,

Al, Fe, and Ca
10200 pm irregular-
smooth, molten, and

fused particles rich in Si,
Al, Fe, Ca, K, and S
<100 pm molten smooth
and agglomerate particles
rich in Si, Al, Ca, and Fe
10200 pm irregular-
coarse, molten, and
agglomerate particles rich
in Si, Al, Ca, and Fe with
the presence of Cr

50-300 pm agglomerated
fine particles rich in Ca,
Fe, Na, and K

<300 pum agglomerated
fine particles rich in Ca,
Fe, Na, and K with the
presence of Cl and Cr

It has combustion
performance and  ash
characteristics similar to
coal. The increase in Ca
content is a response to the
addition of SRF to the coal.

Low risk of slagging based
on preliminary estimates,
but small agglomerated
particles are starting to be
observed, albeit in small
quantities.

Ca-rich particles dominate
particle agglomeration
increases. Preliminary
estimates based on SCK
also indicate a moderate
risk.

The combustion
characteristics are  still
identical to coal, but the
dominance of Ca- and K-
rich molten particles was
observed from the ash
deposition characteristics.
The burnout temperature
began to increase at this
ratio due to the high ash
content. In addition, Cr-
containing particles began
to be observed in several
spots, indicating  the
occurrence of material
degradation.

The morphological results
align with the sample
characterization results
where high Ca, K, and Cl in
the sample increase the risk
of ash deposition and
corrosion.

5. Conclusions

From a series of assessments, analyses, and observations that have been carried out, three important

findings were obtained, including:
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1. According to thermogravimetry analysis, the addition of up to 20 wt% SRF has a minor effect
on the ignition and combustion rate of coal. However, at 25 wt% SRF starts to raise the burnout
temperature by ~150 °C to 604.64 °C at 10.79% due to the high ash content and inorganic
content of SRF.

2. Based on the SCK method, coal and SRF blends exhibit low to moderate slagging risks with HT
and DT levels above 1100 C. However, it should be considered that the risk of corrosion
increases due to being at high acid levels.

3. Co-combustion of coal and SRF indicates an increase in Ca-rich particles by 1-3 wt% which
can promote the formation of lower melting temperature minerals. Particle size increases as the
SRF ratio in the blend increases. In addition, no melting occurred up to 10 wt% SRF in the blend.
However, corrosion began to experience at 25 wt% SRF.

Studies on coal-SRF co-combustion, either by using additives, blending with other fuels and

different portions, or separating biodegradable- and non-biodegradable-rich waste need to be conducted

further.
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