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Abstract
Palm kernel shells (PKS) were washed with water and glacial acetic acid (CH3COOH) gradually to prepare them for co-
firing with coal. They were then torrefied at 450ºC for one hour. Washing was done to reduce the concentration of ash 
and alkaline oxides, which would reduce the chance of slagging and fouling. The research was conducted considering 
that information about washing the PKS with acetic acid and then having them torrefied is very limited and unclear. The 
results showed that washed and torrefied PKS had better characteristics than those of raw PKS or PKS washed with water. 
PKS that is washed with acid, torrefied and then blended with coal has low slagging and medium fouling tendencies. 
However, based on ash fusion temperature, the inclination towards slagging and fouling is high under reducing condi-
tions and medium under oxidation conditions.
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1. Introduction

Indonesia has 143.7 billion tons of coal resources, 
with total reserves of 38.84 billion tons (Wibisono et 
al., 2019). Currently, coal is used most extensively in 
Indonesia, about 80% is used as fuel for coal-fired power 
plants (CFPPs), and the rest is distributed to the cement, 
metallurgical, paper, textile, and other industries.

The United Nations Conference on Climate Change 
in Glasgow, Scotland, in 2021 resulted in an agreement 
called the Glasgow Agreement (COP 26), which includ-
ed efforts regarding the gradual cessation of coal energy 
use to achieve NZE (Net-zero Emission). Coal is the 
highlight because it is one of the major causes of carbon 
emissions, which can drive the rate of increase in the 
Earth’s temperature. Coal contributes around 40% of an-
nual CO2 emissions, therefore reducing emissions glob-
ally by 45% by 2030 and almost completely by the mid-
dle of the century depend on it. At the conference, Indo-
nesia also committed to the agreement on the global coal 
transition towards clean energy to phase out the use of 
coal by 2040 (Indonesia, 2021).

Despite its shortcomings, coal remains important as a 
fuel in industry for its product processes. To address the 
conflict between industrial expansion and environmental 
protection, outdated fuel-burning technology needs to be 
improved. One of the actions that can be taken to reduce 
coal usage while fulfilling energy demand is by applying 
coal-biomass co-firing technology. By applying this tech-
nology, coal-fired power plants (CFPP) or other industries 
can continue to operate at full capacity to meet demand, 
while CO2 emissions are expected to be reduced.

Across the world, several CFPPs have started using 
biomass in place of coal in the co-firing system as an 
alternate method of using coal sustainably. Because of 
their brief life cycles, biomass fuels are assumed to be 
renewable and carbon-neutral. It might not be a desira-
ble solution from an economic or logistical standpoint 
for a large power plant to use biomass as its exclusive 
fuel source, but biomass can be used in addition to more 
traditional fossil fuels as a supplemental fuel. The effec-
tiveness of coal-biomass co-firing power generation 
technology in lowering greenhouse gas (GHG) emis-
sions has also been well-established (Nonaka, Hiraji-
ma, and Sasaki, 2011; Teixeira et al., 2014; Umar and 
Rohayati, 2021; Kleinhans et al., 2018).

There are numerous issues and difficulties in the pow-
er generation process using coal and biomass. Signifi-
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cant drawbacks for biomass power plants are the high 
cost of raw biomass and the high operating costs of the 
feedstock supply chain process. Many proven coal-bio-
mass co-firing technologies for power generation are 
available around the world, but to ensure that these tech-
nologies can be applied to specific coals and biomass, 
in-depth studies are needed. Boiler efficiency varies due 
to varied ratios of co-combustion with biomass fuels, 
which also affect the degree of boiler corrosion and slag-
ging. To explore the feasibility of performing coal-bio-
mass co-firing using coal and biomass that comply with 
the circumstances of power plants in Indonesia, scien-
tific determination of the biomass type and co-firing ra-
tio is necessary.

There are, however, some problems with co-firing 
technology. These include deposition and corrosion 
caused by the high concentration of alkali metals in bio-
mass, especially potassium (Q. Liu et al., 2022). With a 
high concentration of potassium in biomass, during the 
co-firing process, alkaline substances (e.g. KCl) change 
into the phase of gas, which causes ash accumulation, 
deposition, and rust on the boiler’s heated surface, lead-
ing to a reduction in the heat transmission capacity, in-
creased heat loss, deviations in the boiler’s operation, 
and significantly decreased boiler efficiency (Mlonka-
Mędrala et al., 2019; Lupiáñez et al., 2016). Melts at 
low temperatures and erratic alkali metal combinations 
are produced during co-firing when the biomass’s alkali 
metal content and the coals’ inorganic minerals com-
bine, creating a more complex ash composition. There-
fore, biomass processing is very important to overcome 
the slagging and fouling problem.

Fouling and slagging are frequent issues when burn-
ing biomass (Lachman et al., 2021). Slagging and foul-
ing are intricate processes that have been the subject of 
numerous investigations, including those by Teixeira et 
al. (2012), Yao et al. (2017), and Tortosa-Masiá et al. 
(2005). Kleinhans et al. (2018) addressed in detail the 
various ash deposition methods, as well as the modifica-
tions to inorganic matter’s composition that take place 
during burning. Fuel ash’s chemical makeup and fusion 
behaviour majorly impact the slagging and fouling phe-
nomena.

The biomass used in this research was palm kernel 
shells (PKS), considering that the potential for PKS in 
Indonesia is large enough that the supply can be guaran-
teed. About 32 million tons were produced in Indonesia, 
or around 46.6% of the whole amount produced world-
wide, surpassing every other crude palm oil (CPO) pro-
ducer with a production of almost 3 million tons. The 
demand for CPO on the global market is always rising. 
While this is happening, the growth of Indonesia’s palm 
oil business exhibits a favorable tendency, with yearly 
growth in production. This indicates that the Indonesian 
palm oil sector will keep expanding in the future to sat-
isfy the worldwide demand for CPO. As a result, recog-
nizing the potential of waste palm oil to add value to 

Indonesia’s palm oil industry is crucial (Awalludin et 
al., 2015). CPO uses fresh fruit bunches (FFB) as its ba-
sic material. FFB is processed to create CPO and palm 
kernel oil (PKO) in a palm oil mill. While FFB was be-
ing converted into CPO and PKO, many waste types, 
including PKS, were produced. The percentage of PKS 
from the plant is about 5 - 7% (Hambali & Rivai, 2017; 
Noerrizki et al., 2019; Kurniawan et al., 2020). PKS is 
the portion of the shell that remains in the palm oil mill 
after the nut has been crushed. It’s a material with fibers, 
with a brownish-yellow hue, and is simple to manage in 
large quantities straight from the production line to the 
final application.

The focus of this research was to reduce the occur-
rence of slagging and fouling when burning coal and 
PKS through two-stage PKS washing, namely washing 
with water followed by washing using glacial acetic acid 
(CH3COOH). The washed PKS was then torrefied to im-
prove its calorific value and make it easier to blend with 
coal as a feedstock for CFPP. This study’s primary ob-
jective was to lower the amount of ash and alkali oxides 
that lead to slagging and fouling during blended coal-
PKS burning within a boiler or gasifier, considering that 
information about this is very limited and unclear. 
Therefore, to understand the impact of coal and washed 
PKS on ash deposition, the ash fusion temperature 
(AFT) and its chemical composition were examined.

2. Methods

2.1. Coal characterization

A coal sample originally came from coal mining in 
Tanjung Enim, South Sumatra, with a sample mark of 
BBTE. The coal was collected from the stockpiles’ sur-
face according to ASTM Standard D 6610-01a: ‘Stand-
ard Practice for Manually Sampling Coal from the Sur-
faces of a Stockpile’, which provided bulk samples for 
general laboratory analyses and the estimation of quality 
and total moisture. This procedure involves manually 
collecting increments from various locations near the 
stockpile surface and combining them into one or more 
bulk samples. Each increment was collected, sealed in 
plastic-lined canvas bags, and identified. The coal sam-
ple was transferred to a coal laboratory for analysis.

The coal sample was crushed and put through a 250-
µm sieve (no. 60) in the laboratory so that the analyses 
could be done on the proximate, ultimate, and calorific 
values. The proximate analysis was based on ASTM D 
3175, and ASTM D 3176. The samples were analyzed 
close up to find out their inherent moisture (IM), ash (A), 
and volatile matter (VM). The fixed carbon (FC) content 
on air dried basis (adb) was calculated as 100%–% 
(IM+A+VM). The ultimate analysis included the deter-
mination of the carbon and hydrogen contents following 
ASTM D 3179-89, the nitrogen content based on ASTM 
D 3179, the total sulfur content by use of the infrared 
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technique, and the oxygen content calculated at 100% (C 
+ H + N + S+ A). In addition, the calorific value (CV) 
was determined by ASTM standard D 5865-04. The 
composition of ash chemical analysis was performed us-
ing gravimetry for SiO2, spectrophotometry for TiO2 and 
P2O5, turbidimetry for SO3, and atomic absorption spec-
troscopy for Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, and 
MnO2 (Speight, 2005).

2.2. Washing and torrefaction of PKS

The raw PKS samples were obtained from a PKS pro-
cessing plant that usually supplies PKS to the industry as 
fuel. PKS samples were washed with water and acetic 
acid gradually. The stages of this process were as follows:

• A part of raw PKS was sampled and put in a closed 
container, then torrefied in a furnace that was heat-
ed to 450ºC for 1 hour and then analyzed for char-
acterization. (sample mark: TRPKS).

• Another part of PKS was washed with water. After 
washing, the PKS was mixed with water and then 
heated in a drying oven at 150ºC for 1 hour. A part 
of the washed water PKS was sampled, dried, torre-
fied, and analyzed for characterization (sample 
mark: TWPKS).

• Another part of the washed-water PKS was then 
mixed with glacial acetic acid (CH3COOH). The 
variable concentrations of the acid in water were 
5%, 10%, and 15%. A volume ratio of PKS and ace-
tic acid of 1:5, then each was heated in a drying 
oven at 150°C for 1 hour.

• After that, the PKS was filtered and washed again 
with water until it was relatively acid-free (pH = 7). 
The washed water and acid PKS were dried and tor-
refied. The sample marks of the torrefied, washed 
water and acid are TAPKS-5, TAPKS-10, and 
TAPKS-15 by using acetic acid concentrations of 
5%, 10%, and 15% in water, respectively

• The TAPKS-5, TAPKS-10, and TAPKS-15 were 
analyzed for characterization.

• Characterization of the above samples, including 
proximate, ultimate, calorific value, and composi-
tion of the ash chemical according to the ASTM 
standard applied to coal characterization as above 
(sub-section 2.1). Figures 1, 2, and 3 show the PKS 
washing and torrefaction in a furnace, and a block 
diagram of the washing and torrefaction of the PKS 
respectively.

2.3. Ash fusion temperature analysis (AFT)

An AFT test was performed to assign the boiler’s ef-
ficacy and compatibility. The AFT test provides infor-
mation about how fuel ash behaves as it melts and sof-
tens at high boiler temperatures. AFT was measured fol-
lowing ASTM D1857-04, 2013 by viewing through a 
window in a high-temperature furnace operating in both 
reduction and oxidation conditions on a molded piece of 

coal ash. Cone-shaped ash was heated gradually over 
1,000°C to reach a maximum temperature of 1,500°C. 
These are the temperatures that were recorded under 
conditions of oxidation or reduction:

• Temperature of initial deformation (IDT): at which 
the mold’s corners start to round.

• Temperature of softening (sphere) (ST): once the 
mold’s top assumes a shape of spherical (h = w)

• Temperature of hemisphere (HT): attained when the 
mold completely assumes a hemisphere-like form 
(h = 1/4 w).

• Temperature of flow (FT): as the ash melts and 
lands on a furnace floor that has been flattened.

2.4. Slagging and fouling tendencies evaluation

Many indicators have been devised to assess the like-
lihood of coal and biomass becoming slag and foul based 

Figure 1: PKS washing

Figure 2: PKS torrefaction
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on the chemical composition of the ash. Several indices 
were calculated based on the ash chemical composition 
analysis results in mass percent. Reactions resulting in 
ash fouling and slagging involve elements such as Si, K, 
Na, S, Cl, P, Ca, Mg, and Fe. Oxides of CaO, K2O, MgO, 
Fe2O3, and Na2O are classified as basic compounds, 
while the SiO2, Al2O3, and TiO2 oxides are considered 
acidic compounds. The prediction of the slagging and 
fouling tendencies are shown in Equations 1 to 5.

  (1)

  (2)

  (3)

  (4)

  (5)

Slagging hazards depend on the properties of the ash 
(Zhu et al., 2019). Generally, the slagging tendency in-
creases with the base-to-acid (B/A) ratio. An ash sample 
has a low slagging tendency when the B/A ratio is < 0.5, 
a medium slagging tendency for B/A ratios between 0.5 
and 0.99, a high slagging tendency for B/A ratios be-
tween 1 and 1.74, and a severe slagging tendency for 
B/A > 1.75 (Kamara et al., 2022). To assess the issues 
encountered during fluidized bed combustion opera-
tions, the bed agglomeration index (BAI) was extended. 
When the BAI is less than 10, bed agglomeration hap-
pens (Lee et al., 2017).

The fouling index (Fu) is determined by the B/A ratio 
and takes the alkali (Na2O + K2O) concentration into ac-
count (Yang et al., 2017). Although biomass ash typi-
cally contains little sodium, research has indicated that 
potassium, along with SO3 and CaO, is one of its main 
elements in the ash deposits on superheater tubes. One 
of the main causes of fouling is the increase in surface 
stickiness that occurs when potassium condenses on fly 
ash particles (Miles et al., 1996). Fu values below 0.6 
are expected to have fouling inclinations, values up to 40 
indicate high levels and values over 40 indicate extreme-
ly high values. Higher fouling tendencies are correlated 
with higher Fu levels (Yang et al., 2017). A low fouling 
propensity is anticipated for Fu < 0.6, a medium fouling 

Figure 3: Block diagram of PKS washing and torrefaction
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tendency occurs for Fu between 0.6 and 40, and a high 
fouling tendency occurs for Fu >40.

Rizvi et al. (2015) use the slag viscosity index (SR) to 
evaluate furnace slag tren. High viscosity values are cor-
related with low slagging. Low slagging is observed for 
levels above 72; medium slagging is observed for 65 < 
Sr < 72; and high slagging is observed for values below 
65. When assessing the slagging potential of fuels, tem-
perature ranges derived from AFT can be applied in ad-
dition to the ash chemical composition. When the ST is 
below 1250°C, there is severe slagging; when the ST is 
between 1250°C and 1390°C, there is slight slagging; 
and when the temperature rises over 1390°C, there is 
slight slagging (Yu et al., 2014).

3. Results and Discussion

3.1  Proximate, ultimate, and calorific value 
analyses

The results of the proximate, ultimate, and calorific 
values of the raw, torrefied, washed PKS biomass and 
the coal are shown in Table 1. One significant issue with 
the burning of biomass and coal as fuel is moisture. Fuel 
combustion is less lucrative with high moisture content 
due to high transportation expenses as well as the pro-
cess itself (Rao et al., 2015). IM has a substantial impact 
on the lower CV and is crucial to the combustion process 
in every fuel for combustion. Fuels with a lot of IM 
when they burn generate additional exhaust gases, which 
reduce the combustion temperature (Mierzwa-Hersztek 
et al., 2019). Additionally, because not all flammable 
components in flue gases will be combusted by the com-
bustion chamber’s temperature, the amount of loss re-
sulting from partial and incomplete combustion will rise 
(Tsai et al., 2018).

As can be seen in Table 1, after washing, the IM of the 
TRPKS rises and drops irregularly. This shows that the 
washing process does not affect the IM content. Differ-
ences in grain size likely simply contributed to variations 
in IM content, causing some to release more easily and 
others more difficulty throughout the drying process.

Ash-forming components of biomass can be present 
in the form of salts, bound into the carbon structure (in-
herent ash), or mixed into the fuel during harvesting or 

transportation as mineral particles derived from clay and 
soil. Since they are spread out evenly among the fuel and 
can move around with greater ease than the substances 
in embedded ash, the chemicals in inherent ash are eas-
ily flammable and can be used for burning char respons-
es. When the acid concentration rises, the torrefied 
PKS’s ash content decreases.

Under conventional conditions, when the solid fuel is 
heated without contact with air, the percentage loss in 
the mass of VM is calculated and adjusted for moisture. 
One crucial factor that has a big impact on the combus-
tion process is the VM content (Holtmeyer et al., 2013). 
The VM content of PKS was relatively low. After wash-
ing, the VM increased slightly, and as a result, the FC 
decreased and increased irregularly. After biomass was 
heated and VM was released, the solid combustible resi-
due (FC) remained, excluding the moisture content and 
ash (Brewer et al., 2014). Any material’s FC serves as 
the primary heat generator during burning and provides 
an approximation of the fuel’s heating value. CV will 
rise in response to an increase in the proportion of FC in 
coal (Anshariah et al., 2020).

One of the most significant thermophysical character-
istics defining a material’s energy potential is its CV. 
This criterion serves as the foundation for evaluating 
fuel’s usefulness as a source of energy. Moisture and the 
chemical composition of the fuel have a significant im-
pact on CV. The coal that was utilized in this study has a 
comparatively high CV. At 25,711 kJ/kg, the coal is clas-
sified as the medium-calorific coal category. While the 
CV of the torrefied PKS ranges from 28,464 to 28,798 
kJ/kg. The CV of torrefied washed PKS increased by in-
creasing the acid concentration.

To assess how washing affects the degree of de-ash-
ing (DDA) and the degree of CV improvement (DCI), 
the evaluation is calculated based on Equations 6 and 7. 
The results can be seen in Table 2. Raising the acid con-

Table 2: DDA and DCI of the washed PKS

DDA, % DCI, %
TWPKS 6.75 0.15
TAPKS-5 9.67 0.76
TAPKS-10 12.41 1.06
TAPKS-15 21.17 1.18

Table 1: Proximate, ultimate, and calorific value of the coal, raw, and torrefied washed biomasses

 IM
%

Ash
%

VM
%

FC
%

C
%

H
%

N
%

S
%

O
%

CV
kJ/kg

BBTE 7.08 8.31 39.69 44.92 62.9 5.46 1.05 0.61 21.67 25,711
TRPKS 3.05 5.48 22.50 68.97 73.64 4.00 0.27 0.06 16.56 28,464
TWPKS 3.32 5.11 23.17 68.40 73.6 3.97 0.16 0.06 17.80 28,506
TAPKS-5 1.38 4.95 24.32 69.35 74.26 3.95 0.19 0.06 16.60 28,681
TAPKS-10 1.38 4.80 25.02 68.80 74.39 3.96 0.16 0.05 16.64 28,765
TAPKS-15 1.68 4.32 25.91 68.09 74.62 3.98 0.19 0.05 16.84 28,798
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Table 6: Ash fusion temperature of the blended coal-torrefied washed biomass (°C)

Sample
mark

Reducing Oxidizing
IDT ST HT FT IDT ST HT FT

C-TAPKS 95:5 1,187 1,212 1,346 1,304 1,273 1,327 1,337 1,377
C-TAPKS 90:10 1,174 1,202 1,248 1,299 1,265 1,315 1,341 1,360
C-TAPKS 85:15 1,159 1,195 1,269 1,285 1,238 1,261 1,298 1,321
C-TAPKS 80:20 1,150 1,194 1,266 1,285 1,236 1,281 1,320 1,353
C-TAPKS 75:25 1,147 1,182 1,251 1,266 1,238 1,257 1,296 1,341

Table 5: Blended coal and washed torrefied PKS characteristics

BBTE  
(C) TAPKS-5 C-TAPKS  

95:5
C-TAPKS  

90:10
C-TAPKS  

85:15
C-TAPKS  

80:20
C-TAPKS  

75:25
Ash, % 8.31 4.95 8.14 7.97 7.81 7.64 7.47
CV, kcal/kg 25,711 28,681 25,860 26,008 26,157 26,305 26,454
SiO2, % 45.9 76.35 47.42 48.95 50.47 51.99 53.51
Al2O3, % 23.11 5.94 22.25 21.39 20.53 19.68 18.82
Fe2O3, % 9.55 3.78 9.26 8.97 8.68 8.40 8.11
K2O, % 2.11 3.16 2.16 2.22 2.27 2.32 2.37
Na2O, % 0.83 1.06 0.84 0.85 0.86 0.88 0.89
CaO, % 6.45 3.24 6.29 6.13 5.97 5.81 5.65
MgO, % 2.49 2.03 2.47 2.44 2.42 2.40 2.38
TiO2, % 0.74 0.42 0.72 0.71 0.69 0.68 0.66
B/A 0.31 0.16 0.30 0.29 0.29 0.28 0.27
Fu 0.90 0.68 0.89 0.88 0.87 0.86 0.85
Rs 0.19 0.01 0.18 0.17 0.16 0.15 0.14

Table 4: Slagging and fouling tendencies indices

BBTE TRPKS TWPKS TAPKS-5 TAPKS-10 TAPKS-15
B/A 0.31 0.28 0.20 0.16 0.16 0.14
BAI 3.25 0.43 0.60 0.90 0.58 0.49
Fu 0.90 2.38 1.23 0.68 0.78 0.69
SR 71.28 85.22 88.21 89.40 90.87 92.32
Rs 0.19 0.01 0.01 0.01 0.01 0.01

Table 3: Coal and torrefied PKS ash chemical composition (mass %)

BBTE TRPKS TWPKS TAPKS-5 TAPKS-10 TAPKS-15
SiO2 45.9 69.2 75.6 76.35 77.85 79.75
Al2O3 23.11 3.30 3.96 5.94 3.83 3.26
Fe2O3 9.55 3.65 3.66 3.78 2.89 2.43
K2O 2.11 7.49 5.10 3.16 3.91 4.19
Na2O 0.83 0.98 0.96 1.06 1.07 0.74
CaO 6.45 4.83 3.70 3.24 2.93 2.24
MgO 2.49 3.52 2.74 2.03 2.00 1.96
MnO 0.037 0.22 0.21 0.13 0.12 0.12
TiO2 0.74 0.22 0.17 0.42 0.18 0.14
P2O5 0.53 4.92 3.14 2.55 3.02 3.32
H2O 0.2 0.08 0.03 0.05 0.02 0.06
SO3 5.34 0.97 0.34 0.15 0.64 0.64
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tent increased the DDA and DCI of the torrefied and 
washed PKS.

  (6)

  (7)

where:
Ashi: the initial ash content
Ashf: the final ash content
CVi: the initial CV
CVf: the final CV
The ultimate analysis, as shown in Table 1, was most-

ly concerned with C, H, N, O, and total S content. These 
are the principal constituents of burning biomass and as-
sess the fuel’s effectiveness and possible pollutant be-
haviour (Lomeda-De Mesa et al., 2020). The relative 
amounts of C, H, and O in biomass indicate its calorific 
value (Tripathi et al., 2016). The C content in biomass 
is directly correlated to CV. The greater the amount of C, 
the more heat will be produced (Miranda et al., 2015; 
Z. Liu et al., 2014). The C content increased linearly 
due to the increase in CV. PKS sulfur content is very 
low, so the washing process has no effect. Since it does 
not create acid rain and GHG emissions, biomass with a 
low sulfur content is more environmentally benign when 
burned. In general, torrefied PKS samples that were 
washed with glacial acetic acid have better characteris-
tics compared to raw torrefied PKS that were not washed 
and that were only washed with water.

3.2. Evaluation of slagging and fouling tendencies

Slagging and fouling tendencies during coal and bio-
mass combustion in boilers could be predicted based on 
the chemical composition of ash. The ash chemical com-
position analysis of the coal and torrefied PKS in mass 
% is shown in Table 3. It has been demonstrated that 
while basic compounds have the opposite effect, acidic 
substances raise the melting temperature overall (Lach-
man et al., 2021).

Table 3 shows that the torrefied raw PKS has a high 
silica oxide (SiO2) content, which rises with an increas-
ing acid concentration. It is acknowledged that the most 
common inorganic substance found in biomass is SiO2. 
This is explicable by the fact that silica, one of the most 
prevalent elements in the Earth’s crust, primarily trans-
fers to plants as water-soluble H4SiO4 during botanical 
growth (Chen et al., 2022).

Alkali metals, such as Na and K, have a substantial 
effect on the process of slagging biomass ash. These two 
substances tend to evaporate inside the gasifier/combus-
tor at high temperatures. Following a sequence of events, 
they condense as submicron ash particles, which subse-
quently form a sticky film and adhere to the heating sur-
face (Alam et al., 2023). The raw torrefied PKS has a 

high K2O content of 7.49% and decreases to 3.16% after 
washing with 5% acid. Since potassium is mostly found 
in living biomass as free K+ ions and is therefore highly 
mobile, there was a decrease in K2O. These ions precipi-
tate as potassium salts that are inorganic and readily 
soluble in water, such as KCl and KNO3 (Clery et al., 
2018). The Na2O of the raw torrefied PKS was 0.98% 
and decreased to 0.74% after washing with the 15% 
acid. Other oxides, such as Al2O3, Fe2O3, CaO, MgO, and 
TiO2, were often lowered as a result of acid or water 
washing. The tendency of slagging, fouling, and other 
factors influencing ash deposition during combustion in 
the boiler of coal, raw, and washed torrefied PKS is 
shown in Table 4.

The criterion for slagging and fouling in every sample 
shows low slagging and medium fouling propensities. 
Every sample has B/A < 0.5, BAI < 10, SR > 70, and Rs 
< 0.5. While the fouling tendency is categorized as me-
dium (between 0.6 and 40).

3.3. Blended coal and torrefied biomass

According to the ash content and CV results, includ-
ing the tendency for slagging and fouling, washing PKS 
with 5% acid has given a good result. Therefore, mixing 
coal and PKS is done using PKS that has been washed 
with water and 5% acid. The characteristics of the blend-
ed coal and torrefied biomass at the weight % ratio, are 
shown in Table 5.

The washed-torrefied PKS has better characteristics 
than the coal used in this study. By blending them at 
some weight ratio, the blended coal-PKS has better char-
acteristics than coal alone. Lower ash content, higher 
CV, lower B/A ratio, Fu, and Rs at all of the ratios. Based 
on the fouling index, the blended coals and washed-tor-
refied PKS of such composition have a medium tenden-
cy of fouling (0.6-40) and a low tendency of slagging 
(<0.6). The AFT of the blended coal and washed-torre-
fied PKS at reducing and oxidation conditions in °C is 
shown in Table 6.

All of the blended coals have a strong propensity for 
fouling and slagging, with the ST below 1,250°C, while 
in oxidizing conditions they have slight slagging (medi-
um), with the ST between 1250°C and 1390°C. These 
results were a little bit different than the results accord-
ing to the chemical composition of the ash.

4. Conclusions

Washing PKS in two stages with water and glacial 
acetic acid, followed by a torrefaction process at a tem-
perature of 450°C for 1 hour, was successful in raising 
the calorific value and lowering the ash content. Among 
the three factors affecting the acid concentration in the 
water under tests 5, 10, and 15%, the higher the acetic 
acid concentration, the lower the ash content and the 
higher the CV. The results of the analysis of the ash 
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chemical composition show that basic oxides such as 
K2O, N2O, MgO, and CaO decrease, so the possibility of 
slagging and fouling also decreases. According to the 
results of the ash chemical composition analysis, blend-
ed coal with torrefied PKS that has been washed with 
5% acid in several comparisons between coal and PKS 
tends to have low slagging and medium fouling. Based 
on AFT, reduction conditions tend to have high levels of 
slagging and fouling, while in oxidation conditions the 
tendency is medium.
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SAŽETAK

Dvostupanjsko pranje ljuske palmine koštice vodom i octenom kiselinom  
kao priprema sustava za suspaljivanje s ugljenom

Ljuske palminih jezgri (PKS) postupno su isprane vodom i ledenom octenom kiselinom (CH3COOH) kako bi se pripre-
mile za suspaljivanje s ugljenom. Zatim su toreficirane na 450 ºC jedan sat. Pranje je obavljeno kako bi se smanjila kon-
centracija pepela i alkalnih oksida, što bi smanjilo mogućnost stvaranja troske i obraslina. Istraživanje je provedeno s 
obzirom na to da su informacije o ispiranju PKS-a octenom kiselinom i njihovu toreficiranju vrlo ograničene i nejasne. 
Rezultati su pokazali da isprani i toreficirani PKS ima bolja svojstva od sirovoga PKS-a ili onoga ispranog vodom. Mješa-
vina ugljena s PKS-om ispranim kiselinom i toreficiranim ima nisku šljaku i srednju tendenciju obraštanja. Međutim, na 
temelju temperature taljenja pepela, sklonost stvaranju šljake i obraslina visoka je u redukcijskim uvjetima i srednja u 
uvjetima oksidacije.

Ključne riječi: 
pranje, torefikacija, šljaka, obraslina, temperatura taljenja pepela
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